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ABSTRACT

The estimation of surface rainfall using satellite im-
agery has been the topic of much discussion in recent yearé.
Several approaches to this problem have been developed by
other researchers, and several of these are briefly reviewed.
A multivariate optimal interpolation objective analysis which
combines satellite, radar, and gage data will give improved
results. This report addresses the problems of combining
the radar and satellite data sets through the use of space
time correlation fields.

These correlation fields represent the storm structure
as implied by the observed data. The correlation fields are
modeled using a four-dimensional Gaussian damped cosine func-
tion whose parameters reflect the storm characteristics. The
function fitting also gives an estimate of the noise present
in the data. The parameters of the model correlation function
can also be used to classify storms with respect to their struc-
tural characteristics.

Several Montana convective storm complexes have been
studied to determine the correlation fields (auto and cross)
which are required for the application of optimum interpola-

tion objective analysis and for the classification of the

iv



storms. It is shown that suitable correlation fields can be
obtained with respect to the auto-correlation fields; however,
it is also shown that a more general correlation model may be
required for the cross-correlation fields because these tend

to be multimodal. The correlations between the satellite data
and radar derived rain rates at the modes were found to range
from an order of 0.2 to 0.53 at the space-time lags appropriate
to maximizing the correspondence between paﬁterns; consequently,
the potential value of using the multivariate objective ana-

lysis methodology is established.
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AN INVESTIGATION OF SATELLITE-RADAR CORRELATION FUNCTIONS
CHAPTER I
INTRODUCTION

For the past several years much attention has been
given to the problem of estimating surface rainfall from con-
vective storms by using satellite imagery. This interest is
due to the potential applications in several areas.

In weather modification experiments such as the U.S.
Bureau of Reclamation's High Plains Experiment (HIPLEX), the
objective is to establish whether or not the modification
attempts are producing changes in the convective conplex.

The bottom line is, however, is there an increase in precipi-
tation? The use of conventional rain gages to measure rain-
fall limits one to a rather small area as the number of rain
gages required to monitor a large ar=a would be prohibitive.
The use of a combination of radar and gages (Brady, 1976;
Crawford, 1977; Wilson, 1970; Woodley, et al, 1975) to esti-
mate surface rain is a partial solution. Radar covers a
limited area, and the entire life cycle of a convective com-
pPlex may not be contained within its coverage. The use of

satellite imagery either alone or in combination with gages



2
and/or radar to estimate rainfall would result in a sensing
system with effectively unlimited areal coverage.

The larger the area covered by the rainfall measure-
ment system the less the time required to obtain statistically
significant results. This is because as the covered area in-
Creases the number of storms that pass over the area increases.
Therefore, a scheme for estimating rainfall using satellite
imagery could conceivably reduce the number of storm days
required to collect an adequate data sample. It would also
allow any extended area effects to be more easily studied.

Another significant contribution that could be made
by using satellite estimates of surface rainfall is to the
field of agriculture. 2s the world population has grown,
the demand for food has also grown. 1In order to manage
the available food better, accurate crop yvield estimates are re-
quired. These estimates could be obtained from crop yield
models. One of the more critical inputs to the models is
surface rainfall; however, estimates of surface rainfall for
large parts of the world are not available to modelers in
this country. This lack of data could be resolved if the
rainfall could be estimated by using satellite imagery.

Also in recent vears flash floods have resulted in an
increasing number of deaths and damage in the United States.

In order to reduce these losses, both timely identification
of flash flood potential and warning and the securing of
desired public response are required. Flash floods often

occur in mountainous or hilly terrain where rain gages are



frequently inadequate. 1In addition, the data are usually not
available in real time and radar measurement of precipitation
is difficult in such terrain. Hence, the timely identifica-
tion and warning of a potential flash flood may not be pos-
sible given only the availability of such data sets. However,
the use of satellite imagery to estimate rainfall in real time
would allow quick identification and warning.

The objective of this research is to investigate the
correlation structure of satellite visible and infrared data
and radar rain rates. This investigation is required in order
to determine to what extent the current satellite technology
will permit an optimum interpolation objective analysis tech-
nique to estimate surface rainfall from satellite data with
acceptable accuracy.

In the chapters that follow, first a brief review of
current efforts to estimate surface rainfall from satellite
imagery will be given. Then a proposed analysis model will be
outlined. The available data will then be discussed and finally

the results will be analyzed.



CHAPTER II
PREVIOUS RESEARCH

There have been several researchers working on the
problem of estimating surface rainfall from satellite imagery.
The paper by Woodley and Sancho (1971) is one of the earliest
found on the subject. Since this early work, Woodley and
Griffith have continued to develop an estimation technique in
conjunction with the Florida Area Cumulus Experiment (FACE)
and HIPLEX projects (Woodley, et al, 1372, 1978, 1979; Griffith
and Woodley, 1973, 1976). Their technique examines the time
histories of the satellite imagery. The area of the cloud
within some threshold reflectance or infrared (IR) temperature
value is determined for each time from the satellite imagery.
After the maximum such area is found the ratio of the "thres-
hold" area to this maximum area is found for each time. This
ratio is then used to find an equivalent radar echo area from
an empirically determined relationship. This echo area is then
used in another equation that relates echo area growth tendency
and IR temperature to rain volume. The approach lends itself
to automation and is, in fact, already fairly automated.

Oliver and Scofield have also been developing an esti-

mation technique (Follansbee and Oliver, 1975; Oliver and



Scofield, 1976; Scofield, 1978). They have outlined a proce-
dure using satellite visible and enhanced IR imagery. As in-
dicators of rainfall location and intensity théy use the
following:

1. Cloud top IR temperature

2. Cloud top IR temperature gradient

3. Rate of growth of cloud top

4. Brightness and/or texture of cloud top

5. Overshooting tops

5. Cloud mergers
The decision tree used is reproduced in Fig. 1. The technique
does not appear to lend itself easily to automation.

Reynolds and Vonder Haar (1977) have tried Oliver and
Scofield's method on a HIPLEX storm and reported that it worked
well. Cadavid, Mejia, and Crutcher (1979) have also attempted
to use Oliver and Scofield's approach in the tropics over Col-
ombia with limited success. They attribute their problems to
two areas: 1) missing or low quality data, and 2) the differ-
ences between storms in the tropics and those in the U.S. plains
where the technique was developed. It is felt by them that,
after additional cases have been investigated, they may be
able to modify the technique to give improved estimates.

Scout, Martin, and Sikdar (1979) discuss a technique

for estimating rainfall from tropical convective storms.

Their assumptions are as follows:

1. Almost all tropical precipitation comes from deep
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convection.

2. Cumulonimbi can be readily identified in synchro-
nous satellite images.

3. Cumulonimbus cloud area and area change are rela-

ted to rainfall.

Implied in 3 is the assumption that cloud brightness and cloud
top temperature are related to rainfall. They combine cumu-
lonimbus cloud area and its change in the following simple

equation to estimate rainfall:

R = A +
ao al dA/dt

where R is the volumetric rainfall of the cloud (m3s-l), A
the cloud area (mz), dA/dt the time rate of change of cloud
area (mzs-l), and a, and a, are empirically determined con-
stants. They concluded that the procedure yielded fairly
good results in the tropics but that the values of the empir-
ical constants would have to be redetermined if the procedure
was to be applied at higher latitudes.

The above methods are pPrimarily for estimating rainfall
from convective clouds. Follansbee (1976) has worked on a
method for estimating rainfall from stratoform clouds.
Follansbee divides his approach into three steps as follows:

1. delineate the area(s) covered by precipitating

clouds in each of two consecutive infrared images
taken at approximately 12-hour intervals;



2. using cloud motion models developed for the purpose,
delineate the envelope of precipitation and iso-
pPleths of duration of precipitation in hours;

3. using an empirically derived relationship between
duration of precipitation and the percentage of
monthly normal precipitation, estimate amounts of
Precipitation for the 12-hour period at each grid
point in the area of interest.

The approach seems to work well except where there are con-
vective storms embedded in the stratoform clouds.

Barrett (1970) proposed a model to estimate monthly
rainfall from satellite imagery. His procecdure relates the
percentage of various cloud types observed in the imagery to
a rainfall coefficient that he has defined. The calculated
rainfall coefficients were then compared to observed monthly
rainfalls and a polynomial curve fitted. This curve was then
used to estimate monthly rainfall for another case. He felt
that the results obtained justified further investigation.

In a slightly different vein, Lovejoy and Austin (1979)
used pattern recognition techniques to try to improve on at-
tempts to delineate rain areas from satellite imagery using
thresholds. They describe a method in which both the visible
and IR data are used simultaneously to specify rain/no-rain
areas. The method appears to be insensitive to diurnal and
day to day variations and is different for the tropical
Atlantic and Montreal areas. Their results also suggest that

when the visible and the IR data are compared for thresholding

the visible does a better job.



CHAPTER III

APPROACH

Objective analysis consists of the weighting together
of sets of observations for the estimating of a variable field
at specified points (usually a grid system) in space and time.
The weights are determined in some objective manner, hence
the terminology objective analysis. The uses of objective

analysis are many, several of which are the following:

1. The resulting variable field can be used as the
initial data field in a dynamic weather forecast
model.

2. In multivariate objective analysis, the resulting
variable field may be a better estimate than that
obtained from any single observation set, as for
example using both rain gage and radar data to
estimate surface rainfall.

3. A statistical objective analysis procedure can be
an aid in the objective specification of an instru-

ment configuration in terms of type and number.

10
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l. Objective Analysis

The objective analysis model Proposed is an extension

of multivariate linear regression and is described by
Y =XB + ¢ (1)

where X is an n x m observation matrix, Yisan nx 1 predict-
and matrix, 8 is an @ X 1 matrix of regression weights, ¢ isg
an n x 1 population €rror matrix, and

e =Y -y (2)
is the residual SIror matrix associated with sample regression.
The technique is also known as optimum interpolation objective
analysis (Eddy, 1963; Gandin, 1963). The univariate objective
analysis is given by

Y = X8 (3)
where 8 is a vector of estimated pPopulation weights, and v
is an estimate of the population values of v.

In classical regression analysis, 8 is found by
8= (x°x)7L gt (4)

The matrix (XtX)-l is a matrix of covariance between the
predictors, and XtY is a vector (n x 1 matrix) of correlations
between the predictand and the predictors. In the Proposed
approach, these will be determined from a modeled covariance

function. More will be said about this later.



For the proposed model,
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it is beneficial to partition

the X and B matrices in equation (1) such that each of the

Submatrices contains the observations for a given type of

Predictor (i.e.,

After multiplication,

In expanding the xtx term in equation (4),

X
Bt

< X

>
(&)

e
o

w0

w
o o®

gage, visible satellite

(xGl le XSI xo)

(BgrBgr8g.8,)

observation matrix
observation matrix
observation matrix
observation matrix
regression weights
regression weights
Tegression weights

Tegression weights

r etc.).

for
for
for
for
for
for
for

for

eéquation (i) becomes

t t t t _1
XGXG XGXR XGXS XGXO

t t t t

XRXG XRXR XRXS XRXO

xtx =

t t t .
szG XSXG XSXS XSXO

t t t t
XOXG XOXR XOXS XOX?J

. t t
which is a Symmetric matr1x51nce(XRXG)

Y = XGBG + XRBR + XSBS + XOBO + ¢

gages
radar

satellite

other parameters
gages

radar

satellite

other parameters

(5)

we obtain

(6a)
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X LAG

-5 0 +5

+5  =.231 -.160 ~-.138 -.094 -.076 -.089 =.078 -.107 -.116 ~.181 ~-.241

=.081 -.105 -.097 -.018 0.047 0.027 0.015 -.045 ~.123 ~=.145 -.214
=.156 -.087 0.023 0.114 0.095 0.098 0.123 0.060 ~.022 =.073 0.109 -
=.152 ~.024 0.085 0.182 0.161 0.198 0.263 0.145 0.076 -.032 -.114 2
o =.134 0.050 0.068 0.108 0.273 0.432 0.381 0.158 0.022 ~.003 -.078 =
S 0 ~.096 -.018 0.038 0.125 0.490 0.758 0.490 0.125 9.038 -.018 -.09 =
> -.078 -.003 0.022 0.158 0.381 0.432 0.273 0.108 0.068 0.050 =.136 =
-.114 -.032 0.076 0.145 0.263 0.198 0.161 0.182 0.085 ~.024 -.152 E
-.109 =.073 -.022 0.060 0.123 0.098 0.095 0.114 0.023 -.087 =-.154 =

=.214 ~.145 =.123 ~.045 0.015 0.027 0.047 -.018 ~.097 -.106 -.081

=5 =.261 -.181 -.116 -.107 ~.078 -.089 -.076 -.094 ~.138 -.160 -.231

+*5 366 947 1667 2599 3449 3685 3193 2167 3% 200 40
428 1018 1798 2842 3737 4269 3679 2480 1143 264 33
434 1027 1846 3027 L1246 4892 4285 2716 1352 443 34
411 1045 1897 2013 4646 5627 4618 3011 1515 3593 33
371 968 1897 3117 4649 6549 3429 3074 1669 781 1Tl

NUMBER OF PAIRS

Z o0 283 910 1808 3300 5036 K074 5036 33C0 1308 310 283
> 171 781 1669 3074 5429 46549 L4649 3117 1897 948 371
83 593 1515 3011 4618 5627 4646 3013 1397 1045 &l

36 443 1352 2716 4285 4892 4126 3027 1846 1027 L34

33 264 1143 2480 3679 4269 3737 2842 1798 1018 428

=5 40 200 984 2167 3198 3685 2449 2599 1467 947 265

LAG DISTANCE IN X DIRECTION = 3 4
"AG DISTANCE IN ¥ DIRECTION = 3 &4

Fig. 2. Example of correlations matrix for radar derived
rain rates.
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between the corresponding variables. That is, the term xéxG
is the "auto" covariance matrix for the gage variables, and

the X;XG is the "cross" covariance matrix for the radar versus

gage.
Similarly, expanding the XY term in equation (4), we

oObtain

t t

t, E_ ot t
(XY )" = (X5¥, Xp¥, Xo¥, XCY) (6b)

where each term represents the n x 1 matrix of covariances
between each of the predictor variable sets and the predictand.
In the above covariance matrices, if the original vari-
ables have been normalized such that they have a mean of zero
(0) and a variance of one (1), then the matrices are correla-
tion matrices. Fig. 2 shows the auto-correlation matrix
(field) for a radar derived rain rate data set. The center
value (0.758) represents the auto-correlation at lag zero
(AX = AY = AZ = AT = 0). It does not have a value of 1.0
due to noise in the original data. Positive X-lags are to the
right, and positive Y-lags are to the top. The lag interval
for both directions is 3.0 km. Therefore, if one goes
two (2) positions to the right and one (1) up, one can find
the auto-correlation between two (2) radar bins separated by
a distance of 6 km in X and 3 km in Y is 0.158. The lower
matrix in the figure gives the number of product pairs used in
finding the corresponding correlations in the upper matrix.
If the correlation fields between the different vari-

ables can be modeled, then the covariance matrix can be
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constructed from the models. Once the covariance matrices
have been constructed, the weights (8) can be determined and
the objective analysis performed.

This approach was used by both Brady (1976) and
Crawford (1977) in their bivariate (gage, radar) objective
analyses. Figs. 3 and 4 illustrate the results of a storm
total univariate gage and radar objective analysis and Fig. 5
the bivariate gage-radar objective analysis (Eddy and Hembree,
1978). In Fig. 3 it can be seen that the univariate gage
objective analysis does not have much detail. The univariate
radar objective analysis has more detail; however, the general
pattern is shifted to the southeast from the rain gage pattern,
and the maximum rainfall is nearly three (3) times larger.

The results of the bivariate objective analysis, Fig. 5, show
how the pattern is now more aligned with the univariate gage
pPattern. In addition, the radér adds detail to the analysis.
The analysis also indicated that the univariate radar object-
ive analysis maximum rainfall was 4.2 mm while the univariate
radar maximum was 3.5 mm. It should be noted that the maximum
rainfall as indicated by the bivariate objective analysis was
located between the gages and, therefore, was undetected.

Crawford and Brady list several positive characteris-
tics of the above objective analysis scheme. These are among
the following:

1. Data set structures compare favorably with an ob-

jectively analyzed structure (Brady, 1976);
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Fig. 3. Results of univariate gage objective analysis.
Contour interval is 0.5 mm. Low contour is 0.5 mm.
Positions of rain gages and rain amounts shown. (Eddy and
Hembree, 1978)
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Fig. 4. Results of univariate radar objective analysis.
Contour interval is 0.5 mm. Low contour is 0.S5mm.
Positions of rain gages and rain amounts are shown.
(Eddy and Hembree, 1978)
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Fig. 5. Results of bivariate gage-radar objective analysis.
Contour interval is 0.5mm. Low contour is 0.5 mm.

Positions of rain gages and rain amounts shown. (Eddy and
Hembree, 1978)
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2. Signal-to-noise ratios are significantly larger
in objectively analyzed data sets than in raw data
Sets (Brady, 1976);

3. The technique, compared to other analysis methods,
performs best with minimum data persistence (Lacy,
1973). mThis point is supported strongly by Phil-
lips (1976) ang Thiebaux (1977);

4. The methodology apparently encounters no data
boundary problems (Pasteris, 1975) compared to
SOme analvsis schemés (Brandes, 1975):

5. Residual errors essentially are Gaussian distrib-
uted (Eddy, 1976);

6. Analysis residuals exhibit no significant space
auto-correlation implying that the analysis ab-
Stracted the significant data-set signal and fil-~
tered most of the data set noise (Eddy, 1967; Eddy

and McDonald, 1977).

2. Covariance Model

The optimum interpolation objective analysis technigue
discussed above obtains the estimates Of the weights from the
data set structure as expressed in terms of auto- and cross-
correlation fields of the data set. Using discrete time and
space lags raw correlation matrices representative of the
data structure can be calculated. These raw correlation
matrices could be incorporated directly into the objective
analysis Program. However, one is then faced with the prob-

lem of interpolating between the observed correlations in
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up to four (4) dimensions at once. Also, the influences of
noise and of an inadequate data sample can be a problem. If
the value of a "raw" coefficient does not fit the general
observed pattern in the correlation field, then an error
(bias) in the objective analysis will be likely. This error
(bias) is the result of the assignment of incorrect weights
(too high or too low) to the predictors. A reduction of
these effects is required in order to obtain acceptable anal-
yses. By fiéting a functional model to the raw correlation
fields, and weighting the fit at each point by the number of
observation pairs used to determine the correlation at that
point, the effect of the noise can be reduced.

Also, it is often difficult to conceptualize the
structure of the data set by studying the raw correlation
fields. However, the parameters of an appropriately chosen
and fitted functional form can reflect the relevant physical
and statistical information about the system.

