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CHAPTER I 

INTRODUCTION 

Problem 

Interest in the effect~ of land use on water quality 

and the passage of non-point source pollution control 

legislation in the 1970's, such as P.L. 92-500 Sec. 208, 

spawned numerous watershed ~ater chemistry modeling and 

research efforts. Information was needed immediately, so 

early water chemistry models were developed around existing 

hydrologic models such as the well known Stanford Watershed 

Model (Donigian and Crawfor~, 1976b). Research took a 

monitoring approach to obtain measures of pollutant 

I concentrations and loads produced between various land 
I 

uses. 

Unfortunately, many of ,the early water chemistry 

models used simplifying assumptions that did not represent 

the physical processes taking place on the watershed (Bevin 

et al., 1984). Watershed research efforts did not quantify 

the physical processes contrrolling water quantity and 
I 

chemistry, thereby failing to establish a direct physical 

link between changes in land use and water chemistry. 

1 



Needs 

Streamflow water chemistry is a function of the 

chemistry of the incoming precipitation, flow paths taken 

by the water, the types of ~aterials encountered along the 

flow path, and the length of time water remains in contact 

with a particular substrate; (Dowd and Nutter, 1985). In 

order to improve hydrologic and water chemistry models, the 

' flow paths taken and the p~ysical and chemical processes 
I 

encountered by water as it travels through the watershed 

system to become streamflow must be described and 

quantified (Dowd and Nutter, 1985 and Nix, 1985). 

Additionally, the spatial and temporal variation of the 

dominant processes must also be described and quantified 

(Bevin et al., 1984). Regidnal differences between 
I 
I 

dominant flow generating prqcesses must also be understood 

(Nix, 1985). 

The need to improve the physical basis of water 

chemistry models and our ovJrall understanding of watershed 

water chemistry generating processes has become greater 

with recent concerns over the effects of acid precipitation 

and the use and disposal of chemicals (pesticides and 

wastes) on the environment. 'In a review of the directions 

of modern hydrologic resear~h, Burges (1986) pointed out 

that additional research is needed to adequately describe 

hydrologic interactions of ~egetal cover, topography, soil 
I 

chemistry and land use at the small watershed scale. 
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The physical and chemical processes that generate 

streamflow and water chemistry in streams draining small 

forested watersheds of the Ouachita Highlands of 

southeastern Oklahoma are not fully understood. Recent 

research by Miller (1984) quantified differences in water 

and sediment yield between clearcut and undisturbed 

forested watersheds in the region. Rochelle and Wigington 

(1986) investigated the role of surface flow as a 

streamflow generating process on three small forested 

watersheds in the Ouachita Highlands. The above mentioned 

research has contributed to the understanding of how 

streamflow and water chemistry is generated on small 

forested watersheds of the ~egion. However, if the effects 

of forestry activities on s~reamf low and water chemistry of 

' 

the region are to be fully Jnderstood and modeled, 

additional research to desc~ibe and quantify the physical 

and chemical processes that 1generate streamflow and water 

chemistry must be performed. 

Objectives 

In order to gain an understanding of the effects, and 

later model the effects of silvicultural practices on 

hydrologic processes and water quality, a good 

understanding of the hydroldgic and chemical processes on 

an undisturbed forested watershed is required. This study 

represents a first attempt at measuring and modeling 

relationships between streamflow and chemistry generating 



processes on a small, undisturbed, forested watershed 

typical of the Ouachita Mountain region of Oklahoma and 

Arkansas. It consists of two components, a field component 

and a modeling component. The field component attempts to 

establish basic relationships between the source of 

streamflow and water chemistry, by answering the following 

questions: 

1. What are the discha~ge rates, timing, and volume 
contributions to total streamflow of shallow 
subsurface flow? 

2. How does the chemistry of water entering a 
watershed change as it moves through the canopy and 
soil to become streamflow? 

3. Can basic relationships, that can later be used in 
modeling efforts, between shallow subsurface flow and 
streamflow and water chemistry and flow source be 
developed using the data collected? 

The objectives of modeling efforts often determine, in 

part, the design of a model used in a particular 

application. For this study
1 
model requirements and goals 

are: 

1. To produce continuous simulation of streamflow and 
water chemistry on a water year basis. 

2. To represent the hydrologic and chemical processes 
on the study watershed. 

3. To use physically-based parameters and algorithms 
whenever possible. 

4. To keep the model structure as simple as possible 
to minimize the number of parameters required. 
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Initially an attempt to meet the objectives by 

adapting an existing models was made. As work progressed, 

it became apparent that it would be more desirable to 

develop a new model, borrowing various components and 

concepts from existing model~. 
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CHA;PTER I I 

STREAMFLOW AND CHEMISTRY GENERATING PROCESSES 

ON FORESTED WATERSHEDS 

Streamflow Generating Processes 

Total streamflow at a w,atershed outlet may be viewed as 
' 

the sum of streamflow genera!ted from individual source areas 
I . 

within the watershed. Strealmf low from a source area is 

controlled by five g~neral ~treamflow generating processes: 

channel interception, overland flow, subsurface flow, 
I 

saturation overland flow, a~d percolation to the groundwater 
I 

table (Dunne, 1978). The p~oportion of streamflow produced 

by each process is a function of watershed characteristics 
I 

including soils, geology, v~getation, climate and 

! 
topography. The watershed ~haracteristics mentioned above 

vary spatially over a watershed. Therefore, the dominant 

runoff generating processes also vary spatially over a 

watershed (Betson and Mariu~, 1969 and Dunne, 1978). The 

proportions of runoff produqed by different runoff 

generating processes also v~ries with time and time and 

space concurrently (ie: as in the variable source concept, 

Hewlett and Nutter, 1970). 
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Undisturbed forested watersheds generally have highly 

permeable soils that have infiltration capacities much 

greater than the rainfall rates of the most intense storms. 

Therefore, overland flow is non-existent except on rock 

outcrops or zones of saturated soils (Hewlett and Nutter, 

1970 and Dunne, 1978). A protective covering of litter that 

accumulates on the forest floor also aids precipitation to 

infiltrate into the soil. Channel interception generally 

contributes little to the total streamflow. Therefore, the 

major streamflow generating processes on undisturbed 

forested watersheds include subsurface flow through highly 

permeable surface soil horizons (Hewlett and Hibbert, 1967; 

Betson and Marius, 1969; Whipkey, 1965; Freeze, 1972; and 

Dunne, 1978), and saturation overland flow from saturated 

soils in topographically low concave areas (Dunne and Black, 

1970 and Hewlett and Nutter, 1970). Deep percolation to the 

groundwater table and the subsequent release of groundwater 

to the stream may also contribute significantly to total 

streamflow on watersheds that contain deep permeable soils. 

Subsurface flow, also called throughflow or interflow, 

is defined as infiltrated precipitation that travels through 

the soil to the stream without entering the groundwater 

table (Whipkey, 1965 and Dunne and Black, 1970). Subsurface 

flow takes place in sloping surfaces composed of highly 

permeable soils underlain by less permeable layers such as 

fragipans, claypans, or partially weathered shallow bedrock 

(Dunne, 1978). Flow in the subsurface environment takes 
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place through pores in the soil matrix, and through 

macropores (Bevin and German, 1981). Macropores are formed 

by old root channels, animal burrows and soil cracks. 

Macropore flow is a significantly different process capable 

of delivering subsurface flow at velocities much greater 

than velocities that occur in the saturated soil matrix 

(Pilgrim et al., 1979; Devries and Chow, 1978; Mosley, 

1979). In fact, Mosley (1979), found flow velocities 

through a soil containing macropores up to 300 times as 
I 

great as the saturated hydr~ulic conductivity of the soil. 

The partitioning of subsurf~ce flow between soil matrix and 
I 

macropore flow is not well understood. However, conceptual 

models of the partitioning process do exist (Bevin and 

German, 1981; Thomas and Beasley, 1986a). 

The extent to which suosurface flow contributes to 
I 

total streamflow is a function of the vegetation, 

topography, soils and 

the percent of storm 

geolociy of a 
! 

I 

precipitation 

watershed. Examples of 

that leaves a watershed 

as subsurface runoff range from 18 to 53/. for large storms 

on deep sandy loams in Ohio (Whipkey, 1965), to 2 to 20/. on 

deep sandy loams in North Carolina. Beasley (1976) showed 

that 5.1 to 49.2/. of the annual runoff from two Mississippi 

coastal plain watersheds con\taining deep permeable soils was 

subsurface runoff. 

Saturation overland flor may be divided further into 

return flow, subsurface flow! that emerges and flows to a 

channel along the surface, and direct precipitation on 
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saturated areas (Dunne, 1978). The presence of saturated 

areas or areas where subsurface flow can emerge as return 

flow is largely a function of topography. Saturated zones 

tend to form in concave areas of low relief where water 

flowing downslope may collect (Dunne et al., 1975; 

O'Loughlin, 1981; Anderson and Kneale, 1982; O'Loughlin, 

1986) . The area of saturation increases and decreases in 

response to precipitation inputs (Hewlett and Nutter, 1970 

and Dunne and Black, 1970). Therefore, the area 

contributing to streamflow by saturation overland flow is 

variable over time. Since precipitation falling on 

saturated zones is transported to a stream channel rapidly 

as surface flow, saturation overland flow can account for 

very rapid rises and falls ~n streamflow (Dunne and Black, 

1970) . 

Watershed physical characteristics determine the 

proportion of flow generated by subsurface runoff and 

I 
saturation overland flow. 9unne (1978) provides an 

excellent summary based on a continuum of watershed 

characteristics. On watersheds with thin soils, concave 

footslopes, wide valley bottoms, and soils of high to low 

permeability, direct precipitation and return flow control 

streamflow generation. Sub~urface flow controls streamf low 
I 

generation on watersheds haJing straight steep hillslopes, 

deep permeable soils, and narrow valley bottoms. 
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Flow Processes and Water Chemistry 

The flow path water takes through a watershed controls 

water chemistry by determining what materials the water 

comes in contact with, the time of contact or residence on 

the watershed, and the rates and quantity of water through 

each path (Dowd and Nutter, 1985). As water enters a 

watershed as precipitation, it undergoes numerous chemical 

transformations as it comes in contact with vegetation, soil 

~nd rock. Water flowing from a source with unique chemical 

properties should.as a result, also have unique chemical 

properties. 

The concept that water has chemical properties 

representative of the source has been used extensively to 

chemically separate groundwater flow from overland flow 

(Pinder and Jones, 1969). Ebise (1984) used nitrate

nitrogen loading to distinguish between surface, prompt 

subsurface flow, and base flow. Reid, et al. (1981) used 

the concentrations of dissolved organic carbon to determine 

the percentage of total streamflow produced from peat bog 

source areas. The concentrations of naturally occurring 

isotopes have been used more recently by Sklash and 

Farvolden (1979); Pearce, et al. (1986); and Hooper and 

Shoemaker (1986), to separate groundwater flow from total 

storm flow. 

Direct measurements of the volumes, rates, and timing 

of flow from different sources have been made in numerous 

studies (Whipkey, 1965; Dunne and Black, 1970; Beasley, 
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1976; Weyman, 1973; and Mosely, 1979). Measurements of the 

water chemistry from different sources have been limited to 

the analysis of bulk samples (Jackson, et al., 1973; 

Kachonski and DeJong, 1982; Fnd DeOliveira Liete, 1985) 

collected from each source. These studies did not 

investigate the changes in concentration of chemical 

constituents concurrently wi~h the changes in flow over time 

during storm events. 

Recent research has investigated the concept that 

streamflow is composed of a mixture of old and new water 

(Pilgrim, et al., 1979). Old water is water stored in the 

watershed prior to an event. New water is added to the 

watershed during an event. Old water is displaced from the 

subsurface matrix by newly added water. As a result, 

streamflow is a mixture of ~ld water and new water. The 

concept seems to support th~ concept of translatory flow 

(Hewlett and Hibbert, 1967), where existing water in the 

soil matrix is displaced downhill through the subsurface to 

a stream. Old water has been shown to form a large 

proportion of stormflow. Sklash and Farvolden (1979) used 

naturally occurring isotopes to show stormflow from a 
I 

watershed with deep permeabl~ sands was primarily generated 

from pre-event groundwater. , Employing simi 1 ar natural 

isotope techniques, old wat~r was also found to be a major 
i 

I 

component of stormflow from small forested watersheds with 

steep slopes and shallow so~ls (Pearce, et al., 1986 and 

Hooper and Shoemaker, 1986). Thomas and Phillips (1979) 
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theorized that actual flow through soil is most likely a 

combination of displacement of old water and flow through 

macropores of new water. Although the process is not 

totally understood, the implications for water chemistry 

modeling are great. 
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CHAPTER III 

WATERSHED IHYDROLOGY AND 

WATER QUALITY MODELING 

Watershed H( drology Models 

Watershed hydrology models are simply mathematical 

algorithms that attempt to solve the hydrologic processes 

responsible for streamflow o water yield from a watershed. 

The approach used to model h~drologic processes varies from 
I 

model to model. Numerous watershed models, representing a 

range of modeling approaches from simple to highly complex, 

have been devised. Renard r t al. (1982), offer summaries 

of 75 watershed models currently in use by government agen-

cies and research institutions. The purpose of this review, 

is to look at a few of the w~tershed models that have been 

used, or have potential, with modification, to be used for 

modeling forested watersheds. Hydrologic processes impor-

tant on forested watersheds b re emphasized. Processes em-

phasized include precipitation, interception and through-

fall, infiltration, surface runoff, channel interception, 

variable source area, subsur~ace flow, evapotranspiration, 

soil water balance, flow, and channel streamflow 

routing. 
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The review is not all-encompassing. Rather, it reviews 

models representing a range of modeling approaches, from 

lumped to distributed, conceptual to physical, and from 

simple to complex. The watershed model review consists of 

two parts. The first part contains a general review of each 

modeling approach used. The second part looks at how the 

individual processes of the hydrologic cycle are modeled. 

The models are arranged in ~ncreasing order of complexity of 

representation of the hydrologic processes. 

The Kentucky Daily Wat~rshed Model CKDW) was designed 

to simulate daily streamflows from small forested watersheds 

in eastern Kentucky continuously throughout a water year 

(Sloan et al., 1983). The ~DW model is a lumped-parameter, 

deterministic model. The model consists of a series of con-

nected stores (Figure 1). lnputs and outputs represent 

physical processes. The mo1e1 is somewhat physically based 

because some of the process parameters are measurable in the 

field. Other parameters must be obtained from calibration 
I 

with known streamflows. Therefore, the KDW model is not 

well suited for application to ungaged watersheds. The KDW 

model contains thirteen parameters. 
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Daily precipitation provides the input 

to the mode 1. 

1.o.!..§1.r.:: .. c; .. ~P.:tt9Jl · Interception is represented by a store 

having a maximum capacity of CMAX. CMAX is a function of a 

maximum interception storage capacity (CEPMAX) and the de-

gree of canopy development (FCAN). 

CMAX = CEPMAX * FCAN 

FCAN is a function of the seasonal changes in leaf area in-

dex and canopy cover. FCAN is at a minimum during the win-

ter, and at a maximum of 1 during the summer. Evaporation 

is removed from the store for each time step. When the 

store is filled, throughfali is available. 

!..n f i 1 t..r...~J;..! .. 9.D ..• 
! 

All water is assumed to infiltrate, ex-

cept on the saturated source area. Total infiltration 

(INFIL) , is equal to the fraction of the watershed area not 

in the saturated source area (1-PB) times the net through
! 

fall (RAIN - CMAX) 

INFIL = (1-PB)*CRAIN - CMAX) 

?..Y.Tt~_c; .. t;>-13..!::!D.9.f_f.. Surface runoff is assumed to occur 

only on saturated areas. 

The function used to calculate 

the fraction of the watershed occupied by the variable 
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source area (PB) was taken from the BROOK model (Federer and 

Lash, 1978). 

PB= FSTP +PC* exp[PAC * (USIN/USMAX)J 

where PAC and PC are variable source area constants, FSTP 

is the fraction of the watershed area in stream channels, 

USIN is the water content of the soil zone, and USMAX is the 

maximum soil zone water content. 

~h~D..D..!E.L.~ . ..oJ:_!E.[C~ti.QD-• Channel interception is included 

in the variable source area routine. The area occupied by 

stream channels (FSTP) is considered to be a fixed percent

age of the watershed area. 

Evapotr_pn..§.P._!_r_~j:J._Q.f.l• Ac tua 1 evapotranspi ration is 1 im

i ted by either the potential evapotranspiration (PET), or 

the plant-available water (USIN - USWP). Plant available 

water is equal to the actual soil water content (USIN) less 

the water content at the -15 bar soil water potential 

(USWP). Potential evapotranspiration was estimated by evap

oration pan data. However, Sloan et al.(1983) point out 

equations using mean daily temperature to calculate PET 

could be added to the KDWM. 

§g.!.l._J~l-~J;.!EL . ..!L~ ... L~_O_!;.~. The d a i 1 y soi 1 water b a 1 an c e is 

calculated by accounting for daily inputs of infiltration 

(INFIL), and outputs, percolation (FFU) and evapotranspira

tion (EVAP) 
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USIN = INFIL - EVAP - FFU. 

As in the BROOK model (Federer and Lash, 1978), drainage 

from the soil zone (FFU) is assumed to be equal to the hy-

draulic conductivity. Hydraulic conductivity is calculated 

as a function of soil water content. 

FFU = FU * c:J2 b+~ 

where FU is a constant, e is the soil water content, and 
i 

2b+3 is a constant obtained from the soil moisture release 

curve. The soil moisture ~elease constant (2b+3) is calcu-
' 

lated from the following pr~ssure head (h) soil moisture 

(c:J) relationship 

h' = ae-b 

where a and bare constants 1 obtained by measurement. 
! 

Subsurface flow (RUN02) is released 

from the soil zone store as' a fixed fraction (Kl) of the 

drainage from the soil zone 

RUN02 = Kl * FFU 

The interflow constant (Kl) must be obtained from calibra-

I 

tion with known streamflow., 

Input to: the groundwater store (SSIN) is 

percolation (PERCO) from th~ soil water store. 

PERCO = (1-Kl) * FFU . 
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Release of flow from the non-linear groundwater store (FFS) 

is calculated by 

FFS = FS * (SSIN)Ke 

where SSIN is the quantity of water in storage, and KS and 

FS are groundwater constants obtained from calibration, or 

from recession curve analysis. 

~.b..§.!J.D..~J. ....... f.J_Q.!cLB.9..\::1 t i !19 ... All releases from storages are 

summed at the outlet for ea~h daily time step. 

12.B.QQK._ M.9..9..~J. .. 

BROOK (Federer and Lash, 1978) is a deterministic, 
I 
' lumped parameter, continuou~ simulation, daily streamflow 

mode 1. The model was origi8ally designed to simulate water 

yield differences from forested watersheds under different 

hardwood cover types in New Hampshire. The model is com-

posed of a series of storag,s, each representing a component 
i 

of the hydrologic cycle (Figure 2). Interception, evapo-

transpiration, and soil water balance are tree species de
i 

pendent. Both processes are related to the leaf area index 

(LAI), stem area index (SA!), and rooting depth of a tree 

species. BROOK also contairis a variable source area compo-

nent. 

Snow interception, accumulation, melt, and evaporation 

routines, were omitted from the discussion provided by Fed 
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Model (from: Federer 
and Lash, 1978) 
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erer and Lash (1978), because the research was carried out 

for watersheds dominated by rain. Since watersheds in 

southeastern Oklahoma are also dominated by rain, the snow 

routines are not considered important. The daily time step 

is divided into smaller intervals during intense storms for 

calculating rapid changes in soil water content, moisture 

dependent hydraulic conductivities, and flows from the vari-

able source area. The number of intervals increases with 

rainfall and initial soil water content. 

E.r.:g.£.i.: .. Q.! .. t?._t..j_Q.!J.• Daily precipitation provides input for 

the model. BROOK arbitrarily assumes the precipitation is 

snow for average daily temperatures below -2.8°C. 

The interception store is divided into 

rain and snow components. Rainfall interception (INT) is 

limited by the lesser of potential evapotranspiration (PET) 

and daily rainfal 1 (RAIN). Interception is given by 

INT= 0.75(0.67LAI/4 + 0.33SAI/2) * minimum of(PET or RAIN) 

where LAI is the leaf area index and SAI is the stem area 

index. A portion of the rain is allowed to penetrate the 

canopy before the interception store is filled. 

All water is assumed to infiltrate into 

the soil. Infiltration (INFIL) is equal to the throughfall 
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(RAIN - INT) times the fraction of the watershed area not 

occupied by the saturated variable source area. 

INFIL = (1 7 PRT)(RAIN - INT) 

where PRT is the fraction of watershed area covered by a 

saturated contributing area. 

Surface runoff was assumed to not oc-

cur, except on the saturated areas. 

~.b.~.[l_ne_! __ J..!l_t§l'.:.!;_~..Q .. t.ion. · A fixed impervious area for 

channel interception of 11. bf the total watershed area was 

assumed. 

!The variable source area (PRT), 
I 

or saturated contributing area, is defined as an exponen

tial function of the available water in the root zone plus 

the 11. channel area. 

PRT = 0.01 +PC * exp[PAC(EZDNE/EZDEP - EZ15)] 

I 
where EZONE is water storag~ in the root zone, EZDEP is the 

maximum root zone water sto~age, EZ15 is the water content 

at the 15 bar wilting point,, PC is a variable source parame-

ter, and PAC is a variable source parameter. The two vari-

able source parameters, PC and PAC, must be calibrated. 
' 

Surface runoff generated in the variable source area is as
! 

I 
sumed to enter the channel in one time step. 

I 
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~_ya_p_9_1;L~.n~=Ut~ ra ti.Q.!J.· Po ten tia 1 evapotranspi ration (PET) 

was calculated from the mean daily temperature using the Ha-

mon procedure. Evaporation from the interception store is 

equal to the potential rate. Soil evaporation (SEVAP) and 

soil transpiration (TRANS) are calculated individually us-

ing a rate equal to the lesser of the potential evapotran-

spiration (PET) times the ratio of the daily potential inso-

lation on the watershed to that of a horizontal surface 

(RS), or a soil water supply function. 

i 

SEVAP = [(LAI-4) 2 /16.84~0.05J*min{EVWA/CE or PET*RS(l-
Q.3SAI)} 

where EVWA is the evaporation water available in top 50mm 

I 

of soil, is equal to EVW - !50 * EZ15, EZ15 is the relative 

soil water storage at -15 bar potential, EVW is the maximum 

water storage in the top 50 mm of soil, and CE is an evapo-

ration constant. Transpiriation is given by 

TRANS = [1-(LAI/4-1) 2 ] * min {EZA/CT or PE * RS} 

where EZA is the available water in the entire root zone. 

EZA is equal to EZONE - EZDEP * EZ15. EZONE is the current 

water storage in the root zone, EZDEP is the root zone 

depth, and CT is a constant for transpiration. The evapora-

tion constant, CE, and the transpiration constant, CT, must 

be obtained from calibratioh. 



The soil water balance for the 

root zone (EZONE) is simply an accounting of the inflows and 

outflows 

EZONE = INFIL - SEVAP - TRANS - EDRAIN 

where EDRAIN is the outflow (percolation) from the root 

zone. EDRAIN is assumed to equal the hydraulic conductivity 

at the mean water content of the root zone. A power law re-

lationship between hydraulic conductivity and water content 

is assumed. 

EDRAIN = KEINT * (EZONE I EZDEP)K~eL~ 

where KEINT and KESLP are soil parameters obtained from 

moisture release curves of the soils. 

Sub surf a <;_~_f_!_g~ .• Subsurface flow, or interflow, is re-
I 

leased from an unsaturated ~tore directly below the root 

zone. Input to the store is'EDRAIN. Output from the store 

is interflow (INTFLO) and deep percolation to the groundwa-

ter storage (UDRAIN). Total drainage (TD) from the unsatu-

rated zone is calculated in a manner analogous to drainage 

from the root zone, as a po~er law function of the ratio of 

water in the storage (UZONE) to the total zone depth 

(UZDEP). 

TD = UKEINT * (UZONE I UZDEP)uK~eL~ 

where UKEINT and UKESLP are soil parameters obtained from 

moisture release curves. Losses to evapotranspiration are 
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not removed from the unsaturated zone. The total drainage 

is arbitrarily divided into deep percolation to the ground-

water store (UDRAIN) and interflow (INTFLO). The fraction 

of drainage going to interflow may also be calculated by 

model calibration. 

1;3rq_undwa t.~r.. __ _F !_gw. 

the groundwater store. 

Groundwater flow is released from 

Federer and Lash assumed groundwater 

flow (GWFLO) was equal to a constant fraction (0.005) times 

the amount of water in the store (GWZONE): 

GWFLO = 0.005 * GWZONE. 

Evapotranspiration from the groundwater store is assumed to 

not occur. 

All storage releases are summed 

at the outlet for each time step. 

No discussion of watershed models can be complete with

out mentioning the Stanford Watershed Model (SWM) (Crawford 

and Linsley, 1966). SWM was one of the first general pur-

pose watershed models developed and applied with success 

(Fleming, 1975). The model has been used world-wide and has 

undergone numerous revisions. The model is mentioned here, 

not because of its suitability or non-suitability for model

ing forested watersheds, but because it has been used as 
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the hydrologic component in two water quality models, the 

Non-Point Source Model (Donigian and Crawford, 1976b) and 

the Agricultural Runoff Mod~l (Donigian et al., 1977) dis-

cussed in a later section. 

SWM is essentially a lumped-parameter deterministic 

model of watershed hydrology (Fleming, 1975). SWM produces 

continuous simulations of streamflow at increments as small 

as 15 minutes. Small wate~sheds that comprise a larger 

' 
basin may be modeled as lum~ed basins and linked via channel 

routing. Functions that model the various hydrologic pro-
1 

cesses have changed in the different versions of SWM. Fune-

tions and parameters of the Stanford Model IV, as summarized 

by Fleming (L975), are disc~ssed here. SWM IV, contains 34 

parameters, 4 of which must!be optimized through calibration 
I 

with known streamf lows. Therefore, the model has limited 
I 

applicability to ungaged watersheds. 

Precipitat.i,on. Time i~crements as small as 15 minutes 

may be used. SWM also accepts snow as precipitation input 

to the watershed. 

Interception is modeled using the simple 

storage equation 

where s~ is the change in interception storage, p is the 

precipitation per unit area, De is the canopy density, or 
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fraction of total area covered, and E£n is the evaporation 

from storage. Throughfall occurs from the fraction of the 

area not covered by the canopy and when the interception 

store is full. 

J n.f.tl.t.r_a ti on • Infiltration is treated as a function of 

soil moisture storage and t~me. 

ft= (INF)/(LZSt-1/LZSN)b 

where ft is the mean infiltration capacity at time t (in), 

INF is a parameter related to soil characteristics (in), 

LZSt- 1 is the actual soil mpisture at t-1 in the lower soil 

zone (in), LZSN is the fiel~ capacity of lower soil zone 

(in), and bis an exponent, normally equal to 2. Spatial 
I 

var iabi 1 i ty in inf i 1 tration ! capacity is accounted for by 
I 

fitting infiltration capacity to a linear frequency distri-

but ion. From the distributkon, one may calculate the per-

cent of the watershed area having a particular infiltration 

capacity. 

I 
A surface storage, or detention stor-

I 

age, technique is used to splve the continuity equation of 
i 
I 

overland flow. The surface storage consists of a plane hav-

ing an average slope (SS) and average length (L). The depth 

of storage-discharge relationship uses a modified form of 

Manning's equation. 

q = 1.486/n SS 1 / 2 * (D/L)e/~ * [1.0 + 0.6(0/D.)~]e/~ 
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where q is the discharge from the overland flow plane, n is 

Manning's coefficient of surface roughness, D is the current 

level of surface detention storage, and D. is the surface 

detention storage at equilibrium. 

During receding flows, DID. is assumed to be 1.0. The 

current depth of surface detention storage (0) is calculated 

by solving the continuity equation. 

where D2 is the detention storage in present time interval, 

Di is the detention storage in previous time interval, Dis 

the rainfall excess added during time interval, q is the 

outflow from the overland flow equation above, and dt is the 

modeling time increment. 

None per se. However, the 

infiltration distribution does account for impervious, or 

presumably saturated areas. 

Channel interception is ac-

counted for by assuming the stream channel is a permanently 

saturated area. 

Actual evapotranspiration (E.) is 

calculated as a function of the potential rate (PET) and the 

soil moisture deficit (LZS/LZSN). 

E. = PET * (LZS/LZSN)* B 
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where B is the portion of residual PET applied to soil stor-

age. The potential evapotranspiration may be calculated 

from daily evaporation pan data, or from an evapotranspira-

tion equation. 

Actual evapotranspir~tion from the lower soil zone 

(root zone) is represented by the evapotranspiration 

opportunity (r). 

r = [0.25/(1~0-K3)J*[LZS/LZSNJ 

where r is the evapotranspi~ation opportunity (in or mm), 

and K3 is a vegetation areal cover index. The evapotran-
I 

spiration opportunity represents the change in evapotranspi-

ration over time as soil and vegetative characteristics 

change. Evapotranspiration is removed from all soil zones 

and the groundwater storage. 

Two soil water storages, an upper 

zone and a lower zone are mbdeled. The upper soil zone is 

an infiltration control zone that is immediately responsive 

to rainfall. The lower soil zone represents storage from 

near the surface down to the capillary fringe. The lower 

soil zone is assumed to contain the majority of plant roots. 

Input to the lower soil zone includes gross infiltration and 

drainage from the upper soil zone. Drainage from the upper 

soil zone CD~) is given by 

D~ = 0.1 * INF * uzsN *[CUZS/UZSN) - (LZS/LZSN)] 



where INF is the gross infiltration, UZSN is the nominal 

upper soil zone storage, LZSN is the nominal lower soil zone 

storage, UZS is the actual upper soil zone storage, and LZS 

is the actual lower soil zone storage. Outflow consists of 

evapotranspiration, drainage, and subsurface flow. 

The quantity of water allocated to 

subsurface flow, or interflow, is calculated using an empir

ical function of the local infiltration rate. 

ft= f + f * (c-1) 

where ft is the total mean infiltration capacity, f is the 

mean infiltration capacity of an area, and c is an interflow 

component that is a function of the soil water deficit. 

The volume of interfl9w storage (SRGX) is calculated 

using the linear frequency distribution for infiltration and 

f(c-1) from above. Interflow (q£) is calculated as a func-

tion of the quantity of water in interflow storage (SRGX) 

and the daily interflow recession rates (IRC) obtained from 

observed hydrographs. 

The term 1/96 converts the daily rate to a 15 minute time 

interval. 

The quantity of water in the 

groundwater storage is given by 
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where SQw is the groundwater storage at times t and t-1, p 

is the seepage rate to the groundwater store, qQ is the 

groundwater flow rate, c is the upward flow rate due to cap

illary rise, qdQ is the deep percolation to an inactive 

groundwater store, and 6t is the simulation time increment. 

The ground water flow rate is a function of the storage 

(SQw) and observed recession rates. 

qQ = (1.0 - (KK24) 1 /~6 ][1.0 + KV * S)* SQw 

where KK24 is the observed daily groundwater recession, 

1/96 is a conversion factor that converts ~aily time to 15 

min increment, KV is a variable groundwater recession param

eter, and S is the groundw~ter slope (fixed value, GWS, + 

incremental slope based on inflow). 

Time delay histograms of flow 

from each watershed are lagged and summed. 

t1_R..9 .. ~ .. LtM .. _~p_p_r_g_?. .. £;JJ. 

The USGS Precipitation~Runoff Modeling System CPRMS) 

(Leavesley et al., 1983) was developed to provide continuous 

daily or storm event predictions of streamflow and sediment 

transport from watersheds under various land uses and cli-

matic regimes. PRMS is a distributed parameter, determin-

istic, physical process mod~l. All hydrologic processes are 

described using known relationships, or empirical relation-
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ships that have physical meaning. The modeling system is 

modular in structure to allow for the linking of the hydro-

logic core model to a libra~y containing subroutines. The 

library contains individual subroutines for snowmelt, sedi-

ment transport, parameter optimization, and other hydrologic 

process routines. 

Hydrologic processes are modeled as a series of linked 

storage reservoirs. Surface runoff and channel flow are 

modeled using kinematic wave routing procedures. Watershed 

hydrology may be simulated in a daily or storm mode. The 

storm mode has a 1 minute minimum simulation time interval. 

All parameters may be lumped for a watershed. To run 

PRMS in the distributed parameter mode, the watershed is 

I 

broken down into hydrologic response units (HRU's). Hydro-

logic processes are conside~ed to be homogeneous in each 

HRU. Water balance and energy balance are computed daily 

for each HRU. Partitioning of a watershed into HRU's may be 

done on the basis of vegetation, land use, slope, aspect, 

I 

and soil type. Soil zone r~servoirs and groundwater reser-
1 

voirs may be defined for th~ whole watershed or the individ-

ual HRU's. 

A second, more detailed level, of partitioning is 

available for storm hydrograph simulation. A watershed can 

be broken into flow planes for surface runoff routing and 
I 

channel segments for channe~ routing. An HRU can be con-

' 

sidered a flow plane, or be
1 
divided into a number of flow 



planes. Up to 50 overland flow planes and 50 channel 

segments may be designated. 

E..r:::~_c;j. _ _pJ .. t .. ~ .. t.J.q.o._. Break point or daily precipitation val-

ues may be used. The model contains an algorithm to calcu-

late whether the precipitation is rain, snow, or a mixture 

of rain and snow, based on maximum and minimum daily temper

atures • 

.l.f.l_1::_~r.::.!; ... ~R.:t:.ion.. Interception is calculated as a function 

of the seasonal cover density (COVDN, COVDNS and COVDNW for 

summer and winter, respectively) and the available storage 

of the predominant vegetation (STOR). The net precipitation 

(direct precipitation + canopy wash) is 

PTN = [PPT * (1 - COVDN)J + (PTF + COVDN) 

where PPT is the incoming precipitation, 

precipitation falling through the canopy. 

and PTF is the 

PTF is calculated 

as a function of maximum storage (STOR) and the current 

level of canopy storage (XIN). For PPT greater than the 

quantity (STOR-XIN), PTF is equal to PPT - (STOR - XIN). 

For cases where PPT is less than the quantity (STOR-XIN), 

PTF is equal to zero. 

STOR is defined for season and precipitation form. 

Evaporation from the canopy is assumed to occur at the free-

water surface rate (EVCAN). EVCAN is equal to the pan 
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evaporation rate, or calculated from the potential evapo-

transpiration rate (PET). 

EVCAN = PET/EVC(MO) 

where EVC = the evaporation pan coefficient for month MO. 

' ID f i Ltr.:.~J. i 01']_. Infiltration for storm mode calculations 

is calculated using a modified form of the Green-Ampt equa-

tion. 

I 
FR = KSAT ~ (1.0 + PS/SMS) 

where FR is the point infil~ration capacity (in/hr), KSAT is 

the hydraulic conductivity bf the transmission zone (in/hr), 

PS is the product of capilliry drive and moisture deficit 

(in), and SMS is the curre~t accumulated infiltration (in). 

PS is calculated as a linear function of the ratio of the 
I 

current moisture (RECHR) to the maximum moisture storage in 

the recharge zone (REMX) ov~r the range of PS. 
I 

PS= PSP * [RGF - qRGF - 1) * (RECHR/REMX)] 

I 
where PSP is the value of PS at field capacity, and RGF is 

the maximum value of PS. Net infiltration (FIN) is equal 

to PTN - PTN2 /2FR, for when PTN is less than FR. 

QUrfac_~ Rung_fj_. Rainf~l l excess is routed over the 
i 

flow planes by a kinematic ~ave approximation. All flow 

planes must discharge to a qhannel flow segment. 
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Y..~.r..!.g,.QJ_~ .... P.QYL<;;; .. ~ ..... B.r.:.~g,.. The d a i 1 y run of f mode ca 1 cu 1 ates 

the contributing area using a either a simple linear or non-

linear function of soil moisture. The percent of HRU area 

contributing .to runoff (CAP) at a particular time is calcu-

lated using the linear relationship 

CAP = SCN + [(SCX - SCN) * (RECHR/REMX)J 

where SCN is the minimum pqssible contributing area, SCX is 

the maximum possible contributing area, RECHIR is the cur-

rent available water in redharge zone, and REMX is the maxi-

mum storage capacity of the recharge zone. 

The nonlinear method uses a soil moisture index (SMIDX) 

equal to the sum of the cu~rent available soil water plus 
I 

one-half of the daily net precipitation. 

CAP = SCN * 1Q<!!IC1*SMJ:DX) 

where SCN and SC! are coefficients calculated from direct 

measurements of soil moist~re and streamf low. 
I 

The coefficients may also be calculated from initial 

runs of the model using a r'egression technique of the form 

logCAP ~ a + b * SMIDX 

I 

where SCN is equal tb 10• and SC! is equal to b. Surface 

runoff is equal to CAP multiplied by the net precipitation. 

The variable source area concept is not used in the storm 

mode calculations. 
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!;:;..b.S! .. O.D.?.J __ J..ni~r .. c; .. ~.P...t .. ! .. 9.n .. Channel interception is not 

specifically mentioned in the model. However, channel 

interception may be regarded as the minimum contributing 

area (SCN). 

Evapotranspiration is computed on 

a daily basis. Three methods of calculating potential 

evapotranspiration, based on pan evaporation, mean daily air 

temperature and possible hours of sunshine, and daily solar 

radiation, respectively, are available. The mean daily 

temperature method is used in the BROOK model, discussed be-

low. Potential evapotranspiration (PET) from pan data is 

computed by 

PET = EfAN * EVC(MO) 

where EPAN is the daily pan-evaporation loss (in) and 

EVC is the monthly pan coefficient for month MO. PET using 

the daily solar radiation option is 

PET = CTSCMO) * (TAVF - CTX) * RIN 

where TAVF is the mean daily air temperature (°F), CTS is a 

coefficient for month MO, C~X is a coefficient, and RIN is 

the daily solar radiation expressed in inches of evaporation 

potential. The monthly cor~ection coefficient CTS corrects 

for under estimation of PET by the method during winter 

months. 

CTS = [Cl + (13.0 * CH)J- 1 
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where Cl is an elevation correction factor equal to 

68.0 -[3.6 * (median elevation in feet/1000)], and CH is a 

humidity index equal to: 50/(e2-el). The constants e2 and 

el are equal to the saturation vapor pressure (mb) for the 

mean maximum air temperature for the warmest month of the 

year, and the saturation v~por pressure (mb) for the mean 

minimum air temperature for the warmest month of the year, 

respectively. 

The coefficient CTX , calculated for each HRU, is 

CTX = 27.5 - 0.25 * (e2~el) - (median HRU elevation in 
feet/1000) 

Actual evapotranspiration (AET) is computed as a func-

tion of the ratio of the actual moisture storage to the max-
i 

imum moisture storage in th6 soil zone. AET is assumed to 

equal PET when moisture is not limiting. PET is satisfied 

from the interception, detention, and snow pack storages 

first. The remaining PET demand is divided between the 

recharge and lower soil zones. The ratio of AET to PET for 

different percentages of maximum water storages and soil 

textures are presented by Leavesley et al. (1983). 

The soil zone is divided into a 

recharge zone and a lower zone (Figure 4). The depth of the 

soil zone is defined as the rooting depth of the predominant 

vegetative cover. Water lo~ses from the recharge zone are 

from evaporation and transpiration. Losses from the lower 

zone are from transpiration only. When the maximum storage 
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capacity of the recharge zone (SMAX) is filled, water flows 

to the lower zone. Water in excess of the lower zone maxi-

mum storage (LZMX) enters the subsurface flow reservoir. 

A nonlinear subsurface reservoir is 

used to simulate subsurface flow. Inflow to the reservoir 

is provided by water in excess of the maximum moisture stor-

age content of the soil reservoir. Outflow from the subsur-

face flow reservoir (RAS) is given by 

RAS = RCF * RES + RCP * RES 2 

where RCF and RCP are coefficients~ and RES is equal to the 

reservoir storage. The equation above is combined with the 

continuity equation (dS/dt = inflow outflow) and solved 

for the initial condition where RES = O. For a given time 

increment, RAS is given by 

RAS* t = INFLOW* t + SOS * (l+(RCP/XK3)*SOS)*(l-e-xK 3 t) 
I 

l+(RCP/XK3)*SOS*(l-e-XK3 t), 

where SOS= RESo - (XK3-RCF)/(2*RCP), XK3 = (RCF 2 + 4 * RCP 

* INFLOW) 1 ~ 2 , and t is the ~imulation time increment. 

Estimates of the routing coefficients may be obtained 

from analysis of hydrograph recession curves. RES and RAS 

may be calculated using 

RES = - RAS I log.Kr 

where Kr is the subsurface recession constant for t=lday. 
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Each HRU may have its own subsurface reservoir, or IN-

FLOW may be combined into one reservoir from several HRU's. 

Outflow from the subsurface reservoir to the groundwater 

reservoir (GAD) is given by 

GAD = RSEP * (RES/RESMX)~~x~ 

where RSEP is a daily recharge coefficient, RES is the cur-

rent storage in subsurface reservoir, and RESMX and REXP are 

coefficients. 

Groundwater flow is modeled as a 

linear reservoir. Input to the groundwater reservoir is 

provided by direct seepage ~ram the soil zone (SEP) and out-

' 
flow from the subsurface fl~w reservoir (GAD). Outflow from 

the groundwater reservoir is given by 

BAS = RCB * GW 

where BAS is the base flow in acre-inches, RCB is a reser-

voir routing coefficient, and GW is the groundwater storage 

(acre-in). 

The groundwater reservoir routing coefficients may be 

calculated using the same p~ocedure described above for 

calculating the subsurface 'flow reservoir routing coeffi-

cients. Recession curve an~lysis may be used to estimate 

the groundwater recession constant. The model also allows 

for deep seepage losses to ~reas outside the watershed. 



~.9..9..~J_J.D...Q. ...... B.PR.r. . .R.?. .. c;:; .. b.. 

The field scale model for Chemicals, Runoff, and Ero

sion from Agricultural Management Systems (CREAMS), is a 

lumped parameter deterministic model designed to predict 

streamflow and sediment and chemical transport from small 

agricultural watersheds (Knisel, 1980). The hydrology com-

ponent contains two options, daily runoff, using the SCS 

runoff Curve Number method, and individual storm analysis, 

using breakpoint precipitation data (Smith and Williams, 

1980) • The model is capable of supplying continuous predic-

tions for a time period of interest. Soil water storage and 

evapotranspiration are calculated on a daily basis in both 

hydrology options. The model is designed for use on small 

C<40 ha.), or field scale, agricultural watersheds. 

The model is essentially physically-based, in that 

parameters may be obtained directly from field measurements. 

The ten parameters required for the breakpoint hydrology op

tion are effective hydraulic slope, effective slope length, 

Manning's n for the field surface, effective hydraulic 

conductivity of the soil, effective capillary tension, soil 

evaporation, soil porosity, the percent of available water 

storage at field capacity, soil water content at 15 bar ten

sion, and leaf area index. 
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f.'J:.~f; ... !.R.j, . .t..~J;j . ...Q!)_. Break point or daily inputs are used. 

I.o .. .t..~.Cf;J?...QJ;j_Q.IJ .. • SCS Curve Number method is used to 

calculate initial abstractions. 

Infiltration is calculated using a modi-

fied form of the Green and Ampt equation. 

where K. is the effective ~aturated conductivity, t is the 

time from start of ponding, He is the effective capillary 

tension, F is the cumulative depth of infiltration, So is 

the beginning saturation, S~ is the interval saturation, and 

~ is the soil porosity. 

The infiltration rate for a time interval (f = dF/dt) 

is 
i 

estimated by a finite difference technique and a series 

approximation for the natural logarithm, so that 

F = 4A[GD + FJ + (F-A) 2 + A - F 

where A= K. tis, G =He, D = ~(80-S~), and~ is the soil 

porosity. Rainfall excess is calculated by subtracting the 

average infiltration for the time interval from the interval 

precipitation. 

Rainfall excess is routed over the 

land surface using a kinematic wave approximation. An 

equivalent single plane with an effective hydraulic slope 



and an effective slope length is used to represent the wa-

ter-shed surface. Chezy's equation of open channel flow is 

used as the storage-discharge equation. 

G..b.~.0..0..~.L.J_o._:t_g_r_~_g_g_.t_j,ori.. : No channel interception is pro-

vided. 

Tre evapotranspiration term in-

eludes dir-ect soil evaporation and losses due to plant use. 

Potential evapotranspiration CEo) is calculated daily using 
I 

the Ritchie equation. 

Eo = 1 • 28 Ho I ( /l. + 11 ) 

where T is the mean 

daily temperatur-e in degree~ K, Ho = (1-L)R/58.2, R is the 

mean daily solar- radiation,i Lis the albedo for solar r-adi-

ation, and 11 is a psychrometric constant. 

Soil and plant evaporation are computed separately. 

Soil potential evapotranspiration is computed as an exponen-

tial function of Eo and leaf area index. Actual soil evapo-

ration is limited by a soil 1 water transmission coefficient. 

Plant use evaporation (transpiration) is a function of the 

crop type and leaf area index, and is limited by available 

soil moisture at the 15 bar 1 wilting point. 
i 

' ?.oiJ __ . .W~.:t~.r E!~D.f:_~. The soi 1 water ba 1 ance is ca 1 cu-

lated on a daily interval. The soil is divided into a sur-

face zone and a root zone. The surface zone controls infil-

tration. The surface zone is subject to soil evaporation 
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and evapotranspiration from plants. The root zone extends 

to the maximum rooting depth. It is subject to evapotran-

spiration losses during the growing season. 

budget equation is given by 

The soil water 

SM& = SM&-1 +Fi - ET& - 0& + M& 

where F& is the infiltration on day i, ET& is the plant and 

soil evapotranspiration, 0& is the seepage below the root 

zone, M& is the snow melt, and SM& is the soil water storage 

in the root zone. 

~p--!.J. ........ ~.?._t..~.r.:: ... _EJ.Rt' .. • The model contains no lateral subsur

face flow component. Water leaving the root zone (0& in the 

equation above) is accounted for, but not included in runoff 

calculations. Percolation from the upper soil zone to the 

root zone (q.) is a function of the positive difference in 

saturation between the two zones. 

where q. is the flow from upper to lower zone, s. is the 

saturation by volume in surface zone, S~ is the saturation 

by volume in root zone, c. is a coefficient, normally 0.1, ~ 

is the soil porosity, and D. is the depth of surface zone 

( 2-5 cm) • Percolation from the root zone occurs when the 

water content exceeds field capacity. 
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TOPMODEL 

Modeling Approach 

TOPMODEL is a deterministic, distributed model of 

watershed hydrology (Bevin 9nd Kirkby, 1979). TOPMODEL is 

capable of providing a continuous simulation of streamflow 

at small time increments over a desired time interval. The 

model is composed of five linear and non-linear reservoirs, 

each of which represent hyd~ologic processes. A major fea

ture of the model is the inclusion of a variable contribut

ing area routine. The area and dynamics of the variable 

contributing area are controlled by topographic features and 

the rate of subsurface inflow from the hillslope above. 

The watershed is divided into sub-basins, based on 

whether convergence or divergence of flow occurs as a result 

of topography. The sub-basins are further divided into seg-

ments along contour lines. Calculations of soil water bal-

ance, surface runoff, and subsurface flow are made on a 

time, hillslope segment, and sub-basin basis. Sub-basins 

are linked to the channel systems by a routing function. 

TOPMODEL was improved (Bevin and Wood, 1983) and tested 

on three United Kingdom watersheds (Seven et al., 1984). 

TOPMODEL was later adapted to model a forested watershed in 

Virginia (Hornberger et al., 1985). The Virginia model, 

which represents the latest version of TOPMODEL, will be 

discussed here. All of th~ parameters may be measured in 
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the field, or from topographic maps. Therefore, TOPMODEL 

may be used to model ungaged watersheds. 

Hydrologic Processes 

Precipitation. Any break point time increment may be 

used in the model. The model was designed only for rain-

fall. 

Interception. The interception store contains two 

stores, an int~rception store CSINT), and a litter layer 

store(SL). The inputs, ou~puts, and changes in storage are 

calculated on a basin wide scale. Water is routed through 

the litter layer to account for changes in water chemistry 

as it passes through the litter. Direct throughfall (DTF) 

is al lowed to occur before :the interception store is filled. 

Evaporation from both stores occurs at a decreasing rate 

proportional to the quantity of water in storage and the 

maximum storage. 

i 

Infiltrct_tion. All rainfall is assumed to infiltrate on 

unsaturated hillslopes. 

g_y,rface Runoff. Surface runoff is assumed to occur 

only from the saturat~d variable contributing area. No 

hillslope surface routing function is used. Surface runoff 

i 
is assumed to reach the ch~nnel system during the same time 

j 

I 

interval in which it is ge~erated. 
! 
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Varia~le Source Area. The calculation of subsurface 

flow and the variable source area are both related to a to

pographic shape variable given by 

ln(a/tanB) 

where a is the the upslope area drained through a point, per 

unit width of contour length, and tanB is the gradient of 

the slope, assumed to be constant for each sub-basin. 

Values of ln(a/tan8) are large for convergent topogra

phy, and small for divergent topography. From numerous 

point measurements of a/tanB over the sub-basin, an overall 

distribution, or an averag~ value for ln(a/tan8) may be ob

tained. Watershed sub-bas~ns are divided into topographic 

increments, based on average ln(a/tanB). All variable con

tributing area and subsurface flow calculations are per

formed for each time and ln(a/tanB) increment in each sub

basin. 

The saturated storage deficit (SO) for any value of 

ln(a/tan8) is related to an average sub-basin storage 

deficit (S) by 

SD = S + (m/A)j: ln(a/tanB)dA - mln(a/tan8) 

where m is the recession constant of the subsurface reser

voir. Saturated topographif increments have an SD ~ O, 

whereas for unsaturated increments, SD > O. The water bal

ance for each topographic increment is calculated for each 

time step. The area included in a ln(a/tan8) increment is 
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added to the contributing area when the incremental storage 

becomes saturated (SD=O), or is deleted when the incremental 

storage becomes unsaturated (SD >O). The contributing area 

may be obtained from an Ac/A vs. ln(a/tanB) distribution 

calculated from watershed topography. 

Channel _Inter~~J2!.ion. The area of the watershed 

containing the stream channels and the surrounding riparian 

areas are assumed to be saturated. Throughfall falling into 

the channels and riparian areas is assumed to be immediately 

available to streamflow. 

Soil Water Balance. Two storage elements are used to 

account for water in the soil and vertical percolation. 

Calculations for both stores are made by topographic segment 

ln(a/tanB). One store (SRZ) represents the quantity of wa-

ter below field capacity of the soil. The other store 

(SUZ) represents the quantity of water in the soil above 

field capacity that is available for vertical percolation to 

the delayed flow reservoir. Additions to SRZ includes all 

water infiltrated. Evaporation is removed from the SRZ 

store at a rate proportional to the potential rate and the 

fraction of the maximum storage filled. Evaporation is 

given by 

evaporation = PET*CSRZ/SRZMAX)~FwA 
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where PET is the potential evaporation, SRZMAX is the maxi

mum storage in the zone, and EPWR is an evaporation parame

ter. 

The percolation storage, SUZ, is assumed to behave as a 

linear reservoir. Vertical drainage (QV) is given by 

QV = SUZ * UO/SD 

where UO is a constant parameter and SD is the saturation 

deficit. Under normal conditions, water does not reach the 

SUZ until evaporation in the SRZ store is satisfied. How

ever, a fraction of the infiltrated water may be assumed to 

travel directly to the SRZ store if desired. Evaporation is 

not removed from the SUZ store. 

Subsurface Flow. Subsurface flow is calculated from 

each topographic segment in a sub-basin as release from a 

non-linear delayed flow reservoir (83). Input to the reser-

voir is provided by release from the SUZ store. Subsurface 

flow (QB) is an exponential function of the ratio of the 

saturated zone deficit to the maximum saturated zone storage 

(SZMAX). 

§.!:::.9...\:l_ng~ater Fl_qw. Groundwater flow is assumed to em

anate from the delayed flow reservoir. Since evaporation is 

not removed from the delayed flow reservoir, the model is 

not suitable for prediction of flows from watersheds with 

prolonged groundwater components. 
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~hannel Flow Routin~. Runoff produced during each time 

step (and for each sub-basin) is uniformly distributed over 

a number of time steps, as a function of maximum channel 

flow distance CDTW) and a constant channel kinematic wave 

velocity parameter (SUBV). 

USDAHL is a deterministic, semi-empirical, semi-dis-

tributed model of watershed hydrology (Holtan and Lopez, 

1971) . The model was designed primarily for small agricul-

tural watershed engineering planning. USDAHL can predict 

streamflow on an annual, monthly, daily, or event basis. 

The model is semi-distributed because the watershed is 

divided into several (minimum of 1) hydrologic response 

zones. Soil moisture storage, infiltration, actual 

evapotranspiration, land use, and surface and subsurface 

flows are calculated for each response zone. Other pro-

cesses and their parameters are lumped for the entire water-

shed. Surface and subsurface flow generated in a response 

zone is cascaded to the next downslope zone, until the flow 

reaches a stream channel. The hydrologic response zones are 

delineated on the basis of soil properties, cropping system, 
i 

and land use. The zones al~o represent the natural eleva-
i 

tional sequence of uplands, ;hillslopes, and bottom lands. 

Bottom lands near streams frequently become saturated source 

areas. Soils within each response zone are divided into 
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layers, representing soil horizons. Flow separation of per-

colation and subsurface flow from each soil layer is calcu-

lated by the model. 

USDAHL has a large input requirement of 72 parameters. 

Parameters are arranged in four groups, watershed 

characteristics, soils, land use, and hydraulic properties. 

However, many of the parameters are required to represent 

the agricultural cropping system. Many of the parameter 

values are obtainable from soil surveys, maps, or direct 

measurement. Other parameters may require evaluation by 

calibration. Therefore, the model may not be suitable for 

ungaged watersheds. 

' Although USDAHL was not designed specifically for small 

forested watersheds, it does have potential for use, after 
I 

some modification, on forested watersheds. USDAHL is, how-

ever, structured to supply flow information for water qual-

ity modeling (Campbell et al., 1983). Water quality parame-

ters from respective zones ~nd sources are stored in a sub-

routine called POLLUT. USDAiHL has also been used as the hy-

drologic component in the Agricultural Chemical Transport 

Model (ACTMO)(Frere, et. al, 1975). ACTMO is discussed 

herein, in the water quality modeling section. 

~ydrglogic Processes 

I 

Precipitation. Breakpoint precipitation data is re-

quired for individual storm simulation. Daily rainfall data 

may be used for daily or longer simulation periods. 



Interception. No forest canopy interception model is 

included in the model. 

Infiltration. USDAHL uses the Holtan model of 

infiltration. 

f = GI * a! * (SA) i • 4 + f c: 

where f is the infiltration rate, GI is a crop growth index, 

SA is the available storage in the surface layer, a is an 
I 

index of surface-connected 8orosity, and fc: is the constant 

rate of infiltration after prolonged wetting (equal to the 

saturated hydraulic conductivity). 

Drainage from the surface layer, or infiltration con-

trol zone, occurs when gravitational detention storage is 

exceeded. The infiltration parameters are measurable soil 

properties. A routine to account for surface depression 

storage is also included. 

Surface Runoff. Rainfall excess is routed as surface 

I 

runoff across each response zone and cascaded through subse-

quent down slope zones. Infiltration of surface runoff in 

subsequent zones is accounted for. Surface runoff depth is 

calculated using a form of the continuity equation given by 

Pe-Q = dD 

where Pe is the rainfall excess rate (in/unit time) includ-

ing input from the neighboring upslope zone, Q is the out-
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flow rate (in/unit time), and dD is the change in depth 

(in) . 

The average depth of flow (0) is routed over the sur-

face using the kinematic wave approximation 

where qo is the surface runoff rate (in/unit time), a is a 

coefficient of roughness, slope gradient, and slope length, 

and n = 3.0 for laminar flow and 1.67 for turbulent flow. 

Surface roughness and slope characteristics are measurable 

parameters. 

Variable ~ource Are~. No variable source area routine 

is included. However, satur~ted source areas tend to occupy 

bottom land areas near stream channels. 
! 

A hydrologic re-

sponse zone can be delineated to represent such an area. 

Additionally, soil characteristics often follow drain~ge 

patterns. The slope, contributions of flow from upslope 

zones, and soil properties ~n the streamside zone, may 

cause the zone to behave as a saturated source area. 
I 

Ghannel Intercepti9n. No accounting of channel 

interception is made in the model. 

~yapotranspiration. Potential evapotranspiration (PET) 

is calculated from weekly pan evaporation data times 

evaporation coefficients for crop growth 

PET = GI * k * E~ * [(S-SA)/AWCJx 
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where GI is the growth index of crop in % of maturity, k is 

the ratio of GI to pan evaporation (usually 1.0-1.2 for 

grasses and 1.6-2.0 for forests), E~ is the pan evaporation 

in inches per day, S is total soil porosity, SA is the 

available soil porosity, AWC is the porosity drainable only 

by evapotranspiration, and x is set equal to AWC/gravity 

water. Evapotranspiration losses are calculated on a daily 

time basis. Evapotranspiration is removed only from the up

per two soil zones that comprise the root zone. 

g~il Water Balance. The soil zone may be divided into 

a number of layers to represent different soil horizons. 

The water balance of each zone for each time step is equal 

to the inputs minus the outputs. Input to a layer store is 

seepage from the layer above. Output is the sum of seepage 

to the layer below and subsurface flow. 

Subsurface F~ow. USDAHL allows for the modeling of 

subsurface flow from any or :all of up to four soil layers. 

Subsurface flow regimes are considered to be sequential. 

