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Abstract
[bookmark: _Toc310579468][bookmark: _Toc315681362]Global “hot spots” for land atmosphere coupling have been identified through various studies. One particular region that has been identified in many of these global studies is the Southern Great Plains (SGP) of North America. Local coupling studies have identified links between boundary layer evolution and soil moisture at point locations. This analysis seeks to bridge the spatial and temporal gaps between the local and global approaches to better understand the nature of land atmosphere feedbacks during the warm season months of May through September during 2000 through 2015 using a local coupling framework. This framework was applied to the datasets to create a mesoscale climatology of land-atmosphere interactions in Oklahoma at varying temporal scales but did not adequately quantify land-atmosphere interactions. Therefore, a revised approach using standardized anomalies of previously developed metrics, Convective Triggering Potential (CTP) and low-level humidity index (HI), was developed to showcase the difference in low-level atmospheric response to extreme drought and pluvial years. Within pluvial years, unexpected differences in CTP/HI anomalies emerged suggesting differences precipitation drivers. While 2007 demonstrated characteristics of positive wet feedbacks, 2015 had behavior within the parameter space that was more similar to drought years despite having record rainfall suggesting an interannual variability in atmospheric response to soil moisture. Similarly, the CTP/HI standardized anomaly approach was able to demonstrate the atmospheric response to dry land surface conditions both locally and non-locally during drought years. At the intra-annual timescale, similar differences between drought and pluvial periods were observed. More importantly, these periods show similarities by demonstrating a greater atmospheric response to soil moisture during dry-down periods.  
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[bookmark: _Toc517860291]Chapter 1: Introduction
[bookmark: _Toc310579469][bookmark: _Toc315681365]Land atmosphere (L-A) coupling quantifies the complex interactions between land surface conditions and the atmosphere to better understand the hydrologic cycle and can be viewed from the perspective of the terrestrial and atmospheric segments along with the mutual interactions between the two. Soil moisture plays an important role in the terrestrial segment through surface flux partitioning (Basara and Crawford 2002) and changes in evapotranspiration rates (Teuling et al. 2006; McPherson et al. 2007). However, these relationships are not necessarily linear and the soil moisture-evaporation relationship may be enhanced as soils become drier (Phillips and Klein 2014; Williams et al. 2016).
Within the atmospheric segment, surface fluxes impact boundary layer development (Rabin et al. 1990; Santanello et al. 2009, 2011, 2013). In addition, near surface atmospheric moisture can be driven by both nonlocal and local soil moisture anomalies (Atlas et al. 1993; Hong and Kalnay 2000; Pal and Eltahir 2003; Su and Dickinson 2017) and can modify the local environment making it more (or less) favorable for convective precipitation (Pielke 2001). 
The scale dependency of these interactions is evident via past studies which have explored coupling through point scale analyses of diurnal boundary layer development and at the global spatial scale focused within the seasonal to interannual timescale. Land surface conditions may reinforce seasonal extremes over a large region (Trenberth and Guillemot 1996; Fischer et al. 2007 a, b) and may even play a role in large scale dynamics (Namias 1988). From the climatological perspective, some regions show a greater atmospheric response to soil moisture anomalies. The first phase of the Global Land-Atmosphere Coupling Experiment (GLACE) found that land atmosphere coupling tends to be favored over semi-arid/transition regions across climate models (Koster et al. 2004). While coupling strength identified by each individual climate model varied significantly, subsequent studies found similar results with stronger coupling in transition regions between arid and humid climates (Guo et al. 2006; Koster et al. 2006; Dirmeyer 2006). Semi-arid regions show an increased sensitivity of evapotranspiration (ET) to changes in soil moisture and atmospheric demand which are also more variable over such transition regions (Trenberth 1999; Guo et al. 2006; Koster et al. 2011; Dirmeyer 2011; Wei et al. 2016 ).  Within regions of strong coupling, the strength of these soil moisture-evapotranspiration-precipitation relationships has been shown to change in both time and space (Findell and Eltahir 2003b; Guo and Dirmeyer 2013; Basara and Christian 2018). Transition regions may evolve following precipitation gradients and the greatest focus for land-atmosphere coupling may follow such gradients (Seneviratne 2006). Further, climatologically dry (wet) regions may experience an increase in sensitivity to land surface conditions during (wet) dry months (Schubert et al. 2008; Wei and Dirmeyer 2012). Wei and Dirmeyer (2012) also found that while non-local influences on soil moisture, evapotranspiration and precipitation feedbacks are present, in those regions where coupling plays a significant role local effects prevail.
While several studies have identified regions in which the atmosphere is more sensitive to changes in soil moisture, the nature of such feedbacks is still largely contested (Meng and Quiring 2010) and can change depending on spatial resolution of model simulations (Hohenegger, et al. 2009). The Southern Great Plains has been identified as a hot spot for land atmosphere coupling but the sign of the feedbacks within this region is still unclear. 
Locally, an increase in sensible heat fluxes from dry soils leads to greater boundary layer growth and entrainment of dry air from the free atmosphere, resulting in a drying of the boundary layer and inhibition of convection (Findell and Eltahir 2003a). Conversely, dry soils have been argued to result in a greater probability of convective precipitation by destabilization of the lower atmosphere and rapid boundary layer growth and (Ek and Holtslag 2004; Santanello et al. 2011; Taylor et al. 2012; Gentine et al. 2013; Ford et al. 2015a). Ford et al. (2015b) demonstrated a preference for unorganized convection to develop over dry soils in Oklahoma, however there were also several instances where convection was favored over wet soils. The case for wet soils suggests that wet soils result in greater latent heat flux and an increase in boundary layer moist static energy. This decreases the level of free convection and destabilizes the boundary layer by increasing CAPE (Pielke 2001; Pal and Eltahir 2001; Findell and Eltahir 2003a; Findell et al. 2011; Ferguson and Wood 2011). The wet positive feedback results in a precipitation recycling regime in which precipitation originates from local evapotranspiration (Dirmeyer et al. 2009). Brubaker et al. (1999) and Trenberth (1999) both argue that on average 25-35% of precipitation in North America is a result of this wet positive feedback. The converse is a wet negative feedback in which wet soils reduce surface temperatures, increase surface pressure and increase surface stability which suppresses precipitation (Cook et al. 2006, Hohenneger et al. 2009).
Others argue that the sign of a soil moisture anomaly is perhaps not as important as a gradient in soil moisture. Such gradients can result in differential diabatic heating and resulting “land breezes” which may enhance surface convergence and the development of convection (Taylor et al. 2007; Frye and Mote 2010). Within the southern Great Plains, these gradients can shift the location of the dryline and subsequently dryline forced convective precipitation thus resulting in a feedback which perpetuates these gradients (Flanagan et al. 2017). 
Findell and Eltahir (2003a) developed the Convective Triggering Potential Low-Level Humidity Index (CTP/HI) framework which diagnoses the potential for afternoon precipitation over a region based on soil moisture and early morning atmospheric profiles. CTP diagnoses the level of instability within the portion of the atmosphere between 100 mb and 300 mb above ground level (AGL) while the pre-existing moisture content of the layer 50 to 150 mb AGL is captured through HI. The authors classified Oklahoma and much of the southern Great Plains as a transitional regime where convection is equally likely over wet or dry soils and this preference may change on an interannual basis (Findell and Eltahir 2003b). Further application of the framework by Ferguson and Wood (2011) demonstrated an unintentional bias within the original framework. The authors found that latitudinal anomalies of CTP/HI better captured coupling than the original strict thresholds imposed. Roundy et al. (2013) established new thresholds for dry and wet coupling based on the joint probability space of CTP and HI over regional soil moisture distributions using satellite and reanalysis derived data. 


This study applies the CTP/HI framework and attempts to bridge the gap between local and global coupling studies by examining land-atmosphere coupling via mesoscale observations collected at Oklahoma Mesonet sites at various timescales during the period spanning 2000 through 2015. The chosen temporal period exceeds the minimum number of years identified by Findell (2015) to adequately study land-atmosphere interactions. Land-Atmosphere coupling is first explored using inter-annual comparisons between regions in Oklahoma. The results from these comparisons merit further exploration at the intra-annual timescale and further analysis seeks to better understand the nature of land-atmosphere coupling as it evolves at finer timescales. 