The covariance model to be used is an extension of
that used by Brady (1976) and Crawford (1977) in their inves-
tigations of the correlation fields between surface rainfall
and radar estimates of rainfall. Their studies showed that
the multidimensional correlation field between the surface
rainfall and radar estimates could be represented by the

function

_ 21VE ¥ 3|  pypo K J
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where
2 ) 2
R = 8x7 _ 20lxAy + Ax
o2 c o o2
x Ty Y
and
2 2
J = Az " At
2 2
0z ct
where

-

correlation between variables 1 and Z

£, (bx Ay Az, At)

bx,by,Az,At = separation distance between the gage
estimate (variable 1) and the radar
estimate- (variable 2) in the Cartesian
coordinates and time,
¢ = an ellipticity parameter in the

X - Y plane, and
A, = the lag zero (Ax=Ay =Az =At = 0)
correlation coefficient,

c_,0 10,40, = Decorrelation distance in x, Y, 2,

+

-

Y
and t respectively.

The above correlation function is a function (in its
space dimension) of separation distance and direction only,
and, therefore, the correlation field may be anisotropic in
nature. The difference (1-A4) is a measure of the noise in
the signal (data). 1In preliminary work, equation (7) has
been further refined (Hembree and Eddy, 1977, 1978) to allow
the point of maximum cross-correlation to occur at other than

lag zero in the X-Y pPlane (Ax = Ay = 0) and to allow movement
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of the point of maximum cross-correlation with time. The
modification consists of defining Ax and Ay as follows:
Ax = Xy = Xy + X, + CxAt
and (8)
Ay Y, - Yo + Y, + CyAt

Xp + Y, = offset distances at time lag zero in the X
and Y directions, respectively,
Cx + C = "velocity" of the point of maximum correla-

tion along the X and Y axes respectively.

[

The subscripts and 2 refer to variables 1 and 2, respec-
tively.
The observed correlation field is obtained by finding

the correlation between all points such that the separation

distances Ax, Ay, and Az are within some interval, such as,

(1-%)8  <dx < (1+5)6_: 1=0, + 1, + 2, . + L
(m—lzz)csy <ldy < (m+35)rSy: m=0, +1, +2, ... + M (9)
(n=%)8_ <dz < (n+%)8_: n=0, i, +2, ... + N

where

§ +8 ,8_ = the box sizes used to find the correlations,
and
L,M,N = the maximum number of lags in x, y, and z
directions respectively.
Currently the procedure reguires the data to be at fixed and

equal time intervals.
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The function as given in equation (7) or after modifi-
cation by equation (8) is fitted to an observed correlation
field using nonlinear Programming techniques (Brady, 1976;
Crawford, 1977). The function is fitted in such a manner
that the correlation at +Ax need not be equal to the corre-
lation at ~Ax. This results in the definition of two q;s
(Gy's): one for the plus x (y) direction and one for the
negative x (y) direction. The o¢'s can be interpreted as the
distance from the maximum correlation along their respective
axes at which the correlation goes to zero (0). The results
of fitting the correlation function to a raw correlation
matrix representing the correlation between gage and radar
derived storm total rainfall in the study discussed above

(Figs. 3-5) (Eddy and Hembree, 1978) are

Positive Negative
ox(km) 17.6 26.5
cy(km) 10.9 23.9
o -.97
A, 0.58
X, (km) -.96
Y, (km) 0.58

The X, and Y, imply that the gage storm total data is
most correlated with the radar storm total data approximately
1.1 km to the west-northwest. .The non-equality of the pos-
itive and negative o's shows that the gages are correlated

with the radar for a greater distance in one direction than
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in the other.

The correlation function has the general shape of an
ellipse. The more equal the positive and negative o's are
the more closely elliptical is the storm. If one assumes an
elliptical shape and uses the average of the positive and
negative o's as an estimate of o, and g, then the orienta-

tion of the ellipse with respect to the positive x-axis is

given by
= 2 _~2
o] ARCTAN (2a cyox/(c Gy ) (10)

The axes of the ellipse are given by

a = 07C08%5 + o® SIN?® - 2a 0_o, SING COS6 (11)

o’
[}

o2sIN?e + c; COsS?6 + 2a 6,C,SING COS8 (12)

where the major axis is taken to be the MAX(a,b). The area

of the ellipse is given by
A = mab ' (13)

For the example above

o = 22.05 km

z
. = 17.4 km
Y

¢ = =38.1°
a = 7.41 km

b = 27.09 km

A = 630.09 km?
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The axes and areas are convenient for characterizing
the covariance function as they are constant under rotation.
This is important in that if two (2) storms are basically the
same except for orientation, then using the ellipse axes they
could be identified as being basically the same as far as
correlation strucutre is concerned. It is Still to be deter-
mined if the above estimates of the angle and the major and

minor axes are the best to use.

3. Sensor Placement

The objective analysis technique described earlier
also is readily adapted for sensor placement (experimental
design) purposes. The approach was developed by Eddy (1973,
19745 and applied by Eddy (1976), Yerg (1973), Rays (1974),
Brady (1976}, Crawford (1977), and Hembree and Eddy (1978).

The objective analysis technique described above can
not only determine estimates of the parameter field, but also
estimates of the amount of variance in the original data sam-
ple that has been explained by the given sampling pattern with
respect to some specified analysis grid. It can be shown that
the amount of variance explained by the objective analysis 1is
not dependent solely upon the observation field, but upon the
covariance function, orientation, and mesh size), and the sensor
mix. By moving the sensors around cne can find the optimum loca-

tions for the sensors for a given covariance function. This
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approach has made use of a nonlinear pProgramming algorithm
to produce an experimental design model (Brady, 1976; Craw-
ford, 1977).

Brady (1976) demonstrated the practical validity of this
approach and then extended the model to detect signal varia-
tions by accounting for the predictand mean values which
scale the analysis field. Crawford (1977) extended the model
to include both the parameter means and variances. The ob-
jective function that Crawford used in his experimental de-

sign is

J K
G (1-1 85 1%  (oz/0, [} 8. )°
F=2% T, |Q-R?) +.—3d1°% k=1 "k
G i ¢ 7 MG MR
(14)
2(05/0,)0 [ K X J
I e 2 67.? - L Bg? .Z BG
(M.M,)* k=1 "k k=1 "k g=1 %3
where MG and M;‘7 are the number of gages and radar data points

respectively, n; is a weighting factor, p is the gage-radar
correlation, J is a subset of Mg, K is a subset of MR’ G is
the number of analysis points, Bi is the multiple correlation
coefficient between the observation Y and the objective ana-
lysis § at the <th analysis point, and the B's are the re-
gression weights for the gage and radar predictors for the
2th analysis point. In order to evaluate the Ri's and B8's
one needs to know the gage and radar auto-correlation func-
tion and the gage-radar cross-correlation function.
Crawford's objective function was used by Hembree and
Eddy (1978) in the analysis of the sensor deployment in the

National Severe Storm Laboratory's (NSSL) 1977 severe storm
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observational program. 1In this study the experimental design
model was used to determine optimal sensor placements for 15
Sensors comprising NCAR's Portable Automated Mesonet (PAM)
among the permanent NSSL sensors. Fig. 6 shows both the in-
itial and final sensor placements. Improvements in the res-
idual variance of up to 11.6 percent were realized depending
upon the analysis grid mesh size, orientation, and position.

Crawford used the experimental design package to place
rain gages with respect to radar. After proper extension of
the model to handle more predictor variables, the same basic
pProcedure could be used to Place rain gages and radars so
that they could be used in conjunction with satellites to
extract more information (at a reasonable cost).

Hembree and Eddy (1977) used a modified version of the
experiﬁental design package to investigate the decimation of
SMS satellite data. Correlation models of the storms under
study were developed, and then from these models, sampling
rates in space and time which would produce a dense enough
observation set to define such systems without an unwarranted
redundancy of the data were developed. It was determined
that for these cases one could eliminate 5/6 of the data
along a scan line and 2/3 of the scan lines and still explain
85 percent of the variance.

The experimental design (sensor placement) is applica-
tion sensitive and is dependent upon the analysis grid and
the correlation functions chosen. Above, the application

was in terms of a single storm, inasmuch as an objective
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Fig. 6. Change in the PAM sensor positions due to optimi-
zation using the experimental design approach. Solid grid
outline is optimal with respect to the analysis of the 13
solid (fixed) stations on a 3 km mesh. indicates posi=-
tions of fixed NSSL network. "x" indicated positions of

initial PAM network as placed subjectively by J. Stephens

"O" indica
optimizati

ted the final positions of PAM network after

on.

(Hembree and Eddv, 1978)
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analysis was performed on a single storm. Then an optimum

sensor placement was found for that storm. Instead of doing
a8 sensor placement for each storm after the fact, a climatol-
ogy of correlation functions can be developed and a represen-

tative correlation function chosen.



CHAPTER IV
DATA

The data available for this study consist of rain
gage, radar, and satellite observations. They derive from
the U.S. Bureau of Reclamation's HIPLEX project located at
Miles City, Montana. Fig. 7 shows the location of the exper-
imental site. John Middleton (of the U.S. Bureau of Reclama-
tion) with the aid of an automatic radar cell tracking rou-
tine has identified many convective complexes. The term
"convective complex" is defined as a collection of convective
cells grouped in such a manner that they appear to belong to
the group scale of organization which is somewhat larger than
that of the individual cell. Of these, four have been chosen
as possible cases for study because the satellite data are
readily available. These are summarized in Table 1.

In the discussion of the results several terms may be
used interchangeably and others need some clarification.
These are as follows:

1. The area of the correlation ellipse discussed in

section 2 of Chapter III will be referred to as

the correlation area and/or representative area.

30
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Table 1. Radar storm characteristics for the four convective
complexes chosen for study.

Storm Number 2 3 5 6
Time of
Origin (GMT) 18:12 18:22 18:16 18:52
Date 5/27/77 5/27/77 5/27/77 5/27/77
Duration
Minutes 265 400 230 150
Maximum dBRZ

1 DEG Scan 52 56 42 49
Time of

MAX dBZ 19:37 21:32 19:37 22:17
Number of

Volume Scans 51 76 47 30
First Echo

At Origin Yes Yes Yes Yes

Merged with
Complex - - 3

EXPLANATION
® IECIRING RAINGAGES
O DISORGMETEZR STATIONS

{
=" Lscate

~

!
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2. Often "radar" will be used in place of "radar rain
rate" when the usage is clear. This is often the
case in table and figure captions.

3. The terms visible and visible reflectance are
used interchangeably.

4. The terms IR and IR temperature are used inter-
changeably.

5. The IR temperatures have been substracted from a
constant value such that the expected cross-corre-
lations will be positive.

Only storm number three passed over the gage network; however,
the satellite data for that period when the storm was over the
gages are not readily available. Consequently, it is not pos-
sible to perform any direct correlations between surface rain-
fall and the satellite imagery. However, there are radar
reflectivities available at time corresponding to the satellite
imagery. As the relationship between radar reflectivities and
rain rates is well established, the Cross-correlation between
radar derived rain rates and the satellite imagery can vield

some beneficial results.

1. Radar Data

The radar data consist of digitized 5 cm radar returns.
The radar regquired five minutes to complete a volume scan of
12 elevation angles from 1° to 12° of 360° each. Only the
1° elevation angle is used in this study. The use of higher
angles was investigated; however, the portions of the complex
included within the returns varied too much for our purpose.

(i.e. close in we would be looking at the base and nct much



further away we would be looking at the top of the system.) The
beam width of the radar is 0.98° and the bin size is .05 km.
The élosest gate is at 25 km and the farthest is at 150 km.

The reflectivities were converted to rain rates using Jones'
(1956) Z-R relationship:

072993
R = 0.010938 (2)

where R is in mm/hr. These rain rates were then processed to
obtain estimates of 15 minute average rain rates at 15 minute
intervals starting on the hour. The average life time of cells

defined by the 10 dBz echo for the 1977 Montana HIPLEX season

was 40 minutes (Brady, et al, 1979).

2. Satellite Data

The satellite data consist of visible reflectance and
IR radiance and are summarized in Table 2. The visible
reflectance data are measures of the brightness of the cloud
top, reported on an arbitrary scale from 0 o 255, and have
a resolution of 1 km at the satellite subpoint. The higher
the number, the brighter the cloud top with 0 corresponding
to deep space and 255 corresponding to the sun. The IR
radiance is also reported as a digital count on a scale from
zero (0) to 255. t is calibrated to give an estimate of the
cloud top temperature. The equations that relate the IR
digital count to temperature are

T = 330.0 - 0.5DC : 0<DC<176

T

418.0 - DC :  176<DC<255

where T is the temperature in degrees Kelvin, and DC is the



Table 2. Summary of satellite data sets.

Complex Time Area Maximum Maximum Number of
GMT Sg KM Brightness IR Count Visible Data Pts.
2 1830 424 162 208 425
1900 1235 169 220 1849
1930 2120 171 216 3591
2000 3366 163 200 6319
2030 4623 149 196 6319
2100 4704 147 192 5049
2130 4505 136 232 5005
3 1830 266 158 196 357
1900 643 166 200 735
1930 1252 164 204 1287
2000 2546 157 200 2301
2030 2927 156 196 2301
5 1830 411 139 180 525
1900 515 166 204 697
1930 579 173 . 208 961
2000 1687 167 204 2828
2030 2840 159 200 2665
6 2000 858 148 188 1225
2030 1302 148 192 273
2100 1460 153 196 2989
2130 1911 153 188 3621
2206 3697 151 ' 184 5727

digital count. The resolution of the satellite IR sensor is
4 km north-south and 8 km east-west at the satellite subpoint.
The geometry of the satellite data is given in Figqg.
8. As the satellite spins, a sensor's field of view sweeps
across the surface of the earth along what is known as a scan
line (horizontal scan line in Fig. 8). Discrete samples are
taken along this scan line, digitized, and stored for trans-
mission to a ground based receiver. While the sensor is
pointing away from the earth a mirror is stepped in the ver-
tical to obtain the next scan line. Due to the geometry of

the earth-satellite system, the scan lines are concave in the
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northern hemisphere with the amount of concavity being greater
the further northward the scan line is from the sub-satellite
point. For the purpose of discussion, the locus of points
that would be generated if the satellite stopped spinning at
some point and the mirror stepped through its range will be
called a vertical scan line. The vertical and horizontal

scan lines are perpendicular only ;long the line that is the
Projection of the satellite's spin axis on the earth's sur-~
face. Also the field of view of the sensor is circular only
at the nadir. As the field of view proceeds away from the

nadir it becomes more elliptical and the resolution decreases.

3. Temperature Gradient

As discussed earlier the highest temperature gradient
should be associated with the higher rain rates (Scofield and
Oliver, 1978). This is basically because the higher temper-
ature gradients are at the upwind end of the storm where ﬁhe
mature cloud is located. For the purposes of this study, the
IR temperature gradient has been defined as the negative
component of the actual gradient along the vector ¢ where the
vector ¢ is the downwind direction. It is believed the orien-
tation angle of the IR temperature correlation ellipse (see
Section 2, Chapter III, page 24) will be a good indicator
of the downwind direction. Therefore, it is used for the
angle ¢.

There is some question as to whether the entire grad-
ient field should be used in the correlation calculations or

just the areas of positive gradient component. In an attempt
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to shed some light on this the correlation field involving
the temperature gradient ‘was calculated twice: once with
the threshold level set to zero which allowed only positive
gradients to enter into the calculations and once with the
threshold set to -1000 which effectively allowed the entire

gradient field to be used.

4. Satellite Navigation

An earlier attempt at navigation (locating the pixels
on the earth's surface) by the author (Hembree and Eddy, 1977)
involved the determination of surface features in the visi-

ble picture ang finding the longitude andg latitude of those

4T~ 1 ONGITUDE

LATITUDE

"’ 4ORTZONTAL
SCAN LINE

- nyERTICAL"
\ SCAN LINE
\

Fig. 8. Relationship between longitude and latitude
lines, horizontal and vertical scan line, and the
pixil. Configuration is for longitude west of
satellite meridian and in northern latitudes. Angles
are exaggerated for clarity. (Eddy and Hembree, 1977)
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points. A procedure was then developed that allowed one to
find the longitude and latitude of any pixel by stepping along
the scan lines. The approach gave only approximate results
due to the assumptions made. However, since the only concern
was with satellite data, high accuracy was not necessary. .
In the proposed research the satellite data are to be
correlated with data fixed with respect to the earth's sur-
face. This requires a higher degree of accuracy than did the
earlier study, and the procedure developed could not be used.
A computer program has been obtained from the Atmospheric
Science Department at Colorado State University and has been
implemented on the U.S. Bureau of Reclamation's computer sys-
tem. This program gives the best navigation obtainable at
this time. The accuracy of the navigation is dependent upon
the degree of accuracy to which the satellite navigation par-
ameters can be determined and at best is approximately + 10.0
km. The program uses the satellite orbital parameters, the
scan line number, pixel number, and the height of the cloud
top to find the longitude and latitude of a given pixel. The
satellite orbital parameters are those obtained along with
the image and then improved by using surface features iden-

tifiable in the image.

5. Effects of Misnavigation

There are basically two effects of misnavigation: (1)
in cross-correlation calculations the absolute lag (displace-

ment between the variables) at which the maximum correlation
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Occurs may be indeterminate; and, (2) it may not be possible
to determine XYT correlation matrices. Each of these will
now be discussed.

First consider two one-dimensional data sets that are
navigated correctly with respect to each other and that 10
km separate their respective maxima. If the cross-correla-
tion between the two data sets is calculated, it will be

found that the maximum cross—correlation occurs at a lag of

10 km.
DATA /‘ W
T —
10 km
Cross-
Correlation

N

i 1 U [ L
0 5 10 15 20
Lag distance (km)

Next assume that the variable on the right is misnav-
igated such that 14 km separate the maxima. If the cross-
correlation is then calculated, it is found that the shape
of the cross-correlation curve is the same; however, the max-

imum now occurs at a lag of 14 km.
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Raw
Data
|7 N}
—|
14 km
Cross~
Correlation '
3
f T T T

0 5 10 15 20

Lag Distance (km)

Therefore, the only information that is lost is the lag at
which the maximum correlation occurs. It would be helpful
to have this information although still present are both the
shape of the cross-correlation function and the magnitude of
the cross-correlation. If the data sets are two-dimensional
then the same argqument applies. The only difference is that
the lag is a two-dimensional vector and the cross-correlation
is a two-dimensional function.

The second effect arises when the navigation error is
not constant in time. This causes a problem because of the
manner in which the calculations are performed. Suppose
that there are three observation times (tl, t2, and t3) and
two variables (A and B). Now the time lag zero cross-corre-
lation field is a composite of the cross-correlation fields

at each time. That is, A cross B at tl, A cross B at t2,
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and A cross B at t3 are composited. A similar compositing

is performed at other time lags. If the data sets are all
navigated correctly then there is no problem as the maximum
cross-correlations all occur where they would naturally (even
though this lag changes with time). Even if the navigation
is in error but constant with time all that is lost is the
actual (average) lag at which the maximum correlations occur.
However, if the navigation error is not constant with time
then the lag at which the maximum correlation occurs varies
in the obscure manner.

Suppose the relative navigation errors for each time

are
TIME NAVIGATION ERROR
tl +2
t2 +4
t3 -2

and that the true separation should be 10. Then the cross-
correlation functions would be as shown with the maxima oc-

curring at lags 12, 14, and 8, respectively.