The change in storage from a soil layer store is calculated 

using 

5 = m'Aq 

where m'is the slope of a straight line section of the 

hydrograph recession curve, andAq is the flow rate at the 

point where straight line segments of the recession curve 

intersect. 
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Values of m are assumed to represent the release from 

successive flow regimes, including the channel (me) and the 

soil layers (m1, ••• m4). Outflow from each soil layer stor-

age is calculated sequentially, using the outflow from the 

previous soil layer storage as input. Outflow from a stor-

age unit is calculated using 

q;1. = (2 Al)/(2m +At) + q;1.-1 * (2m - At)/(2m +At) 

where q;1. is the flow from the ith storage, qi-1 is the flow 

from the preceding storage, m is the recession slope for 

respective storages, and At is the time step. The calcula-

tion of the subsurface flow recession constants requires a 

streamflow record from a period of little or no evapotran-

spiration. 

Groundw~i.er .Flo~. Seepage from the preceding soi 1 

storage provides input to the groundwater storage. Flow 

from the groundwater storage1 is calculated using the equa-
1 

I 

tions for subsurface flow discussed above, with the appro-, 
I 

priate recession constants. 

Channel Flow Routin_g.. A linear reservoir function is 

used to route channel flow. 

E.ES~M 

The Finite Element Storm Hydrograph Model (FESHM) is a 

single event, deterministic, distributed parameter model of 

54 



watershed hydrology (Smolen et al., 1983). The model 

adopted the distributed approach to model varying rates of 

erosion and water yield resulting from different land uses 

and agricultural practices. (Ross et al., 1980). FESHM was 

specifically designed for use on ungaged watersheds. The 

model parameters may be evaluated by direct measurement or 

from soil surveys and topographic maps. 

In order to account for the distributed nature of soil 

properties, land use, and topography, FESHM uses two dis

cretization schemes to break the watershed into homogeneous 

components. The first discretization scheme breaks the 

watershed into Hydrologic Response Units (HRU's) based on 

infiltration properties of the soils. The second scheme 

breaks the watershed into a number of topographic units. 

Subsheds are created by delineating areas draining into ma

jor tributaries. Subsheds are divided into overland flow 

strips, based on slope and qVerage overland flow direction. 

Overland flow strips are further divided into overland flow 

elements to account for spatial variability in overland flow 

direction. The equations of motion are solved, using a fi

nite element numerical method, for each flow element. The 

sequence of operations in FESHM is as follows. Rainfall ex

cess is first calculated for each element. Later, overland 

flow for each flow strip is calculated and stored in an ar

ray. Finally overland flow~ are routed through the chan

nels. 
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The watershed discretization scheme and the solution 

to the flow equations taken in FESHM is similar to the ap

proach taken in ANSWERS (Huggins and Manke, 1968). However, 

whereas ANSWERS uses a grid of square elements, FESHM uses 

a variable shaped grid to better represent watershed topog

raphy. To date, FESHM contains no interception or subsur

face flow routines. FESHM was also designed to be used to 

predict erosion and sedimentation from watersheds. The ero

sion and sedimentation scheme will not be discussed here. 

Precipitati~~· Break point rainfall data is required 

for storm simulation. 

!_nt_er_cepJ;Jon. FESHM contains no interception compo-

nent. The lack of an inte~ception component was assumed to 

be not limiting for large, high intensity storms, but may 

limit the use of FESHM for simulating flows resulting from 

low intensity storms (Smolen et al., 1983). 

Infiltration. Infiltration is calculated using the 

Holtan equation. the infiltration rate (in/hr) is given by 

F = GI * a * sn + Fe 

where GI is a monthly vegetation growth index, a is an in

dex of cover density, Sis the available pore space (in), n 

is the ratio of gravitational water (GW) to plant available 

water (PAW), and Fe is the final infiltration rate (in/hr). 
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Total infiltrated and rainfall excess volumes are calculated 

by numerically integrating the equation above over each time 

step. 

Surface Runoff. Rainfall excess is routed across each 

flow element as overland flow. The flow direction is calcu-

lated from topographic maps. Each element is considered to 

be a flow plane. An average flow length and plane slope are 
i 

calculated for each element.1 Overland flow length is taken 

as the longest flow path in the element, adjusted by a fac-

tor of two thirds. The area~weighted average rainfall ex-

cess is treated as a lateral input to the plane. The conti-

nuity equation is solved for each element and time step. 

Manning's n is used to estimate the surface roughness. 

No variable source routine is 

provided. 

Channel interception is not in-

eluded. 

~vapotrans_pi ration. Evapotranspiration was considered 

to be inconsequential during a large storm event. 

Soil Water Balanc~. Only rainfall excess as overland 

flow is modeled by FESHM. However, an algorithm is provided 

to calculate the antecedent moisture condition. The algo-

rithm requires a thirty day sequence of precipitation val-

ues, and an estimate of monthly evapotranspiration. 



• 

S~bsurface/Groundwater Flow. Neither flow is modeled 

in FESHM. 

!;:ha~-1._.Flo~_Rout_.!:__o_q. Channel flow routing is computed 

analogously to overland flow. The channel is broken into 

elements. Input to a channel element includes flow from the 

upstream element and lateral inf low. Lateral inf low from 

overland flow strips is divided equally between overlapping 

channel elements when channel elements boundaries do not 

match strip boundaries. Routing is accomplished by solving 

the equations of motion for each channel element and time 

step • 

ANSWERS (Areal Nonpoint Source Watershed Environment 

Response Simulation) is a deterministic, distributed model 
! 

of watershed hydrology and water quality (Beasley et al., 

1980). The model was designed for use on agricultural lands 

to predict transport of wat~r and sediment under different 

agricultural management practices. The parameters and cal-

culations are distributed over a watershed, by breaking the 

watershed into a number of square elements. Each element 
I 

has its own set of slope, soil, and land use conditions. 

Therefore, as land use and agricultural practices change, 

parameters in individual elements may be updated. The size 

of the elements must be small enough to adequately represent 
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a process or change, but not so large, that one element ex-

erts too much influence on the simulation. The model is 

currently only capable of producing event based simulations 

in small time increments. Parameters for the model may be 

obtained from maps, soil surveys and field measurements, 

Therefore, the model is suitable for use on ungaged water

sheds. The distributed nature of the model also makes it 

suitable for modeling variable source areas. 

The original concept behind the ANSWERS model was 

developed by Huggins and Menke (1968). Flows are calculated 

for each element by solving the continuity equation 

I - 0 = dS/dt 

where I is the inflow rate, 0 is the outflow rate, S is the 

storage within an element, and t is the time increment, for 

each element. 

The continuity equation is solved in the model using a 

finite element approach. 

where the subscripts represent the time increment number. 

Inflow (I) to an element is the sum of rainfall and all 

flows from adjacent elements for each time increment. The 

direction of outflow from an element is determined by calcu

lating an area weighted average slope direction (Figure 3). 

The program actually uses the angle of the average element 

slope to make the flow separation calculation. Angles are 
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measured from the horizontal axis in a counter-clockwise di

rection. The fraction of outflow going to an adjacent row 

element (RFL) is given by 

RFL = tan(ANG)/2 when ANG <= 45° , and 

RFL = 1 - (tan(90-ANG))/2 when 45° <ANG< 90° , 

where ANG is the angle of the average slope from the verti

cal axis. 

The remaining fraction of outflow goes to the adjacent 

column element. Subsurface flows are assumed to follow the 

same average slope direction. Simulation starts at a time 

when all of the parameter values for all of the elements are 

known. The continuity equation is applied sequentially to 

all elements until all conditions are known at one time step 

later. The process is repeated at time increments until the 

entire storm is simulated. 

ANSWERS has been applied successfully in modeling 

alternative management practices as part of Sec. 208 plan

ning in the midwestern U.S. (Beasley et al., 1982). Re

cently, Thomas and Beasley (1986, a and b) adapted ANSWERS 

to forested watershed appli~ations. The forestry version of 

ANSWERS retains the same basic structure of the original 

version of ANSWERS. However, routines to model subsurface 
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Figure 3. 

Q 

Division of a Watershed Into 
Elem~nts and Division of 
Area Drained per Element 
for ANSWERS (from Beasley 
and Huggins, 1981). 
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flow as matrix flow and pipe flow in macropores, were added 

to more closely represent the physical processes controlling 

runoff on forested watersheds. The accounting procedure of 

soil water in each element allows for the calculation of 

saturated source areas. The forestry version of ANSWERS is 

discussed in detail in the following sections. Major depar

tures from the original ANSWERS model will be noted. 

Pr~£ .. tQ!tati.Q!l.• Break point data is required for 

individual storm simulation. The distributed nature of the 

model allows for spatially variable rainfall rates. 

Int~~.12._tion. The interception volume for a time 

increment (INT) is calculated as an exponential function of 

the ratio of incremental rainfall (RAIN) to maximum canopy 

coverage interception storage CPIT). 

INT= PIT* (1; expC-RAIN/PIT))* PER 

where PER is the percentage of maximum canopy coverage. 

Surfac~ Detention Stor:~g-~-· Water that is detained on 

the surface may be infiltrated, aid infiltration, or be 

evaporated. Surface detention CSTOR) is estimated using 

STOR = HU * ROUGH * (H/HU)1/~ou~H 

where STOR is the depth of stored water, ROUGH is a surface 

variability parameter, H is the height above a datum, and 
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HU is the height of maximum micro-relief. Methods used to 

estimate the surface detention parameters are given in the 

ANSWERS User's Manual (Beasley and Huggins, 1982). 

Infiltration. -.. ·-----.......... - ...... - ... - ... Infiltration is calculated using a modi-

fied form of the Holtan-Overton equation. 

F = FC + A * (PIV)~/TP 

where F is the infiltration rate, FC is the steady state, or 

final infiltration rate, A is the maximum rate in excess of 

FC, TP is the total pore space within a control volume, PIV 

is the maximum control volume storage before saturation, and 

P is a dimensionless coefficient relating the decrease in 

infiltration rate with increasing soil moisture. 

The control volume for infiltration is defined as the 

total soil volume down to an impeding layer. In the origi-

nal version of ANSWERS, the control zone was taken as one-

half of the A-Horizon depth. Even though infiltration ca-

pacity usually exceeds rainfall rates on undisturbed 

forested watersheds, the control volume concept was retained 

so the model could be used bn disturbed or mixed-use water-

sheds. 

S~rface R.unoff. Surfaice runoff on forested watersheds 

usually does not occur, except on impermeable areas or on 

saturated source areas. The distributed nature of ANSWERS 

does allow for the modeling of impermeable and saturated ar-

eas. Overland flow produced on an element is divided be-



tween adjacent elements based on the angle of the average 

slope direction, as described previously. Surface flow gen

erated on an element is routed to an adjacent element in the 

next time step. 

As in the original version of ANSWERS, the continuity 

equation of overland flow is solved by applying Manning's 

equation as the depth-discharge relationship. 

In order to model the dynamic 

nature of saturated runoff producing areas throughout a 

storm, a model must be capable of accounting for the dis

tributed nature of the soil water budget. By modeling the 

soil water budget for each element through time, ANSWERS ac

counts for the expansion and contraction of saturated ele

ments throughout the event. Precipitation falling on satu

rated areas, saturation overland flow, is rapidly routed 

through the element by the surface flow procedure described 

above. ANSWERS is also capable of modeling the surfacing of 

subsurface flow to become saturation return flow. 

Channel Interceptig~. No term for channel interception 

is included. 

?o!l Water ~~lance/Evapotran~P._~~?~!9!1.· Solving the 

continuity equation for each time step effectively calcu

lates the soil water balance during a storm. Since the 

model is an event model, a continuous accounting of soil wa

ter storage between storms is not made. Evapotranspiration 

is assumed to be insignificant during the event. However, 
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soil water storage at the beginning of a storm is important. 

Beasley and Huggins (1982) suggest that the antecedent soil 

water storage (ASM) may be ca~culated from 

ASM = ASML + RA~N - ET - RO - PERC 

where ASML is the last know~ soil moisture, RAIN is the 

daily rainfall, ET is the da~ly evapotranspiration, RO is 
. 

the daily runoff, and PERC i~ the deep percolation. 

al ET is calculated using a coefficient that relates the 

reduction in available soil water as moisture content de-

creases. 

ET = CF * SF * PET 

where CF is a crop factor or percent of canopy cover, SF is 
I 
I 

coefficient of available soil moisture, and PET is the 

potential daily evapotransp~ration. Calculation of paten-

tial evapotranspiration (PET) uses the empirical relation-

ship 

PET= 0.40 * T * [(RS+50)/(T+15)] 

where T is the average daily temperature in °c, and RS is 

the net daily solar radiation in Langley's. 

§.\:!.!?sur f~~e F 1 ow. Two 
1 
processes of subsurface flow 

generation are incorporate~ in the model, seepage through 

the soil matrix and flow t~rough macropores. Both processes 

are described separately below. 
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S~~MQ.e Compq~n_t_. The inf i 1 tration control zone of 

the original version of ANSWERS was extended to include all 

soil down to an impermeable layer and renamed the seepage 

element. The assumption is that in an undisturbed forested 

watershed all rainfall is able to penetrate the soil until 

an impermeable layer is reached. Horizontal flow through 

the seepage element is calculated using a form of Darcy's 

Law. 

O. = K*I*D 

where o. is the volume rate of seepage flow from the ele

ment, K is the hydraulic conductivity (assumed to equal the 

steady state infiltration rate, FC), I is the hydraulic 

gradient, assumed to be equal to the element surface slope 

(SC), and Dis depth of flow. 

Vertical percolation through the seepage element to the 

impermeable layer is calculated as a function of the steady 

state infiltration rate and the ratio of maximum storage be

fore saturation to the gravitational water storage capacity. 

The equation is analogous to the equation of percolation 

through the infiltration control zone of the original ver

sion of ANSWERS. 

DR = FC * (1-PIV/SWC)~ 

where DR is the drainage rate from the upper section of the 

seepage zone, FC is the steady state infiltration capacity 

of seepage element, PIV is the maximum volume of water that 
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can be stored in the control zone before saturation, and SWC 

is the gravitational water capacity of the control zone 

(total porosity minus field capacity). 

Deep percolation through the impermeable layer is as

sumed to not contribute significantly to stormflow. The 

outflow from the seepage element through the impermeable 

layer (FCIL) is calculated using 

FCIL = FCIL * [(DIMP-DIP)/(DMAX-DIP)J 

where DIMP is the actual depth to an impervious layer, DIP 

is the actual depth to an impeding layer, and DMAX is the 

maximum allowable depth to an impervious layer. Values for 

the soil depth parameters may be obtained from soil surveys 

or field investigations. 

Pipe Flow Gomponent. Flow through macropore networks 

or "pipes" (Qp) is calculated using an extension of the 

Darcy - Weisbach equation. 

where Gp is the volume flow rate, CON2 is a constant and 

units conversion factor, SL is the average slope of the ele

ment in percent, g is gravitational acceleration constant, 

PI = 3.14159, DIAP is the average effective diameter of the 

pipes, FFM is the pipe friction factor, PORES is the number 

of horizontal pipes per unit depth of storage for the width 

of the flow surface, and STOR is the depth of water avail

able for pipe flow. 
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Evaluation of the parameters DIAP, FFM, and PORES is a 

difficult task. Little information exists on macropore 

characterization. Thomas and Beasly (1986a) used a repre-

sentative pipe diameter obt~ined from the literature to es-

timate DIAP. Values for FFM were obtained from calibration 

with known streamflows. PORES was calculated using an algo-

rithm in the model called CALPO. The average flow width is 

the same as for the partitioning of surface flow. Macrop-

ores must be slope oriented, to contribute significantly to 

flow. The number of macrop~res is based a relationship be-

tween macropore space and soil depth obtained from the lit-

erature. The macropore space that is horizontally oriented 

is calculated using 

Macropore Sp~ce = 1.0 - FCIL/FC 
I 

where FCIL is the permeabil~ty of the impeding layer and FC 
I 

is the permeability of the seepage layer. Assumed upper 

and lower boundaries for slppe-oriented, horizontal macrop-

ore space are 50 and 20 pertent, respectively. 

Groundwater. Groundwater contributions to streamflow 

are considered insigni f ican,t because the model is event-

based. 

Ch~nnel Flow/Rout_ing,. Each surface element that con-

tains a stream channel alsd contains a channel "shadow" ele-

ment. In elements containi~g a stream channel, overland and 

subsurface flow are routed directly into the channel, in-



stead of the direction of the average slope. Channel flow 

routing is accomplished by solving the continuity equation 

between channel shadow elem~nts. Manning's equation is used 

to represent the depth-discharge relationship of the chan-
! 
I 

nel. I 

VSAS I and II 

~od~Jing Approach 

VSAS I and II (VariablJ Source Area Simulator) are 

deterministic, distributed parameter, event simulation mod-

els of forest watershed hyd~ology. VSAS I, developed by 

Troendle (1985), was later improved and renamed VSAS II by 

' 

Bernier (1985). VSAS mod~ls a variable source area by di-

viding the watershed into t~pographic segments, increments, 

I 

and cells. Increasing or d~creasing soil water content in 

each cell is accounted for during the storm. By doing so, 
I 

the area and distribution of saturated runoff producing 
I 

zones are modeled. VSAS solves hillslope soil moisture and 

flow equations using measur•ble parameters. Therefore, the 

model is suitable for use on ungaged watersheds. At this 

time, the model is considered to be in the development 

phase. 

Hydrologic Processes 

Preci_.E.!tation. Break point precipitation data is used. 
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!nterception. A simple interception store is used in 

VSAS. Throughfall occurs when the store is filled. 

Infiltration. All throughfall is assumed to infil-

trate, except on imperviou~ or saturated surfaces. 

Surface runoff occurs only on imperme-

able surfaces and saturated cells. Water in excess of stor-

age is considered to be surface flow. Surface flow is as-

sumed to reach the stream channel in one (15 min.) time 

step. 

The channel is considered to be 

part of the saturated area. 

yi_~_riabl_e Source ~L~-~.· , A major assumption of the model 

is that since the variable source area is responsible for 

generating stormflow, detailed modeling of the variable 

source area is more important than crude estimates of soil 

water content. To accompli~h this task, the watershed is 

delineated into hillslope segments having converging and di-

verging flows. Each segment is divided into increments that 

run parallel to the stream. The width of the increments is 

narrow near the stream and wider near the divide to allow 

better delineation of the variable source area. The incre-
1 

menting rule is given by 

dn = D(n/N) 



where dn is the horizontal distance from the stream to the 

upslope boundary of increment n, D is the horizontal dis-

tance from the stream to the ridge top, n is the increment 

number, starting with 1 at the stream, and N is the total 
I 

number of increments. 

The increments are further divided into 3-5 soil layers 

above an impeding layer, to form volumetric cells. Flow is 

routed through the center of mass of each cell. Flow may 

enter or leave a cell through one or all of four faces of 

the cell, the upslope, down~lope,top, or bottom faces. Flow 

is not allowed to pass laterally across the right or left 

cell faces. The soil water budget of each cell is solved us-

ing an explicit finite difference scheme. 

Subsurface flow is calculated by using Darcy's law with 
I 

a moisture content dependent hydraulic conductivity. 

Convergence and divergence of flow is expressed by the un-

equal width of the increments. Each time a downstream ele-

ment becomes saturated, the hillslope is re-incremented, 

with the first increment located next to the saturated ele-

ment. In this way, increments near saturated areas are kept 

as small as possible to provide more detail to the expanding 

and contracting source area. 

I 

Soil Water Storag.!_. Imitial soil water content values 

are chosen from antecedent ~onditions. The continuity equa-

tion is solved explicitly f6r soil water content in each 

cell for each time increment using 
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where e~ is the volumetric soil water content for a time 

step, t is the simulation time step, Q£ is the flow through 
I 

one of 4 cell faces (x and z dimensions only), and Vis the 

volume of the soil element.. The calculation of the soil 

water content and soil water flow are interrelated. The 

subsurface flow equation is discussed in the next section. 

Subsurface/Soil Water Flow. Saturated and unsaturated 

flows through the subsurfacb are represented by a three 

dimensional form of Darcy's law. 

q =-K ( 9> VH 

where q is the apparent water velocity (cm h- 1 ), -K is the 
I 

hydraulic conductivity (cm h- 1 ), e is the volumetric soil 

water content (cm 3 cm- 3 ), and VH is the hydraulic gradient 

(cm cm- 1 ). 

The Darcy's law equation is combined with a two dimen-

sional form of the continuity equation to solve for the 

change in soil water content over time (t) 

b [ . 
bZ K <8> .. 

bHl + 1 

bZ] 

where H is the total hydraµlic gradient, matrix potential 

plus hydraulic head. 

Flow is allowed to occur in only two dimensions. Anal-

ogous to the stream tube concept, flow is not allowed to 
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travel laterally across cell (tube) boundaries. In order to 

solve for flow moving parallel to the segment slope, the x

axis is transposed by 

x* = x cos a 

where x* is the transposed axis and a is the slope angle. 

The resulting continuity equation is solved for each 

time step by applying a block-centered ,finite difference, 

explicit solution scheme. !The newly calculated soil water 

content is used to calculate the hydraulic conductivity of 

the soil for flow calculat~ons in the following time step. 

Convergence and divergence of flow resulted from the re

spective decrease and incr~ase of cell volume. 

Hysterisis effects were ignored in soil water content 

calculations. Values of the hydraulic conductivity (K(8)) 

for unsaturated conditions were obtained from moisture re-

lease curves: 

13 
v ce > = c:>< e 

and: 

K(9) = aet:>• 

where o< , 13 , a, and b are cons tan ts for a particu 1 ar soi 1. 

Values of K for saturated conditions were obtained by 

measurement with a constant 1 head permeameter. 

~roundwater Flow. Groundwater flow was considered to 

be unimportant for a storm event simulator. Bernier (1985) 
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pointed out that errors can result if VSAS is used on water

sheds that have prolonged groundwater components. 

Channel Flow Routing. Outflows from each hillslope 

segment were lagged, according to average channel veloci 

ties, and summed at the watershed outlet. The routing pro

cedure was assumed to work well for short travel distances 

on steep channels that have little storage. 

Watershed Water Quality Models 

Introduction 

Water quality models encompass a wide range of modeled 

constituents, such as sediment, nutrients, dissolved oxygen, 

temperature, heavy metals, and pesticides. The range of 

modeled situations is equally wide, ranging from a receiving 

water quality model of a short reach of a stream, to basin

wide models of chemical and sediment transport. Watershed 

water quality models simulate the rates and quantities of 

chemicals and pollutants transported from diffused, or non

point sources, on watersheds (Novotny and Chesters, 1981). 

Chemicals and pollutants may be naturally occurring, or ap

plied by man. 

Several watershed water quality models are discussed 

below. They represent a range of detail of description of 

the chemical processes,. application, and chemicals modeled. 

The discussion of each model consists of a description of 

the modeling approach and a detailed description of the 
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chemical or nutrient submodel. Sediment and pesticide 

transport are beyond the scope of this project. Therefore, 

sediment and pesticide transport are mentioned briefly, but 

not discussed in detail. 

The first four models presented model sediment, nitre-

gen, phosphorus, and pesticide runoff from watersheds. The 

last two models are concerned with the transport of cations 

and associated anions resulting from acidic atmospheric de-

position. 

Agricultrual Runoff Management Modet 

tlodeljng Approach 

The Agricultural Runoff Management (ARM) Model was 

developed to enable the user to make event-based and contin-
1 

uous predictions of streamflow and sediment, pesticide, and 

i 

nutrient transport from small agricultural watersheds under 

various management practices (Donigian and Crawford, 1976a). 

ARM was subsequently refined and improved in Version 2 

(Donigian et al., 1977 and Donigian and Davis, 1978). Two 

plant macro nutrients, nitrlogen and phosphorous are simu-

lated. A continuous accounting of all nutrient and chemical 

transformations is made. The model requires records of pre-
1 

cipitation, daily potential evapotranspiration, and daily 

maximum and minimum temper~tures. Many of the hydrologic, 

chemical, and nutrient parameters require calibration. 

Therefore, a record of streamf low and stream water chemistry 

is also required. 
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ARM consists of six major components. The MAIN com-

ponent controls the execution of the other components. The 

LANDS component contains the hydrologic submode! and 

information on the specific cropping practice. The hydro-

logic submode! contained in LANDS is an adaptation of the 

Stanford Watershed Model (SWM)(Crawford and Linsley, 1966). 

A major adaptation of SWM is the way in which the soil pro-

file is divided. The soil profile is divided into a surface 

zone (depth= SZDEPTH), an upper zone (depth= UZDPTH), a 

lower zone (set at 1.83 meters thick), and a groundwater 

zone . The division of the soil profile into zones allows 

the model to calculate the mass of soil within each zone for 

chemical transport calculations. The depth of the surface 

zone is assumed to be the depth of mixing of soil-incorpo-

rated chemicals. 

The SEDT component models erosion and sediment trans-

port and supplies values of sediment size distributions and 

enrichment ratios. The ADSRB component simulates the ab-

sorption and desorbtion of pesticides in the soil profile. 

Standard Freundlich isotherms are used to predict the 
I 

adsorption/desorbtion of pesticides on soil particles. The 

DEGRAD component simulates the changes in pesticide storage 

within the soil profile, resulting from volitilization, mi-

crobial decomposition, and other attenuation mechanisms. 

Of particular interest in this discussion is the nutri-

ent (NUTRNT) component. NUTRNT simulates the transport of 

nitrogen and phosphorous in runoff. Both adsorbed and dis-
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solved phases are simulated. Transformation processes, such 

as immobilization, mineralization, nitrifica

tion/denitrification, plant uptake, and adsorp

tion/desorbtion are used to account for changes in the 

available store of the different forms of nitrogen and phos-

phorous. ARM assumes first-order reaction rates for all 

transformations except plant uptake. 

The LANDS, SEDT, ADSRa, and NUTRNT components operate 

on a 5 or 15 minute increment for days when storms occur. 

The DEGRAD component operates on a daily basis. For days on 

which storms do not occur, LANDS operates on a 5 or 15 

minute basis, while the re~aining components operate on a 

daily basis. Chemical contributions to streamflow may occur 

from the surface zone, the upper soil zone, or the groundwa

ter zone. Chemicals applied to the ground surface or incor

porated within the surface ~one are available for transport. 

The nutrient transport process is reduced to a simple bud-

geting process. The mass o1 chemical available for trans-

port (storage) in each time increment is equal to the alge

braic sum of the initial mass, the input from other zones or 

chemical applications, transformations, degradation, and 

outputs. Rate constants an8 extraction and adsorp-

tion/desorbtion coefficients are obtained empirically and 

optimized through model calibration. 
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Surface runoff is assumed to mix in the soil to a depth 

equal to the surface zone depth. The surface zone depth is 

equal to the infiltration control zone depth in the SWM 

hydrologic model. Surface zone depths range from 0.2 to 0.6 

cm. The mass of chemical removed by surface runoff is equal 

to the incremental volume of surface runoff times the mass 

of chemical in the surface zone soil times an empirical ex-

traction coefficient. The extracted chemicals may be trans-

ported in a dissolved or ad~orbed state. Partitioning be-

tween the dissolved and adsorbed state is calculated from 

the amount and type of sediment (SEDT component) and empiri-

cally derived adsorption coefficients. Surface applied 

chemicals washed off by surface runoff may be dissolved or 

adsorbed to sediment. 

i 
Dissolved chemicals leached from the surface zone sup-

ply input to the upper soil zone storage. Chemicals enter-

ing and leaving the upper and lower soil zones are assumed 

to be completely mixed with. the volumes of water entering 

and leaving the zones. Volumes of water entering and leav-

ing the soil zones are calculated by the LANDS component. 
I 

The upper soil zone depth i~ set as an input parameter. Up-

per zone depths range from 5 to 20 centimeters. The lower 

zone depth is arbitrarily fixed at 1.83 meters. 

Storage losses of a particular chemical occur as a re-

sult of degradation, transformation, or plant uptake. Chem-

icals may be adsorbed or desorbed as water passes through 

the soil zones. The mass of chemical lost to leaching or 



subsurface flow is equal to the amount of available chemical 

times the quantity of water percolating or leaving as sub

surface flow times empirical extraction constants for in-

terflow and percolation. Further plant uptake, transforma-

tions, and degradation may occur in the lower soil zone. 

However, the lower soil zone does not contribute to subsur-

face flow. Percolation from the lower soil zone enters the 

groundwater reservoir. 

The groundwater reservoir is considered to be a sink 

for chemicals. Chemicals are not lost from the groundwater 

reservoir by plant uptake. Chemical transformations and 

adsorption/desorbtion are allowed to occur. The mass of 

chemical lost form the groundwater reservoir is equal to the 

volume of groundwater flow times the concentration of chemi-

cal in solution. The groundwater component of ARM is not 

highly developed, because it was assumed groundwater flow 

from small agricultural watersheds was not significant. 

M9-.Q..EOin t Source ~-ol l u t_~[I t Load iQ .. 9. .. J'.:1o..Q~.!_ 

The Nonpoint Source Pollutant Loading (NPS) model was 

developed to provide continuous simulations of pollutant 

transport from watersheds under various land uses (Donigian 

and Crawford, 1976b). Like the ARM model, the NPS hydro-

logic component is based on an adaptation of the Stanford 

Watershed Model (Crawford and Linsley, 1966). The basic 

structure of the NPS model is also similar to the ARM model. 
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The model consists of three components, MAIN, LANDS and 

QUAL. The MAIN component controls the operation of the en-

tire program. The LANDS component contains the hydrologic 

submodel. The QUAL component simulates erosion and sediment 

transport, and the transport of pollutants. The NPS model 

is capable of providing simulations at 5 or 15 minute time 

increments. Many of the hydrologic and chemistry parameters 

require calibration with a record of streamflow and stream 

water sediment and chemistry. 

The QUAL component simulates the transport of chemicals 

under the assumption that sediment transport is a good 

indicator of chemical transport. Chemical transport is cal

culated by multiplying the sediment mass produced in a time 

interval times a potency factor. The simulation is per

formed separately for pervious and impervious areas. 

For pervious areas, 

whereas for impervious areas, 

where POLP(t)p,1 is the mass of pollutant p transported 

from pervious areas in land use 1 during time interval t, 

POLI(t)p,1 is the mass of pollutant p transported from 

impervious areas in land use 1 during time interval t, 
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ERSN(t) 1 is the sediment loss from pervious areas in land 

use 1 during time interval t, EIM(t)1 is the sediment loss 

from impervious areas in land use 1 during time interval t, 

PMPp. 1 .m is the potency factor for pollutant p on pervious 

areas in land use 1 for month m, and PMlp.1.m is the potency 

factor for pollutant p on impervious areas in land use 1 for 

month m. 

Pollutant concentratioris for each time interval are 
I 

calculated by dividing the pollutant mass from the equations 

above by the volume of flow ifor the increment. Potency fac-

tors are obtained empirically and optimized by calibration. 

Dissolved forms of the poll4tant are accounted for by the 

potency factor. However, in applying the model, large er-

rors were found in the prediction of highly soluble chemi-

cals such as nitrate (Donigian and Crawford, 1977). 

Since all chemical transport simulations are associated 

with sediment transport, di~solved pollutants from interflow 

and groundwater sources are;not simulated. The model as-

sumes that a majority of the quantity of pollutants on a 

watershed will be transported as a result of surface runoff 
I 

and erosion. 

B.gricultural Chemical Transport Model 
I 

Modeling Approach 

The Agricultural Chemical Transport Model (ACTMO) was 

designed to simulate the movement of agricultural chemicals 

following their application to croplands (Frere, et al, 



1975). The model was originally designed for watersheds and 

cropping practices found in the Corn Belt of the United 

States. The model is composed of three sections, hydrology, 

erosion, and chemical. The hydrology section is designed 

around the USDAHL-74 model (Holtan et al., 1975). The ero

sion section uses a modified form of the Universal Soil Loss 

Equation to simulate interrill and rill erosion. ACTMO is 

capable of providing continuous simulations of streamf low 

and chemical transport at break point time increments. 

ACTMO is capable of simulating both the dissolved and sedi

ment adsorbed phases of che~ical transport. Based on tem

perature and soil moisture conditions provided by the hydro

logic component, ACTMO continuously accounts for the trans

formation, degradation and quantity of a chemical in the 

soil. 

The soil profile is divided vertically into four layers 

for the simulation of chemi~al transport. The surface layer 

is equal to the depth of the plow layer. The second layer 

is defined as the depth of the potential rooting zone. Only 

the first two layers are pHysically defined. The third and 

fourth layers are empirically defined as subsurface flow 

zones. 

Chemical Transport 

Chemical transport may occur when chemicals are dis

solved in runoff, or adsorbed to sediment particles. The 

chemical submode! traces the movement of a single applica-
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tion of a chemical over and through the watershed. Cultiva

tion is the only management practice accounted for because 

it rearranges the soil, and hence the distribution of chemi

cals. The movement of nitrate is performed in a separate 

option. 

The movement of a chemical into a soil by leaching, and 

the calculation of surface concentrations for surface runoff 

and erosion are simulated by simple chromatographic theory. 

The myriad of chemical reactions occurring in the soil was 

reduced to three significant processes, adsorption~ degrada

tion or loss, and dispersion. Adsorption (S), in pounds ad

sorbed per pound of soil, is simulated using a linear ad

sorption isotherm. 

S = AC * C 

where AC is the adsorption coefficient, and C is the pounds 

of chemical per pound of solut~on. Adsorption coefficients 

are available for many soils of varying textures and organic 

carbon contents. 

A simple first order rate equation is used to simulate 

the degradation of a chemical between storms (Frere, 1975). 

The amount of chemical remaining (A) is given by 

A = Ao * EXP( -BC * T ) 

where Ao is the initial amount, BC is the breakdown rate 

coefficient, and T is the time increment. The breakdown 

rate coefficient (BC) is a function of temperature and soil 
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moisture conditions. BC is recalculated for changes in soil 

temperature and soil moisture. 

The factors controlling the depth of movement of a 

chemical are combined in one equation. The average depth 

of chemical movement (0) is calculated by 

D = IN/FC * [FC/(AM + BD * AC)] 

where IN is the amount of water infiltration in depth units, 

FC is volumetric moisture content at field capacity, AM is 

the volumetric water content of the soil where and when the 

chemical passes through, BD is the soil bulk density, and 

AC is the adsorption coefficient. 

A bell-shaped chromatographic distribution of the 

chemical is assumed. The distribution of the chemical about 

the peak concentration at depth D is given by 

where C(X) is the concentration of the chemical in solution 

at X cm from the surface, A is the amount of chemical in the 

soil at time T, OF is a dispersion distribution factor, and 

U is a units conversion factor. U is equivalent to 

10/(SM+BD*AC), where SM is the volumetric soil moisture con

tent at depth X. 

At X = D, the peak concentration is calculated. At X = 
O, the concentration at the surface is calculated. The sur

face concentration is assumed to equal the concentration of 

the chemical dissolved in surface runoff. The bell-shaped 

84 



chromatographic distribution is assumed to hold for all non

adsorbed chemicals (nitrates) and linearly adsorbed chemi

cals (phosphate). The distribution does not apply to cation 

movement. 

The total quantity of chemical lost in surface runoff 

is calculated as the product of the mean concentration dur

ing a time increment and the volume of runoff. Estimates of 

lateral outflow, or subsurface flow, are provided by the hy-

drology model. The quantity of chemical transported with 

subsurface flow is equal to the average chemical concentra

tion in the layer times the quantity of subsurface flow. 

The average concentration of chemical in a soil layer is ob

tained from the chemical distribution curve. 

ACTMO accounts for between-storm transformations of ni

trogen separately. Mineralization of organic nitrogen to 

nitrate is calculated by a first-order rate equation. 

lnNT = lnNO - MR * T 

where NT is the amount of mineralizable N left after time T, 

NO is the initial amount, MR is the mineralization rate 

coefficient, and T is the time in days. 

The mineralization rate coefficient is the same for 

most soils, but is a function of soil moisture and the abso

lute temperature. The mineralization rate coefficient is 

given by 

lnMR = 15.807 - 6350/TM 
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where TM is the absolute temperature in degrees K. The 

relative mineralization is given by 

-0.97 + 1.1 (SM/FC) 

where SM is the average volumetric soil moisture content and 

FC is the field capacity soil moisture content. 

Total mineralization uses the three relationships de

scribed above. The amount of nitrate taken up by plants 

CUP) is estimated as the concentration of nitrate times the 

volume of water transpired adjusted by the soil water con

tent. Plant uptake (UP) is calculated from the relationship 

UP = AU * ET/CSW*WD) 

where AU is the pounds of nitrate per acre available, and 

SW*WD gives the inches of water in the soil. 

CREAMS 

Modeling Approach 

The Chemicals, Runoff, and Erosion from Agricultural 

Management Systems model (CREAMS) was developed to simulate 

the transport of nutrients and pesticides from field scale 

agricultural watersheds (Kniesel, 1980). The model is used 

mainly to evaluate the effects of different agronomic prac

tices on non-point source pollution. ·CREAMS consists of 

four submodels that simulate hydrology (previously dis

cussed), erosion and sediment yields, nutrient yields, and 

pesticide yields. Only the nutrient submode! will be dis-
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cussed in detail here. Methods for estimating the hydro-

logic and chemical parameters are available. 

calibration is not required. 

Chemical Transport 

Therefore, 

The nutrient submodel of CREAMS simulates the loads of 

adsorbed and dissolved nitrogen and phosphorous produced 

during each storm (Frere et al., 1980). A graph of the 

change in nutrient concentrations over time is not produced. 

The submode! predicts the average concentration of each nu

trient present in surface runoff. The total yield is calcu

lated by multiplying the average concentration times the 

volume of runoff. The hydrology and erosion submodels pro

vide the necessary runoff volumes and sediment data inputs 

to the nutrient submode!. 

The transport of adsorbed and insoluble nutrients are 

simulated by multiplying the sediment yield times an enrich

ment ratio. 

SED = SOIL * SEO * ER 

where SEO is quantity of adsorbed nitrogen or phosphorous 

(kg/ha), SOIL_ is the content of Nor Pin the soil (kg/kg), 

SEO is the quantity of sediment produced (kg/ha) in the ero

sion model, and ER_ is an enrichment ratio for Nor P. The 

parameters in the equations above are specific to N and P. 

The enrichment ratio is calculated separately for N and P by 

ER = A * SED 9 -
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where A_ is a coefficient and B is an exponent, based on 

the size fractions and organic matter content of the soil. 

The algorithm for calculating nutrient yields accounts 

for nutrient inputs from precipitation, plant residues, and 

fertilizer and solid waste applications, and losses from 

runoff, leaching, plant uptake, and transformations. The 

transport of soluble nitrogen and phosphorus is simulated by 

assuming surface runoff interacts with the top 1 cm of the 

soil. The change in concentration over time of soluble 

nutrient in the soil water in the top 1 cm of soil (dC/dt)is 

assumed to be proportional to the difference between the 

existing concentration (Ca) 

ent in the rainfall cc~>· 

and the concentration of nutri-

where Ki is a rate constant for downward movement and f(t) 

is the infiltration rate. The dissolved phosphorus input 

from rainfall is assumed to be zero. However, because of 

the buffering effect of the soil mass on dissolved phospho

rus, the concentration of phosphorus in the soil is not al

lowed to fall below a characteristic value. 
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Average concentrations of nutrients in the surface soil 

zone during (Ci)and after (C2) infiltration are 

where F is the total infiltration, and 



where K2 is a rate constant for movement into runoff, and Q 

is the total runoff. 

The amount of soluble nutrient in surface runoff (RO) 

is calculated by multiplying the average nutrient concentra

tion in the surface 1 cm during runoff (C2) by the total 

runoff and an extraction coefficient CEXK). 

RO = C2 * EXK * Q * 0.01 

The 0.01 term corrects the equation for the depth of the 

surface layer. Extraction coefficients must be calculated 

for each nutrient. The extraction coefficient is equal to 

the surface layer depth times the porosity, times the move

ment rate constant for the particular nutrient. The total 

amount of nitrate leached during infiltration (DWN) is given 

by 

DWN = Ci * EXN1 * FI * 0.01 

where EXN1 is the extraction coefficient of the downward 

movement of nitrate and FI is the total infiltration minus 

an initial abstraction equal to the pore space in the sur

face layer. 

CREAMS also simulat~s the cycling and leaching of 

nitrogen during and between storms. Plant uptake and 

denitrification are two losses of nitrate simulated. Miner

alization, residue decay, and fertilizer and waste applica

tion are simulated as inputs to the nitrate pool. Mineral-
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ized nitrogen (MN) during a period DAYS between storms is 

given by 

MN = POTM * WK * (1-exp(-TK * DAYS) 

where POTM is the potential mineralizable nitrogen in the 

soil (kg/ha), WK is a water coefficient calculated by 

dividing the average water content for the period by the 

field capacity, and TK = EXP(15.807 - 6350/TA). TA is the 

average absolute temperature in ~K for the period. 

Two options are available for the simulation of plant 

uptake of nitrogen. One option is based on the total 

accumulated dry matter produced during an interval (OM~). 

where UN~ is the accumulated nitrogen uptake for day i and 

c~ is the concentration of nitrogen in the plant on day i. 

The second option assumes nitrogen uptake follows a 

normal probability CS-shaped) curve, reduced for moisture 

stress. 

PUN = 1 - 1/2 (S)-4 

where PUN is the fraction of potential N uptake used in T 

days. 

S = 1.0 + 0.196854X+0.115194X 2+0.000344X~+0.01957X4 

and 

X = (T-M)/SD 
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where M is the days of growth required to uptake 501. of 

available N, and SD is the number of days between 501. and 

84/. uptake; equivalent to one standard deviation. 

The total nitrogen uptake is given by 

UN = (PUN-PPUN) * PU * TR 

where PPUN is previous uptake at the last storm, PU is the 

potential annual nitrogen uptake for a crop (kg/ha), and TR 

is the ratio of actual to potential evapotranspiration for 

the period. The CREAMS manual (Knissel, ed. 1980) provides 

methods for estimating the various crop and uptake parame

ters required in the equations above. 

Denitrification can occur under anaerobic conditions. 

For well drained agricultural soils, loss to denitrification 

is insignificant. CREAMS uses a first-order rate equation 

that is a function of soil organic carbon, temperature, and 

moisture, to simulate denitrification. The quantity of soil 

carbon (SC) is equal to the percent of soil organic matter 

divided by 0.1724. The denitrification rate constant (DK) 

is 

DK = 24 * (0.011 * SC + 0.0025) 

The denitrif ication rate corrected for temperature (DKT) is 

given by 

DKT = exp(0.0693 * ATP + DB) 
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where ATP is the average temperature in °C and DB = lnDK 

2.4255. The quantity of denitrification between storms 

CDNI) is given by 

DNI = N03 * (1 - exp(-DKT*CDT-0.5)) 

where N03 is the quantity (kg/ha) of nitrate in the root 

zone and DT is the number of days of drainage since the last 

storm. 

Nitrate leaching from the root zone CTOTNL) is simply 

calculated as a function of the fraction of the root zone 

water leached (FL) times the available root zone nitrate 

(N03) during the storm. 

TOTNL = FL * N03 

The fraction of root zone water leached (FL) is given by 

FL = PERC/(PERC + RZC) 

The nitrate leaching algorithm assumes complete mixing of 

nitrate within the root zone. 

Modeling _frp_g_roach 

The Shenandoah Watershed Study Model (SWSM) is a lumped 

parameter model developed to predict the long-term response 

of soil and stream water to acid deposition (Cosby et al., 

1985). Two assumptions are used to simplify the chemical 

processes occurring on a watershed. The first assumption, 
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is that if a knowledge of the chemistry at the watershed 

outlet is all that is required, then the spatial distribu

tion of chemical processes occurring on a watershed may be 

lumped. Soil processes wer~ assumed to be described by us-

ing average soil properties. The second assumption, is that 

for the watershed modeled, soil water processes control the 

chemistry of the streamflow. It was assumed the soil chem

ical processes could be described by a small number of pro-

cesses including cation exchange. SWSM is used with a 

known record of stream chemistry to back calculate unknown 

soil properties. The authors suggest that once the unknown 

properties are calculated, the model can be coupled with a 

hydrology model to predict stream water chemistry. 

The model uses thermodynamic principles of equilibrium 

to calculate the concentrations of base cations, anions, and 

inorganic aluminum and inorganic carbon in soil and stream 

water. All equations are solved simultaneously by assuming 

the ionic charges must balance (sum of positive and negative 

charges= 0). The model contains 33 variables and 21 

parameters. Sixteen of the parameters are thermodynamic 

equilibrium constants that may be obtained from the litera

ture. The remaining 5 parameters are soil properties calcu

lated by the model. 



The Birkenes Model is ci lumped parameter continuous 

daily simulation model of streamflow and water chemistry 

(Christophersen et al., 1982). The model was developed for 

predicting cation transport CH+, Al, Ca, and Mg) from water

sheds receiving acidic atmospheric deposition. The model 

uses a small number of physically realistic processes to 

represent the complex chemical processes on the watershed. 

The Birkenes Model was the first model developed to simulate 

daily concentrations of cations in streamflow from small wa

tersheds (Christophersen et al., 1982). 

The hydrologic component is a simple lumped parameter 

two reservoir model. The model produces daily simulations 

of streamflow. Daily evapotranspiration is calculated from 

mean daily temperature. Evapotranspiration occurs from the 

upper reservoir until it is empty. After that, evapotran-

spiration occurs from the lower reservoir. The upper 

reservoir supplies quick flow. The upper reservoir is con-

sidered to represent flow and storage in the upper soil 

horizons. The lower reservoir provides basef low. Drainage 

half-times, or release constants, from the reservoirs are 

calculated from streamflow recession constants. Drainage 
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half-times for the upper and lower reservoirs were set as 

0.9 and 15.4 days, respectively. 

The transport of four cations, H+, Al, Ca, and Mg, is 

simulated by the model. All aluminum is assumed to be 

trivalent (Al•3 ). Several simplifying assumptions are made 

in the chemistry transport model. The first assumption is 

that concentrations of Na are linked directly to Cl. Na and 

Cl are assumed to not affect the concentrations of the 

other cations. The second assumption, is that ions such as 

NH4, N03, and HC03 are ignored because they form a small 

percent of the ionic sum. The third assumption is that the 

concentration of sulfate determines the sum of the concen-

trations of the four cations. Three equations are solved 

simultaneously for each reservoir. 

and 

where M2 + = the sum of Ca and Mg, Keo = 109 • 1 , aluminum 

solubility constant, and Km = 10-2 • 2 , Ca/Mg solubility con

stant. 

The chemical concentrations of all constituents in the 

streams the model was applied to were low. Therefore ionic 
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activities were assumed to be equal to the concentrations. 

Due to the simplifying assumptions, the model may not be ap

plicable in other regions. 

Some Considerations in Hydrologic Modeling 

The hydrologic models reviewed previously represent 

only a fraction of the currently available models. No one 

"master" model that fits all situations currently exists. 

Betson and Ardis (1978) addressed the question: "Why are 

there so many models?". Working formulations for describing 

hydrologic processes were available in the 1950's, yet new 

models are continually being developed (Betson and Ardis, 

1978) . 

Three reasons for the plethora of models are cited by 

Betson and Ardis (1978), advancing technology, numerous na

ture-imitating approaches, .and application oriented design. 

Advances in computing capabilities have led to the ability 

to solve complex equations numerically and rapidly. New re-

search has also increased our understanding of basic hydro

logic processes, such as the concept of old vs. new water 

(Pearce et al., 1986). Hydrologic modeling is essentially 

nature-imitating. Numerous approaches, from simple to com-

plex, can simulate a streamflow response to precipitation, 

without truly representing all of the natural processes. 

However, the degree of precision of the simulation varies 

from approach to approach (Betson and Ardis, 1978). Fi

nally, many hydrologic models were developed with one spe-
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cific application in mind. Therefore, many models have been 

developed to fit many specific applications. 

The intended use of a model puts constraints on the se

lection or development of a model (James and Burges, 1982). 

For example, if a model is to be used on ungaged watersheds, 

the model should have physically based parameters that can 

be estimated without calibration. The intended use also 

determines the level of detail required in a model. If peak 

flows for structural design are the topic of interest, a 

simple stochastic model may suffice. Watershed models used 

for the prediction of water quality must include more detail 

on the flow paths and points of chemical change (discussed 

below). 

James and Burges (1982) point out that the degree of 

detail used in representing the physical processes of a 

watershed is one of the most basic issues in model develop

ment. An increase in detail does not guarantee better re

sults. League and Freeze (1985) compared efficiencies of 

simulations produced by three models of varying complexity, 

a regression model, a unit hydrograph model, and a quasi

physically based model, to field data during the verifica-

tion phase. The simulations produced by the data intensive 

quasi-physically based approach were found to be no better 

than the simulations produced by the simpler models. League 

and Freeze (1985) felt that the ummeasurable spatial vari

ability of parameters limited the precision of simulations 

produced by the quasi-physically based model. 
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The degree of precision required by complex physi

cally based models can be greater than the degree of preci

sion provided by the input data (James and Burges, 1982). 

Often, only one raingage located away from the watershed is 

available as input. In such a case, the use or development 

of a complex physically based model may not be warranted 

(Betson and Ardis, 1978). One suggested "rule-of-thumb" in 

hydrologic modeling is to use the most simple model that 

provides the desired results (Dawdy, 1969). 

Conclusions 

Freeze (1978) concluded that quality of predictions 

from hydr~logic models are constrained by five basic limita

tions due to, assumptions of the theoretical developments, a 

lack of correspondence between reality and theory, a 

scarcity of and uncertainty in the input data, inadequacy of 

computer capacity, and inadequacies of calibration tech

niques. Many of the limitations, such as computing capac

ity, can be overcome. Other limitations, such as the degree 

of uncertainty in the input data, may place an upper limit 

on the precision of predictions from even the most complex 

physically based models (Anderson and Burt, 1985). 

In general, a hydrologic model should provide the kind 

of information required (James and Burges,1982), be struc

tured to describe the watershed system being modeled 

(Anderson and Burt, 1985), have parameters sensitive to the 

significant flow producing processes (James and Burges, 
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1982), but not more complex than the input data available 

(Anderson and Burt, 1985), and provide results suitable for 

the intended use (James and Burges, 1982). 

Some Considerations in Water Quality Modeling 

Water is considered to be the transport medium for so

lutes leaving a watershed (O'Loughlin, 1981). The quality 

of water reaching a watershed outlet is determined by path 

of flow, the materials and chemical environment encountered, 

and time of residence on the watershed (O'Loughlin, 1981; 

Dowd and Nutter, 1985). The hydrologic processes character-

istic of a watershed determine the flow path and residence 

times. Chemical and biological processes determine what re

actions and transformations may take place (Donigian, 1981). 

All of the processes are interdependent to some degree. 

Therefore, watershed water quality models must link to

gether, the hydrologic, chemical, and biologic processes re

sponsible for the composition of stream water at the outlet 

(Donigian, 1981). 

t!Y.~tr..Q...Iogic Proces~. 

The hydrologic component forms the base of a watershed 

water quality model (Donigian and Crawford, 1976b). The hy

drology component must be capable of modeling the processes 

responsible for producing both streamflow and chemical 

transformations. In some cases, an insignificant flow pro-
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cess may produce a highly significant chemical change 

(Chapman et al., 1982). Some hydrologic processes signifi

cant to water quality are discussed below. 

Chapman et al. (1982) present an outline of significant 

processes comprising the hydrologic cycle of a forested 

watershed from a water quality modeling perspective. The 

vegetative canopy and litter layer are shown to be signifi

cant sources of chemical change. On undisturbed forested 

watersheds, almost all of the rainfall entering the system 

flows through the canopy and litter. 

The streamflow generating runoff processes determine, 

in part, the flow path, timing, and substrate the water con

tacts. Subsurface flow dominates on forested watersheds. 

The physics of subsurface flow is a necessary consideration 

in determining the flow paths of subsurface flows on hill

slopes (Ahuja, 1986). For layered soils on hillslopes un

derlain by an completely impermeable layer, flow lines tend 

to run parallel to the slope. However, if the impeding 

layer has as little as 1/100 the permeability of the top

soil, flow lines run at an angle to the slope. 
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The flow path of subsurface flow in a forested water

shed is also affected by the presence of macropores in the 

soil. Macropore channels may rapidly transport water 

through the soil with little or no contact with the sur-

rounding soil. On the other hand, turbulent mixing and dif-

fusion into or out of the macropore, may cause chemical 

changes (Dowd and Nutter, 1985). The effect of macropore 

transport on water quality is not well understood. 

The manner in which the water travels through the soil 

matrix may also be important. Streamflow has been found to 

be a mixture of "new water" added during the storm event, 

and "old water" that existed in the soil matrix before the 

storm (Pearce et al., 1986). 

the soil matrix by new water. 

Old water is displaced from 

New water reaches the stream 

through the soil mQtrix or macropores. Old water, presumably 

is different in chemical composition, due to a greater con-

tact time with the soil. The process is not well understood 

at this time. Thomas and Phillips (1979) suggest that 

soil water flow is a combination of both displacement and 

macropore flow mechanisms. 

Finally, the source area of streamflow must also be 

considered. Streamflow is not generated evenly over a wa-
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tershed (O'Loughlin, 1981). Variable source areas may exist 

in topographic lows and in riparian areas. Overland flow 

from saturated source areas may enter a stream rapidly, hav

ing undergone little or no chemical change (Dowd and Nutter, 

1985) . Such water would have nearly the same chemical char-

acteristics as the incoming precipitation. Chemicals de-

posited in the riparian area may also enter the stream 

rapidly and with little change. 

Transport processes responsible fo the movement of 

chemicals through a watershed may be broken into physical, 

chemical, and biological processes (Frere et al., 1982). 

The transport processes acting on water along its flow path 

are numerous. Chemical processes may be reversible or irre-

versible (Hem, 1985). Rates of reactions are of ten con-

trolled by temperature, moisture, and biological activity 

(Frere et al, 1982). Physical processes are a function of 

soil texture, substrate composition, and environmental fac-

tors. Many of the chemical, physical, and biological trans-

port processes are interdependent. 

Physical processes include convection, suspension and 

deposition, dispersion, diffusion, and tillage or land use 

activities. Chemical processes include sorption, ion ex-

change, crystallization, hydrolysis, oxidation-reduction, 

and photochemical reactions (Frere et al., 1982). Biologi-

cal processes include nitrification by bacteria, the produc-
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tion of enzymes and other biochemicals, addition of com-

pounds by decay, and removal by plant uptake. The trans-

port processes, like hydrologic processes, are highly spa

tially and temporally variable (Frere et al., 1982). 

Certain chemicals are affected to a greater or lesser 

degree by each process. For example, phosphorus is highly 

adsorbed, whereas nitrate is very weakly adsorbed. Chemi-

cals may be transformed chemically or biologically into more 

or less mobile compounds. Transformations between forms are 

especially important for nitrogen. Other compounds, espe-

cially organic compounds, may degrade over time. The rates 

and amounts of transformation and degradation must be con

sidered in water quality modeling (Donigian, 1981). The 

interaction between processes may be significant for partic-

ular chemicals. For example, dispersion tends to reduce the 

concentration of a chemical in solution. The resulting di-

lution may cause the desorbtion of chemicals from the soil. 

Changes in pH can cause subsequent changes in the oxidation

reduction state of some compounds (Hem, 1985). 

Early watershed water quality models were concerned 

mainly with predicting the transport of sediment, nutrients, 

and pesticides from a watershed (Donigian, 1981). More re-

cently, concern over the effect of acidic atmospheric 

deposition on water quality has spawned the development of 

cation/anion transport models (Cosby et al., 1985). Field 

scale models of salt movement on agricultural land have also 

been developed (Frere et al., 1982). Cation/anion transport 
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is controlled by the processes of cation exchange, diffu

sion, crystallization, and chemical equilibria. The pro

cesses involved in cation/anion transport are highly complex 

and interdependent. Hence, cation/anion transport models 

use broad assumptions to model the transport process. 

A water quality model that models all of the chemicals 

and chemical transport processes that occur on a watershed 

does not exist (Frere et al., 1982). As in hydrologic 

modeling, simplifying assumptions are made in chemical 

transport modeling. A number of approaches, varying in de-

tail, have been taken. One approach is to model only the 

most significant transport processes (Donigian, 1981). 

Adsorption/desorbtion is often assumed to follow linear Fre

undlich isotherms CFr~re et al., 1982). Rates of degrada

tion, decay, biological activity, and transformations are 

normally assumed to be first order rate processes CDonigian, 

1981). Rates of reactions are adjusted for environmental 

conditions. Broad assumptions are normally made in model-

ing biological processes, such as plant uptake. Plant up

take may be assumed to be equal to the volume of water tran

spired multiplied by an average concentration of a chemical. 

~onclusions 

In general, a water quality model should be representa

tive of the system to be modeled. The model should not di

rect the description of the system (Ford and McGhee, 1979). 

The degree of detail in water quality models reflects the 
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modeling goals, the ability to measure or estimate parame

ters, current understanding of the processes involved, and a 

trade off between costs, detail and the quality of the pre

dictions. 
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CHAPTER IV 

METHODS 

Study Site 

Three small forested watersheds in southeastern Okla

homa, located near Clayton, Oklahoma, have been the sites of 

an ongoing research project investigating the effects of 

silvicultural activities and acid deposition on water re

sources since late 1979 (Figure 4). The Clayton Watersheds 

are located in Pushmataha County in the Ouachita Mountain 

region of southeastern Oklahoma. The watershed topography, 

soils, vegetation and land use history are "typical" of 

small forested watersheds in the Ouachita Mountains of 

southeastern Oklahoma and southwestern Arkansas. A continu

ous record of precipitation and streamflow were available 

from the Clayton Watersheds. Additionally, a continuous 

record of water chemistry, beginning in early 1982, was also 

available. This research was conducted on Clayton Watershed 

#3, a 7.73 ha. watershed which has served as an undisturbed 

control in the three watershed study (Figure 5). 
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Clim~i~ 

The Clayton watersheds are in a temperate climate 

regime (Bain and Watterson, 1979). Mean annual precipita

tion is 1194 mm. Of the total annual precipitation, about 

60 percent falls between April and September as a result of 

convectional thunderstorm activity. About 6 percent of the 

total annual precipitation (76 mm) occurs as snow. However, 

accumulations are generally 25 mm or less. The mean annual 

actual evapotranspiration for the region, calculated by sub

tracting annual runoff from precipitation on large basins, 

is 813 mm. Actual evapotranspiration from the Clayton wa

tersheds may or may not fit the regional pattern. Mean an

nual runoff for streams in the region is 381 mm (Pettyjohn, 

et al., 1983). 