[bookmark: _Toc517860292]Chapter 2: Data and Methods
[bookmark: _Toc517860293]2.1 Oklahoma Mesonet
The Oklahoma Mesonet is an automated mesoscale observing network consisting of over 100 sites which report near real time, quality assured, meteorological conditions at 5 minute intervals (McPherson et al. 2007) and soil moisture every 30 minutes (Illston et al. 2008). Sensors are calibrated prior to placement and after repair, and are replaced at the end of recommended residence time even if there are no problems detected (McPherson et al. 2007). Observations from the Mesonet have been extensively validated (Scott et al. 2013) to ensure that all observations are of research quality. One limitation arises due to site placement within areas of uniform low-growing vegetation (McPherson et al. 2007) as observations may not be representative of those over other land-cover types.
To maintain spatial and temporal consistency and to establish a sufficient climatological analysis length, only stations which were continuously in operation from January 1, 2000 through December 31, 2015 were retained for the analysis. While stations may have been continuously in operation during this time there may have been periods of time with missing observations due to instrumentation and meteorological issues so stations which recorded data for less than 75% of days were omitted. Each station is less than 80 km from its nearest neighbor such that a missing observation at one point did not significantly impair the spatial resolution of the analyses. Computations were only performed on samples in which 75% of the sample had measurements. 
Fractional water index is a normalized measurement of the Campbell Scientific 229-L sensor response to changes in soil moisture and ranges from 0 (dry soil) to 1 (saturated soil) (Schneider et al. 2003; Illston et al. 2008). The utility of FWI lies within its ability to capture soil wetness independent of soil texture thus standardizing the observation and allowing for intercomparison within the observational network. In this study, wet soils are defined as those with FWI greater than 0.7 which is considered optimal for plant growth and dry soils defined as having an FWI less than 0.4 which results in water stress (Illston et al. 2008, http://www.nue.okstate.edu/Weather/FractionalWaterIndex.pdf). Basara and Crawford (2002) showed the greatest relationship between surface latent and sensible heat fluxes and root zone soil moisture at the Norman, Oklahoma Mesonet site. Soil moisture is monitored via the Campbell Scientific 229-L heat dissipation sensor which is most commonly deployed at 5, 25 and 60 cm. This study primarily uses 25 cm soil moisture measurement depth as it is most representative of root zone soil moisture which is generally within the top 30 cm of the soil profile (Weaver 1958; Eggemeyer et al. 2009; Raz-Yaseef et al. 2016). This depth also yields the greatest sample size as some stations do not have sensors beyond this depth due to soil texture or bedrock. Note however that similar final conclusions of this study were found using soil moisture at all depths thus only results from 25 cm are shown. 
The minimum measurable precipitation is 0.25 mm (McPherson et al. 2007) so values below this threshold were counted as no precipitation events. The original CTP/HI framework is designed to diagnose the potential for afternoon precipitation so only precipitation events which occurred between 2100 and 0300 UTC were included in the analysis. Precipitation events were also filtered to eliminate any false positive events using a novel approach. Average total monthly precipitation values were computed at every station by summing all precipitation events for a given month and dividing by the number of years in the dataset. Each day was then compared to the monthly average precipitation and assigned a percentage of that monthly average precipitation. For a 31-day month 0.03 or 3% would be considered the expected percentage of rainfall for any given day so the threshold for being considered a day with precipitation was set at 5%. An example calculation is shown in Table 1. The purpose of this approach is to distinguish heavy precipitation from light precipitation as fixed threshold amounts would not sufficiently capture the variability in precipitation intensity due to climatology. This threshold as well as 1%, 3% and 10% were tested with similar results, and thus, 5% was retained as the set value for this study.  	Comment by Basara, Jeffrey B.: Add spacing between the table and the paragraph text.[bookmark: _Toc517866521]Table 1: Calculation example for precipitation using average May precipitation of 132.83 mm for Norman, OK

[bookmark: _Toc517860294][image: ]
2.2 North American Regional Reanalysis (NARR) dataset
While Mesonet stations provide surface and sub-surface data, atmospheric profiles are necessary to calculate CTP/HI. North American Regional Reanalysis (NARR) data was used to obtain atmospheric profiles of temperature, pressure and specific humidity over Oklahoma during the study period. NARR data assimilates observations with model simulations to generate a 3-hourly gridded dataset with 32 km spatial resolution over the continental United States at 29 vertical levels (Mesinger et al. 2006) and at the time of the analysis was available from 1979 through 2015. Each Mesonet station was paired with the nearest NARR grid box center. This resulted in several stations which shared the same grid box. To eliminate redundancy only the station with the least number of missing observations was retained resulting in 93 stations being used for the analysis. 
Each NARR vertical profile contains data at 29 levels starting with 1000 mb (Mesinger et al. 2006). Oklahoma’s sloping terrain means that surface pressure can range from approximately 850 mb in the panhandle to over 1000 mb in southeastern Oklahoma so it is necessary to start each atmospheric profile at the appropriate surface pressure measurement rather than the starting NARR measurement. Specific humidity profiles were converted to dewpoint profiles by converting specific humidity values to mixing ratio then vapor pressure using the formula from Wallace and Hobbs (1977) then inverting the Bolton (1980) formula for saturation vapor pressure to obtain temperature instead to obtain dewpoint from vapor pressure. This was completed using the MetPy software package for Python designed by May et al. (2017).  Mesonet observations of temperature and dewpoint were used as the surface values for atmospheric profiles and values above the surface were obtained from the NARR dataset.
[bookmark: _Toc517860295]2.3 Creation of a CTP/HI Dataset
Vertical profiles were linearly interpolated at 1 mb intervals to ensure that calculations of CTP and HI were performed at their exact required levels above the surface. The 25 mb interval used by NARR is too large to adequately capture HI given the two levels used in the calculation are 100 mb apart. 
[bookmark: _Toc517860296]2.3.1 CTP
Convective Triggering Potential was determined via:
1) locating the moist adiabat which intersects the temperature profile 100 mb above ground level (AGL). 
2) Integrating the area between this moist adiabat and the temperature profile from 100 mb AGL to 300 mb AGL. 
The methods used by the coupling metric toolkit (CoMeT Tawfik  2016) were adapted for Python to calculate values of CTP.
[bookmark: _Toc517860297]2.3.2 HI
The low-level humidity index (hereafter HI) is the sum of the dewpoint depression at 50 mb AGL and 150 mb AGL to determine the pre-existing moisture content of the lower atmosphere (Eq. 1)
				(1)

Both CTP and HI were calculated at every Mesonet station for every day within the period to create a quasi-observational CTP/HI dataset across Oklahoma from 2000 through 2015. The original thresholds established by Findell and Eltahir (2003) are shown in Figure 1. 




[image: ][bookmark: _Toc517878893]Figure 1: The CTP/HI framework thresholds for categorizing preferences for convection over wet or dry soils. The wet soil advantage describes a positive feedback in which wet soils result in convection. (Reproduced from Findell and Eltahir 2003b, Fig. 1)

[bookmark: _Toc517860298]2.4 Verification of CTP/HI
The aforementioned values of CTP/HI are derived from reanalysis data, and therefore, it is critical to quantify the reliability of the CTP/HI values. A time series of CTP and HI were calculated using observations from the Norman Mesonet station located near the center of the study domain and corresponding NARR profiles for the duration of the study period. In addition, CTP and HI values were explicitly computed from radiosonde data at the Norman upper air site and compared to the NARR derived values; the results are shown in Figure 2. Overall, the observed values of CTP and HI from the upper air soundings agree well with the NARR derived values with correlation coefficients of 0.930 and 0.945 respectively. One limitation is that the agreement between NARR-derived and observed profiles may be artificially inflated in locations 
where upper air stations exist. Becausee NARR data is a result of the NCEP Eta Model and assimilated observations (Mesinger et al. 2006), areas where observations are sparse may be less representative of reality. 
[image: ][bookmark: _Toc517878894]Figure 2: Scatterplot of CTP and HI computed by NARR and Mesonet methods (x-axes) versus CTP and HI computed using observed upper air sounding data (y-axes). The top plot shows values derived from both methods for CTP and the bottom shows the relationship between values derived from both methods for HI. Correlation coefficient is also shown.


















[bookmark: _Toc517860299]Chapter 3: Inter-annual Variability of CTP/HI in Oklahoma 
[bookmark: _Toc517860300]3.1 Climatology of CTP/HI 
Monthly mean values of CTP and HI were computed at every Mesonet station for the entire period and the results are shown in Figure 3. In the monthly mean CTP plot, blue denotes values which are less than 0 on average; CTP values below 0 are not conducive for coupling as this would represent a stable profile. Western portions of the domain have the greatest number of months with CTP greater than 0, and therefore the greatest opportunity for coupling. The entire state experiences mean positive values of CTP during the warm season, or the months of May through September and, based on these results, further analysis will focus primarily on these months for the coupling analysis. 
Less variability in the monthly mean HI plots exists throughout the year when compared to CTP though mean values do increase during the warm season. The most striking feature of the analysis is that few stations yield monthly mean values at or below 15°C. The original framework (Findell and Eltahir 2003a) states that 15°C is the upper limit for coupling classifications and anything greater than this falls into an atmospherically controlled regime. As such, these results would suggest that on average, land-atmosphere coupling is not occurring in Oklahoma according to the CTP/HI framework (Findell and Eltahir 2003a). However, this is an oversimplification and would contradict previous studies in the region which strongly suggest the presence of land atmosphere coupling (McPherson et al. 2004 ; Haugland and Crawford, 2005; McPherson and Stensrud, 2005; Santanello et al. 2009, 2011, 2013) or an interplay between land-atmosphere interactions and a pre-conditioned synoptic environment (Ford et al. 2015a, 2015b, 2015c). Ferguson and Wood (2011) noted that the thresholds set forth by the original framework may have been unintentionally biased by the location for which they were developed (Lincoln, Illinois). They also demonstrated that the framework is still a valuable tool in diagnosing the pre-existing atmospheric state but it can be modified to better capture coupling in varying climates. a)
b)

[bookmark: _Toc517860301][image: ][bookmark: _Toc517878895]Figure 3: (Top) Monthly climatology of HI in Oklahoma. A black contour separates values which are greater than or less than 15 degrees Celsius when present. Values greater than 15 degrees are traditionally considered too dry for coupling to occur. (Bottom) Monthly climatology of CTP in Oklahoma with a black contour separating positive from negative values when negative values are present. Positive values are indicative of instability and a greater coupling potential on average.