Cross- 3 1
Correlation

Lag Distance

If the navigation was constant, the maxima of these

three correlation functions would essentially occur at the
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same lag and a compositing would yield a.realistic cross-
correlation function. However, under the navigation assump-
tion used, any compositing would yield an unrealistic cross-
correlation function. 1In the example the function would be
too broad.

A more formal argument illustrating this is as follows.

A

The covariance matrix of Y in classical regression can be

shown to be

COV Y = X (Var 8) x°
_ Var (Yl)‘-. cov (Yi Yj)
Cov (Y. ¥,) ®e A
J Var (Y )
n
and
cov 8 = (xtX)'log
where
X = The observation matrix, and
c; = the population error variance
Hence,

cCov y = X(XtX)-lXtUZ

~

and the variance of the objective analysis, Y, is a function
of the covariance of the observations and the observations
themselves and not of the "position" of the covariance function.

Therefore, even though an actual objective analysis under the
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current navigation constraints cannot be performed, the poten-~
tial value of using one of the fields to analyze another can

be shown.

6. Effects of Instrument Resolution

One effect of instrument resolution concerns the num-
ber of non-redundant samples that can be taken. An earlier
study (Eddy and Hembree, 1978) determined that a minimum of
20 observations is required to obtain a stable correlation
function. If the covariance function is not known via other
means, this criterion in itself will set a limit on the min-
imum size storm that can be analyzed depending upon the re-
solution of the sensor. If the relevant convective complex
covariance functions are known from, say climatology, then
only ten observations for a univariate analysis or five for
a bivariate aralysis are required to produce acceptable re-
sults. In any case, the data resolution ultimately deter-
mines the samllest size storm which can be analyzed.

If the scale of the features being investigated is
the same as the resolution of the sensor, then any correla-
tions that are found are probably due to noise or some large
scale features. It should be pointed out that what is con-
sidered noise is relative. In this study the interest is in
the entire rain producing area of the cloud and not neces-
sarily individual cells. In this context the variations of

individual cells about the overall pattern could be looked
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upon as noise. (see figure below)

Rain

Distance
The difference in resolution between two sensor types

is not as big a problem as it first appears due to the man-
ner in which the cross-correlations are calculated. The net
effect of the method is that (using lag zero as an example)
all of the higher resolution data points below the area cov-
ered by each of the lower resolution data points are used in
performing the correlation calculations. There is, therefore,
an "averaging" of the higher resolution data points. The
maximum correlation found though will be smaller than it
would be if the resolution of the lower resolution sensor

was better.

If all of the features present in the higher resolu-
tion data set are covered by only a few of the low resolution
data points, then any cross-correlation field will at most
have only a small area of significant correlations. If the
significant features are all included in only one low reso-
lution data point, the cross-correlation field will essen-
tially represent noise with respect to the correlation field
(not necessarily with respect to the data field). Care must
also be taken in assigning effective degrees of freedom to

the correlation wvalues.



CHAPTER V

DATA ANALYSIS

Before the results are discussed the symbols used for

the various correlation function and correlation ellipse par-

ameters will be reviewed or defined.

c

a,b

I

These are

decorrelation distances in space, knm
(page 21),

ellipticity (page 21),

model lag zero correlation (page 21),
offset distance, km (page 22),

components of "velocity" of the function
maximum along axes, km/hr (page 22),
orientation of major axis of the correla-
tion ellipse, degrees from north (page 24)
semi-axes of the correlation ellipse,

km (page 24),

representative area of correlation el-
lipse, km (page 24),

raw lag zero correlation, from north
direction of motion of the function

maximum, degrees from north

44
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8 = arctan (cy/cx)
vV = (C; +C;)%, resultant speed of maximum
Xm/hr.
Y = arctan (yo/xo), direction of offset
in cross-correlation fields, degrees
from north
d = (x;+yg)%, magnitude of offset, km
Also in the following discussion the following termin-
ology is used. The phrase "single time XY correlation" will be
used to refer to the correlation fields found using data at a
single time. It is a two dimensional function of space only
and represents the correlation field at a fixed time. The
Phrase "XYT lag zero" will be used to refer to the time lag
2ero correlation field of the XYT correlation set (see below).
It is also a two dimensional function of space and represents
& composite of the single time XY correlation fields for the
times used in the XYT calculations. The phrase "XYT correlation"
will be used to refer to the three dimensional (x and y is space
and time) correlation fields. It consists of a series of XV
correlation fields, one for each time lag. The single time XY
correlation and XYT time lag zero correlation fields are always

- - B -
symmetrical and therefore ¢ equals G and c., eqguals 5,. Because

“
< <

of this equality the values of these parameters are listed under

+ + . . - . e
G, and g only. In the discussion of the correlation fields the

“ -
<

magnitudes of the correlations at the modes are referred to
as the maximum correlations. Therefore, in multimodal fields

there may be more than one maximum.
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l. Convective Complex Number Two

The first radar echo for complex number two (2) was at
1812 GMT on 27 May. The complex dissipated while within ra-
dar range at 2230 GMT. During this period the apparent motion
was toward the east. The radar data were acquired for the
period 1830 to 2145 GMT and converted to rainfall rates at
15 minute intervals. The data for later times were not ob-
tained because the last satellite image available was at
2130 GMT. Table 3 gives the times used in the radar auto-
correlations.

Table 3. Case designations for convective complex number two
radar data.

Radar Radar

Time Auto-Correlation Cross—-Correlation

XyT XY XYT XY
1830 M SM M SM
1900 ‘M
1900 MN SN MN SN
1915 MN
1930 NO SO MNO SO
1945 NO
2000 opP Sp NOP Sp
2015 OoP
2030 PQ SQ 0PQ sQ
2045 0
2100 OR SR PQ SR
2115 QR Ss
2130 R ST Q SS
2145 R

The times at which satellite data are available for
convective complex number two (2) and the case designations
are given in Table 4. The navigation of the satellite data
appears to be consistent from one time to the next.

This complex consists of a single well defined cell in
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Table 4. Case designations for convective complex number two
satellite data.

Time Correlation Cases

XYT Xy
1830 M SM
1900 MN SN
1930 MNO SO
2000 NOP Sp
2030 OPQ SQ
2100 PQ SR
2130 Q SS

the radar echdées and shows the classic anvil growth in the
satellite imagery. Fig. 9 shows the objective analysis of
the visible reflectance, IR temperature, and radar data at
1930 GMT. Note that in the plots of the IR data the verti-
cal axis is inverted, and the temperature decreases upward.
The flat area in the southwest corner is where no data were
available. The axis of the cloud is seen +o be approximately
north-south, and as expected, the visible and IR axes are
nearly colinear. The IR analysis does not have as sharp a
drop off as the visible; this is orobably due to the ccarser
resolution of the IR. The radar rain, appearing as a spike
because of the analysis grid spacing, is located under the
southern end of the cloud. Fig. 10 is a plot of an addi-
tional objective analysis (blowup of Fig. 9c) performed on
the radar using a finer grid. The east-west width of the
brighter visible area at line A-B is approximately 37 km.
Fig. 11 is a plot of the raw visible reflectance and IR
temperature fields. The axes are not orthogonal as the data
have been plotted with unrectified coordinates. The arrow

indicates approximate north.



48

Qe

"l

i VISIBLE REFLECTANCE
_F MAX BRIGHTNESS - 198
;’
2 1 \,\:‘lii =

i ,"" .“'\'( " \;'Eiégl‘ixin' ;i ‘“,’
R

i

|
(N

H |
L ’: > (I -‘!‘
il I
| H" | ) l i
i »

#

2 IR TEMPERATURE (%K)
2 MIN TEMPERATURE = 230
92 -
2
3
-—; ; 8

g

KAWL fL
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Fig. 12 is a plot of the total storm volumetric rain
rates for the period 1830 to 2145 GMT ang representative
correlation areas. The period of data can be seen to cover

only the developing stage of the complex. Further reference

will be made to this figure later.

@. Radar Rain Rates

Figs. 13 and 14 are plots of the raw XYT correlation
fields for radar cases M and N. It is seen that the radar
becomes more coherent as time increases. Also comparing the
Plots for time lag zeroc and time lag one (30 minutes), one
sees that the point of maximum correlation has moved towargd
the east-northeast.

From Fig. 14 it can be estimated that at time lag one
the maximum correlation is displaced 6 km eastward and 1.5

km northward. This i1s interpreted as indicating that the

\S
3

MAX RAIN RATE = 12 mm/hr (from radar)

2
It

A

%

RANT AL RALT
L]

Figé 10. Objective analysis of radar data on finer
grid.
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Fig. 11. Plot of raw visible reflectance and IR temper-
ature data fields. (axes are not orthogonal)
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correlation between a radar bin at one time and another radar
bin 30 minutes later is a maximum if the later bin is 6 km
east and 1.5 km north of the earlier bin. This implies that
during the 30 minutes the storm has moved that distance on
the average. Converting the displacement to a velocity, one
obtains 12.09 km/hr at a heading of 76°. Table 5 shows the
results of the function fits which are also plotted in Figs.
15 to 17. Looking at the velocity obtained for case N, one
sees that the fit came up with 13.36 km/hr at 78° which is
close to the rough estimate obtained above. Initially the
motion is toward the east and then after a short time becomes
east-northeasterly. This agrees with the statement at the
beginning of this section.

Table 5. Parameters of fitted model correlation function for
complex number 2 radar rain rates. (see pages 44 and 45)

CASE TIME o 4. W . U4 9. 3 &, i “ LI t A voo¢
X X 4 v y T .

(u¥m kn km hn mia My km km'  km/nr (®)

R L B X - L1

£ SN 19066 6.5 —-—= 12.4 --e= —mn (.51 0.81 0.21 9128 AL3 240 meme e

B SO 1930 7.6 =eem 12,4 <—-- —e 0.54 0.83 -0.01 =1 2.4 7.6 255 ceom  oee
z ST 2000 107 --—- 11.3 - —-~ 0.59 0.BO0 0.57 40 1.2 ;.31 e
w” oS 2030 12.6 ---= 9.6 === == (.52 0.66 0.59 S5¢ 14.3 6.9 303
2 SR 2100 11.5 ==== 8.0 =~-= == 0.61 0.75 0.27 iz 1.8 7.5 I8
; SS 2115 5.9 -——- 9.3 mm= == 0.65 0.77 ~0.09 -5 9.4 5.8 170

T 2130 43 o= 6.9 —mm=  ——= 0.74 0.66 -0.52 =23 1.4 3.4 79 memm mme

I3 6.7 === 4.2 —em= -—— Q.41 0.73 0.06 2182 6.7 29T e —em

N 9.4 mmmm 1207 emmm —ee Q.44 075 0.06 723 9.3 373 meem e

=3 O 10,7 —=== 12,4 ~wem - 0.46 0.77 0.01 KR VA T A | .

Qg I3 8.8 =mem 9.1 emc == 0.59 0.74 0.35 43 1G.> Sl 233 meem e

S q 8.1 =-=~ 8.3 --o= -—= 0.55 0.75 0.13 a0 8.8 B 3 ¥

R 6.5 ==-= 9.9 -e=e -—— 0.84 0.79 -0.09 -5 10.0 .S 203 mmem aeo

> 7.9 7.4 12,7 12.9 250 0.40 0.73  0.04 2 12,3 7.6 308 9.1 94

u 8.5 9.2 13.0 13.8 320 0./6 0.7% 0.02 b o134 8.8 371 10.6 8¢

= o 2.7 10.2 1l.7 12.0 159 0.47 0.77 0.10 15 12.0 9.9 373 12.1 73

[+ p 8.6 6.9 9.3 1.7 18 0.53 0.7% 0.33 35 11.C 7.6 262 15.5 69

Q 7.2 7.9 8.1 8.2 121 0.58 0.75 O0.11 26 8.4 7.3 192 12.0 73

R 6.7 6.3 9.4 11.0 90 0.65 0.79 -0.15 -9 10.3 6.4 207 12.3 b4
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It is difficult to determine much from the o's. This
is because individually they are not a conservative property
upon rotation of the correiation ellipse. However, the major
and minor semi-axes of the correlation ellipse are conserva-
tive upon rotation (Sec.2, Chapter III). The plots of the
semi-axes show how the axes start out small, grow as the
storm matures, and then decrease as the storm dissipates.

The semi-axes for case SM (1830 GMT) were not available be-
cause a function fit was not possible; the correlation field
was too small. The c's change because the orientation of
the correlation ellipse changes with time. Referring to Fig.
-12, it can be seen that the radar representative correlation
areas tend to follow the trend in the rain rate curve. The
peak area for the single time XY correlation fields appears
to lag the peak rain rate. It is believed, however, that
this may be due to the time resolution of the data because
the peak rain rate occurs between the time at which the areas

of the correlation ellipses were determined.

b. Visible Reflectance
An inspection of the plots of the position of the

visible reflectance data, Fig. 18, suggests that the center
of the bright area is moving toward the east-northeast or
northeast initially and easterly near the end. The maximum
area is at 2000 GMT. There is some question as to the nav-
igation: however, the navigation parameters have been checked
and no errors were found. Table 6 gives the results of the

function fits to the raw correlation matrices. The parameters
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Fig. 18. Plot of positions of complex number 2 satellite
visible data. (contoured at a reflectance digital count
of 164 and grid is fixed in space)
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Table 6. Parameters of fitted correlation function for com-
plex number 2 visible correlation fields. (see pages 44 and 45)

CASk. TIME o ., o9 _ ", ©_ n A, [ @ @ a b A v o
(emry X x ¥ y t ' »

km &m km km  min (°)  km ®m km  km/hr (")
" sM 1830 9.5 «--= 47.0 acee -es 0.55 0.60 -0.91 -10 48.7 3.8 588 ~eee eem
Z SN 1900 15.9 ~=== 37.4 -—=-m ——= 0.83 0.87 0.00 0 37.4 15.9 1868 —ooe -
= S0 1930 18.7 w=== 57.0 eee- == 0.71 0.88 -0.37 -8 57.4 17.3 3112 c=em -ae
W St 2000 26.9 =--- 52.7 —-—e --= 0.64 0.85 -0.13 - 7 52.9 26.3 4380 —e-e  —ee
g SQ 2030 26.3 ~~== 52.f === - 0.68 0.83 -0.50 -17 54.6 21.9 3759 ceee —ee
b SR 2100 15.0 ~=== 24,9 ~ee= -a= 0.75 0.78 -0.50 =22 26.4 12.3 1020 -=em  --a
SS 230 19.2 —--~ 35.9 ecme= - 0.77 0.79 <=0.75 =24 39.0 1.8 1444 —mme —ee
M 15,2 ==== 39,3 —cu-m -—= 0.55 0.76 0.23 6 39.4 14.7 1826 e-mee cua
=S N 18.0 ---= 4A.8 --o= -== 0.69 0.87 -0.01 O 6.8 18.0 2649 —<m- ——
gL 0 23.0 --== 40.2 -=== <= 0.77 0.87 -0.26 -12 40.8 21.9 2803 —mee —um
3 r 22.2 --== =34 eeee eec 0.69 0.79 -0.35 -20 34.8 20.0 2182 -———= =ae
Q 20.6 —-== 34,2 —--= -== 0.71 0.76 =0.59 =25 36.8 15.4 1782 -—== —=m
M 13.8 14.0 42.2 48.6 154 0.54 0.76 0.20 4 45.5 13.6 1941 27.5 37

- N DID NOT CONVERGE
ol 0 23.1 24.2 43.6 49.4 --- 0.73 0.87 -0.25 -40 26.5 20.5 3351 36.2 25
P 22.1 22.7 34.8 38.3 119 0.66 0.79 -0.33 -16 37.6 20.5 2421 30.9 49
Q 21.1 21.2 43.6 43.6 77 0.56 0.76 -0.56 ~18 45.4 16.9 2407 22.2 91

are plotted in Figs. 19 to 21. The dJirection of motion ob-
tained from the XYT fit agrees with the conclusion reached
above. Fig. 22 is a plot of the speeds and directions of
motions for the visible, and radar data. The satellite
values are diffefent from those of the radar. This is be-
cause of the growth of the anvil toward the north. It was
initially felt that the increase in the ellipticity para-
meter, 0, was a reflection of the growth of the anvil. How-
ever, an examination of the ratio of the major to minor
axes shows that this is not true. If the ratio reflected
the growth of the anvil, the ratio would be expected to in-
Crease. This is because the width (minor axes) would not
increase as fast or as much as the length (major axes). An

examination of a plot of the a/b ratio, Fig.2l, does not in-
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Fig. 20. Plots of ellipicity (z) and orientation angle
() for complex number 2 visible model fit.
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Fig. 21. Plots of ellipse semi-axes (a and b) and ratio
of semi-axes for complex number 2 visible model fits.
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dicate any such increase. Other than for case SM (1830 GMT),.
the ratio is nearly constant, exhibiting random variations.
Referring to Fig. 12 we see that the'peak correlation
areas in the XY fits appear to be more responsive. This
should be expected as the XY fit to the time lag zero is a
composite of three times. The T'eépresentative area for the
visible data is an order of magnitude larger than the corres—
ponding radar areas. Woodley (1979) found a similar ratio for
the areas he used. Fig. 23 is a Plot of the raw xy correlation
functions for cases SM, SN, and soO. Alsc shown is a plot of
the fitted mogel correlation function for case SO. The three
Taw ccrrelation fields illustrate how the correlation field
for the visible data evolves with time. During the early
stages of development the correlation field is very noisy.
As the system becomes more organized, the Correlation field
becomes Smoother, and the area of positive correlation be-
comes large as the System grows and then decreases when the
system is dissipating. This is associated with an increase
in anvil size at the same time the active Precipitation re-
lated area ig growing smaller. Earlier it was pointed out
that the east-west dimension of the brighter area of the
cloud at 1930 gmT Was approximately 37 km, see Figure 9.

Notice that the value of the ¢, parameter at 1930 GMT for the
simple XY fit is 18.68 km. This is approximately 1/2 of the
total width of the cloud. If one interprets an east-west slice
through the cloud as the pPositive lobe of a sine wave, then the
Jr could be considered as the GQuarter wavelength of the sine

wave. The plot of the function fit looks narrower than the
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Fig. 22. Plot of speeds and directions of motion for
visible and radar function fits (complex number 2)

raw field because it is Plotted on a different scale. The

Similarity between the raw and fitted fields is apparent.

¢. Infrared Temperature
Analysis of plots of the colder regions of the IR tem-
perature fields seems to indicate that the apparent motion of
the IR cloud top is basically the same as for the visible, as
would be expected. Table 7 gives the correlation function

parameters obtained by the NLP function fits. The parameters
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are plotted in Figs. 24 to 25 except area which is plotted

in Fig. 12. The function fit for case SO is plotted in

Fig. 26. Representative velocities from function fits to

the raw XYT correlation functions were not available because
the NLP routine could not be made to converge. Subjective
estimates of the velocities were made from the raw XYT cor-
relation velocities. For the first three (3) cases the IR

directions of motion agree with the visible directions. For
the remaining two (2) cases, the IR directions maintain the
same basic heading as the first three (3) and do not become
easterly as did the visible. This is probably due to the
fact that the bright visible areas were decreasing in size
when the storm was dissipating whereas the colder IR temper-
atures continued to spread northward.