The mean daily temperature is 7 and 26 °C in the winter 

and summer respectively. The mean daily minimum tempera

ture during the winter is -0.6 °C. The mean daily maximum 

temperature during the summer is 34 °C. Relative humidities 

average 50 and 82 percent in the mid-afternoon and early 

mornings respectively. 

Topography 

Clayton Watershed #3 ranges in elevation from 283 me

ters at the outlet to 381 meters at the upper divide. 

Slopes range from 10 to 25 percent. Stream channels tend 

to be incised below the surrounding land surface. Slopes 

near the stream channels formed by the stream incision range 

109 



from 40 to 50 percent. Approximately 2 percent of the wa

tershed is occupied by stream channels. Flat alluvial areas 

near the stream channels occupy an additional 2 percent of 

the watershed area. An Additional 8.5 percent of the water

shed area is occupied by steep slopes formed by channel in

cision into the surrounding topography. Total stream chan~ 

nel length is 1100 meters. Stream channel slopes range from 

0 percent in pools to 25 percent in steep sections. The 

overall average channel slope is 12 percent. 

The Ouachita Mountains at the Clayton Watersheds are 

composed of rock of the Atoka and Jackfork units (Hartronft 

and Hayes, 1966). Both units consist of interbedded, 

highly fractured, gray sandstones and shales. The Atoka 

consists of about 75 percent shale, whereas the Jackfork 

unit is predominantly sandstone. The shales in both units 

are silty and micaceous. Sandstones tend to form ridges, 

while the more erodible shales form sideslopes. Both units 

are highly spatially variable in the percentages and thick

nesses of the alternating beds of shale and sandstone con

tained in each. 

The soils on the watershed are formed from highly 

weathered, interbedded sandstones and shales of the Jackfork 

Unit. As a result of the inter-bedding, soil properties are 
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highly spatially variable over short distances. The soils 

are classified within the Carnasaw-Pirum-Clebit soil associ

ation and the Octavia soil series (Bain and Waterson, 1979). 

The upper half of the watershed is occupied primarily by the 

Pirum soil series, with inclusions of the Carnasaw (10%) and 

Clebit (15%) soil series. The lower half is occupied by the 

Octavia soil series. 

The Pirum stony fine sandy loam series (fine-loamy, 

siliceous, thermic Typic Hapludult) consists of moderately 

deep, well drained, moderately permeable soils. The stony 

fine sandy loam A horizons average 25 cm in depth. The 

sandy clay loam B horizons (B21t and B22t) average 61 cm in 

thickness. Bedrock is found at an average depth of 94 cm. 

Permeabilities range from 15 - 51 mm/hr in the A and 8 hori

zons. Soils on the lower half of the watershed are composed 

of the Octavia series. The Octavia stony fine sandy loam 

series (fine-loamy, siliceous, thermic Typic Paleudults) 

consists of deep, well drained, moderately slowly permeable 

soils that formed in ~oamy colluvium over clay. The stony 

fine sandy loam A horizons (Al and A2) average 15 cm in 

depth. The A horizons are underlain by 30 cm thick gravelly 

loam 81 horizons, followed by 30 cm thick gravelly clay loam 

B21t horizons. Below the B21t horizons are 89 cm thick clay 

IIB23t horizons. The permeabilities of the A, Bl and B21t 

horizons range from 15 - 51 mm/hr. Permeability in the 

IIB23t horizons are sharply lower, ranging only from 5 - 15 
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mm/hr. The reaction of the watershed soils ranges from 

medium to strongly acid. 

Veget~tion 

Clayton Watershed #3 is covered by a pine-hardwood com

plex composed mainly of shortleaf pine (Pinus echinata), 

hickory (Carya sp.) and oaks (Quercus sp.). The understory 

contains smaller trees, such as elms (Ulmus sp.) and flower

ing dogwood (Cornus florida), and lower ground cover com

posed of blueberry (Vaccinium sp.), poison ivy (Rhus radi

cans), and bluestem grasses (Andropogon sp.). 

Field Methods 

Three study sites were located on the watershed (Figure 

5). The locations of the sites were chosen to reflect 

changes in soil, topographic and vegetative characteristics. 

It was realized that three sites would probably not account 

for the true variation in subsurface flow processes and 

chemistry on the watershed. However, it was felt an inten-

sive study at three locations would provide better informa-

tion than more sites studied less intensively. Addition-

ally, cost of construction, equipment and sample analysis, 

as well as increased disturbance to the watershed, made more 

sites unfeasible. 

Each study site contained one subsurface flow collec

tion system, four throughfall collectors and nine tension 

free soil lysimeters (Figure 6). Throughfall collectors and 
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soil solution collectors were located randomly about the 

area drained by the subsurface flow collectors, as opposed 

to locating the collectors randomly about the entire water-

shed area, to better describe the chemical transformations 

on the hillslope segment. In this way, differences in 

streamflow and chemistry generating processes on different 

parts of the watershed could be compared. Each piece of 

equipment is described in detail below. 

Precipitation 

Precipitation was measured with a continuous recording 

weighing bucket rain gage. Precipitation depths were 

recorded to the nearest 0.25 mm. Incremental times were 

measured to the nearest 5 minutes. A standard 4 inch rain 

can was also located near the weighing bucket gage. 

Bulk Precipitation and Throughfall 

Bulk precipitation and throughfall represent inputs of 

water and chemicals to a forest watershed system. Bulk pre

cipitation consists of the precipitation itself (wetfall), 

dry deposition (dryfall) that accumulates between events and 

all water-soluble and water-insoluble components contained 

in the wetfall and dryfall (Likens, et al., 1977 and Lewis 

and Grant, 1978). 

The number of samples required to obtain representative 

samples of bulk precipitation and throughfall for nutrient 

cycling and mass balance studies has been the subject of 
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considerable study. The spatial variation of bulk 

precipitation chemistry is a function of the chemical con

stituent under study (Richter et al., 1983, Reynolds, 1984, 

and Lewis and Grant, 1978), proximity to bodies of water or 

chemical sources (Richter et al., 1983 Reynolds, 1984 and 

Sober and Bates, 1979) and spatial variation in rainfall 

amounts (Reynolds, 1984 and Lewis and Grant, 1978). Further 

variation between bulk precipitation samples may be a result 

of the type of sampler used, size of the sampler opening and 

the method of chemical analysis (Lewis and Grant, 1978). 

The spatial variation of throughfall chemistry and 

quantity is further complicated by the type of vegetation 

(Kimmins, 1973, Likens et al., 1977, Raison and Khanna, 1982 

and Lawrence, 1985) and density of vegetative crown cover 

(Kimmins, 1973 and Raison and Khanna, 1982). 

In a study of the spatial variation of the chemical 

composition of bulk precipitation in South Carolina, Richter 

et al. (1983) found 19 collectors would be required to pro

vide annual bulk precipitation inputs within 101. (at P<0.05) 

of the true mean for sulfate, nitrate, calcium, magnesium, 

chloride, hydrogen and sodium. For phosphate, ammonium and 

potassium, 35 collectors were found to be required. The 

study was conducted on a 500 ha coastal plain watershed. 

Reynolds (1984), however, found only one collector was re

quired to provide annual bulk precipitation inputs within 

lOY. of the true mean (at P<0.05) for sodium, calcium, magne

sium, nitrate, sulfate, hydrogen and chloride. For potas-
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sium, only two collectors were found to be required. 

Reynold's study was conducted on a 600 ha coastal watershed 

in Wales. 

Kimmins (1973) conducted an exhaustive investigation of 

the spatial variability and vegetative effects on through

fal l quantity and chemical composition in a coastal water

shed in British Columbia. Kimmins found over 500 collectors 

would be required to provide individual storm bulk through

fal l inputs within 10% of the true mean (at P<0.05) for 

potassium on a 900 m2 plot. Potassium was, however, the 

constituent with the highest spatial variability in the 

study. In order to provide annual bulk throughfall inputs 

within 10% of the true mean (at P<0.05), Kimmins found an 

average of 30 collectors would be required to account for 

spatial and vegetative variations in throughfall quantity 

and chemistry on a 900 m2 area. 

Obviously, bulk precipitation and throughfall are 

highly variable quantities to attempt to measure. Lewis and 

Grant (1978) suggested increasing the collector area to re

duce spatial variability in bulk precipitation measurements. 

They suggested a minimum opening area of 1200 cm2 for re

gions of average precipitation chemistry. Kimmins (1973) 

and Richter et al. (1983) used collector funnel openings of 

121 and 201 cm2 , respectively. The collector funnels used 

in this study had an opening of 507 cm2 • 

Lawrence (1985) measured throughfall for a three month 

period on Clayton Watershed #1 using 10 randomly located 
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collectors similar to the type used in this study. The area 

of the study was 7.86 ha. Using the mean and coefficient of 

variation of phosphate and nitrate concentrations of the ten 

collectors for individual storms, the number of samplers re-

quired to provide bulk throughfall inputs of phosphate and 

nitrate within 10/. of the true mean (at P<O.OS) was calcu-

lated using the method given by Richter et al. (1983) 

where n = the number of samples required, t = Student's t 

value (2 at 95/. level) CV= coefficient of variation, and r = 

relative error desired (here r=0.10). 

For individual storms the number of collectors ranged 

from 1 to 268 and 1 to 104 for phosphate and nitrate respec-

tively. The number of collectors required using average 

values for the three month study period were 62 and 14 for 

phosphate and nitrate respectively. 

Based on the information presented above, it can be 

seen a large number of collectors are required to account 

for all of the spatial variability of throughfall from indi-

vidual storms on the 7.73 ha proposed study area. A trade-

off must be reached between level of accuracy, the number of 

samplers and the number of samples that can be reasonably 

analyzed in the lab. The number of samples for analysis may 

be reduced by lumping or combining individual collector sam-

ples as suggested by Lewis and Grant (1978). Based on the 

discussion above, it was de~ided that a total of twelve 



collectors, four at each of the three study sites, would be 

adequate. 

The bulk precipitation and throughfall collectors used 

were similar in design to those used by Likens, et al. 

(1977) at the Hubbard Brook Experimental Forest, New Hamp

shire. Lawrence and Wigington (1987) successfully used a 

similar design to gather bulk precipitation and throughfall 

samples on Clayton Watershed #1. The collectors consisted 

of a 254 mm diameter polyethylene funnel supported by a 25.4 

mm wide ring cut from a 203.2 mm (8 in) diameter PVC pipe 

(Figure 7). The funnel drained through 9.525 mm (3/8 in) 

inside diameter plastic tubing into a polyethylene collec

tion bucket. The collection bucket was sealed by use of a 

breather bottle. A glass wool plug in the funnel outlet 

served as a filter to keep debris out of the bucket. A 

plastic screen was suspended over the funnel opening to keep 

out large particles. The funnel and tubing was suspended by 

a frame made from 38.1 mm (1 1/2 in) diameter PVC pipe. A 4 

inch acrylic can rain gage was also attached to the frame to 

obtain accurate measurements of throughfall depths. 

Bulk precipitation and throughfall samples were col

lected as soon after storm events as was possible. A 500 ml 

aliquot of the sample was saved for later analysis. 

Throughfall collected in th~ cans was measured to the near

est 0.25 mm. Following sample collection, the funnels, tub

ing, and buckets were thoroughly washed with de-ionized dis

til led water. 
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§oil Solution 

Litaor (1988) investigated the variability associated with 

sampling soil solution and found that similarly large 

numbers of collectors as those required for sampling 

throughfall are required to obtain mean soil solution con

centrations within specified limits about the true mean. 

For example it was found that 246 samples would be required 

to obtain an estimate of the mean soil solution nitrate 

concentration that was within 5 percent of the true mean. 

Such large estimates of replications required are in part 

the result of assuming the samples are normally distributed. 

Litaor (1988) suggests they are not normally distributed. 

Therefore, mean values should be calculated based on the 

frequency distribution of ~ndividual replicates. 

Since the number of samplers required to obtain reason

able estimates of soil solution mean concentrations is pro

hibitively large, a compromise must be met. Three banks of 

collectors were located at each of the hillslope study 

sites. Each bank of collectors consisted of three lysime

ters (Figure 6). A lysimeter was placed below the litter 

layer, below the A horizons (Al and A2), and below the Bl 

horizon. The lysimeters were staggered so a lysimeter above 

would not interfere with th~ flow into a lysimeter below. 

The soil pit used to provide access to the soil was lined 

with a 208 liter (55 gal) oil drum to provide a housing for 

the collection buckets. 
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The collectors used were tension-free lysimeters (Figure 8) 

based on the design of Jordan (1968). The lysimeters con

sisted of a trough cut from a 101.6 mm (4 inch) diameter PVC 

pipe. End caps made of 6.35 mm (1/4 inch) thick PVC sheet

ing were glued to both ends. A fine mesh fiberglass screen 

was glued across the trough to prevent the entry of soil 

particles. Two PVC rods were glued inside of the trough to 

provide support for the screen and to break surface tension 

and allow soil water to drip into the collector. Tygon 

plastic tubing carried the •ample from the trough to a 7.57 

liter (2 gallon) polyethylene plastic collection bucket. 

Samples were collected as soon after a storm as possible. 

Following sample collection, the collection bucket was 

replaced with a clean bucket. A 500 ml aliquot was saved 

for chemical analysis. 

The.tension-free lysimeters of Jordan's (1968) design 

were chosen for this study because they were inexpensive to 

make and designed for soils with many rocks and roots, such 

as those in the Clayton Watersheds. Porous ceramic plates, 

such as those used by Cole (1968) and Wooldridge and Larson 

(1980), require a smooth contact with the soil. The 

tension-free lysimeters also do not require an expensive 

vacuum apparatus to maintain suction on the sampler, as the 

ceramic plates do. Tension-free lysimeters do, however, 

have some inherent disadvantages. The disadvantages of the 

soil solution sampling methods used are discussed in the 

Results chapter. 
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S~bsurface Flow 

Atkinson (1978) has summarized a number of methods used 

to study hillslope water movement. For this study, a sys

tem of trough type collectors similar to those described by 

Atkinson (1978) were installed. Trough type collectors have 

been used in a number of other studies of subsurface flow. 

Whipkey (1965) used troughs to measure subsurface contribu

tions to stormflow on a small forested watershed. Weyman 

(1970) also used troughs to study subsurface flow processes 

on a small catchment in Great Britian. Beasley (1976) used 

gravel filled troughs 12.2 m long to study subsurface flow 

processes on two small forested coastal plain watersheds in 

northern Mississippi. Flow from the troughs was routed 

through 0.305 m HS flumes. Chow (1976) used metal troughs 

to measure shallow subsurface flows (5 cm below the surface) 

on a 30 m long 30 percent forested hillslope in Newfound

land, Canada. The flow was measured with a tipping bucket 

gage designed specifically for the project. Later, 

Kachanoski and DeJong (1982) used Chow's system to measure 

surface and subsurface storm runoff on plots located on a 

small forested watershed in Saskatchewan, Canada. 

Kachanoski and DeJong studied the flow processes before and 

following clearcut timber h~rvesting on the plots. De 

Oliveira Leite (1985) also ~eported successfully using 

troughs to measure subsurface flow on an 85 year old cacao 

plantation in Brazil. Subsurface flow was collected in 
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tanks. Samples were also analyzed for their chemical char

acteristics. 

It is recognized that the installation of the subsur

face flow plots may change the natural pattern of flow at 

the site. The creation of a free surface along the soil 

profile face acts as a drain that may direct saturated flow 

towards the collector system. The unsaturated flow net may 

be changed in two ways (Atkinson, 1978). The formation of a 

saturated wedge above the troughs will reduce pressure po

tentials near the troughs and cause the flow to move away 

from the troughs. Drying at the soil profile face increases 

pressure potentials at the troughs, causing flow to be di

rected in towards the troughs. The effects of the former 

and latter conditions are to decrease and increase the size 

of the contributing area respectively. In order to reduce 

the effects of the troughs on the existing flow net, Atkin

son (1978) suggests locating subsurface flow collection sys

tems at natural seepage faces such as streambanks and the 

base of slopes. Therefore, the subsurface flow collection 

systems were located along the streambanks at natural seep

age faces. 

Numerous variations of the trough and the method of 

sample collection have been applied, based on the goals of 

the particular study. Each subsurface study plot used in 

this study consisted of three troughs and the collection 

system (Figure 6). Troughs were placed where changes in 

soil chemical and hydraulic properties were anticipated to 
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occur. One trough was located just below the litter layer 

to trap flow travelling over or through the litter. A sec-

and trough was located at the interface between the A and B 

soil horizons. The third trough was placed above the dense 

clay layer (between 821t and IIB23t horizons), where a sharp 

reduction in hydraulic conductivity was expected to occur. 

The placement of the troughs coincided with the placement of 

the soil solution samplers. The depth of placement of the 

troughs from the surface varied according to soil condi

tions. 

Each trough was cut from a 101.6 mm (4 in) diameter PVC 

drain pipe, approximately 1.83 m (6 ft) in length, cut in 

half lengthwise to form a trough. Polyethylene sheeting 

was inserted in the soil between soil horizons to a reason

able depth to direct flow into the troughs (Figure 9). The 

sheeting also prevented downward seepage from upper horizons 

to lower ones. A combination of galvanized wire screen 

6.35 mm (1/4 inch mesh)) and a fine plastic mesh screen was 

used to hold the soil face in place (Figure 10). Given that 

the soil face was stable, screen was a good alternative for 

backfilling the throughs with gravel. Gravel could change 

the chemical characteristics of the soil water, unless it 

was of an inert mineralology. Polyethylene sheeting was 

draped over the outside edge of the trough to serve as a 

cover for the trough and the soil face. 

Flow captured by the troughs was stored in 208 liter 

(55 gal) oil drums lined with a polyethylene liner. The 
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accumulated depth of flow gathered in the collection tanks 

was recorded over time with FW-1 water level recorders. The 

water level recorders were connected to stilling wells at-

tached to the side of the drums (Figure 11). The stilling 

wells were 

constructed from 152.4 mm (6 in) diameter PVC pipes. The 

water level recorders provided records of cumulative volume 

of subsurface flow over time. From these records, the sub-

surface flow hydrographs for each soil horizon and study 

site was constructed. 

Samples for chemical analysis of the subsurface flow 

were also collected. A 500 ml composite sample from each 

collection tank was gathered. Discrete samples during storm 

events were obtained from automatic pumping samplers con-

nected to a sump (Figure 11) in the tank inlet pipe. The 

pumping samplers were set to operate as soon as water began 

to flow into the collection tank. A sampling interval of 10 

minutes was used. Three pumping samplers were used in the 

study. The samplers were connected to the litter layer 

troughs at each study site. 

Streamflow 

Streamflow was measureq at the watershed outlet by a 
i 

1.22 m (4 ft) H-Flume. Streamflow chemistry was sampled 

with an automatic pumping sampler. The sampler was acti-

vated at discrete levels of stage by a magnetic switch col 
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umn (Turton and Wigington, 1983), providing sampling 

throughout a storm event. Sample chemical analysis and 

streamflow data file management was provided as part as the 

ongoing Clayton Watersheds research project. 

Chemical Analysis 

Analysis and Storage 

All bulk precipitation, throughfall, soil water, sub

surface water and streamwater samples were analyzed for pH, 

conductivity, N03-N, dissolved organic carbon, calcium, mag

nesium, potassium and sodium. Additional analysis, such as 

sulfate, chloride, total dissolved solids, and alkalinity 

were performed on some samples. 

All samples were retrieved as soon as possible fol

lowing a storm event. After collection the samples were 

immediately frozen in a freezer located near the field site. 

Samples were kept frozen until the day they were analyzed in 

the lab. All chemical analysis were performed according to 

procedures outlined in Standard Methods for the Examination 

of Water and Wastewater (APHA, 1980) and Methods for Chemi

cal Analysis of Water and Wastes (EPA, 1983). One duplicate 

sample was analyzed for every ten samples. One spiked sam

ple for every 20 samples was run to test the percent recov

ery of the methods. Reagent blanks were also analyzed. Ad

ditionally, quality control samples provided by the US Envi

ronmental Protection Agency were also included in the analy

sis each day a batch of samples was analyzed. 
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Sample pH was measured electrometrically with a re

search grade combination electrode and a pH meter. A two 

buffer calibration procedure was followed. Performance of 

the combination electrode was checked before each sample run 

against a poorly buffered pH 4.30 quality control standard. 

All pH readings were recorded to the nearest 0.01 pH units. 

Cond.uctivi ty 

The conductivity of each sample was measured using a 

conductivity meter equipped with a platinum glass electrode. 

A correction factor used to convert all conductivity read

ings to equivalent conductivities at 25°C, was calculated by 

comparing the measured conductivity of a standard solution 

with the standard's known conductivity at 25°C. All read

ings were recorded to the n~arest 0.1 micromho. 

~itrate-Nj.trogen 

Nitrogen as nitrate and nitrite (N03 and N02 - N) was 

measured using the cadmium reduction procedure (EPA, 1983). 

Since nitrite is readily converted to nitrate in natural wa

ters, almost all of the nitrogen measured was assumed to 

have been in the nitrate form. The detection limit of the 

procedure is 0.01 mg/l. 
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A quick spectrophotometric method was used to obtain 

measurements of the total dissolved organic carbon content 

of the water samples (Moore, 1985). For watersheds not con

taminated by man-made organic compounds, total dissolved or

ganic carbon is a good indicator of the quantities of natu

rally occurring organic compounds in streamflo~ (Ried, et 

al., 1981). Naturally occurring organic compounds include a 

large number of various compounds. No attempt was made to 

identify the individual organic compounds present. As long 

as watershed conditions remain the same, the organic sub

stances present and the relative proportions of each sub

stance should remain the same (Moore, 1985). Some seasonal 

changes may occur. If this assumption is met, then the 

method is valid as an indicator of the differences in con

centration of total dissolved organic carbon of water be

tween sources. 

In forested watersheds the majority of the dissolved 

organic compounds will be organic acids such as fulvic and 

tannic acid. Organic acids are of particular interest be

cause they contribute weak acids to the overall acidity of 

water and are important in the transport of metal ions by 

complexation and chealation (Ried, et al. 1981). Total 

dissolved organic carbon was also chosen for analysis be

cause it was felt that it would be a good chemical con

stituent to use to separate flow emanating from shallow soil 
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horizons (high in organic matter) from flow emanation from 

deeper horizons (lower in organic matter). 

The method of analysis consisted simply of reading the 

absorbance of a filtered (45 um) water sample at a wave

length of 330 nm. For comparison, a standard curve of tan

nic acid standards was dev~loped. The absorbance of the wa

ter samples was converted to "total dissolved organic carbon 

as tannic acid in mg/l" using the standard curve equation. 

The relationship between absorbance and the concentration of 

tannic acid in the standards was linear from 0 to 500 mg/l. 

Samples above 500 mg/l were diluted so they would read in 

the linear portion of the curve. Since it is not actually a 

quantitative measurement ot TDOC, the results obtained by 

the method are intended only to be used to compare relative 

amounts of dissolved organics in water from different 

sources. 

Cations 

Water samples were analyzed for the cations calcium, 

magnesium, potassium, and sodium on a Varian SpectrAA-40 

atomic adsorption spectrophotometer. Flame emission tech

niques were used. AA procedures and guidelines given by 

Methods for Chemical Analysis of Water and Wastes (EPA, 

1983) were followed. The detection limits for calcium, mag

nesium, potassium and sodium were respectively 0.01, 0.001, 

0.01 and 0.002 mg/l. 
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Other Analysis 

The analysis discussed above were performed on all sam

ples. Additional analysis were performed on a small number 

of selected samples. Alkalinity was measured as total alka

linity (mg/l CaCO~) by titrating the sample with N/50 HCl to 

an end point pH of 4.3. Sulfate (504) and chloride (Cl-) 

were measured by ion chromatography using a Dionex Ion Chro

matograph. 
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CHAPTER V 

RESULTS AND DISCUSSION OF 

FIELD STUDY 

Introduction 

All of the field equipment previously described was in-

stalled and operational on January 11, 1987. The study was 

terminated on July 3, 1987. During the period of study, hy

drologic and chemistry data were collected for twenty two 

storm event~. More than 1200 water samples were collected 

and analyzed for chemical characteristics. Due to the volume 

of hydrologic and chemistry data collected, only summary ta

bles of those data required to meet the research objectives 

will be presented. However, the complete set of raw data is 

presented in various appendicies. Appendix A contains tables 

of precipitation and subsurface flow for each storm event. 

Chemistry data is summarized in Appendix B on a storm by 

storm basis. 

Study Site Description 

Measurements of watershed characteristics important to 

the generation of streamflow from the watershed were made at 

various times during the course of the study. The results 
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of the measurements are presented here to provide easier 

reference for the discussions following in this chapter. The 

lengths of the hillslope study segments (Table 1) were ob

tained from the topographic map of the watershed. Flow was 

assumed to occur in a direction perpendicular to the contour 

lines until a divide was reached (Figure 12). It is doubtful 

that surface or subsurface flow actually travels this dis-

tance or direction. However, in lieu of actual measurements 

of flow paths, the assumption that water flows perpendicular 

to the contours was used as: a first approximation. The areas 

of the hillslope study segmrnts (Table 1) were calculated by 

multiplying the estimated length times the width of the sub

surface flow collection tro~ghs (1.83 m). Mean slopes of the 

hillslope study segments (Table 1) were obtained by field 

measurements. Hillslope slope profiles were also measured 

and mapped (Figure 13). 

The depths of the soil horizons sampled by the subsur

face flow collection troughs varied between sites and within 

hillslope study segments themselves. The depths from the 

surface and thickness of each soil horizon at the streambank 

face where the subsurface flow collection troughs were lo-

cated are presented in Tab,le 2. The total depth sampled by 

the subsurface collection system for sites 1, 2, and 3 were 

40, 35, and 46 cm respectively. As can be seen, the maximum 

depth sampled was relatively shallow. The subsurface flow 

collection system did not sample flow from the deeper soil 



TABLE 1 

HILLSLOPE STUDY SITE CHARACTERISTICS 

Site Hillslope Hillslope Mean 
Length Segment Slope 

1 
2 
3 

( m) 

58 
50 
61 

Area 
(m2) ( 'l. ) 

106 11 
92 24 
112 14 

Total na 310 na 

Site 

1 
2 
3 

TABLE 2 

HILLSLOPE STUDY SITE SOIL DEPTHS AT 
SUBSURFACE FLOW COLLECTION TROUGHS 

Litter A 
Depth* Horizon 

Depth* 
(cm) (cm) 

0-5 5-22 
0-8 8-18 

0-10 10-22 

B 
Horizon 

Depth* 
(cm) 

22-40 
18-35 
22-46 

*range of depths as measured from the surface 
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horizons. Total soil depth on the watershed varied 

considerably, but clays extended to depths of 125 cm in 

places. To distinguish the subsurface flow measured in this 

study from deeper subsurface flows, the subsurface flow is 

hereafter defined as shallow subsurface flow (SSF). 

Stream channel lengths, the areas occupied by stream 

channels, and the slopes of the channels (Table 3) were 

obtained by field measurement. The total length of all of 

the stream channels was 1117 meters. A stream channel was 

defined as any channel that was capable of conveying flow. 

TABLE 3 

WATERSHED STREAM CHANNEL CHARACTERISTICS 

Channel Length Area Mean 
Slope 

( m) (m:<.?) o:.> 

a 610 881 14 
b 318 533 14 
c 92 91 18 
d 46 78 20 
e 23 35 20 
f 28 17 18 

Total 1117 1635 na 

The definition included well-defined alluvial channels and 

shallow vegetated depressions, or swales. 
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The stream channels were broken into 30 meter segments. 

The slope was measured for each segment. Twenty measurements 

of the channel width were obtained for each segment to obtain 

an average width for each segment. For alluvial channels, 

the width included the width of the alluvial material that 

appeared to convey water at normal high water. Widths for 

less well-defined channels were more subjectively determined. 

A best estimate of where water flowed was made based on field 

evidence. The segment area was calculated by multiplying 

the average width by the segment length. 

Extrapolation of Results 

Data obtained in this study includes volumes and rates 

of SSF. In order to extend the results obtained at the 

hillslope study segments to explain the behavior of the 

entire watershed, some assumptions had to be made. One 

logical assumption would be to determine what percentage of 

the total watershed area is included in the hillslope study 

segments. The total area of the three study sites, as 

estimated above, is 310 m2 • This area represents 0.40 

percent of the total watershed area, 77300 m2 • 

As discussed previously, it is doubtful that surface and 

subsurface flow followed the path as shown by the contour 

map. It was very difficult to obtain accurate measurements 

of the flow path lengths and directions of the 1.8 m wide 

hillslope segments. Therefore, a different approach was 

taken. Accurate measurements of the stream channel lengths 
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were obtained. It was assumed that the three hillslope study 

segments adequately sampled the range of hillslope 

characteristics found on the watershed. This assumption was 

probably statistically incorrect, but there was also no 

practical way of obtaining more samples (more SSF collectors) 

in this type of a study. The three SSF collection systems 

sampled a total of 5.488 m, or 0.25 I. of the 2234 m of 

streambank (total stream channel length of 1117 m times 2) 

found on the watershed. This percentage is equivalent to 

1/400 of the total watershed streambank length. Therefore, a 

watershed scale factor (WSF) of 400 was defined for 

extrapolating SSF volumes to the entire watershed. The WSF 

is referred to frequently in further discussions of the 

results. 

Hydrologic Processes 

Of the 22 storm events monitored, 5 storms produced no 

measurable streamflow. Of the 17 remaining storms, only 9 

storms were large enough to produce measurable streamflow 

greater than the level of base flow that existed prior to the 

storm. Sampling for the first storm (1/16/87) was incomplete 

due to equipment failures. Therefore, the presentation of 

the hydrologic processes results will concentrate on the 

eight events that produced significant streamflow. 
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Measurements of precipitation were available for all 

storms. The total depth of precipitation measured over the 

study period was 620 mm (Table 1). Event precipitation 

ranged from 1.8 mm (6/2/87) to a maximum of 102 mm (5/28/87). 

Only four storms during the study period were greater than 50 

mm, four storms were between 50 and 25 mm in depth, and the 

remaining storms accumulated less than 25 mm of depth. 

During the winter months, storms tended to be of low 

intensity and long duration. During the spring and summer 

months, convective thunderstorms produced events of short 

duration and high intensity (Appendix A). The maximum 

rainfall intensity recorded during the study period was 122 

mm/hr. The duration of this intense burst was, however, only 

5 min. 

Throughfall was measured at each of the twelve 

throughfall bulk chemistry collectors using 101.6 mm (4 in) 

plastic rain cans. The use of rain cans, instead of volumes 

collected by the bulk collectors, insured that an accurate 

measurement of throughfall depth was obtained. The 

arithmetic mean and standard deviation of throughfall depths 

were calculated for each storm (Table 4). As expected, 

throughfall depths were less than incoming precipitation, due 

to interception loss. The mean interception loss for the 

study period (precipitation - throughfall) was 9 percent of 

the incoming precipitation. A table of all of the 
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TABLE 4 

·PRECIPITATION AND MEAN THROUGHFALL 
FOR THE STUDY PERIOD 1/13 - 7/3/87 

Storm PCPN Mean Std. # 
Date Throughfall Dev. of 

(mm) (mm) (mm) samples 

1/16"' 46 45 2 6 
2/1 22 19 1 10 
2/15* 32 31 2 10 
2/21 6 6 1 11 
2/24* 14 13 2 12 
3/1* 54 49 4 12 
3/17* 62 61 4 12 
3/25 10 10 2 11 
4/1 12 11 1 11 
4/13 20 19 2 12 
4/30 20 15 2 12 
5/24 37 30 6 12 
5/25"' 37 34 5 12 
5/28* 102 92 12 12 
5/31* 13 11 2 12 
6/2 2 1 1 12 
6/9 11 9 2 12 
6/10 10 8 2 12 
6/23 50 44 6 12 
6/30"' 60 57 9 11 

*signifies streamflow producing events 

precipitation and throughfall data from individual storms and 

collectors is presented in Appendix C. 

Linear regression analysis was applied to the 

precipitation-throughfall data to determine the relationship 

between precipitation (PCPN) and throughfall (TFALL). The 

precipitation-throughfall data was divided into two parts, a 

growing season and a dormant season, to represent different 

canopy conditions. The dormant season included data from 
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January to March 31. The growing season included data from 

May 1 to July 3. The leaf-out transition period, April 1 to 

April 30, was not analyzed due to the small number of storms 

during the period. Three regression analyses were performed, 

using storm precipitation vs. individual throughfall 

collector depths for each storm, for the entire data set, 

dormant season data, and growing season data (Table 5). 

TABLE 5 

PRECIPITATION (MM) - THROUGHFALL (MM) RELATIONSHIPS 
FOR ALL DATA AND THE DORMANT AND GROWING SEASONS 

Type Regression Equation 
P** 

All Data TFALL = -0.26 + 0.92(PCPN) 
<0.005 

Dormant TFALL = -0.27 + 0.97(PCPN) 
<0.005 

Growing TFALL = -1. 7 + 0.93(PCPN) 
<0.005 

"'F = analysis of variance F-ratio 
**P = significance level of F 

r2 F* 

0.96 4410 

0.98 4204 

0.95 1642 

An analysis of variance showed that all of the 

regression equations were significant at a significance level 

of< 0.005 (Table 5). All slope coefficients tested to be 

not equal to zero at a significance level of < 0.005 (two-

tailed test). However, all of the constants were found to be 
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not significantly different than zero at a significance level 

of 0.10 (two-tailed test). 

The relationships obtained agree closely with 

precipitation-throughfall relationships for similar pine

hardwood cover types obtained by other researchers (Table 6). 

The slope terms for this and the studies cited are similar. 

The major differences between the studies are in the constant 

term. Differences exist because throughfall and interception 

are in part a function of the stand density and tree species 

mix present (Helvey, 1965 and Rogerson, 1965). There was a 

great deal of difference in stand density and species mix 

between this study and the studies cited. For example, the 

basal area in Lawson's (1967) study was about 1.5 times 

thebasal area of the trees on Clayton Watershed 3. As a 

result, the constant terms in Lawson's (1967) equation are 

almost twice as large (Table 6) as those obtained in this 

study (Table 5), even though the slopes are nearly 

equivalent. Lawson's watersheds also had a greater 

percentage of pines. In general, conifers have a greater 

canopy storage and interception loss due to a greater leaf 

area index and because they do not lose their foliage in the 

winter. The results obtained in this study agreed more 

closely with those obtained by Clingenpeel (1978) and 

Lawrence (1985) on Clayton Watershed 1. Clayton Watershed 1 



TABLE 6 

PRECIPITATION-THROUGHFALL (MM) RELATIONSHIPS FOR 
MIXED HARDWOOD-PINE COVER TYPES 

Summary of all eastern hardwoods (Helvey and Patric, 1965): 

Dormant Season 
Growing Season 

TFALL = -0.38 + 0.94(PCPN) 
TFALL = -0.79 + 0.90(PCPN) 

Arkansas, Ouachita Mountains, mixed oak, hickory, shortleaf 
pine (Lawson, 1967): 

Annual 
Dormant Season 
Growing Season 

TFALL = -2.4 + 0.94(PCPN) 
TFALL = -1.8 + 0.96(PCPN) 
TFALL = -3.1 + 0.93(PCPN) 

Oklahoma, Ouachita Mountains, mixed oak, hickory, shortleaf 
pine, Clayton Watershed 1 (Clingenpeel, 1978): 

Growing Season TFALL = -0.7 + 0.91(PCPN) 

Oklahoma, Ouachita Mountains, mixed oak, hickory, shortleaf 
pine, Clayton Watershed 1 (Lawrence, 1985): 

Annual TFALL = -1.2 + 0.94(PCPN) 

did, however, contain a greater percentage of pines in its 

species mix. The number, location, type and size of the 

collector used may also have contributed to differences in 

throughfall measurements between studies. 
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Total canopy storage on a watershed is a function of the 

leaf area, stand density and the areal distribution of 

vegetation (Leonard, 1965). Leaf area, in turn, is a 

function of tree species and season. The quantities 
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previously mentioned are highly spatially variable and 

difficult to measure. An estimate of canopy storage may be 

obtained from throughfall regression equations such as those 

discussed above (Leonard, 1965). Throughfall is set to zero, 

and the equation is solved for the maximum depth of 

precipitation that produces no throughfall. This depth is 

assumed to be equivalent to the maximum canopy storage. 

Canopy storage values were calculated for the precipitation

throughfal l relationships developed in this study using the 

procedure described above (Table 7). For comparison, canopy 

storages were also calculated for the precipitation

throughfal l relationships cited in Table 6. The differences 

in canopy storage estimates reflect differences in tree 

species and stand density. The watershed in Lawson's (1967) 

study had a greater percentage of pines and 1.5 times the 

basal area on Clayton Watershed 3. As a result, the 

estimated canopy storages for Lawson's study are greater than 

those estimated for Clayton Watershed 3. As with 

throughfall, the estimate of canopy storage is also effected 

by the size, location and number of collectors used in the 

particular study. Despite the differences in the estimates 

of maximum canopy storage, it should be noted that all of the 

storage values are less than 5 mm. This value may be less 

than the areal variability in precipitation depth. Such a 

small depth of storage may be insignificant in modeling large 

storm events. On the other hand, it may be a significant 



TABLE 7 

CANOPY STORAGES FOR VARIOUS 
MIXED PINE-HARDWOOD COVER TYPES 

Season Canopy 
Stor-age 
(mm) 

This study, Clayton Water-shed 3, mixed oak, hickor-y, 
shor-tleaf pine: 

Annual 
Dor-mant 
Gr-owing 

0.3 
0.3 
1.8 

Summar-y of all easter-n har-dwoods (Helvey and Patr-ic, 1965): 

Dor-mant 
Gr-owing 

0.4 
0.9 

Ar-kansas, Ouachita Mountains, mixed oak, hickor-y, shor-tleaf 
pine (Lawson, 1967): 

Annual 
Dormant 
Gr-owing 

2.6 
1.9 
3.3 

Oklahoma, Clayton Water-shed 1, mixed oak, hickor-y, shor-tleaf 
pine (Clingenpeel, 1978): 

Gr-owing 0.8 

Oklahoma, Clayton Watershed 1, mixed oak, hickor-y, shor-tleaf 
pine (Lawr-ence, 1985): 

Annual 1.3 
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quantity in modeling small stor-m events, in the accounting of 

the annual water- balance, and for- modeling chemical changes 

as water- passes thr-ough the canopy. 
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The volumes of shallow subsurface flow intercepted by 

the trough collection system varied greatly between sites, 

soil horizons, and precipitation quantities (Table 8). 

Even though only eight storms were available for analysis, 

some trends between precipitation and subsurface flow volume 

were detected. Total subsurface flow, the sum of subsurface 

flow from each horizon and each site, was calculated for each 

storm (Table 8). A plot of total subsurface flow vs. 

precipitation (Figure 14) indicates that total subsurface 

Date 

2/15 
2/24 
3/1 
3/17 
5/25 
5/28 
5/31 
6/30 

TABLE 8 

TOTAL HILLSLOPE SEGMENT SSF FOR EIGHT 
STREAMFLOW PRODUCING STORMS 

Precipitation 

(mm) 

32 
14 
54 
62 
37 

102 
13 
60 

Shallow 
Subsurface 

Flow 
(1 ) 

51 
7 

214 
603 

94 
2568 

40 
123 



flow increased exponentially with, or as a power function of 

precipitation. Subsurface flow was log transformed and 

regressed on precipitation. Not unexpectedly, the analysis 

indicated that the log of subsurface flow volume was highly 

correlated with precipitation. The regression explained 88 

percent of the variation in the logrithms of subsurface flow 

(r 2 = 0.88). The regression was found to be significant 
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(F=41.80) at a significance level of 0.001, and the slope (t 

= 6.465) and intercept ( t = 4.553) were found to be 

significantly different than zero at significant levels (two 

tailed test) of 0.004 and 0.001 respectively. The largest 

storm of the research study period (5/28/87) may have exerted 

undue influence on the shape of the relationship. The 

resulting relationship was 

LogSSF = 0.941 + 0.025PCPN 

where PCPN is the storm precipitation in millimeters and SSF 

is the shallow subsurface flow in liters. 

Even though a good statistical relationship between 

precipitation and the log of subsurface volume exists, the 

use of the relationship to predict subsurface flow from a 

given amount of precipitation can lead to considerable error. 

A direct statistical comparison between precipitation and 

subsurface flow ignores other variables, such as storage and 

contributing area, that control flow generation. A certain 

initial quantity of soil moisture storage may have to be met 

before subsurface flow can be generated. For example, a 
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storm of 62 mm (3/17) and a storm of 60 mm (6/30) produced 

603 and 123 liters of subsurface flow respectively. The 62 

mm storm occurred in March when soil moisture was high. The 

60 m storm occurred in late June, following a long period of 

low precipitation and high evapotranspiration. The 

predicted value of subsurface flow for 61 mm of precipitation 

is 292 liters. 

Si t e and Soi J_ljg_r i z 9..IL.l?_! . ..f...:f_~r!?_'l.<; e ~-

Each hillslope study segment had different 

characteristics (slope, soils, vegetation, etc) that could 

have affected the quantity of SSF produced from each site for 

a given quantity of precipitation. By observation (Table 

9), it can be seen that for all storms, the total volume of 

SSF from Site 2 was greater than SSF from the other sites. 

Site 2 had the steepest average slope (241.), but the smallest 

projected drainage area (92 m2 ). Within storms, Site 2 

produced a greater percentage of the total SSF from the three 

sites during small stdrms preceded by dry conditions. For 

large storms <>60 mm), Site 1 produced more SSF than Site 3. 

By observation, it appears that the three sites do not 

produce the same amount of SSF for a given quantity of 

precipitation. 

observations. 

Statistical tests were made to confirm the 

The means and variances of site SSF quantity for each 

storm were calculated (Table 10). The three site means were 

found to be not significantly different (Ho: xi-x 2 = O; H. 



Date 

2/15 

2/24 

3/1 

3/17 

5/25 

5/28 

5/31 

6/30 

TABLE 9 

SSF VOLUMES BY SITE, SOIL HORIZON, 
AND STORM 

PCPN Site 
# 

Soil Horizon 
Litter A B Total 

(mm) ( 1 ) ( 1 ) ( 1 ) ( 1 ) 

32 1 1 1 2 4 
2 9 26 1 36 

~---· 
Horizon Totals 

__ ,_,,_l_l _____ _l ___ ,,, _____ , ___ Q., _______ .. __ , .... J .. :?.. 
21 28 3 52 

14 1 0 0 0 0 
2 3 1 0 4 
~-----------.f.. _____ ,_ .. ____ __J. ___ .. _____ .. __ ,.2 .......... - ......... ________ ~, 

Horizon Totals 5 2 0 7 

54 1 5 1 2 7 
2 14 110 32 156 
3 10 10 31 51 ________ ,,. ....... ---·-······ .. ······ ............ ____ , ................ ~-.... - ....................... _,_ .................................. _ ... --········· .. ··· 

Horizon Totals 29 121 65 214 

62 1 22 4 86 112 
2 34 340 75 449 
~._ .. __________ ....;?.,~ ... ______ J_?. ........... --·-········-·-·-Q ___ ................. _ ......... - ..... .4..;? .. 

Horizon Totals 81 361 161 603 

37 1 10 3 6 19 
2 20 27 10 57 
~--.. ·--·--·-· ....... _! .. §!. _______ ............ _.9._ .. ____ ,_ .. ,, ... , ... _ ... _.9 ............ --.. --··-····--·--...... ! .. ?. 

Horizon Totals 48 30 16 94 

102 1 320 5 533 858 
2 558 520 201 1279 
~- .. ···---.. ·----~.9 ______ _j_Q.9. ....... _ .. _______ '.fJ~.~L ........... __ ...... 1..~..!. 

Horizon Totals 914 634 1020 2568 

13 1 3 0 2 5 
2 8 15 3 26 
3 __________ .. _ ............ 4_,_ .. , ____ .. __ ,_Q ___________ 2 __ ........... _____ ............... 9.... 

Horizon Totals 15 15 10 40 

60 1 4 6 4 14 
2 17 72 13 102 
~--------------·----~-------g _______ L_ ___________ .. ___ ..2_ 

Horizon Totals 26 78 19 123 
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Statistic 

n of cases 
minimum 
maximum 
mean 
standard dev. 
variance 

Pooled variance 
for t-test of 
means 

TABLE 10 

STATISTICS AND ANOVA FOR STORM 
SSF CLASSIFIED BY SITE 

SITE 1 SITE 2 SITE 3 

8 8 8 
0.50 3.5 3.2 
858 1279 431 
127.38 263.56 71.48 
297.50 434.53 146.31 
88508 188814 21405 

Sites 1-2: 161771 
Sites 2-3: 122627 
Sites 1-3: 64115 

ANOVA - SSF for all storms, classified by site (treatment) 

Source 
Site 
Error 

Sum-of-Squares 
156185.208 

2091089.669 

OF 
2 

21 

Mean-Square 
78092.604 
99575.699 

F-Ratio 
0.784 

p 
0.469 

x 1 -x2 <>O) from each other at the 0.05 confidence level. A 

one way ANOVA was also run to determine whether or not there 
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were significant differences between sites (treatments). The 

error variance was large compared to the treatment variance 

(F=0.784). Therefore, there was no significant difference 

between sites (treatments) at a significance level < 0.469. 

Further tests were not run. It was recognized that the data 

set was small, thereby not providing a good sampling of storm 

sizes and conditions. Other factors not included in the 

statistical tests, such as antecedent moisture, the intensity 

and duration of precipitation may control the release of SSF 



from the sites as much or more than differences in site 

characteristics such as slope and drainage area. 
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Horizon SSF totals were calculated for each storm (Table 

9). By observation, it can be seen that for most storms more 

SSF was produced from the A horizon for a given quantity of 

precipitation. The majority of the A horizon SSF was 

produced on Site 2. Conditions conducive to SSF include 

steep slopes and highly porous soils. Site 2 had the 

steepest slopes of the three sites in the study. The A 

horizons of the soils on the sites are highly porous fine 

sandy loams. The A horizons are also riddled with roots and 

macropore channels. 

For small storms and small storms preceded by dry 

conditions, the litter layer produced the next largest 

quantity of SSF for a given quantity of precipitation. For 

large storms and wet initial conditions, the B horizon 

produced more SSF than the litter layer. For the largest 

storm of the study period (5/28), the B horizons collectively 

produced more SSF than either the litter layer or the A 

horizon. An especially noteworthy observation is that 

significant quantities of SSF are produced from the shallower 

litter layers and A horizons when the B horizon produces 

little or none (Table 9; storms of 2/24, 5/25, and 6/30). 

Under dry antecedent conditions, the shallow soil layers 

would be wetted to a moisture content at which flow can be 

released (ie: field capacity) earlier than the deeper 8-

horizons. The B-horizons are composed of deep clay loams, 



and thereby retain a greater quantity of water before it is 

released. 
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Differences in the generation of SSF between soil 

horizons and storms within sites was also observed (Table 9). 

On the steepest site, Site 2, the A horizon produced more SSF 

than the litter layer or the 8 horizon for all storms. This 

was not the observed trend on Sites 1 and 3, however. More 

SSF was produced from the litter layer than the B horizon 

from small storms and storms preceded by dry conditions. The 

opposite was true for large storms and wet antecedent 

conditions, more flow was produced by the B horizon than the 

litter layer. For most conditions on Sites 1 and 3, little 

SSF was produced by the A horizon (Table 9). This is the 

opposite situation that exists on Site 2. Both Sites 1 and 3 

have gentle slopes, 11 I. and 71. respectively. As a result, 

the lateral flow component may be small. Water would tend to 

move vertically into the soil through the highly permeable A 

horizon instead of being directed laterally. An exception to 

this observation occurred on Site 3 during the largest storm 

of the study period (5/28). SSF from the A horizon was 109 

liters. In this case, the saturated zone maye have extended 

up into the A horizon. 

If the watershed hillslopes were covered by an 

impervious surface, one would expect that the surface flow 

volume collected at the base of the hillslope would be 



linearly related to precipitation depth. The area 

contributing to runoff would remain constant throughout the 
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storm. In reality, the hillslopes are pervious, and water is 

partitioned between soil horizons, storage, soil matrix flow 

and soil macropore flow. Water may travel laterally through 

macropores over long or short distances. The actual length 

of the flow paths may vary greatly. The physical factors 

determining this partitioning are currently not well 

understood and were not an objective of this study. 

Even though direct measurements of flow paths and soil 

physical conditions were not made during the study, it was 

felt that a rough estimate of the SSF contributing area was 

desirable to obtain. A conceptual minimum hillslope 

contributing length was cal~ulated by assuming the total 

hillslope segment SSF (Table 8) was produced from a single 

impervious conceptual plane or hillslope. The minimum 

hillslope contributing length was calculated by dividing the 

SSF volume by the segment width (5.488) times the throughfall 

depth. This calculation assumes that the entire width of the 

hillslope segment contributes SSF. In reality, a smaller 

width having a much longer length upslope, such as 

preferential flow through a macropore network, may be 

contributing flow. Calculations of the conceptual minimum 

hillslope contributing length were carried out for the eight 

streamflow-producing storms (Table 11). 

Shallow subsurface flow was considered to be a unique 

and separable flow generating processes. An estimate of the 



area of the hillslope segment that contributed SSF was 

desired for use in the modeling effort. The hillslope 

segment area that contributed SSF was calculated by dividing 

the SSF volume by the thro~ghfall depth. The hillslope 

segment contributing area was extrapolated to the entire 

watershed by multiplying the estimated hillslope segment 

contributing area times the watershed scale factor (Table 

11) • 

Hillslope contributing lengths ranged from 0.3 m to 5.1 

m for the largest storm in the study period (5/28). The 

total watershed contributing areas ranged from 222 m2 to 

11192 m2 • The maximum and minimum areas repr~sent 0.3 to 
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14.5 percent of the total watershed area respectively. Since 

SSF volume was found to be an exponential function of 

precipitation, and the hillslope contributing length was 

calculated from SSF volume, it is not surprising to observe 

that hillslope contributing length is also an exponential 

function of precipitation. 

It is recognized that the estimates of hillslope 

contributing area are crude. The estimates of contributing 

hillslope length could be improved if field measurements of 

the physical conditions within the hillslope soil body were 

available. Such measurements were beyond the scope of this 

study. Despite the lack of in-soil physical process 

information some interesting observations on hillslope SSF 
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TABLE 11 

ESTIMATES OF THE HILLSLOPE CONTRIBUTING LENGTH 
FOR EIGHT STREAMFLOW PRODUCING STORMS 

Date Throughfall Conceptual Minimum Estimated 
Hillslope Contributing SSF 

Length Contributing Area 
(mm) ( m) (m2) 

2/15 31 0.3 658 
2/24 13 0.1 222 
3/1 49 0.8 1747 
3/17 61 1.8 3954 
5/25 34 0.5 1106 
5/28 92 5.1 11192 
5/31 11 0.7 1454 
6/30 57 0.4 863 

can be made. Hillslope contributing lengths ranged from 0.1 

to 5.1 meters. The short contributing slope lengths indicate 

that shallow subsurface flow is generated in a small zone 

near the stream channels. Hillslopes in the near stream 

zone, formed by channel incision, tend to be much steeper 

than the surrounding land slopes. Steep slopes are more 

conducive to lateral subsurface flow than flat slopes. 

Therefore, rapid subsurface .flow through highly permeable 

upper soil horizons on the steep slopes is likely to occur. 

Flow paths are short, as indicated by the short contributing 

slope lengths. The rapid response of hillslope SSF to 

precipitation, discussed in detail in the next section, is 

also indicative of short flow paths. 

The physical characteristics of the soil on the 

hillslope study segments are also conducive to lateral SSF 



with short flow paths. In research on sloping soils with 

horizons of varying permeabilities underlain by impervious 

materials, Ahuja (1986) found that the flow path length is a 

function of the relative hydraulic conductivities and depths 
~ 

of each soil layer and the soil slope. If the hydraulic 

conductivity of the surface layer is very high compared to 
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the underlying layers, as was the case on the hillslope study 

sites, appreciable interflow can occur. Shallow interflow 

rates, flow paths and contributing area were found to 

increase with increased slope (Ahuja, 1986). However, if a 

highly permeable surface horizon was underlain by a horizon 

that had a hydraulic conductivity of only 1/100 of the 

surface horizon, percolation into the lower horizon occured 

and reduced the quantity of interflow in the upper horizon 

(Ahuja, 1986). Permeabilities of the soils on the study 

sites vary with soil horizon. Permeabilities of the fine 

sandy loam A horizon(s) and: clay loam upper 8 horizon(s) 

range from 15 - 51 mm/hr. The lower 8 horizons have a 

greater clay content and lower permeabilities, 5 - 15 mm/hr. 

Given these soil physical conditions, flow paths of SSF 

through the upper horizons should be short except where 

slopes are very steep. 



Charts from the nine SSF collection tanks were reduced 

to obtain the date, time and accumulated volume of SSF 

(Appendix A). The continuous traces of accumulated volumes 

over time were broken into increments of equal discharge. 

From the data file of discharge, date and time, hydrographs 

of SSF were plotted. Data from only three storms, 

representing the largest storm of the study period (5/28), 

the second largest storm (3/17), and one storm preceded by 

dry conditions (6/30) have been plotted for discussion here 

(Figures 15 through 23). The small winter storms produced 

very little flow. Chart clock operation and synchronization 

between the nine clocks and the chart clock at the watershed 

outlet was a problem in the,winter storms. Some clock 

operation and synchronization problems were also encountered 

in later storms. As a result the comparative times between 
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recorders is questionable. However, the time changes within 

storms was felt to be accurate. Therefore, the calculated 

discharge rates are considered to be true. The three storms 

chosen for simultaneous plotting of SSF, precipitation and 

streamflow were also chosen because they represent the three 

storms with the fewest timing problems. 
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Peak SSF Rates 

Peak discharge rates of SSF ranged from <0.001 to 0.711 

l/s (Table 12). The peak SSF discharge rates varied between 

storms and between sites and soil horizons within storms. 

The largest storm of the study period (5/28) generated the 

greatest peak discharge rates. The second largest storm 

(3/17) generated the second largest set of peak discharge 

rates. Storms with intense precipitation rates (5/28, 3/17, 

5/31 and 6/30) also produced higher SSF peak discharge rates. 

Within storms, site 2, the steepest site, generally generated 

the greatest peak SSF discharge rates. On site 2, the litter 

and A horizons produced the largest peaks. On sites 1 and 3, 

the A horizon generated very low peak SSF discharge rates 

(except Site 3, 5/28). During the largest storm of the study 

(5/28) the peak SSF discharge rate from the B horizons of 

sites 1 and 3 were relatively large, 0.125 and 0.106 l/s 

respectively. The large quantity of precipitation (102 mm) 

deposited during the storm probably produced saturated flow 

in the B horizons. The result was high rates of discharge 

through the B horizons. The existence of a perched water 

table in the B horizon was confirmed by field observation of 

water levels in the soil lysimeter soil pits. 

The measured peak discharge rates of SSF may seem relatively 

small. Howeve~, the hillslope study segments represented 

only 11400 of the streambank length on the watershed. For 

comparison, the total and mean peak SSF discharge rates of 

horizons and sites within individual storms were calculated, 
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TABLE 12 

MAXIMUM SHALLOW SUBSURFACE FLOW RATES 
IN LITERS PER SECOND 

Storm Source Site 1 Site 2 Site 3 
Date 

2/15 L 0.001 0.006 0.006 
A * 0.013 * 8 * * 0.000 

2/24 L 0 0.002 0.001 
A 0 * 0 
8 0 0 0 

3/1 L 0.009 0.019 0.008 
A * nd 0.002 
8 * 0.008 0.001 

3/17 L 0.020 0.007 0.006 
A 0.001 0.039 0.013 
8 0.037 0.006 0 

5/25 L 0.006 0.010 nd 
A 0.001 0.020 0 
8 0.003 * 0 

5/28 L 0 .143 0.532 0.015 
A 0.007 0.208 0.149 
8 0.125 0.022 0.106 

5/31 L 0.006 0.016 0.007 
A 0 0.029 0 
8 * 0.005 0.001 

6/30 L nd 0.024 0.002 
A 0.001 0.081 0 
8 0.005 0.018 * 
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multiplied by the watershed scale factor, and compared to the 

peak streamflow discharge rates (Table 13). 

TABLE 13 

COMPARISON OF SSF PEAK RATES TO 
STREAMFLOW PEAK RATES IN L/S 

Storm Total Total Mean Mean Peak 
Date SSF SSF SSF SSF Stream-

Peak * Peak * flow 
Flow WSF Flow WSF 

2/15 0.034 14 0.011 5 11 
2/24 0.003 1 0.003 1 3 
3/1 0.047 19 0.016 6 29 
3/17 0.129 52 0.043 17 68 
5/25 0.040 16 0.013 5 16 
5/28 0.690 276 0.495 198 393 
5/31 0.064 26 0.021 8 12 
6/30 0.131 52 0.044 17 18 

On the watershed scale, the SSF peak discharge rates appear 

to form a significant part of the peak stream discharge. 

This comparison ignores storage effects and assumes that all 

of the SSF is immediately translated to the outlet. In pry 

reality, SSF peaks are probably attenuated by channel storage 

or differences in the timing of release. 
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Tim tf.1_9_.9..L..EJ.9..!:i 

Two timing effects are significant to the generation of 

strea~flow, how quickly the hillslope SSF responds to 

precipitation and when during a storm the SSF is produced. 

Precipitation and SSF were plotted by site on the same time 

scale, for three storms (Figures 15 through 23). In all 

cases, the response of SSF to precipitation was rapid. 

Fluctuations in SSF coincided closely with fluctuations in 

precipitation intensity. 