3.2 A Revised Approach to the CTP/HI Climatology
Ferguson and Wood (2011) utilized latitudinal anomalies of CTP and HI is useful for global study areas which precludes its utility when only focusing on Oklahoma where latitudinal differences are likely to be minimal within such a small region, but longitudinal differences in climate and land cover are significant. Standardized anomalies are especially useful for expressing and comparing the relative magnitude of differences in meteorological variables in areas where the base state climate varies in space and time (Wilks 2011). Basara and Christian (2018) successfully applied a standardized anomaly approach to better assess land-atmosphere coupling in the Southern Great Plains and it is hypothesized that the use of standardized anomalies of CTP/HI based on station climatology better capture atmospheric response to different soil moisture states and would facilitate comparison of the magnitude of responses in both time and space. 
[bookmark: _Toc517860302]3.2.1 CTP/HI Standardized Anomalies
Daily standardized anomalies or z-scores were computed for each individual station (Wilks 2011) as shown in Equation 2. The daily z-scores were computed using the mean and standard deviation for that particular day based on the 16 years within the dataset. For example, the June 1, 2004 CTP standardized anomaly value was computed using the mean and standard deviations of all 16 June 1 CTP values. Only days with more than 12 years or more (75%) of data were retained to obtain z-scores which were as representative of the 16 years as possible. 

									(2)
A Gaussian distribution is necessary for the computation of z-scores but the distribution of HI values was slightly skewed to the right since there were no negative HI values and therefore no negative outliers. Most HI values were between 0°C and 30°C with a few outliers greater than 50°C. To remedy this a square root power transform (Wilks  2011) was applied to each value which yielded more Gaussian distributions.
[bookmark: _Toc517860303]3.2.2 A Parameter Space Approach
Unique combinations of CTP and HI provide valuable information about the pre-existing atmospheric state and its potential for land atmosphere coupling. Thus, the four potential bivariate combinations of CTP and HI anomalies are examined in the CTP/HI parameter space in the following analysis and the combinations are shown in Figure 4 and described as follows: 
1) Quadrant I (Q1), CTP Below normal/ HI above normal: The atmosphere is generally more stable than normal in the CTP region, while it is drier than normal at the levels where HI is measured. This region is not likely to result in precipitation due to an overall lack of pre-existing instability and moisture. 
2) Quadrant II (Q2), CTP above normal/HI above normal: The atmosphere is more unstable than normal in the CTP region but it is also drier than normal. This classification suggests a dry adiabatic profile. Over dry soils increased partitioning of energy into sensible heating could result in more rapid boundary layer growth which despite limited moisture could result in convective initiation if the PBL reaches the LCL (Ek and Holtslag 2004.) On the other hand, wet soils could result in greater latent heat flux and an increase in moist static energy into an environment which was moisture limited. As such, local destabilization of the lower atmosphere could occur through increased CAPE and a lowering of the LCL (Taylor and Lebel 1998; Pielke 2001; Findell and Eltahir 2003; Pal and Eltahir 2003; Brimelow et al. 2011). Finally, this quadrant of the parameter space could also result in no convection if the lower atmosphere is too dry for local surface fluxes to overcome the moisture limited regime. During drier than normal periods it is expected that more days would fall within this parameter space as dry surface conditions would result in greater sensible heat fluxes, boundary layer mixing and entrainment of dry air. When the standardized anomalies within this space are exceptionally high, they may be considered too dry for convective precipitation or atmospherically controlled similar to the original framework. 
3) Quadrant III (Q3), CTP above normal/HI below normal: This regime would be considered primed for convection due to pre-existing above normal instability and above normal moisture in the lower troposphere. Little perturbation of these conditions is necessary for convective initiation. 
4) Quadrant IV (Q4), CTP below normal/HI below normal: In the moisture abundant, energy limited regime the atmospheric profile is likely near moist adiabatic (Findell and Eltahir, 2003). Precipitation recycling is expected over wet soils through the addition of moist static energy via evapotranspiration. Dry soils could also supply necessary energy and surface based instability in this case. It is also expected that anomalously wet periods would demonstrate a higher percentage of days occupying this parameter space as wet soils would provide a continuous supply of low level moisture. 
[image: ][bookmark: _Toc517878896]Figure 4: Example of a CTP/HI parameter space for a region. Quadrants are labeled I through IV in a clockwise direction and represent the 4 possibilities for CTP/HI anomaly pairing. I) CTP below normal, HI above normal II) CTP above normal, HI above normal III) CTP above normal HI below normal IV) CTP below normal, HI below normal. Colorbar represents the percentage of days that fall within a given CTP/HI bin pairing. 


Oklahoma was divided into 9 subregions which were designed to capture a sufficient sample size of stations within each region while also capturing the distinct level II ecoregions within the state and highlighting the spatial variability in temperature and precipitation. The current regions differ slightly from the 9 Oklahoma Climate Divisions to allow for a more even areal distribution. Vegetation phenology plays a significant role on surface fluxes and therefore it is necessary to capture the variability in vegetation as well as local climate (Pielke 2001; McPherson et al. 2004, Raddatz 2007; Williams and Torn 2015). The divisions are shown in Figure 5. The parameter space for each region was analyzed and Z-scores are divided such that each bin represents an increment of one-half standard deviation in both the CTP and HI space. The shading in each bin represents the percentage of days within that region and time-period that fall within the bounds of that CTP/HI bin pairing. 
[image: ][bookmark: _Toc517878897]Figure 5: (Left) Level 2 Ecoregions of Oklahoma (credit Oklahoma Forestry Services) and (Right) The 9 subregions used in the current study and Mesonet stations which are included within each subregion.

[bookmark: _Toc517860304]3.2.3 Wet vs. Dry Soils Warm Season
Each region was separated into days with wet soils (FWI<0.4) or days with dry soils (FWI>0.7) during the warm season (May through September). The percentage of days which occupied each 2 dimensional CTP/HI anomaly bin are plotted for each individual region and shown in Figure 6a. Wet soil conditions result in the greatest number of days occupying Q4 in the parameter space suggesting moisture fluxes from the surface may aid in moistening the atmospheric profile. Another argument is that the overall large scale pattern which results in wet soils is also one that is characterized by moist atmospheric conditions. Overall there is a greater number of days with HI below normal, independent of whether CTP is above or below normal. In other words, the atmosphere is generally moister at low levels regardless of instability. 
Dry soil days (Fig. 6b) are characterized by a nearly opposite response to those of wet soil days.  The greatest percentage of days occur in Q2 while the second largest percentage of days is within Q4. The percentage of days in Q2 vs. Q4 for dry versus wet soils are mirror images of one another. These results suggest a different atmospheric response to dry versus wet soils with a shift toward Q4 when soils are wet and a shift toward Q2 when soils are dry. 



[bookmark: _Toc517860305] [image: ][bookmark: _Toc517878898]Figure 6: Distribution of CTP and HI standardized anomalies for warm season days with (a) wet soils (FWI>0.7) by region and (b) dry soils (FWI<0.4) by region. CTP standardized anomalies are represented on the y axes of each subplot while HI standardized anomalies are represented on the x axes. Fills represent the percentage of days within that region that occupy a given bin with darkest colors at or exceeding 7% of days.
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b)


3.2.4 Wet vs. Dry Soils Warm Season Days with Precipitation	Comment by Basara, Jeffrey B.: Add a space between the caption and the header.
Dry and wet soil cases were filtered to account for precipitation, defined as any day which is greater than or equal to 5% of the 16-year monthly average. The resulting parameter spaces were those with precipitation over wet soils and precipitation over dry soils (Figs. 7a and 7b respectively).  Both cases show a preference for precipitation when CTP and HI are both below normal, while the greatest change in parameter space between all days and precipitation days occurs with the dry soil case as the distributions shift from being concentrated in Q2 to being concentrated in Q3 and Q4 when precipitation is a factor. The preference for Q4 is most apparent in the western regions of the domain, while the parameter space becomes more evenly distributed between Q4 and Q3 in the regions further to the east. The southeastern-most region shows the most minor difference between the percentage of days in Q2 and Q4 within the dry soil case. One possible reason for the longitudinal differences is that the eastern portions of the state are moisture abundant, but energy limited and surface fluxes may supply the necessary destabilization for precipitation development in the presence of moisture advection. This agrees with previous findings that wetter regions of the United States often experience inverse relationships between soil moisture and evaporative fraction (which supplies land surface based low level moisture) and the development of precipitation is energy limited (Dirmeyer 2011; Williams and Torn 2015). In the western domains the difference between wet soil and dry soil cases is also less pronounced. 
Both parameter spaces appear to shift their distribution toward Q4 when filtered for precipitation. The parameter spaces shown are for the entire warm season but previous studies have demonstrated a distinct temporal variability in land atmosphere coupling even at the monthly scale (e.g., Basara and Christian 2018). When each month is examined individually, the greatest difference between dry and wet soils occurs during July and August (not shown). Unfortunately, there are few days with precipitation over dry soils earlier in the warm season as soils are climatologically moist during this period (Illston et al. 2004).
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[bookmark: _Toc517878899]Figure 7: As in Figure 6 but for warm season days with precipitation.