The orientation of the correlation function is essen-
tially the same as for the visible data. It is nearly north-

south during the early and middle stages and turns to the

Table 7. Parameters of fitted correlation function for com-
plex number 2 IR temperature correlation fields. (see pages
44 and 45)

CASE TIME Tk e 1.\.+ Tem T Al °, B b a h A . v 2

(GMT)  km km km km nmin (G km ®m km'  km/hr (°)

w SM 1830 eoeo emmm e oo el el el Tmm o mmem mmme cmee el el

z SN 1900 16.5 «=== IR, 8 coee aeo 1.0 0.66 -0.30 -9 37.2 15.h 1820 —coe  oee

B S0 1930 147 -mm= 3906 eom= o= 1.0 0.65 -0.15 -4 39.7 14.5 180 - oon

wx se 2000 18.2 ==== 55.f ===e == 0.92 0.65 -0.46 -9 56.3 16.2 286] ——ee e

Q sQ 2030 18.0 =~-- 64,0 =~ee -== 0.89 0.69 -0.53 - 9 A4.4 15.1 3057 c-ee a-e

Z SR 2100 26.5 ===~ 43.9 «-e= +—= 0.86 0.63 -=0.65 ~25 47.8 18,6 2789 -——ee o—an

® SS 2130 27,1 =—-m= 46,5 wee= ~=c 0.82 0.57 -0.80 =27 51.8 14.5 2361 -——m= —am

M 16.5 ==~= 43,4 weee aec 0.84 0.69 -0.10 - 2 43,46 16.46 2233 eeem oo

~a N 16.7 36.0 ==== «== 0.71 0.67 -0.28 -5 S$6.2 16.0 2826 emmm aem

o] E, 0 18.5 76.0 ==== «-= 0.60 0.67 -0.51 -7 76.6 15.8 3805 —=-- e

“ap 18.3 49.2 c-me cmm 0.82 0.65 ~0.60 <14 S0.6 14.2 2757 em—— oo

Q 0.0 ==== 45.) ceea -ec 0.8R Q.60 ~0.60 =19 47.6 13.8 2047 eeee aeo
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Fig. 25. Plots of ellipse semi-axes (a and b) and the
ratio of the semi-axes (a/b) for complex number 2 IR
model fits,
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NNE-SSW during the latter stages. The agreement is best for
the single time XY correlations. The increasing magnitude
of the ellipticity reflects the growth of the anvil as it did
for the visible data. Referring to Fig. 12 we see that the
peak area for the XY fit to the time lag zero XYT raw correlation
function occurs at the same time as it did for the visible.
However, the peak area for the single time XY fit occurred
30 minutes later than did the corresponding visible peak, and
an hour after the rain peak.

Referring to the plots of the semi-axes, a and b, in
Fig. 25 it is seen that they follow the behavior suggested in
the visible discussion that would reflect anvil growth. The
minor axis remains essentially constant; while the major axis
increases in length. The decrease in the major axis at the
end reflects the dissipation of the system. This behavior
indicates that the IR temperature may be a better indicator of

the anvil growth.

d. Infrared Temperature Gradient Component

The IR temperature gradient components, as defined in
Section 3, Chapter 4, auto-correlation fields are not as well
behaved as those for the radar, visible, and the IR temperature
data. Correlation fields were found for two (2) thresholds
(see Section 3, Chapter 4). The thresholds were zero and
-1000. The zero threshold allowed only positive gradients to
be used in the determination of the correlation fields. The

-1000 threshold was negative enough to allow the entire
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Fig. 26. Plot of fitted raw correlation function for
complex number 2 IR temperature case SO.

gradient field to be used. Both sets of correlation fields
were multimodal in structure. The secondary modes for the
threshold zero fields are more pronounced than those for the
-1000 threshold fields. The single time XY auto-correlation
fields for data set thresholds at zero are very noisy as the
number of data pairs available for finding the correlation
was small. The secondary modes indicate that there is more
than one area of positive temperature gradients. This does
not, however, in turn imply two cold regions. For example,
Fig. 27 is a representation of the IR temperatures at 1900
GMT (case SN). There is basically only one cold region in
the cloud. On the other hand there are two regions of pos-
itive temperature gradients when taken along the indicated

vectors, Fig. 28. The regions of positive gradient are
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IR TEMPERATURE FIELD

Fig. 27. Plot of IR temperature field for complex
number 2 case SN. (1900 GMT)

indicated by the shaded area. Notice that the individual
major axes of the positive areas are along an approximate
heading of 140° while the more southern positive area is on
an approximate heading of 165° from the northern one. Fig.
29 is the raw correlation matrix for 1900 GMT with the data
threshold at -1000. When one estimates the orientation of
the major axes for the central positive correlation area, one
obtainé 130° which is close to the previous estimate. Like-
wise an estimate of 160° was obtained for the heading between
the central maximum and secondary maximum which is close to
the previous estimate. An attempt was made to fit the cor-

relation function to this field. The results are the following:
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0. = 33.46 km
g, = 91.81 k
y m

A7 = 0.459

o = =0.781

8§ = 163°

Notice that the angle determined is closer to the orientation
between the positive gradient areas than the major axis orien-
tation. Also the value of the éstimate of 6 has been influ-
enced by thg presence of the larger correlations around the
secondary modes (see Fig. 29). Therefore, because of the
presence of these secondary maxima, it was felt that any fur-
ther attempts at fitting the model would not be beneficial as

the model is not the best one for the observed correlation

fields.

IR TEMPERATURE GRADIENT FIELD

Fig. 28. Plot of IR temperature gradient field for
complex number 2 case SN. (1900 GMT)
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The gradient fields are fairly coherent in space as
suggested by the lag zero correlations in the single time XY
correlations for a data threshold of -1000. These are given
in Table 8. Other than when the storm system is first be-~-

coming organized the lag zero correlations are all high.

PR
-3 s -
0.000 0.000 8.000 0.000 2.300 0.000 0.900 0.000 0.000 0.300 9.000
.43 =.263 0.000 0.000 0.000 0.000 9.000 1.000
3 SECIOAKT MAEDMN o 77009 331 2.000 0.000 0,000 0.000 0.000
0.001 0.13% 0.206 0.3 0.150 -.412 =.728 =.377 0.000 0.000 0.000
=173 -.C80 =.037 0.048 0,061 0.133 =.060 -.i74 +.334 0.000 0.600
-.049 =40 0330 0.138 =.026 =.06L °=° . * .90 0.000 :
3 0.139 =.008 =.007 0.202 0.351 -.009 CEYAL MAXDMX 4319 g.000 X
S 0 20147 0.155 ~.028 =.003 0.469 0.640 0.469 -.00) -.328 0.158 0.147 =
= 0.000 0.019 0.031 =.018 =.1ib =.00% 0.JS1 0,332 =.007 =.008 0.139 =
0.300 0.000 ~.262 0.083 -.039 =.0bl =.026 7.138 .330 -.160 =.049 =
0.00 0.000 =.334 =.47¢ =.060 0.133 0.061 0,048 -.037 -.080 -.173 3
0.900 0.000 0.000 =.377 -.728 =.312 0.:50 9.32a 7,306 0.1%4 2.901
-5 5.000 0.900 0.000 9.000 0.000 =.331 =.049 0.209 . .
9.000 0.000 0.000 9,000 0.500 9.300 =.363 .45 SICCIDARY YAXDEN
9.000 9.000 0.200 9.300 2.200 0.800 0.J00 0.200 0.000 2.000 3.000
5 2 2 o 3 a 3 a3 3 3 23
55 03 sL 18 2 9 3 3 3 4 3
- 0 95 4l w03 s 2w 3 2 a3 3
2107 o 0 oM W9 3 3 3y
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" 7S5 W3 N3 199 lss 10 1S 45 M9 32
3 € 30 w62 20 3% 28 e 13 2w s oo
- 3 89 35 5 110 s 139 35 a3 g5 v %
9 9 38 3 m o7 s e 2z 37 30 2
3 0 1§ 35 139 30 196 5 89 i3 127 2
3 03 aowm 3o ter i s i3
-5 e RN - T T S+ R+ S S -
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Fig. 29. Raw correlation field and product pair count

er complex number 2 temperature gradient component
fields for case SN.

e@. Infrared Temperature Cross Visible Reflectance

It is expected that the cross-correlation between the
IR temperature fields and the visible reflectance will be
high. Table 9 gives the NLP function fits to the raw cross-
correlation fields and the barameters are plotted in Figs.
30 and 31. Fig. 32 (1930 GMT) is a plot of the raw correla-
tion field and the fitted model correlation function for case
SO. Notice how the maximum correlation does not occur at lag
zero but is displaced. Except for one time, the values for

the parameter A7 for the single time XY fits are all greater
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Table 8. Lag zero correlations for single time XY auto-~
correlations for complex number 2 IR gradient component
(threshold at -1000)

Case Time GMT Lag Zero
Correlation
SM 1830 0.400
SN 1900 0.640
SO 1930 0.728
sSP 2000 0.840
SQ 2030 0.755
SR 2100 0.796
SS 2130 0.786

than 0.7. The one time that is not is during the very early
stages of storm development. Table 10 is a listing of the
maximum cross-correlation for each XYT case and all time lags.
The maximum correlation does not consistently occur at the
same time lag. It was determined that the correlation values
for time lags 0, +1, and -1 are biased toward the low side.
This bias arises from the fact that the offset of the maximum
correlation (x, and y,) vary with time. Table 11 shows the
portions of the single time raw cross-correlation matrices
about lag zero for times 1900 (SN), 1930 (S0O), and 2000 GMT
(SP). The time 'lag zero XYT raw matrix is a composite of
these. As mentioned before the peak correlation does not
occur at lag zero every time. If one assumes that the var-
iances of the IR temperature and visible reflectance are con-
stant for the period in question, then one can estimate the
value of the composited lag zero correlation for XYT case M
by forming an average weighted by the number of pairs in each
of the corresponding single time XY correlation field. The
estimate obtained is 0.551, close to the actual value of 0.531

reported. A more informative estimate of A7 would be a weighted
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Table 8. Parameters of fitted model correlation function for

complex number 2 IR cross visible correlation matrices. (see
pages 44 and 45)

CASE TIME "x"’ - ”y"' ”y' Sy A, 0, "t b a b A . v A d Y
(CMT)  km %m km km  min (] km km km  km/hr (°) km (")

£ sM 1830 DID NOT CONVERGE
= SN 1900 17.5 14.0 32.6 45.3 -—- 0.84 0.78 -0.19 - S5 39.1 15.4 1890 =~eac -——= 3.9 =14
il oso 193¢ 12.3 16.6 40.3 45.3 --- 0.8t 0.81 -0.28 - 6 43.0 13.8 1863 =occ ~— 15.4 - 3
2 SP 2000 16.7 20.1 49.2 41.6 --- 0.80 0.80 -0.39 -10 46,1 16.7 2410 —-—= == 31.4 ~-19
= SQ 2130 8.6 23.3 52.2 S57.0 --- 0.72 0.67 -~0.46 -11 55.6 18.3 3192 —cee ou= 14.3 - 3

wn

M 17.0 14.5 344 84.9 --- 0.81 0.0 -0.02 0 59.6 15.8 2958 =—~ce awa 2.5 -19
-~ XN 17.8 12.1 29.7 62.2 -~- 0.53 0.53 -0.29 =~ 6 46.1 14.2 2063 === -— 2.0 =25
&% o 17.8 17.2 34.4 61.2 --- 0.52 0.58 -0.41 -10 4B.& 15.8 2397 —coe =e= 11.3 =4
43 29.6 15.7 43.6 52.1 --~ 0.44 0.51 -0.53 -16 49.6 18.5 2888 --oc -=- 17.6 -9
~ o 35.0 21.4 55.8 S57.5 === 0.34 0.36 -0.83 -24 61,5 14.7 2836 e=== -— 14.6 -3
M 17.9 16.1 646.9 77.% 173 0.56 0.60 -0.21 - & 62.2 16.6 3242 60.5 19 7.2 -7

N DID NOT CONVERGE
E 4] 20.0 18.6 40.3 AL.9 1566 0.47 0.58 -0.53 <13 52.2 16.0 2623 33.3 33 13.5 -6
o 26.6 18.7 59.9 67.1 420 0.41 0.51 -0.57 -12 64.8 17.4 3550 30.6 57 21.4 -13

R DIN NOT CONVERGF

average of the peak values for each time. The estimate so

obtained is 0.790. As can be seen the A7 values are underes-

timated, and therefore, the time lag at which the maximum
correlation occurs cannot be determined.
Table 10. Maximum cross-correlations for complex number 2

all time lags and cases for IR temperature cross visible
reflectance. (see page 45)

Case Maximum Correlations
Time Lag
-2 -1 0 +1 +2
M 0.538 0.566 0.603 0.495 0.387
N 0.636 0.592 0.531 0.553 0.728
0 0.697 0.524 0.580 0.382 0.601
P 0.622 0.564 0.509 0.488 0.495
o] 0.488 0.509 0.361 0.279 0.437

The XYT matrices are not useless though. The time
lags -2 and +2 are not composites but are the cross-correla-

tions between the first and last times in each case. TFor



77

I9SFF0 pue ‘(A) UOTJ09ITP 39S3J0

(IWD) dWILL

Qote 0002 0061 0081
1 | 1 0€-
I.ONI.
- Oﬂl

~ 0

1 [ ] 0
- 0T
-0¢
0=ILV 1XX 0 {-p¢

AX dWIJ, dTI5NIS O

() P “FONVISIQ IFSII0

(oID) A
JONVISIQ

1IS440

001¢

.mmnﬂmﬂ> SSOJID YI g Aequnu xo7dwoo I0x
‘("Y) uotrjelsaxioo oxoz betr t1eopouw jo SJ310Td

(IW9) HAWILL

0007
|

‘0€

0061 008t

L

0=1V ILXX O
AX AWIL ATONIS O

—1°0

—¢°0

—€°0

—%°0

[—S°0

—9°0

]
©
(o)

|
oy
o

(=]
—

(p) aouelsIp
"DTa

Ly “NOIIVTIWMOD OWEZ 9YT THAOR



78

(4 pue e) soxe-twss pue ‘(¢) uorjejustiao asdryy

(I49) AWt
[1]1] ¥4 0002 o6t anst
1 Y S (SO I T 2

870 1

b

AP

-9°0- ¥}

Lol

m

N AL .”.M

-2°0- ¥

.00
0=LV LAX a
AX AHLY. ATONIS O
| - | 1 o

sl O
(114 o mm

~
O o1- B3y
aHa
uﬂ”“ b

. ia m

OTATSTA SSOID YI ¢ Joqunu xaTdwod 103

® ‘(v) A310T3dTT1® JO S3OTq

(LHY) NI

(110) €4 0002 0061
1 . | 1

0=1V LAX SIXV HONIN®
0=1LV JAX SIXV ¥0OVH O

AX SIXV NONIH®

0081
e L

AX SIXV JOfVH o Fot

N

-02

~0Y

08

- 09

(™) q pu® ® ‘SXV-IXIS

‘TE

"bra



79

JAY 147 IR X VIS --- STORM 2 is3¢

1o

.807 TIMC LAG C

PAX CORRELATION «

5
0_ el Txe = 12.30 Cyx- = 16.37
s Cye~ 40.26 Oy. - 45.28
8- e A7 - .81
E.a , . XC - 79 0 -~ -15.4C
E;‘; -]
27 e 0T
=
1= =
==\
N

\ ‘\1
\é\
e ——

Fig. 32. Plots of raw correlation function and fitted model
correlation function for complex number 2 IR cross visible.
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Table 11. Portions of raw XY correlation fields about lag
zero for IR cross visible (complex number 2).

1900 GMT
X Lag
-1 0 +1
2 0.055 0.197 0.128
Y 1 0.561 0.598 0.401
Lag 0 0.378 0.424 0.363
-1 0.122 0.206 0.182
1930 GMT
X Lag
-1 0 +1
2 0.268 0.364 0.321
Y 1 0.509 0.595 0.512
Lag 0 0.309 0.343 0.266
-1 0.209 6.290 0.249
2000 GMT
X Lag
-1 0 +1
2 0.223 0.274 0.256
Y 1 0.455 0.503 0.434
Lag 0 0.424 0.440 0.357
-1 0.318 0.384 0.339

example, for case N, the -2 time lag is the cross-correlation
between the visible reflectance at 1900 GMT and the IR temp—~
erature at 2000 GMT, and the +2 time lag is the cross-correla-
tion between the IR temperature at 1900 and the visible re-
flectance at 2000 GMT. Table 12 is a listing of the time

lags -2 and +2 maximum correlations and the data sets and
times they represent. As can be seen there is considerable
correlation in time other than when one of the data sets in-
volved was in the developing or dissipating stages.

A study of the function fits to the single time XY
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correlation matrices shows that the growth of the anvil is
not manifested in the a/b ratio. The behavior reflects the
random nature of the equivalent IR ratios. The orientation
of the correlation ellipses agrees with those obtained for
the IR and visible auto-correlations.

Table 12. Maximum correlations at times lags -2 and +2 and

associated times (note that the first variable in parenthesis
is associated with the earlier time). (see page 45)

Time Lags

-2 +2
Times (VXIR) (IRxV)
1830~-1930 0.538 0.387
1900-2000 0.636 0.728
1930-2030 0.697 0.601
2000-2100 0.622 0.495
2030-2130 0.488 0.437

f. 1Infrared Temperature Gradient Component
Cross Visible Reflectance

The calculation of the visible cross IR temperature
gradient XYT correlation matrices encountered the same prob-
lem as was encountered in the visible cross IR temperature.
For this reason only the single time XY cross-correlation
matrices are discussed.

Table 13 lists the maximum cross-correlations and the
lags at which they occur for thresholds of 0 and -1000. Max-
ima other than for case SM are all significant. As mentioned
earlier, case SM is during the early stages of the storm’'s
development. Even though the displacement of the position

of the maximum cross-correlation from lag zero varies, it
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Table 13. Maximum IR temperature gradient component Cross
visible reflectance and corresponding lags for temperature
gradient component thresholds of 0 and -1000. (see page 45)

Threshold = 0 Threshold = -1000

Case Maximum Lag Maximum Lag
Correlation X Y Correlation Xy

SM 0.320 10 0.247 01
SN 0.580 14 0.723 14
SO 0.571 -1 5 0.482 01
SP 0.584 14 0.539 2 2
SO 0.542 12 0.466 12

can generally be said that the IR temperature gradient component
appears to be more correlated with visible reflectance to the

north or northeast.

g. Radar Rain Rates Cross Visible Reflectance

The radar cross visible correlation matrix patterns
are not consistent from case to case. Examples of three
single time XY cross-correlations matrices are given in Fig.
33. An examination of these shows how the point of maximum
correlation changes considerably from case to case. For
case SN the éaximum cross-correlation is just south of lag
Zero. For case SO it is to the north-northwest, while for
case SQ it is more to the west-northwest.

Two possible explanations are navigation errors, or
the fact that the relationship between the radar rain rates
and the visible reflectance changes that dramatically in 30
minutes. For the second explanation to be feasible then a
mechanism must be found by which the radar rain rates can be
correlated with the visible reflectance 26 km to the south-

southeast. I know of no such mechanism. I feel that the
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first explanation is the proper one. Because of this appar-
ent navigation problem the XYT cross-correlation matrices can
not be analyzed until this data acqgusistion problem is resolv-
ed for the same reason that the visible reflectance cross IR
temperature XYT correlation matrices were not analyzed.