The litter layers appeared to respond the quickest to 

precipitation and changes in precipitation intensity. 

Whipkey (1965), Weyman (1970) and Dunne and Black (1970) 

found that the response to precipitation was slower and 

attenuated with increasing depth in the soil. Similar trends 

were observed in this study. However, for some events, clock 

synchronization problems made this type of comparison 

questionable. 

The clocks were synchronized and running on time on Site 

2 during the storm of 6/30 (Figure 22). The litter layer 

responded rapidly to changes in precipitation intensity. The 

A horizon responded very little to the first burst of 

rainfall, but responded rapidly to the second burst. The B 

horizon responded only to the second burst of rainfall. The 

8 horizon response was rapid, but occurred slightly after the 

A horizon response. The storm was preceded by a long period 

of no precipitation and high temperatures. Therefore the 

antecedent soil moisture was low. The time lag of response 
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may have been due to the filling the soil moisture deficit 

that must be filled before SSF can occur. Time lags between 

horizons existed, but were less pronounced during the storm 

of 5/28 (Sites 2 and 3). The storm consisted of a small 

burst of precipitation (26 mm) early in the day (0400 hrs) 

followed by an intense second burst (76 mm) later in the day 

(2000 hrs.). The plotted hydrographs (Figures 18,19 and 20) 

are the result of the second burst of precipitation. In this 
.. 

case, the antecedent soil moisture was high. The observed 

time lags may also have been due to the longer flow paths 

associated with the deeper soil horizons. 

The hillslope SSF response to precipitation was not 

attenuated greatly by depth. Once the initial moisture 

deficit was satisfied, SSF from all horizons increased 

rapidly (Figures 15-23). This response indicates that either 

the soil horizons are highly permeable, flow paths are very 

short, a rapid mode of transport such as piping through 

macropores, or some combination of all of the factors listed 

previously is responsible for the rapid transmission of water 

through the soil. This rapid transmission probably took 

place in unsaturated conditions. Even during the largest 

storm (5/28), it is doubtful that the shallow soil horizons 

ever reached saturation early in the storm when the flow 

occurred. No measurements of the piezometric surface were 

taken, so this assumption can not be confirmed. Some shallow 

temporary saturated zones may have built up during intense 

bursts of rainfall. 
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The recession of SSF in response to a decrease or end of 

precipitation was noticeably different between soil horizons 

(Figures 15-23). Litter layer flows declined very rapidly 

following the end of precipitation. Flows from the A horizon 

also decreased rapidly, but more slowly than litter layer 

flows. SSF from the 8 Horizon exhibited a rapid decline 

following the end of precipitation, followed by a slower 

recession. This trend was more pronounced during the two 

largest storms of the study period (3/17 and 5/28) when the 

soil profile was more thoroughly wetted. Hydrographs of SSF 

from Site 1, 8 Horizon, the storm of 3/17, from Site 3, 8 

Horizon, the storm of 5/28, and from Site 2, 8 Horizon, the 

storm of 6/30, show the trend of rapid drainage followed by a 

slower recession period (Figures 24, 25, and 26). This dual 

drainage pattern has been observed in lab studies of 

undisturbed, forest soil columns (Kneale, 1985) and in the 

field on undisturbed forest soils using tension infiltrometry 

(Watson and Luxmoore, 1986). 

Semi-log plots of the natural log of SSF discharge vs. 

time were made for Site 1, B Horizon, the storm of 3/17 and 

for Site 2, 8 Horizon, the storm of 6/30 (Figures 27 and 28). 

Data from the storm of 5/28 was not used because continuing 

precipitation affected the shape of the recession curve. The 

semi-log plots further exemplify the change in drainage rate 

during the recession. Recession constants were estimated for 

the two distinct slopes in each recession curve using proce-
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dures described for calculating streamflow recession 

constants (Linsley, Kohler, and Paulhus, 1975). The absolute 

values of the recession constants may be doubtful due to a 

lack of better data from mor~ storms. However, it is 

interesting to note that in both cases, there is a change of 

an order of magnitude or more between the rapid and slow 

recession. This result indicates that a dual mechanism of 

drainage, rapid drainage through large pores and slow 

drainage through smaller pores, is in operation on the 

hillslope study segments. 

Shallow subsurface flow responded rapidly to 

precipitation. As a result, the majority of subsurface flow 

occurred early in the storm. Precipitation, streamflow, and 

the combined SSF response from the three hillslope segments 

(the sum of the individual hydrographs) were plotted 

concurrently for the storms of 3/17 and 6/30 (Figures 29 and 

30). The total response was multiplied by the watershed 

scale factor so the two hydrographs could be viewed at the 

same scale. For both storms, the precipitation ended before 

peak streamflow occurred. The majority of the SSF also 

occurred before peak flow. 

The total storm SSF from the three hillslope study 

segments for the eight streamflow producing storms were 

compared to streamflow volumes at the watershed outlet. 
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The total storm SSF was multiplied by the watershed 

scale factor for the comparisons (Table 14). Streamflow 

volume was broken into the Volume before and the volume after 

peak discharge. The percent of streamflow generated by SSF 

ranged form 1 to 48 percent~ depending on storm size and 

antecedent conditions. The' percent of streamf low generated 

by SSF before peak discharge ranged from 5 to 318 percent. 

Percentages greater than 100 percent are probably due to the 

assumptions used in this comparison. Channel storage was not 

considered, the SSF from the sites was assumed to translate 

to the outlet before peak flow. In some cases precipitation 

and additional SSF occurred following peak flow. The 

comparisons may be slightly erroneous. However, the point of 

comparing SSF to streamflow volume before peak discharge was 

simply to show that SSF may be responsible for generating a 

large percentage of streamflow early in an event, and not to 

account accurately for all pf the flow. Trends between the 

percentage of streamflow volume generated by SSF and the 

volume of SSF do not seem to exist. The largest storm of the 

study period (5/28) produced 2568 liters of SSF and generated 

23 percent of the streamflow volume. The storm of 5/25 also 

generated 23 percent of the streamflow volume, but produced 

only 95 liters of SSF. The storm of 6/30 produced only 123 

liters of SSF, but generated 48 percent of the total 

streamflow volume. The storm of 6/30 was preceded by a long 

dry period. Streamflow rose and fell rapidly without a 

prolonged recession. The storm of 5/28 was large enough to 



Storm 
Date 

TABLE 14 

COMPARISON OF SSF VOLUMES ANO STREAMFLOW VOLUMES 
FOR EIGHT STREAMFLOW PRODUCING STORMS 

Total 
SSF x 

WSF 

(1) 

Streamflow Volumes 

Before 
Peak 

(1) 

After 
Peak 

( 1) 

Total 

( 1) 

% of Streamflow 
Generated by 

SSF 

Before 
Peak 

Total 

--------------------------------------------------------------------------------------------------------~~-~~--~---------------~------------

2/11 5640 10270 57020 67290 55 8 
2/16 20400 56000 224000 280000 36 7 
2/24 2880 57440 200000 257440 5 1 
3/1 85600 656300 2339000 2995300 13 3 

3/17 241600 666400 2050000 2716400 36 9 
5/25 38000 16590 151400 167990 229 23 
5/28 1027200 597700 3814000 4411700 172 23 
5/31 16000 16340 396900 413240 98 4 
6/30 49200 15450 87250 102700 318 48 

--------------------------------------------------------------------------------------------------------------------------------------------

.... 
(l) 
-...J 
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more thoroughly wet the entire depth of the soil profile. A 

considerable amount of the streamflow volume was generated 

during the recession period, long after SSF subsided. More 

than likely, as soil moisture conditions change during storms 

events, the streamf low gene~ating processes also change. 

Seepage from deeper soil profiles becomes more important to 

streamflow generation as the soil becomes wetter. 

Chemical Processes 

As previously mentioned, over 1200 water samples were 

collected and analyzed for 8 chemical constituents and 

properties. All of the raw data is presented in Appendix B 

on a storm by storm basis. Various analyses were performed 

using the entire data set. Only those topics important to 

the stated objectives are discussed in detail here. 

Chemical Transformations 

Source Means 

The mean concentrations of chemical constituents or 

properties were calculated for each source monitored, bulk 

precipitation, throughfall," litter layer, A Horizon, 8 

Horizon and the three subsurface collection troughs 

intercepting flow from the litter layer and the A and B 

horizons (Tables 15 and 16). The bulk precipitation 

concentrations were weighted against precipitation depth. 

Throughfall concentrations were weighted against throughfall. 



TABLE 15 

SOURCE MEAN CHEMISTRY SUMMARY 
PRECIPITATION AND THROUGHFALL 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
pH H+ Canel. N03-N DOC Ca++ Mg++ K+ Na+ 

(mg/l) <u.tios) (mg/D (mg/l) (mg/l) <mg/I> <•g/l) (mg/l) 
-----------------------------------------------------------------------------
Bulk Precpitation All Data 
--------------------

mean 4.63 0.023677 18.6 0.3 2.5 0.31 0.03 0.08 0.15 
s 0.0267 22.8 0.22 3.2 0.34 0.04 0.11 0.14 

Bulk Precipitation - Dor111ant Season 
--------------------------------------

mean 4.64 0.02 15.1 0.34 0.8 0.33 0.02 0.04 0.11 
s 0.02732 18 0.21 2 0.34 0.03 0.03 0.09 

Bulk Precipitation - Growing Season 
--------------------------------------

meari 4.56 0.027364 22.6 0.25 2.8 0.16 0.04 0.12 0.18 
s 0.020755 0.16 0.16 3.4 0.23 0.04 0.13 0.17 

Throughfall - All Data 
-----------------------------

mean 4.63 0.023529 18.9 0.28 55 0.65 0.13 2.89 0.2 
s 0.026046 15.1 0.3 94 0.56 0.13 31.6 0.2 

Throughfall - Dormant Season 
----------------------------

mean 4.62 0.023988 17.6 0.39 17 0.69 0.09 0.4 0.17 
s 0.026456 15.4 0.38 20 0.56 0.09 0.47 0.14 

Throughfall - Growing Season 
-----------------------------

mean 4.61 0.024542 19.5 0.17 88 0.48 0.14 0.89 0.23 
s 0.022894 13.5 0.16 116 0.49 0.15 1.31 0.26 

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

"""" CD 
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TABLE 16 

SOURCE MEAN CHEMISTRY SUMMARY 
SOIL ANO SUBSURFACE FLOW COLLECTORS 

--------------------------------------------------------------------------------------------------------------------------------------------------------------
pH H+ Cond. N03-H DOC Ca++ Mg++ K+ Na+ 

<-¥1) (ulllhos) (mg/l> (1R9/l> (1119/l) <mg/l) (mg/l) (mg/l> 
----------------------------------------------------------------
Litter L~r 
--------

mean 5.73 0.001851 32.7 0.22 314 2.78 1 3.13 0.35 
s 0.00149 13.5 0.21 185 1. 7 0.58 2.51 0.2 

A Horizon 
------

mean 5.39 0. 00"1-056 27.7 0.24 99 1.39 0.91 1.24 0.87 
s -0.0030902 - -7. 3 0.37 49 o.e.s 0.29 - 0.39 . 0.5 

8 Horizon 
--------

mean 5.48 0.003311 28 0.09 50 0.86 0.92 1 1.43 
s 0.002587 9 0.18 44 0.44 0.33 0.66 1.9 

Subsurface Flow Collectors 
-------------------
Litter Layer 
-----------

mean 5.75 0.001792 49.1 0.25 315 3.4 0.88 3.68 1.05 
s 0.001554 35.7 0.36 125 1.45 0.21 2.97 1.29 

A Horizon 
---------

mean 5.67 0.002154 34.2 0.14 152 2.4 0.65 2.37 0.56 
s 0.00185 25.9 0.14 78 1.45 0.34 2.5 0.27 

8 Horizon 
--------

mean 5.73 0.001878 30 0.12 188 1.94 0.83 2.29 0.68 
s 0.0001544 5.2 0.14 47 0.52 0.13 1. 78 0.29 

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
...... 
-D 
0 
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depth. The degree of transformation of the chemical 

composition of water as it .moves through the compartments of 

the watershed ecosystem varies between constituents. 

One of the objectives .of this research is to see whether 

or not significant differences in source chemistry exist. 

The relationships between sources will be used later in the 

modeling effort. Differences in the average concentrations 

of chemical constituents between precipitation, throughfall 

and the soil horizons are evident (Tables 15 and 16), 

however, the variations abdut the estimated mean values as 

expressed by the standard deviations are very large. In many 

cases, the standard deviation from the mean was as large as, 

or larger than, the mean itself. The source means were 

obtained by averaging each of the individual collector 

concentrations for all storms throughout the study period. 

The data suggest that the ~ource concentrations may not be 

normally distributed. The ~ide variations of concentrations 
I 

about the estimated means are probably due to chemical 
! 

differences between storms ~nd spatial variation of 

precipitation, throughfall , soil chemical processes, and 

laboratory error. An estimate of the precision of the 

laboratory analysis was made for each constituent. The 

estimate is equal to the standard deviation of the 

differences between random pairs of samples and duplicate 

samples that were analyzed. The estimates of the laboratory 

0.10, 0.04, 0.10, 0.05, and 2.3 mg/l. As can be seen, the 
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laboratory error is much smaller than the standard deviations 

of the overall source means for all constituents. Therefore, 

laboratory error is negligible compared to the other sources 

of variation. 

An attempt to remove the effect of spatial variation was 

made by calculating mean chemical concentrations for 

individual collectors within sources. Nitrate-Nitrogen 

concentrations were the most variable of all of the 

constituents. ·Mean study period concentrations of NO~-N 

were calculated for each of the soil solution collectors in 

the Litter, A and B horizons. Due to the large volume of 

data, only the results of the A and B horizons are shown 

(Tables 17 and 18). By observation, it can be seen there are 

considerable differences in the mean NO~-N concentrations 

between soil pits. However, the variation about the 

estimated collector mean is generally much lower than 

variation about the overall source mean, now that the effect 

of spatial variability acr~ss the watershed has been 

eliminated. Similar results were observed for the litter 

layer collectors. Mean concentrations between individual 

throughfall collectors were also considerably different. 

Variation about the estimated throughfall collector means was 

lower than the variation ablout the overal 1 throughfal 1 means. 

One way to observe the degree of transformation between 

sources is to calculate the ratio of the change in 

concentration between sources. The ratios of change between 

sources for this study were calculated and tabulated (Table 



TABLE 17 

CONCENTRATIONS OF N03-N FOR A HORIZON SOIL SAMPLERS 
<N03-H in mg/l) 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Storm 
Date 

1 

Site 1 

2 3 1 

Site 2 Site 3 

2 3 1 2 3 
----------~-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

2/15 
2124 
3/1 

3/17 
5/25 
5/28 
5.131 
6.130 

n 
mean 

s 

-
-
0.06 
0.23 
0.34 
0.07 
0.04 
0.19 

6 
0.16 
0.12 

-
-
-
0.44 
-
0.34 
0.36 
-

3 
0.38 
0.05 

-
-
o. 78 
1.26 
-
0.21 
-
0.16 

4 
0.6 

0.52 

-
-
0.14 
0.12 
-
0.13 
-
-

3 
0.13 
0.01 

0.02 
-
0.03 
0.05 
-

0 
0.03 
0.04 

6 
0.03 
0.02 

-
-
0.03 
0.04 
-
0.07 
0.05 
0.05 

5 
0.05 
0.02 

0.09 
0.06 
0.02 
0.06 
0.33 
0.05 

0.135 
0.16 

a 
0.11 
0.1 

0.02 
0.01 
0.07 
0.01 
0.02 
0.05 

6 
0.03 
0.02 

0.03 
0.47 
0.85 
0.16 

0.13 

5 
0.33 
0.34 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

i

'° CA 



TABLE 18 

CONCENTRATIONS OF N03-N FOR 8 HORIZON SOIL SAMPLERS 
(concentrations in mg/l) 

======================--=================================================================== 
Storm 
Date 

1/16 
2/15 
21'21 
2/24 
3/01 
3/17 
3/25 
4/01 
5/21 
5/25 
5/28 
5/31 
6/30 

1 

0 
-

0.023 
0.006 
0.015 
0.06 

0.026 
0.008 
-

0.073 
0.298 
0.075 
0.053 

Site 1 
2 

0.05 
-
-

0.096 
0.079 
0.29 
-
-
-

1.121 
0.647 
0.457 
0.703 

3 1 

0 0.013 
- -
- -

0.015 0.034 
0.009 0.026 

0.05 0.08 
0.026 -
- -
- 0.234 
0.05 0.128 

0.028 0.064 
0.035 0.035 
0.023 0.097 

Site 2 
2 

0.013 
-
-
0.03 

0.034 
0.18 
0.02 
-
-

0.073 
0.013 
0.028 
-

3 

--
0.011 
0.016 
0.019 
0.014 

0 
0.013 
-

0.041 
0.093 
0.031 
0.239 

1 

0 
0 

-

0.016 
0.06 
-

0.039 
0.054 
0.018 

o 
0.146 

Site 3 
2 

-

0.015 
0.03 

0.009 

0.024 
0.062 
0.048 
0.03 

0.007 

3 

0.009 

0.013 
0.013 
0.006 

0.376 
0.102 
0.174 

------------------------------------------------------------------------------------------
n 

mean 
s 

11 
0.06 
0.08 

8 
0.429 
0.354 

9 
0.025 
0.016 

9 
0.079 
0.065 

8 
0.049 
0.053 

10 
0.06 

0.072 

9 
0.049 
0.054 

8 
0.028 
0.018 

7 
0.053 
0.106 

==============================================--=========================================== 

....... 

..() 
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19). One advantage of calculating the ratios of change is 

that it allows comparisons between watersheds of different 

regions that have different concentration levels. As 

mentioned previously, the estimated mean constituent 

concentrations have a large degree of variation associated 

195 

with them. The use of ratios of change allows for a relative 

comparison between sources independent of the magnitude of 

the concentration. However, it should be kept in mind that 

the ratios were calculated from concentrations having a large 

degree of variability. The ratio·of change in constituent 

concentrations between sources for various studies were also 

calculated and tabulated (Table 20). 

The degree of transformation between sources depended on 

the constituent under study. The greatest degrees of 

chemical change (increases or decreases) occurred as water 

passed through the canopy and litter layer. All 

constituents in soil water solution, except H+ and N03-N, 

decreased in concentration as water passed through the A 

Horizon. H+ increased (pH decreased) as water passed through 

the A Horizon, while N03-N increased slightly. As soil 

water passed through the 8 horizon, H+, N03-N, DOC, Ca, and K 

decreased. 

no change. 

increased. 

Conductivity and the concentration of Mg showed 

Only the concentration of Na in soil solution 

Concentrations of constituents in SSF were 

generally greater than those in soil solution for most 

constituents (Table 16). Some exceptions did exist. The 

degrees of transformation between throughfall and the litter 



TABLE 19 

CHANGES IN MEAN CONCENTRATIONS 
BETWEEN SOURCES, CLAYTON WATERSHED #3 l/87-6/87• 

--------------------------------------------------------------------------------------------------------------------------------------------
Source 

Throughf al 1 

Dormant 

Growing 

H+ 
(nlCjll) 

0.99 

1.19 

0.9 

Cond. N03-N 
( u.nhos) <mg/ l ) 

1.02 

1.16 

0.86 

0.93 

1.15 

0.68 

ooc 
(mg/1) 

22 

21 

31 

Ca++ 
<..yl> 

2.1 

2.1 

3 

Soi f Solution Collectors - cod.Pared to al 1 throughf'al 1 data 

Litter Layer 

A Horizon 

8 Horizon 

0.08 

2.2 

0.82 

1. 7 

0.85 

1 

0.79 

1.1 

0.38 

5.7 

0.31 

0.51 

4.3 

0.5 

0.62 

Subsurface Flow Collectors - compared to all throughfall data 

Litter Layer 

A Horizon 

8 Horizon 

0.08 

1.2 

0.87 

2.6 

0.7 

0.88 

0.89 

0.56 

0.86 

5.7 

0.48 

1.2 

5.2 

0.71 

0.8 

Mg++ 
(llgl'l) 

.... 3 

0.2 

3.5 

7.7 

0.91 

1 

6.8 

0.73 

1.3 

K+ 
(mg/l) 

36 

10 

7 .... 

1.1 

0.4 

0.81 

1. 3 

0.64 

0.97 

Na+ 
(mg/l) 

1.3 

1.5 

1.3 

1.8 

2.5 

1.6 

5.2 

0.53 

1.2 

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
•change expressed as a ration between source above/source below 

..... 
--0 
0-



TABLE 20 

RATIOS OF MEAN CHEMICAL CONCENTRATIONS BET~EEN SOURCES 
FOR VARIOUS FORESTED WATERSHEDS 

------------------------------------------------------------------------------------------
------------------~--~---------------------------------------------------------------------
Location Source H+ Cond. N03-N Ca++ Mg++ K+ Na+ 

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Oklahoma, Throughfall 0.59 1.4 1. 7 2.5 6 5.7 1. 6 
Clayton WS 3 Litter 0.05 1.8 0.85 2 3.6 2 1.1 
(Kress,1988) A Horizon 0.8 1.3 0.65 1.2 1.2 0.85 1.2 
---------------------------------------------------------------------------------------------
Arkansas, 
A 1 um Creek WS 11 
<Kress, 1988) 

Hubbard Brook, 
New Hampshire 
(Likens, et al. 
1977) 

Tower Creek, 
Washington 
<Wooldridge and 
Larson, 1980) 

Throughfall 
Litter 
A Horizon 

Throughf a 11 

Throughfall 
Litter 
A Horizon 
8 Horizon 

1.1 
0.12 

2.1 

0.11 

1. 7 
1.8 
1.3 

1. 9 
0.9 

0.96 
0.85 

1.9 
0.47 

1 

3 

0.75 
1. 3 

0.95 
1. 1 

1.2 
3.9 

0.55 

9.9 

2.1 
1.6 

0.83 
1 

2.8 
7.4 

0.49 

15 

2.5 
1.2 

0.93 
0.89 

13 
1 

0.78 

91 

14 
0.27 
0.62 
0.83 

1.5 
2.4 

0.62 

2.3 

1.3 
0.93 

1 
0.92 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

f.-

...0 
-...J 
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layer were roughly alike between SSF and soil solution (Table 

19). A notable exception was sodium. For most constituents, 

the degree of transformation was less for A horizon SSF and 

greater for B horizon SSF than for A horizon and B horizon 

soil solutions respectively. 

The ratios of change in constituent concentration 

between sources for other sites are presented for rough 

comparison with the results obtained in this study (Table 

20). Some agreements and disagreements between data sets are 

evident. However, differences are generally within the same 

order of magnitude. Differences in the degrees of 

transformation are due to different climates, cover types, 

and cover densities. Some differences may be due simply to 

the type of collector used, or the locations of the 

collectors. For example, Kress (1988) located throughfall 

collectors directly under tree canopies. In this study, 

throughfall collectors were located at random, with some 

directly under canopies, and some in more open areas. This 

may explain in part why Kress's (1988) studies (Oklahoma and 

Arkansas) showed a greater degree of transformation (1.7 and 

1.9 respectively) in the concentration of NO~-N between 

precipitation and throughfall (Table 20) than did this study 

(0.93). Although some trends can be observed, the large 

degree of variation of constituent concentrations about the 

estimated means makes it difficult to make definitive 

statements about chemical transformations of water within 

small forested watersheds. 



Shallow subsurface flow has already been shown to 

generate significant quantities of streamflow before or 

shortly after peak flow. The load of chemicals associated 
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with SSF may also significaritly influence the streamwater 

chemistry before or shortly after peak flow. To determine 

the effect of SSF chemistry on the total watershed streamflow 

chemistry, the SSF chemical 1 loads were calculated for 

selected storms. The storm SSF load was calculated by 

multiplying the SSF volume from each collector times the mean 

concentration. The total storm load was calculated by adding 

together the individual collector loads from the three study 

sites. The SSF collector loads were multiplied by the 

watershed scale factor (WSF) to extrapolate the results to 

the entire watershed. This procedure was carried out for 

three storms (3/1, 3/17, and 6/30) for which streamflow 

chemistry data was available. The storm of 3/1 represents a 

winter storm produced by lomg duration, low intensity 

precipitation. The storm of 3/17, was produced by relatively 

high, short duration precipitation, and was the second 

largest storm of the study period. The storm of 6/30 

represents the only summer season storm for which streamf low 

chemistry information was available. Unfortunately, no 

streamflow chemistry data was available for the largest storm 

of the study period (5/28),:due to equipment failure. 

As expected, the chemical load varies with each chemical 

constituent. All SSF and streamflow loads are relatively low 



(Tables 21, 22, and 23). Dilute chemistry is characteristic 

of small watersheds in the Ouachita Mountains region that 

drain shallow, highly leached soils. The ratios of the 

chemical loads of each constituent supplied by SSF to the 

total streamflow load for each of the three storms was also 

calculated (Tables 21, 22, and 23). For storms with a 
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distinguishable peak, the ratios of the chemical loads of 

each constituent supplied by SSF to the streamf low load 

before peak flow was also calculated (Tables 22 and 23). The 

ratios of SSF to streamflow load varied according to 

constituent. The. ratios of SSF to streamflow load ranged 

from 0.03 to 2.14. The ratios of SSF to the streamflow load 

before peak ranged from 0.3 to 11.4. 

For the storm of 311, SSF accounted for about 3 and 13 

percent of the total streamflow and the streamflow before 

peak respectively (Table 1~). SSF accounted for 65 percent 

of the total N03-N load, but only 8, 3, and 12 percent of the 

total loads of Ca, Mg, and k, respectively (Table 21). For 

the storm of 3/17, SSF accounted for 9 and 36 percent of the 

total streamflow and the streamflow before peak respectively. 

SSF accounted for 72 percent of the total streamflow N03-N 

load, but only 17, 7, and 17 percent of the total loads of 

Ca, Mg, and K, respectively (Table 22). For the period of 

time before peak flow, SSF accounted for 186 percent of the 

streamflow N03-N load and 68, 30, and 75 percent of the Ca, 

Mg, and K loads respectively. The high percentage of the 

N03-N load transported before peak is probably due to the 



TABLE 21 

SUBSURFACE FLOW CHEMICAL TRANSPORT LOADS 

Storm of 3/01/87 

---------------------------------~---~--------------------------~--------------------------------------------------------------------------~------------------------------------
Site/ Storm Site SSF Che~ical Loads 
Source SSF SSF --------~--------

M H+ N03-N DOC Ca Mg K Na 
(1) WSF (gm) (gm) (gm) (gm) (gm) (gm) <gm) 

-----------------~-------------~-------------------------------------------------------

lL 5 2000 
lA 1 400 
18 2 800 
2L 14 5600 
2A 110 4<4000 
28 32 12800 
3L 10 4000 
3A 10 4000 
3B 31 12400 

Totals 214 

Total Storm Stream Load: 

SSF/Stream Load: 

0.00107 
0. 00073_ 
0.00037 
0.00755 
0.09192 
0.03777 
0.01746 
0.01452 
0.00985 

0.18125 

1.6883 

0.11 

0.3 
0.1 
0.4 
0.5 
2.1 
1.8 
0.6 
1. 7 
5.7 

13 

20 

0.65 

342 
10 

254 
2044 
6160 
1933 
1760 

240 
2678 

15422 

6.3 
0.2- -
2.2 

12.9 
79.6 
21.2 
12.8 
6.6 

16.5 

158 

1868 

0.08 

2.1 
.o 

0.7 
3.6 

35.2 
11.1 
2.8 
0.6 
6.9 

63 

2256 

0.03 

2.9 
0.1 
4.3 

12.3 
43.1 
19.2 
13.7 
4.0 

93.5 

193 

1678 

0.12 

1. 9 
.0 

0.2 
2.0 

33.0 
5.4 
1.2 
0.7 

18.8 

63 

Storm consisted of multiple peaks, before peak flow comparisons could not be performed 

N 
0 
....... 



TABLE 22 

SUBSURFACE FLOW CHEMICAL TRANSPORT LOADS 

Storm of' 3/17/87 

---------------------------------------------------------------~-------------------------------------------------~------------------------------------------------------
Site/ Storm Site SSF Che~ical Loads 
Sot.rce SSF SSF -----~----------

;If H+ N03-N DOC Ca Mg K Na 
(1) MSF (gm) (9111) (g«i) <g•) (gd') (gm) (gm) 

---------------------------------------------------------------------------
lL 22 8800 0.02314 0.7 
lA 4. 1 1640 0.00248. -u~3 

18 86 3-4400 0.08253 4.1 
2L 34 13600 0.05171 1.9 
2A 340 136000 0.46077 2.7 
28 75 30000 0.10164 0.9 
3L 25 10000 0.02512 15.0 
3A 17 6800 0.00258 0.4 
38 0 0 

Totals 214 241240 0.74997 26 

Total Storm Stream Load: 2.3426 36 

SSF/Strea~ Load: 0.32 0.72 

Stream Load Before Peak: 0.6136 14 

SSF/Load Before Peak: 1.22 1.86 

1593 
36 

·5882 
1673 

16048 
3990 
2320 
1095 

32637 

20.0 
0.:9 

51.9 
15.9 

156.4 
36.0 
35.9 
24.8 

342 

1979 

0.17 

502 

0.68 

4.8 
0.1 

24.4 
7.6 

81.6 
20.4 
8.4 
6.6 

154 

2068 

0.07 

510 

0.3 

21.1 
IT~T 

46.1 
16.7 

161.8 
31.2 
41.3 
19.3 

338 

1962 

0.17 

448 

0.75 

6.6 
0.3 

19.6 
8.2 

107.4 
22.5 
5.7 
4.6 

175 

N 
0 
N 



TABLE 23 

SUBSURFACE FLOW CHEMICAL TRANSPORT LOADS 

Storm of 6/30/87 

-------------------------------------------------------------~------------------------------------------------------------------------------------------------------------------------
Site/ Storm Site SSF Chemical Loads 
Source SSF SSF ------------------

M H+ N03-N DOC Ca Mg K Na 
(1) WSF (g111) (gm) (gm) (g111) (gm) (gm) (gm) 

-------------~----------------------------------------------------------------------------

lL 4 1600 
lA· 6 2400 
18 4 1600 
2L 17 6000 
2A 72 28800 
28 13 5200 
3L 5 2000 
3A 0.5 200 
38 2 800 

Totals 214 

Total Storm Stream Load: 

SSF/Strea111 Load: 

Stream Load Before Peak: 

SSF/Load Before Peak: 

0.00003 
o.~88007 . 
0.00075 
0.00460 
o. 15114 
0.01535 
0.00025 
0.00001 
0.00064 

0.17283 

0.1102 

1.57 

0.0152 

11.4 

.0 
0.1 
0.7 
1.4 
2.0 
0.7 
0.6 
0.1 
0.4 

6 

2.8 

2.14 

0.9 

6.7 

709 6.7 
533 '7. 2 
509 4.4 

1850 15.6 
4694 40.0 

785 8.6 
1372 15.5 

48 0.7 
173 1.1 

10673 102 

89 

1.14 

11 

9.3 

1. 7 
1. 4 
1.4 
5.9 

21.3 
4.5 
2.8 
0.2 
0.4 

40 

74 

0.54 

10 

4 

3.8 
22~6 
8.6 

19.2 
40.0 
7.8 

29.6 
1.6 
6.0 

139 

240 

0.58 

14 

9.9 

10.2 
2.4 
0.4 
2.4 

11.2 
2.2 
4.9 
0.2 
1.2 

35 

N 
0 
VI 



fact that some of the SSF occurred after peak flow was 

reached. For the storm of 6/30, SSF accounted for about 48 

and 318 percent of the total streamflow and the streamflow 

before peak respectively. SSF accounted for more N03-N than 

was measured at the watershed outlet for the total stormflow 

and stormflow before peak, 214 and 670 percent respectively. 

SSF also accounted for more, or very high percentages of the 

cation transport both for the total storm and the streamflow 

before peak (Table 23). The storm of 6/30 was the result of 

a short duration high intensity precipitation event. Due to 

dry antecedent conditions, there was little flow from the 

deeper soil horizons, and a very short recession period. 
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Most of the flow occurred as a result of SSF and an 

unmeasured source. The high percentages of chemical loads 

accounted for by SSF may be due to errors or variation in the 

chemical concentrations from the SSF collectors. The still 

higher percentages of chemical loads before peak accounted 

for by SSF are probably due to a large portion of the SSF 

occurring after peak flow. 

Even though the data are limited, the trends indicated 

by the results are consistent with other observations of 

streamflow chemical transport on the Clayton Experimental 

Watersheds. For example, during storm events, N03-N 

concentrations reach peak levels before peak streamflow, and 

decline to low levels later in the event (Lawrence, 1985). A 

concurrent plot of streamflow and N03-N concentration for the 

storm of 3/17/87 demonstrates this trend clearly (Figure 31). 
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As can be seen, high concentrations of NO~-N also coincide 

with the generation of SSF. Therefore, it appears that SSF 

is responsible for generati~g a large portion of the total 

NO~-N load, especially early on in a storm event. For storms 

during wet periods when soil moisture is at a higher level 

(3/1 and 3/17), SSF accounts for a small percentage of the 

total cation load and the total streamflow. A source of 

flow not measured in this study, subsurface flow from the 

deeper soil horizons, is mo•t likely responsible for 

generating the largest portion of the streamflow. This 

observation is consistent with the long recession periods 

observed from storms during wet periods. Long recessions are 

not observed from small sto~ms that are preceded by dry 

conditions. Cation concentrations tend to vary little during 

storm events, and do not show the hysterisis in concentration 

The concentrations of cations in soil 

solution and streamwater are mainly a function of soil 

cation exchange processes. Therefore, streamwater produced 

from deeper soil layers should have a relatively high load of 

cations. As a result, SSF accounts for the streamflow cation 

load for storms that have a large percentage of their 

streamflow generated from deeper soil sources. 



CHAPTER VI 

WATERSHED MODEL DEVELOPMENT AND DESCRIPTION 

Rational~ for Development 

Numerous watershed models with potential for use on 

small forested watersheds already exist. The modeling 

approach and data input requirements vary from model to 

model. Modeling objectives included finding or adapting a 

simple model to minimize execution time and the number of 

parameters required, with a structure that allowed for the 

addition of chemical transport routines, with physically 

based parameters that could be measured or obtained from the 

literature, and with routines that represent hydrologic 
i 

processes unique to foresteQ watersheds. Following an 

extensive review of existing watershed models (Chapter 3), 

it was decided to develop a new model to meet the study 

objectives, rather than adapting an existing model to the 

conditions on Clayton Watershed #3. 

The model developed is not intended to be universally 

applied to all watershed. Parts of the model are specific 

to the study watershed (Clayton, OK Watershed #3). The 

model represents a first attempt at modeling streamf low, 

207 



water yield, and chemical transport from a small forested 

watershed typical of those in the Ouachita Mountains. It 

was hoped that by developing a model, a better understanding 

of the hydrologic and chemicdl processes in operation, the 

variability of the processes, and the identification of 

needs for future modeling and research work would be 

gained. 

Modeling Concept 

The model is conceptual in nature. It uses a simple 

storage tank or reservoir concept to represent hydrologic 

and chemical processes (Figure 32). The continuity equation 

is solved for each simulation time increment for each tank 

in the order indicated (Figure 32). The maximum storages 

and rates of transfer within, and between tanks vary. The 

model is also somewhat physically based because each storage 

tank represents a hydrologic! process important to the 

generation of streamflow or ~treamf low chemistry, and 

physically based parameters ~re used to calculate the rates 

of transfer in and between storage tanks. The hydrologic 

component of the model contains 36 parameters, most of which 

can be estimated from field measurements or data in the 

literature. 

parameters. 

The water quality component adds six additional 

The water quality parameters may be estimated 

from soil solution chemical concentration measurements. In 

the following discussion, mo1del names including, variables, 

zones, subroutines and parameter names are italicized 
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ie: NANES) to distinguish them from acronyms used to 

describe processes such as evapotranspiration (ET). 

The model is semi-distributed in nature. A lumped ap-

preach was originally desired to maintain simplicity. How-

ever, while developing the model, it became evident that a 

completely lumped approach would not adequately describe the 

different streamf low generating mechanisms operating on the 

watershed. Two zones, a riparian zone and a variable area 

quick release zone (GRZ) were designated to represent the 

flow generating processes ~nique to each area (Figure 33). 

The remaining watershed area was lumped into a third zone. 

The riparian zone encompasses the stream channels and the 

readily saturated topographically low alluvial areas near 

the stream channels. The quick release zone ( GRZ) 

represents the contributing area of quickly released shallow 

subsurface flow from steep ~illslopes that surround the 

stream channels. The area of GRZ is a function of the 

lower soil zone water content. 

for the entire watershed area. 

Throughfall is calculated 

Litter interception is 

assumed to occur everywhere except in the stream channels. 

The remaining hydrologic and chemical processes are 

simulated separately in each zone. 

The model provides continuous simulations of streamflow 

and chemical constituent concentrations. The maximum 

simulation increment (NAXINC) within a one day period is 

specified by the user. A maximum increment of 15 minutes 

for within day calculations was used in this study. All 

210 



Figure 33. 

, .... , 
1' I 
I / _., QUICK nnEASE ZONE 

( verit1bltt t1re1J} 

Division of the Watershed Into Zones 

211 



calculations are carried out on a time incremental 

basis. 

Model Structure 

The watershed model is modular in structure and has two 

main loops. A control module asks for the ap~ropriate input 

files and other information, calculates soil water 

parameters, and controls data input and output. The year 

loop repeats calculations until the last line in the annual 

data input file is read (Figure 34). Within the main 

control loop is a loop that operates on a daily time 

increment. The day loop repeats calculations for each day 

until a new day is reached. At the end of one day, daily 

runoff and chemical transpo~t summaries are calculated and 

printed to the output device or file. Within the day loop, 

the break point data is tested to determine whether or not 

the change in time between ~wo lines of input data is 

greater than or less than nAXINC. 

After the time increment test is made, the program 

branches to one of three time control subroutines, NoTimeS-

pl it, TimeSpl i tl, and TimeSpl i t2. The appropriate time con-

trol subroutine divides the time increment read from the 

data input file (DELTAT) into increments that are less than 

the maximum simulation increment (Figure 35). 
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A maximum increment of one day is used during periods 

of no precipitation and no streamflow. 

The hydrologic and chemical process subroutines are ac-

cessed by the time control subroutines. The hydrologic and 

chemical process subroutines carry out calculations in each 

of the conceptual storage t~nks. The order of operation 

follows the naturally occurring vertical transport of water 

through the watershed system (Figure 34), from Throughfall, 

Litter, Upper Soil Storage, Lower Soil Storage, to the Deep 

Soil Storage. The QRZ subroutine is accessed from within 

the Lower Soil Storage subroutine so the current value of 

Flow the lower soil storage moisture content can be used. 

from the Riparian Storage is accounted for separately. 

Flow generated from all other sources is combined in the 

riparian zone storage tank (RIPSTOR) to produce streamflow. 

Complete mixing of chemical constituents is assumed to occur 

within one time increment. 

Detailed descriptions qf each of the hydrologic and 

chemical processes are presented in the following sections. 

Since outputs from one tank are required inputs for the 

next tank, computations of inputs, outputs and internal 

transfers are made for each tank within a time increment. 

The modular structure of the hydrologic and chemical process 

subroutines allows users to substitute other routines 

without changing the basic model structure. The model 

program is written in the BASIC language (Microsoft Quick 
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Basic Version 4). A complete listing of the program is 

presented in Appendix D. 

i Data Input Requirements 

The model is designed to simulate on a water year 

basis. Each data input file line must contain, in the 

following order, the number of the month, the calender day, 

the day number (Julian Date), the time in a decimal fraction 

of a day, the accumulated storm precipitation, and the 

daily, unadjusted pan evaporation. A storm must be defined 

with a precipitation value of 0 (PC~O) at the start of the 

event. Thereafter the accumulated storm precipitation is 

recorded on each data file line. The program subtracts 

precipitation values from two lines to calculate the 

incremental precipitation (!PCP). The program also tests 

two data lines to determine whether or not precipitation has 

ceased. 

Soi 1, vegetative, and ;other parameters necessary to 
I 

operate the model are also !required. These parameters are 

discussed in detail in the appropriate hydrologic and 

chemical subroutine description. A listing of parameters is 

presented in Table 24. Initial soil storage tank values are 

obtained by a "best estimate" based on antecedent climatic 

conditions, or from simulating the previous year with the 

model. 

216 



" 

Parameter 

MAX INC 
(days) 

TOTAREA 
CHANAREA 
ALLUVAREA 

UPSOILDEP 
UPPOR 
UP ROCK 
UPAWC 
UPWILTP 
LOSOILDEP 
LOPOR 
LOROCK 
LOAWC 
LOWILTP 
DEEPSOILDEP 
DEEPPOR 
DEE PROCK 
DEEPAWC 
DEEPWILTP 
HSATLO 
(mm/day) 
BLOSOIL 
HSATDEEP 
(mm/day) 
BDEEP 
UPSTOR 
LOST OR 
DEEPS TOR 
RIPSTOR 

TABLE 24 

LISTING OF MODEL INPUT PARAMETERS 

Definition 

Maximum storm simulation time increment 

Total watershed area (m2 ) 

Stream channel area (m 2 ) 

Area of topographically low areas (m2 ) 

Upper soil storage depth (mm) 
II II soil porosity (mm/mm) 
II " rock content (mm/mm) 
II II available water (mm/mm) 
II II wilting point (mm/mm) 
Lower soil storage depth (mm) 
II II soil porosity (mm/mm) 
II II rock content (mm/mm) 
II II available water (mm/mm) 
II II wilting point (mm/mm) 
Deep soil stqrage depth (mm) 
II II soil porosity (mm/mm) 
II II rock content (mm/mm) 
" ti available water (mm/mm) 
II II wilting point (mm/mm) 
Lower soil saturated hydraulic: conductivity 

Lower soil percolation constant 
Deep soil saturated hydraulic conductivity 

Deep soil percolation constant 
Upper soil initial storage (mm) 
Lower ti II 

Deep II II 

Riparian zone initial storage value 
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Parameter 

PANCOEFF 

GROWS TOR 
DORMS TOR 
LITMAX 
UPWEIGHT 
LOWEIGHT 
DEEPWEIGHT 

TABLE 24 (continued) 

Deflnition 

Monthly evaporation pan coefficient 
I 

Maximum growing season canopy storage (mm) 
Maximum dormant season canopy storage (mm) 
Maximum litter layer storage (mm) 
Upper soil root density weighting factor 
Lower soil 11 

Deep soi 1 " 

II 

II 

Subsurface Flow Tank Release Coefficients -·-·--··-·-·-·-----· .. --········ .. ······--··---·--·---·--···-.. ·-··-·--·······-···-·· .. ···------·····---·-.. ·····--·--

KLO 
KDEEP 

ZSLOPE 

TFCHEM 

LITCHEM 
UPCHEM 
LOCHEM 
DEEPCHEM 
QRZCHEM 

Lower soil flow release coefficient (days- 1 ) 

Deep soi 1 11 11 

Quick release zone parameter 

Throughfall mean concentration (mg/l) 

Litter layer ;It II 

i 

Upper soil II II 

Lower soil II II 

Deep soil II II 

Quick release II II 
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Hydrologic Processes 

Since evaporative loss is a component of all of the 

storage tanks, the methods used to estimate 

evapotranspiration (ET) are presented first. Potential 

evapotranspiration (PET) is estimated from daily pan 

evaporation data. Pan evaporation was chosen to estimate 

PET because it is a good integrator of climatic variables 

such as humidity and radiation that were not available for 

the watersheds. A reliable record of pan evaporation was 

available. Unadjusted daily pan evaporation, read from the 

data input file, is adjusted by a pan coefficient. A 

suitable set of pan coefficients, in lieu of actual ET 

measurements, is difficult to obtain. 

essentially a two dimensional surface. 

An evaporation pan is 

The forest canopy is 

a multi-layered three dimensional surface capable of ab

sorbing greater energy than an evaporation pan. The results 

of some investigations indicate that PET from forests can 

exceed the unadjusted pan evaporation by up to 1.5 times 

(Federer and Lash, 1978, Swift, et al., 1975, and England, 

1977) . Some of these results have been obtained from water 

balance calculations using models and may be subject to some 

question. However, the evidence seems to indicate that pan 

coefficients for forest watersheds should be greater than 

pan coefficients for field crops and grasses. 

The daily pan evaporation is adjusted by a suitable pan 
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coefficient in the model subroutine called 

PanCoefficients. The resulting daily PET demand (D4YPET) is 

divided by the simulation t~me increment to provide a 

maximum incremental PET (!PET). The priority of water loss 

to ET follows the order of execution the hydrologic 

processes subroutines. Actual evapotranspiration (AET) 

during a simulation time increment is limited by the lesser 

of the remaining incremental demand (!REHPET) and the 

available water in any of the storages. AET within a daily 

period is also limited by the daily demand (D4YPET). ET 

from the canopy and litter storage tanks occurs at the 

potential rate as long as water is available. ET from the 

soil storage tanks is a function of the soil water content, 

the rooting density and a seasonal transpiration factor. 

The PET demand remaining af~er the canopy and litter 

storages have been satisfied is applied to the three soil 
I 

storage tanks as a whole. 

The fraction of the remaining PET demand applied to 

each soil storage tank is determined by a root density 

weighting factor. The root density weighting faetor for 

the soil storage tanks was assumed to be equal to the 

percentage of fine roots (< 5mm diameter) found in the depth 

of the soil represented by the soil storage tank. The sum 

of the root density weighting factors must equal 1. 

Estimates of the root density weighting factors were made 

from field observations in combination with data from the 

literature (Kochenderfer, 1973). The root density weighting 



factors estimated for Clayton Watershed #3 were 0.5, 0.4 and 

0.1 for the upper soil, lower soil, and deep soil storage 

tanks respectively. 

The incremental PET applied to the soil storage tanks 

is further adjusted by a seasonal transpiration factor 

(SEATRANS). During the growing season, SEATRANS is assumed 

to equal 1. During the dormant season., the seasonal 

transpiration factor is reduced by the reduction in the leaf 

area index (LAI) resulting from the loss of leaves from 

deciduous trees. Using an average LAI of 8 for conifers and 

4 for hardwoods, it was estimated that the leaf area index 

of Clayton Watershed #3 decreased by 85%, from 5.6 to 0.84 

between the growing and dormant seasons respectively. 

Therefore, SEATRANS was estimated to be 0.15 for the dormant 

season. During the transition months of November and 

April, SEATRANS was assumed to decrease and increase 

linearly to represent the respective loss and gain of 

leaves. SEATRANS is applied only to the lower and deep soil 

storage tanks. Evaporation is assumed to occur from the 

upper soil storage tank throughout the year at the potential 

rate. 

AET from the soil storage tanks is also limited by the 

available soil moisture. Above field capacity, ET is 

allowed to occur at the potential rate. Below field 

capacity, the ability of the soil to provide water for ET is 

a function of soil texture and water content. Simple 

relationships between soil water content and the ratio of 
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AET to PET were developed for each soil storage tank. Many 

forms of the AET/PET ratio, from linear to exponential, have 

been suggested. A concensus does not seem to exist. S-

curve functions, similar to those developed by Holmes 

(1961), were chosen to estimate the relationship between AET 

and PET for the three textural classes of soil found in the 

soil storage tanks (Figure 36). AET for a simulation 

increment is equal to the lesser of IREMPET x the root 

density weighting factor x the AET/PET ratio, or the 

available soil water content. 

Throughfall ( TFALL) is modeled as a simple storage tank 

.(Figure 21). Precipitation (/PCP) provides input to the 

canopy storage tank. 
1. 

Outflo~, or throughfall, occurs when 

the current level of canopy $torage (CANSTOR) exceeds the 

maximum canopy storage (CANMAX). Canopy storage may also be 

lost to evaporation. The amount of evaporation (CANLOSS) is 
I 

limited by the lesser of the ,incremental potential 

evapotranspiration (!PET) or the available storage. 

Estimates for the maximum canopy storages for the dor-

mant and growing seasons were obtained from data obtained in 

the field component of the study (Table 7). CANMAX was esti-

mated to be 0.43 and 1.8 mm for the dormant and growing sea-

sons, respectively. Based on field observations, the 

growing season was estimated to operate from May 1 to 

October 31, and the dormant season from December 1 to March 
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31. During the transition months of November (leaf 

fall) and April (leaf growth), CANNAX was assumed to 

decrease and increase linearly between the before the 

dormant and growing seasons respectively. 

As discussed previously, the litter layer is a signifi-

cant source/sink of chemical constituents. Therefore, the 

1 it ter 1 ayer was inc 1 uded as: a separate storage tank (Figure 

32). Inflow to the litter storage tank is provided by 

TFALL. Flow, or percolation out of the litter layer (LPERC) 

occurs when the current level of the litter layer storage 

(LITSTOR) exceeds the maximum litter layer storage 

(LITNAX). Water in the litter layer may be lost to 
I 

evaporation at the lesser of the remaining incremental PET 

( IRENPET) and the available storage ( LITSTOR). 

The maximum litter layer storage (LITNAX) was assumed 

to remain constant throughout the water year. A LITNAX of 

3.5 mm was estimated from on-site measurements of litter 

depth and data obtained by Helvey and Patric (1965) and 

Raison and Khanna (1982). Little data on the litter 

interception process is available. The litter storage is 

comparably small, however. Litter interception is probably 

unimportant to the prediction of streamflow from large 

precipitation events. On the other hand, litter may 

represent a significant loss during small storms and in the 

annual water balance. 



Three soil water storage tanks are used to represent 

the soils found on Clayton Watershed #3 (Figure 32). The 

soil is divided into an upper soil tank (UPSOJL), a lower 

soil tank (LOSOJL) and a deep soil tank (DEEPSOJL). UPSOIL 

simulates the behavior of the A horizon (Al and E horizons), 

LOSOIL encompasses the Bl and B22t horizons of the soil, and 

DEEPSOJL simulates the behavior of the IIB23t horizon. The 

division of the soil profil• was based on the hydraulic 

properties of the soils. TMe division also coincides with 

the division of the soils between the litter, A and B 

horizons performed in the preceeding field study. Input 

requirements for describing each soil tank include the total 

depth, porosity, percent rock, available water capacity, and 

the water content at the -15 bar wilting point. In the 

following discussion, a blank line in front of the variable 

name represents the soil tan 1k name designation ( ie: LOf11lX 

for the lower soil tank LOSOIL). The maximum storage 

capacity for each tank ( ___ HAX) is equal to 

__ HAX = (_POR - _WILTP) x _SOILDEP) x ( 1 - _ROCK) 

where _POR is the porosity, __ WILTP is the wilting point, 

_SOJLDEP is the soil depth, and _ROCK is the percent rock. 

All soil property values are 1 in mm/mm. The soil water 

content at field capacity (_• FCAP) is given by 

__ FCAP = _AWC x _SOILDEP 
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where ~~WC is the available water capacity in mm/mm. The 

soil storage tanks are assumed to be empty at the wilting 

point. 
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Input to the upper soil storage (UPSOIL) is provided by 

percolation from the litter layer (LPERC). Outflow from UP

SOIL, percolation (UPPERC), occurs only when the level of 

storage (UPSTOR) exceeds the upper storage field capacity 

(UPFC~P). Water in excess of UPFC~P is assumed to percolate 

from UPSOIL in one time increment. No other drainage 

function is included. Given the fact that the upper 

horizons contain numerous macropores and are highly porous, 

the assumption of immediate drainage in excess of field 

capacity was considered to be valid. The continuity 

equation for UPSOIL for a time increment of simulation is 

given by 

UPSTOR2 = UPSTORi + LPERC - ETLOSS - UPPERC 

where ETLOSS is the loss due to ET, and the subscripts 1 and 

2 represent storage at the beginning and end of the time 

increment respectively. The order in which the variables 

appear in the equation above is the same as the order of 

calculation of the water balance within the UpperSoiJStorage 

subroutine. When the lower soil storage is full (LOSTOR = 

LON~X), water in excess of field capacity (UPGR~V) in UPSTOR 



is added to LOGR~V, the lower soil tank subsurface flow 

reservoir. 

Input to LOSOIL is provided by percolation from UPSOIL. 
' 

Outflows from LOSOIL include evaporative loss (ETLOSS), 

percolation to the deep soil storage (LOPERC), and 

subsurface flow (LOSSF). The continuity equation for 

LOSOIL for a time increment may be expressed as 

LOSTOR:z = LOSTORi + UPPERC - ETLOSS - LOSSF - LOPERC 

where LOSTORi and LOSTOR:z are the water contents at the 

beginning and end of the time increments respectively. The 

order in which the variable~ are presented in the equation 

above is the same as the ord~r of execution of water balance 

calculations within the LowerSoilStorage subroutine. 

Subsurface flow is generated from both LOSOIL and 

DEEPSOIL. Both soi 1 storage: tanks are assumed to behave as 

linear reservoirs. That is, outflow is a linear function of 

storage 

S=KO 

where S is storage, 0 is outflow, and K is the outflow con-

stant. The streamflow recession constant, Kr, may be esti-

mated from an analysis of hydrograph recession (storage 

depletion) curves using a procedure described by Linsley, et 

a 1 • ( 1975) • For precipitation free periods and periods of 
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low evapotranspiration, the outflow (q2)from a linear 

reservoir at a given time period is related to the outflow 

(q1) at the beginning of the time period by a recession 

constant Kr 

Streamflow recession conforming to the equation above plots 

as a straight line on semilog plot (ln Q vs. time). 

Several storms from Clayton Watershed #3 were plotted 

as semilog hydrographs to detect whether or not streamf low 

recession could be described as a linear reservoir. One 

semilog hydrograph is shown as an example (Figure 37). 

Observations of other semilogrithmic hydrographs showed a 

straight line relationship between the natural log of 

streamflow and time for periods of receding flow. Two 

distinct slopes, one representing a later delayed flow and 

one occurring soon after peak streamf low, were apparent 

during the observations. The two distinct recessions were 

assumed to be analogous to recession from the LOSOIL (rapid 

release subsurface flow) and DEEPSOIL (delayed release 

subsurface flow) tanks. 

The streamflow recession constant is a useful concept, 

but for model calculations, the storage recession constant 

is required. All time calculations in the model were 

performed in days or decimal fractions of days. Recession 

constants were estimated in days. The daily storage 
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constant CK.) is related to the daily streamflow recession 

constant by the following expression, 

K. = -lnK,../ t 

where t = 1 day. Following the procedures of Linsley, 

Kohler and Paulus (1975), the delayed flow storage recession 

constant CK.1) was estimated first. The recession line was 

extended under the hydrograph to peak flow (Figure 36). 

Flow due to delayed flow was subtracted from the total 

hydrograph. The same proc~dure was repeated on the residual 

hydrograph in order to calculate the rapid release 

subsurface flow storage recession constant (K.2). From 

analysis of five storms, the average values of K.1 and K.2 

were found to be 0.6102 and 0.0831 days- 1 , respectively. 

LDSSF and DEEPSSF are calculated as a function of 

LDGRAV and DEEPGRAV, respectively. The storage above field 

capacity remaining at the end of the simulation time 

increment (RENSTOR) is given by 

RENSTDR = _GRAV x (K.DELTAT) 

where _GRAV is the storage above field capacity for the ap

propriate tank, and DELTAT is the simulation time increment. 

The quantity of subsurface flow released for a simulation 

time increment, in depth units, is equal to _GRAV less 

RENS TOR. 

Percolation from LDSOIL (LOPERC) and deep seepage loss 

(DEEPSEEP) from the deep soil storage tank (DEEPSOJL) were 
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assumed to be equal to the hydraulic conductivity of the 

soil C_HC). A relationship between HC, the saturated 

hydraulic conductivity (_HC •• t>, and the ratio of the soil 

water content to the saturated water content (olo.) was 

estimated using the procedure described by Campbell (1986). 

Hydraulic conductivity at a given water content is given by 

_HC = _HC •• t x ( _STORl_t14X) e 

where Bis a constant determined from soil texture. 

Percolation is assumed to occur through the entire range of 

soil water contents for both LOSOIL and DEEPSOIL. The 

validity of this procedure depends, among other factors, on 

how well the constant B may be determined for a particular 

soil. B is equal to 2b+3, where -b is the slope of a log-

log plot of soil water potential vs. water content obtained 

from moisture release experiments. Campbell (1986) found 

that b is mainly a function of the pore size distribution of 

a soil. Pore size distribution, in turn, is a function of 

soil texture. Using charts provided in Campbell (1986), B 

was estimated to be 17 and 25 for LOSOIL and DEEPSOIL, 

respectively. 

Input to the deep soil storage, DEEPSOIL, is provided 

by percolation (LOPERC) from the lower soil storage tank. 

Outflow is the sum of transpirational losses (ETLOSS), 

subsurface flow (DEEPFLOW), and deep seepage losses (SEEP). 
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Water balance for a simulation time increment in DEEPSOIL is 

equal to 

DEEPSTOR2 = DEEPSTORi + LOPERC - ETLOSS - DEEPFLOW - SEEP 

where DEEPSTOR1 and DEEPSTOR2 are the water contents at the 

beginning and end of the time increment, respectively. 

The deep seepage loss term (SEEP) is calculated in the 

same way as LOPERC. Direct measurements of deep seepage are 

not available. However, given the types of soil present and 

the highly weathered and fractured underlying geologic 

formations, deep seepage is likely. The assumption is 

considered to be the best one available, given the present 

level of knowledge of hydrologic processes on small forested 

watersheds of the Ouachita Mountains. The seepage loss 

topic is discussed further lin the fol lowing chapter. 

Quick Release Zone ----·-----.. ···------·-----·-·--·-

Shallow subsurface flow (SSF) has previously been shown 

to contribute significant quantities of flow prior to or 

near the peak flow rate. The quick release zone (QRZ) was 

added to the model to conceptually simulate shallow 

subsurface flow from the steep slopes that surround the 

stream channels. It was not possible to develop a sound 

physically based routine for modeling SSF from the data 

gathered. Therefore, a conceptual approach was taken. The 

previous field study did show, however, that the area 

contributing to SSF varied as a function of precipitation. 