[bookmark: _Toc517860306]3.2.5 Extreme Year CTP/HI Space: Pluvial
A distinct difference in the parameter space for wet versus dry soils is apparent and this difference decreases slightly when precipitation is considered. While the parameter space differences may be the result of an atmospheric response to the land surface, they may also reflect the dominant large scale pattern that accompanies wet or dry soils and precipitation anomalies. If the large scale atmospheric pattern drives the CTP/HI parameter space response to dry versus wet soils it is expected that years with similar precipitation anomalies will behave similarly within the parameter space. Within the current dataset there are two notable years with anomalously excessive precipitation during the warm season: 2007 and 2015.  Figure 8 shows the warm season parameter space for 2007 (a) and 2015 (b). The two years show a drastic difference in behavior with the greatest percentage of days in 2007 occupying Q4 as expected if precipitation recycling is occurring. However, 2015 shows a much more even distribution across the four quadrants with the exception of Q1. Further, the greatest percentage of days in 2015 occurs in Q2 for all regions. If annual warm season rainfall anomalies are considered by region rather than statewide, regions which experienced above normal warm season precipitation during a given year show entirely different behavior than that same region in 2007. 








 [image: ][bookmark: _Toc517878900]Figure 8: As in Figure 6 but for all warm season days and all soils during a) 2007 only and b) 2015 only.
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Figure 9a shows the parameter spaces for Region 3 during four years which experienced above normal warm season precipitation occurred: 2007, 2008, 2013 and 2015. Each of the years has approximately 30% of days occupying Q2 with the exception of 2007. When filtered for precipitation (Fig. 9b), 2007 still shows significantly fewer days in Q2 than the other years. During 2008 the parameter space is more similar to 2007 than the other years, but still most similar to the other rainfall [image: ]years.	Comment by Basara, Jeffrey B.: Add a space between the caption and the header.a)					    b)

[bookmark: _Toc517860307][bookmark: _Toc517878901]Figure 9: Distribution of CTP and HI standardized anomalies for warm season days during selected heavy rainfall years in Region 3 only for (a) all warm season days and (b) only days with precipitation during 2007.  

3.2.6 Extreme Year CTP/HI Space: Drought
Two of the most extreme drought years that occurred in the study domain, 2006 and 2011, were analyzed (Fig. 10). As a whole, both drought years show a higher percentage of days within Q2. Differences in the parameter space between the extreme drought years were not as extreme as those between extreme pluvial years. Even so, the differences are not negligible and 2011 shows a larger percentage of days occupying Q2 than 2006. During drought years Q2 and Q1 account for nearly 70% of all days, and in 2011, 60-70% of days fell within Q2 alone. 






a)





b)

[image: ][bookmark: _Toc517878902]Figure 10: As in Figure 8 but for a) 2006 and b) 2011.

It is when the parameter spaces of individual regions are broken down by month that the strongest patterns emerge. To better visualize the relationship between drought development and the parameter space, particularly Q2, weekly classifications via the United States Drought Monitor (Svoboda et al. 2002) for each climate division in Oklahoma (Fig. 11) were compared to the nearest region in this study. 
[image: ][bookmark: _Toc517878903]Figure 11: Oklahoma Climate Divisions (credit: Oklahoma Climatological Survey). 



During 2006, drought improved within the panhandle throughout the warm season. The cumulative percentage area of the panhandle climate division (which corresponds to Region 1) within a given drought classification is shaded, and the percentage of days that region 1 spends in Q2 is plotted as a black line in Figure 12a. The greatest percentage of days in Q2 occurs in April, while the peak percentage of area in D3 (extreme drought) is during May and June. As the percentage of days within Q2 decreases so does the percentage of area in D3, D2 and D1 drought classifications. While most of the area is still in drought by September, the number of days within the worst classifications (D2, D3) are at a minimum and preceded by a minimum in number of days within Q2. Similarly, as the northwestern regions of the state oscillate between severe and extreme drought (not shown) during 2006, a greater percentage of the distribution falls in Q2 during the month before an increase in drought category. 
Another example of local maxima in Q2 leading local maxima in drought classification occurred in 2011 when the eastern portion of the state was experiencing little to no drought at the onset of the warm season (Fig. 12b). Region 5 which is within the northeastern and east central climate divisions is of particular focus. As the percentage of days within Q2 increases the drought classification and percentage of area within worsening drought conditions also increased but not instantaneously. The peak in total area experiencing D2 or greater during September and October was preceded by the maximum in percentage of days in Q2 during August with approximately 75% of days having CTP and HI above normal. Conversely, the greatest percentage of area experiencing the most extreme drought classifications (D3 or greater) were collocated with these peaks. 


[image: ]a)
b)				         c)
[bookmark: _Toc517878904]Figure 12: (a) percentage of days in Q2 (black line) during 2006 for Region 1 and average monthly cumulative percentage area (filled) in drought for nearest corresponding climate division (panhandle) during the same time. (b) percentage of days in Q2 (black line) during 2011 for Region 5 and average monthly cumulative percentage area (filled) in drought for nearest corresponding climate division (northeastern and east central) during the same time (c) same as (b) except drought area is for non-local climate divisions (central and south central) while Q2 remains only for Region 5.