Using the single time XY cross correlation fields it
can still be determined whether or not there is correlation
between the two data fields. Table 14 gives the maximum cor-
relations for each single time case. There does appear to
be some significant correlation between the radar rain rates
and visible reflectance. All of these correlations are based
on at least 300 product pairs. Even if we assume that 3/4
of the degrees of freedom are lost due to auto-correlation
in the signal and due to the method of findingvthe correla-
tions, the cross-correlations are significant at the 99 per
cent level. That is, there is less than one chance in a
thousand that these cross-correlations are in reality zero.
The pattern of positive correlations about these maxima is
fairly consistent with a major axis orientation between east-
northeast and northeast. There are at times secondary maxima

along this axis reflecting the finer structure of the cloud.

h. Radar Rain Rates Cross Infrared Temperature

Because of the apparent difficulties with the navigation
of the satellite data only the single time XY cross-correlation
matrices will be discussed. Fig. 34 is a reproduction of the

correlation matrices for case SO (2000 GMT). This is a
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Table 14. Maximum correlations for complex number 2 radar
cross visible reflectance for single time XY correlation
fields. (see page 45)

Case Maximum Correlation Grid (km)
3 x5 6 x 8
SM ———— _——
SN 0.41 0.38
SO 0.51 0.44
SP 0.47 0.47
SQ 0.53 0.44
SR ———— ———
SS -—— 0.52

typical radar féin rate cross IR temperature correlation

matrix for this storm. The major axis of the positive cor-

relation region is generally north to south or NNW to SSE

paralleling the major axis of the storm. This orientation

is generally the same for the other XY correlation matrices.
Table 15 is a listing of the maximum cross-correlations

for each case. No value is reported for case SM (1830 GMT)

because there were no significant correlations. All of these

correlations are conservatively estimated to be significant

at the 95 per cent levei. Also included in the table are

the X and Y lags at which the maxima occured. As can be

seen the displacement varies considerably from case to case.

One consistent feature is that the radar rain is generally

to the southeast of the IR temperature with which it has

maximum correlation. Also the greater the north-south sep-

aration the greater the east-west separation. This type of

relationship is consistent with possible navigation errors

caused by errors in the height input to the navigation pro-

grams.
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X LAG
-3 0 +3

+5  0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 ~.271 -.068 0.278 -.346 -.243 0.000
0.000 -.214 0.120 0.270 -—. 0.200 0.000
0.000 -.103 0.144 0.4l4 0.215 -,154 -.522
=.193 -.015 0.351 0.391 0.331 -.126 -.356
0.410 0.030 0.323 0.338 0.253 0.108 -.248
~.527 0.026 ~-.097 0.028 0.227 0.135 ~-.150
0.000 -.111 -.20S 0.030 0.211 0.088 ~-.113
0.000 -.148 -.221 ~-.0ll Q.088 =-.009 -.118
=5 0.000 -.048 -.164 -.047 —.068 =.209 -.233

Y LAG
)
CORRELATTIONS

+5 o 0 © o o0 o0 o
0 21 84 w8 6 8 0
0 47 185 241 163 44 0 o
0 106 299 38 33 131 4 O
- 27 170 i24 4% 450 261 77 o &
< 0 29 231 3541 59 550 399 193 &=
= 13 230 518 s 577 S04 320 2
> 0 208 481 57 580 3551 409 S
0 139 424 5% 363 569 468 =
0 75 366 3518 552 384 503
-5 0 30 265 390 485 576 482
LAG DISTANCE I¥ X = 8.0 km
LAG DISTANCE IN ¥ = 10.0 km

Fig. 34. Radar rain rates cross IR temperature corre-
lation field for case SO. (2000 GMT)

Table 15. Maximum cross-correlation and corresponding lags
for radar rain rates cross IR temperature for each case.

Case ! Correlation Lag
SM ———— ————
SN 0.349 0,-3
SO 0.414 -1, 2
SP 0.420 -3, 5
SQ 0.510 -4, 6
SR 0.526 -5, 6
Ss 0.380 -3, 3

i. Radar Rain Rates Cross Infared
Temperature Gradient Component

Because of the apparent satellite navigation error only
the single time XY cross-correlation fields will be discussed.

The fields are rather noisy. Aan example of one (case SN) is
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given in Fig. 35. There are two significant maxima in this
cross—-correlation field along a south-southeast heading.

This feature is present in most of the Cross-correlation

fields. Table 16 gives the maximum and secondary maximum

correlations. There appears to be significant cross-correla-

tion present at most times.

X a6
-5 o] +5
-.344 -.431 0.112 -.345 -.125 0.000 0.000 0.000 0.000 0.000 0.000
-.510 =.166 0.141 0.079 -.076 -.047 0.133 0.000 0.000 0.000 0.000

+5 =.315 0.014 0.061 0.414 0.144 -.474 0.032 0.000 0.000 0.000 0.900
0.113 0.117 -.047 0.040 0.127 ~-.072 -.208 -.010 0.000 0.000 0.000

0.000 -.113 -.181 -.315 -.057 0.081 -.177 0.096 0.000 0.000 0.000 é
0.000 0.000 -.006 0.061 0.047 0.248 -.043 -.117 0.000 0.000 0.000 =
< 0.000 0.000 0.437 0.259 0.176 0.073 -.014 -.046 0.000 0.000 0.000 <
= 0 0.000 0.000 0.295 0.418 0.532 0.456 0.381 0.063 0.039 0.000 0.000 =
> 0.000 0.000 0.000 0.56% 0.552 0.455 -.462 0.216 0.016 0.000 0.000 ;
0.000 0.000 0.000 0.062 0.311 0.262 0.332 0.262 0.059 0.000 0.000 I

0.000 0.000 0.000 2.000 0.281.0.139 0.045 -.080 0.085 0.000 0.900

0.000 0.000 7.000 2.000 0.655 0.197 0.075 -.088 -.217 0.000 0.000

-5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.C00 9.900 0.000 9.000

205 377 400 386 361 ¢} 0 0 0 o b

154 400 509 300 472 312 31 s} 0 0 3

-5 61 200 472 500 505 435 186 b 0 0 2
3 180 435 529 3529 501 203 63 2 0 9 Z
0 385 326 471 493 493 05 152 0 0 0z
.- 0 0 218 481 532 530 s02 285 0 0 n =
< 0 0 109 358 489 495 490 367 0 0 9 =
= 0 0 0 29 254 469 529 S40 89 238 ] 7 =
> 0 ] 0 131 356 416 425 L2591 n 0o
0 0 0 §3 232 312 331 39 305 0 0 Z
0 0 0 3 109 195 212 222 215 n n =

0 0 0 ) ‘s 53 68 31 96 2 0

-3 0 0 0 0 0 0 0 0 0 9 0

0 0 b 0 0 0 o 0 0 0 0

LAG DISTANCE IN X DIRECTION = 8.0 XM
LAG DISTANCE IN T DIRECTION = 7.0 x4

Fig. 35. Radar cross IR temperatu i
. e re gradient compone
correlations for threshold of 0 and case SN. (1900 Gg;)



gradient component for Single time correlation fields angd both
thresholds. (see page 45)

Threshold = -1000 Threshold = 0

Maximum Maximum
Case Time Southern Northern Southern Northern
SM 1830 no significant correlation
SN 1900 0.57 - 0.57 0.54
]e) 1930 0.54 0.52 0.56 0.53
SP 2000 0.64 0.55 0.31 0.52
SQ 2030 (missing)
SR 2100 no significant correlation
Ss 2130 0.40 0.34 0.40 0.29

2. Convective Complex Three

The first radar echo for complex number three (3) was
at 1822 GMT (GMT) on 27 May. The complex was dissipating when
it moved out of radar range at 0042 GiT 28 May. The
radar data were acquired for the period 1830 through 2100
GMT and converted to rainfall rates at 15 minute intervals.
The data for later times were not used because the available
satellite data Sstopped at 2030 GMT. Table 17 gives the times
used in the radar auto-correlation cases andg those used in the
Cross-correlation calculatiords. The times at which satellite
data are available for convective complex number three and
the case designations are given in Table 18. The navigation
of the satellite data for this convective complex seems to
be relatively good. The radar echoes tend to align with the
southern ends of the visible satellite data and the highest
reflectivities. The alignment is not as good with the colder
cloud top regions as defined by the satellite IR measurements.

The volumetric rain rates and representative correlation areas
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Table 17. Case designations for complex number 3 radar data.

Time Auto-correlation Cross-correlation
(GMT) XYT XY XYT -XY
1830 M SM M SM
1845 M

1900 MN SN MN SN
1915 MN

1930 NO SO MNO SO
1945 NO

2000 OoP SP NO SPp
2015 OP

2030 P SQ o] SQ
2045 P SR

are plotted in Fig. 36. Reference will be made to this Fig.

later.

Table 138. Case designations for complex number 3 satellite
data.

Time Correlation Case
(GMT) XyT XY
1830 M SM
1900 MN SN
1930 MNO SO
2000 NO Sp

2030 @) SQ

a. Radar Rain Rates
The early echoes indicated only one cell, but by 1902
GMT there are three well-defined cells-two with returns above
20 dBz and one with returns of nearly 40 dBz. As the storm
develops, the structure becomes even more complex. Fig. 37
shows the radar echo returns for this complex at 2007 GMT.
During the early stages the direction of movement was some-

what difficult to determine; however, it seemed to be generally
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toward the east-northeast.

Raw auto-correlation functions were calculated for each
of the cases and NLP fits of the correlation function deter-
mined. There is some indication'of the multicellular struc-
ture of the convective complex in the raw correlation func-
tions. Fig. 38 shows plots of the time lag zero raw correla-
tion matrices for cases M and N. From these it can be seen
that the individual cells are organized in a general north-
northeast direction while the cells lie along a northwest to
southeast line. Table 19 lists the parameters of the model
correlation function as determined from the NLP fit. The
parameters are also plotted in Figs. 39 and 41. The complex
Structure of this convective complex is manifested in the
variation of the parameters with time. This variation is
due to the development and dissipation of cells within the
convective complex. From the XYT NLP it can be seen that
the direction of storm movement is indicated to be initially
toward the northeast then with time it turns toward the east-
northeast. During this period the velocity varies from a

minimum of 4.7 km/hr to a maximum of 7.1 xm/hr.

b. Visible
The centroid of the visible imagery appears to be
moving toward the northeast or north-northeast. From the
data available, it was not possible to determine the direction
of anvil growth. The shape of the visible cloud changes

markedly over time. Initially, at 1830 GMT, it is long and
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CASE SM

MAXIMUM CORRELATION = 0.8(5

CASE SN

MAXIMUM CORRELATION =

0.794

ag zer
umber 3 radar cases

Fig. 38. Plots of raw time 1
complex n

for



Table 19. Parameters of fitted model correlation function
for complex number 3 radar. (see pages 44 and 45)

CASE TIME 0,4 O O G- 9 A, 0, a $ =a b A v 8
(GMT) xm kn  km kn min (¢}  km m  km® km/hr (%)

S T

@ SN 1915 b6 —=—w=  S.W amem - Q.53 0.71 0.83 39 6.8 2.1 bl e e
5% 50 1945 5.6 - 5.3 -—-w - 0.6 0.51 0.63 o7 32 69 —— -
=g SP 2015 M.l -=e- 6.0 -——- -— 0.58 0.72 0.28 18 6.2 3.8 T5  me—— e
» 5 SQ 2030 K2 -=== 5.6 - — 0.l6 0.67 0.68 33 6.5 2.8 ST e —
SR 2045  bf w-== 7.0 emee = 0.58 0.79 ~0.01 -6 7.0 4.6 101 ——ov ——

- M 5.2 ==== 6.5 weee - 0.62 0.82 0.63 35 T.6 3.5 - -
Eo N 5.2 ==== 5.7 eme= «= 0.61 O.T 0.62 u1 7.0 3.h B e aem
el 0 5.2 ==== 5.5 eeme ——= 0.55 0.75 0.59 k2 6.7 3.k Tl wee —mm
2 P 5.0 ~===  T.2  =ees -e- 0.49 0.66 <011 =8 7.2 5.0 112 ——— ——
M 5.4 5.0 4.9 7.0 69 0.60 0.82 0.69 33 8.0 3.3 83 k.7 43

& ] 5.3 5.9 6.2 6.2 88 0.50 0.79 0.69 Ll 7.7 3.2 7 5.0 L8
& 0 5.3 5.1 6.0 5.9 ST 0.47 0.75 0.67 39 T.2 3.2 2 7.1 45
P 62 L 61 7.3 75 0.45 0.66 0.23 23 6.9 5.0 108 6.2 60

narrow with the major axis oriented approximately 160°. At
1900 GMT it is nearly circular, and by 1930 GMT it is ellip-
tical. At 2000 GMT the beginnings of two parallel bright
areas are noticeable and by 2030 GMT the two bands are fully
developed and are oriented approximately north-south. Fig.
42 shows the objective analysis for cases SM to SP. The
objective analysis was performed on a grid that was coarser
than the resolution of the raw data. The flat area was be-
yond the limits of the data. Notice how this storm is much
more complex than storm number 2. There are large changes
in the cloud top structure from case to case.

The raw correlation matrices were found for the vis-
ible data and the model correlation parameters determined.
These are listed in Table 20 and are plotted in Figs. 43 to°
45. The values of the major and minor axes and the ellipse

orientation found for the XY correlations agree with the above
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Table 20. Parameters of fitted model correlation function
for complex number 3 visible. (see pages 44 and 45)

CASE TIME o4 O O O O A n, @ ¢ a b A v 8
(GMT) km km  km km min (°)  &m km  km? km/hr (°)

SM 1830 6.7 ~——= 19.5 === === 0.52 0.65 ~0.5T -12 19.9 5.4 337 comm e

% SN 1900 12.9 ---- ;13.1 ---= --= 0.62 0.80 0.17 h2 1k.1 11.8 522 ——mm ——
Sy SO 1930 21.8 == 15.6 -— -— 0.72 0.85 0.28 70 22.5 1k.5 102% ee—e ——
E E SP 2000 15.1 —=== 21.9 —em- 0.59 0.80 =~0.09 =~ 8 21.9 15.0 1031 e~em -—
& SQ 2030 9.6 --=— 21.5 ~=e= === 0.65 0.81 -0.3% -12 21.8 8.0 611 e——m wem
eS M 19,3 === 15.7 ——- -— 0.60 0.81 0.33 61 20.6 13.8 895 o= o—um
5L X 18.1 ==v~ 16.0 ~--- -— 0.63 0.83 0.27 57 19.h 24.3 Bl eee= -
=2 o 8.9 —— 16.9 .--- -— 0.62 0.83 0.28 56 20.4 149 961 --—m -——
e M 20.1 18.5 15.9 16.5 118 0.56 0.81 0.33 59 20.8 1k.2 925 20.6 43
= K 19.7 18.7 16.0 17.1 115 ©.55 0.83 0.21 61 19.8 1S5.5 960 2.4 26
0 21.9 20.6 18.1 18.7 199 0.5k 0.83 0.1 53 23.0 16.2 1169 18.k -12

subjective discussion. Fig. 46 shows plots of the XY raw
correlations field and function fits for cases SM and SN.
This clearly illustrates the changing nature of the correla-
tion structure. The structure is much more elliptical for
case SM (1830) than for case SN (1900). A comparison of the
XYT and XY function fits to the raw data fields seems to
indicate that a series of XY correlations may better describe
the correlation structure of the data field. The velocities
obtained by fitting the model correlation function do not
correspond to those obtained from the radar. The magnitudes
are larger by factors of three (3) to five (5), and the direc-
tion. is close only early in the life of the convective com-
plex. These differences are due to the influence of the an-
vil on the correlation matrix as discussed previously for
convective complex two (2).

The velocity determined by the NLP fit for case 0 1is
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questionable. An examination of the raw correlation fields,

Fig. 47, yields an estimate of the velocity of 22 km/hr along
a heading of 17 degrees which more closely agrees with that
obtained for cases M and N. Further examination of correla-
tion matrices and the weighting matrices offers a possible
explanation. The time lag zero correlation matrix is sym-
metric while the time lag one (1) correlation matrix is

highly asymmetric, being skewed toward the negative X direc-
tion. Thé time lag zero matrix weights are much larger than
the weights for time lag one; therefore, the NLP tries to fit
a symmetrical function to the asymmetrical field. This results

in the centroid of maximum correlation for time lag one (1)
being shifted in the negative X direction. A possible solu-

tion to this problem will be discussed in the conclusions

and suggestions.