The data also indicated that the contributing area was a 

function of soil water content. Since soil water content is 

determined continuously in the model, it was desired to 

develop a function that would predict the area contributing 

to SSF as a function of soil water content. 

Field measurements of soil water content were not 

available. Therefore, the model was used to determine the 

mean soil water content in LOSOIL, expressed as the ratio of 

the current storage (LOSTOR) to the maximum storage (LONAX), 

for the eight streamflow producing storms (Table 25). 

LOSOIL was assumed to be the horizon that exerted the 

greatest control on the generation of SSF. The contributing 

area (CA) in m2 for each storm was calculated by multiplying 

together the contributing slope lengths calculated in the 

Storm 
Date 

2/11 
2/15 
2/24 
3/1 
3/17 
5/25 
5/28 
6/30 

TABLE 25 

ESTIMATED QUICK RELEASE ZONE CONTRIBUTING 
AREAS AND SOIL WATER CONTENTS 

C o_~t::_!P._~_t_!.D .. 9.. 
Slope AREA 
Length 

( m) (m2) 

0.1 220 
0.3 659 
0.1 220 
0.8 1756 
1.8 3951 
0.5 1098 
5.1 11195 
0.4 878 

Mean 
LOST OR 

(mm) 

46 
51 
47 
60 
66 
55 
78 
52 

LOS TOR/ 
LOMAX 

0.58 
0.64 
0.59 
0.75 
0.83 
0.69 
0.98 
0.65 
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previous chapter (Table 11), the width of the three 

hillslope segments (5.4865 m), and the watershed scale 

factor. SSF from the litter layer and the A and B horizons 

were lumped for the contributing slope length calculation. 

SSF from the three sources are also lumped in the QRZ 

subroutine of the model and the analysis below. The con

tributing area was plotted against LOSTOR/LONAX to observe 

the shape of the function (Figure 38). Contributing area 

(QRZAREA) appeared to be a logarithmic function of 

LOSTOR/LONAX. Therefore, the natural log of the 

contributing area was regressed on LOSTOR/LONAX. 

The regression equation obtained was 

ln(SSF contributing area) = 0.075 + 9.764 (LOSTORILONAX). 

The regression equation showed that soil moisture in LOSOJL 

explained 96 percent of the variation in the natural log of 

the QRZAREA. The standard error of the estimate was 0.310. 

The regression equation was highly significant (F = 126.84, 

at a significance level of <0.005). However, the constant 

of the regression equation was not significantly different 

than zero in a two-tailed t-test where the test statistic 

was 0.118 and the significance level was 0.910. 

The area of the QRZ is calculated for each simulation 

time increment in the QRZ subroutine. Input to the QRZ is 

provided by throughfall ( TFALL). Quick release SSF 

(QRZFLOW) is calculated using the expression developed above 

QRZAREA = EXP( ZSLOPE * LOSTORI LONAX ) 
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where GRZAREA is the contributing area and ZSLOPE is the 

slope of the semi-log regression curve. Quick release SSF 

(GRZFLOW) in liters, for a time increment is equal to 

GRZFLOW = GRZAREA x TFALL 

where GRZAREA is in m2 and TFALL is in mm. All GRZVOL pro

duced in a time increment is released to streamflow in the 

same time increment. The form of the GRZ equation is 

similar to variable source area equations used ih the BROOK 

model (Federer and Lash, 1978) and the USGS-PRMS model 

(Leavsley, et al., 1983). The variable source area 

equations in BROOK and PRMS presumably simulate the 

generation of runoff on saturated zones of the watershed 

(saturation return flow). The GRZ subroutine simulates 

shallow subsurface flow. The two processes may be described 

in a similar way mathematically, but are two distinctly 

different physical processes. 

The stream draining Clayton Watershed #3 is ephemeral. An 

early version generated streamflow from channel interception 

even though the stream channels were, in reality, dry. 

Apparently, a certain quantity of water must be stored in 

the near-stream zone area before streamflow can occur. This 

storage in the riparian zone is defined as the riparian zone 

storage tank (RIPSTOR) (Figure 32). Conceptually, the 

riparian zone includes the stream channels and the 
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topographically low alluvial areas that surround parts of 

the channels (Figure 33). These areas combine to form 4 

percent of the watershed area. 

RIPSTOR is modeled as a simple tank with a fixed 

maximum storage (RIPHAX). All previously generated flow is 

routed through RIPSTOR. Additional input is provided by 

throughfall intercepted by the stream channel and litter 

percolation from the alluvial areas. The outflow from 

RIPSTOR is the predicted streamflow volume (OUTFLOW). All 

water in excess of RIPMAX is released as QFLOW in the same 

time increment. Since the riparian zone is vegetated, ET 

is removed from RIPSTOR. The incremental PET remaining 

after throughfall and litter interception is applied to 

RIPSTOR. AET is equal to the lesser of the remaining 

incremental PET or the available storage. AET is also a 

function of the moisture content of RIPSTOR. When the ratio 

of the current storage (RIPSTOR) to the maximum storage 

(RIPMAX) is greater than the field capacity of the gravelly 

soil (0.2), AET is equal to the potential rate. When 

RIPSTOR/RIPMAX is less than the field capacity 0.2, the 

ration of AET to PET decreases linearly from 1 to zero. The 

removal of water from storage in RIPSTOR by ET allows the 

storage to dry out between events. 

Water balance within RIPSTOR is equal to 

RIPSTOR2 = RIPSTORi + INFLOW - OUTFLOW - ETLOSS 

where INFLOW is equal to 
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INFLOW = ( TFALL x CHANAREA) + ( LPERC x ALLUVAREA) + QRZVOL + 

( LOSSF x LANDAREA) + ( DEEPFLOW x LANDAREA) 

where CHANAREA is the area occupied by stream channels, 

ALLUVAREA is the area occupied by topographically low 

alluvial areas, LANDAREA is the watershed area not occupied 

by stream channels or alluvial areas. Unlike the other 

storages, RIPSTOR is expressed in volume (liters) units 

instead of depth units. OUTFLOW is converted to a mean 

discharge (()FLOW) for the simulation increment by 

QFLOW = OUTFLOW I (DEL TAT * 86400) 

where QFLOW is in liters, DELTAT is in days, and 86400 is 

the number of seconds in a day. 

In lieu of direct measurements of soil depths in the 

alluvial areas, RIPHAX was estimated from streamflow records 

for events that were preceded by dry conditions. The volume 

of precipitation (depth x RIPAREA), less canopy and litter 

interception required to initiate streamflow was assumed to 

equal RIPHAX. Estimated values of RIPHAX from 4 storm 

events ranged from 70,000 to 110,000 liters, or 0.9 to 1.4 

mm of depth projected over the watershed area. The small 

quantity of storage is not important during large storms, 

but is important for predicting small storm events and 

annual water balance. 
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Water Chemistry Processes 

The modeling objectives for water chemistry originally 

described were rather broad. It was felt that as a minimum, 

the model should be representative of the flow paths water 

takes and the levels of chemical transformation between 

sources. The watershed model hydrologic processes described 

above predict total streamflow as the sum of flows generated 

from different sources. The sources coincide with the 

sources studied in the field component (except DEEPSOJL). 

The field study provided estimates of the degree of chemical 

transformation water undergoes as it enters a watershed as 

precipitation and leaves as streamflow. Therefore, as a 

first attempt at modeling water chemistry, a simple approach 

using the hydrologic model and the field data was taken. 

Chemical transport from a flow source was assumed to be 

equal to the long term source mean concentration (mg/l) 

times the incremental flow (liters) from each source. Long 

term source mean concentrations were calculated in the 

previous chapter (Table 15). 

entering RIPSTOR is equal to 

The total chemical load 

LANDAREA*[CLOSSF*LOCONC)+(DEEPFLOW*.DEEPCONC)] 

+ ( GRZFLOW*. GRZCONC) 

The chemical load generated within RIPSTOR is equal to 

( TFALL*CHANAREA*TFALLCONC)+(LPERC*ALUVAREA*LITCONC) 
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The total load entering RIPSTOR (INLO~D) is equal to the sum 

of the incoming load and the load generated within. All 

flow source loads are combined within RIPSTOR where complete 

mixing is assumed to occur. The concentration in the 

predicted streamf low is assumed to be equal to the mean 

concentration in RIPSTOR for the time increment (RIPCONC). 

The model is capable of simulating the change in 

chemical concentrations within storms and predicting daily 

and annual loads. The mean concentrations of chemical 

constituents must be entered as input data. Currently, the 

model is capable of predicting chemical transport for only 

one constituent at a time. 

It is acknowledged that the approach taken to model 

water chemistry is rather simplistic. The approach would 

limit the model's application to other watersheds unless 

chemistry information was available. More detailed and 

physically based approaches were investigated. However, the 

data necessary for more detailed approaches, such as initial 

storages of chemical consti~uents and rates of biological 

transformations were not available for watersheds in the 

region under study. Additionally limitations within the 

hydrologic component of the model did not justify a more 

detailed approach to the chemical transport component. It 

was felt that although simple, the approach taken would help 

identify future data needs and model improvements required 

to obtain better predictions. 
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CHAPTER VII 

RESULTS AND DISCUSSION OF 

WATERSHED MODELING STUDY 

Introduction 

The watershed water quality model discussed in the 

previous chapter was used to simulate streamflow and water 

chemistry from Clayton Watershed #3 for the 1986 and 1987 

water years (10/1 - 9/30). The model was first run using a 

set of "standard parameters" • The standard parameters 

represent the best estimates, obtained from measurement or 

available information, of the model parameters. Other runs 

of the model were made with·selected parameter values 

changed, in order to demonstrate the sensitivity of various 

parameters. 

Modeling With Standard Parameter Set 

Standard Parameters 

Thirty seven parameters are required as input for the 

hydrologic component of the model. An additional six 

parameters are required for 1each chemical constituent 
! 

modeled in the chemical trahsport component. It was 

desired to see how the model performed using a set of 
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parameters that represented the "best estimate" of the 

parameters based on field measurements and available sources 

of information such as soil surveys. No optimization or 

calibration was performed. However, the author had to make 

some assumptions in estimating the parameters. Therefore, 

some parameter estimates may contain some personal bias. 

The standard set of pa~ameters, their expected range in 

value, and the units of measurement are summarized in Table 

26. The input parameters fdr predicting chemical transport 

are summarized in Table 27. The expected ranges in values 

are based on the ranges in values for parameters that were 

obtained from measurements or as expressed in other sources. 

The sensitivity analysis performed for selected parameters 

later in this chapter used different parameter values within 

the expected ranges. 

The total watershed area (TOTAREA) was measured from 

topographic maps developed from detailed survays of the 

Clayton Experimental Watersheds. The stream channel area 

CCHANAREA) and the area occupied by topograpically low 

alluvial areas CALLUVAREA) were obtained by field 

measurement (Table 3). 

The soil hydrologic properties were obtained from the 

Pushmataha County Soil Survey (Bain and Waterson, 1979) 

supplemented by additional detailed soil mapping performed 

by USDA Soil Conservation Service soil scientists. Soil 

depths <~SOILDEP) were obtained from the soil surveys and 
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TABLE 26 

STANDARD INPUT PARAMETERS AND THEIR 
EXPECTED RANGES IN VALUE 

Parameter 

Program Control 

MAXI NC 

Standard 
Value 

15 

Geomorphologic Charact~risti~~ 

TOT AREA 
CHANAREA 
ALLUVAREA 

77100 
1635 
1400 

Soil Hydrologic Properties 

UPSOILDEP 
UPPOR 
UPROCK 
UPAWC 
UPWILTP 
LOSOILDEP 
LOPOR 
LORD CK 
LOAWC 
LOWILTP 
DEEPSOILDEP 
DEEPPOR 
DEE PROCK 
DEEPAWC 
DEEPWILTP 
HSATLO 
BLOSOIL 
HS AT DEEP 
BDEEP 
UPSTOR 
LOST OR 
DEEPSTOR 
RIPSTOR 

200 
0.45 
0.25 
0.12 
0.05 
457 

0.40 
0.20 
0.13 
0.18 
350 

0.43 
0.05 
0.13 
0.27 
350 
17 
36 

25.1 
14 
34 
37 
0 

Expected 
Range 

na 

? 
? 
? 

152-254 
0.36-0.43 
0.10-0.35 
0.09-0.19 
0.03-0.08 

360-560 
0.40-0.45 
0.15-0.25 
0.08-0.18 
0.16-0.20 

220-420 
0.40-0.47 
0.00-0.10 
0.08-0.19 
0.22-0.28 
366-1220 

? 
36-122 

? 
?varies 

with 
year 
run 

Units 

(days) 

(mm) 
(mm/mm) 
(mm/mm) 
(mm/mm) 
(mm/mm) 
(mm) 
(mm/mm) 
(mm/mm) 
(mm/mm) 
(mm/mm) 
(mm) 
(mm/mm) 
(mm/mm) 
(mm/mm) 
(mm/mm) 
(mm/day) 

(mm/day) 

· (mm) 
(mm) 
(mm) 
(mm) 
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TABLE 26 (continued) 

Parameter Standard 
Value 

Potential Evapotranspiration 

Expected 
Range 

Units 

PANCOEFF 1 Pan coefficient for all months 

Vegetative 

GROWSTOR 
DDRMSTOR 
LITMAX 
UPWEIGHT 
LOWEIGHT 
DEEPWEIGHT 

Subsurface 

KLO 
KDEEP 

Characteristics 

Flow 

1.8 
0.43 
3.5 
0.5 
0.4 
0.1 

Tank Release 

0.0831 
0.6102 

1.0-3.6 
0.10-0.6 
2.0-7.0 
0.4-0.7 
0.3-0.5 
0.0-0.2 

Coefficients 

0.06-0.10 
0.50-0.70 

Quick Release ~one 

ZSLOPE 

Water Quality 

TFCHEM 
LITCHEM 
UPC HEM 
LOCHEM 
DEEPCHEM 
QRZCHEM 

9.77 8.40-11.1 

Concentration varies with the 
constituent chosen. See 
Tables 27 for mean concentrations 
1987 and 1986 water years. 

(mm) 
(mm) 
(mm) 
must add 

up to 
=1 

( days- 1 ) 

( days- 1 ) 

(mg/l) 
(mg/l) 
(mg/I) 
(mg/l) 
(mg/l) 
(mg/l) 
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TABLE 27 

CHEMICAL TRANSPORT INPUT PARAMETERS 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

PARAMETER 

Water Year 1987 
------------------
TFCHEM 
LITCHEH 
UPCHEM 
LOCHEM 
DEEPCHEM 
QRZCHEM 

Water Year 1986 
------------------
TFCHEM 
LITCHEM 
UPCHEM 
LDCHEM 
OEEPCHEM 
ORZCHEM 

H+ 
(mg/I> 

0.023529 
0.001051 
0.004056 
0. 003311 
0.001355 
0.001995 

0.023529 
0. 001851 
0.004056 
0.003311 
0.001355 
0.001995 

N03-N 
(mg/I> 

0.28 
0.22 
0.24 
0.09 

0.008 
0.14 

0.39 
0.33 
0.22 
0.09 

0.008 
0.14 

Mean Concentration of Constituent 

DOC 
(mg/l) 

55 
314 

99 
50 
21 

230 

Ca++ 
<mg/l) 

0.65 
2.78 
1.39 
0.86 
0.82 
1.67 

1.1 
2.2 

2.64 
0.86 
0.82 
1.02 

Mg++ 
(mg/l) 

0.13 
1 

0.91 
0.92 
0.78 
0.92 

0.36 
1.3 

1.55 
0.92 
0.78 
0.79 

K+ 
(mg/I> 

2.89 
3.13 
1.24 

1 
0.62 
1.79 

0~68 
1.34 
1.16 

1 
0.62 
1. 79 

Na+ 
(mg/l) 

0.2 
0.35 
0.87 
1.43 
1.91 
0.8 

0.26 
0.28 
0.34 
1.43 
1.91 
0.76 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
•Hean concentrations not available, 1987 data used 

N 
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supplemented with measurements taken during the installation 

of the soil solution and SSF collectors. The wilting point 
I 

(~WILTP) and porosity <~POR) estimates were obtained from 

average values for each soil texture ( USDA SCS, 1984). The 

expected range in soil depth corresponds to data from the 
i 

soil surveys and field measurements. The percent rock 

<~ROCK) was subtracted from the total soil storage capacity 

because estimates of soil porosity normally do not include 

rock in the solid phase. Porosity measurements are 

performed on homogenous samples of the soil containing only 

the soil particles themselves. The available water 

capacities (~AWC) and saturated hydraulic conductivities 

(~HSAT) were obtained from soil profile descriptions in the 

soil survey. All soil hydrologic property values were 

weighted against area and averaged to obtain estimates that 

reflect the areal variation in soil type across the 

' watershed. Both the best estimate and the expected range 

reflect this averaging and ~he range in characteristics for 
I 

each soil series as reporte~ in the soil survey. The soil 

percolation equation constants ( BLOSOIL and BDEEP) were 

calculated for each of the area weighted average soil 

textures using graphs and procedures in Campbell (1984). 

No measurements of soil moisture were available for the 

watershed. Therefore, initial values for the soil storage 

tanks had to be estimated. Antecedent climatic conditions 

were used as a first attempt'at the estimation. Later, the 

soil storage values predicted for the end of the 1986 water 
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year were used as the initial storage for the 1987 water 

year. The same values were used for the initial storages in 

the 1986 water year. Since streamflow did not exist at the 

start of either the 1986 or 1987 water year, the riparian 

storage was assumed to be dry (RIPSTOR = 0). 

The methods used to estimate the remaining parameters 

were discussed in the previous chapter. The expected range 

in values for the vegetative characteristics were estimated 

from the literature. The expected range of the subsurface 

flow tank release coefficients were obtained from hydrograph 

analyses. The range in ZSL(J)P£ was calculated from the 

standard error of the ln contributing area vs. LOSTOR/LOMAX 

regression equation slope coefficient. 

The watershed model calculates the soil storage tank 

properties from the input parameters. Using the standard 

' parameters, the model calcuiates an average maximum 

saturated storage of 201 mm ,(Table 28). The total available 

water capacity (the sum of field capacity depths) is 129 mm. 

The total gravity water, or water that is available for 

subsurface flow release, is 72 mm. The soil storage 

properties obtained from the model seem reasonable for the 

soils in the region. 

Annual Runoff and Water Balance 

The watershed model predicted annual runoff, AET, deep 

seepage loss, and the change in storage for the 1986 and 

1987 water years (Table 29). The model underpredicted the 
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TABLE 28 

SOIL STORAGE PROPERTIES OBTAINED FROM THE 
MODEL USING STANDARD PARAMETERS 

Storage Depth Ma*imum Field Gravity 
Storage Capacity Water 

(mm) (mm) (mm) (mm) 

UPSDIL 200 68 24 44 

LOSO IL 457 80 59 21 

DEEPSDIL 350 53 45 7 

Totals 1007 201 129 72 

TABLE 29 

PREDICTED ANNUAL WATER BALANCE FROM CLAYTON WATERSHED #3 
FOR THE 1986 AND 1987 WATER YEARS 

Water Precipi- Actual Runoff Deep Storage 
Year tat ion ET Seepage Change 

(mm) (mm) (mm) (mm) (mm) 

1987 1266 888 225 150 +10 

1986 1752 893 545 318 +1 

annual runoff by 9 (-4%) and 35 (-6%) mm for the 1987 and 

1986 water years, respectively. Given the potential for 

error in the estimation of the parameters, the results 
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for annual flow prediction were considered to be good. No 

data is available to compare the predicted and actual AET 

and deep seepage loss. The results obtained seem 

reasonable, however, given the assumptions made. The effect 

of changing the ET and seepage parameters on annual water 

balance is discussed in the next section. 

Annual Chemical Loads 

The annual loads of 7 constituents were predicted by 

the model for the 1987 water year. Average source 

concentrations of dissolved organic carbon (DOC) were not 

available for the 1986 water year. The predicted chemical 

loads for the seven constituents were compared to measured 

loads for both water years (Table 30). Despite 

underpredicting runoff, the model consistently overpredicted 

I 

chemical transport for all constituents for both water 

years. 

Two reasons may account for the overpredictions. The 

model may not be dividing the flow between sources properly. 

If flow from a more potent source of a particular 

constituent is overpredicted, the resulting annual load 

would also be overpredicted. The second reason is the 

source chemistry means may be too high. The variation about . 

the mean concentrations was large for all of the 

constituents (Tables 15and16). Observations of the data 

indicated that a few high concentrations increased the mean 

concentration. 



TABLE 30 

A COMPARISON OF PREDICTED AND MEASURED 
CHEMtCAL LOADS 

Constituent 

Water- Year- 1987 

N03-N 
DOC 
Ca++ 
Mg++ 
K+ 
Na+ 
H+ 

Water- Year- 1986 

N03-N 
Ca++ 
Mg++ 
K+ 
Na+ 
H+ 

Pr-edic:ted 
Load 
(kg) 

1.9 
1496 

18 
15 
23 
22 

0.08 

5 
40 
37 
46 
53 

0.2 

I 

Measur-ed 
Load 
(kg) 

0.8 

14 
14 
13 

0.02 

5 
33 
26 
28 
14 

0.05 

Differ-enc:e 

(kg) 

1.1 

4 
1 

10 

0.06 

0 
7 

11 
18 
39 

0.15 

In a review of soil solution sampling methods. Litaor-

(1988) found that the type ~f sampler- used can affect the 

results obtained. The type of sampler- used in this study 

may also have affected the r-esults. Following many stor-ms, 

the collection buckets fr-om the A and 8 hor-izon soil 

solution sampler-s wer-e full. As a r-esult, it was not clear-

when dur-ing a stor-m the samples wer-e taken. Mor-e than 

likely, the samples wer-e c:ollec:ted early in the stor-m, when 

greater- quantities of the chemical constituents in the soil 

wer-e available for tr-anspor-t. Mean concentrations of 
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constituents in SSF tended to be higher than the 

concentrations in the soil (Tables 15 and 16). The reasons 

for this result are not clear. Due to the length of pipe 

and large size of the collection tank, some problems in 

cleaning the SSF collection system between storms were 

encountered. However, if contamination was a problem, it 

would probably have occured randomly. SSF mean 

concentrations were consistently higher than the soil 

solution concentrations. 

paily Runoff 

Since the model operates on a daily time scale, 

predictions of daily runoff volumes were performed (Table 

31). The daily runoff table provides information on how 

well the model performed throughout the water year. The 

model tended to overpredict daily runoff during periods 
I 

preceeded by dry anteceedenf conditions early and late in 

the water year (October - November, July - September). 

During other periods, the model generally underpredicted 

daily runoff. The reasons for the discrepencies between 

predicted and actual runoff are discussed in the next 

section on individual storm predictions. 

Individual Storm Predictions 

Streamflo~ 

The watershed model produces continuous simulations of 

streamflow throughout a water year. An investigation of 



predicted streamflow for the 1986 and 1987 water years was 

performed. The predicted da~a sets were reviewed 

completely. The results fro~ four storms (Figures 

39,40,41,and 42) are shown here as typical examples of the 

model's performance. The model's response to precipitation 

and timing of flow were generally good. However, the model 

underpredicted stormflow volµmes in most cases (Table 32). 

The model tended to overpredict peak flows by producing 

large "spikes" of streamflow. The model typically 

underpredic ted streamf low on1 the recession side of the 

hydrograph. An analysis of the storm of 5/28/87 shows that 

following the generation of ~ rapidly rising peak, the 

predicted flow dropped well ~elow the actual flow. During 

recession, predicted flow is1 generated by the lower and 

deep soil storage tanks. The volume of water available for 

flow from the soil tanks is equal to the depth of water in 

excess of field capacity ( _iGRAV) times the watershed area 
I 
I 

I 

less the riparian area (LANaAREA). Assuming that LANDAREA 
I 

was measured correctly, the ,low simulated flows are a result 

of too little water in the _GRAV storages. The size of 

the _GRAV storages is determined by the difference between 

the maximum storage (_MAX) and the field capacity C_FCAP). 

The amount of water in the storage at a given time, however, 

is determined by a number of inter-related factors such as 
I 

I 

ET and percolation and storage release rates. 
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TABLE 31 

' 

SIMULATED AND ACTUAL DAILY RUNOFF 
WATER YEAR 1987 

Month Day Actual Simulated Difference 
Runoff Runoff Predicted-

Actual 
(liters) (liters) (liters) 

10 1 0 0 0 
11 3 0 0 0 
11 4 2010410 215610 14200 
11 5 6006 24884 18878 
11 6 0 0 0 
11 9 0 0 0 
11 10 23 167197 167174 
11 11 782 124926 124144 
11 12 0 0 0 
11 24 0 0 0 
11 25 0 1801 1801 
11 26 0 0 0 
12 6 0 0 0 
12 7 111518 444183 332665 
12 8 210054 497937 287883 
12 9 173284 199817 26533 
12 10 43458 I 43784 326 
12 11 11138 24571 13444 
12 12 0 7647 7647 
12 13 0 618 618 
12 14 0 11469 11469 
12 15 0 0 0 

12 17 0 0 0 
12 18 0 13101 13101 
12 19 0 0 0 

1 2 0 0 0 

1 3 50181 121073 70892 
1 4 24347 331 -24016 
1 5 3345 33648 30303 
1 6 0 0 0 

1 7 0 11859 11859 
1 8 293 12502 12209 
1 9 806285 1061969 255684 
1 10 232108 80561 -151547 
1 11 118346 38681 -79665 

1 12 73763 19979 -53784 
1 13 31544, 6994 -24550 
1 14 14925' 50 -14875 
1 15 123131 120511 -2650 
1 16 287486 337881 50395 
1 17 283951 310949 26998 
1 18 1310748 1063597 -247151 
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TABLE 31 (Continued) 

Month Day Actual Simulated Difference 
Runoff Runoff Predicted-

Actual 
(liters) (liters) (liters) 

1 19 356045 83736 -272309 
1 20 175088 39195 -135893 
1 21 139107 20329 118778 
1 22 50127 8670 -41457 
1 23 82980 1281 -81699 
1 24 49394 9086 -40308 
1 25 13168 0 -13168 
1 26 9513 0 -9513 
1 27 5779 0 -5779 
1 28 57 0 -57 
1 29 0 0 0 
1 31 0 0 0 
2 1 30618 0 -30618 
2 2 24854 0 -24854 
2 3 10003 0 -10003 
2 4 1199 0 -1199 
2 5 622 0 -622 
2 6 3680 0 -3680 
2 7 6642 0 -6642 
2 8 2573 0 -2573 
2 9 0 0 0 
2 12 0 0 0 
2 13 27411 0 -27411 
2 14 35726 0 -35726 
2 15 237448 95569 -141879 
2 16 136891 57704 -79187 
2 17 66326 26446 -39880 
2 18 81405 0 -81405 
2 19 84401 15698 -68703 
2 20 62776 0 -62776 
2 21 42950 0 -42950 
2 22 21397 4234 -17163 
2 23 33183 0 -33183 
2 24 139879 113138 -26741 
2 25 121407 18824 -102583 
2 26 388342 462906 74564 
2 27 373995 183485 -190510 
2 28 1374806 1382499 7693 
3 1 500071 155865 -344206 
3 2 154665 44526 -110139 
3 3 137596 13167 -124429 
3 4 108114 2252 -105862 
3 5 63483 13186 -50297 
3 6 67166 0 -67166 
3 7 30647 0 -30647 
3 8 14100 0 -14100 
3 9 19029 0 -19029 
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TABLE 31 (Continued) 

Month Day Actual Simulated Difference 
Runoff Runoff Predicted-

Actual 
(liters) , (liters) (liters) 

3 10 4075 0 -4075 
3 11 0 0 0 

3 16 0 0 0 
3 17 1819916 1403371 -416545 
3 18 398372 I 91442 -306930 
3 19 184620 31393 -153227 
3 20 94769 7177 -87592 
3 21 66764 21202 -45562 
3 22 42073 0 -42073 
3 23 59047: 0 -59047 
3 24 49058 0 -49058 
3 25 36938 0 -36938 
3 26 43108 0 -43108 
3 27 49769 0 -49769 
3 28 28761 0 -28761 
3 29 20694 0 -20694 
3 30 14071 0 -14071 
3 31 5137 0 -5137 
4 1 3994 0 -3994 
4 2 0 0 0 
4 12 0 0 0 
4 13 20101. 0 -20101 
4 14 2487, 0 -2487 
4 15 0 0 0 
5 4 0: 0 0 
5 5 15 0 -15 
5 6 0 0 0 
5 19 0 0 0 
5 20 20 0 -20 
5 21 0 0 0 
5 22 9 0 -9 
5 23 0 1915 1915 
5 24 1 0 -1 
5 25 165452 90659 -74793 
5 26 2557 0 -2557 
5 27 0 0 0 
5 28 2553276 2117239 -436037 
5 29 1580648 1016693 -563955 
5 30 267321 58753 -208568 
5 31 271877' 48900 -222977 
6 1 143661 21237 -122424 
6 2 32313. 3222 -29091 
6 3 1987 0 -1987 
6 4 0 0 0 
6 18 0 0 0 
6 19 113 0 -113 
6 20 0 0 0 
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TABLE 31 · (continued) 

Month Day Actual Simulated Difference 
Runoff Runoff Predicted-

Actual 
(liters) (liters) (liters) 

6 21 0 0 0 
6 22 0 0 0 
6 23 3407 0 -3407 
6 24 0 0 0 
6 29 0 0 0 
6 30 103160 75101 -28059 
7 1 0 0 0 
7 8 0 0 0 
7 9 85230 388856 303626 
7 10 O' 0 0 
9 9 0 0 0 
9 10 509 28600 28091 
9 11 0 0 0 
9 14 0 0 0 
9 15 268 468713 468445 
9 16 0 551952 551952 
9 17 0 0 0 
9 18 664929 2881407 2216478 
9 19 2822 216964 214142 
9 20 0 34803 34803 
9 21 0 8971 8971 
9 22 0 941 941 
9 23 0 0 0 
9 27 0 0 0 
9 28 29 0 -29 
9 29 0 0 0 
9 30 0 0 0 
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TABLE 32 

COMPARISON OF ACTUAL AND PREDICTED 
STORMFLOW VOLUMES AND PEAK FLOW RATES 

Storm Actual Predicted Actual Predicted 
Date Volume Volume Peak Peak 

(1) (1) i (l/s) ( 1 /s) 

11/17/86 3663674 4747956 88 255 

3/17/87 1819916 1403371 68 64 
3/18/87 398372 91442 
3/19/87 184620 31393 

5/28/87 2553276 21172139 393 547 
5/29/87 1580648 10166'93 
5/30/87 267321 58753 

6/30/87 103160 75101 17 92 

Baseflow following sto~mflow was generally 

underpredicted. Simulated ~aseflow also did not extend as 

long as did actual baseflow. Too little water in the 

DEEPGRAV, or too rapid of a seepage rate may be the reasons 

for the underprediction of base flow. The model did, 

however, generate more simulated flow than actual flow 

during certain periods. For example, during the months of 

October and November of water year 1987, the model generated 

more flow than actual flow. The fall months represent a 

period of soil moisture storage buildup. The generation of 

excessive simulated flow may have been due to the soil 

storages being too small, or the estimate of the initial 

soil storages being too large. 



~hemistry 

The watershed model produces output in the form of 

continuous predictions of streamwater chemistry for the 

constituent chosen. The predictions for the 1986 and 1987 

water years were performed for the constituents listed in 

the annual chemical load table (Table 30). For all 

constituents, the predicted annual chemical loads were 

greater by 107 to 378 percent than the actual loads. A 

review of the predicted str~amflow-chemical concentration 
1 

files showed that for all cQnstituents, predicted 

concentrations were generally higher during the early parts 

of a storm than the actual concentrations. The difference 

between the predicted and actual concentrations during 

recession flows and base fldws depended on the constituent 

under study. Due to the large volume of data and 

similarity of predicted results between constituents, 

detailed analysis of the model predictions will be limited 

to two constituents, NQ3-N ahd Ca ••. NO::s-N was chosen 

because of its high solubility, mobility and significance as 

a plant nutrient and a non-point source pollutant. ca++ 

was chosen as a representative less mobile and reactive 

cation. 

The predicted concentrations of NO::s-N were plotted with 

the actual concentrations and actual streamflow to observe 

the model's behavior. Actual N03-N concentrations tend to 

rise rapidly in the early parts of the storm, and decline to 

a low baseline level near or soon after peak flow. This 
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hysterisis of N03-N concentration has also been observed to 

occur on Clayton Watershed #1 (Lawrence and Wigington, 1988) 

and during other storms on Clayton Watershed #3. The model 

predicts a high concentration of N03-N at the beginning 

followed by a gradual decline to a low base level 

concentration (Figure 43). However, the predicted 
i 

concentrations are continuo~sly too high by 3 to 5 times 

throughout the storm. The same trend occured during 

predicted storms not illustrated here. 

The possible reasons fdr the overpredictions in N03-N 

concentrations are the same as for the overpredictions in 

the annual N03-N loads. The model calculates the 

concentration of N03-N as a function of flow and a mean 

concentration. The observed hysterisis effect of the actual 
I 

concentrations of N03-N may ;be the result of potent sources 

of N03-N contributing to fldw early in a storm. However, 

NO~-N may also be supply limiting. The supply of available 

N03-N in the soil is increased by atmospheric deposition, 

organic decomposition and mineralization, and decreased by 

plant uptake, denitrification and leaching (Frere, et al., 

1980). It is possible that the pool of available N03-N in 

the soils of Clayton Watershed #3 is depleted very rapidly 

at the beginning of a storm. The change in soil solution 

N03-N concentration early in: a storm would not be detected 

by the lumped-sample soil solution collectors used in the 

field study. The rapid depletion of available N03-N in 

combination with the generation of flow from sources 
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having greater amounts of available N03-N probably combine 

to produce the actual hysterisis in N03-N concentrations. 

Another possible reason for the over-prediction of N03-

N concentrations is the manner in which the model mixes flow 

in the riparian storage tank. Water percolating through the 

litter in the alluvial soils, a high source of N03-N, is 

assumed to enter the stream directly and mix with flow from 

the other sources. In reality, the flow generated in the 

alluvial zones may penetrate deeper in the soil, undergo 

chemical transformations, and emerge downslope as 

streamflow. The deeper mixing may cause a loss of N03-N and 

result in an actual concentration that is lower than the 

assumed concentration. To date, little is known about the 

chemical processes in the zone immediately around the stream 

channels. 

Calcium and other cations show little fluctuation with 

streamflow. An investigation of the data file of actual 

streamflow and chemistry confirmed this observation. A 

slight decrease in the concentration of calcium (and other 

cations) is observed prior to peak flow (Figure 44). 

However, the reductions in concentrations are small, 

approximately 15 percent or less. Soon after peak flow, the 

concentrations rise back to a base level concentration that 

is on the order of 10 percent less than the concentrations 

that occur initially in the storm. The model predicts the 

rises and falls in the concentration of calcium reasonably 

well (Figure 44). However, as with N03-N, the predicted 
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concentrations are continuously too high. The possible 

reasons for the over-predcition cited previously also 

pertain to calcium and the other cations. 

Modeling With Different Sets of Parameters 

The set of "standard" parameters represented the best 
i 

estimate or the average val~e within an expected range of 
I 

values. From the results obtained from the model, there is 

good reason to believe that.some of the parameter estimates 

I 
could be improved. No formal mathematical calibration 

procedure was performed on the model. However, different 

estimates of certain parameter values were used to observe 

the sensitivity of the predicted results to the change in 

parameter values. 

After observing the behavior of the model, it became 

apparent that the set of evaporation pan coefficients and 

the deep seepage routine were important to the modeling of 

water balance. These two functions represent the greatest 
I 

losses of water from the watershed system. They also 

represent two parts of the model for which the least amount 

of information could be obtained or measured. As mentioned 

previously, in lieu of better information, the monthly pan 

coefficients were held constant at a value equal to one. A 

set of pan coefficients usetl in the modeling of a small 

forested watershed in Kentucky, were obtained from the 

literature (Leavesly, et al. 1983). The pan coefficients 
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were 1, 0.9,o.a,o.a,o.9,1,1, and 1.2, for the months of 

October, November, December, January, February, March, 

April, and May through September, respectively. The new 

set of pan coefficients were entered into the model and all 

other parameters were kept at the standard values. The 

resulting increase in ET ~educed annual runoff by 4 percent 

for both the 1987 and 1986 water years (Table 33). 

Percolation and soil moisture storage were also reduced. 

The question may arise as to whether or not there actually 

is deep seepage loss on Clayton Watershed #3. The 

assumption that deep seepage loss does occur was based on 

observations of actual rainfall-runoff data and of the soils 

and geology at the site. To observe the effect of no deep 

seepage on the predicted results, the model was run with 

DEEPSEEP set equal to zero, with the new set of pan 

coefficients , and with all other parameters set at the 

standard values. As a result of no seepage loss, the 

predicted runoff was increased by 60 and 50 percent for the 

1987 and 1986 water years, irespectively. The new predicted 

annual runoff values are well above the actual value$. It 

is doubtful that increasing the ET pan coefficients further 

would be realistic, or effective at extracting more water. 

Therefore, the only reasonable way to account for water 

balance would be through deep seepage loss. Whether or not 

the deep seepage function in the model represents the true 

process remains uncertain. 
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TABLE 33 

SENSITIVITY OF PREDICTED ANNUAL WATER BALANCE TO CHANGES 
IN PAN COEFFICIENTS AND THE PERCOLATION FUNCTION 

Water 
Year 

Precipi
tation 

(mm) 

Standard Parameters 

1987 
1986 

1266 
1752 

Actual 
ET 

(mm) 

988 
893 

New ET Pan Coefficients 

1987 
1986 

1266 
1752 

903 
945 

Runoff 

(mm) 

225 
545 

216 
523 

Deep 
Seepage 

(mm) 

150 
318 

151 
297 

No Percolation and New ET Pan Coefficients 

1987 
1986 

1266 
1752 

911 
952 

359 
823 

0 
0 

Storage 
Change 

(mm) 

+10 
+1 

+1 
-13 

+1 
-10 

Since the majority of the incoming precipitation is 

routed through the soil tanks, it would be reasonable to 

assume that predicted streamf low would be sensitive to 

changes in the soil tank parameters. Therefore, the model 

was run a number of times with different soil tank 

parameters. The results of all of these tests will not be 

presented here. However, some general conclusions from the 

tests can be drawn. Any change in a soil tank parameter 

that tended to allow flow to be released sooner or faster, 

increased stormflow and annual runoff. Conversly, any 

change in a soil tank parameter that tended to increase the 
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storage below field capacity or allowed flow to be released 

more slowly, reduced stormflow and annual runoff. 

For example if LOAWC were reduced, the storage below 

LOFCAP would be reduced. Streamflow would occur sooner, and 

the pool of water from which ET could extract water would be 

reduced. Hence, both stormflow and annual flow would be 

increased. Two values of LDAWC (0.10 and 0.15 mm/mm) were 

used in the model, with all other parameters at the standard 

values, to observe the effect of the change on predicted 

flows for the 1987 water year. The values were chosen from 

within the expected range of the parameter. The reduction 

of LOAWC by 23 percent decreased LDFCAP by 22 percent (from 

59 to 46 mm) and increased arlnual runoff by 70 percent (from 
I 

225 mm to 381 mm). The increase in LOAWC of 13 percent 

increased LOFCAP by 13 percent (from 59 to 69 mm/mm) and 

decreased annual runoff by 34 percent (from 225 to 148 mm). 

The change in LOAWC also. affected the timing and rate 

of predicted stormflow (Figur.e 45). Reducing LOAWC to 0.10 

changed the predicted peak flow from 62 to 65 l/s and 

increasesd recession flows throughout the storm. Increasing 

LOAWC to 0.15 reduced the predicted peak flow from 62 to 50 

l/s and reduced predicted str~amflow throughout the storm. 
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The water chemistry parameter sensitivity was not 

tested. However, since the predicted load is a function of 

a mean concentration times predicted flow, any parameter 

that significantly affects flow would affect the predicted 

chemical load. The predicted loads and concentrations would 

also be highly sensitive to changes in the mean 

concentration estimates. 
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CHAPTER VIII 

CONCLUSIONS 

Field Study Conclusions 

Shallow subsurface flow (SSF) was found to be a major 

streamflow generating proces~ ori the study watershed. SSF 

generated up to 48 percent of the total streamflow volume 

for specific storm periods.! The actual quantity of SSF 

produced was found to be an exponential function of 

precipitation quantity. The quantity of SSF was also found 
I 

to be a function of precipit~tion intensity and duration and 

the antecedent soil moisture• SSF was generated rapidly and 

early during storm events, t~ereby contributing to the 

generation of peak flow rates. SSF commenced within 15 

minutes of the onset of prec~pitation from even the deepest 

horizons. The rapid release of SSF suggested that a 

mechanism such as rapid flow through macropores exists. 

The area of the watershed contributing to SSF was found to 

be small and limited to steep slopes surrounding the incised 

stream channels. 

SSF was also found to contribute significantly, from 65 

to 200 percent for N03-N, of the total stream chemical load 

for specific storm periods. The percentage of the total 

stream load supplied by SSF was a function of the chemical 
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constituent and the quanti~y of SSF produced. Since SSF is 

released rapidly during storm events, chemicals in SSF are 

also released rapidly and early during storm events. The 

rapid release of chemicals through SSF helps to explain the 

early and rapid rise in st~eam chemical concentrations that 

have been observed during storm events on the watershed. 

Watershed Modeling Conclusions 

The watershed hydrology and chemical transport model 

developed in the study used storage tanks to represent 

hydrologic processes, similar to the BROOK (Federer and 

Lash, 1978), Kentucky Daily (Sloan, et al., 1983) and USGS 

PRMS (leavsely, et al., 1983) watershed models. The model 

differs from the previously mentioned watershed models in 

that the storage tanks were assembled in a unique way to 

represent the conditions f6und on the study watershed. The 

division of the watershed into the riparian and quick 

release zones was based on 'measurements and observations 

made during the field component of the study. The riparian 

zone concept is somewhat site specific, but should hold for 

small watersheds having incised stream channels and small 

topographically low alluvial areas surrounding the stream 

channels. Such conditions are common to small watersheds 

found in the Ouachita Mountains. The quick release zone 
i 

functions were obtained fr~m the field measurements of 

shallow subsurface flow. 
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The model program was designed for efficient operation 

and flexibility. The model is capable of simulating indi-

vidual storm events, daily flows, and the annual water 

balance. The model is also designed to simulate storm 

chemical concentrations and daily and annual chemical loads. 

Although the chemical transport routines are presently very 

simple, the storage tank doncept and model structure allows 

for the easy future addition of more complex routines. The 

model could also be used to continuously simulate soil 

moisture, throughfall, or any component of the hydrologic 

cycle with minor changes in the output statements. The 

model structure is flexible in that different subroutines 

for hydrologic processes may be substituted without 

affecting the entire model operation. 

The majority of the parameters required in the model 

may be estimated by direct.field measurement or obtained 
I 

' from the literature. Stre,mflow data is required for the 
I 

' estimation of streamflow r~cession constants. The quick 

release zone (QRZ) is the most conceptual component of the 

model. The QRZ parameters were estimated from the field 

measurements of shallow su~surface flow. In lieu of such 

information, the QRZ parameters would have to be obtained by 

calibration. The QRZ flow function is mathematically 

similar to variable source area functions found in the 

BROOK, PRMS and Kentucky Daily models. It differs 

conceptually because it represents a different hydrologic 

process. 
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Using a set of parameters that represented the "best" 

initial estimate that could be made with no calibration, the 

model provided good predictions of streamflow and water 

chemistry. The predicted annual runoff for the two water 

years simulated were within 10 percent of the actual values. 

The predicted streamflow increased and decreased in response 

to precipitation in a pattern that generally matched the 

actual streamflow. As a first attempt at modeling the 

study watershed, the model performed well. 

Suggestions for Future 

Field Research 

The field study of subs~rface flow essentially used a 

black box approach, inputs a~d ouputs were measured, but 
I 

processes within the box, or hillslope, were not. A better 

understanding of the flow generating processes within hill-

slopes is required to extrap~late the results of limited 

field studies to other watersheds and to create physically 

based algorithms that can be used to improve watershed 

models. A future hillslope hydrologic processes study 

should include, but not be limited to, the following 

considerations. 

Better measurements of b~sic soil properties and their 

range and distribution of values are required. Such an 

investigation would include the nature and extent of soil 

mac:ropores. Improved measurements or estimates of soil 

hydraulic: conductivity as affected by mac:ropores such as 



those performed by Kneale (1985) and Watson and Luxmoore 

(1986) would be helpful. 

The physics of flow through the hillslope could be 

better defined with a system of recording piezometers and/or 

tensiometers and continuous measurement of soil moisture. 

The additional soil moisture and water tension data, 

together with better soil physical property measurements and 

a subsurface flow collection system, would provide a more 

complete description of the physical factors responsible for 

generating flow within the soil. The added knowledge could 

be used to better define the flow paths and flow path length 

of subsurface flow. An understanding of the physical 

processes on undisturbed sites would also help in gaining a 

better understanding of how and to what extent future land 

use changes may affect streamflow from forested watersheds. 

' 

Suggest~ons for Future 

Model Improvements 

Measurements of AET from the Clayton Watersheds were 

not available. ET is a difficult process to measure, yet is 

necessary to confirm assumptions made in water balance 

models. Another approach to estimating ET is to account for 

all other components of th~ water balance including deep 
I 

seepage loss. Little is known about the deep seepage 

process on small watersheds in the Ouachita Mountains. 

However, given the highly weathered and fractured rock 
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formations found in the region it is suspected to occur. 

The actual seepage process would probably be highly 

spatially variable and difficult to measure. Additional 

information on the soil hydraulic properties also needs to 

be gathered. Data from the soil survey and limited 

measurements were used in the model. No accounting of 

macropore flow or macroporosity were made. The nature and 

distribution of such pores could drastically affect the mode 

of flow in, and the storage capacity of the soil. The 

range of and distributions of soil property values must be 

adequately described to obtain useful mean values for lumped 

' parameter models. The same reasoning also holds true for 

parameters describing chemical transport. 

Improved parameter estimates is one method to improve 

the predictions of the model. Other changes would also be 

helpful. An ET function that was more closely connected to 

the vegetative cover would make the model more physically-

based. An ET function that uses stand density and leaf area 

index, such as that used in the BROOK model (Federer and 

Lash, 1978) could be used. Such an approach links together 

the ET processes and the vegetative cover, and eliminates 

the need for relying on questionable pan coefficients. 

Near stream zone processes, including the riparian area and 

the quick release SSF zone, need to be made more physically-

based so the model could be applied to other watersheds. 

Improvements in the descriptibn of flow within the soil, 

such as a macropore drainage function, could also be made. 
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The need for an improved deep seepage loss function has 

already been mentioned. 

The prediction of water chemistry would benefit 

greatly from improvements in the hydrologic component. 

However, the water chemistry routines could also be 

improved. A simple exponential decline in N03-N 

concentrations in various storages could improve the 

prediction of N03-N concentrations. The storage tank 

concept of the model is amenable to adding "chemical 

storage" and transformation routines to each tank. The 

quantity of each constituent and the transformation of the 

constituents (ie: denitrification, mineralization, cation 

exchange) could be accounted for in each storage. 

Additional parameters would be needed for such an approach, 

but the modeler would also ~e freed from using perhaps 

questionable mean concentration values. 
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TABLE 34 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 1/15/87 

Precipitation Data 

Date Time Accum. Interval In tens. 
PCP PCP 
(mm) (mm) (mm/hr) 

1/15 5:31 o.o o.o o.o 
1/15 5:56 1.3 1.3 3.0 
1/15 8:22 1.3 o.o o.o 
1/15 8:52 2.5 1.3 2.5 
1/15 10:03 2.5 o.o o.o 
1/15 10:43 3.0 0.5 0.8 
1/15 11:23 5 .• 6 2.5 3.8 
1/15 12:24 8.1 2.5 2.5 
1/15 13:04 10.2 2.0 3.0 
1/15 14:30 11.2 1.0 0.7 
1/15 19:31 11.2 o.o o.o 
1/15 20:46 11.9 0.8 0.6 
1/15 21:47 13.5 1.5 1.5 
1/15 23:22 15.0 1.5 1.0 
1/16 00:00 16,;3 1.3 2.0 
1/16 01:10 18.8 2.5 2.2 
1/16 06:22 18~8 o.o o.o 
1/16 07:12 19.8 1.0 1.2 
1/16 13:54 20~3 0.5 0.1 
1/17 00:00 21.1 0.8 0.1 
1/17 06:42 21.16 0.5 0.1 
1/17 08:45 21.6 0.0 0.0 
1/17 13:00 21.ja 0.3 0.1 
1/17 15:31 22.9 1.0 0.4 
1/17 16:51 23.9 1.0 o.e 
1117 18:22 23.9 o.o 0.0 
1/17 18:52 25.1 1.3 2.5 
1/17 20:42 25.9 0.8 0.4 
1/17 21:43 28.2 2.3 2.2 
1/17 22:43 33.0 4.8 4.8 
1/18 00:00 36.6 3.6 2.B 
1/18 00:50 36.8 0.3 0.3 
1/18 01:50 37.1 0.3 0.3 
1/18 02:30 43.9 6.9 10.3 
1/18 02:40 45.2 1.3 7.6 
1/18 03:41 46.0 0.8 0.7 
1/18 05:21 48.0 2.0 1.2 



Date 

1/18 
1/18 
1/19 

Date 

1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/17 
1/17 
1/17 
1/17 
1/17 

Time 

09:43 
14:44 
00:00 

TABLE 34 (Continued) 

Ac cum. 
PCP 
(mm) 

49.5 
50.8 
51.3 

Interval 
PCP 

(mm) 

1.5 
1.3 
0.5 

Intens. 

(mm/hr) 

0.3 
0.3 
0.1 

Subsurface Flow Data 

Time Ac cum 
Vol. 

(liters) 

Interval 
Discharge 
(l/s)*1000 

SITE 1: Litter Layer F l:.m! 

10:45 0.4 o.o 
10:50 0.5 0.1 
10:53 0.6 0.3 
10:56 0.6 0.1 
11:15 0.6 o.o 
11:18 0.7 0.2 
11:23 0.7 o.o 
11:29 0.7 o.o 
11:30 0.8 0.2 
11:32 0.8 0.1 
11:34 0.9 0.2 
11:40 1.0 0.2 
11:59 1.1 o.o 
12:14 1.2 o.o 
12:20 1.2 0.0 
12:28 1.2 o.o 
12:38 1.3 o.o 
12:39 1.4 0.7 
12:42 1.4 0.1 
13:11 1. 5 0.0 
14:31 1. 5 0.0 
20:49 1. 5 o.o 
21:00 . 1.6 o.o 
21:05 1.6 0 .1 
21:30 1.7 0.0 
22:00 4.3 o.o 
23:00 6.5 o.o 
00:00 7.3 o.o 
01:16 8.2 o.o 
04:31 8.7 o.o 
07:50 9.0 o.o 
15:18 9.0 o.o 
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TABLE 34 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 

(liters) (l/s)*lOOO 

1/17 15:19 9.3 0.2 
1/18 00:00 9.3 o.o 
1/18 12:00 9.7 o.o 
1/18 12:20 9.7 o.o 
1/18 15:54 10.6 o.o 
1/18 17:50 10.9 o.o 
1/18 18:02 11.2 o.o 
1/18 19:20 11.3 o.o 
1/18 20:24 11.4 o.o 
1/18 22:22 12.3 o.o 
1/18 22:50 12.7 o.o 

All other samplers had no samples 
due to faulty equipment 
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TABLE 35 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 2/1/87 

Precipitation Data 

Date Time Accum. Interval In tens. 
PCP PCP 
(mm) (mm) (mm/hr) 

2/1 03:20 0.0 o.o o.o 
2/1 04:01 1.3 1.3 1.9 
2/1 04:16 2.5 1.3 5.1 
2/1 08:52 2.5 o.o o.o 
2/1 09:50 7.1 4.6 4.7 
2/1 11:20 11.4 4.3 2.9 
2/6 02:09 o.o o.o o.o 
2/6 03:54 2.0 2.0 1.2 
2/6 04:30 3.3 1.3 2.1 
2/6 05:00 4.3 1.0 2.0 
2/6 10:14 5.1 o.a 0.1 

Subsurface Flow Data 

Date Time Accum. Interval 
Vol. Discharge 

(liters) (l/s)*1000 

SITE 1 : Litter Layer Flow 

2/1 09:46 o.o o.o 
2/1 10: 13 0.4 0.3 
2/1 10:14 0.5 0.6 



Date 

2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 

1-Feb 

2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 

TABLE 35 (Continued) 

Time Accum. 
Vol. 