If non-local effects are considered, average drought classifications from the central and south central climate divisions during this time and the percentage of days in Q2 show a lag in peak drought conditions versus peak percentage of days within Q2 (Fig. 12c). As the percentage of area in D3 or greater drought expanded rapidly from March to April showing with a local peak in D3 or worse area during April, Q2 increases resulting in a local maximum during June. The plateau area in D0 or worse in central Oklahoma between May and June was followed by a relative plateau in percentage of days in Q2 in northeast Oklahoma during June to July. The rapid increase in D4 drought area in the southwestern part of the state from June to July led to the increase in NE Q2 percentage that occurred from July to August. The peak D4 area occurred in late fall, while Q2 area decreased during this time. 
During both years, the intensification of drought as evidenced by upgrades in drought classification were locally preceded by increases in percentage of days which occupy the Q2 portion of the parameter space. This suggests that feedbacks between the drying land surface and the drying of the lower atmosphere as drought worsens. As the drought propagates from west to east in 2011, so do the highest percentages of days within Q2. 
[bookmark: _Toc517860308]3.3 Discussion
Significant uncertainty still exists regarding the nature of coupling in the Southern Great Plains. Some studies arguing that there is a significant impact of soil moisture on boundary layer processes (Santanello et al. 2009, 2011, 2013; Tawfik et al. 2015) while large scale analyses have shown a strong relationship between soil moisture and precipitation in the region (Koster et al. 2004, 2006; Dirmeyer et al. 2009). However, others argue that the impact of coupling is almost negligible compared to large scale moisture transport (Findell et al. 2011; Ruiz-Barradas and Nigam 2013). Such conflicting results can be a result of the spatial and temporal scale used which can produce contrasting results over the same region (Hoheneger et al. 2009). The focus of this study was, using a unique set of in situ observations, to provide a more holistic approach to land atmosphere coupling by evaluating soil moisture and subsequent atmospheric response initially at the diurnal scale and subsequently aggregating to a monthly, seasonal or interannual scales to bridge the gap between local and global coupling studies. This approach captured the spatial and temporal variability of land-atmosphere coupling in Oklahoma while also addressing the knowledge gap that exists regarding the physical links between soil moisture and precipitation (Seneviratne et al. 2010). 
While the CTP/HI framework is a useful tool for quantifying the potential for land atmosphere coupling based on pre-existing boundary layer moisture and instability (Findell and Eltahir 2003a), on average, most stations in Oklahoma exceeded an HI value of 15°C during the warm season which would be considered an atmospherically controlled regime (Findell and Elathir 2003a). On the other hand, numerous studies have noted atmospheric responses to changes in land surface flux partitioning in Oklahoma (Basara and Crawford 2002; McPherson et al. 2004; McPherson et al. 2007; Ford et al. 2015).  Ferguson and Wood (2011) suggested that the original framework may have been unintentionally biased by the location of its development (Illinois) and were able to better capture large scale coupling via departures from latitudinal means of CTP and HI. As such, the CTP/HI framework was modified to capture coupling in the study domain. 
This study applied the CTP/HI framework from the perspective of standardized anomalies or Z-scores within small sub-regions in Oklahoma. Each sub-region was designed to capture the variability in precipitation, temperature and vegetation across the state while maintaining a relatively homogeneous environment within the region. Within each region the CTP/HI standardized anomaly parameter space was studied and responded differently for wet versus dry soil conditions; the cases were nearly a mirror image across the origin between Q2 and Q4. In the wet soil case, the greatest number of days were in Q4 while dry soils resulted in a greater number of days in Q2. This result could be a function of the pre-existing large scale atmospheric pattern that would lead to wet or dry soils but also a residual of the feedbacks between the land surface and the atmosphere.
Where previous studies (Frye and Mote 2010; Ford et al. 2015) carefully select singular precipitation events, the current study took a novel approach by examining coupling from a climatological perspective using daily precipitation events exceeding 5% of the monthly mean while also addressing the physical differences in the daily atmospheric profiles over wet versus dry soils during extreme years. Years with excessive rainfall showed distinct differences in the parameter space, particularly for those years of 2007 and 2015. It is expected that years with heavy rainfall would have parameter spaces which closely resemble the parameter space for precipitation over wet soils. Overall, 2015 appears similar to the parameter space for precipitation over dry soils with nearly an equal number of days occurring in both Q2 and Q4.  However, 2007 had a majority of days in the Q4 space. These results might suggest that 2015 is the anomalous year with the greatest percentage of days in Q2 despite wetter than normal conditions. Flanagan et al. (2018) describes large scale patterns which are most conducive to heavy precipitation in the Southern Great Plains and 2015 is consistent with this large-scale dynamical pattern.  However, the environment for 2007 was not consistent with the Flanagan et al. (2018) pattern and Dong et al. (2011) noted evidence of positive feedbacks between surface fluxes and subsequent rainfall. It is unlikely that the large scale pattern was operating independently of land-atmosphere coupling and large scale pattern could enhance the efficiency of land atmosphere feedbacks (Su et al. 2014; Wei et al. 2015; Su and Dickinson 2017). As such, the results suggest that the atmosphere was more responsive to land-atmosphere interaction producing precipitation recycling during 2007 versus 2015. Basara and Christian (2018) confirm the presence of strong coupling through use of a different metric during most of the warm season in 2007; 2015 was not analyzed in their study. 
When anomalous rainfall years were examined by region, 2015 was more representative of other heavy rainfall years than 2007. For example, Region 3 was used as an example of several years with above normal warm season precipitation during 2007, 2008, 2013 and 2015. All years had a relatively even distribution across quadrants with a greater number of days in Q2 overall, except for 2007 which had less than 1% of days in Q2 and no days in Q1. In addition, the distribution during 2008 looked like a combination of 2007 and 2015, and the atmospheric response in 2008 may have been due to soil moisture memory from the heavy rainfall during 2007. Further, the increased frequency of days with precipitation in Q4 during 2007 are what may be expected during a precipitation recycling regime; this is also evident in 2008. Incorporating deep soil moisture memory into models has been shown to better reproduce precipitation variability (Dong et al. 2011; Schubert et al. 2002). Soil moisture memory from heavy rainfall in 2007 was possibly impacting the atmospheric response to land-surface conditions during 2008. The other quadrant heavily occupied during 2007 was Q3 which is more likely to be representative of a case when the atmosphere was primed for convection through increased low level humidity and enhanced instability. In this case the land surface may yield less influence which agrees with findings that large-scale drivers played a role in the anomalous precipitation in 2007 (Dong et al. 2011) but they were not the only influence. Conversely, the year with the greatest number of days in Q3 and Q2 compared to the other wet years was 2015 and the large scale atmospheric pattern likely played the greatest role in anomalous precipitation as shown by Flanagan et al. (2018).   
A common factor across all years (except for 2007) was that at least 14% of days with rainfall had HI above normal, meaning local low level moisture was reduced so moisture necessary for precipitation was due to non-local influences. This would continue to suggest the presence of large scale drivers of precipitation or negative feedbacks in such cases rather than the strong tendency toward conditions most conductive to positive feedbacks in 2007 when above normal low level moisture was present for 99% of rainfall cases. Furthermore, the variability in atmospheric response during heavy precipitation years confirms previous studies which demonstrate significant interannual variability in land-atmosphere coupling strength (Guo and Dirmeyer 2013; Basara and Christian 2018) but the reasons for these differences remain largely unexplored. These results provide insight into the actual changes in the vertical structure of the atmosphere during extreme years even when similar soil moisture conditions are present to better explain the presence (or lack thereof) of land-atmosphere coupling.   
Dry years also demonstrated a clearer feedback between soil moisture and atmospheric conditions. The atmospheric response within dry years was more consistent within the parameter space with a high percentage of days in Q2 and in 2011, a large percentage of days showed a high magnitude of CTP and HI anomalies within Q2. The magnitude of the CTP/HI anomalies within the Q2 space during dry years appears to be much greater than other years suggesting a feedback between dry land surface conditions and the atmosphere. The most significant finding was the presence of a peak in percentage of days within Q2 which led the peak in drought conditions by approximately one month during 2006. An increasingly dry and convectively hostile atmosphere appeared to drive the intensification of drought. This was also evident in 2011 when the evolution of drought in Northeastern Oklahoma was examined. The peak in percentage of days within Q2 leads the peak percentage of area in D2 or greater drought classification, however the peak percentage of area in D3 or greater drought was collocated with the Q2 peak. The Q2 peak may be driven by the extreme drought conditions locally and this peak in hostile atmospheric conditions could have driven the expansion of overall drought area noted by the increase in drought area one month later. The lag in such feedbacks was not as clear as during 2006, but an atmospheric response to drought intensification was evident. 
Moreover, non-local effects were considered by examining the evolution of atmospheric conditions in northeastern Oklahoma and the intensification of drought in southwestern Oklahoma. Drought propagated from west to east during 2011 with little area in drought in eastern portions of the state at the onset of the warm season. Conversely, the southwestern climate division had nearly 80% of its area in D3 (extreme drought) or worse. Increases in percentage of days in Q2 in northeastern Oklahoma were preceded by increases in drought intensity in southwestern Oklahoma suggesting local atmospheric responses to non-local soil moisture conditions. 
The current analysis focuses on the differences between years with varying hydroclimate extremes. As such, it is relevant to examine the mean behavior of all years within the parameter space to determine if these extreme years truly were anomalous in within the low-level atmospheric profile (Fig. 13). Statewide, 2007 and 2011 stand out as having opposite extremes to one another as expected from the interannual comparisons. The width of each ellipse represents 1 standard deviation in CTP standardized anomalies and the height represents 1 standard deviation in HI standardized anomalies computed from the statewide standard deviation for that year. The center of the ellipse represents the statewide mean. Thus, 2011 yielded more variability in CTP standardized anomalies while 2007 was nearly uniform. Despite heavy precipitation 2015 was representative of near average values statewide and lies in the middle of the parameter space. Other years which stand out include 2012 and 2006 which were both dry years, and 2000 which was not analyzed in the first part of this study; 2000 has significant variability and appears to have days that would be representative of both pluvial and dry years. The differences in variability across years provide further justification for exploring the intra-annual variability of CTP and HI standardized anomalies to better quantify the nature of land-atmosphere coupling in Oklahoma.    
[image: ][bookmark: _Toc517878905]Figure 13: Statewide averaged warm season (May-September) CTP and HI standardized anomalies for each of the years in the dataset. 




[bookmark: _Toc517860309][bookmark: _GoBack]Chapter 4: Intra-annual Variability of CTP/HI in Oklahoma
	Significant variability exists from year to year within the CTP/HI standardized anomaly parameter space even for years with seemingly similar hydrometerological extremes such as pluvial years (2015 and 2007) and drought years (2006 and 2011). Dry years also appeared to have a more consistent behavior within the warm season parameter space for each year whereas wet years differed from one another significantly. While 2015 appeared to be largely driven by the overall synoptic pattern, 2007 had potential for land-atmosphere feedbacks, and it has been suggested that anomalous rainfall may have been enhanced by land-atmosphere feedbacks (Dong et al. 2012). Considerable interannual variability merits further exploration into the intra-annual variability of the CTP/HI parameter space and how the evolution of these anomalies may be related to changes in soil moisture and precipitation at a finer timescale. 
[bookmark: _Toc517860310]4.1 Annual Climatology
Annual warm season (May through September) regional-mean values and standard deviation values of CTP and HI were computed to quantify the spatial and temporal variability of the CTP/HI parameter space. Because the mean is a non-resistant measure of location and can be sensitive to outliers (Wilks 2011), median values were also computed; the results were similar (not shown) and the use of mean was retained for this study. Each year is represented by a colored ellipse in Figure 14 with the width representing one standard deviation in CTP and the height representing one standard deviation in HI.  

[image: ][bookmark: _Toc517878906]Figure 14: warm season CTP and HI anomalies for every year in each region. Each ellipse represents an individual year with width being equal to 1 standard deviation in CTP anomalies and height being equal to 1 standard deviation in HI anomalies. 


Within the mean warm season parameter space, several years stand out by having the greatest anomalies. For example, 2011 had exceptionally positive CTP/HI anomalies with significant variability in the CTP anomaly space in every region. Conversely, 2007 demonstrated less variability and a significant negative departure for both CTP and HI (this distinction is less apparent within regions 5 and 9) and would be expected for a year with anomalously high precipitation. While record rainfall was also observed during 2015 across much of Oklahoma, the mean state of the CTP/HI anomalies for all regions was near normal. Additionally, 2000, 2006, and 2012 had notable positive anomalies in CTP and HI across most regions but variability in the CTP/HI parameter space was more symmetric than that of 2011. Finally, years other than 2007 with negative CTP/HI anomalies were regionally dependent; the same year was not consistently observed across all regions. 
From a climatological standpoint, 2007 and 2011 are opposite examples of hydroclimate extremes. Statewide averaged summer precipitation for 2007 was nearly 18 mm above normal and is considered the wettest summer in the study period. Conversely, precipitation during summer of 2011 was nearly 13 mm below normal making it the driest summer of the study period. Statewide annual statistics rank 2007 second to 2015 which received its heaviest precipitation during spring, and 2011 ranked second to 2012. 