c. Infrared Temperature

The amount of IR data available is borderline for the
calculation of the correlation matrices for 1830, 1900, and
1930 GMT. The time lag zero XYT correlation field for case
M (1830, 1500, 1930 GMT) is essentially the XY correlation
for case SO (1930 GMT) and the time lag one matrix is so
sparse that an XYT function fit is not possible. Table 21
gives the results of the NLP fits obtained, and the para-
meters are plotted in Fig. 48. The XY correlation matrices
for single times were unstable because the data were so
sparse and fits could not be obtained. Even the fits to the
XYT time lag zero fields show considerable variation. All

of the correlation matrices are noisy, especially those at
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X LAG TIME LAG O
-5 0 +5
+5 -.385-.382-.224~.166-.150~-.193-.214~.130-.058-.095-.015
~.385=.362-.251~.135-.109-.178~.184=.148-_060~.075~.1143
=.353-.330-.224~-.102-.028~.028~.091-.096=-.537-.053~.12¢
=.3091=.201-,17% _.C13 .133 .105 .GS2 .012 .060 .089-.22¢
=.180=.177-.37Y _CSZ .22 .322 .246 .133 .187 .155 .1G63 172}
o =.088~.327 . 212 ,163 .390 .472 .370 .286 .245 .263 .110 z
< .07€ .03 .152 .280 .524 .548 .484 .231 .238 .264 .41 -
= 0 -117 2537 .229 .333 .882 .832 .602 .333 .229 .237 .117 g;
S -141 263 .298 .337 .434 .648 .524 .280 .159 .1C0 .075 .5
.110 .263 .235 .286 .370 .473 .399 .153 .014-.627-.098 =
.15¢ 135 187 .143 .246 .222 .252 .C%9-.071-.177-.130 3
=-.020 .029 .C60 .012 .C32 .105 .133 .0158-.171-.301-.301 8
=.129—.0I3~-, 037~.025-.C81-.028 ~-.026~.102-.224~-.350~-.353
-.114=_.078~.CE0~.148~-.183~.174~.109—.136=-.261-.362-.38S
=5 -.018-.C33-.035-.130~.214~.123~.190-.166-.224-.362-.385
+5 §726 3337 7570 TS G4 7703 7508 5822 3976 4698 4683 2864
7780 ©31573883 5534 8101 7151 B633 €065 3194 4562 3413
6913 9252 275513397 9320 8447 6873 8940 6756 4447 4331
11387 £:9210333 £34114636 9939 8397 7150 8261 7443 4725 &
82321 237070425123 90 971314997 12592 3025 7659 72382 7879 M
o 90221514513472122 221358110301 1280312772 7858 €215 5274 §
< 100371025271 2255231 621781613387 112861 1525:13723 8677 8178
= 0 932312027712101129813C0415793 1300431 13281121012027 9323 =~
& 8176 E€57712723112251128613387 176161 3152112951025410047 ©
6274 8215 7858137 721280310301 13504129421347910145 9022 &
7370 7222 7853 8C 251252214937 9713123301045512500 §252 4
4725 7432 2261 T1350 2497 9249 14656 334110933 819211387 §
4431 4<47 5735 3340 5873 8447 932013457 9755 9359 6813 3
4313 &332 2153 5005 8584 7181 8131 839210863 2516 77380
-5 2884 483% 2395 3576 58322 7508 7703 7333 7670 S457 8726
X LAG TIME LAG 1
-5 . 0 +5
+5 =-.125-.032 .cas .114.252 .213 .157 .157 .082-.010-.057
-.019 .033 . 170 .229 .251 .275 .240 .238 .211 .103 .032
.027 .112 182 .235 .337 .322 .335 .304 .27 .173 .03
L0381 L1280 .22& .272 .337 .432 .413 .38t .252 .177 .067
o 102,183 .263 313 .336 .422 .453 .404 .27t (141 .051 @
< -154 223 .278 .316 .355 .32 .331 .31t .281 ,i02 .G03 O
=~ Q0 .c96 .162 .232 .291 .287 .304 .290 .27S .211 .040-.335 =
> -085 .133 .238 .267 .234 .143 .193 .171 _092-.071-.183 <«
-989 .031 .172 .173 .165 .122 .088 .093 .034-.083-.227 o
.037 .C38 .GS8 .129 .104 .043-.002. .C06-.017-.095-.199 o
-.073-.10€ .09 .038 .019~.053~.086~.106~.082~,133-.241 ?D-’-
-.084~ .125-.115~-.026-.0138~.081-.148~,137-.151-.151=-.252 o
-.123-.104~_(83-.067-.076-.093~.155~.203~-.129~.147-.218
-.135-.214=.135-.143-,078~.116-.212- .277-.165~.155-.211
-5 ~-.187-_17C~.226~.217-.208-.143-.225-.307-.245-.194~.237
+5 6031 5303 5322 S967 5756 65706 4337 S107 2536 4289 3080
G075 6202 7245 5190 6410 5652 6301 <£523 5135 3673 4008
8106 5503 £438 7795 6522 5706 S955 6351 5099 4919 3735 ¢y
8453 5715 5805 £371 7523 6523 6714 6151 5730 5425 4505 M
o SS03 €385 7300 7922 TS29 7483 7TICO €508 6276 5077 5512 g
< 57348 83853 5310 7£3% 7039 7261 6713 7538 £376 5371 4765
= 0 5830 5385 7557 5533 7554 7209 8085 5255 70S1 6332 5347 e
> 4537 £33 S4CS 7870 6507 7562 6883 7762 §345 5283 6288 O
488G 4E5C 5257 3537 7367 €775 6887 7033 6732 6342 5365 gy
3701 4787 2894 3703 5554 6548 6568 5750 §698 57S1 5335 =
3152 3705 25C5 5002 528 5575 5967 §113 5147 6093 5157 §
3416 2SCt 37C0 &102 4834 4573 5058 5233 5424 3507 5133 S
1958 3391 2752 3S 57 3338 4684 4577 4501 4772 3831 4352 2=
. 2073 1822 3CS0 2729 3174 3578 3847 4505 3741 4198 3960
=2 1365 1922 1813 2532 2723 2712 2398 3159 4290 3177 3545
Fig. 47. Raw correlation fields for complex number 3

visible case 0.
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Table 21. Parameters of fitted model correlation function
for complex number 3 IR temperature. (see pages 44 and 45)

CASE TIME OL4’ O, 9.4 0- 9, A, P, @ a b A v 8
(CMT) km kz km kn min (°) ®m o km? /b (7))
§§ Si: e meee oS cmme cmem eee mmen oo e e e e e —
g e e e et meee eee e memm e e e e —
;;;Sso Smmm mmmm mmmm sgee meem eem e e e eme et e e e eem
“S M 16.2 === 17.3 == - 1.0 0.80 -0.28 =39 19.0 1t.1 B4 eee— ——
2% N 45.4 —oem 214 e - 0.68 0.91 0.27 81 £5.8 20.3 2929 eme- -—
| 0 151.1 ———- U41.2 =e== - 0.53 0.95 -0.24 9L 151.4 39.8 18957 —w== ——
& ' u DID NOT CONVERGE
] N 38.7 37.8 21.1 20.7 - 0.76 0.90 0.21 81 38.6 20.2 2i53 18.2 T
[o] 104.0 175.8 36.9 30.5 - 0.60 0.95 -0.21 93 1L0.1 32.9 14k97 53.3 -76

time lags one and two. There is some indication that for

this storm the IR pattern initially lies perpendicular to

the visible pattern, and as the storm develops, the IR pat-
tern begins to align itself with the visible pattern. Also

as in complex number 2, the a/b ratio for the IR temperature
tend to reflect the growth of the anvil more so than the ratios

for the visible.

d. Infrared Temperature Gradient Component

Since the IR temperature gradient is derived from the
IR temperature data, the previous comments concerning the
sparse IR data also apply to the temperature gradient. Table
22 gives the parameters determined in the NLP fits to the XYT
and XY raw correlations. The parameters are also plotted in
Fig. 49. The XYT fit for case O did not converge, and there
was insufficient data to fit cases SM and SN. From the func-
tion fit to the time lag zero matrices, it is seen that as

the storm grows older the major axis of the correlation



107

Table 22. Parameters of fitted model correlation function
for complex number 3 IR temperature gradient.(see pages 44 and 45;

CASE TIME 0O, o cy. cy ot A, Oy a $ a b A v e
< - -

- (GMT) km km km  km min ) xm km km? kmne ()
L U . B G
u i SH 2900 —we= —mem e o e e e s me e e e
3] SO 1930 25.3 ——== 60.5 === —== 0.70 0.71 0.82 17 72.7 13.9 3172 eeee ——
=5 SP 2000 146.9 -e-- 841 ——e— —-v 0.69 0.48 -0.97 =20 95.8  9.b  283% ~emm ——0
@ S 2030 54,7 -w—- 124.3 —— == 0.60 0.55 -0.83 -21 132.k 28.3 11832 eeme e
=D L 1.5 —=— 28.2 —m—- - 0.6k 0.67 -C.84 -58 W84 13,3 2025 —e—e ——
1 BE N 210 —-e- 10.2 = <= 0.58 0.58 ~0.82 -25 L4.0 11.0 1518 eme— ——
3 o T 35.7 —=— T77.2 —— -— 0.43 0.60 -0.80 -22 82.7 20.2 52Uk meew ——
o M k7.7 k1.8 25.5 30.2 46 0.62 0.67 -0.85 -60 51.2 12.8 2060 21.8 -5k
= N 20.9 20.1 36.8 36.5 123 0.48 0.58 0.3k 15 37.5 18.3 2218 23.9 -23

0 DID NOT CONVERGE

ellipse becomes oriented along a north-northwest to south-
southeast direction. Comparing this to the NLP fits for
cases SN to SO for the visible, it appears that the major
axes are tending to align themselves. This may indicate that
the IR gradient féund may be that across the storm instead
of along it. This in turn suggests that the major axis
determined for the IR temperéture is not the proper one.
This may be due to either the lack of IR data or the wrong
threshold being used in finding the correlation matrices.
The lag zero (AT=AX=AY=0) correlation, A5, indicates
that the IR temperature gradient field is fairly coherent.
However, the amount of noise seems to increase with time as

evidenced by the decrease in the A7 values.
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2. Infrared Temperature Cross Visible Reflectance
The raw correlation matrices found for the IR temper-

ature cross visible were multimodal, again suggesting the
presence of several cells lying approximately along a north-
west to southeast line. It was not possible to obtain X¥T
function fits to the XYT raw correlation matrices due ¢ their
behavior. Table 23 lists the maximum raw correlations for
the central modes for each'time iag and case. As car be seen
the maximum correlation does not occur at time lag zero but
at time lag =-l1. This indicates that the IR temperature is
slightly more correlated with the visible reflectance that
occurred approximately 30 minutes earlier. This apparent lag
in the IR temperature may be due to the difference in spatial
resolution of the two sensing systems. Since the resciution

f the visible sensor is much better tharn that of the IR sen-
sor, it can detect changes in the cloud earlier.

Table 23. Maximum raw correlation in central modes for complex
number 3 IR temperature cross visible XYT correlation fields.

Case Time Lag

-2 -1 0 1 2
M 0.422 0.467 0.417 0.311] = -==—-
N 0.292 0.451 0.349 0.374 0.368
0 0.501 0.569 0.371 0.306 0.386

Table 24 lists the maximum correlation in each cf the
raw XY cross-correlation matrices. There is no value given
for case SM because there were so few IR temperatures below

the threshold that it was not possible to determine a correla-
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tion matrix. There is indication that the correlation be-
tween the IR temperature and visible imagery increases with
time. This would be expected because as the storm grows older
it becomes more organized, and cloud top features become large
enough to affect the IR sensors.

Table 24. Maximum correlation for each raw XY correlation
field for complex number 3 IR temperature cross visible.

Case Correlation
SM ————
SN 0.309
SO 0.546
SpP 0.548
SQ ‘ 0.475

f. Infrared Temperature Gradient Component
Cross Visible Refectance

The IR temperature gradient cross visible correlation
matrices are rather chaotic. Sometimes the maximum correla-
tion is positive; at other times, it is negative. Sometimes
the maximum correlation is at time lag one, and at others it
is at time lag -1. It is believed that this is due in part
to the uncertainty in determination of the major axis of the
IR correlation field along which the temperature gradient
component was taken. Also because the IR temperature gradient
is derived from the sparse IR data, it is itself sparse.

The correlation patterns for the two thresholds are
somewhat similar; however, the magnitudes may be different.
Fig. 50 shows the raw correlation matrices for time lags zero

and one for case N for both thresholds. As can be seen, for
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time lag one, the pattern of the positive region, the left
halvesof the matrices are very similar but the magnitudes of

the correlations within this region are different.

g. Radar Rain Rates Cross Visible Reflectance

There is some indication of linear correlation between
the radar rain rates and the visible reflectance. However,
the maximum correlation is only approximately 0.3 in both
the XYT and XY matrices. It is not possible to fit the cor-
relation model to the correlation fields as it is not an ap-
propriate model for the correlation patterns present. Fig.

51 shows the XYT time lag zero correlation matrix for case

N. The XY correlation matrices are similar in structure ex-
cept for case SN (1900 GMT) which is still in the early stages
of the storm development.

The location of the point of maximum correlation stays
relatively constant for the cases. Table 25 is a listing of
the maximum single time cross-correlations. The decrease in
the magnitude of the cross-correlation with time reflects the
increasing complexity of the storm system. For the last three
cases (times) the displacement seems to be fairly constant.
The location indicates that the radar bins are most correlated
with the visible pixels located 1.5 km east and 7 km north.

It should be noted that some of this displacement may be due
to navigational errors associated with the visible data; how-
ever, any error present appears to be constant over time andg,

therefore, will not have any appreciable effect on the velocity
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X LAG
-5 e *5
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LAG DISTANCE IN X AND Y DIRECTIONS IS I XM ZACH.

Fig. 51. Raw correlation fields for complex number 3
radar cross visible case N time lag zero.

calculations. The apparent velocity of the maximum correla-
tion was calculated by simoly measuring the change in the
displacement between time lag zero and time lag one and con-

verting it to a velocity. The velocities found are

Case Velocity Direction
N 27.1 km/hr 354
0 21.0 km/hr 45

The previous discussion under convective complex two on the

interpretation of these velocities also apvlies here.

Table 25. Maximum radar cross visible single time cross-
correlations for complex number 3. (see page 45)

Case Maximum Lags
Correlation X Y ‘
SN 0.319 -5, 2
SO 0.356 1, 2
SP y 0.256 0, 1
SQ 0.247 1, 2




115

The time lag -2 cross-correlation field for case O is
a good illustration of the care that must be taken in inter-
perting the correlation fields. This correlation field rep-
resents the correlation between the radar 2030 GMT and the
visible at 1930 GMT. Fig. 52 shows the correlation field and
plots of the corresponding data fields. The large area of
positive correlation in the lower right portion of the cor-
relation field represents the correlation between the radar
rain area marked B and the visible reflectance. However, the
rain area marked A is the dissipating remnant of the cell
which produced the cloud at 1930 GMT. The cell at B is a
newly developed cell and therefore has no physical connection
to the cloud at 1930 GMT. The positive correlation comes
about merely because there is a similar structure in the two

data fields.

h. Radar Rain Rates Cross Infrared Temperature

There appears to be about as much linear correlation
between these two data fields as for the radar cross visible.
In the discussion of the radar cross visible correlation ma-
trices, it was mentioned that the maximum correlation appeared
to lie 1.5 km to the east and 7 km to the north of lag zero
in X and Y. 1Ifoneconverts this displacement into the bin
size used for the radar cross IR calculations, it is seen that
in general the corresponding bin in the XYT time lag zero
correlation fields is the highest or next to the highest cor-

relation in the central region. The locations of the single
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time XY maxima are not as well behaved as the corresponding
locations for the radar cross visible maxima. Table 26 is

a listing of the maxima and their corresponding lags. While
the magnitudes of the cross-correlations do not decrease as
they do for the radar cross visible the location of the max-
ima is more variable.

Table 26. Maximum correlations for radar cross IR temperature
for each case and corresponding lags (complex 3). (see page 45)

Case Maximum Lags

Correlation X Y
SN (0.293) 1,-1
SO 0.322 1,1
SP 0.345 -'lr 2
SQ 0.330 3,-1

Parenthesis = question on significance

Recalling that in the discussion of the cross-correla-
tion fields between the IR and visible data, it was suggested
that the IR probably lags behind the visible data in detecting
changes in the cloud structure. For this reason, and consider-
ing that the maximum cross—correlation between the radar and
visible data was at time lag zero, one might expect that the
maximum correlation between the radar and IR data to occur
at time lag one. Examination of the correlation fields supports
this.

The overall correlation pattern, however, is not as
consistent as for radar cross visible. This is again prob-
ably due in part to the sparsity of the IR data. Another

contributing factor is the interaction of the IR resolution
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data and the area of rainfall. The rainfall area is such
that two or three IR pixels would cover the entire area.
i. Radar Rain Rates Cross Infrared
Temperature Gradient Component
The correlation field between the radar rain rates
and the IR temperature gradient components appears to be about
as good as the IR temperature gradient component cross visible
fields. The correlations about lag zero are for the most part
negative. This lends credence to the earlier statement that the
component of the IR temperature gradient was taken along the
wrong vector.

The IR temperature gradient component as it is defined
appears to have little linear correlation with the rain rates.
The cross-correlation fields are noisy, and the magnitudes of
the correlations small. At times the maximum correlation is
negative while at others positive. The only similarity be-
tween the various cross-correlation fields is that for the
time lag zero fields and the XY fields there is a tendency
for a region of negative cross-correlations about spatial lag
zero. However, the shape of this region and the location of
the maximum cross-correlation varies considerably between the
various times. Also the maximum cross-correlation magnitude

is not always negative.

3. Convective Complex Number 5

Only the first two hours (1830 to 2030 GMT) of satel-

lite data were available for this convective complex. Because
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of this only the radar data between 1830 and 2100 GMT are
used. Tables 27 and 28 give the times and case identifiers
for the radar and satellite data, respectively. Fig. 53 is

a plot of the total storm volumetric rain rates for the per-
iod 1830 to 2130 GMT and representative correlation areas for
complex number five. There is little rain until 1930 GMT.

Table 27. Case designations for convective complex number 5
radar data.

Time Auto-correlation Cross—-correlation
(GMT) Case ' Case

XYyT XY XYT -XY
1830 ™ SM M “SM
1845 M
1900 MN SN MN SN
1915 MN
1930 NO SO MNO SO
1945 - NO
2000 op SP NO Sp
2015 opP
2030 P SQ 0 SO
2045 P SR

Table 28. Case designations for convective complex number 5
satellite data.

Time Correlation Case
(GMT) XYT XY
1830 M sM
1900 MN SN
1930 MNO SO
2000 NO SP
2030 0 SO

a. Radar Rain Rates
Table 29 gives the NLP function fits for the radar XYT

time lage zero cases which are also plotted in Fig. 54. NLP
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Table 29. Function fits to time lag zero radar X¥YT auto-cor-
relation fields for complex number 5. (see pages 44 and 45)

CASE TIME 0o.+ O~ It G- 9, A p, a ¢ a b A v 8
(GMT) km  km  km km  min (°) Knm km  m® km/hr (°)

o 3.8 =—- WU —— . 054 0.50 0.55 38 5.2 2.7 bl e e
e 4.l === 61 - -ew 0.63 0.68 0.68 29 6.8 2.7 57 ——em ome
k: 0 8.4 weee 6.2 e —— 0.1 0.66 0.47 62 4.2 5.6 S weom e
~ F 8.6 —=m= Bl cmem aee .25 0.66 0.62 3 8.6 8.4 22T =m—e —ee

fits for the single time auto-correlation fields were not pos-
sible for two reasons: (1) the field was too spaise, and (2)
the field was multimodal.

The ¢'s indicate that the storm is continuously grow-
ing. This is also reflected in the area which is a function
of the o's. The increase in area appears to lag slightly the
increase in rain rate, Fig. 53. As noted earlier this may be
due to the time resolution and the "averaging" done in the
XYT correlation calculations. This is supported by radar
returns for 1902, 1927, and 1957 GMT shown in Fig. 55. As
can be seen there is a significant increase in echo area be-
tween these times.

The lag zero auto-correlation initially starts increas-
ing with time and then decreases. This decrease occurs while

the complex is still growing. The decrease in the lag zero
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correlation can be explained by the observation that even
though the complex is still growing, it is growing in a frag-
mented manner as illustrated in Fig. 56.

The changing nature of the radar return is evident in
the ellipticity parameter, and the orientation angle of the
major axis ¢. These parameters reflect the development of
new rain areas at varying locations around the existing rain

areas.

b. . Visible Reflectance

The results of the NLP function fits are given in Table
30 and plotted in Figs. 57 to 58. The direction of motion,
8, as determined by the XYT function fits agrees with esti-
mated directions obtained from subjective analysis of plots
of the brighter areas. The visible cloud top initially ap-
pears to move north-northwest and then begins turning toward
the north-northeast. The ¢'s for the single time XY correla-
tion functions indicate the increasing size of the visible
cloud top. The growth though is better illustrated in the
growth of the semi-axes of the correlation ellipse. Other
than for the kink at 1900 GMT there is a general increase in
the size of the semi-axes. This kink is also evident in the
o's and reflects an actual change in the storm characteris-
tics. Fig. 59 is a plot of the visible fields for 1830, 1900,
and 1930 GMT. From the figure the relationship between the
raw data and the function parameters is evident. The rapid
increase in area lags the rapid increase in rain rates; how-

ever, this apparent lag again appears to be due to the time
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resolution of -the satellite imagery.