(liters) 

SITE 1: A-Horizon Flow 

09:32 
09:34 
09:38 
09:44 
10:09 
11:43 
13:56 

o.o 
0.4 
0.5 
0.5 
0.6 
0.7 
0.7 

SITE 1: B-Horizon Flow 

nd 0.9 

Interval 
Discharge 
(lls*lOOO) 

o.o 
3.7 
0.2 
0.1 
0.0 
o.o 
o.o 

SITE 2: Litter Layer Flow 

09:26 
09:30 
09:34 
09:39 
09:44 
09:50 
09:53 
09:57 
10:00 
10:03 
10:06 
10:16 
10:30 
10:34 
10:35 
11:30 

o.o 
o.s 
0.7 
0.9 
1.1 
1.2 
1.3 
1.5 
1. 7 
2.3 
2.9 
3.2 
5.5 
5.9 
6.9 
7.5 

SITE 2: A and B-Horizon 

no data, tanks frozen 

o.o 
2.1 
0.7 
0.8 
0.5 
0.4 
0.5 
1.0 
1.0 
3.4 
3.0 
0.5 
2.8 
1.6 

15.4 
0.2 
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TABLE 35 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 

(liters) (l/s)*lOOO 

SITE 3: Litter Layer Flow 

2/1 09:31 o.o o.o 
2/1 09:45 0.8 1.0 
2/1 09:50 0.9 0.2 
2/1 10:03 1.3 0.6 
2/1 10:28 1. 7 0.2 
2/1 10:59 4.4 1.4 

SITE 3: A and B-Horizon Flow 

no flow 
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TABLE 36 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 2/15/87 

Date Time Ac:c:um. Interval Intens. 
PCP PCP 
(mm) (mm) (mm/hr) 

2/15 00:00 o.o 0.0 o.o 
2/15 00:05 6.4 6.4 76.2 
2/15 1:20 12.7 6.4 5.1 
2/15 11:03 13.2 0.5 0.1 
2/15 11:43 13.7 0.5 0.8 
2/15 14:13 o.o o.o 0.0 
2/15 14:24 5.1 5.1 27.7 
2/15 14:44 7.9 2.8 8.4 
2/15 16:04 15.5 7.6 5.7 
2/15 18:35 17.3 1.8 0.7 
2/15 19:35 17.8 0.5 0.5 
2/15 22:41 o.o o.o o.o 
2/16 01:52 1.5 1.5 0.5 

Subsurf:ace Flow Data 

Date Time Accum. Interval 
Vol. Discharge 
( 1 ) (l/s)*lOOO 

SITE 1 : Litter Layer Flow 

2/15 00:05 0.4 o.o 
2/15 00:14 0.4 o.o 
2/15 00:37 0.4 o.o 
2/15 00:53 0.4 o.o 
2/15 00:57 0.5 0.2 
2/15 01:01 0.5 o.o 
2/15 01:03 0.5 0.3 
2/15 01:06 0.6 0.5 
2/15 .. ? .• 0.6 
2/15 . • ? •• 0.8 
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Table 36 (Continued) 

Date Time Accum. Interval 
(Vo 1 • ) Discharge 
(liters) (lls*lOOO) 

SITE 1: A-Horizon Flow 

2/15 00:07 o.o o.o 
2/15 00:34 0.6 0.4 
2/15 01:05 0.7 0.1 
2/15 01: 25 ; 0.8 0.1 
2/15 01: 50 . 0.8 o.o 
2/15 02:22 0.0 0.0 
2/15 03:11 0.8 o.o 
2/15 14:51 0.9 o.o 
2/15 14:59 0.9 0.1 
2/15 15:15 1.0 0.1 
2/15 15:28 1.0 0.1 
2/15 16:44 1.1 o.o 
2/15 18:00 1.3 0.0 

SITE 1: 8-Horizon Flow 

2/15 15:40 0.4 0.0 
2/15 16:10 0.8 0.2 
2/15 16:36 1.1 0.2 
2/15 16:50 1.2 0.1 
2/15 17:04 1.3 0.1 
2/15 17:44 1. 5 0.1 
2/15 18:17 1.6 o.o 
2/15 18:53 1. 7 o.o 
2/15 19:33 1.7 o.o 

SITE 2: Litter Layer Flow 

2/15 00:24 0.4 0.0 
2/15 00:26 0.4 0.1 
2/15 00:28 0.5 0.4 
2/15 00:30 0.5 0.2 
2/15 00:32 0.6 1.1 
2/15 00:33 0.7 1. 7 
2/15 00:37 1.0 1.0 
2/15 00:40 1.1 0.8 
2/15 00:42 1.2 0.7 
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Table 36 (Continued) 

Date Time Accum. Inter-val 
(Vo 1 • ) Dischar-ge 

(liter-s) (l/s*lOOO) 

2/15 00:50 1.4 0.4 
2/15 00:52 1.4 0.4 
2/15 00:57 1.5 0.2 
2/15 01:04 1.6 0.2 
2/15 01:11 1.6 0.1 
2/15 01:17 1.7 0.1 
2/15 01:28 1.9 0.3 
2/15 01:55 2.6 0.5 
2/15 02:08 2.9 0.3 
2/15 02:38 3.2 0.2 
2/15 03:00 3.2 0.1 
2/15 05: 12 3.5 o.o 
2/15 10:05 3.9 o.o 
2/15 10:50 3.9 o.o 
2/15 11:00 4.0 0.1 
2/15 11:15 4.2 0.2 
2/15 11:20 4.2 0.3 
2/15 11:23 4.3 0.4 
2/15 11:25 4.5 1.3 
2/15 11:26 4.6 2.6 
2/15 11:27 5.0 6.4 
2/15 14:14 5.1 0.0 
2/15 14:20 6.0 2.6 
2/15 14:21 6.0 o.o 
2/15 14:25 6.4 1.6 
2/15 14:27 6.6 1.9 
2/15 14:31 6.9 1.3 
2/15 14:37 7.2 0.9 
2/15 14:41 7.4 0.6 
2/15 15:13 7.5 0.1 
2/15 15:32 7.7 0 .1 
2/15 15:33 8.0 5.1 
2/15 15:50 8 .1 0 .1 
2/15 15:54 8.2 0.3 
2/15 15:56 8.3 1.3 
2/15 15:58 8.5 1.3 
2/15 16:51 8.6 0.0 
2/15 16:53 9.0 3.2 
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Table 36 (Continued) 

Date Time Accum. Interval 
(Vol.) Discharge 
(liters) (l/s * 1000) 

SITE ~: A-Horizon Flow 

2/15 14:55 0.4 o.o 
2/15 14:59 1. 1 2.7 
2/15 15:06 6.4 12.7 
2/15 15:15 7.9 2.9 
2/15 15:45 9.9 1.1 
2/15 15:55 10.7 1.3 
2/15 16:05 11.8 1.9 
2/15 16:26 13.4 1.2 
2/15 16:45 15.0 1.4 
2/15 17:15 17.3 1.3 
2/15 17:55 20.4 1.3 
2/15 18:15 25.1 3.9 
2/15 18:51 25.9 0.4 
2/15 22:15 26.3 o.o 

SITE 2: B-Horizon Flow 

2/15 15:06 0.4 o.o 
2/15 15:10 0.4 0.1 
2/15 16:36 0.5 o.o 
2/15 17:58 0.5 0.0 
2/15 23:10 0.6 o.o 

SITE 3: iLitter Layer Flow 

2/15 00:02 0.4 o.o 
2/15 00:07 0.9 1. 7 
2/15 00:09 0.9 0.1 
2/15 00: 10 1.3 5.6 
2/15 00:15 1.7 1. 5 
2/15 00:18 2.4 3.7 
2/15 00:30 4.4 2.8 
2/15 00:37 5.0 1.6 
2/15 00:42 5.7 2.2 
2/15 00:46 5.8 0.6 
2/15 00153 6.0 0.5 
2/15 01:15 6.4 0.3 
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Table 36 (Continued) 

Date Time Ac cum Interval 
(Vol.) Discharge 
(liters) (lls*lOOO) 

2/15 14:46 6.4 0.0 
2/15 14:51 7.7 4.4 
2/15 15:01 8.4 1.1 
2/15 15:08 8.7 0.8 
2/15 15:47 8.8 0.0 
2/15 16:18 9.7 0.5 
2/15 16:27 9.7 o.o 
2/15 17:16 9.9 0.1 
2/15 17:30 10.4 0.6 
2/15 18:44 10.6 o.o 

SITE 3: A-Horizon flow 

2/15 17:02 0.4 o.o 
2/15 18:00 0.5 o.o 
2/15 19:10 0.6 o.o 
2/15 21:21 0.6 o.o 
2/16 00:00 0.6 o.o 

SITE 3: B-Horizon Flow 

no flow 



TABLE 37 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 2/24/87 

Precipitation Data 

Date Time Ac:c:um. Interval In tens. 
PCP PCP 
(mm) (mm) (mm/hr) 

2/24 02:30 o.o o.o o.o 
2/24 03:30 3.0 3.0 3.0 
2/24 04:20 7.1 4.1 4.9 
2/24 05:55 9.1 2.0 1.3 
2/24 06:55 9.7 0.5 0.5 
2/24 07:50 11.9 2.3 2.5 
2/24 09:05 12!. 7 0.8 0.6 
2/24 10:30 13.2 0.5 0.4 

Subsurface Flow Data 

Site 1: Litter Layer and 8-Horizon tanks dry 
Total volume in A-Horizon tank = 0.54 liters 

Date 

2/24 
2/24 
2/24 
2/24 
2/24 
2/24 
2/24 
2/24 
2/24 

Time Accum. 
Vol 
( 1 ) 

Interval 
Discharge 
(l/s)*lOOO 

SITE 2: Litter Layer Flow 

02:31 
02:52 
02:57 
02:59 
03:00 
03:02 
03:11 
03:14 
03:31 

1.0 
1.9 
2.3 
2.4 
2.4 
2.4 
2.8 
2.8 
2.9 

0.0 
0.7 
1. 5 
0.2 
0.4 
0 .1 
0.8 
0.1 
o.o 
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TABLE 37 (Continued) 

Date Time Accum. Interval 
Vol. Dischar-ge 

(liters) (l/s*lOOO) 

2/24 03:56 2.9 o.o 
2/24 04:31 2.9 o.o 
2/24 05:36 2.9 o.o 

SITE 2: A-Horizon Flow 

2/24 06:25 0.4 o.o 
2/24 07:06 0.4 o.o 
2/24 08:33 0.6 o.o 
2/24 08:56 0.6 o.o 
2/24 10:00 0.6 o.o 

SITE 2: 8-Hor-izon Flow 

no flow 

SITE 3: Litter Layer Flow 

2/24 02:32 1.0 o.o 
2/24 02:50 1.8 0.8 
2/24 03:08 2.2 0.3 
2/24 03:43 2.5 0.2 

SITE 3: A-Horizon Flow 

2/24 08:43 0.4 o.o 
2/24 09:42 0.6 0.1 
2/24 10:40 0.6 o.o 
2/24 11:28 0.7 o.o 
2/24 13:00 0.7 o.o 

SITE 3: B-Horizon Flow 

no flow 
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TABLE 38 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 2/28/87 

Precipitation Data 

Date Time Accum. Interval Intens. 
PCP PCP 
(mm) (mm) (mm/hr) 

2/26 02:25 0.0 o.o o.o 
2/26 03:15 0.1 0.1 0 .1 
2/26 05:40 0 .1 0 .1 0.0 
2/26 07:00 0.2 0.1 0 .1 
2/26 08:15 0.2 0.0 o.o 
2/26 08:40 0.2 o.o o.o 
2/26 10:20 0.4 0.2 0.1 
2/26 12:10 0.5 0.1 0.1 
2/26 12:29 0.5 0.0 0.1 
2/26 13:45 0.5 o.o o.o 
2/26 15:49 0.6 o.o o.o 
2/26 16:54 0.6 0. 1 0.1 
2/27 00:30 0.7 o.o o.o 
2/27 10:00 o.o o.o 0.0 
2/27 13:09 o.o o.o 0.0 
2/27 14:19 0.1 0.1 o.o 
2/27 17:09 o.o o.o o.o 
2/27 17:39 0 .1 0.1 0.3 
2/28 01:24 0.0 o.o o.o 
2/28 01:49 0.5 0.5 1.3 
2/28 02: 10 0.7 0.2 0.4 
2/28 03:00 0.8 0.1 0.1 
2/28 05:20 :o.o o.o 0.0 
2/28 05:45 0.0 0.0 0.1 
2/28 07:14 o.o o.o o.o 
2/28 07:40 0.2 0.1 0.3 
2/28 10:40 0.2 0.0 o.o 
2/28 12:49 0.3 0.1 0.1 
2/28 16:20 0.4 0 .1 o.o 
2/28 18:50 0.5 0 .1 o.o 
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TABLE 38 (Continued) 

Subsurfac:e Flow Data 

Date Time Ac:cum. Interval 
Vol. Discharge 
( 1 ) (l/s)*lOOO 

SITE 1: Litter Layer Flow 

2/28 01:36 1.4 o.o 
2/28 01:37 1.9 8.4 
2/28 01:40 2.0 0.5 
2/28 01:41 2.0 0.4 
2/28 01:53 2.6 0.8 
2/28 01:55 2.6 0.5 
2/28 02:00 2.6 o.o 
2/28 02:05 3.0 1.4 
2/28 02:07 3.1 0.3 
2/28 02:10 3.1 0.1 
2/28 02:15 3.1 0 .1 
2/28 04:27 4.2 0.1 
2/28 04:30 4.2 0.2 
2/28 04:55 4.3 0.0 
2/28 05:05 4.3 o.o 
2/28 05: 13 4.3 o.o 
2/28 05: 14 4.4 1.2 
2/28 08:26 4.5 0.0 
2/28 09:18 4.6 o.o 

SITE 1: A-Horizon Flow 

2/28 02:33 0.4 0.0 
2/28 03:01 0.5 0.1 
2/28 04:00 0.6 o.o 
2/28 08:30 0.7 o.o 
2/28 12:00 0.8 0.0 
2/28 13:10 0.9 o.o 
2/28 17:29 1.0 o.o 
2/28 18:40 1.1 0.0 
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TABLE 38 (Continued) 

Date Time Ac:cum. Interval 
(Vo 1 • ) Discharge 
(liters) (lls*1000) 

SITE u 8-Hor-izon Flow 

.2/28 02: 10 0.4 o.o 
2/28 02:31 0.5 0 .1 
2/28 02:39 0.6 0.1 
2/28 02:54 0.6 0 .1 
2/28 03:05 0.7 0 .1 

SITE 2: Litter- Layer- Flow 

2/26 08:50 1. 4 o.o 
2/26 08:56 1.4 o.o 
2/26 09:03 1. 7 0.7 
2/26 09:05 1. 7 0.1 
2/26 09:18 2.1 0.5 
2/26 09:21 2.1 0.3 
2/26 09:22 2.2 0.4 
2/26 09:24 2.5 2.9 
2/26 09:30 2.5 0 .1 
2/26 09:35 2.8 0.9 
2/26 09:51 3.1 0.3 
2/26 10:00 3.4 0.5 
2/26 11:23 4.2 0.2 
2/26 14:15 4.4 o.o 
2/26 16:30 4.5 o.o 
2/26 18:55 4.6 o.o 
2/26 21:50 4.7 0.0 
2/27 01:00 4.8 o.o 
2/27 17:00 4.8 o.o 
2/27 17:17 4.9 o.o 
2/27 17:21 7.0 8.8 
2/27 17:30 7.2 0.4 
2/27 17:44 7.5 0.3 
2/27 17:55 7.5 0 .1 
2/27 21:40 7.6 o.o 
2/28 1:32 7.8 o.o 
2/28 01:33 8.0 3.8 
2/28 01:34 9.1 19.2 
2/28 01:35 9.5 5.1 
2/28 01:37 9.5 o.o 
2/28 01:38 9.6 2.6 
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TABLE 38 (Continued) 

Date Time Accum. Interval 
(Vo 1 • ) Discharge 
(liters) (l/s*lOOO) 

2/28 01:40 9.9 2.6 
2/28 01:44 10.1 1.0 
2/28 01:46 10.4 1.9 
2/28 01:53 10.6 0.6 
2/28 02:00 10.8 0.4 
2/28 02:10 11.0 0.4 
2/28 02: 12 11.1 0.6 
2/28 02:28 11.2 0.2 
2/28 02:30 11.4 1.3 
2/28 03:00 11.6 0.1 
2/28 03:18 11.6 o.o 
2/28 03:22 11.8 0.6 
2/28 03:45 11.9 0.1 
2/28 06:49 12.1 o.o 
2/28 06:56 12.2 0.2 
2/28 06:58 12.5 2.6 
2/28 09:07 12.5 o.o 
2/28 10:18 12.7 0.0 
2/28 10:25 12.8 0.4 
2/28 10:40 13.0 0.2 
2/28 14:54 13.0 o.o 
2/28 15:03 13.1 0.2 
2/28 15:07 13.8 2.6 

SITE 2: A-Horizon 

No Data 

SITE 2: B-Horizon Flow 

2/28 01:48 0.4 o.o 
2/28 02:05 2.3 1.9 
2/28 02:15 6.9 7.7 
2/28 02:35 10.7 3.1 
2/28 02:52 14.7 3.9 
2/28 03:06 17.7 3.6 
2/28 03:30 21.4 2.6 
2/28 04:00 24.2 1. 5 
2/28 04:12 25.l 1.3 
2/28 04:30 26.0 0.9 
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TABLE 38 (Continued) 

Date Time Accum. Interval 
(Vo 1 • ) Discharge 
(liters) (lls*1000) 

2/28 05:25 27.9 0.6 
2/28 08:00 29.2 0.2 
2/28 08:40 29.7 0.2 
2/28 11:57 30.6 0.1 
2/28 13:36 30.9 0.1 
2/28 16:30 31.5 0.1 

SITE 3: Litter Layer Flow 

2/26 09:00 0.4 o.o 
2/26 09:15 0.7 0.4 
2/26 09:24 0.8 0.2 
2/26 09:35 0.9 0.1 
2/26 10:23 1.4 0.2 
2/26 10:24 1.6 3.1 
2/26 11:45 1.7 o.o 
2/26 15:51 1. 7 o.o 
2/26 16:20 2.4 0.4 
2/26 17:30 2.7 0.1 
2/27 15:09 2.7 o.o 
2/27 15:12 3.4 3.7 
2/27 16:00 4.4 0.4 
2/28 01:33 4.4 o.o 
2/28 01:35 5.0 5.6 
2/28 01:37 6.0 8.3 
2/28 01:41 7.0 4.2 
2/28 01:52 7.7 1.0 
2/28 02:07 8.0 0.4 
2/28 03:01 9.0 0.3 
2/28 06:36 9.0 o.o 
2/28 07:21 9.7 0.3 
2/28 08:00 10.0 0.1 

SITE 3: A-Horizon Flow 

2/26 11:30 o.o o.o 
2/26 13:30 0.8 0.1 
2/26 14:00 0.9 o.o 
2/26 16:28 0.9 o.o 
2/26 16:56 1.0 0.1 
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TABLE 38 (Continued) 

Date Time Accum. Interval 
(Vo 1 . ) Discharge 
(liters) (lls*lOOO) 

2/26 17:43 1.1 0.1 
2/26 18:11 1.2 o.o 
2/26 20:10 1.3 o.o 
2/26 22:16 1.4 o.o 
2/27 00:00 1. 5 o.o 
2/28 04:30 1. 5 o.o 
2/28 11:50 7.3 0.2 
2/28 11:56 8.1 2.2 
2/28 12:00 8.5 1. 7 
2/28 19:00 9.7 0.1 

SITE 3: B-Horizon Flow 

2/28 02:08 0.4 0.0 
2/28 02:55 1.0 0.2 
2/28 03: 14 1.2 0.2 
2/28 03:50 1.4 0.1 
2/28 04:30 1.6 0.1 
2/28 06:30 3.3 0.2 
2/28 08:35 5.7 0.3 
2/28 11:00 11.4 0.6 
2/28 12:00 12.7 0.4 
2/28 12:47 14.8 0.8 
2/28 14:27 17.3 0.4 
2/28 17:55 20.7 0.3 
2/28 20:49 24.2 0.3 
3/1 02:30 28.4 o.o 
3/1 03:00 28.7 0.2 
3/1 14:30 31.0 0.1 



Date 

3/16 
3/16 
3/16 
3/16 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 

Date 

3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 

TABLE 39 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 3/17/87 

Precipitation Data 

Time Acicum. Interval Intens. 
De'pth PCP 
(mm) (mm) (mm/hr) 

21:50 o.o o.o o.o 
22: 19 0.5 9.5 19.7 
22:30 12.7 3.2 17.3 
23:30 14.6 1.9 1.9 
00:00 16.5 0.6 1.3 
00:51 24 .• 8 8.3 9.7 
01:11 31,.8 7.0 21.0 
01:36 35.6 3.8 9.1 
02:32 39'. 4 3.8 4.1 
03:32 40.6 1.3 1.3 
04:28 4L3 0.6 0.7 
05:13 42.5 1.3 1. 7 
07:05 61i.O 18.4 9.9 
08:45 69~9 8.9 5.3 

Subsurface Flow Data 

SITE 1 : Litter Layer Flow 

Time 

04:15 
04:40 
04:48 
05:00 
05: 12 
05: 18 
05:21 
05:30 
05:31 
05:32 

Accum. 
Vol. 

(liters) 

1.0 
1.7 
1.8 
1.9 
2.1 
2.2 
2.3 
2.3 
2.4 
2.5 

Interval 
Discharge 
(l/sx1000) 

o.o 
o.s 
0.1 
0.2 
0.3 
0.3 
0.2 
0.1 
0.7 
1. 7 

310 
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TABLE 39 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 
(liters) (l/s*lOOO) 

3/17 05:57 2.6 o.o 
3/17 06:00 2.6 o.o 
3/17 06:06 5.6 8.3 
3/17 06:07 5.7 2.7 
3/17 06:08 5.9 3.0 
3/17 06:09 6.1 2.8 
3/17 06:10 7.2 19.3 
3/17 06:11 10.5 54.3 
3/17 06:12 11. 5 16.7 
3/17 06:13 12.9 23.5 
3/17 06:14 13.5 10.0 
3/17 06:16 15.9 20.1 
3/17 06:17 17.1 20.0 
3/17 06:22 18.1 3.4 
3/17 06:25 19.3 6.4 
3/17 06:30 21.6 7.7 

SITE 1: A-Horizon Flow 

3/17 01:21 o.o o.o 
3/17 01:40 0.5 0.4 
3/17 02:00 0.6 0.1 
3/17 02:30 0.7 o.o 
3/17 04:00 0.7 o.o 
3/17 04:25 0.8 0 .1 
3/17 05:00 1.0 0 .1 
3/17 05:40 1.2 0.1 
3/17 06:07 1.4 0.1 
3/17 06:40 1.6 0.1 
3/17 07:16 2.5 0.4 
3/17 07:40 3.3 0.6 
3/17 08:09 4.1 0.5 

SITE 1: S-Horizon Flow 

3/17 01:14 o.o o.o 
3/17 01:42 0.5 0.3 
3/17 02:04 0.6 0.1 
3/17 02:24 0.6 o.o 
3/17 04:20 0.7 o.o 
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TABLE 39 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 
(liters) (lls*lOOO) 

3/17 05:06 0.7 0.0 
3/17 05: 18 0.8 0 .1 
3/17 06:03 1.6 0.3 
3/17 06: 12 1. 7 0.2 
3/17 07:00 2.1 0 .1 
3/17 07:04 3.1 4.3 
3/17 07:06 4.5 11.6 
3/17 07:08 8.0 29.0 
3/17 07:12 12.2 17.5 
3/17 07:16 21.0 36.7 
3/17 07:23 30.8 23.3 
3/17 07:31 45.2 30.1 
3/17 07:34 50.1 27.3 
3/17 07:38 58.3 34.2 
3/17 07:42 64.1 23.9 
3/17 07:49 72.3 19.5 
3/17 07:53 76.4 17.1 
3/17 07:58 79.7 10.9 
3/17 08:01 81.3 9.1 
3/17 08:07 82.9 4.6 
3/17 08: 10 83.8 4.6 
3/17 08:16 84.6 2.3 
3/17 08:41 85.4 0.5 
3/17 09:50 86.2 0.2 

SITE 2: Litter Layer Flow 

3/16 23:21 1.0 0.0 
3/16 23:23 1.8 7.0 
3/16 23:25 2.0 1.0 
3/16 23:30 2.1 0.3 
3/16 23:35 2.4 1.2 
3/17 00:00 3.5 0.7 
3/17 00:15 3.5 o.o 
3/17 00:25 3.6 0 .1 
3/17 00:35 3.6 0.1 
3/17 00:41 3.7 0 .1 
3/17 00:52 3.7 0.1 
3/17 00:59 3.8 0.1 
3/17 01:17 4.1 0.3 
3/17 01 :30 4.4 0.3 
3/17 01 :39 4.6 0.5 
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TABLE 39 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 
(liters) (l/s*lOOO) 

3/17 01:45 4.9 0.7 
3/17 01:48 4.9 0.2 
3/17 01:49 5.0 0.7 
3/17 01:50 5.2 3.2 
3/17 01:52 5.2 o.o 
3/17 01:54 5.4 2.0 
3/17 01:58 5.5 0.2 
3/17 02:00 5.6 1.3 
3/17 02:15 6.2 0.6 
3/17 03: 15 6.7 0.1 
3/17 04:30 7.0 0.1 
3/17 04:40 7.2 0.3 
3/17 06:10 7.2 o.o 
3/17 07:00 34.3 9.0 

Clock stopped, final volume=34.3 1 

SITE 2: A-Horizon Flow 

3/17 00:09 0.0 o.o 
3/17 00: 12 1.4 7.9 
3/17 00: 13 1.6 3.2 
3/17 00:17 6.4 19.9 
3/17 00:26 7.9 2.9 
3/17 01:05 13.4 2.3 
3/17 01:51 18.9 2.0 
3/17 01:56 18.9 o.o 
3/17 02: 12 20.4 1.6 
3/17 02:50 22.0 0.7 
3/17 04:43 22.4 0.1 
3/17 05:03 22.8 0.3 
3/17 05: 12 23.5 1.3 
3/17 05:16 24.3 3.3 
3/17 05:21 25.9 5.3 
3/17 05:26 27.4 5.0 
3/17 05:35 32.1 8.7 
3/17 05:41 36.8 13.1 
3/17 05:48 46.2 22.4 
3/17 05154 56.3 28.1 
3/17 05:59 65.7 31.3 
3/17 06:01 73.5 65.0 



Date 

3/17 
3/17 
3/17 

TABLE 39 (Continued) 

Time 

06:03 
06:06 
06:07 

Accum. 
Vol. 
(liters) 

77.4 
84.4 
86.7 

Tank overflowed, final projected 
volume = 340 liters 

3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 
3/17 

Site 2: B-Horizon Flow 

02:12 
02:18 
02:29 
02:36 
02:46 
04:39 
04:48 
05:00 
05: 18 
05:27 
05:34 
06:09 
07:02 
07s32 
08: 10 
08:32 
09:02 
09:30 
09:44 
10:20 
10:36 
11:10 
12:59 

o.o 
0.8 
1.1 
1.4 
1.5 
1.5 
1. 7 
4.2 
7.9 
8.5 
9 .1 

22.3 
42.6 
52.B 
61.1 
64.8 
68.5 
71.2 
72.2 
73.6 
74.0 
74.9 
75.4 

Interval 
Discharge 
(lls*1000) 

32.5 
38.9 
38.3 

0.0 
2.1 
0.6 
0.7 
0.1 
o.o 
0.4 
3.4 
3.4 
1 .1 
1. 5 
6.3 
6.4 
5.7 
3.6 
2.8 
2.1 
1.6 
1.2 
0.6 
0.4 
0.4 
0.1 

SITE 3: ~itter Layer Flow 

3/16 
3/16 
3/16 
3/16 
3/16 

23:09 
23: 12 
23:13 
23:15 
23:27 

o.o 
0.9 
1.3 
1.4 
1.6 

o.o 
4.8 
7.8 
0.7 
0.3 

314 
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TABLE 39 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 
(liters) (lls*lOOO) 

3/16 23:30 1.7 0.2 
3/16 23:46 1.7 0 .1 
3/17 00:00 2.0 0.4 
3/17 00:25 2.0 o.o 
3/17 00:58 3.7 0.8 
3/17 01:02 4.4 2.8 
3/17 01:11 4.7 0.6 
3/17 01:15 5.0 1.4 
3/17 01:52 7.0 0.9 
3/17 01:56 8.4 5.6 
3/17 02:22 9.0 0.4 
3/17 03:30 11.5 0.6 
3/17 06:00 11. 5 o.o 
3/17 06:26 12.4 0.6 
3/17 06:38 13.3 1.3 
3/17 06:52 14.1 1.0 
3/17 07:04 15.0 1.3 
3/17 07:36 17.7 1.4 
3/17 08:05 20.4 1.6 
3/17 08:25 21.3 0.7 
3/17 08:57 23.0 0.9 
3/17 09:15 23.9 0.8 
3/17 09:38 24.8 0.7 
3/17 10:00 25.3 0.4 

SITE 3: A-Horizon Flow 

3/17 03:00 o.o o.o 
3/17 03:20 0.5 0.4 
3/17 03:44 0.6 0.1 
3/17 04:20 0.7 o.o 
3/17 04:48 0.7 o.o 
3/17 05:30 0.8 o.o 
3/17 07:00 0.9 o.o 
3/17 07:42 1.0 o.o 
3/17 08:08 8.1 4.6 
3/17 08:09 8.9 13.3 
3/17 08:20 9.7 1.2 
3/17 08:40 10.5 0.7 
3/17 09:00 11.4 0.7 
3/17 10:10 15.6 1.0 
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TABLE 39 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 
(liters) (l/s*1000) 

3/17 10:30 16.4 0.7 
3/17 11:10 17.3 0.4 

SITE 3: B-Horizon Flow 

No Flow 
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TABLE 40 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 3/23/87 

Precipitation Data 

Date Time Accum. Interval In tens. 
PCP PCP 
(mm) (mm) (mm/hr) 

3/23 08:12 0 o.o o.o 
3/23 08:33 2.5 2.5 7.3 
3/23 09:03 3.8 1.3 2.5 
3/23 09:33 5.6 1.8 3.6 
3/23 09:53 5.8 0.3 0.8 
3/23 10:18 8.4 2.5 6.1 
3/23 12:24 10.2 1.8 0.8 

No subsurface flow 
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TABLE 41 

HVDROLOBIC PROCESSES DATA FOR 
THE STORM OF 3/26/87 

Precipitation Data 

Date Time Accum. Interval Intens. 
PCP PCP 
(mm) (mm) (mm/hr) 

3/26 08:40 o.o o.o o.o 
3/26 09: 14 1.3 1.3 2.2 
3/26 09:29 2.5 1.3 5.1 
3/26 10:19 7 .1 4.6 5.5 
3/26 10:34 7.6 0.5 2.0 
3/28 12:49 o.o o.o o.o 
3/28 13:29 1.3 1.3 1.9 
3/28 14:40 1.3 0.0 o.o 
3/28 16:24 1.8 0.5 0.3 
3/28 17:54 3.3 1. 5 1.0 
3/28 20:29 3.8 0.5 0.2 
3/30 09:30 o.o o.o 0.0 
3/30 10:34 1.3 1.3 1.2 

No Subsurface Flow Occurred 
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TABLE 42 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 4/13/87 

Precipitation Data 

Date Time Accum. Interval In tens. 
PCP PCP 
(mm) (mm) (mm/hr) 

4/13 05:20 o.o o.o o.o 
4/13 05:40 9.7 9.7 29.0 
4/13 06:05 10.2 0.5 1.2 
4/13 06:56 10.4 0.3 0.3 
4/13 08:01 11.4 1.0 0.9 
4/13 08:16 11.9 0.5 2.0 
4/13 10:46 o.o o.o o.o 
4/13 11:06 1. 5 1.5 4.6 
4/13 11:41 1.5 o.o 0.0 
4/13 12:01 2.5 1.0 3.0 
4/13 12:11 o.o o.o o.o 
4/13 12:51 3.8 3.8 5.7 

No Subsurface Flow Occurred 
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TABLE 43 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 5/4/87 

Precipitation Data 
I 

Date Time Accum. Interval Intens. 
PCP PCP 
(mm) (mm) (mm/hr) 

5/3 07:39 o.o o.o o.o 
5/3 07:59 1.3 1.3 3.8 
5/3 08: 19 9.1 7.9 23.6 
5/3 11:09 10.2 1.0 0.4 
5/3 23:20 o.o o.o o.o 
5/4 00:45 0.5 0.5 0.4 
5/4 01:00 4.3 3.8 15.2 
5/4 01:10 5.6 1.3 7.6 
5/4 02:00 7.6 2.0 2.4 
5/4 04:00 10.7 3.0 1. 5 
5/4 06:00 9.4 o.o o.o 
5/4 08:00 12.7 3.3 1.6 

No Subsurface Flow Occurred 
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TABLE 44 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 5/16/87 

Precipitation Data 

Date Time Accum. Interval In tens. 
PCP PCP 
(mm) (mm) (mm/hr) 

5/16 15:51 0.0 o.o 0.0 
5/16 16:31 1.3 1.3 1.9 
5/16 17:36 0.0 o.o 0.0 
5/16 17:56 0.8 0.8 2.3 
5/16 00:20 o.o 0.0 o.o 
5/16 00:40 7 .1 7.1 21.3 
5/16 00:50 10.2 3.0 18.3 
5/16 01:00 10.4 0.2 1. 5 
5/16 01:10 17.8 7.4 44.2 
5/16 01:20 18.5 0.8 4.6 
5/16 01:25 21.6 3.0 36.6 
5/16 11:04 o.o 0.0 o.o 
5/16 11:09 1.3 1.3 15.2 
5/16 12:04 2.0 0.8 0.8 

No Subsurface Flow Occurred 
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TABLE 45 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 5/21/87 

Precipitation Data 

Date Time Accum. Interval lntens. 
PCP PCP 
(mm) (mm) (mm/hr) 

5/22 07:23 o.o o.o o.o 
5/22 07:37 7.1 7.1 30.5 
5/22 08: 13 7.6 0.5 0.8 
5/22 08:23 9.9 2.3 13.7 
5/22 08:33 10.2 0.2 1. 5 
5/22 08:38 20.3 10.2 121.9 
5/22 08:53 21.6 1.3 5.1 
5/23 14:15 o.o 0.0 0.0 
5/23 14:20 4.8 4.8 57.9 
5/23 14:46 4.8 o.o o.o 
5/23 14:51 5.1 0.2 3.0 
5/23 16:01 o.o o.o 0.0 
5/23 16:31 4.6 4.6 9.1 
5/23 18:22 10.2 5.6 3.0 

No Subsurface Flow Occurred 
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TABLE 46 

HYDROLDGIC PROCESSES DATA FOR 
THE STORM OF 5/25/87 

Preci;pi tation Data 

Date Time Ac:cum. Interval Intens. 
PCP PCP 
(mm) (mm) (mm/hr) 

5/25 06:20 o.o o.o o.o 
5/25 06:30 6.4 6.4 38.1 
5/25 07:50 6.9 0.5 0.4 
5/25 08: 10 12.7 5.8 17.5 
5/25 08:20 20.6 7.9 47.2 
5/25 08:55 30.5 9.9 17.0 
5/25 09: 15 31.8 1.3 3.8 
5/25 09:50 32.3 0.5 0.9 
5/25 10:35 35.6 3.3 4.4 
5/25 11:00 36.1 0.5 1.2 
5/25 12:40 36.8 0.8 0.5 

SITE 1: Litter Layer Flow 

Date Time Accum. Interval 
Vol. Discharge 
(1) (lls*lOOO) 

5/25 06:42 1.4 o.o 
5/25 06:44 1.9 3.6 
5/25 06:48 1.9 0.1 
5/25 07:02 2.1 0.3 
5/25 07:17 2.6 0.5 
5/25 08:04 2.8 0.9 
5/25 08:07 2.8 0.2 
5/25 08:08 3.0 2.7 
5/25 08:12 3.1 0.2 
5/25 08:20 3.9 1.8 
5/25 08:24 5.3 5.6 
5/25 08:31 6.4 2.7 
5/25 08:44 8.5 2.7 
5/25 08:50 8.6 0.3 
5/25 10: 10 9.1 0.1 
5/25 10:20 9.5 0.7 
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TABLE 46 (Continued) 

Date Time Accum. Inter-val 
Vol. Dischar-ge 
(liter-s) (lls*lOOO) 

5/25 10:40 9.6 0.1 
5/25 12:20 10.1 0.1 

SITE 1 : A-Hor-izon Flow 

5/25 08:30 0.4 o.o 
5/25 08:36 0.5 0.2 
5/25 08:46 0.7 0.3 
5/25 08:52 0.8 0.2 
5/25 09:01 1.0 0.4 
5/25 09:06 1.0 0.3 
5/25 09: 12 1. 1 0.2 
5/25 09:20 1.2 0.2 
5/25 10:00 1.3 o.o 
5/25 10:10 1.4 0.2 
5/25 10:23 1.5 0.1 
5/25 10:40 1. 7 0.2 
5/25 10:53 2.5 1.0 
5/25 12:20 3.3 0.2 

SITE 1: B-Hor-izon Flow 

5/25 08:28 0.4 o.o 
5/25 08:31 1.0 3.1 
5/25 08:35 1.6 2.7 
5/25 08:41 1. 7 0.2 
5/25 08:50 2.4 1.3 
5/25 09:02 3.1 1.0 
5/25 09:20 3.8 0.6 
5/25 10:20 4.5 0.2 
5/25 11:10 5.2 0.2 
5/25 12:04 5.5 0.1 
5/25 13:00 5.9 0 .1 

SITE 2: Litter- Layer- Flow 

5/24 16:00 1.4 o.o 
5/24 16:06 1.6 0.6 
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TABLE 46 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 
(liters) Clls*lOOO) 

5/24 16:08 1.7 0.4 
5/24 16:14 1. 7 0.2 
5/24 16:28 2.3 0.7 
5/24 16:29 2.3 0.7 
5/24 17:58 2.9 0 .1 
5/24 19:14 3.3 0.7 
5/24 20:34 3.4 0.1 
5/25 00:15 3.5 0.3 
5/25 06:47 3.9 2.2 
5/25 06:50 4.0 0.1 
5/25 06:51 4.0 0.8 
5/25 07:12 4.1 0.5 
5/25 07:30 4.2 0.2 
5/25 07:32 4.4 1.3 
5/25 08:08 4.7 0.1 
5/25 08:12 6.2 6.4 
5/25 08:14 7.2 7.8 
5/25 08:16 8.1 7.7 
5/25 08: 19 9.3 6.8 
5/25 08:24 10.2 3.1 
5/25 08:26 11.0 6.4 
5/25 08:28 11. 5 3.8 
5/25 08:30 12.3 6.9 
5/25 08:32 13.5 9.9 
5/25 08:37 14.8 4.3 
5/25 08:42 15.6 2.7 
5/25 08:48 16.0 1.1 
5/25 08:52 16.6 2.5 
5/25 09:00 17.0 0.8 
5/25 09:08 17.4 o.e 
5/25 09:20 17.8 0.6 
5/25 09:37 17.9 0.1 
5/25 10:00 18.0 0.1 
5/25 10:20 18.7 0.6 
5/25 10:34 19.5 1.0 
5/25 10:54 19.9 0.3 
5/25 11:06 20.1 0.3 
5/25 11:20 20.2 0.1 
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TABLE 46 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 
(liters) (l/s*lOOO) 

SITE 2: A-Horizon Flow 

5/25 08:20 0.6 o.o 
5/25 08:22 1.4 6.9 
5/25 08:26 1. 7 1.2 
5/25 08:28 3.3 13.0 
5/25 08:32 7.9 19.5 
5/25 08:35 11.1 17.6 
5/25 08:37 12.6 12.5 
5/25 08:43 15.7 8.6 
5/25 08:48 17.3 5.3 
5/25 08:52 18.9 6.7 
5/25 08:58 20.4 4.2 
5/25 09:05 22.0 3.8 
5/25 09:10 22.8 2.7 
5/25 09:20 23.5 1.2 
5/25 09:30 24.3 1.3 
5/25 10: 19 25.1 0.3 
5/25 11:10 25.9 0.3 
5/25 12:18 26.7 0.2 
5/25 14:00 27.4 0.1 

SITE 2: B-Horizon Flow 

5/25 08: 13 0.4 o.o 
5/25 08:28 0.5 0.1 
5/25 08:39 0.6 0.2 
5/25 09:06 0.7 0 .1 
5/25 09:20 0.7 0.1 
5/25 10&30 0.0 0.1 
5/25 11:00 0.9 0 .1 

Total volume, not timed: 9.9 

SITE 3: Litter Layer Flow 

5/25 no times 17.8 

SITE 3: A-Horizon Flow 

no flow 

SITE 3:: B-Horizon Flow 

no flow 
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TABLE 47 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 5/28/87 

Precipitation Data 

Date Time Accum. Interval In tens. 
PCP PCP 
(mm) (mm) (mm/hr) 

5/28 02:53 o.o o.o o.o 
5/28 03:00 3.2 3.2 27.2 
5/28 03:43 5.1 1.9 2.7 
5/28 03:53 9.5 4.4 26.7 
5/28 04: 14 11.4 1.9 5.4 
5/28 04:24 20i.3 8.9 53.3 
5/28 04:35 21.6 1.3 6.9 
5/28 04:50 221.9 1.3 5.1 
5/28 05:09 24.1 1.3 4.0 
5/28 05:46 25.4 1.3 2.1 
5/28 06:06 27.9 2.5 7.6 
5/28 07:27 30.0 2.0 1.5 
5/28 08:18 30.5 0.5 0.6 
5/28 08:49 31.8 1.3 2.5 
5/28 10:41 33.5 1.8 1.0 
5/28 11:52 36.8 3.3 2.8 
5/28 12:23 39.4 2.5 4.9 
5/28 12:53 42.7 3.3 6.6 
5/28 13:45 43.2 0.5 0.6 
5/28 20:31 o.o o.o o.o 
5/28 20:52 14.7 14.7 42.1 
5/28 20:57 20.8 6.1 73.2 
5/28 21:02 26.2 5.3 64.0 
5/28 21:07 32.5 6.4 76.2 
5/28 21:12 41.1 8.6 103.6 
5/28 21:43 44.5 3.3 6.4 
5/28 22:03 44~5 0.0 o.o 
5/28 22:08 47•8 3.3 39.6 
5/28 22:23 50.8 3.0 12.2 
5/28 22:54 52.1 1.3 2.5 
5/28 23:24 52.1 o.o o.o 
5/28 23:50 54.9 2.8 6.4 
5/29 00:30 57.2 2.3 3.4 
5/29 01:21 57.2 o.o 0.0 
5/29 01:56 57 •. 9 0.8 1.3 
5/29 02:52 58.4 0.5 0.5 
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TABLE 47 (Continued) 

Subsurface Flow Data 

Date Time Accum. Interval 
Vol Discharge 
( 1 ) (lls*lOOO) 

,SITE 1: Litter Layer Flow 

5/28 03:30 1.4 o.o 
5/28 03:44 1.4 o.o 
5/28 03:49 1. 7 0.9 
5/28 03:54 1. 7 0.1 
5/28 03:57 1.9 o.e 
5/28 04:00 2.2 1.8 
5/28 04:01 2.2 0.8 
5/28 04:04 2.4 1.2 
5/28 04:11 2.5 o.o 
5/28 04:26 2.7 0.3 
5/28 04:38 3.0 0.3 
5/28 04:48 3.0 o.o 
5/28 05:02 3.0 o.o 
5/28 05:20 3.1 o.o 
5/28 05:32 3.1 o.o 
5/28 05:47 3.6 0.5 
5/28 06:08 3.7 0.1 
5/28 06:20 3.9 0.2 
5/28 06:40 3.9 o.o 
5/28 11:16 3.9 o.o 
5/28 11:17 4.0 0.3 
5/28 11:22 4.0 0.1 
5/28 11:36 4.0 o.o 
5/28 11:44 4.0 0.1 
5/28 11:52 4.1 0.1 
5/28 12:00 4.1 0.0 
5/28 12:12 4.1 o.o 
5/28 12:26 4.1 o.o 
5/28 12:28 4.2 0.2 
5/28 12:40 4.2 0.1 
5/28 12:52 4.3 0.1 
5/28 13:06 4.3 o.o 
5/28 13:48 4.3 o.o 
5/28 20:03 4.3 o.o 
5/28 20:08 6.6 7.6 
5/28 20:12 8.5 8.1 
5/28 20: 14 9.3 6.7 
5/28 20: 16 9.7 3.3 
5/28 20:17 10.5 13.5 
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TABLE 47 (Continued) 

Date Time Ac:c:um. Interval 
Vol. Discharge 
(liters) (lls*lOOO) 

5/28 20: 18 15.8 87.7 
5/28 20:19 35.8 333.3 
5/28 20:24 55.9 67.0 
5/28 20:26 76.1 168.3 
5/28 20:30 96.0 82.9 
5/28 20:32 116.1 167.5 
5/28 20:36 136.2 83.7 
5/28 20:39 156.2 111.1 
5/28 20:41 176.3 167.5 
5/28 20:42 196.4 335.0 
5/28 20:46 216. 4. 83.3 
5/28 20:48 231.9 129.2 
5/28 21:40 232.7 0.3 

SITE 1 : A-Horizon Flow 

5/28 20:32 0.4 0.0 
5/28 20:40 0.6 0.4 
5/28 21:00 0.7 0.1 
5/28 21:19 0.7 o.o 
5/28 22:24 0.8 0.0 
5/28 22:33 2.5 3.2 
5/28 22:36 3.7 6.7 
5/28 22:40 4.5 3.3 
5/28 22:45 4.9 1.3 
5/29 00:25 5.3 0.1 

SITE 1: B-Horizon Flow 

5/28 04:24 0.4 0.0 
5/28 04:50 1.1 0.4 
5/28 05:11 1.4 0.3 
5/28 05:20 1.5 0.2 
5/28 05:44 1.6 0.1 
5/28 06:06 1. 7 0.1 
5/28 06:40 2.4 0.3 
5/28 08:02 3.1 0.1 
5/28 09: 10 3.1 o.o 
5/28 11:20 3.8 0.1 
5/28 12:00 4.1 0.1 
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TABLE 47 (Continued) 

Date Time Ac:c:um. Interval 
Vol. Discharge 
(liters) (lls*1000) 

5/28 12:10 4.5 0.6 
5/28 12:50 5.2 0.3 
5/28 13:31 5.9 0.3 
5/28 20:11 5.9 o.o 
5/28 20:14 6.6 3.9 
5/28 20:15 7.3 11.6 
5/28 20:17 14.1 57.0 
5/28 20:18 20.0 98.0 
5/28 20:20 28.8 73.5 
5/28 20:21 35.3 109.0 
5/28 20:24 45.2 54.7 
5/28 20:26 50.1 41.0 
5/28 20:27 55.0 82.0 
5/28 20:28 60.0 82.1 
5/28 20:30 66.5 54.7 
5/28 20:31 69.8 54.7 
5/28 20:32 74.7 82.1 
5/28 20:33 82.9 136.7 
5/29 20:34 92.0 150.4 
5/28 20:35 99.3 123.1 
5/28 20:36 105.9 109.5 
5/28 20:37 110.8 82.0 
5/28 20:38 119.0 136.7 
5/28 20:39 125.6 109.5 
5/28 20:40 135.4 164.0 
5/28 20:41 142.0 109.5 
5/28 20:42 151.9 164.0 
5/28 20:43 156.8 82.2 
5/28 20:44 163.3 109.3 
5/28 20:45 168.3 82.0 
5/28 20:46 173.2 82.2 
5/28 20:47 178.1 82.0 
5/28 20:48 181.4 54.7 
5/28 20:50 189.6 68.4 
5/28 20:51 194.5 82.0 
5/28 20:52 197.8 54.7 
5/28 20:54 206.0 68.4 
5/28 20:56 215.0 75.2 
5/28 20:57 220.8 95.8 
5/28 20:58 224.1 54.7 
5/28 21:00 232.3 68.3 
5/28 21:01 238.8 109.5 
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TABLE 47 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 
(liters) (l/s*1000) 

SITE 2: Litter Layer Flow 

5/28 02:58 1.4 o.o 
5/28 03:00 1.4 0.2 
5/28 03:04 2.1 2.8 
5/28 03:06 2.2 1.0 
5/28 03:11 2.2 0.1 
5/28 03:30 2.9 0.6 
5/28 03:32 3.1 1.6 
5/28 03:33 3.3 3.8 
5/28 03:34 3.5 3.0 
5/28 03:35 3.7 3.2 
5/28 03:39 4.8 4.6 
5/28 03:40 4.9 2.6 
5/28 03:41 5.1 2.6 
5/28 03:47 5.2 0.3 
5/28 03:52 5.3 0.5 
5/28 03:57 5.6 0.9 
5/28 03:59 6.1 3.9 
5/28 04:01 6.8 6.4 
5/28 04:03 7.2 2.6 
5/28 04:06 7.5 2.0 
5/28 04:08 8.3 6.4 
5/28 04:11 8.8 2.6 
5/28 04:14 9.5 4.3 
5/28 04: 16 10.0 4.3 
5/28 04:19 10.2 0.9 
5/28 04:23 10.3 0.6 
5/28 04:39 10.9 0.5 
5/28 04:46 11.4 1.3 
5/28 05:22 12.4 0.4 
5/28 05:30 12.7 0.8 
5/28 05:37 13.1 0.7 
5/28 05:40 13.2 0.9 
5/28 05:41 13.5 5.1 
5/28 05:48 13.9 0.9 
5/28 05:52 14.2 1.3 
5/28 06:00 14.5 0.6 
5/28 06:02 14.6 1.3 
5/28 09:28 15.3 0.1 
5/28 09:56 16.1 0.5 
5/28 10:16 16.4 0.2 
5/28 10:40 16.8 0.3 
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TABLE 47 (Contiuned) 

Date Time Ac:cum. Interval 
Vol. Disc:harge 
(liters) (l/s*1000) 

5/28 10:52 17.0 0.3 
5/28 11:08 17.4 0.4 
5/28 11:20 17.8 0.6 
5/28 11:24 18.2 1. 7 
5/28 11:36 18.7 0.6 
5/28 11:48 19.1 0.6 
5/28 11:49 19.5 6.8 
5/28 11:52 19.9 2.3 
5/28 12:06 20.3 0.5 
5/28 12:22 20.7 0.4 
5/28 12:32 21.1 0.7 
5/28 12:40 21.5 0.9 
5/28 12:48 21. 7 0.4 
5/28 12:57 21.9 0.4 
5/28 13:36 22.3 0.2 
5/28 20: 12 22.3 o.o 
5/28 20: 13 24.4 34.2 
5/28 20: 14 26.2 29.6 
5/28 20: 16 28.9 22.5 
5/28 20:18 37.0 67.4 
5/28 20:20 48.2 93.6 
5/28 20:22 59.7 95.5 
5/28 20:24 102.2 354.1 
5/28 20:25 144.9 711.7 
5/28 20:26 187.4 708.7 
5/28 20:28 229.9 354.3 
5/28 20:29 236.4 108.8 
5/28 20:32 250.3 77.1 
Tank overflowed. 
Inflow stopped at 23:20, the same time 
the rain stopped. 

SITE 2: A-Horizon Flow 

5/28 04:13 1.4 o.o 
5/28 04:20 1.6 0.4 
5/28 04:40 1. 7 0.1 
5/28 05: 19 11. 7 4.3 
5/28 05:50 12.5 0.4 
5/28 06:10 13.3 0.6 
5/28 06:30 13.7 0.3 
5/28 07:10 14.0 0.2 
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TABLE 47 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 
(liters) (lls*lOOO) 

5/28 11:30 14.8 o.o 
5/28 12:09 15.6 0.3 
5/28 12:30 16.4 0.6 
5/28 12:42 17.2 1.1 
5/28 12:50 17.9 1.6 
5/28 13:00 19.5 2.6 
5/28 13:06 20.3 2.2 
5/28 13:11 20.7 1.3 
5/28 13:28 23.4 2.7 
5/28 13:40 25.0 2.2 
5/28 13:54 26.5 1.9 
5/28 14:00 27.3 2.2 
5/28 14:16 28.1 0.8 
5/28 15:00 28.9 0.3 
5/28 20:12 29.6 o.o 
5/28 20: 14 30.4 6.5 
5/28 20:16 40.6 84.5 
5/28 20:17 48.4 130.0 
5/28 20:18 62.4 234.0 
5/28 20: 19 78.8 273.0 
5/28 20:20 90.5 195.0 
5/28 20:21 101.4 182.0 
5/28 20:22 113.1 195.0 
5/28 20:23 124.8 195.0 
5/28 20:24 136.5 195.0 
5/28 20:25 148.2 195.0 
5/28 20:26 158.3 169.0 
5/28 20:27 168.5 169.0 
5/28 20:28 179.4 182.0 
5/28 20:29 190.3 182.0 
5/28 20:30 202.8 208.0 
5/28 20:31 218.4 260.0 
5/28 20:32 233.2 247.0 

Tank overflowed, final volume was projected. 

SITE 2: B-Horizon Flow 

5/28 03:42 0.9 o.o 
5/28 03:56 1.0 0.1 
5/28 04:30 1.1 o.o 
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TABLE 47 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 
(liters) (lls*lOOO) 

5/28 05:06 1.1 o.o 
5/28 05:26 1.4 0.2 
5/28 05:44 1.6 0.2 
5/28 05:46 1. 7 0.8 
5/28 07:14 2.9 0.2 
5/28 09:00 3.5 0.1 
5/28 12:40 4.2 o.o 
5/28 13:08 4.8 0.4 
5/28 13:48 6.0 0.5 
5/28 14:13 6.6 0.4 
5/28 14:40 7.2 0.4 
5/28 20:00 7.2 o.o 
5/28 20:29 7.5 0.2 
5/28 20:36 16.7 21.8 
5/28 20:44 22.3 11.7 
5/28 21:00 37.1 15.4 
5/28 21:12 47.4 14.4 
5/28 21:22 55.4 13.3 
5/28 21:34 64.2 12.2 
5/28 21:46 73.0 12.2 
5/28 21:56 81.8 14.7 
5/28 22:00 85.0 13.3 
5/28 22:14 95.4 12.4 
5/28 22:20 100.2 13.3 
5/28 22:30 107.4 12.0 
5/28 22:40 113.8 10.7 
5/28 22:50 120.2 10.7 
5/28 22:54 121.8 6.7 
5/28 23:08 129.0 8.6 
5/28 23:14 132.2 8.9 
5/28 23:57 153.8 8.4 
5/29 00:08 158.6 7.3 
5/29 00:15 161.8 7.6 
5/29 00:22 165.0 7.6 
5/29 00:34 169.8 6.7 
5/29 00:56 177.8 6.1 
5/29 01:05 180.2 4.4 
5/29 01:12 181.8 3.8 
5/29 01:36 186.6 3.3 
5/29 01:43 188.2 3.8 
5/29 02:00 190.6 2.4 
5/29 02:38 194.6 1.8 
5/29 03:00 197.0 1.8 
5/29 03:30 197.8 0.4 
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TABLE 47 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 
(liters) (l/s*1000) 

5/29 04:14 199.4 0.6 
5/29 05:00 200.2 0.3 
5/29 07:30 201.0 0 .1 

SITE 3: Litter Layer Flow 

5/28 03:45 0.4 0.0 
5/28 03:47 1.1 6.2 
5/28 03:48 1.3 3.1 
5/28 03:53 1.4 0.3 
5/28 04:12 1. 5 0.1 
5/28 04:20 1. 7 0.4 
5/28 04:28 3.7 4.2 
5/28 04:52 4.4 0.5 
5/28 05:31 5.0 0.3 
5/28 06:08 6.4 0.6 
5/28 06:32 6.7 0.2 
5/28 11:00 7.0 o.o 
5/28 11:40 7.7 0.3 
5/28 12:50 9.0 0.3 
5/28 13:20 9.7 0.4 
5/28 20:22 9.7 o.o 
5/28 20:36 22.5 15.3 
5/28 20:38 23.4 6.9 
5/28 20:42 24.2 3.5 
5/28 20:53 29.2 7.6 
5/28 21:04 30.0 1.3 
5/28 21:45 30.9 0.3 
5/28 21:53 31. 7 1. 7 
5/28 22:08 32.5 0.9 
5/28 22:40 33.4 0.4 
5/28 23:40 34.2 0.2 
5/29 00:00 35.0 0.7 
5/29 01:36 35.9 0.1 

SITE 3: A-Horizon Flow 

5/28 08:40 0.4 o.o 
5/28 10:00 0.5 o.o 
5/28 11:50 0.6 o.o 
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TABLE 47 (Continued) 

Date Time Ac:c:um. Interval 
Vol. Discharge 
(liters) (l/s*1000) 

5/28 13:30 0.7 0.0 
5/28 17:00 0.8 0.0 
5/28 20:12 0.8 0.0 
5/28 20: 14 0.9 0.8 
5/28 20: 15 1.6 12.4 
5/28 20:16 10.5 148.9 
5/28 20:18 16.4 49.1 
5/28 20:21 19.8 18.7 
5/28 20:23 20.6 7.0 
5/28 20:33 36.6 26.7 
5/28 20:37 49.3 52.6 
5/28 20:40 56.9 42.1 
5/28 20:43 61.9 28.1 
5/28 20:48 68.6 22.5 
5/28 20:50 70.3 14.0 
5/28 20:53 72.0 9.4 
5/28 20:57 73.7 7.0 
5/28 21:05 76.2 5.3 
5/28 21:12 77.1 2.0 
5/28 21:30 78.8 1.6 
5/28 21:36 79.6 2.3 
5/28 21:40 80.4 3.5 
5/28 21:54 87.2 8.0 
5/28 22:00 89.7 7.0 
5/28 22:10 92.2 4.2 
5/28 22:20 93.9 2.8 
5/28 22:30 94.8 1.4 
5/28 22:50 96.4 1.4 
5/28 23:00 96.9 0.7 
5/28 23:02 97.3 3.5 
5/28 23:50 101. 5 1. 5 
5/29 00: 10 103.2 1.4 
5/29 00:40 104.9 0.9 
5/29 00:54 105.7 1.0 
5/29 01:50 107.4 0.5 
5/29 02:50 108.2 0.2 
5/29 04:30 109.1 0.1 

SITE 3: B-Horizon Flow 

5/28 20: 19 0.4 o.o 
5/28 20:22 11.4 61.1 
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TABLE 47 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 
(liters) (l/s*lOOO) 

5/28 20:24 26.7 127.7 
5/28 20:26 36.9 85.1 
5/28 20:27 47.1 170.2 
5/28 20:30 55.7 47.3 
5/28 20:34 69.3 56.7 
5/28 20:35 77.8 141.8 
5/28 20:42 120.3 101.3 
5/28 20:50 162.9 88.7 
5/28 21:01 205.4 64.5 
5/28 21:08 214.0 20.3 
5/28 21:11 218.2 23.6 
5/28 21:15 222.5 17.7 
5/28 21:24 231.0 15.8 
5/28 21:37 239.5 10.9 
5/28 21:50 247.1 9.8 

Tank overflowed,imflow stopped at 2300. 