[bookmark: _Toc517860311]4.2 Monthly Evolution of CTP/HI During Selected Years
[bookmark: _Toc517860312]4.2.1 Pluvial Period: 2007 Warm Season
The two extreme years (2007 and 2011) were broken down by month to diagnose the covariability of atmospheric profiles and changes in land surface conditions during the warm season (Fig. 15). As in the annual climatology, the mean and standard deviation values were computed for each region. The length of each bar in the horizontal direction represents one standard deviation in CTP and the length of each bar in the vertical direction represents one standard deviation in HI. 
Precipitation for each month within each region was ranked by year with a rank of 1 representing the driest year of that month in that region and 16 being the wettest. Precipitation ranks are shown at the bottom of each monthly plot. Years which are considered below normal are those with a rank of less than 8 and years which are considered above normal have a rank greater than 8. 




[image: ][bookmark: _Toc517878907]Figure 15: 2007 Monthly averaged CTP and HI standardized anomalies by region (top) and monthly precipitation rank (bottom) for the 16-year period with 16 being the wettest year and 1 being the driest.

While precipitation was below normal during April of 2007, CTP and HI anomalies were negative on average. As precipitation anomalies increased over the region, mean CTP/HI anomalies became more negative; June had the most variability between stations and had a significant amount of variability within each individual station. Regions in the eastern half of the state had positive CTP anomalies while in the western half of the state negative CTP anomalies prevailed. By July CTP/HI anomalies were negative in all regions despite the heaviest precipitation occurring the month before. Following a return to near normal precipitation in August, most regions had a reduction in magnitude of negative CTP and HI anomalies and an increase in overall variability, while the regions which received above normal precipitation maintained the greatest negative departures in CTP/HI. The difference in precipitation anomalies coincided with a greater spread in the mean CTP/HI anomalies for each region. Mean CTP/HI anomalies were nearly the same across all regions as differences in regional rainfall anomalies were reduced during September and overall rainfall was near normal. 

[bookmark: _Toc517860313]4.2.2 Drought Period: 2011 Warm Season 
Unlike 2007, HI anomalies during 2011 were already above normal prior to the beginning of the warm season and CTP anomalies ranged from slightly positive to slightly negative, except for region 1 (Fig. 15). Regions in the eastern half of the state had one of the wettest Aprils in the study period with regions 5 and 9 being the wettest while regions 4 and 8 recorded their 5th wettest. During May, precipitation became less anomalous or near normal across all regions.  Regions which received more precipitation during April and May had the least deviation from normal in the HI space, while those with precipitation deficits had the largest, and all regions had near normal or negative CTP anomalies. Variability in CTP was greater than that of HI and was more pronounced for regions with greater rainfall deficits (those with lower precipitation ranks). Much of the state experienced the least June and July precipitation within the 16-year study period. As precipitation deficits accumulated, CTP/HI anomalies became more positive across all regions while variability decreased; August had the greatest positive anomalies and most regions experienced minimal precipitation. During September, CTP anomalies returned to near normal, while HI anomalies remained positive, especially in the southernmost regions. As such, the distribution of regional means appeared similar to April but slightly shifted toward more positive anomalies in both CTP and HI.  
[image: ][bookmark: _Toc517878908]Figure 16: As in Figure 15 but for 2011.



[bookmark: _Toc517860314]4.2.3 Mixed Rainfall Extremes: 2000 Warm Season
The third year which stood out in the overall warm season climatology was 2000 (Fig. 16). On average, warm season CTP and HI anomalies were positive across all regions for the year, similar to 2011 but Spring, Summer and annual precipitation was near normal statewide (Oklahoma Climatological Survey). The April and May precipitation was near normal in most regions while those which received above normal rainfall during April (6 and 7) received below normal during May. The CTP anomalies were near normal during both months while HI anomalies became more positive. All regions had precipitation totals that were within the top 5 wettest Junes or greater while both CTP and HI anomalies were negative with departures similar in magnitude to those observed during July of 2007 when above normal precipitation was also recorded. Rainfall returned to near normal during July before entering a dry period during August and September. As rainfall deficits accumulated during 2000, CTP and HI anomalies became more positive with August means comparable to those of August 2011. All regions except for Region 1 recorded the driest August within the 16-year period during 2000. Variability in CTP/HI anomalies also decreased during this time before increasing during September in which CTP anomalies ranged from negative to the east to positive in western regions with all regions still experiencing HI anomalies well above normal. 



[image: ][bookmark: _Toc517878909]Figure 17: As in Figure 15 but for 2000

[bookmark: _Toc517860315]4.2.4 Pluvial No. 2: 2015
Because 2015 (Fig. 17) was an extremely anomalous year for precipitation with much of Oklahoma experiencing the wettest May on record, it was included in the analysis. However, despite anomalous rainfall, it did not stand out within the CTP/HI parameter space as the warm season mean values for each region were near normal. Further, while other years exhibited significant month to month changes in mean CTP and HI anomalies, 2015 had little movement within the parameter space. May was characterized by positive CTP anomalies and negative HI anomalies while June and July had near normal CTP anomalies and a steady progression toward slightly positive HI anomalies. The CTP anomalies were slightly negative during August coinciding with near or slightly positive HI anomalies and a reduction in precipitation. By September, mean CTP and HI anomalies were similar to those of April along with reduced variability in each region and a decrease in precipitation. 



[bookmark: _Toc517860316][image: ][bookmark: _Toc517878910].Figure 18: As in Figure 15 but for 2015.

4.2 Discussion
[bookmark: _Toc517860317]4.2.1 Daily Evolution for 2007 Warm Season
Below normal precipitation during April of 2007 coinciding with negative CTP and HI anomalies was contradictory to results from part 1 of this study which showed a greater likelihood of negative CTP/HI anomalies over wet soils or during periods with above normal precipitation. However, April lies at the beginning of what is considered the transitional drying phase which occurs from Mid-March through mid-June (Illston et al. 2004) based on the climatology of fractional water index (FWI) in Oklahoma. From November to mid-March soils are generally moist due to minimal evaporation.  However, with increased evaporation begins depletion of soil moisture and recharge is dependent upon precipitation during Oklahoma’s wet season. On average soil moisture across the state during spring of 2007 followed this climatological behavior (not shown) and April offers little time for substantial evaporation to deplete soil moisture so they remained moist during this time. The predominance of below normal CTP/HI values suggests a moist atmosphere despite the lack of precipitation which could have been sourced by local evaporation as well as advection.  Above normal precipitation in May coinciding with negative HI anomalies reflected an increase in low-level moisture. The CTP anomalies, indicative of instability, were near normal such that the environment was neither moisture or energy limited in driving convective precipitation. The CTP anomalies were more variable during June with negative anomalies to the west and positive anomalies to the east. 
While rainfall anomalies were less pronounced during July, the CTP and HI anomalies were most negative during this period. It is in this energy limited, moisture abundant environment that precipitation recycling may be expected. Furthermore, negative CTP anomalies may yield less buoyancy in the lower troposphere, and a stronger capping inversion that would allow for the accumulation of moist static energy within the boundary layer, lowering LCL height, and triggering convection. The additional moisture supplied from the land surface could result in triggering of deeper convection (Findell and Eltahir 2003a) and greater precipitation rates through increased latent heat flux (Cioni and Hohenegger 2017). Dong et al. (2011) showed that while synoptic scale processes were the main driver of precipitation during 2007, positive feedbacks between the moistened land surface and subsequent precipitation also played a role. The increased variability in CTP and HI anomalies during August coincides with a return to near normal rainfall. 
A time series for June, July and August 2007 (Fig. 18) shows that 5-day running mean CTP and HI anomalies (hereafter CTP5/HI5) were relatively consistent from mid-June to mid-July when soils were near field capacity (FWI = 1). This provides an explanation for the lack of variability in CTP/HI anomalies displayed in Figure 2a during July due to limited change in land surface state. From mid-July to early August, the 25 cm FWI decreased steadily while CTP5 and HI5 remained negative. After the first week of August, CTP5 and HI5 began to increase rapidly and reach peak positive values near August 15. 
Evaporative fraction has been shown to become more coupled with the land surface once soils begin to dry out after a precipitation event (Phillips and Klein 2014). Thus, atmospheric demand and a lack of precipitation to recharge soils drove increases in evapotranspiration (ET) which maintained a moist profile within the lower troposphere. Once soil moisture was depleted beyond a certain threshold in all regions, ET could no longer meet the atmospheric demand and the low-level atmospheric profile dried resulting in a rapid increase in CTP5 and HI5. 
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[bookmark: _Toc517878911]Figure 19: Time series of 5 day running mean (a) CTP and (b) HI standardized anomalies for each region, (c) daily precipitation and (d) daily 25 cm fractional water index for June, July and August of 2007.