The lag zero correlation, A7, displays the same behav-
ior as the corresponding parameter for the radar. It initial-
ly increases and then decreases. The reason is the same.
There are numerous small bright areas surrounding the main

bright area which will have the effect of reducing the mag-

nitude of A7.

The ellipticity parameter reflects the growth of the-

anvil with time as it has in the previous storms.

Table 30. NLP function fits for complex number 5 visible
correlation fields. (see pages 44 and 45)

CASE TIME o© 4+ O . O, c. o Ay 04 a ¢ a b A v (2

x X’ Y Yy t - o

(GMT) ¥m km km km min (°)  km km km® im/br ()

SM 1830 10.8 —=== 13.1 e-ee = 0.27 0.55 -0.09 =12 1i3.2 10.7 Lh2  —eme —ee

Wy SN 1900 23.6 -ew- 6.8 a-== == 0.56 0.70 -0.22 9L 23.6 6.7 LAk —ee —
87 so 1930 11.1 ~ee= 13.9 o= -~= 0.76 0.82 -0.14 -16 14.2 0.8 82 —mme —ee
S8 sp 2000 19.6 w— 26.6 -——— -— 0.66 0.82 0.49 29 29.1 15.6 1429 —— —o
PE  sQ 2030 32.6 =-m= 31.2 —-== --= 0.4k 0.79 0.75 47 2.2 16.1 2128 —m—= ——
- M 18.5 —=== 17.1 ==== --—= 0.4 0.76 0.33 52 20.6 14.6 M2 —mem
E? N 17.3 =ee~ 19.2  eee= - 0.53 0.79 0.k1 38 21.8 1.0 I5h - e
3 o} 19.9 === 22,5 w=—= -=-= 0.55 0.81 0.5% 39 26.5 14.2 1181 === w=—
). 20.6 18.6 16.1 15.3 63 0.51 0.76 0.27 64 20.3 14.3 915 23.5 =22

E N 18.1 17.7 8.5 20.2 286 0.47 0.79 0.40 Lo 22.1 1u.b 999 1k.3 8
0 22,6 22.0 22.9 24,2 248 0.53 0.81 0.59 42 238.9 14.6 1328 1k.8 23

¢. Infrared Temperature
Table 31 gives the results of thé NLP function fits to
the IR XYT correlation field. Fig. 60 are plots of the func-
tion parameters for the time lag zero fit. Function fits were

not possible for the single time XY fits because the fields
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Table 31. Function fits for IR temperature correiation fields
for convective complex 5. (see rages 44 and 45)

CASE TIME ox+ cx_ af cy_ Ut A, 0, a - a b A v 8
(GMT) @  km k= km  min °)  ®m km o km? km/hr (%)

= M 32.8 -=<= 19.1 e - .85 : 2 7
-3 . 0.88 0.48 70 3.k 20.0 1726 ccee aee
?‘:;’, N 19.9 —=— 2h.§ —— — 0.90 0.91 9.03 5 2h.6 19,9 .IS‘BB —— -
a o 23.9 —=== 32.5 e=— - 0.80 0.9k 0.02 2 32.5 23.9 2430 coee am-

. M e meem e maee eee o

S b 20.T 20.3 23.2 24.6 87 o—9~ 0.91 ”-_6 1 2o 2o 1w e e
. . . 2k, T 0.90 0.91 0.06 11 24.0 20.4 1537 1h.0 2
0 2kl 25.7 32.4 32,8 95 0.7 0.94 0.19 10 32.9 2.6 253{ h!:.o gé

+ Fstimated

were too sparse. For cases SM, SN, and SO there are so few
IR temperatures colder than the threshold of 273°X that no
correlation fields could be calculated.

The representative areas found for the fits to the time
lag zero XYT correlation fields are plotted in Fig. 53. The
time variation of these areas is more marked than the cor-
responding areas for the visible. The tendency appears to be
the same with the areas increasing as the rain rates increase.
As has been noted before the representative éreas for the
satellite data are an order of magnitude greater than the
corresponding radar areas.

The direction of motion for the IR is similar to that
for the visible except for case N. This discrepancy is prob-

ably due to the fact that the colder IR temperatures rapidly

expanded eastward from 1300 to 2000 GMT and thereby overwhelmed
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any other motion. Note that the direction of motion given for
case M is a subjective estimate obtained from the raw XYT auto-
correlation fields.

The IR temperature field appears to be much more coher-
ent than the visible and radar data fields. However, the lag
zero correlation, A7, does exhibit the same behavior as it did
in the visible and radar function fits, that of increasing and

decreasing.

d. Infrared Temperature Gradient Componént
The results of the function fits are given in Table 32.

The time lag zero parameters are plotted in Fig. 61. Fits

Table 32. Function fits for IR temperature gradient component
correlation fields with threshold of -1000 for complex number 5.
(see pages 44 and 45)

CASE TRE o4 o _ G - T Ay g a b a b A v 3
CMT) km km  km km  min ) km km ko' km/hr (°)
s M 10.4 —=- 35.5 === == 0.81 0.62 0.48 9 35.9 9.1 1020 e <ee
=7 N 55.5 === 29.8 -——= -~ 0.68 0.92 -0.72 114 60.0 19.3 3632 e-— -—
3 0 51.8 w=== 33.4 --— —— 0.66 0.90 -0.81 120 59.2 17.3 3216 e—-om ——
. M DID NOT CONVERGE
& N 60.4 65.4 31.2 29.8 142 0.65 0.92 -0.74 111 67.3 19.1 4045 7.2 141
0 57.8 60.3 35.9 35.4 104 0.63 0.90 -0.83 119 67.0 17.4 3667 21.8 79
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Fig. 62. Plot of major axes of correlation ellipse for
IR temperature and IR temperature gradient component.

were only obtainable for cases with a threshold of -1000 be-
cause those with a threshold of 0 were too sparse. The tem-
peraturagradient component fields are also fairly coherent.
However, the lag zeré correlation, A7, varies in a different
manner in that it steadily decreases from a maximum. The
orientation of the gradient field with respect to the IR tem-
Perature field appears to vary about =-65°., This is illustrated

in Fig. 62 where the major axes of the two fields are plotted.

e. Infrared Temperature Cross Visible Reflectance
The NLP fits for the XYT time lag zero cross-correlations

are listed in Table 33. The parameters determined in the fits
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are plotted in Fig. 63. Function fits were not obtained for
the single time cross-correlations because, other than for
cases SO and SQ, the fields were either nonexistent or too

sparse.

Table 33. Function fit for IR temperature cross visible
reflectance XYT time lag zero correlation fields. (see
pages 44 and 45)

. - b A v 8 d v
CASE TIME ¢ o+ Ox Op+ ay g, A, Py a ¢ a
(GMT) kw km ka km min ) km ka km?® km/hr (°) km (°)

M 13.1 31.2 11.6 14.5 -— 0.58 0.60 0.21 80 22.4 12.6 889 wmwe ==v 4.2
N 17.64 23.0 18.6 20.4 ——- 0.55 0.60 0.36 48 23.2 15.9 1157 === -— 3.8 24
0 19.9 21.8 27.1 13.5 === 0.50 0.50 0.23 48 22.9 18.0 1292 ~eww -— 2.2

XYT
(At=0)

There appears to be significant cross-correlation pres-
ent between IR temperature and visible reflectance. The mag-
nitude of the correlation is approximately the same as for
complex number two and larger than those for complex number
three. I feel that this is remarkable considering the dif-
ference in the shape of the IR and visible data fields.

The maximum cross-correlation does not always occur at
time lag zero. Table 34 lists the maximum correlations for
time lags -1, 0, and +1 for all cases. Notice that the max-
imum correlation is initially at time lag +1, then at time

lag 0, and finally at time lag -1. I feel that this reflects
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Table 34. Maximum correlations for each case for time lags
-1, 0, and +1. (see page 45)

Case Time Lag

-1 0 +1
M 0.569 0.598 0.741
N 0.408 0.595 0.536
0 0.514 0.503 0.445

the developing nature of the storm. Recall that for storm 3
the maximum cross-correlation between the IR and visible oc-
cured at time lag -1 also.

There is an offset present in the cross-correlation and
it varies with time. Fig. 64 is another plot of these offset
distances and directions. According to the function fits,
initially (cases M and N) the IR temperature is most correlated
with the visible data to the north, then for case 0 it is cor-
related with the visible data slightly to the south. A study
of the raw data fields indicates that this variation is due
to the changing nature of the IR temperature field. Fig. 65
is a plot of portions of the IR temperature and visible re-
flectance fields for the last three times. Notice that the
visible reflectance does not move as rapidly as does the IR
temperature field.

f. Infrared Temperature Gradient Component
Cross Visible Reflectance

There is signficant cross-correlation between the IR

temperature gradient component and visible reflectance. There are

multiple maxima. Table 35 is a listing of the single time crecss-
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temperature cross visible reflectancs.

correlation maxima for both thresholds and the lags at which
they occur. As can be seen the positions of the maxima move
around considerably, and the number of maxima increases with
time. This variability is probably a manifestation of the
rapid development of the storm.

An examination of the time lag zero XYT raw correlation
matrices indicates that the variation of the position of the
absolute maximum cross-correlation is beginning to decrease

by the end of the period. Table 3§ is a listing of the time

lag zero XYT maximum cross—-correlations and their corresponding
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Table 35. Maximum cross-correlation and corresponging lags for
IR temperature gradient component cross visible reflectance.

Threshold
- 1000 0

Case Maximum Lag Maximum Lag
Correlation Xy Correlation XY

SM —— ——— ——— ——
SN 0.416 -4,1 0.444 3,0
SO 0.449 0,1 0.558 0,2
Sp 0.554 3,2 0.573 3,2
0.460 -5,3 0.660 0,-5
0.376 -2,-4 0.630 5,-4

0.386 -5,4

SQ 0.515 4,1 0.466 4,1
0.636 -2,7 0.654 2,-6
0.532 2,-6 0.551 -2,-6
0.350 -3,3 0.344 -3,-3

0.482 2,2

lags. Recall that these represent a composite of three single
time cross-correlation fields. Note that the maximum cross-
correlation composite position is at an X lag of 4 and a Y

iag of 1, corresponding to a displacement of 27 km at a head-
ing of 69°. This indicates that at this stage of the storm
development the temperature gradient component is most corre-
lated with the visible reflectance 27 km to the east-northeast.
Table 36. Two largest correlations and their corresponding

lags for XYT cases for temperature gradient component cross
visible reflectance. (see page 45)

Threshold

-1000 0
Maximum Lag Maximum Lag
Case Correlation XY Correlation XY
M 0.315 -1,3 0.656 4,3

0.238 -3,3

N 0.401 4,1 0.641 4,1
0.291 -6,-3 0.644 5,1
0 0.362 4,1 0.389 3,1
0.227 -2,<3 0.397 -2,-3
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g. Radar Rain Rates Cross Visible Reflectance

The radar rain rate cross visible reflectance correla-
tion field is also multimodal. This applies to both the XYT
and single time XY cross-correlation fields. There appears
to be little consistency in the correlation pattern from one
case to the next for the single time cross-correlations. Figs.
.66 and 67 present the raw cross-correlation matrices and the
corresponding product pair count for cases SN to SQ. There
is no matrix for case SM because there was insufficient data
for this time. Notice that not only do the patterns change
shape but they both move around. As previously discussed,
any misnavigation present will not change the correlation pat-
tern but will only change its position. It is felt the changing
patterns merely reflect the changing nature of the storm.

This changing nature is reflected in Figs. 68 and 69
where the corresponding radar rain areas and bright areas are
shown individually and then overlayed for cases SO and Sp,
respectively. Notice that the rain area as depicted by the
radar changes méfkedly in the 30 minutes separating the cases.
The rain areas closely match up with the higher reflectance
(brighter) areas. A study of the figures suggests the source
of the correlation patterns. For example, in the correlation
field for case SP the central maximum is 1 lag east (3 km) of
lag zero. In Fig. 69 one can see that the center of the south-
ernmost: highest reflectance lies just east.of the center of

the southwest end of the radar rain area. It is then noted
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CASE SN
X LAG
-5 0 +S
+5  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 .000 0.000 0.000 0.000 0.000 0.000
0.048 0.445 0.461 0.006 -.18% -.571 0.000 0.000 0.000 0.000 0.000 ;
=.069 =.147 ~.324 -.288 -.259 -.§35 -.578 0.000 0.000 9.000 0.000 2
© 0.291 -.097 -.329 -.216 0.125 -.382 =.556 0.000 0.000 0.000 7.000 =
S o 0.278 0.397 0.309 0.338 0.335 0.139 -.266 -.123 0.200 0.000 5.000 5::
> 0.301 0.349 0.449 0.416 0,439 0.429 0.100 9.004 0.000 0.000 7.000 3
0.125 0.193 0.375 0.252 0.251 0.348 0.461--.075 -.168 0.000 7.000 =
=.466 -.343 0.225 0.400 -.342 0.912 £.008 -.186 -.090 0.000 0.000 3
0.139 -.023 0.041 0.063 -,305 -.402 =.235 -.253 0.019 9.000 0.000
=5 0.341 0.247 0.076 -.311 -.453 =.517 =.371 2.170 0.468 0.532 0.009
+5 17 14 19 15 18 18 15 9 6 6 6
35 35 37 39 36 36 35 3 30 19 6 ..
57 54 48 47 47 VA 44 30 3% 28 8 =
77 75 78 73 74 56 4l i 39 30 13 =
2 81 84 82 8s 8s 50 50 i1 al 31 28 .
3 0 78 20 85 83 86 8. 51 42 42 36 2 =
> 7 83 83 81 73 73 79 ai 42 42 31 %
80 74 82 77 86 34 32 50 39 40 28 2
53 63 75 80 78 77 75 64 23 15 6 =
43 41 52 se 48 YA 51 32 11 7 17
-5 37 40 35 38 25 19 26 10 1A 5 5
CASE SO
X LAG
-5 o] +5
+5 =.320 -.195 0.007 0.206 0.217 0.045 -.14 -.390 -.180 9.061 -.110
=.545 -.354 -.193 2.213 0.357 0.203 0.91S5 -.250 -.399 -.395 ~.176
-.366 ~.466 -.266 -.056 0.293 9.307 0.173 0.005 -.140 -.267 -.036 -
=.432 -.400 ~.160 0.026 0.247 9.310 0.259 0.132 0.00% -.226 -.017 %
) =.441 ~.426 -.096 0.014 0.288 0.333 0.232 0.100 -.055 -.291 -.106 =
3 0 -.i51 -.239 -.282 0.135 0.215 9.268 0.229 -.002 9.067 -.048 0,024 2
> —.260 0.020 -.081 0.230 0.198 9.310 0.300 0.142 9.115 -.172 -.153 S
=.218 -.053 -.013 0.063 9.174 0,179 0.10] 0.032 -.202 -.315 -.119 =
-.350 -.057 0.161 0.095 0.111 -.090 -.155 =.255 -.141 -.096 0.066 =
=.340 0.072 0.258 0.100 0.073 -.290 -.302 -.289 -.058 -.054 2.070
=5 =.467 0.056 0.286 0.106 0.208 -.042 -.060 -.138 -.030 -.316 -.n64
+5 718 822 862 811 781 439 sl 481 61 225 125
645 737 827 905 838 779 712 572 0 297 :70 -
S81 737 827 847 882 812 7¢8 651 508 366 123 =
559 683 830 890 916 asy 797 721 368 435 292 =
s 556 710 822 926 235 o014 843  7ss 657 491 355
=z 9 527 684 308 930 980 950 869 795 699 565 428 =
> 335 559 759 868 933 962 926 830 742 605 iT4 =
427 553 657 811 950 975 927  aus 729 543 188 =
302 442 505 767 876 329 368 794 591 647 553
22 348 D4 536 707 7S5 s 701 539 506 387
-5 i54 253 328 388 500 3564 628 501 834 547 01

66. Cross-correlation fields and product pair
matrices for radar rain rates cross visible for cases
SN and So.
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CASE SP
X LaG

-3 [ +5

+5  -.199 -.207 -.216 ~-.112 0.205 0.261 0.171 0.134 0.184 0.290 0.353
=.198 ~.162 -.135 -.078 0.129 0.223 0.205 0.207 0.216 0.264 0.294 -
=.128 ~.110 -.058 0.002 0.085 0.197 0.215 0.257 0.233 0.235 0.214 Z
=.115 =.167 -.056 0.066 0.007 0.185 0.190 0.260 0.271 0.228 0.151 =
e ~.160 -.177 -.083 0.050 0:006 0.187 0.210 0.257 0.237 0.156 0.137 <
= 0 =231 -.123 -.,043 0.004 -.026 0.186 0.275 0.251 0.144 0.031 0.041 “
> =.236 ~.156 ~.046 ~-.049 0.029 0.119 0.216 0.147 0.060 -.106 -.0S2 =
=.135 -.116 -.219 -.153 ~.126 -.023 0.089 0.068 0.021 -.006 -.028 3

-.075 =.213 -.369 ~-.193 -.159 -.097 0.012 0.032 0.017 0.084 -.049

=.088 =.249 -.297 -_175 -.145 =.228 -.077 0.022 ~-.094 -.04! 0.012

=5 ~.235 -.180 -.126 -.136 -.059 -.187 -.100 -.091 -.224 ~.048 0.056

*5 807 88 970 989 1038 1042 1047 1038 1051 1042 1019
783 865 964 1032 1059 1068 1069 ~1059 1076 1079 1043

o
786 892 9846 1059 1049 1079 1068 1077 1083 1062 1062 =
808 917 978 1064 1056 1053 <085 1072 1071 1074 1033 =
2 826 882 965 1011 1056 1079 1065 1077 1049 1067 1042
< 9 307 371 962 1006 1054 1082 1072 1066 107S 1059 1053 =
> 768 266 343 391 1045 1065 1089 075 1084 1064 1068 =
732 872 926 991 999 1030 1049 1040 1059 1036 995 2
714 836 922 960 971 1012 1006l 1006 991 946 908 2

. 667 788 384 941 964 994 977 069 911 893 373

+5 607 730 226 913 941 943 933 909 887 842 855

CASE sQ
X LAG

-5 0 *5

+5  0.245 0.382 0.383 0.339 0.236 0.125 0.917 -.012 0.092 0.246 0.155
0.143 0.261 0.326 0.312 0.212 0.077 =.115 =.127 0.005 0.133 0.168 .
0.052 0.100 0.175 0.205 0.211 0.076 =.144 -,287 ~.222 ~.020 9.009 Z
0.164 0.053 0.066 0,084 0.164 0.142 =.122 -.339 -.266 -.198 ~.095 =
) 0.166 0.029 -.029 -.021 0.071 0.164 0.0l6 ~.237 -.276 -.316 -.289 =
= 0 0.022 -.166 ~.251 -.185 -.122 0.022 0.057 -.134 ~.198 -.259 -.290 =
> =113 =.206 -.310 =.374 -.324 -.170 =.094 -.124 -.031 -.069 -.123 =
~.125 =-.066 ~.229 ~.439 -,333 -.293 -.241 -.108 0.054 0.120 0.017 =