TABLE 48 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 5/31/87 

Precipitation Data 

Date Time Accum. Interval In tens. 
PCP PCP 
(mm) (mm) (mm/hr) 

31-May 08:45 o.o 0.0 o.o 
31-May 09:10 0.8 0.8 1.8 
31-May 09:55 0.8 o.o 1.0 
31-May 10:20 2.0 1.3 4.9 
31-May 10:41 8.9 6.9 25.4 
31-May 15:33 10.2 1.3 2 .1 

Subsurface Flow Data 

Date Time Accum. Interval 
Vol. Discharge 
(liters) (l/s)*lOOO 

SITE 1: Li·tter Layer Flow 

30-May 10:55 1.4 o.o 
30-May 11:02 1.4 o.o 
30-May 12:40 1.4 o.o 
31-May 16:44 1.4 o.o 
31-May 16:50 2.2 2.3 
31-May 16:52 2.9 5.5 

Site 1 · A-Horizon Flow 

No Flow Occurred 
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TABLE 48 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 

(liters) (lls*lOOO) 

SITE 1: B-Horizon Flow 

29-May 09:50 0.4 o.o 
29-May 10:31 0.5 0.0 
29-May 11:10 0.6 o.o 
29-May 12:30 0.9 0.1 
29-May 15:00 1.1 o.o 
29-May 17:00 1.3 o.o 
29-May 19:00 1.3 o.o 
31-May 11:44 1.3 o.o 
31-May 14:00 1.4 o.o 
31-May 17:28 1.5 0.0 

SITE 2: Litter Layer Flow 

30-May 12:44 1.4 0.0 
30-May 13:02 1.4 0.0 
30-May 13:07 1.4 o.o 
30-May 13:08 l.7 3.7 
30-May 13:12 1.7 0.1 
30-May 13:20 1.9 0.5 
30-May 13:24 2.0 0.3 
30-May 13:43 2.3 0.3 
30-May 14:04 2.3 o.o 
30-May 14:10 2.4 0.1 
30-May 14:28 2.4 o.o 
30-May 14:37 2.4 0.1 
30-May 15:00 2.5 o.o 
30-May 16:00 2.6 0.0 
30-May 17:00 2.6 0.0 
30-May lS:OO 2.7 o.o 
30-May 19:00 2.7 0.0 
30-May 20:00 2.7 0.0 
30-May 21:20 2.8 o.o 
31-May 04:00 2.8 o.o 
31-May 09:20 2.8 o.o 
31-May 10:00 2.9 0.0 
31-May 10:36 2.9 o.o 
31-May 10:38 2.9 0.2 
31-May 10:44 2.9 0.0 
31-May 10:48 3.0 0.4 



340 

TABLE 48 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 

(liters) (lls*lOOO) 

31-May 10:50 3.1 0.5 
31-May 10:56 3.1 o.o 
31-May 11:00 4.0 3.9 
31-May 11:01 5.0 16.7 
31-May 11:03 6.0 8.3 
31-May 11:05 6.4 3.2 
31-May 11:12 7.0 1.5 
31-May 11:20 7.1 0.2 
31-May 11:37 7.2 0.2 
31-May 12:10 8.0 0.4 

SITE 2: A-Horizon Flow 

29-May 20:40 0.4 0.0 
30-May 14:48 1.2 o.o 
30-May 14:55 1.3 0.1 
30-May 14:57 1.4 1.3 
30-May 18:20 1.5 o.o 
31-May 11:00 1.5 o.o 
31-May 11:04 1.6 0.6 
31-May 11:08 1. 7 0.4 
31-May 11:14 12.1 28.9 
31-May 11:30 13.7 1.6 
31-May 11:48 14.4 0.7 
31-May 12:30 14.8 0.2 
31-May 13:30 15.2 0.1 
31-May 16:00 15.6 o.o 

SITE 2: B-Horizon Flow 

31-May 11:18 0.4 o.o 
31-May 11:25 0.5 0.2 
31-May 11:30 0.7 0.8 
31-May 11:41 1.1 0.6 
31-May 11:43 1. 7 5.2 
31-May 12:30 2.6 0.3 
31-May 12:50 2.8 0.1 
31-May 16:00 3.2 o.o 



341 

TABLE 48 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 

(liters) (lls*lOOO) 

SITE 3: Litter Layer Flow 

31-May 10:46 1.4 0.0 
31-May 10:48 2.3 7.4 
31-May 10:52 2.6 1.2 
31-May 11:06 4.3 2.0 

SITE 3: A-Horizon Flow 

No Flow Occurred 

Site 3: 8-Horizon Flow 

31-May 11:37 9.8 o.o 
31-May 11:41 10.1 1.2 
31-May 11:58 10.6 0.4 
31-May 12:37 11.4 0.4 
31-May 14:18 12.6 0.2 
31-May 18:27 13.5 0.1 
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TABLE 49 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 6/19/87 

Precipitation Data 

Date Time Accum. Interval In tens. 
PCP PCP 
(mm) (mm) (mm/hr) 

6/19 15:17 Q.O o.o o.o 
6/19 15:22 6.4 6.4 76.2 
6/19 15:27 7.1 0.8 9.1 
6/19 15:57 12.2 5.1 10.2 
6/19 17:17 12.7 0.5 0.4 
6/19 18:32 15.2 2.5 2.0 
6/20 01:05 16.3 1.0 0.2 
6/20 01:40 19.a 0.5 0.9 
6/20 01:45 21.6 4.8 57.9 
6/20 02:05 22.1 0.5 1.5 
6/23 04: 16 (). 0 0.0 o.o 
6/23 04:36 12.7 12.7 38.1 
6/23 05:01 25.4 12.7 30.5 
6/23 05:06 27.2 1.8 21.3 
6/23 05:42 27.9 0.8 1.3 

No Subsurface Flow Occurred 
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TABLE 50 

HYDROLOGIC PROCESSES DATA FOR 
THE STORM OF 6/30/87 

Prec:ipitation Data 

Date Time Ac:c:um. Interval In tens. 
PCP PCP 
(mm) (mm) (mm/hr) 

6/30 04:51 o.o o.o 0.0 
6/30 05:01 2.3 2.3 13.7 
6/30 05:06 2.8 0.5 6.1 
6/30 05:27 12.4 9.7 27.6 
6/30 07:22 13.2 0.8 0.4 
6/30 07:32 21.1 7.9 47.2 
6/30 07:40 21.6 0.5 3.8 
6/30 07:50 3'1.8 10.2 61.0 
6/30 08:00 50.8 19.1 114.3 
6/30 08:13 53.3 2.5 11. 7 
6/30 08:53 54.6 1.3 1.9 
6/30 09:50 57.2 2.5 2.7 

SITE 1: Litter Layer Flow 

Date Time Ac:c:um. Interval 
Vol. Discharge 
( 1 ) (l/s)*lOOO 

SITE 1: Litter Layer Flow 

6/30 no times 41 

SITE 1: A-Horizon Flow 

6/30 08: 10 0.4 o.o 
6/30 08:14 0.5 0.6 
6/30 08:46 1.0 0.2 
6/30 09:22 1.3 0.2 
6/30 09:40 1.4 0.1 
6/30 10:36 1.5 o.o 
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TABLE 50 (Continued) 

Date Time Ac:c:um. Interval 
Vol. Discharge 

(liters) (lls*lOOO) 

6/30 11:20 2.9 0.4 
6/30 11:50 5.3 1.3 
6/30 12:00 5.5 0.4 
6/30 12:10 5.7 0.3 
6/30 12:54 6.1 0.2 

SITE 1 : 8-Horizon Flow 

6/30 07:52 0.4 o.o 
6/30 07:54 1.0 4.6 
6/30 07:56 1.6 5.4 
6/30 08:00 1. 7 0.2 
6/30 08:06 1. 7 0.1 
6/30 08: 18 2.7 1.4 
6/30 08:32 3.4 0.8 
6/30 09:26 4.2 0.2 

SITE 2: Litter Layer Flow 

6/30 05:29 1.4 o.o 
6/30 05:37 1.7 0.6 
6/30 05:41 1. 7 0.1 
6/30 05:45 1.9 0.9 
6/30 05:47 2.0 0.7 
6/30 05:52 2.0 0.1 
6/30 05:53 2.1 0.5 
6/30 06:01 2.3 0.5 
6/30 06:07 2.3 0.1 
6/30 06:21 2.4 o.o 
6/30 06:25 2.4 0.2 
6/30 07:05 2.5 o.o 
6/30 07:07 2.5 0.5 
6/30 07:29 2.5 o.o 
6/30 07:35 2.5 0.1 
6/30 07:37 2.6 0.6 
6/30 07:41 3.2 2.5 
6/30 07:45 3.3 0.3 
6/30 07:49 3.6 1.4 
6/30 07:51 4.2 5.1 
6/30 07:54 10.2 33.3 
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TABLE 50 (Continued) 

Date Time Ac:cum. Interval 
Vol. Discharge 

(liters) (lls*lOOO) 

6/30 07:57 13.2 16.3 
6/30 07:59 14.0 6.8 
6/30 08:01 14.4 3.4 
6/30 08105 15.0 2.5 
6/30 08:09 15.2 0.9 
6/30 08: 14 15.6 1.4 
6/30 08: 18 16.0 1.7 
6/30 08:33 16.4 o.5 
6/30 08:41 16.6 0.4 
6/30 08:56 16.8 0.2 

Site 2: A-Horizon Flow 

6/30 05:24 0.6 o.o 
6/30 05:28 1.2 2.7 
6/30 06:00 1.3 o.o 
6/30 07:00 1.3 o.o 
6/30 07:38 1.3 0.0 
6/30 07:43 1.6 0.9 
6/30 07:51 11. 7 21.0 
6/30 07:53 15.6 32.5 
6/30 07:54 23.4 130.3 
6/30 07:55 31.2 130.0 
6/30 07:58 39.0 43.2 
6/30 08:00 43.7 39.0 
6/30 08:03 46.8 17.3 
6/30 08:08 52.3 18.2 
6/30 08:13 54.6 7.8 
6/30 08:27 62.4 9.3 
6/30 08:38 65.9 5.3 
6/30 09:00 68.6 2.1 
6/30 09:30 70.2 0.9 
6/30 10:30 71.0 0.2 
6/30 11:30 71.4 0.1 
6/30 12:30 71.8 0.1 
6/30 15:30 72.2 o.o 
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TABLE 50 (Continued) 

Date Time Ac:c:um. Interval 
Vol. Discharge 

(liters) (lls*lOOO) 

SITE 2: 8-Horizon Flow 

6/30 07:53 0.4 o.o 
6/30 07:54 1.0 9.3 
6/30 07:55 2.9 32.8 
6/30 07:56 3.9 15.3 
6/30 07:58 5.4 12.8 
6/30 08:00 6.3 7.8 
6/30 08:06 7.9 4.2 
6/30 08: 16 9.1 2.1 
6/30 08:26 10.7 2.7 
6/30 08:41 11. 7 1.1 
6/30 09:10 12.7 0.6 
6/30 10:06 13.2 0.1 

SITE 3: Litter Later Flow 

6/30 05:20 1.4 o.o 
6/30 05:28 2.2 1.8 
6/30 07:46 2.2 o.o 
6/30 07:50 2.5 1.1 
6/30 07:56 2.7 0.5 
6/30 08:14 3.0 0.3 
6/30 08:24 3.7 1.1 
6/30 08:56 4.4 0.3 
6/30 09:26 4.7 0.2 

SITE 3: A-Horizon Flow 

no flow 

SITE 3: B-Horizon Flow 

6/30 08:53 0.4 o.o 
6/30 09:10 0.6 0.2 
6/30 09:30 0.7 0.1 
6/30 10:10 0.9 0.1 
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TABLE 50 (Continued) 

Date Time Accum. Interval 
Vol. Discharge 

(liters) (l/s*lOOO) 

6/30 10:43 1.0 o.o 
6/30 11:23 1.1 o.o 
6/30 11:52 1.1 o.o 
6/30 12:10 1.2 0.0 
6/30 12:44 1.3 o.o 
6/30 14:30 1.3 o.o 
6/30 15:21 1.3 0.0 
6/30 15:30 1.5 0.3 
6/30 15:40 1.5 o.o 
6/30 18:30 1.6 o.o 



APPENDIX B 

SOURCE CHEMISTRY SUMMARIES BY STORM 
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TABLE 51 

WATERSl-ED PROCESSES CHEMISTRY DATA 
FOR THE STORM OF l/15/87 

-------------------------------------------------------------------------------------------------
Lab# Sample Type pH Cond. N03-H DOC Ca Mg K Ha 

{l.Jlllhos) <mg.ti) {ing/l) <.cyD <..yl> {mg.11) {1119/1) 
------------------ ------- --------

1 1 TFl 4.26 36.3 0.503 22 0.59 0.13 0.57 0.14 
2 1 TF2 4.34 31.6 0.630 10 0.44 0.06 0.32 0.07 
3 1 TF3 4.16 37.5 0.673 6 0.37 0.02 0.12 0.07 
4 1 TF4 4,.20 42.2 0.504 0 0.15 0.00 0.02 0.02 
5 i SPlA 5.29 43.3 0.220 45 2.19 1.06 1.25 1.19 
6 1 SPlB 5.52 29.3 0.000 46 1.63 1.39 1.18 1.47 
7 1 SP28 5.72 30.5 0.050 13 1.34 1.34 0.97 1.65 
a 1 SP3L 5.55 32.8 0.152 261 2.91 0.99 2.13 0.24 
9 1 SP3A 5.31 34.0 0.510 119 2.90 1.05 1.55 0.60 

10 1 SP38 5.00 27.0 0.000 15 1.04 1.01 0.87 0.99 
11 1 TL 5.16 84.4 0.127 215 10.19 1.05 4.40 1. 70 
12 2 TFl 4.30 31.1 0.599 2 0.27 o.oo 0.08 0.07 
13 2 TF2 4.24 32.2 0.536 13 0.41 0.06 0.37 0.03 
14 2 TK3 4.25 28.7 0.524 1 0.23 0.00 0.04 0.02 
15 2 TF4 4.30 29.7 0.547 11 0.53 0.07 0.49 0.07 
16 2 SPlL 5.74 22.3 0.193 97 1.43 0.47 4.02 0.07 
17 2 SPlA 5.38 36.3 
18 2 SPlB 5.03 29.3 0.013 64 1.58 1.20 1.30 . 1.26 
19 2 SP2L 5.62 25.8 0.107 179 1.27 0.56 4.07 O.« 
20 2 SP2A 5.08 49.2 1.341 62 1.36 1.84 1.18 2.72 
21 2 SP28 5.03 55.1 0.013 32 1.47 2.17 0.58 3.87 
22 2 TA 5.15 29.9 0.062 105 1.88 1.07 1.17 0.90 
23 3 TFl 4.30 36.3 0.777 23 0.89 0.19 1.81 0.16 
24 3 TF2 4.31 30.5 0.627 13 0.64 0.18 0.50 0.19 

w 
.p-

'° 



TABLE 51 <Continued) 

--------------------------------------------------------------- ----------------------------------------------
Lab# Saalple Type pH Cond. l'll3-N ooc Ca Mg K Na 

<....-.os) (mg.11) (ag.11) (mg/1) C.g/D (1119/l> (mg/l) 

-------------- -------------
25 3 TF3 4.22 32.8 0.561 12 0.63 0.17 0.32 0.13 
26 3 TF4 4.08 4.3 0.849 16 0.60 0.12 0.59 0.10 
27 3 SP3B 5.31 19.9 0.000 1 0.45 0.80 0.59 1.55 
20 3 STR 5.30 27.0 0.000 6 0.84 0.83 0.52 1.81 

-----------------------------------------------------------------------------------------------------------------------------------------------------------------

w 
\.J1 
0 



TABLE 52 

WATERSHED PROCESSES CHEMISTRY ORTA 
FOR THE STORM OF 2111187 

--------------~----------------------------------------------------~-------------------------------------------------------------------------------------------------------
Lab# Sample Type pH Cond. N03-N DOC Ca Mg K Na 

<umhos) (mg/l> (mg/l) <mg/D (mg/l) (mg/1) (mg/l) 
-----~----------------------------------------------------------------------------------

30 1 TF1 4.75 29.3 0.73 19 1.42 0.3 0.51 0.58 
31 1 TF2 4.8 24.6 0.766 16 1.51 0.27 0.44 0.47 
32 1 TF3 4.44 31.6 0.937 22 1.21 0.21 0.26 0.53 
33 1 TF4 4.47 22.1 0.61 0.14 0.12 0.42 
34 1 SP3L 5_29 30.8 -----" ---~ 2~48 0~81 1.92 o.4 
35 
36 2 TFl 4.57 23.3 0.61 0.11 0.12 0.33 
37 2 TF2 4.62 27.9 1.31 0.32 0.45 0.44 
38 2 TF3 4.45 27.3 0.7 0.11 0.12 0.34 
39 2 TF4 4.62 24.4 0.87 0.17 0.43 0.35 
40 2 SP1L 6.04 37.8 2.58 0.97 3.66 0.37 
41 2 T-L 6.08 50.6 4.85 1.22 4.09 0.45 
42 3 TFl 4.22 80.2 3.79 0.72 2.66 0.96 
43 3 TF2 4.25 52 2.27 0.53 1.04 0.7 
44 3 TF3 5.14 29.7 1.88 0.42 0.7 0.38 
45 3 TF4 4.08 60.6 2.05 0.36 0.96 0.87 
46 3 SP28 5.6 23.3 1.03 0.72 0.73 1.05 
47 3 SP38 5.55 21 0.36 0.65 0.52 1.25 
48 3 TL 5.94 - 62.8 4.95 1.15 4.2 0.68 

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

w 
Vt 
I-' 



TABLE 53 

WATERSHED PROCESSES CHEMISTRY DATA 
FOR THE STORM OF 2/16/87 

-------------------------------------------------------------------------------------------- --
Lab# Sa.pie Type pH Cenci. N03-N DOC Ca Hg K Na 

(Ullhos) (mg/I> (1n9/I> (.g.11> Clllg/D <iag/D (ag/l> 

-------------------- ---------------------------------
49 1 TFl 6.2 16.3 1.8 0.18 0.34 0.26 
50 1 TF2 5.92 16.3 1.&4 0.17 0.41 0.26 
51 1 TF3 5.5 14.5 1.49 0.1 0.17 0.31 
52 1 TF4 5.92 11 1.28 0.04 0.1 0.24 
53 1 SPlA 5.24 34.9 2.15 1.16 1.3 0.98 
54- 1 SP18 5.6 29.1 1.23 0.98 0.94 1.11 
55 1 5P2B 5.93 27.9 0.93 0.90 0.89 1.34 
56 1 SP3L 5.75 27.9 2.76 0.82 1.97 0.28 
57 1 SP3A 5.60 34.3 2.E6 1.05 1. 72 0.53 
58 1 SP3B 5.68 25.6 a.a; 0.83 0.82 0.95 
59 2 TFl 6.13 11 1.19 0.06 0.09 0.22 
60 2 TF2 6.12 12.8 1.-45 0.13 0.2 0.2 
61 2 TF3 6.23 11.6 1.25 0.05 0.09 0.21 
62 2 TF4 6.09 16 1.57 0.13 0.34 0.25 
63 2 SPlL 5.89 23.4 150 1.81 0.63 2.48 0.25 
64 2 SP18 5.46 16.3 1.as 0.85 1.13 0.99 
65 2 SP2L 5.72 33.4 216 2.59 0.88 3.53 0.4 
66 2 SP2A 4.92 43.4 51 0.% 1.47 0.53 2.42 
67 2 SP2B 5.24 45.7 37 1.23 1.62 0.56 2.91 
60 2 SP3A 6.3 25.8 2.33 0.75 0.42 0.91 
69 2 SP38 5.3 45.7 23 1 1.67 0.33 3.33 
70 2 TL 5.77 45.7 313 2.92 0.85 2.81 0.44 
71 2 TA 5.55 29.3 129 1.94 0.90 0.95 0.85 
72 2 TB 6.76 99.6 286 15.4 2.4 1.87 1.99 
73 2 STR 6.45 29.9 25 1.12 0.92 0.47 2.39 

w 
V1 
N 



TABLE 53 <Continued> 

-----------------------------------------------------------------------------------------------------------------------------------------
Lab# Sample Type pH Cond. l'IJ3-H DOC Ca l1g K Ha 

(u.hos) (1119/l) (1119/l) Cmg/l) <lllg/D (mg/l> Cmg/D 
---------------------

74 3 TFl 5.36 26.4 52 2.04 0.31 1.17 0.-49 
75 3 TF2 5. -4 17.G 0.694 22 1.51 0.22 0.44 0.32 
76 3 TF3 5.83 15.2 29 1.53 0.24 0.37 0.3 
77 3 TF4 5.19 18.8 33 1.-49 0.18 0.39 0.31 
78 3 SPlL 5.89 30.5 0.121 265 2.5-4 0.86 2.73 0.39 
79 3 SPlA 5.57 22.8 0.006 -41 0.9-4 0.73 1.13 0.53 
80 3 SP38 5.43 32.8 0 27 0.6-4 Q,.95 0.74 0.79 
81 3 SP2L 5.89 28.1 277 2.3 0.77 3.08 0.4 
82 3 SP2A 6.11 29.9 1-40 2.05 1 1.36 0.82 
83 3 SP3A 5.97 21.1 10 0.42 0.75 0.55 1.33 
84 3 SP38 5.4 21.1 7 0.24 0.76 0.54 1.37 
85 3 TL 5.4 49.2 0.981 313 4.27 1.1 -4.31 0.58 
86 3 TA 5.7 1-4.1 0.306 23 1.48 0.16 0.56 0.2 
87 3 STR 5.83 25.0 0.031 23 0.74 0.70 0.56 1.81 

----------------------------------------------- ------------------------------------------ ---------- - -----------

w 
\JI 
w 



TABLE 54 

WATERSHED PROCESSES CHEMISTRY DATA 
FOR THE STORM OF 2/21/87 

------------------------------ - ---------------------------------- --- - -------------------------------
Lab# Saalple Type pH Cond. N03-N DOC Ca Mg K Na 

(u.hos> (mg/l) (mg/l) (mg/l> (mg/l> (ag/l> (ing/l) 
------ -------------- ---- ----------------

100 1 TFl 4.43 42.2 1.379 24 2.37 0.35 0.45 0.-43 
101 1 TF2 4.41 37.5 1.332 20 2.01 0.25 0.33 0.26 
102 1 TF3 4.16 44.5 1.375 24 1.57 0.17 0.23 0.33 
103 1 TF4 4.26 36 1.035 18 1.18 0.07 0.19 0.18 
104 1 SPlB 5.9 27 0.023 18 U.81 0.96 0.62 1.57 
105- · 2 TFt 4.21 39~5 1.127 13 1.3 0.08 0.12 0.17 
106 2 TF2 4.21 45.3 1.297 24 1.91 0.3 0.29 0.17 
107 2 TF3 4.18 41 1.109 13 1.25 0.08 0.09 0.18 
108 2 TF4 4.15 49.2 0.707 22 1.91 0.25 0.32 0.21 
109 2 SP38 5.73 51.5 0.011 18 0.84 1.74 0.31 4.07 
110 3 TFl 4.1 61.6 1.275 25 2.83 0.41 1.36 0.32 
111 3 TF2 4.18 42.2 1.223 18 1.74 0.25 0.35 0.24 
112 3 TF3 4.32 38.7 1.137 21 1.81 0.29 0.53 0.19 
113 3 TF4 3.95 68 1.745 26 2.41 0.35 0.87 0.33 
114 3 SP38 5.93 18.8 0.009 10 0.26 0.69 0.51 1.47 
115 3 STR 6.11 20.7 0.013 14 0.75 0.81 0.57 2.21 
116 3 STR 5.62 27.3 0.012 13 0.63 0.8 0.57 2.19 ------------------------------------------------------------------------------------------------------------------------------------------

w 
U'I 
+=-



TABLE 55 

WATERSHED PROCESSES CHEMISTRY DATA 
FOR THE STORM OF 2/24/87 

-----------------------------------------------------------------------------------------------------------------------------------------
Lab# Sa.pie Type pH Cond. N03-N DOC Ca Hg K Ha 

(IJlllhos) (mg/l) (1119/l> (1111g/l) (lllg/l> (1D9/D (mg/I> 
-------------- - -------------------

117 1 TFl 5 9.4 0.111 18 0.6 0.07 0.2 0.19 
118 1 TF2 4.99 8.2 0.119 18 0.45 0.04 0.09 0.27 
119 1 TF3 4.86 9.4 0.169 11 0.25 0 0.02 0.08 
120 1 TF4 5.04 5.9 0.091 10 0.22 0 0 0.03 
121 1 SPlB 5.23 27 0.006 11 0.69 1 0.52 1. 71 
122 1 SP2B 5.4 29.3 0.086 11 0.8 1.09 0,.63 1.75 
123 1 SP38 ... 5.62 23~.g··. ·0.015 15 0:63. 0.82 0.82 1.00 
124 2 TFl 5.05 0.64 0.094 7 0.09 0 0.04 0.01 
125 2 TF2 4.89 0.99 0.2 18 0.27 0.05 0.12 0.06 
126 2 TF3 4.83 0.76 0.124 10 0.07 0 0.03 0.02 
127 2 TF4 4.87 0.81 0.124 13 0.22 0 0.2 0.03 
128 2 SPlL 5.75 29.1 0.25 188 2.26 0.76 3.2 0.34 
129 2 SPlB 4.78 26.7 0.034 59 1.02 0.87 1.09 1.15 
130 2 SP2B 5.29 51.2 0.03 27 1.04 1.72 0.55 3.86 
131 2 SP3B 5.12 -49.4 0.016 18 0.72 1.64 0.29 3.98 
135 2 STR 6.16 30.8 0.016 20 0.8 0.89 0.56 2.85 
136 3 TF3 4.29 43.4 1.455 46 1.8 0.31 1.17 0.25 
137 3 TF2 4.29 32.6 0.851 48 1.06 0.25 0.55 0.16 
138 3 TF3 5.22 11.6 0.18 22 0.33 0.05 0.24 0.03 
139 3 TF4 4.24 54.6 1.241 54 1.05 0.17 0.74 0.14 
140 3 SPlA 5.3 23.3 0.057 33 0.76 0.77 1.07 0.64 
141 3 SP83 5.23 20 0.022 8 0.18 0.72 0.55 1.3-4 
142 3 STR 5.63 26.4 0.043 22 0.76 0.69 0.57 1.9 
143 3 TL 5.66 46.9 1.087 253 4.36 0.89 3.56 1.4 
144 3 TA 5.74 17.6 0.448 38 1.53 0.17 0.83 0.19 ---------------------------------- ---------------------------------------------------------------------------------------------------------

w 
VI 
VI 



TABLE 56 

WATERSHED PROCESSES CHEMISTRY DATA 
FOR THE STORM OF 2/28.187 

--------------------------------------------------- --------------------------------------------------------------------
Lab# Sa.pie Type pH Cond. N03-N DOC Ca Mg K Ha 

(lllllhos) (1119/D (1n9/D Cmg/D <aig/D Ca.g/D (1119/D 
-------------------------------- ----

148 1 TFl 4.93 9.73 0.141 27 0.:25 0 0.2 0.09 
149 1 TF2 4.96 7.44 0.155 27 0.23 0 0.2 0.09 
150 1 TF3 4.78 8.02 0.158 14 0.09 0 0.03 0.05 
151 1 TF4 4.75 8.02 0.144 12 0.09 0 0.05 0.12 
152 1 SPlA 5.9 28 •. 6. Q.065 69 1.2 0.97 1.02 1.29 
f 53 1 SPlB 6.01 28.6 0.015 47 1.05 0.98 0.8 1.61 
154 1 SP18 6.1 26.3 0.011 26 0.7 0.96 0.69 1.64 
155 1 SP28 6.13 28.6 0.079 28 0.73 0.90 0.7 1.45 
156 1 SP3L 5.29 28.6 0.127 468 2.32 0.77 1.93 0.23 
157 1 5P3A 5.54 29.8 0.778 258 2.16 0.87 1.6 0.61 
158 1 SP3B 5.94 24.1 0.009 33 0.89 0.81 0.85 1.09 
159 1 TL 6.9 36.1 0.074 42 1. 71 0.21 3.46 2.74 
160 1 TA 5.74 6.87 0.126 26 0.52 0.03 0.23 0.12 
161 1 TB 6.27 35.5 0.146 171 3.14 1.03 1.46 0.94 
166 2 TFl 4.85 8.01 0.146 11 0.07 0 0.04 0.1 
167 2 TF2 4.85 8.01 0.133 24 0.15 0 0.12 0.09 
168 2 TF3 4.73 8.01 0.144 11 0.17 0.05 0.06 0.06 
169 2 TF4 4.83 9.16 0.149 23 0.28 0.06 0.27 0.1 
170 2 SPlL 6.28 17.2 0.038 197 1.52 0.43 2.35 0.16 
171 2 SPlA 5.21 34.4 0.137 137 2.13 0.86 1.29 1.12 
172 2 SP28 5.5 26.9 0.026 112 1.37 0.84 1.1 1.02 
173 2 SP2L 5.66 25.2 0.194 285 2.33 0.68 2.74 0.32 
174 2 SP2A 4.99 40.1 0.033 69 1.00 1.26 0.76 2.42 
175 2 SP2B 5.86 47.5 0.034 49 1.24 1.54 0.59 3.15 
176 2 SP3A 5.18 24.1 0.03 146 1.21 0.87 0.53 1.23 

w 
\J1 
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TABLE 56 <Continued) 

---------------------------------------------------------------------------------------------------------------------------------------------
Lab# Sample Type pH Cond. N03-N ooc Ca Mg K Na 

(ullihos) (mq/l) (1D9/D <mg/l) c...yu (tag/l) Catg/D --------------------- ------------------
177 2 SP38 5.88 46.9 0.019 32 1.08 1.46 0.41 3.45 
178 2 TL 5.87 22.9 0.094 365 2.31 0.65 2.19 0.36 
179 2 TA 5.68 26.3 0.047 141 1.81 0.8 0.98 0.75 
180 2 TB 6.22 26.3 0.019 170 2.41 0.79 0.93 0.68 
192 2 STR 6.64 28.1 0.011 25 0.91 0.73 0.55 1.69 
193 3 TFl 4.72 13.2 0.102 43 0.43 0.05 0.86 0.11 
194 3 TF2 4.67 9.7 0.119 23 0.28 0.03 0.22 0.07 
195 3 TF3 4.86 8.6 0 .. 119 31 . 0.5 0.09 0.28 0.06 
196 3 TF4 4.52 12.1 0.068 34 0.25 0.01 0.31 0.04 
197 3 SPlL 5.51 19.5 0.032 33 0.83 0.57 0. 72 0.72 
198 3 SPlA 5.06 19.5 0.016 58 0.58 0.50 0.82 0.49 
199 3 SPlB 5.31 18.3 0.016 13 0.45 0.57 0.55 0.77 
200 3 SP2L 6.1 26.3 0.088 343 2.52 0.62 2.9 0.44 
201 3 SP2A 5.31 21.8 0.015 "4-4 1.12 0.62 0.73 0.63 
202 3 SP2B 5.44 21.4 0.015 16 0.81 0.57 0.7 0.82 
203 3 SP3A 5.37 21.8 0.034 74 0.96 0.69 0.79 0.66 
204 3 SP3B 5.38 20 0.013 13 0.36 0.50 0.58 1.08 
205 3 SP3B 5.33 19.5 0.013 8 0.34 0.6 0.56 1.19 
206 3 TL 5.36 36.1 0.158 440 3.21 0.7 3.43 0.31 
207 3 TS 5.44 18.3 0.417 60 1.64 0.16 1 0.17 
208 3 TB 5.52 28.1 0.013 144 1.89 0.81 1.24 0.75 
209 3 STR 5.8 22.3 0.000 22 0.71 0.54 0.50 1.36 -------------------------------------------------------------------------------------------------------------------------------------------------

w 
V1 
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TABLE 57 

WATERSHED PROCESSES CHEMISTRY OATA 
FOR THE STORM OF 3/17/87 

-------------------------------------------------------------------------------. ---------------------------------------
lab# Sample T'=Pe pH Cond. H03-N DOC Ca l'fg K Ha 

<u.hos) Cing/D (eg/l) <.g/D <..yD Cmg/D (tag/I) 
----- - -- ----------------

217 1 TLl 5.58 27.9 0.08 181 2.27 0.54 2.4 0.75 
218 1 TAl 5.82 1 0.16 22 0.53 0.09 0.45 0.19 
219 1 TB 5.62 29.6 0.12 171 1.51 0.71 1.34 0.57 
220 1 TFl 5.43 0.81 0.22 13 0.24 0.05 0.1 0.07 
221 1 TF2 5~31 0.64. 0.1-6 7 -0.2 0.02 O.llS. 0.00 
222 1 TF3 5.23 0.50 0.15 3 0.21 0 0 0.04 
223 1 TF4 5.36 0.47 0.1 2 0.03 0 0 0.03 
224 1 SPlL 5.71 29.6 0.005 153 1.74 0.67 1.03 0.74 
225 1 SPlA 5.77 36 0.23 126 2.18 0.85 1.55 0.94 
226 1 SPlB 5.52 29.1 0.06 96 1.41 0.02 1.27 1.00 
227 1 SP2A 5.62 26.7 0.44 104 1 0.69 1.2 0.52 
228 1 SP2B 5.61 27.9 0.29 81 1.12 0.87 1.2 0.99 
229 1 SP3L 5.71 25.6 0.14 317 2.'Zl 0.76 1.58 0.63 
230 1 SP3A 5.65 32 1.26 171 2.4 0.93 1.61 0.53 
231 1 SP38 5.24 23.3 0.05 49 0.73 0.64 0.9 0.82 
243 2 TL 5.42 22.1 11.98 123 1.17 0.56 1.23 0.6 
244 2 TA 5.47 21 0.02 118 1.15 0.6 1.19 0.79 
245 2 TB 5.47 22.1 0.03 133 1.2 0.68 1.04 0.75 
246 2 STR 5.96 27.9 0.01 22 0.75 0. 73 0.59 2.17 
247 2 TFl 5.74 0.47 0.1 214 0.03 0 0 0.03 
248 2 TF2 5.33 0.81 0.2 11 0.33 0.06 0.14 0.15 
249 2 TF3 5.37 0.47 0.1 3 0.1 0 0.04 0.09 
250 2 TF4 5.3 0.58 0.1 7 0.09 0 0.1 0.06 
251 2 SPlL 6.08 21.5 0.07 146 1.69 0.51 2.88 0.17 
252 2 SP1A 5.29 26.7 0.12 115 1.4 0.7 1.23 1.03 

w 
\JI 
00 



TABLE 57 <Continued) 

-------------------------------------------------------------------------------------------------------------------------------------------
Lab# Sa.aple Type pH Cond. N03-H DOC Ca Hg K Ha 

<Ulllhos> (mg/l> (mg/l> (atg/l) <..yl> (mg/l) (mg/l> 
--------------------------- -------------------------

253 2 SPlB 5.47 24.4 o.oe 104 0.97 0.55 1.08 1.06 
254 2 SP2L 5.72 23.2 0.08 192 1.14 0.37 3.04 0.31 
255 2 SP2A 5.34 34.9 0.05 83 0.92 0.86 1.02 1.75 
256 2 SP2B 5.47 32.6 0.18 76 0.97 0.99 0.78 2.07 
257 2 SP3L 5.6 22.1 0.18 200 1.69 0.54 2.06 0.34 
258 2 SP3A 5.27 26.2 0.04 139 1.17 0.81 0.82 1.13 
259 2 SP3B 5.2 31.4 0.14 79 0.85 0.96 0.54 1.93 
202 3 TL 5.87 46.0 1.606 265 3.59 0.84 4.13 0.57 
203 3 TA 6.42 36.4 0.063 161 3.64 0.97 2.84 0.67 
204 3 TB 5.68 31.6 0.123 182 2.13 1.06 2.1 0.91 
285 3 TFl 4.72 18.9 0.51 56 0.87 0.13 0.97 0.27 
206 3 TF2 4.74 18.2 0.74 47 0.87 0.12 0.6 0.27 
207 3 TF3 5.52 8.5 0.272 33 0.53 0.1 0.36 0.15 
288 3 TF4 4.4 26.1 0.904 76 0.92 0.12 0.62 0.26 
209 3 SPlL 6.42 20.7 0.07 59 1.02 0.62 1.23 0.69 
290 3 SPlA 5.44 17 0.048 51 0.5 0.55 0.95 0.52 
291 3 SPlB 5.77 17.3 0.059 26 0.41 0.61 0.67 0.84 
292 3 SP2L 6.11 20.2 0.257 173 1.53 0.47 2.68 0.23 
293 3 SP2A 5.75 13.9 0.008 70 1.07 0.62 0.82 0.71 
294 3 SP2B 5.61 20 0.027 28 0.6 0.65 0.72 0.97 
295 3 SP3L 5.12 22.2 0 .. 011 184 1.36 0.57 1.54 0.38 
296 3 SP3A 5.13 20.6 0.016 11 0.87 0.72 0.98 0.52 
297 3 SP3L 5.72 18.9 0.043 0.2 0.69 0.58 1.26 --------------------------------------------------------------------------------------------------------------------------------------------------

w 
V1 
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TABLE 58 

WATERSHED PROCESSES CHEMISTRY DATA 
FOR THE STORM OF 3/23/87 

-------------------------------------------------------------------------------------------------------------------------------
Lab# Sample Type pH Cond. N03-N DOC Ca Mg K Na 

(lJllllhos) (mg/D (119/l) (mg/l) Cmq/D (mg/I> (mg/D 
------------------------------ ---------------------

298 1 TFl 5.13 17.2 0.411 46 1.28 0.24 0.59 0.33 
300 1 TF3 4.65 18.9 0.553 16 0.89 0.11 0.3 0.29 
301 1 TF4 4.67 4.67 0.389 11 0.66 0.07 0.21 0.23 
302 1 SPlB 5.53 5.53 0.026 20 0.69 0.93 0.69 1.45 
303 1 SP2A 5.56 5.56 0.394 1.32 0.06 1.47 0.74 
304 1 SP3B 5.52 5.52 0.026 35 0.62 0.05 0.99 0.87 
305 2 TL 6.01 6.QL 0.166 311 2.-68·· 0.192 2.57 0.91 
306 2 TA 5.59 5.59 0.047 145 1.53 0.76 1.48 0.83 
307 2 STR 6.29 6.29 0.013 22 0.9 0.82 0.63 2.3 
308 2 TFl 4.72 4.72 0.263 13 0.71 0.08 0.19 0.25 
309 2 TF2 4.75 4. 75 0.461 32 0.94 0.17 0.32 0.25 
310 2 TF3 4.64 4.64 0.333 12 0.55 0.06 0.18 0.22 
311 2 TF4 5.23 5.23 0.074 23 0.63 0.1 0.33 0.2 
312 2 SP2B 5.31 5.31 0.02 33 1.06 1.36 0.56 3.2 
313 2 SP3B 5.14 5.14 0 25 0.76 1.43 0.43 3.58 
317 3 TFl 4.49 4.49 1.444 69 2.1 0.34 1.62 0.46 
318 3 TF2 4.51 4.51 0.709 40 1.04 0.19 0.65 0.34 
319 3 TF3 4.81 4.81 0.503 35 0.86 0.19 0.55 0.24 
320 3 TF4 4.31 4.31 0.965 69 1.12 0.2 0.79 0.31 
321 3 SP2P 5.64 5.64 0.009 17 0.67 0.67 0.77 0.94 
322 3 SP3A 5.8 18.3 0.02 20 0.23 0.66 0.62 1.3 
323 3 SP3B 5.66 20 0.006 12 0.17 0.66 0.6 1.37 
324 3 STR 5.91 26.1 0.015 16 0.72 0.77 0.69 1.9 --------------------------------------------------------------------------------------------------------------------------------------------------------

w 
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TABLE 59 

WATERSHED PROCESSES CHEMISTRY DATA 
FOR THE STORM OF 3/26/87 

-------------------------------------------------------------------------------------------------------------------------------------
Lab# Sample Type pH Cond. N03-N DOC Ca Mg K Na 

(umhos) (1119/l) (119/l) (mg/l) (mg/I> (mg/I> (mg/I> 

--------------------- ----------------
325 BP 5.62 13.1 0.481 12 1.01 0.04 0.13 0.24 
326 1 TFl 5.35 18.8 0.589 46 1.63 0.13 0.33 0.32 
327 1 SPlB 6.41 23 0.008 23 0.6 1.02 0.57 0.22 
328 1 TF3 5.2 24.4 0.949 27 1.95 0.18 0.35 0.39 
329 1 TF4 5.13 14.3 0.525 23 1.(6 0.08 0.1 0.19 
330 2 TL 9.29 209.1 0.107 229 5.56 0.67 11 6.23 
333 2 TFl 5.09 16.8 0.293 26 0.99 0.09 0.15 0.18 
334 2 TF2 5.38 15.1 0.218 42 1.37 0.15 0.23 0.23 
335 2 TF3 5.07 15 0.263 20 1.(6 0.08 0.07 0.2 
336 2 TF4 5.06 16.6 0.235 35 1.46 0.15 0.24 0.25 
337 2 SP38 5.89 45.5 0.013 25 0.69 0.16 0.33 4 
338 3 TFl 4.96 23 0.419 54 1.49 1.62 1.17 0.24 
339 3 TF2 4.74 18 0.267 30 1.(6 0.25 0.26 0.23 
340 3 TF3 4.99 18.4 0.295 33 1.36 0.13 0.31 0.23 
341 3 TF4 4.66 21.8 0.371 39 1.15 0.18 0.35 0.21 
342 3 5TR 6.3 27.3 0.011 22 0.82 0.14 0.64 2.16 ------------------------------------------------------------------------------------------------------------------------------------------

w 
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TABLE 60 

WATERSHED PROCESSES CHEMISTRY DATA 
FOR THE STORM OF 4/13/87 

------- --------------------------------------------------------------------------------------
Lab# Site Type pH Cond. N03-H DOC Ca Mg K Na 

<umhos) Cmg/D Clftg/D (llq/l) (mg/l) Cf89/D (r.g/l> 

---------------- ----------------------------------
400 BP 5.83 17.9 1.47 0.05 0.05 0.08 
401 1 TL 7.09 242 7.04 0.51 
402 1 TA 6.44 36.9 3.82 0.47 1.37 0.2'9 
406 1 TFl 5.77 28.8 2.89 0.59 1.94 0.15 
407 1 TF3 5.4 19.6 1.32 0.13 0.42 0.06 
408 1 TF4 5.09 16.7 0.94 0.1 0.3 0.04 
409 1 SP3L 5.95 31.2 2.8 1.04 1.46 0.07 
410 1 SP3A 2.72 1.53 2.44 0.45 
411 2 TL 5.54 39.8 3.33 1.35 3.06 0.34 
412 2 TFl 5.28 13.8 0.81 0.09 0.2 0.05 
413 2 TF2 5.3 21.9 1.97 0.31 1.25 0.09 
414 2 TF3 4.99 17.3 0.67 0.06 0.23 0.01 
415 2 TF4 5.32 15.6 1.06 0.2 0.78 0.13 
416 2 SPlL 6.01 53.1 5.06 1. 77 6.99 0.09 
417 2 SPlB 5.72 24.8 0.05 0.35 1.2 0.89 
418 2 SP2L 5.48 29.4 1.11 0.9 3.70 0.47 
419 2 SP3L 5.63 43.8 3.31 1.64 2.98 0.14 
420 2 SP38 5.82 44.4 0 0.6 0.32 3.01 
422 3 TL 5.75 62.9 4.98 1.29 4.82 0.46 
423 3 TFl 4.44 63.5 4.72 0.67 2.28 0.46 
424 3 TF2 4.72 27.1 1.81 0.29 0.64 0.3 
425 3 TF3 5.38 24.8 2.27 0.45 1.25 0.28 
426 3 TF4 4.44 45 2.58 0.36 1.07 0.3 
427 3 SPlL 5.7 43.8 4.3 1.5 3.19 0.33 
428 3 SPlA 5.32 21.9 0.86 0.88 1.11 0.59 
429 3 SP2L 5.99 31.2 2.56 0.76 3 0.24 
432 3 STR 5.7 30 1 0.91 0.67 2.14 

------------------ --------------------------------------------------------------------------------------------------------- ------------
w 
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TABLE 61 

WATERSHED PROCESSES CHEMISTRY DATA 
FOR THE STORM OF 514/87 

-----------------------------------------------------------------------------------------------------------------------------------------
Lab# Saaple Type pH Cond. N03-N DOC Ca Mg K Ha 

(lJAlhos) Cmg/D (mg/I) <•g/l) <lllo/'D (mg.II) Cmg/D 
--------------------------------------

433 3 TL 6.78 387 0.041 1126 16.4 3.3 22 5.7 
434 3 TFl 6.07 62.3 0.048 268 3.74 0.95 12.04 1.13 
435 3 TFl 5.71 51.9 0.312 333 2.73 0.83 8.82 0.89 
436 3 TF3 5.26 36.9 0.040 641 2.12 0.77 5.08 0.88 
437 3 TF4 4.24 66.9 0.369 268 3.05 0.73 3.5 1.03 
438 3 SPlL 6.33 73.8 0.625 711 8.95 - 2.56 6.18 1.11 
4~9 3 SP2L 5.94 ~-G 0.228 253 0.89 0.29 1.25 0.19 
440 1 Tl 7.02 113 0.04 4 5.0S 1.04 17.38 4.32 
441 1 TB 7.14 114 0.057 4 5.16 1.07 17.96 4.19 
442 1 TA 5.84 47.2 0.483 376 4.19 0.88 3.83 0.7 
446 1 TFl 5.4 68.1 0.2072 1600 4.09 1.57 12.58 0.67 
447 1 TF2 5.04 65.8 0.249 770 3.65 1.19 5.16 0.65 
448 1 TF3 5.31 23.1 0.074 279 1.41 0.48 2.41 0.4 
449 1 TF4 5.4 15.6 0.032 72 0.83 0.23 1.25 0.36 
450 1 SP3L 6.4 47.9 0.654 374 3.E5 1.32 3.01 0.34 
451 2 TL 6.61 116 0.053 964 14.1 2.96 11.82 2.02 
452 2 TFl 5.46 17.3 0.036 128 0.97 0.28 1.55 0.41 
453 2 TF2 5.26 45.6 0.132 900 3.6 1.18 4.8 0.68 
454 2 TF3 6.01 18.5 0.058 82 0.89 0.29 4.83 0.42 
455 2 TF4 5.14 36.3 0.09 755 1.94 0.84 11 0.5 
456 2 SPlL 6.22 98.1 0.88 924 9.09 3.22 15.92 0.53 
457 2 SP2L 6.19 34.6 0.993 403 9.21 2.82 14.31 0.7 
458 2 SP3L 5.87 70.4 0.6 712 3.26 3.12 4.39 0.27 
459 2 SP3A 7.25 57.7 0.028 47 3.26 0.3 0.16 0.27 
460 2 SP3B 5.82 45.2 0.027 13 
472 BP 4.62 23.1 0.805 12 1.1 0.18 0.68 0.29 

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
w 
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TABLE 62 

WATERSHED PROCESSES Cl-EMISTRV DATA 
FOR THE STORM OF 5/19/87 

----------------------------------------- ------------- ------------------------------------------------
Lab• Sasaple Type pH Cond. N03-N DOC Ca Mg K Na 

(IJlnlios> (mgll> (1119/l> c .. g.1u (oig/l> (mg/I> (119/l) 
----------------------------------------------

473 3 TL 5.7 65.9 0.595 471 2.56 0.74 0.41 
474 3 TA 6.89 93.8 0.177 282 6.30 1.54 1.42 
475 3 TFl 4.68 29.5 0.45 121 1.04 0.22 2. 79 0.28 
476 3 TF2 4.38 32.4 0.347 233 0.96 0.34 1.92 0.27 
477 3 TF3 4.63 29.5 0.289 440 1.16 0.37 2.68 0.25 
470 3 TF~ 4.30 3G o.~ 205 0.75 0.16 1.15 0.22 
479 3 SPlL 5.9 35 0.336 435 3.23 1.09 3.74 0.24 
400 3 SPlB 4.96 21.6 0.152 54 0.66 0.85 1.28 0.77 
401 1 TFl 4.39 29 0.124 356 1.25 0.36 1.5 0.19 
402 1 TF2 4.34 30.1 0.219 299 1.2 0.31 1.4 0.22 
403 1 TF3 4.47 23.9 0.258 130 0.44 0.12 0.59 0.16 
404 1 TF4 4.43 21 0.119 53 0.31 0.05 0.34 0.4 
405 2 TFl 4.45 22.2 0.205 71 0.29 0.06 0.41 0.49 
486 2 TF2 4.42 31.8 0.236 272 1.3 0.43 1.28 0.76 
407 2 TF3 4.51 19.9 0.219 30 0.33 0.08 0.33 0.64 
480 2 TF4 4.33 35.3 0.159 359 1 0.38 1.5 0.21 
490 1 TL 7.05 105 0.177 667 7.00 1.28 2.51 
497 1 SP2L 6.01 42 0.419 475 3.67 1.06 3.32 1.03 
490 2 TL 5.81 38.6 0.38 597 2.69 0.97 2.88 1.27 
499 2 TA 5.85 41.5 0.408 389 3.2 1.46 3.40 1.37 
505 2 SPlL 5.51 59.6 0.505 793 4.21 1.35 8.6 0.22 
506 2 SP3L 5.19 44.1 0.342 589 2.55 1.15 4.21 0.25 
507 2 SP3L 5.68 34.7 0.321 263 2.87 1.13 2.24 0.10 

--------------------------------------------------------------------------------------------------------------------------------------------
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TABLE 63 

WATERSHED PROCESSES CIEMISTR'I' DATA 
FOR THE STORM OF 5/22/87 

-----------------------------------------------------------------------------------------------------------------------------
Lab# Sat.pie Type pH Cond. N03-N DOC Ca Mg K Na 

(U111hos) (mgll) htg/l) <mglD (119/D <mg/D (1119/l) 

--------------- --------- --- --------------
508 BP 5.1 13.8 0.358 8.2 0.09 0 0.18 0.18 
509 3 TL 5.72 52. 9 0.28 506 3.68 0.95 1.12 0.35 
510 3 TA 7.15 111.4 0.047 254 6.49 1.44 1.43 1.36 
511 3 TFl -4. 7 25.4 0.3-47 20.4 0.72 0.15 2.21 0.24 
512 3 TF2 4.62 19.9 0.285 76.9 0.26 0.11 0.48 0.14 
513 3 TF3 .C..62 21.51 0.309 37.2 0.50 0.2 0.94 0.19 
51-4 3 TF4 4.48 . 23.2 0.352 83.8 0.42 0.09 0.65 0.16 
515 3 SPlL 6.04 -41.9 0.24 501 4.71 1.37 3.52 0.27 
516 3 SPlA 4.88 43 1.953 37.2 1. 7 1.67 2.07 0.65 
517 3 SPlB 5.3 21 0.039 48.5 0.5 0.77 1.19 0.7-4 
518 3 SP2A 6.15 37.5 0.206 195 3.28 1.21 2.07 o.n 
519 3 SP2B 5.8-4 17.1 0.024 23.3 0.58 0.58 0.78 0.93 
520 1 TL 7.26 73 0.121 319 4.5 0.81 0.82 1.06 
521 1 TA 6.86 110 0.992 328 20.4 0.96 2.88 1.08 
522 1 TFl 4.52 25.4 0.264 138 0.76 0.18 0.81 0.16 
523 1 TF2 4.36 28.7 0.332 127 0.57 0 0.68 0.18 
524 1 TF3 4.51 18.B 0.28 58.6 0.18 0.04 0.22 0.16 
525 1 TF4 4.84 13.2 0.28 25.9 0.17 0.02 0.12 0.08 
526 1 SPlL 5.63 0 0.21 274 2.45 0.65 2.21 0.25 
527 1 SP3L 5.77 37.5 0.17 440 3.72 1.16 2.42 0.17 
534 2 TL 5.73 27 0.309 312 2.18 0.76 1.88 0.18 
535 2 TA 6.4 41.9 0.039 240 3.3 1.22 2.11 0.78 
536 2 TB 7.5 108 0.79 128 24 1. 77 1.59 1.04 
537 2 TFl 4.67 16.5 0.236 40.5 0.18 0.01 0.18 0.12 
538 2 TF2 4.5 23.6 0.304 106 0.64 0.19 0.59 0.17 
539 2 TF3 4.95 11.37 0.267 12 0.02 0 0.07 0.1 
540 2 TF4 4.33 32.5 0.300 156 0.65 0.2 0.96 0.24 

w 
O" 
Vt 



TABLE 63 <Continued) 

------------------------------------------------------------------------------------------------------------------------------------------- ------
Lab# Sample Type pH Cond. N03-H DOC Ca Mg K Na 

Cu.hos) (1119/l) (mg/l> <aag/D (119/1) Cag/l) (eg/l) 

--------------------------------
541 2 SPlL 5.95 42.5 0.082 707 3.79 1.11 0.81 0.26 
542 2 SPlB 6.18 29.1 0.234 49.2 1.35 0.92 1.42 1.1-4 
543 2 SP2L 5.4 30.2 0.090 370 1.85 0.85 3.25 0.37 
544 2 SP3L 5.61 33.6 0.151 377 3.51 1.25 1.87 0.25 
545 2 SP3A 7.19 58.8 

- - ----------- - - - - - -- ---------

w 
a. 
a. 