[bookmark: _Toc517860318]4.2.2 CTP/HI Precursors to Tropical Storm Erin Redevelopment 
The remnants of tropical storm Erin remoistened soils during late August 2007. Antecedent soil moisture and atmospheric conditions prior to the redevelopment of Erin agree with conclusions from other studies which suggest that inland reintensification was likely driven by anomalous soil moisture during this period (Arndt et al. 2009 ; Monteverdi and Edwards 2010 ; Evans et al. 2011). Southwestern Oklahoma had 25 cm FWI values that were indicative of water stress (Illston et al. 2008, http://www.nue.okstate.edu/Weather/FractionalWaterIndex.pdf) immediately preceding the reintensification of tropical storm Erin. During this time rain was observed while HI and CTP anomalies became more negative. The preceding environment characterized by positive CTP and HI anomalies suggesting a dry environment, however during the 24 hours preceding Erin’s reintensification strong moisture advection resulted in dewpoint temperature values which were well above normal (Arndt et al. 2009) and below normal HI observations. Furthermore, the drying of soils during the preceding period would have resulted in greater partitioning of fluxes into sensible heating which would warm the soils. Emmanuel (2008) noted that in northern Australia, hot dry soils become wetted by outer bands of tropical cyclones, and this combination of warm temperatures and surface moisture may supply sufficient latent heat flux to reintensify a tropical cyclone over land. Similar land surface conditions combined with warm moist advection from a minimally modified air mass (Monteverdi and Edwards 2010) as well as above average soil moisture upstream (Evans et al. 2011) may have contributed to Erin’s reintensification over Oklahoma on August 19, 2007. 
Several additional important relationships were observed between fractional water index and CTP5/HI5 anomalies during July and August of 2007. First, the HI5 anomalies reached a local minimum as soil moisture was decreasing, then quickly transitioned toward positive anomalies once all regions reached a 25 cm FWI value less than 0.6. Such behavior may be indicative of initial moistening of the environment through surface evaporation from moisture abundant soils. Once soils became water stressed (FWI < 0.6), surface flux partitioning was toward sensible heating and the near surface environment dried. At this point CTP5 and HI5 anomalies became strongly positive. The drying soils resulted in 5 cm soil temperature values which were above normal across the southwestern portions of the state during August 12-16 (Oklahoma Mesonet). These warm surface temperatures combined with wetting of the soils by Erin’s outer bands during the 17th and 18th would have supplied a source of latent heat flux for redevelopment of Erin. Wetted soils by Erin correspond well to a period of negative HI5 and CTP5 anomalies. As in early August, the minimum in CTP5/HI5 followed the maximum in 25 cm FWI suggesting initial surface evaporation was maintaining a wet near surface environment before CTP5/HI5 increased at the end of the month as soils continued to dry. Overall, CTP5 and HI5 co-varied with FWI during June, July and August, but the relationship became even stronger when only considering August when the greatest declines in fractional water index occurred and many of the regions became water stressed (Fig. 19).
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[bookmark: _Toc517878912]Figure 20: (a) scatter plot of fractional water index versus 5 day running mean HI standardized anomaly, (b) table of r-squared values for HI5 versus 25 cm FWI and CTP5 versus 25 cm FWI (c) as in  (a) but for 5 day running mean CTP standardized anomaly. (a-c) June, July, and August 2007(d-f) same as (a-c) but for August only.

4.2.3 Evidence of Land-Atmosphere Coupling during 2000
An extended period of drying soils following an anomalously wet period was observed during 2000 resulting in similar land-atmosphere interactions. The main difference between the two years was the length of the period with above normal precipitation as this period during 2000 was relatively short lived compared to 2007. The time series for June, July and August (Fig. 20) demonstrates the rapid decrease in soil moisture during the period along with the rapid month to month shift in CTP5/HI5 anomalies. Similar to 2007, HI5 became positive as soil moisture decreased, but remained below normal while soils were relatively steady with FWI greater than 0.8. The FWI value for which the negative to positive HI5 shift occurred was 0.6 in 2007, but 0.8 in 2000 even though the dry-down period began during the same month. Further, soil moisture was depleted much more rapidly during 2000. 
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[bookmark: _Toc517878913]Figure 21: As in Figure 19 but for June, July and August of 2000.

Such differences may point to a difference in atmospheric demand driven by local versus non-local factors. Atmospheric demand preceded the onset of rapid soil moisture depletion as soils were still relatively moist when HI5 and CTP5 became positive during 2000. Surface evaporative fluxes were not sufficient to increase low-level humidity as reflected in HI5, and atmospheric demand may have been sourced upstream over a drier land surface. Conversely, during 2007 this switch occurred after a longer period of soil moisture depletion suggesting there was a slow feedback process between the land surface and atmosphere allowing both to become progressively drier.  Periods of recharge occurred during late July of 2000, and the subsequent atmospheric response showed a decrease in CTP5 and HI5 anomalies. However, the rapid decline in soil moisture during August led to a rapid increase in CTP5 and HI5 anomalies once again with the anomalies becoming more positive as soils reached their driest values in late August. During both 2000 and 2007, atmospheric demand appeared to become amplified by decreased soil moisture and a shift from latent to sensible heat fluxes. When atmospheric demand preceded the strongest decrease in soil moisture, decreases in FWI occurred much more rapidly as shown in 2000 when most regions decreased by at least 0.6 over a period of approximately 15 days. While demand precedes the decline in soil moisture, once fractional water index decreased below 0.6 a secondary rapid increase in HI5 anomalies occurred near July 16. The FWI below 0.6 appears to be the inflection point by which the atmospheric demand was amplified by the local land surface conditions for both 2000 and 2007. As such, the trend for CTP5 and HI5 was generally toward positive anomalies as soils remained below 0.6 through August, with less variability as anomalies remained positive during the last two weeks of August 2000. Other years show similar responses with rapid increases in CTP5/HI5 anomalies when average FWI dropped below 0.6 for all regions. Figure 7 shows the r-squared values for CTP5/HI5 versus 25 cm FWI and it is clear that the atmospheric response demonstrated strong co-variability with fractional water index through the entire 3-month period (Fig. 21). However, some years do not exhibit this behavior despite having similar decreases in soil moisture and have constant near normal CTP5/HI5 anomalies (not shown).   
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[bookmark: _Toc517878914]Figure 22: (a) scatter plot of fractional water index versus 5 day running mean HI standardized anomaly, (b) table of r-squared values for HI5 versus 25 cm FWI and CTP5 versus 25 cm FWI (c) as in  (a) but for 5 day running mean CTP standardized anomaly. (a-c) June, July, and August 2000.


The presence of positive HI anomalies, and negative CTP anomalies during May of 2011 indicated an atmospheric profile hostile to convective precipitation. A lack of instability paired with a dry low-level atmosphere precluded sufficient boundary layer growth to intersect increasing LCL heights due to lack of moisture. Furthermore, composite soundings (Fig. 22) of the regions with the most negative CTP anomalies yield a strong capping inversion which would suppress convective precipitation. The CTP was, on average, negative indicated by the temperature profile being to the right of the corresponding moist adiabat used in the CTP computation. Miralles et al. (2014) showed that depletion of soil moisture often corresponds with elevated temperatures, a warmer residual layer, and further diurnal entrainment of warm dry air from the residual layer to the surface. This increases surface temperatures and evaporative demand further depleting soil moisture and creating a positive feedback. Such a residual layer may be evident in this case and sourced upstream where soils were drier in the southern and western regions of the state. 
[image: ][bookmark: _Toc517878915]Figure 23: Composite soundings for May 2011 in regions with greatest negative CTP anomalies. All soundings begin at 50 mb AGL to capture the regions measured by CTP and HI. Red is the temperature profile and green is the dewpoint profile. Black dotted lines bound the regions of the profile which were used for the computation of CTP. Maroon represents the moist adiabat intersecting the temperature profile at 100 mb AGL that is used for calculating CTP.

The time series for May, June and July of 2011 (Fig. 24) shows that eastern regions of the state maintained relatively saturated soils during May, but by June all regions not already dry experienced a rapid decrease in fractional water index. As fractional water index decreased, CTP5 increased becoming positive by early June. By June, HI5 was also strongly positive and while positive CTP anomalies may have been more conducive to convective mixing, moisture became a limiting factor for the generation of convective precipitation.  During early July when soils were driest, CTP5 and HI5 were consistently positive indicating a strong feedback between the moisture limited land surface and continued drying of the atmosphere. The decrease in soil moisture between June 1 and July 15 coincides with a trend toward more positive CTP5 and HI5 anomalies during the period, and the atmosphere was coupled to the land surface in a drying cascade for much of the period. As in 2000, HI5 anomalies were positive prior to the greatest decreases in fractional water index once again indicating an increase in atmospheric demand preceded the dry-down period. Negative CTP anomalies may have modulated the decrease in soil moisture by hindering convective mixing and dry-air entrainment. However, once they became positive, soils dried more rapidly, particularly in Regions 7 and 8, as positive feedbacks amplified the atmospheric demand and drying of the land surface.  While both 2000 and 2007 had the greatest decreases in soil moisture during July and August, the decrease occurred much earlier during 2011 with 25 cm FWI values below 0.2 by mid July. When May, June and July were all considered, the relationship between soil moisture and CTP5/HI5 is weak (Fig. 24 a-c) as much of the period had little change in soil moisture. The period of most rapid decrease in soil moisture was again used to determine co-variability between the atmosphere and the land surface such that when only May and June are considered, correlations between CTP5/HI5 and 25 cm fractional water index were much greater (Fig. 24 d-f). However, when compared to 2007 and 2000, the relationships were weaker and the results suggest that timing of the greatest decreases in soil moisture is an important factor for influencing land-atmosphere coupling. [image: ]	Comment by Basara, Jeffrey B.: Fig. 9?a)
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[bookmark: _Toc517878916]Figure 24: As in Figure 19 but for May, June and July of 2011.
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[bookmark: _Toc517878917]Figure 25: As in Figure 20 but for (a-c) May, June and July 2011(d-f) same as (a-c) but for May and June only.