TABLE 64 

WATERSHED PROCESSES CHEMISTRY DATA 
FOR THE STORM OF 5/25/87 

---------------------------------------------------------------------------------------------------------------------------------------
Lab# Sa.pie Type pH Cond. N03-H DOC Ca Hg K Ha 

(lJIRhos) (1R9/l> (mg/D <.-g.tl) (iag/l) (1119/1) (1119/1) 

-------------------------- ------------------------
547 1 TL 7.19 66.6 0.204 425 5.42 0.94 0.89 2.09 
548 1 TR 6.67 64.9 0.542 187 10.13 0.13 1.63 0.61 
549 1 TB 6.99 108.6 0.723 502 3.39 0.48 0.81 1.59 
550 1 TFl 4.49 23.5 0.173 88 0.59 0.15 0.59 0.18 
551 1 TF2 4. 3 30.2 o.~1 81 ll.39 . 0 .. 1 0.45 . 0.21 . 
552 1 TF3 4.33 23.5 0.237 20 0.11 0.04 0.07 0.12 
553 1 TF4 4.38 21.3 0.233 8 0.08 0.03 0.04 0.09 
554 1 SPlA 6.22 32.5 0.344 112 2.15 0.98 1.4 0.85 
555 1 SPlB 5.72 33.6 0.073 156 2.36 1.18 1.66 0.98 
556 1 SP28 6.05 31.3 1.121 26 1.19 1.26 1.28 1.28 
557 1 SP3L 5.87 41.4 0.094 472 5.02 1.62 2.38 0.34 
558 1 SP3A 6.09 81. 7 5.693 149 7.74 3 3.19 0.52 
559 1 SP38 6.15 20.2 0.05 30 0.74 0.77 1.15 0.85 
560 2 TL 5.26 24.3 0.216 272 1.96 0.8 1.65 0.18 
561 2 TR 5.43 30.7 0.121 233 1.89 1.16 1.39 0.58 
562 2 TB 6.99 109 1. 767 171 17.4 1.97 2.48 1.12 
563 2 TFl 4.32 24.4 0.243 35 0.16 0.08 0.13 0.12 
564 2 TF2 4.4 27.3 0.209 108 0.68 0.24 0.68 0.12 
565 2 TF3 4.4 20.5 0.204 10 0.06 0.03 0.05 0.12 
566 2 TF4 4.2 35.2 0.224 129 0.46 0.13 0.91 0.11 
567 2 STR 6.12 35.8 0.025 81 1.34 1.21 0.99 2.41 
568 2 SPlL 5.93 39.8 0.085 3-48 3.85 1.2 6.1 0.13 
569 2 SPlB 6 31.8 0.128 109 1.52 1.05 1.8 1.27 
570 2 SP2L 5.26 39.2 0.095 568 2.55 1.19 4.37 0.34 
571 2 SP2B 5.51 31.8 0.073 69 0.91 1.1 0.75 1.96 

w 
O'I 
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TABLE 64 <Continued) 

----------------------------------------------- ------------------------------------------------------ ----------------
Lab# Sample Type pH Cond. N03-N ooc Ca Hg K Ha 

Cu.hos) (mg/l) (1119/l) (mg/l) <..yD (m9/l) (1119/D 
--------------------------------- - -------------

572 2 SP3L 5.58 34.1 0.083 525 4.08 1.58 1.92 0.27 
573 2 SP3A 6.66 40.9 0.033 36 4.55 0.99 0.62 0.93 
574 2 SP3B 5.55 35.2 0.041 69 0.74 1.36 0.51 2.43 
575 3 TL 5.7 36.9 0.102 420 3.04 0.82 6.2 0.26 
576 3 TFl 4.65 18.2 0.136 57 0.4 0.14 1.38 0.13 
577 3 TF2 4.37 23.9 0.172 66 0.34 0.14 0.38 0.06 
578 3 TF3 4.42 23.9 0.18 68 0.42 0.16 0.66 0.1 
579 3 TF4 4.36 24.4 0.212 54 0.22 0.09 0.54 0.1 
580 3 SPlL 6.19 36.4 0.134 400 4~82 1.42 2.9 0.16 
581 3 SPlA 5.48 25.6 0.333 95 0.82 1.02 1.7 O.« 
582 3 SPlB 5.21 23.9 0.054 84 0.52 0.97 1.82 0.46 
583 3 SP2A 5.73 34.l 0.069 224 3.16 1.5 2.39 0.68 
584 3 SP2B 6.14 21.6 0.062 34 0.86 0.81 1.18 0.97 
585 3 SP3A 5.83 28.4 0.85 50 0.96 1.35 1. 79 0.85 
586 3 STR 6.04 25 0.028 106 0.56 0.69 1.11 1.57 ----------------------------------------------------------------------------------------------------------------------------------------

w 
0--
00 



TABLE 65 

WATERSHED PROCESSES CHEMISTRY DATA 
FOR THE STORM OF 5/28/87 

------------ --------------------------------------------------------- - ----------------------------------------
Lab# Sa.pie Type pH Cond. N03-H DOC Ca l1g K Ha 

<ulllhos) Cmg/D <mg/D (aig.11) (aig/l) (mg/I> (11l9/l> 
------- ------- ------

700 BP 4.72 28.4 0.151 0 0.01 0.03 0.06 0.2 
701 1 TL 5.62 34.1 0.044 244 2.11 0.73 1.8 0.36 
702 1 TA 6.82 39.8 0.105 193 4.63 0.69 2.58 0.58 
703 1 TB 5.62 38.6 0.071 219 1.67 0.02 1.61 0.39 
704 1 TFl 4.82 13.l 0.139 42 0.36 0.11 0.38 0.22 
705 1 TF2 4.62 16.5 0.163 49 0.23 0.07 0.35 0.25 
706 1 TF3 4.67 12.5 0.167 16 0.(6 0.04 0.07 0.23 
707 1 TF4 4.77 11.4 0.166 8 0.02 0.02 0.06 0.23 
708 1 SPlA 5.71 5.71 0.073 129 1.42 0.9 1.53 0.74 
709 1 SPlB 5.78 30.7 0.298 63 1.43 1.05 1.28 1.09 
710 1 SP2L 6.06 25.6 0.38 205 2.1 0.87 2.3 0.44 
711 1 SP2A 5.32 22.7 .0.339 152 1.29 0.77 1.58 0.35 
712 1 SP28 5.39 26.1 0.647 130 1.48 1.02 1.73 0.54 
713 1 SP3L 5.76 23.9 0.046 267 2.31 0.92 2.07 0.24 
714 1 SP3A 5.7 20.4 0.211 128 1.47 0.70 1.14 0.31 
715 1 SP38 5.7 21.6 0.028 146 0.85 0.83 1.22 0.51 
716 1 SP28 5.35 23.9 0.761 73 1.11 1.11 1.45 0.76 
725 2 TL 5.44 21.6 0.036 182 1.51 0.69 1.25 0.47 
726 2 TA 5.21 22. 7 0.032 161 1.43 0.75 1.2 0.57 
727 2 TB 5.27 22.7 0.035 175 1.46 0.79 1.22 0.48 
728 2 STR 6.14 23.9 0.028 64 1 0.87 0.83 1.17 
729 2 TFl 4.7 13.1 0.151 19 0.08 0.04 0.11 0.2 
730 2 TF2 4.71 14.2 0.157 40 0.32 0.09 0.29 0.25 
731 2 TF3 4.82 10.8 0.161 6 0.1 0.04 0.08 0.25 
732 2 TF4 4.53 18.2 0.138 61 0.24 0.08 0.38 0.27 
733 2 SPlL 6.02 21 0.083 293 1.66 0.49 3.18 0.2 
734 2 SPlA 5.45 27.3 0.126 145 1.66 0.9 1.41 0.73 

w 
O'> 

"° 



TABLE 65 <Continued) 

-------------------------------------------------------------------------------------------------------------------------------------
Lab# Sample Type pH Cond. N03-N ooc Ca Mg K Ha 

(l.MlhCJs) (1119/l) (mg/l) <mg/D (mg/l> C.-g/l> (ai.g/l) 
------------------- ------ -----

735 2 SPlB 6.21 39.8 0.064 308 2.49 0.75 5.7 0.97 
736 2 SP2L 5.21 24.4 0.051 226 1.65 0.7 1. 72 0.54 
737 2 SP2A 4.99 31.8 0 119 1.1 0.92 1.1 1.33 
738 2 SP28 5.25 34.4 0.013 56 0.92 1.03 0.65 2.1 
739 2 SPL3 5.54 25.8 0.026 283 2.42 0.83 1.85 0.42 
740 2 SPA3 5.67 29.8 0.072 115 1.3 1.07 0.86 1.31 
741 2 SP38 5.98 33.2 0.093 68 1.07 1.14 0.85 1. 78 
742 2 SP2A 5.02 34.3 0 68 0.82 1.03 0.76 1.55 
7-43 2 SP3B 5.32 33.8 0.015 _71 1.06. 1.11 0.8 1.54 
770~ 3 TL 6.29 -48. 7 0.144 404 3.49 0.78 6.3 0.78 
771 3 TA 6.49 -46.9 0.012 289 4.27 0.94 3.5 0.51 
772 3 TB 5.87 32.1 0.016 236 2.36 0.7 2.86 0.48 
773 3 TFl 5.03 12.6 0.11 43 0.27 0.08 1.33 0.53 
774 3 TF2 4.87 12 0.128 29 0.09 0.04 0.18 0.19 
775 3 TF3 4.99 12.1 0.111 45 0.26 0.09 0.30 0.2 
776 3 TF4 4.76 14.3 0.144 31 0.13 0.05 0.28 0.25 
777 3 SPlL 6.22 23.5 0.214 142 1.64 0.72 1.46 0.42 
778 3 SPlA 5.27 19.5 0.049 159 1.09 0.69 1.33 0.28 
779 3 SPlB 5.39 18.3 0.018 56 0.47 0.6 1.05 0.55 
780 3 SP2L 6.07 21.8 0.013 150 1.64 0.52 1.48 0.46 
781 3 SP2A 5.61 21.2 0.000 71 1.14 0.68 0.97 0.57 
782 3 SP2B 5.57 17.8 0.048 83 0.76 0.55 1.15 0.5 
783 3 SP3L 5.47 22.9 0.009 192 1. 75 0.67 1.8 0.33 
784 3 SP3A 5.93 24 0.162 129 0.94 0.71 1.49 0.66 
785 3 SP3B 5.44 20.6 0.376 31 0.25 0.74 0.83 0.92 
786 3 SP3B 5.86 19.5 0.107 18 0.2 0.60 0.78 0.91 
787 3 STR 6. 1 22.9 0 72 0.87 0.68 0.87 1.02 ------------------------------------------------------------------------------------------------------------------------------ ------

w ..... 
0 



TABLE 66 

WATERSHED PROCESSES CHEMISTRY DATA 
FOR THE STORM OF 5/31/87 

-----------------------------------------------------------------------------------------------------------------
Lab# Saaple Type pH Cond. tll3-N ooc Ca Hg K Na 

<umnos> (199/l) <•g/D (199/l) (nig/l) (mg/l) (mg/l) 
------------------------------ -------

904 1 TFl 4.8 19.5 0.104 64 0.96 0.17 0.63 0.21 
905 1 TF2 4.42 27.5 0.265 56 0.68 0.14 0.54 0.21 
906 1 TF3 4.45 20.6 0.11 16 0.13 0.04 0.13 0.19 
907 1 TF4 4.35 25.2 0.297 0 0.09 0.02 0.08 0.2 
909 1 SPlA 5.72 23.5 0.043 92 1.18 0.75 1.54 0.6 
910 1 SPlB 5.81 26.3 0.075 75 1.36 0.8 1.47 0.79 
911 1 SP2A 6.25 29.6 0.362· 49 1.46 0.98 1.47 0.76 
9t2· 1 SP2B 6.04 28.6 0.457 43 1.26 1.03 1.35 0.83 
913 1 SP38 5.83 23.5 0.035 32 0.91 0.81 1.3 0.64 
914 1 TL 7.37 65.3 0.137 231 4.01 0.84 6.1 1.81 
915 1 TA 7.15 42.9 0.208 233 5.36 0.62 2.92 0.53 
916 1 TB 6.81 29.8 0.1 228 1.89 0.83 2.57 0.57 
920 BP 4.2 36.1 0.348 0 0.17 0.06 0.18 0.4 
921 2 TFl 4.35 26.3 0.273 6 0.05 0.01 0.12 0.2 
922 2 TF2 4.37 29.8 0.282 49 0.54 0.12 0.53 0.2 
923 2 TF3 4.37 26.3 0.29 0 0.08 0.02 0.1 0.18 
924 2 TF4 4.40 24 0.187 39 0.35 0.1 0.57 0.19 
925 2 SPlL 6.57 34.9 0.263 309 2.66 0.79 3.89 0.22 
926 2 SPlB 6.39 26.3 0.035 87 1.09 0.62 2.09 0.92 
927 2 SP2L 5.89 34.4 234 1.42 0.62 2.28 0.65 
928 2 SP2A 5.11 34.4 0.026 63 0.82 1.01 0.73 1.64 
929 2 SP28 5.29 36.1 0.028 52 0.94 1.14 0.57 1.98 
930 2 SP3L 5.88 27.5 0.212 227 2.44 0.95 1.56 0.54 
931 2 SP3A 5.67 33.2 0.047 95 1.53 1.21 0.98 1.23 
932 2 SP38 6.04 34.4 0.031 40 1.1 1.25 0.74 2.07 
933 2 TL 5.96 27.5 0.202 285 2.40 1.01 1.59 0.42 
934 2 TA 5.47 26.3 0.056 154 1.61 0.86 1.29 0.71 

w 
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TABLE 66 <Continued) 

---------------------------------------------------------------------------------------------------------------------------------------
Lab# Sa.nple Type pH Cond. N03-H DOC Ca Mg K Na 

(l.JOlhos) Ciag.11 > <mg.ID (mg.II) (mq/l) (mg/l) (1119.ll) 
------ --- - -- --- ----

935 2 TB 5.86 25.2 0.085 147 1.82 0.90 1.19 0.65 
939 3 TFl 4.9 19.6 0.121 50 0.49 0.13 1.08 0.25 
940 3 TF2 4.64 19.6 0.056 52 0.49 0.18 0.72 0.23 
941 3 TF3 4.64 20.8 0.12 64 0.7 0.23 0.75 0.21 
942 3 TF4 4.48 23.7 0.125 49 0.45 0.12 0.76 0.23 
943 3 SPlL 6.57 30.7 340 0.96 
944 3 SPlA 5.31 23.6 0.135 69 0.93 0.8 1.31 0.51 
945 3 SPlB 5.46 19.6 0 22 0.38 0.9 0.78 0.91 
94Q 3 SP2A 5.85 23.6 0.024- 69 1.28 0.83 0.98 0.70 
947 3 SP28 5.72 21.9 0.03 20 0.82 0.69 0.96 0.93 
948 3 TL 6.9 50.8 0.04 362 2.81 0.69 1.52 
950 3 TB 6.32 30.6 0 170 1.91 0.91 2.32 0.73 

------------------- --- ---------------------------------- - - - ------------------
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TABLE 67 

WATERSHED PROCESSES CHEMISTRY DATA 
FOR THE STORM OF 6/30/87 

========================================================---== 

Lab# Saaiple Type pH Cond. N03-N DOC Ca Mg K Na 
(l.Jallhos) (mg/l) (ing/D (a1g/l> <..yl> (mg/l) (1119/l> 

-----------------------------------------------------------
1015 BP 13.7 0.163 0 0.12 0.01 0.04 0.11 
1016 3 TFl 4.84 17.2 0.145 68 0.62 o.oa 1.61 0.13 
1017 3 TF2 4.59 15.5 0.171 42 0.42 0.11 0.36 o.oa 
1018 3 TF3 4.62 17.8 0.262 72 0.6 0.17 1.16 0.1 
1019 3 TF4 4.22 25.2 0.368 74 0.54 0.13 0.79 0.11 
1020 3 SPlL 6.07 25.2 0.376 182 2.73 0.87 1.3 0.13 
1021 3 SPlA 4.92 21.2 0.157 99 0.72 0.68 1.27 0.38 
1022 3 SP18 5.06 22.9 0.146 . 81 a.54 0.65 2.19 0.43 
1023 3 SP2L 6.68 31.4 137 
1024 3 SP2A 6.13 26.3 0.049 136 1. 76 0.92 1.76 0.61 
1025 3 SP28 5.94 18.9 0.007 42 0.65 0.61 1.18 0.88 
1026 3 SP3A 5.62 24.1 0.126 93 0.6 0.74 1.56 0.57 
1027 3 SP38 5.84 16 0.174 95 0.35 0.25 1.44 0.77 
1028 3 TL 6.91 79 0.306 686 7.77 1.38 14.8 2.46 
1029 3 TA 7.23 83 0.357 241 3.62 0.97 8.12 0.96 
1030 3 TB 6.1 37.2 0.-458 216 1.33 0.56 7.54 1.52 
1036 1 TL 7.70 200.4 0.017 443 4.2 1.06 42.5 6.4 
1037 1 TA 7.52 109.9 0.042 222 3.84 0.6 9.4 1.02 
1038 1 TB 6.33 36.6 0.466 318 2.75 0.9 5.4 0.22 
1039 1 TFl 4.80 16 0.038 79 0.73 0.16 0.9 0.17 
1040 1 TF2 4.86 15.5 0.04 73 0.69 0.12 0.75 0.15 
1041 1 TF3 4.65 13.7 0.105 24 0.18 0.02 0.18 0.13 
1042 1 TF4 4.49 17.8 0.192 8 0.09 0 0.05 0.08 
10'43 1 SPlL 
1044 1 SPlA 6.00 22.9 0.185 91 1.55 0.68 1.42 0.58 
1045 1 SPlB 5.73 25.6 0.053 96 1.36 0.82 1.66 0.68 
1046 1 SP2L 5.95 24.6 0.186 200 1.95 0.71 2.24 0.24 

w ....., 
w 



TABLE 67 <Continued) 

-------------------------------------------------------------------------------------------------------------------------------------
Lab# Saillple Type pH Cond. N03-N DOC Ca Mg K Ha 

(l.JIRhos) (mg/I> (1119/l) (ag/l) (mg/ 1) (mg/l) (ag/l) 
---------------------- ---------------------------

1047 1 SP2B 5.57 30.9 0.703 29 0.79 1.01 1.85 1.17 
1048 1 SP3L 6.03 17.2 0.178 166 1.58 0.61 1.06 0.17 
1049 1 SP3A 6.18 18.3 0.162 102 1.36 0.61 1.46 0.25 
1050 1 SP3B 5.7 18.3 0.023 73 0.5 0.56 1.42 0.73 
1065 2 TL 6.17 28.6 0.208 272 2.3 0.87 2.82 0.35 
1066 2 TA 5.28 22.3 0.060 163 1.39 0.74 1.39 0.39 
1067 2 TB 5.53 23.5 0.14 151 1.66 0.87 1.5 0.42 
1072 2 TF2 4.73 21.8 0.292 79 0 .. 72 0.24 1.16 0.14 
1073 2 TF3 4.62 13.2 0.076 9 0.00 0.03 o.oe 0.08 
1074 2 TF4 4.95 13.7 0.035 68 0.43 0.13 1.64 0.12 
1076 - 1 SPlB 5.71 26.3 0.097 86 1.17 0.-01 2.65 1.14 
1077 2 SP2L 5.68 17.2 0.093 159 1.09 0.53 2.28 0.17 
1078 2 SP2A 5.16 20 0.035 103 0.63 0.57 1.42 0.86 
1079 2 SP3L 6.02 24 0.233 178 2.17 0.91 1.9 0.2 
1080 2 SP3A 5.43 20.6 0.05 76 1.03 0.72 0.86 0.8 
1081 2 SP3B 5.53 22.3 0.239 71 0.55 0.73 0.87 1.54 --------------------------------- ------------------------------------------------------------------------

w 
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SUMMARY OF THROUGHFALL DATA 
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TABLE 68 

SUMMARY OF THROUGHFALL DATA 

Data is lumped ~nd arranged sequentially 

Storm 
Date 

1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
2/12 
2/12 
2/12 
2/12 
2/12 
2/12 
2/12 
2/12 
2/12 
2/12 
2/16 
2/16 
2/16 
2/16 
2/16 
2/16 
2/16 
2/16 
2/16 
2/16 
2/21 
2/21 
2/21 
2/21 
2/21 
2/21 
2/21 
2/21 
2/21 
2/21 
2/21 
2/21 
2/24 
2/24 

Gross 
PCPN 

(mm) 

451. 7 
45.7 
45.7 
45:. 7 
45.7 
45.7 
21.6 
21.6 
21.6 
21.6 
2L6 
21.6 
21.6 
21.6 
21.6 

I 21.,6 
31..8 
31 .• 8 
31.8 
31..8 
31.8 
31.8 
31.B 
31.8 
31.8 
31.8 
6.4 
6.4 
6.4 
6.4 
6.4 
6.4 
6.4 
6.4 
6.4 
6.4 
6. 't 
6.4 

14. (j 
14.0 

Throughfall 

(mm) 

43.7 
43.9 
47.5 
43.7 
47.5 
44.5 
21.3 
19.1 
18.3 
20.6 
20.1 
19.3 
19.1 
20.3 
16.3 
19.8 
29.2 
29.0 
29.0 
29.5 
29.7 
33.8 
30.5 
32.5 
31.B 
35.8 
5.8 
6.1 
5.8 
5.8 
5.8 
6.4 
6.4 
6.6 
6.6 
6.4 
6.9 
7.4 

14.0 
13.5 

376 
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TABLE 68 (Continued) 

Storm Gross Throughfall 
Date PCPN 

(mm) (mm) 

2/24 14.0 13.7 
2/24 14.0 14.2 
2/24 14.0 13.0 
2/24 14.0 13.5 
2/24 14.0 14.7 
2/24 14.0 14.5 
2/24 14.0 13.7 
2/24 14.0 5.6 
2/24 14.0 14.2 
2/24 14.0 14.0 
3/1 53.6 45.7 
3/1 53.6 49.0 
3/1 53.6 47.2 
3/1 53.6 49.5 
3/1 53.6 52.1 
3/1 53.6 51.8 
3/1 53.6 51.3 
3/1 53.6 44.2 
3/1 53.6 53.3 
3/1 53.6 41.4 
3/1 53.6 51.6 
3/1 53.6 49.5 
3/17 62.2 53.3 
3/17 62.2 57.4 
3/17 62.2 59.9 
3/17 62.2 58.7 
3/17 62.2 63.5 
3/17 62.2 63.8 
3/17 62.2 65.0 
3/17 62.2 64.5 
3/17 62.2 65.5 
3/17 62.2 63.0 
3/17 62.2 63.2 
3/17 62.2 64.8 
3/25 10.2 7.1 
3/25 10.2 7.4 
3/25 10.2 11.9 
3/25 10.2 10.9 
3/25 10.2 8.9 
3/25 10.2 11.9 
3/25 10.2 11.4 
3/25 10.2 7.4 
3/25 10.2 8.6 
3/25 10.2 11.9 
3/25 10.2 11. 7 
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TABLE 68 (Continued) 

Storm Gross Throughfall 
Date PCPN 

(mm) (mm) 

4/1 11.9 10.2 
4/1 11.9 10.2 
4/1 11.9 10.4 
4/1 11.9 10.9 
4/1 11 •. 9 12.7 
4/1 11.'9 13.0 
4/1 11.9 10.2 
4/1 11.9 12.7 
4/1 11.9 10.9 
4/1 11.9 11.9 
4/1 11.9 13.0 
4/13 19.6 17.8 
4/13 19.6 16.5 
4/13 19.6 17.5 
4/13 19.6 18.0 
4/13 19.p 21.1 
4/13 19.6 21.8 
4/13 19.6 22 .'9 
4/13 19.6 21.6 
4/13 19.6 15.7 
4/13 19.6 18.8 
4/13 19.6 16.5 
4/13 19.6 17.3 
4/30 20.3 15.0 
4/30 20.3 16.0 
4/30 20.3 16.3 
4/30 20.3 14.5 
4/30 20.3 17.8 
4/30 20.3 16.5 
4/30 20.:J 17.3 
4/30 20.3 17.0 
4/30 20.3 12.4 
4/30 20.3 14.2 
4/30 20.3 12.7 
4/30 20.3 14.5 
5/24 36.8 33.0 
5/24 36.8 24.1 
5/24 36.8 21.8 
5/24 36.8 22.6 
5/24 36.8 24.9 
5/24 36.8 27.9 
5/24 36.8 34.8 
5/24 36.8 26.7 
5/24 36.8 32.3 
5/24 36.8 38.9 



379 

TABLE 68 (Continued) 

Stor-m Gross Thr-oughfall 
Date PCPN 

(mm) (mm) 

5/24 36.18 34.5 
5/24 36.8 33.8 
5/25 36.8 45.2 
5/25 36 • .a 30.5 
5/25 36.8 29.2 
5/25 36.8 31.2 
5/25 36.:8 35.8 
5/25 36.8 34.0 
5/25 36.8 37.6 
5/25 36.8 25.4 
5/25 36.8 36.1 
5/25 36.8 35.8 
5/25 36.:0 35.1 
5/25 36 •. 8 31.8 
5/28 102 • 14 92.5 
5/28 102.4 85.9 
5/28 102:4 71.9 
5/28 102.4 90.9 
5/28 102 .'4 100.6 
5/28 102.4 96.3 
5/28 102.4 98.3 
5/28 102.4 75.4 
5/28 102.4 97.0 
5/28 102.4 114.6 
5/28 102.4 99.1 
5/28 102.4 86.4 
6/2 1.3 0.8 
6/2 1.3 1.0 
6/2 1.3 1. 5 
6/2 1.3 1.0 
6/2 1.3 0.8 
6/2 1. 3 0.8 
6/2 1.3 2.0 
6/2 1.3 0.8 
6/2 1.3 1.0 
6/2 1.3 1. 5 
6/2 1.3 0.8 
6/2 1.3 0.5 
6/9 20.8 17.0 
6/9 20.~ 17.5 
6/9 20.8 14.0 

I 

6/9 20.B 16.5 
6/9 20.8 14.5 
6/9 20.~ 16.0 
6/9 20.e 12.2 
6/9 20.8 12.2 



380 

TABLE 68 (Continued) 

Storm Gross Throughfall 
Date PCPN 

(mm) (mm) 

6/9 20.8 27.4 
6/9 20.8 19.6 
6/9 20.8 22.6 
6/9 20.8 16.5 
6/23 49.8 46.0 
6/23 49.8 40.1 
6/23 49.8 32.3 
6/23 49.8 38.9 
6/23 49.8 44.5 
6/23 49.8 46.7 
6/23 49.8 52.3 
6/23 49.8 42.2 
6/23 49.8 43.9 
6/23 49.8 55.6 
6/23 49.8 37.6 
6/23 49.8 44.7 
6/30 59.7 64.0 
6/30 59.7 49.5 
6/30 59.1 49.3 
6/30 59.7 73.9 
6/30 59.7 62.2 
6/30 59.7 64.3 
6/30 59.7 52.8 
6/30 59.7 49.3 
6/30 59.7 62.2 
6/30 59.7 50.8 
6/30 59.7 48.0 
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FIGURE 46 

WATERSHED MODEL PROGRAM 

'PROGRAn WSCHE"3 B-18-BB 

'WATERSHED WATERQUALITY "ODEL 3rd ATTEftPT 

'ftodel uses si1ple weighting factors to calculate che1ical loads in the strea1. 
'Uses ftodel 37 as a base 
'SllSSllllSSSSSSttlWRITES OUTPUT TO A FILESllSllSSllllllll 

·Input prograa control variables: 

ftAXINC = .010417 'ftaxi1u1 stor1 si1ulation ti1e incre1ent 

'Input geo1orphologic para1eters: 

'All areas are given in square 1eters 

TOTAREA = 77100 
CHANAREA = 1635 
ALUVAREA = 1400 
RIPAREA = CHANAREA + ALUVAREA 

'Total watershed area 
'Streaa channel area 
'Alluvial and flood plain area 
'Area of riparian zone 

'Input soil hydrologic para1eters: 

w 
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UPSDILDEP = 200 
LOSOILDEP = 457 
DEEPSDILDEP = 3SO 
UPPOR = .4S 
LOPOR = .4 
DEEPPOR = • 43 
UPRDCK = .2S 
LOROCK = .2 
DEEPROCK = .05 
UPAWC = .12 
LOAWC = .13 
RIPAWC = .07 
DEEPAWC = .13 
UPIULTP = 0.05 
LOWILTP = .18 
DEEPWILT = .27 
HSATLO = 3SO 
HSATDEEP = 36 
BLOSDIL = 17 
BDEEP = 2S.l 

FIGURE 46 (Continued) 

'Upper soil storage soil depth (11) 
'Lower soil storage soil depth (11) 

'Upper soil storage porosity 
'Lower soil storage porosity 
·Deep soi 1 delayed response storage porosity 
'Upper soil storage rock content 

'Lower soil storage rock content 
'Deep soil delayed response storage rock content 

'Upper soil storageavailable Nater capacity (11/11) 

'Lo11er soil storage available water capacity (11/11) 

'Riparian gravels available water content 
'Deep soil delayed response storage available water content (11/11) 

'Upper soil storage wilting point {11/11) 

'Lower soil storage wilting point {11/11) 

'Deep soil delayed response storage wilting point {11/11) 

'Losoil saturated hydraulic conductivity (11/day) 
'Deepsoil saturated hydraulic conductivity (11/day) 

'Losoil percolation constant 
'Deepsoil percolation constant 

'Subsurface 1011 release coefficients 
KLD = .0831 'Days, Losoil storage release constant 
KDEEP = .bl02 'Days, Deep soil storage release constant 
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FIGURE 46 (Continued) 

'Input vegetative para1eters: 
GROWSTOR = 1.8 '"axi1u1 canopy storage during the gro•ing season (11) 
DOR"STOR = .43 '"axi1u1 canopy storage during the dor1ant season (11) 
LIT"AX = 3.5 'ftaxi1u1 litter layer storage (11) 

'Input soil evapotranspiration •eighting factors: 
UPWEI6HT = .5 
LOWEI6HT = .4 
DEEPWEISHT = .1 

'Calculate soil •ater variables: 

UPKAX = (UPPOR - UPWILTPJ S UPSOILDEP S (1 - UPROCKJ 'Upper soil •axi1u1 storage 
UPFCAP = UPAWC S UPSOILDEP 'Upper soil storage field capacity 
UPAWC = UPFCAP 
LOftAX = (LOPOR - LOWILTPJ l LOSOILDEP l (1 - LOROCKJ 'lo•er soil 1axi1u1 storage 
LOFCAP = LOAWC l LOSOILDEP 'Lo•er soil storage field capacity 
LOAWC = LOFCAP 
DEEPKAX = (DEEPPOR - DEEPWILTl S OEEPSOILDEP t (1 - DEEPROCKJ 'Deep soil 1axi1u1 storage (11) 
OEEPFCAP = DEEPAWC S DEEPSOILDEP 'Deep soil delayed tlo• storage fiald capacity (11) 
DEEPAWC = OEEPFCAP 

'PRINT OUT SOIL ~ATER PARAKETERS 

LPRINT USING •uPSOILDEP = Ill UPKAX = Ill.II UPFCAP = Ill.JI"; UPSOILDEP, UPKAX, UPFCAP 
LPRINT 
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FIGURE 46 (Continued) 

LPRINT USIN6 "LOSOILDEP = Ill LO"AX = Ill.II LOFCAP = Ill.II"; LOSOILDEP, LO"AX, LOFCAP 
LPRINT 
LPRINT USIN6 "DESOILDEP = Ill DEEPX = Ill.II DEFCAP = Ill.II"; DEEPSOILDEP, DEEP"AX, DEEPFCAP 
LPRINT 
'Calculate the total soil profile available Mater capacity: 
AVAIL = UPFCAP + LOFCAP + DEEPFCAP 
LPRINT USIN6 "TOTAL SOIL PROFILE AVAILABLE WATER CAPACITY = 1111.11"; AVAIL 
LPRINT 

. 'INPUT NA"E OF DATA FILE 
INPUT "ENTER NA"E OF DATA INPUT FILE"; DATINS 

OPEN "I", 11, DATINS 

'INPUT NA"E OF OUTPUT FILE: 
INPUT "ENTER NA"E OF DATA OUTPUT FILE"; DATOUTS 

OPEN "0", 12 1 DATDUTS 

'INPUT WATER DUALITY PARA"ETERS FDR ONE CONSTITUENT 

·'Input the na1e of the constituent to be 1odeled 
INPUT "ENTER NA"E OF THE CONSTITUENT TD BE ANALYZED"; CHE"NA"ES 

'Input the 1ean che1ical concentrations in the order specified 
INPUT ""EAN TFALL,LITTER,UPSDIL,LDSDIL,DEEPSDIL,DRZ CONCENTRATIONS"; TFALLCDNC, LITCDNC, UPCONC, LOCDNC, DEEPCONC, QRZCONC 

'-' 
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FIGURE 46 (Continued) 

'Initialize soil water storages : 
UPSTOR = 14 
LOSTOR = 34 
OEEPSTOR = 37 
RIPSTOR = 0 

'Extend characters per line on the printout and use co1pressed 1ode 
LPRIHT CHRS(27l; CHRS(l5l; 'Co1pressed print 
WIDTH LPRlNT 140 'Increase_ page width_ 

'LOOP THAT CONTROLS DAILY !NCRE"EHTAL CALAULATIONS 
50 DO UNTIL ENDDAY = 999 

J = J + 1 
I = 0 
TOTALPCP = TOTALPCP + DAYPCP 
TOTALFLOM = TOTALFLOW + DAYFLOM 
TOTALFLOW2 = TOTALFLOW2 + DAYFLOW2 
TOTALSEEP = TOTALSEEP + DAYSEEP 
TOTALET = TOTALET + (SU"ET * (73595 I 77100)) + (SU"ET3 I 77100) 
TOTALCHE" = TOTALCHE" + DAYCHEK 
'RESET DAILY ACCU"ULATOR VARIABLES 
SU11ET = 0 
SUl1ET3 = 0 
!PET = 0 
IPET3 = 0 
!SU" = 0 
ISU"3 = 0 
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DAYPCP = 0 
DAYTFALL = 0 
DAYFEET = 0 
DAYFLOll = 0 
DAYFLOll2 = 0 
DAYSEEP = 0 
DAYCHEll = 0 

FIGURE 46 (Continued) 

'LOOP THAT CONTROLS WITHIN DAY INCREllENTAL CALCULATIONS 
DO UNTIL ENDDAY = 999 

llONTHl = llONTH 
BE6CALDAY = EHDCALDAY 
BE6DAY = EHDDAY 
BE6TlllE = ENDTillE 
PCPl = PCP 
TEllPl = TEllP 
PANETl = PANET 
SOILTEllPl = SOILTEllP 

INPUT 11, llONTH, ENDCALDAY, ENDDAY, ENDTillE, PCP, TEllP, PANET, SOILTEllP 
IF EHDDAY = 999 THEN GOTO 150 
IF BEGDAY = l THEN SOTO 100 
!PCP = PCP - PCPl 
IF PCPl > 0 AND PCP = 0 THEN !PCP = 0 
DELTAT = (ENDDAV + ENDTillEJ - (BEGDAY + BEGTillEl 
GOSUB PanCoeff icients 

-------------------------------------------------------------------
'Based on the ti1e incre1ent and existence/non-existence of strea1floM, 
'choose the ti1e incre1ent of si1ulation: 
DAY = BE6DAY 
'Condition 1: Present ti1e incre1ent suitable 
IF DELTAT < llAXINC THEN GOSUB NoTi1eSplit 
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LOOP 

LOOP 

150 LPRINT 

FIGURE 46 (Continued) 

'Condition 2: Deltat > 1axi1u1 alloMable ti1e incre1ent 
IF DELTAT > "AXINC AND DELTAT < 1 THEN 

IF IPCP = 0 THEN 
IF STREA"FLOW = 0 THEN 

GOSUB NoTiaeSplit 'No stor1 
ELSE 

GOSUB Tiae5plit2 'No pep, but floM exists (recession) 
END IF 

ELSE 
GOSUB TiaeSplit2 · Stor1 occuring 

END IF 
END IF 
'Condition 3: Daily tiae increaent, floM present: 
IF DELTAT = 1 AND STREA"FLDW > 0 THEN SOSUB Ti1eSplitl 
'Condition 4: Daily tiae increaent, no floM: 
IF DELTAT = 1 AND STREA"FLOW = 0 THEN GOSUB NoTiaeSplit 

'Leave day loop if new day is reached: 
IF ENDDAY > BE6DAY THEN SOTO 50 

LPRINT USIN6 • TOTAL ANNUAL PRECIPITATION = 11111.11 •; TOTALPCP 
LPRINT 
LPRINT USIN6 ' TOTAL ANNUAL ACTUAL EVAPOTRANSPIRATION = 11111.11"; TOTALET 
LPRINT 
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200 
END 

FIGURE 46 (Continued) 

LPRINT USINS " TOTAL ANNUAL FLOW VOLU"E IN LITERS = 111111111111"; TOTALFLON 
LPRINT 
LPRINT USINS 1 TOTAL ANNUAL DEEP SEEPAGE LOSS= 11111.11"; TOTALSEEP 
LPRINT 
TOTALCHE" = TOTALCHE" I 1000000 
LPRINT USINS 1 TOTAL ANNUAL TRANSPORT OF \ \= 11111.11"; CHE"NA"Ef, TOTALCHE" 
LPRINT 
LPRINT ACCU"PCP, ACCU"TFALL, ACCU"ET, ACCU"SEEP, UPSTOR, LOSTOR, DEEPSTOR, RIPSTOR 
LPRINT 
LPRINT ACCU"ET3 
LPRINl 
LPRINT ACCU"CHE" 
LPRINT 

· CLOSE 11 

TIME CONTROL SUBROUTINES 

NoTi;aeSplit: 

'Subroutine for daily ti1e incre1ents with no strea1tlow accuring 
'OR: Present ti1e incre1ent is acceptable 

'Set ti1e variables: 

OAY = ENDDAY 
CDAY = ENDCALDAY 
TIME = ENDTIME 
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RETURN 

FIGURE 46 (Continued) 

'Calculate incre1ental evapotranspiration: 
'The 1axi1u1 incre1ental ET de1and is the sa1e for each zone. 

!PET = OAYPET i DELTAT 

GOSUB Throughtall 
60SUB litterlayer 
GOSUB UpperSoilStorage 
GOSUIT011erSoilStorage 
60SUB DeepSoil 
60SUB Riparian 
GOSUB Printout 

'Add results to daily accu1ulators: 

OAYPCP = DAYPCP + !PCP 
DAYTFALL = DAYTFALL + TFALL 
DAYFLOM = DAYFLOW + STREA"FLOW 
ACCU"PCP = ACCU"PCP + !PCP 
DAYSEEP = DAYSEEP + SEEP 
OAYCHE" = DAYCHE" + QCHE"LOAD 

:.,.; 
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FIGURE 46 (Continued) 

Ti1eSplitl: 

'Subroutine for daily ti1e incre1ents •hen flo• is present 
'One hour ti1e incre1ents are used. 

·set ti1e variables: 

TI"EINC = 1 f 24 
DELTAT = DELTAT f 24 
DAY = BE6DAY 
CDAY = BE6CALDAY 

'Loop-and bnnch to hyarologic processes subroutines: 

FOR K = 1 TO 24 

'Calculate the incre1antal evapotranspiration: 

!PET = DAYPET l DELTAT 

TI"E = BE6TI"E + (K l DELTATJ 
IF TI"E >= 1 THEN 

Tl11E = 0 
DAY = ENDDAY 
CDAY = ENDCALDAY 

END IF 

·Input variables are noM all correct, run data through all si~ulation subroutines 

'-' -.a 
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NEXT K 
RETURN 

FIGURE 46 (Continued) 

GOSUB Throughfall 
GOSUB Litterlayer 
GOSUB UpperSoilStorage 
GOSUB Lo•erSoilStorage 
GOSUB DeepSoil 
GOSUB Riparian 
GOSUB Printout 'Writes and/or prints incre1ental results 

'Add results to daily accu1ulators: 
DAYPCP = DAYPCP + IPCP 
DAYTFALL = DAYTFALL + TFALL 
DAYFLDM = DAYFLOM + STREA"FLOM 
ACCU"PCP = ACCU"PCP + IPCP 
DAYSEEP = OAYSEEP + SEEP 
OAYCHE" = DAYCHE" + QCHE"LDAD 

TimeSplit2: 

'Subroutine for spliting large ti1e incre1ents during stor1flo• 
'Divide ti1e incre1ent into s1aller incre1ents of designated 1axi1u1 size: 

\,;.) 
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FIGURE 46 (Continued) 

NN = DELTAT I "AXINC 
INCNU" = CINT(NNJ 'The nuaber of •hole increaents 
!PCP = !PCP I INCNU" 
DELTAT = DELTAT I INCNU" 
DAY = BE6DAY 
CDAY = BESCALDAY 

'Loop and branch to hydroloqic processes subroutines: 

FOR K = 1 TO INCNU" 

'Calculate the 1axi1u1 increaental evapotranspiration: 

!PET = DAYPET S DELTAT 

'Calculate the day and tiae of next increaental step: 
Tl"E = BESTI"E + (K $ DELTATJ 
IF K = INCNU" AND ENDDAY > BESDAY THEN TI"E = 0: DAY = ENDDAY: CDAY = ENDCALDAY 

'Input variables are now correct, run data through all si1ulation subroutines: 

60SUB Throughfall 
GOSUB Litterlayer 
GOSUB UpperSoilStorage 
GOSUB LowerSoilStorage 
GOSUB DeepSoil 
GOSUB Riparian 
GOSUB Printout 'Writes and/or prints increaental results ,.., 
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NEXT K 
RETURN 

FIGURE 46 (Continued) 

'Add results to daily accu1ulators: 

DAYPCP = DAYPCP + IPCP 
DAYTFALL = DAYTFALL + TFALL 
DAYFLOW = DAYFLOW + STREA~FLOW 

ACCUftPCP = ACCU~PCP + !PCP 
DAYSEEP = DAYSEEP + SEEP 
DAYCHEft = DAYCHEft + QCHEftLOAD 

---------------------------------------------------------------------------------------------------
POTENTIAL EVAPOTRANSPIRATION PAN COEFFICIENTS 

---------------------------------------------------------------------------------------------------
PanCoef f icien ts: 

RETURN 

'Subroutine to choose proper 1onthly evaporation pan coefficient 
IF BE6DAY ): 1 AND BE6DAY <= 31 THEN PANCOEFF = 1 
IF BE6DAY ): 32 AND BE6DAY <= bl THEN PANCOEFF = 1 
IF BE6DAY ): 62 AND BE6DAY <= 92 THEN PANCOEFF = 1 
IF BE6DAY >= 93 AND BE6DAY <= 123 THEN PANCOEFF = 1 
IF BE6DAY >= 124 AND BEGDAY <= 151 THEN PANCOEFF = 1 
IF BEGDAY >= 152 AND BE6DAY <= 182 THEN PANCOEFF = 1 
IF BE6DAY >= 183 AND BE6DAY <= 212 THEN PANCOEFF = 1 
IF BE6DAY >= 213 AND BE6DAY <= 273 THEN PANCOEFF = 1 
IF BE6DAY >= 274 AND BE6DAY <= 304 THEN PANCOEFF = 1 
IF BE6DAY >= 305 AND BE6DAY <= 335 THEN PANCOEFF = 1 
IF 8E6DAY >= 330 AND 8E6DAY <= 3bb THEN PANCOEFF = 1 

DAYPET = PANETl l PANCOEFF 
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FIGURE 46 (Continued) 

SEASONAL TRANSPIRATION FACTORS 

Sea Transpire: 

RETURN 

'Subroutine to calculate a seasonal transpiration factor 
'Transpiration factor for the growing season is assu1ed to be 1 
'The transpiration factor for the dor1ant season is assu1ed to be equal 
'to the reduction in leaf area index over the watershed area. 

IF BE6DAY >= 1 AND BE6DAY <= 31 THEN SEATRANS = 1 'Growing season 
IF BE6DAY >= 32 AND BE6DAY <= bl THEN SEATRANS = 1 - ( BE6DAY - 32) J • 0283 'Transitional period 
IF BESDAY >= b2 AND BESDAY <= 182 THEN SEATRANS = .15 'Dor1ant season 
IF BE6DAY >= 103 AND BESDAY <= 212 THEN SEATRANS = .15 + (BE6DAY - 183) S .0293 'Transitional period 
IF BESDAY >= 213 AND BESDAY <= 366 THEN SEATRANS = 1 . Growing season 

THROUGHFALL 

Throughfall: 
'Subroutine calculates throughfall for a ti1e incre1ent 
'Calculate seasonal 1axi1u1 canopy storage 
GROWSTOR = 1.8 'Growing season 1axi1u1 canopy storage (11) 
OORftSTOR = .43 'Dor1ant season 1axi1u1 canopy storage (11) 
'CANftAX = ftaxi1u1 canopy storage (11) 
IF BEGDAY >= 1 AND BEGDAY <= 31 THEN CANftAX = SROWSTOR 
IF BESDAY >= 32 AND BEGDAY <= bl THEN CANftAX = SROWSTOR - .0472 I (BESDAY - 32) 
IF BESDAY >= 62 AND BESDAY <= 182 THEM CANftAX = OORftSTOR 
IF BESDAY >= 183 AND BESDAY <= 212 THEN CANftAX = DOR"STOR + .0472 t (BESDAY - 182) 
IF BESDAY >= 213 AND BESDAY <= 366 THEN CAN"AX = 6ROWSTOR 
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FIGURE 46 (Continued) 

'CANSTOR = Current canopy storage 
'DEFICIT = Canopy storage defecit 

DEFECIT = CAN"AX - CANSTOR 
CANSTORl = CANSTOR 'At the beginning of i stor1 
TOTALCAN = CANSTOR + !PCP 'Total te1porary storage for che1ical 1ixing 
IF DEFECIT > 0 AND !PCP <= DEFECIT THEN TFALL = O: CANSTOR = CANSTOR + !PCP 
IF DEFECIT > 0 AND IPCP > DEFECIT THEN TFALL = IPCP - DEFECIT: CANSTOR = CAN"AX 
IF DEFECIT = 0 THEN TFALL = !PCP: CANSTOR = CAN"AX 
ACCU"TFALL = ACCU"iFALL + iFALL 

'Calculate the average throughfall che1istry: 

TFCHE~ = TFALL l TFALLCONC 

'Calculate evaporation loss fro1 canopy 
'!PET= the 1axi1u1 incre1ental PET de1and 

'Condition 1: Canopy storage not li1iting; ET available 
IF CANSTOR >= IPET THEN ETLOSS = !PET 
'Condition 2: Canopy storage li1iting; ET available 
IF CANSTOR < IPET THEN ETLOSS = CANSTOR 
'Condition 3: No ET available 
IF !PET = 0 THEN ETLOSS = 0 
CANSTOR = CANSTOR - ETLOSS 
CANLOSS = ETLOSS 
SU"ET = SU"ET + ETLOSS 
ACCU"ET = ACCU"ET + ETLOSS 
ACCU"ET3 = ACCU"ET3 + ETLOSS 
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FIGURE 46 (Continued) 

'Enter canopy che1istry subroutine: 

'Calculate the re1aining incre1ental PET de1ands: 

IRE"PET = !PET - ETLOSS 

RETURN 
-------------------------------------------------------------------

LITTER LAYER 

Litterlayer: 
'Subroutine for calculating lithr layer storage and release 
'LIT"Al = "axi1u1 litter layer storage (11) 
'LITSTOR = Current litter layer storage 
'LITDEF = Litter layer storage defecit 
'LPERC=Percolation outfloM fro1 litter layer 
LIT"AX = 3.5 '11 Average value for eastern haraMoods 
LITDEF = LIT"AX - LITSTOR 
LITSTORl = LITSTOR 'LITSTORl = variable for testing subroutine 
IF LITDEF > 0 AND TFALL <= LITDEF THEN LPERC = 0: LITSTOR = LITSTOR + TFALL 
IF LITDEF > 0 AND TFALL > LITDEF THEN LPERC = TFALL - LITDEF: LITSTOR = LIT"Al 
IF LITDEF = 0 THEN LPERC = TFALL 

'Calculate evaporation loss fro1 litter layer at potential rate. 
'IRE"PET is the 1axi1u1 re1aining incre1ental PET 
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RETURN 

FIGURE 46 (Continued) 

'Condition 1: Litter storage not li1iting; ET available 
IF LITSTOR >= IREnPET THEN ETLOSS = IRE"PET 
'Condition 2: Litter storage li1iting; ET available 
IF LITSTOR < IREnPET THEN ETLOSS = LITSTOR 
'Condition 3: No ET available 
IF IREnPET = 0 THEN ETLOSS = 0 
L!TSTOR = LITSTOR - ETLOSS 
SU"ET = sunET + ETLOSS 
ACCUnET3 = ACCU"ET3 + ETLOSS 
LITLOSS = ETLOSS 
TOTALLIT2 = urnTOR 'ET-Coned.ed_ storage for c:he1ic.sl transport calculations 

'Calculate the retaining incre1ental PET de1ands: 

IRE"PET = IREnPET - ETLOSS 

'Calculate the average che1ical properties of litter percolation: 

LITCHEM = LPERC t LITCONC 
ETLOSS = ETLOSS l (1 - QRZAREA I TOTAREAJ 
ACCUnET = ACCU"ET + ETLOSS 'Corrects accu1 et for qrz area 

UpperSoilStorage: 
'Subroutine for perfor1ing water and che1ical balance for the upper 
'soil zone (Al,A2, and upper B-Horizons). 
'UPSTOR = the current storage 
UPMILT = 0 'Storage is assu1ed to be e1pty at the wilting point 

'Input to the upper soil zone is percolation fro1 the litter layer. 
w 
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FIGURE 46 (Continued) 

UPSTORl = UPSTOR 'Test variable for checking subroutine operation. 
UPSTOR = UPSTOR + LPERC 
TOTALUP = UPSTOR 'Storage used far cheaical 1ixing 

'Calculate ET loss froa the upper soil zone: 
'The retaining increaental PET deaand is applied to the entire soil profile. 
'The quantitiy of PET de1and applied to each storage is deter1ined by the 
'soil evapotranspiration •eighting factors up•eight,loweight,and deep•eight. 
'The sua of the weighting factors aust equal 1. 

UPPET = IREMPET S UPWEIGHT 
LOPET = IREMPET & LOWEIGHT 
OEEPPET = IREMPET I OEEPWEIGHT 

'Actual ET lass is a function of soil 1oisture and available PET deaand. 

'Soil Moisture Condition 1: > •ii ting point 

'Calculate 1axi1u1 AET for existing soil aoisture conditions: 
IF UPSTOR I UPAWC > .4 THEN AET = UPPET 
IF UPSTOR I UPAWC <= .4 AND UPSTOR I UPAWC > .2 THEN AET = UPPET l ( .9 + (UPSTOR I UPAWC - .2)) 
IF UPSTOR I UPAWC <= .2 AND UPSTOR I UPAWC > .1 THEN AET = UPPET & (.2 + 6 S (UPSTOR I UPAWC - .1)) 
IF UPSTOR I UPAWC <= .1 THEN AET = UPPET t 2 t (UPSTOR I UPAWCl 

'Condition la: Moisture li1iting 
IF UPSTOR >= AET THEN ETLOSS = AET 
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FIGURE 46 (Continued) 

'Condition lb: "oisture li1iting 
IF UPSTOR < AET THEN ETLOSS = UPSTOR 

'Soil "oisture Condition 2: Upstor < wilting point 
IF UPSTOR <= UPWILT THEN ETLOSS = 0 

'For all soil 1oisture conditions, if !PET =O: 
IF UPPET = 0 THEN ETLOSS = 0 

'Update a1ount of daily PET de1and used 
SU"ET = SUl!ET + ETLOSS_ 

'Update upper zone storage: 
UPSTOR = UPSTOR - ETLOSS 
UPLOSS = ETLOSS 
TOTALUP2 = UPSTOR 

'Calculate quantity of percolation fro1 the upper zone: 
'UPGRAV = available gravity water 

UPGRAV = UPSTOR - UPFCAP 
IF UPSTOR <= UPFCAP THEN UPGRAV = 0 
UPPERC = UPGRAV 

'Check to see if LOSTOR is filled to LOl!AX: 
LODEFECIT = LOl!AX - LOSTOR 'Lower soil storage defecit 
IF UPPERC > LODEFECIT THEN UPPERC = LODEFECIT 

'Adjust upper storage for losses: 
UPSTOR = UPSTOR - UPPERC 

'Calculate the average che1ical properties of Upsoil percolation: 
.p.. 
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RETURN 

FIGURE 46 (Continued) 

UPCHE" = UPPERC l UPCONC 

ETLOSS = ETLOSS t (1 - aRZAREA I TOTAREA) 
ACCU"ET = ACCU"ET + ETLOSS 

Lo•erSoilStorage: 
'Subroutine for perfor1iong •ater and che1ical balance for the lo•er 
'LOSTOR = the current lo•er zone storage 
'LOAll = the current .plant available •ater 
LOllILT = 0 'Storage is assu1ed to be e1pty at the •ilting point. 
'Input to the lo•er soil zone is percolation fro1 the upper soil zone: 
LOSTOR = LOSTOR t UPPERC 
LOSTOR1 = LOSTOR ·Variable for checking subroutine operation. 
TESTSTOR = LOSTOR 

'Calculate ET loss fro1 the lo•er soil zone: 
'ET is re1oved fro1 the lo•er soil zone by transpiration only. 

'Calculate the seasonal transpiration factor, SEATRANS: 
GOSUB SeaTranspire 
LOPET = LOPET l SEATRANS 

'Actual ET loss is a function of soil 1oisture and available PET de1and 

'Soil Moisture Condition 1: LOSTOR > •ilting point 

'Calculate 1axi1u1 AET for the existing soil 1oisture conditions: 
.i:-
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FIGURE 46 (Continued) 

IF LOSTOR I LOAWC <= 1 AND LOSTOR I LDAWC > .6 THEN AET = LDPET 
IF LDSTDR I LDAWC <= .6 AND LDSTDR I LOAWC > .4 THEN HET = LDPET a (.8 + (LOSTOR I LOAWC - .4)) 
IF LOSTOR I LOAWC <= .4 AND LOSTOR I LOAWC > .2 THEN AET = LOPET a (.2 + 3 a (LOSTOR I LDAWC - .2)) 
IF LDSTDR I LOAWC <= .2 THEN AET = LOPET a (LOSTOR I LOAWCI 

'Condition la: "oisture not li1iting: 
IF LOSTOR >= AET THEN ETLOSS = AET 
'Condition lb: "oisture li1iting: 
IF LOSTOR < AET THEN ETLOSS = LOSTOR 

'Soil "oisture Condition _2: Upstor <= 11ilting point 
IF LDSTDR <= LOWILT THEN ETLOSS = 0 

'For all soil 1oisture conditions, if PET = O: 
IF LOPET = 0 THEN ETLOSS = 0 

'Update a1ount of daily PET de1and used: 
SU"ET = SU"ET + ETLOSS 

'Update 1011er soil zone storage: 
LOSTOR = LOSTOR - ETLOSS 

'Calculate the quantity of subsurface flow fro1 the lower soil zone: 
'Include the upper soil zone gravity 11ater if the lower zone is full: 

'LOSSF = lower zone subsurface flow 
'LOSRAV= Gravity Nater storage available for percolation or SSF 
LOSRAV = LOSTOR - LOFCAP 

..,.. 
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FIGURE 46 (Continued) 

IF LOSTOR <= LOFCAP THEN L06RAV = 0 
TOTALGRAV = L06RAV 
IF TESTSTOR >= LO"AX THEM TOTAL6RAV = L06RAV + UPGRAV 

TOTALGRAVl = TOTALGRAV 
'Storage re1aining at end of ti1e incre1ent after SSF release 
RE"STOR : TOTAL6RAV s (KLO A DELTAT) 

'Losoil SSF volu1e released equals the difference betMeen storage at 
'the beginning of the ti1e incre1ent and the re1aining storage: 

LOSSF = TOTALSRA'l - RE"SJOR 
IF TOTALGRAV <= 0 THEM LOSSF = 0 
TOTALGRAV = TOTALGRAV - LOSSF 
IF UPSRAV >= LOSSF THEM UPSTOR = UPSTOR - LOSSF 
IF UPSRAV < LOSSF THEM LOSTOR = LOSTOR - (LOSSF - UPGRAVJ: UPSTOR = UPSTOR - UPGRAV 

'Calculate quantity of percolation fro1 the lo•er soil zone. 
'Percolation occurs at an exponential function of soil 1oisture content above field capacity: 
'Percolation is controlled by the ability of the clay layer below to transait Mater 
'Percolation takes place above and belo• field capacity 

LOPERC = (HSATLO S (LOSTOR I LO"AX) A BLOSOILl S DELTAT 

IF LOSTOR <= LOPERC THEN LOPERC = LOSTOR 

'Check to see if the DEEPSOIL storage is filled: 

DEEPDEFECIT = DEEP"AX - DEEPSTOR 'Deep storage defecit 
IF LOPERC > DEEPDEFECIT THEN LOPERC = DEEPDEFECIT 

.i::

'-' 



FIGURE 46 (Continued) 

'Account for losses fro1 lower soil zone storage: 
LOSTOR = LOSTOR - LOPERC 

'Calculate the average che1ical properties of subsurface flow: 

LSSFCHE" = LOSSF t LOCONC 

ETLOSS = ETLOSS t (1 - aRZAREA I TOTAREAI 
accu~u = ACCU"~ET + ETLOSS 

60SUB aRZ 

RETURN 

aRZ: 
'Subroutine for calculating the flow contribution of steep slopes 
'surrounding the strea1 channels. The size of the aRZ area is a function 
'of the current storage in the LoSoil storage. 
aRZAREA = EXP(9.7 t (LOSTOR I LO"AXJ) 
IF TFALL = 0 THEN QRZAREA = 0 'IF NO RAIN, NO FLOW FRO" QRZ AREA!!!! 
aRZVOL = TFALL t aRZAREA 
QRZFLOW = aRZVOL I !DELTAT l 86400) 'Flow in liters per second 

.j:'
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FIGURE 46 (Continued) 

'Calculate the average che1ical co1position of the Quick Release FloM 

QRZCHE" = QRZVOL t QRZCONC 

RETURN 

DeepSoil: 
'Subroutine for perfor1ing ~ater and che1ical balance for the 
'deep soil delayed response storage. 

'DEE?STOR = the current level of storage 
'DEEPFLOW = delayed floM to the strea1 
'Input to the deep soil storage is LOPERC 
'SEEP = accounts for any possible deep seepage losses 
DEEPSTORl = DEEPSTOR 
DEEPSTOR = DEEPSTOR + LOPERC 
'Calculate ET loss fro1 the deep soil storage: 
'ET is re1oved fro1 the deep soil zone by transpiration only. 

'Calculate the seasonal transpiration factor, SEATRANS 
GOSUB SeaTranspire 

OEEPPET = DEEPPET t SEATRANS 'Allotted PET adjusted for seasonal transpiration 

'Actual ET loss is a function of existing soil 1oisture and PET de1and: 
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FIGURE 46 (Continued) 

'Calculate the 1axi1u1 AET for the existing soil aoisture conditions: 
IF OEEPSTOR I DEEPAWC > .9 THEN AET = OEEPPET 
IF DEEPSTOR I DEEPAWC <= .9 AND DEEPSTOR I DEEPAWC > .6 THEN AET = DEEPPET S (.7 + (OEEPSTOR I DEEPAWC - .6)) 
IF DEEPSTOR I DEEPAWC <= .b AND DEEPSTOR I DEEPAWC > .3 THEN AET = DEEPPET S (.2 l (1.667 S !DEEPSTOR I DEEPAWC - .3))) 
IF OEEPSTOR I OEEPAWC <= .3 THEN AET = DEEPPET l .6bb7 l DEEPSTOR I DEEPAWC 

'Condition 1: DEEPSTOR not liaiting, PET deaand available 
IF DEEPSTOR >= AET THEN ETLOSS = AET 
'Condition 2: DEEPSTOR li1iting, PET deaand available 
IF OEEPSTOR < AET THEN ETLOSS = OEEPSTOR 
'Condition 3: No PET deaand available 
IF OEEPPET = 0 THEN ETLOSS = 0 

'Update portion of daily de1and 1et: 
SUftET = SUftET + ETLOSS 
'Update quantity of deep soil storage: 
DEEPSTOR = DEEPSTOR - ETLOSS 

'Calculate the quantity of delayed flo• released: 
'DEEPGRAV= storage of water in excess of field capacity, or gravity water 

DEEPGRAV = DEEPSTOR - DEEPFCAP 

'Calculate quantity of gravity water reaaining at the end of a tiae increaent: 

REMDEEPSTOR = DEEP6RAV l (KDEEP A DELTATJ 

'Delayed flo• release to strea1flow is equal ta the storage at the beginning 
'of the tiae increaent ainus the reaaining storage: 

~ 
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FIGURE 46 (Continued) 

DEEPFLOW = DEEPGRAV • RE"DEEPSTOR 
IF DEEPGRAV <= 0 THEN DEEPFLOW = 0 
DEEPGRAV = DEEPGRAV - DEEPFLOW 
DEEPSTOR = DEEPSTOR - DEEPFLOW 

'Calculate quantity of deep soil storage lost to deep seepage: 

RETURN 

SEEP = (HSATDEEP S (DEEPSTOR I DEEP"AXJ A BDEEPJ a DELTAT 
IF DEEPSTOR <= SEEP THEN SEEP = DEEPSTOR 

'Update.deep soil storage to account for losses: 
DEEPSTOR = DEEPSTOR - SEEP 

'Calculate the che1ical co1position of the deepflow: 

DEEPCHE" = DEEPFLOW a DEEPCONC 

ETLOSS = ETLOSS * (1 - DRZAREA I TOTAREAJ 
ACCU"ET = ACCU"ET + ETLOSS 
SEEP = SEEP S (1 - DRZAREA I TOTAREAJ a (LANDAREA I TOTAREAl 
ACCU"SEEP = ACCU"SEEP + SEEP 

Riparian: 
'Subroutine calculates contributions to strea1flow fro1 channel interception 
'and interception by low-lying alluvial terraces. 
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FIGURE 46 (Continu~d) 

LANDAREA = TOTAREA - CHANAREA - ALUVAREA - QRZAREA 
RIPAREA = CHANAREA + ALUVAREA 
RIP"AX = 90000 'Storage of riparian gravels in liters 

'Riparian gravel storage 1ust be satisfied ~efore strea1flo• can occur 
'Input to the riparian gravel storage is assu1ed to be the su1 of the flo•s 
'fro1 channel side slopes, subsurface flo•, ground•ater, and throughfall falling 
'directly an the channel area and alluvial area. 

'RIPSTOR = the currenLstorage 
INFLOW = (TFALL S CHANAREAJ + (LPERC t ALUVAREAI t IGRZVOLJ + (LOSSF S LANDAREAJ + !DEEPFLOW I LANDAREAI 

'Calculate the 1ean che1ical c.01position of the total strea1flo•: 
RIPCHEK = RIPCONC t RIPSTOR 
INCHEK = (TFALL t CHANAREA t TFALLCONCJ + (LPERC t ALUVAREA t LITCONCJ + (QRZVOL S GRZCONCJ + (LOSSF t LANDAREA I LOCONCI + (DEEP 

FLOW t LANDAREA S DEEPCONC) 
COKBCHEKLOAD = RIPCHEK + !NCHE" 'COKBCHEKLOAD = co1bined load of RIPSTOR anf inflo• 
RIPSTOR = RIPSTOR + INFLOW 

'Assu1ing co1plete 1ixing, the strea1flo• che1ical concentrations are: 

IF RIPSTOR > 0 THEN OCHEKCONC = COKBCHEKLOAD I RIPSTOR 
IF RIPSTOR = 0 THEN OCHEMCONC = 0 

·Cone. in 1g/l 

RIPDEF = RIPKAX - RIPSTOR 'Riparian zone storage defecit 
IF RIPDEF >= 0 THEN OUTFLOW = 0 
IF RIPDEF < 0 THEN OUTFLOW = RIPSTOR - RIPMAX 
STREAKFLOW = OUTFLOW 
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FIGURE 46 (Continued) 

'The incre1ental che1ical load is: 

QCHE"LOAD = STREAKFLOW I QCHE"CONC 

RIPCONC = QCHE"CONC 

ACCU"CHE" = ACCUKCHE" + QCHE"LOAD 

'Update storage for losses: 
RIPSTOR = RIPSTOR - OUTFLOW 

RIPSTOR2 = RIPSTOR 

'Actual ET loss is a function of available ET and soil 1oisture 
'By definition, the riparian gravels are at field capacity at RIPKAX 

IRIPPET = IREKPET S RIPAREA 
IF RIPSTOR I RIPKAX > .2 THEN AET = IRIPPET 
IF RIPSTOR I RIPKAX <= .2 THEN AET = IRIPPET S 5 l (RIPSTOR I RIP"AXJ 

'Soil Koisture Condition 1: Koisture not li1iting: 
IF RIPSTOR >= AET THEN ETLOSS = AET 

'Soil "oisture Condition 2: Koisture li1iting: 
IF RIPSTOR < AET THEN ETLOSS = RIPSTOR 

'Soil "oisture Condition 3: Storage e1pty: 
IF RIPSTOR = 0 THEN ETLOSS = 0 

'For all soil 1oisture conditions: 
IF IRIPPET = 0 THEN ETLOSS = 0 
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RETURN 

FIGURE 46 (Continued) 

'Update the a1ount of the daily PET de1and used: 
SU"ET3 = SU"ET3 + ETLOSS 
ACCU"ET3 = ACCU"ET3 + (ETLOSS I 77100) 
RIPLOSS = ETLOSS 'Test variable 

'Update riparian zone storage: 
RIPSTOR = RIPSTOR - ETLOSS 
GFLOW = OUTFLOW I (DELTAT S Bb400) 

OUTPUT CONTROL SUBROUTINE 

Printout: 

RETURN 

'Subroutine for routing incre1ental results to printer and/or file output 
ACCU"VOL = ACCU"VOL + STREA"FLOW 
SSFLOW = LOSSF 
DGFLOW = DEEPFLOW 
~RITE 12, MONTH, CDAY, TI"E, GFLOW, ACCU"VOL, GCHEMCONC 
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