[bookmark: _Toc517860320]4.2.5 Lack of Land-Atmosphere Feedbacks During 2015 Pluvial 
While 2015 was an exceptional wet year, land-atmosphere coupling was weak with little change in the low-level atmospheric profile. April mean values were conducive for convective precipitation through above normal moisture and instability, while precipitation was near to above normal during this period. Conversely, May, June and July yielded near normal moisture and instability and August demonstrated a transition toward an environment more hostile to convective precipitation with near normal to slightly above normal HI anomalies and negative CTP anomalies (Fig. 17); near to below normal precipitation was observed during August. The September means were similar to those of April suggesting a more synoptically influenced pattern as the climatological ridge (Bluestein 1993) began to weaken.  Regardless, the entire warm season appears to have been driven by large scale patterns and was void of the feedbacks which characterized 2007. Furthermore, the warm season lacked a sharp decrease in soil moisture that occurred in 2007 and 2000. The decrease within the 25 cm FWI values was much slower (Fig. 25) and sporadic periods of rainfall occurred which recharged soils (especially at 5 cm) whereas both 2000 and 2007 had negligible rainfall during the dry-down periods in those years which did little to impact the 25 cm FWI. 
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[bookmark: _Toc517878918]Figure 26: As in Figure 19 but for June, July and August of 2015.












[bookmark: _Toc517860321]Chapter 5: Summary and Conclusions
This study provides a more holistic view of mesoscale coupling in the Southern Great Plains than previous studies (Ford et al. 2015a; Basara and Christian 2018) by assessing the atmospheric response to changes in soil moisture rather than only quantifying whether precipitation fell more frequently over wet versus dry soils. While Ford et al. (2015b) does examine the atmospheric profiles for selected events, this study generated a composite view of low level atmospheric response for all events given different soil moisture and precipitation extremes. Results showed that precipitation over wet soils can occur in the presence of drastically different low-level atmospheric profiles suggesting strong variability in atmospheric response to soil moisture conditions. The vertical structure of the atmosphere represented by CTP/HI anomalies varies not only between drought and pluvial events but also within each extreme. Furthermore, there exists significant interannual variability in CTP/HI anomalies during similar hydroclimate extremes which suggested variability within sub-seasonal scales. 
Results from the interannual analysis are novel in that a diurnal, point scale land-atmosphere coupling metric was applied across a larger temporal and spatial scale, which allowed for coupling to be examined in between the local and global space through the lens of the CTP/HI parameter space. The original framework (Findell and Eltahir 2003) was adapted to better capture coupling across varying precipitation and temperature conditions via standardized anomalies. This approach highlights how different the atmospheric response was to the varying precipitation and surface extremes in the study domain. 
When CTP/HI variations were examined from a finer temporal scale within the intra-annual study several critical conclusions regarding the nature of land-atmosphere coupling in Oklahoma can be made:

1. June, July and August yielded the greatest land-atmosphere coupling within the 16-year dataset. Climatologically, soil moisture decreases most during mid-June through late August while evapotranspiration increases (Illston et al. 2004). This provided the greatest opportunity for soil moisture to influence the atmospheric moisture profile as it is a necessary boundary condition for evapotranspiration. 

2. When abnormally wet periods precede this climatological “dry-down” such as in 2007, HI can often remain below normal while FWI decreases as healthy vegetation adds moisture to the lower atmosphere. Duerinck et al. (2016) showed that sub-continental scale land surface based moisture sources upstream can enhance atmospheric water content and act on seasonal to sub-seasonal time scales with late spring soil moisture influencing summer precipitation. The abnormally wet soils may have helped to aid in some precipitation recycling during this time which prevented a more rapid drying of soils until much later in the warm season. 

3. A critical inflection point in which soils are too dry to meet the atmospheric demand and HI increases rapidly can occur. When the preceding wet periods are shorter, as in 2000, HI and CTP anomalies become positive concurrently with the decrease in fractional water index. This is likely due to a lack of recharge at deeper soil levels (not shown) which limits the total column available water for evapotranspiration. 

4. During dry periods CTP may be anomalously negative and act to suppress necessary convective mixing and boundary layer growth to trigger convective precipitation over dry soils. This is evident in the composite soundings which show a stronger than normal capping inversion over many of the regions when CTP anomalies are negative. It is possible that non-local effects may be contributing to this observation during 2011. Western regions of the state were already significantly drier than those further east at the beginning of the warm season, and have the least negative CTP anomalies during May. These regions exist at slightly higher elevation, and air masses modified by these regions advected eastward may create the more negative anomalies observed further east. 

5. While many years demonstrate a trend toward positive CTP and HI anomalies when fractional water index decreases, not all years have this pattern confirming previous studies which show an inter-annual variability in land-atmosphere coupling strength in the Southern Great Plains (Guo and Dirmeyer 2013, Basara and Christian 2018). Furthermore, timing of the greatest decreases in soil moisture may play a critical role in influencing the strength of land-atmosphere coupling. 

Overall, within the interannual variability shown there is also significant seasonal variability in land-atmosphere coupling as atmospheric response to decreases in soil moisture can vary significantly between years such as 2000 versus 2007. The strongest positive feedbacks occur once fractional water index is below 0.6 with both years exhibiting an increase in HI5 after this point. During 2011 a similar pattern occurred in early June, however it was less pronounced which may be due to an earlier onset of the “dry-down” period and a greater variability in soil moisture between regions. The strongest positive feedbacks occurred with the greatest changes in soil moisture which do not occur at the same time each year, and during exceptionally wet years such as 2015, may not occur at all. When soil moisture was persistent in magnitude the nature of land-atmosphere coupling was weaker. During 2007 when soils remained wet for much of the warm season, CTP5 and HI5 anomalies were persistent negative with HI5 exhibiting less variability than CTP5. Periods of persistent wet (dry) soils during 2000 also coincided with persistent negative(positive) HI5 anomalies. Overall HI is more responsive to changes in surface fluxes and less variable than CTP especially during periods of persistent soil moisture states. 
A consistent finding from both interannual and intra-annual analyses is that dry positive feedbacks are much more apparent than wet positive feedbacks. During pluvial years it can be difficult to distinguish a dominant pattern in CTP and HI standardized anomalies, especially when focusing on 2007 and 2015. Conversely, years with considerable warm season drought, 2006 and 2011 also showed more consistent responses in the CTP/HI parameter space. Even when drought was not the dominant feature of the warm season, such as 2000, the trends in CTP and HI are positive when soil moisture decreases again suggesting some covariability once soil moisture begins to decrease and water stress is present. 
	The use of a coupling framework to predict convective precipitation is especially challenging as isolating the influences which solely arise from the land surface versus those which are driven by the large scale is not easily done through statistics. When soils are consistently saturated considerable variability is observed within the CTP/HI space. The two pluvial  periods shown were largely driven by large scale patterns (Dong et al. 2011; Flanagan et al. 2018) thus it is difficult to distinguish those instances in which precipitation was triggered locally. Most importantly, the diurnal cycle of precipitation in the Southern Great Plains is largely dominated by a maximum in nocturnal precipitation (Wallace 1975) thus the incidences of afternoon precipitation is even more limited. The question of whether dry or wet soils are more likely to trigger precipitation in Oklahoma remains unanswered, but a different and vital conclusion arises from the current work. 
Coupling can play a role in understanding positive feedbacks which lead to drought conditions and the CTP/HI framework can be used to better understand the evolution of the low-level atmosphere drought progresses and propagates. Such a conclusion is supported by the co-evolution of the CTP/HI space and drought intensity and coverage presented in this study. The relationships between soil moisture and CTP/HI anomalies were more consistent during dry periods. Similar findings are shown by Basara and Christian (2018) using a different coupling metric, where drought periods on average had much greater coupling than wet periods. While this study looked at the covariability of the local land-surface and the atmosphere, future work will benefit from analyzing upstream land surface conditions and whether these may be related to local CTP and HI values that would support drying of the local land surface and a propagation of drought.  
	The magnitude and time scale of dry-down periods also appear to be influential on the magnitude of covariability between observed soil moisture and CTP/HI anomalies. Future analyses should quantify whether the magnitude of the decrease in soil moisture over a given period is critical to creating feedbacks between the land surface and the atmosphere and establish necessary conditions for which this relationship may be relevant. Finally, timing of dry periods may also be significant. The strongest covariability between soil moisture and CTP/HI anomalies was observed during June, July and August and this may further narrow the temporal window in which coupling should be analyzed. 
	In conclusion, diagnosing land-atmosphere coupling as it relates to precipitation continues to be precluded by other factors such as large scale drivers of precipitation which were not accounted for or eliminated in this study. Most importantly, dry positive feedbacks are more readily observed in the data and the use of the CTP/HI framework could provide new information for diagnosing the potential for such feedbacks to take place. Non-local/advective influences are also important to consider and must be factored in to future work. 
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