0.018 =.067 ~.141 =.243 =.353 -.344 -.328 -.101 -.012 0.075 0.020

=.078 -.075 ~.086 -.163 -.279 -.278 =.222 -.113 ~.074 -.082 0.053

=5  ~.215 -.124 -.046 -.108 = 111 =.123 =.154 ~.062 -.143 -.171 -.112

+5 1636 1656 1684 1675 1677 1658 1632 1564 1426 1292 1135
1620 1676 1684 1702 1707 1679 1674 1608 1434 1361 1199 :a
1589 1670 1675 1636 1711 1710 1581 1640 1537 1431 1285 =
1555 1648 1669 1712 1706 1704 1700 1644 1514 1379 1342 =
=] 1509 1585 1650 1688 1T22 1713 1701 1683 1625 1539 1369 .
= ] 1455 1570 1639 1694 1696 1719 1707 1683 1610 1537 1377 =
> 1368 1519 1595 1647 1649 1686 1707 14633 1584 1484 1398 =
1383 1487 1531 1552 1616 1630 1630 1597 1360 1443 1351 =
1318 1420 1457 1465 1542 1570 1556 1549 1436 1424 1365 =

1247 1309 1349 1411 1434 1488 1508 (450 1418 1395 1318
-5 1092 1163 1216 1277 1328 1200 1400 1409 1376 1288 1236

Fig. 67. Cross-correlation fields and product pair
matrices for radar rain rates Cross visible for cases
SP and SQ.
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that there are basically two maxima in the correlation field
along an approximate heading of northeast. Looking at the

figure it is seen that there are two separate areas contained
by the highest brightness contour level lying along the same

heading. These are what give rise to the two maxima.

h. Radar Rain Rates Cross Infrared Temperature

The radar rain rate cross IR temperature correlation
fields are difficult to interpret. This is due partly to the
small number of data points in both data fields and in part
to the fragmented nature of the complex. The maximum cross-
correlations are not as large as for complex number two.
Table 37 gives the maximum cross-correlations for the single
time XY fields. There was insufficient data to generate a

Table 37. Maximum single time XY cross-correlations for radar
rain rates cross IR temperature. ( see page 45)

Case Cross-correlation
SM ————

SN *kkk

SO . 295

SP .259

SQ .242

**** Not statistically significant.

field for case SM. Case SN is almost as bad. It has correla-
tions as high as 0.479 but they are not statistically signif-
icant. The remaining three cases have significant correlations
with magnitudes between 0.2 and 0.3. The location of these

maxima varies but the general shape is the same for all three
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cases. Fig. 70 shows the single time XY cross-correlation
field for case SP. The shape of the positive correlation
region is typical of cases SO and SQ even though it is slightly
larger than for case SP. The maximum correlation tends to lie
along an east-west ridge with a rapid decrease in magnitude to
north and south. The high correlations to the upper left are
not statistically significant.

i. Radar Rain Rates Cross Infrared Temperature

Gradient Compcnent

There appears to be more correlation between the radar
rain rates and temperature gradient component than between the
radar rain rates and IR temperature. Table 38 gives the max-
imum correlations for each of the single time XY cross-corre-
lation fields. As this table indicates the correlation fields
are multimodal. They also change considerably from case to
case. This can be seen more easily in Fig. 71 where the cross-
ocrrelation fields for cases SP and SQ for a threshold of -1000
are presented. 1In this figure negative correlations have been
blackened out to emphasize the pattern of the positive corre-
lations. 1In case SP the general pattern is north-south and

in case SQ it is northwest-southeast.

4. Convective Complex Number Six

As with convective complexes three and five, only the
early stages of this complex are available. The radar returns
indicate in general a multicelled structure with the number

of cells increasing with time. Tables 39 and 40 present the
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CASE &P
L LaG
-3 s} *5

=5 0.000 0.900 0.000 0.104 0.061 9.060 0.118
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R ——— TN ——— 152 E
< : 913 =
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> = 2
= e 0. 047 H
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Fig. 71. Single time xy correlation fields for
radar cross IP temperature gradient component
for cases SP and SQ.
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Table 38. Maximum single time XY cross-correlations for radar
rain rates cross IR temperature gradient component and corres-
ponding lags for comblex number 5. (see page 45)

Cross~correlations Threshold

-1000 0
Correlation Lag Correlation Lag
Case XY XY
SM -——— -——- ———— —-———
SN ———— -— ———- —-——
SO 0.321 0,-1  0.316 0,-1
SP 0.263 0,-3 0.308 0,-3
0.318 2, 5 0.258 2, 5
0.278 -4, 2
SQ 0.390 0, 0 0.419 0, O
0.352 -2,-5 0.450 2,=-2
0.414 2,-2 0.411 -3, 2
0.415 -3, 2 0.508 -2,-5

case designations for the radar and satellite data, respect-
ively. Note that the radar cross satellite XYT case M is
really only the first two times of XYT case N because there
was no rain indicated at 2000 GMT by the raaar. Also notice
that no satellite scan was available for 2200 GMT but was
available at 2206 GMT. It was felt that the six minute delay
will not be significant. Fig. 72 is a plot of the total storm
velumetric rain rates for the period 2015 to 2215 GMT, and

the representative correlation areas. Reference will be made

to this figure later.

a. Radar Rain Rates
As mentioned above this storm has several cells. This
is illustrated in Fig. 73 which is a plot of the radar rain
areas at 30 minute intervals. The rain rates inside the con-

tours are all greater than 0.5 mm/hr. By 2200 GMT there are
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Table 39. Case designations for convective complex number 6
radar data.

Auto-correlation Cross-correlation

Time Case Case
(GMT) XYT XY XYT XY
2015 M SM MN

2030 MN SN MN SM
2045 MN

2100 NO {e] MNO SN
2115 NO

2130 op SP NO SO
2145 ‘ oP SQ

2200 P SR 0 Sp
2215 P

at least five separate areas of rain.

The function fits obtained to the raw correlation func-
tions are listed in Table 41 and the parameters are plotted in
Figs. 74 to 75. The single time XY correlation o's do not
indicate any trend but appear to vary randomly. However, the
G's determined in the XYT fits show more of a trend. The
trend is more evident in the plot of the semi-axes of the
correlation ellipse. The ellipse starts out fairly elongated
(a/b=3.28) and becomes more circular with time. The final
ratio of major to minor semi-axes (a/b) was 1.17. The lag
zero correlation, A7, indicates that there is an increase in
the noise level with time, i.e., A7 becomes smaller. This is
caused by the developing multicelled nature of the complex.
This is the same as it was for complexes .three and five. Also,
notice in Fig. 72 that the apparent decrease in the representa-
tive area follows the decrease in rain rates. This apparent

lag is probably due to the difference in time resolution in
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Table 40. Case designations for convective complex number 6
satellite data.

Time Correlation Case
GMT XYT XY
2000 M SM
2030 MN SN
2100 MNO SO
2130 NO Sp
2206 0 SQ

the plotted data as before.

b. Visible Reflectance

As far as the visible reflectance is concerned, this
storm starts out fairly unorganized and by the end of the data
set becomes well organized. Figs. 76 to 78 are plots of the
raw visible reflectance fields. Do recall that the plots are
not rectified and, therefore, are distorted (not orthogonal)
as previously discussed. As a reference, the prominent deep
valley at 2100 GMT runs approximately north-south. t 2030
and 2100 GMT, there are several well developed clouds. By
2130 the westernﬁost cloud has fairly well dissipated, and
there is one major cloud. Fig. 79 is a plot of the objective
analysis of the data field at 2030 GMT. The analysis grid is
coarser than the raw data; hence some resolution is lost. The
two major bright areas are present and the north-south orien-
tation are evident. Table 42 is a listing of the model cor-
relation function parameters as determined using the NLP pro-
cedure. The parameters for the XYT and single time XY fits

are plotted in Figs. 80 to 81.
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Table 41. Parameters of model correlation function for complex
number 6 radar. (see pages 44 and 45)

CASE TIME 04 o, oF o0 I A b a ¢ a b A vV e
(CMT) ka  m ke km min (°) km  km  kn®’ ka/hr (°)

w SL 2015 4.4 e=—= 8.0 --== -== 0.82 0.78 0.80 26 8.8 2.4 68 =mmm -—-=
= SM 2030 4.1 —— 9.5 0.66 0.76 0.76 19 10.1 2.5 80 =-—= ~a=
& SN 2100 6.7 7.6 0.76 0.89 0.26 32 8.1 6.1 155 =ee- ~-e
a7 S0 2130 4.1 8.0 --~- -—- 0.61 0.78 0.27 11 8.1 3.9 100 =--- -—
2 SP 2145 5.9 8.5 w=—= === 0.70 0.89 0.32 20 8.9 5.3 149 weem ~ee
a $Q 2200 10.3 === 7.3 e-—= = 0.49 0.81 0.21 75 10.5 7.0 232 eece omm
~ L 5.8 =mm= 9.5 meee —ec 0,69 0.86 0.75 28 10.5 3.4 114 —cem  eem
-5 M 4.7 === 7.7 === == 0.80 0.87 0.43 20 8.1 4.0 103 —-ee o-—v
23 N 6.3 -e== 8.3 c-u- ——- 0.65 0.89 0.19 18 8.5 6.1 161 eece -ee
~ 0 7.6 —=-= 7.4 -=—= -—— 0.56 0.82 0.20 49 8.2 6.7 172 —em=  om-=
L 6.0 6.2 10.5 10.0 114 0.62 0.86 0.77 27 1l.4 3.5 125 5.4 213

= N 5.5 5.6 8.8 9.2 50 0.64 0.87 0.45 21 9.4 4.8 141 11.1 36
[+ N 5.8 6.8 8.3 8.4 62 0.62 0.89 0.27 22 8.7 5.8 159 12.3 29
0 8.7 93 8.0 8.0 135 0.47 0.82 0.11 68 9.2 7.8 225 12.8 55

The lag zero correlations, A7, appear to reflect the
developing nature of the visible cloud and, more or less,
increases with time. This is the opposite of what the radar
A7 parameter did. However, note thaf the raw lag zero correla-
tions are all fairly high. This can be an indication that the
correlation model used may not be the correct model. Fig. 82
shows the raw correlation field for 2100 GMT. Notice how the
correlation drops off rapidly at first in the north-south dir-
ections, and then drops off more slowly and finally increases
without ever passing through zero.

Fitting the model correlation function to this using
least squares results in a low value for A7 because a "flat-
ter" curve fits the overall field better. So this increase in
A7 may be more of an indication that the model becomes more

appropriate with time. This is true but notice that the raw
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Fig. 77. Plot of complex number 6 raw visible reflectance
data field for 2100 and 2130 GMT. (grid not rectified)
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Fig. 79. Plot of objective analysis of visible data field
at 2030 GMT for complex number 6.
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lag zero correlations also increase with time. Hence, the

correlations do reflect the developing nature of the visible

reflectancé field. This is the oppoéite of the radar and is
probably due to the fact that the radar has finer resolution
in space and time.

The o0's and the ellipse semi-axes reflect the fact the
storm starts out much longer than it is wide, Fig. 76, and
then with time becomes broader, Fig. 77. The representative
area increases with time; the increase initially corresponds
well with the increase in rain rates but not at later times.

As expected the indicated velocity is greater than for
the radar. The directions of motion agree with the radar di-
rectiononly at 2200 GMT. As has been previously mentioned,
this is due to the growth of the anvil.

Table 42. Parameﬁers of model correlation function for con-

vective complex number 6 visible reflectance as determined
using NLP. (see pages 44 and 45)

CASE TIME O+ O, -'174. ay- o: A, 0y a ¢ a b A v 9
(GMT)  km km  km  ka min 3
> SM 2000 9.7 --—-- 22.8 ~==- -—— 0.39 0.69 -0.58 164
“>X SN 2030 12.9 ===~ 35.7 e=ww -—= 0.45 0.71 -0.55 168
€. SO 2100 13.3 =~--= 32.0 === --— 0.37 0.77 -0.30 172
A SP 2130 13.7 ---- 38.1 w=== == 0.67 0.85 -0.30 173
& SQ 2206 22.4 ~-== 27.7 e=== -== 0.62 0.77 -0.04 175
- M 10.1 --—- 30.2 === -== 0.40 0.70 -0.48 170 30.6 8.7 838 w—— -—
zL N 12,8 ---- 38.1 -~== ~== 0.51 0.79 -0.39 172 8.5 11.7 1410 =—=—= -—-
S o 4.0 ---- 35.7 -=-- --- 0.53 0.82 -0.28 173 35.9 13.4 1510 =-== -

M 11.6 10.6 32.3 37.4
N 12.1 12.7 41.7 40.9 155 0.46 0.7
0 13.8 13.1 37.5 39.5 .

XYT

152 0.35 0.70 =-0.49 170 35.3 9.5 1057
-0.33 174 41.5 11.7
-0.23 175 38.6 13.0 1581
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X LAG
-5 0 +5
-.074 -.032 0.080 0.153 0.107 0.199 0.162 0.100 0.016 -.194 -.289
=.033 -.074 0.079 0.164 0.089 0.148 0.086 0.053 —.005 -.103 -.241
+5 0.036 0.047 0.111 C.140 0.125 0.133 0.065 ~.001 -.033 -.176 -.217
0.076 0.004 0.054 0.113 0.151 0.181 0.127 0.062 -.022 -.119 ~-.172
0.075 0.007 0.055 0.094 0.243 0.292 0.164 0.091 ~.002 -.116 ~-.126
0.054 0.049 0.063 0.114 0.253 0.441 0.241 0.134 0.020 -.078 ~.095
0.046 -.005 0.066 0.089 0.305 0.625 0.345 0.113 0.038 -.050 -.018
0 -.029 -.028 0.087 0.139 0.429 0.766 0.429 0.139 0.087 -.028 -.029
=.018 -.050 0.038 0.113 0.345 0.625 0.305 0.089 0.066 —.005 0.046
-.095 -.078 0.020 0.134 0.241 0.441 0.263 0.114 0.063 0.049 0.054
=-.126 -.116 -.002 0.091 0.164 0.292 0.243 0.094 0.055 0.007 0.075
-.172 -.119 -.,022 0.062 0.127 0.181 0.151 0.113 0.054 0.004 0.076
-5 -.217 -.176 ~.036 -.001 0.065 0.133 0.125 0.140 0.111 0.047 0.036
-.24]1 -.103 -.005 0.053 0.086 0.148 0.089 0.164 0.079 -.074 -.033
-.289 -.194 0.016 0.100 C.162 0.199 0.107 0.153 0.080 -.032 -.074

LAG DISTANCES IN X AND Y DIRECTIONS IS 3.5 KM EACH.

?ig. 82. Raw correlation field for complex number 6 vis-
ible case S0.

c. IR Temperature

The IR temperature field does not exhibit the multiple
cloud structure as markedly as did the visible data. This is
most likely due to the difference in resolution. Referring
to Fig. 76 we see that it would take about 2-1/2 IR pixels to
go across the ‘westernmost cloud. As a result the maximum
temperature recorded by the IR sensor will be lower than the
actual peak temperature due to an averaging effect.

Table 43 is a listing of the correlation function pa-

rameters determined using the NLP procedure. Figs. 83 to 85
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Table 43. Model correlation parameters for complex number 6
IR temperature. (see pacges 44 and 45)

CASE TIME Ox+ Ux- dv+ O'y_ Oy A, Po a ¢ a b A v 0

(GMT) km km  ka km min () kn m  kn? km/hr (°)

SM 2000 25.6 === 35.9 —=e= —— 1.00 0.22 0.99 36 L4.2 1.6 216 eee= —mm

e SN 2030 18.0 === 30.7 —==— - 0.70 0.57 -0.01 0 30.7 18.0 1730 ece— ==
2] g SO 200 17.0 -== 384 —=—= —— 0.98 0.66 0.18 5 38.h 16.7 2021 ee—= wum
HE SP 2130 32.5 e=—= 51.6 === -— 0.94 0.83 0.41 20 54.0 28.% UBI9 eece w=m
B SQ 2206 65.5 -—— 36.9 —— --= 0.92 0.52 0.28 78 66.7 34.8 7285 e——em —=m
e M 22.8 —==- 88.2 —=== -— 0.68 0.71 0.32 S B88.5 21.5 S9TT ==mm =—
23 L. § 40.8 === 70.8 ——— - 0.73 0.81 0.63 2k 76.1 29.5 7059 ~e—— o—
2 o] T6.4 w—=~ 53.7 == - 0.72 0.88 0.56 61 B84.2 U0.3 10660 ~——-o —
£ M 2.4k 21.2 65.1 7C.2 T9 0.78 0.71 0.k1 B8 68.2 19.3 k13t 30.8 Lo
o] N 44,7 43.7 84.6 81.9 141 0.67 0.81 0.73 16 B85.T 39.2 10548 28.9 2k
o] 85.0 83.% 57.8 63.7 131 0.63 0.88 0.64 59 95.3 h1.L 12k06 26.k T2

are a plot of éhese parameters. The parameters determined for
the single time XY fit for case SM (2000 GMT) does not appear
to agree with the general trend. Since the raw correlation
field was very small for case SM, a good fit could not be
obtained. For this reason case SM will not be considered in
the following discussion.

The single time XY lag zero correlatioﬁ, A7, indicates
that the IR temperature fields are very coherent. That is,
the temperature fields are smooth. The area over which the
temperature fields are coherent (area of correlation ellipse)
increases with time. From Fig. 72 it can be seen that when
case SM is considered the IR temperature correlation area
curve is similar to the rain rate curve. For this complex
the areas for the IR single time XY correlation fields appear

to be more responsive than the equivalent areas for the visible.
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O SINGLE TIME XY
7 @ XYT

60—

504

‘o /

DECORRELATION DISTANCES, ¢ (km)

30
204
10+ ‘
0 l T I t l
2000 2100 2200
TIME (GMT)

Fig. 385. plots Oof XY decorrelation distances (0's)

for
complex number 6 IR model fits.
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The problem of using just the 0's for the purpose of
characterizing a complex is well illustrated in the function
fits. 1In Fig. 83 it can be seen that the cy parameter is
larger than Oy at first, but then for case SQ (2200 GMT) cx
is the largest. This change does not appear at first to be
a systematic change. However, when the orientation angle, ¢,
and the semi-axes, a and b, are examined there does appear to
be a pattern. The elongation of the ellipse stays approximately
constant with the ratio a/b varying between 1.7 and 2.3. How-
ever the orientation of the ellipse changes with time. Ini-
tially it is approximately north-south. Then the major axis
turns clockwise until 1-1/2 hours later it is oriented along
a heading of 78°. The reason for the reversal of the ¢'s is
that the largest ¢ is the one most aligned with the major
axis of the ellipse. The corresponding parameters for the
XYT function fit show approximately the same behavior. The
large difference between the orientation of the IR and visible
correlation ellipses is in marked contrast to their close
alignment for complex number 2. This is a reflection of the

different nature of the two complexes.

d.‘ Infrared Temperature Gradient Component
The IR temperature gradient component correlation fields
corresponding to a threshold of zero are noisier than those for a
threshold of -1000. Because of this most of the raw corre-
lation fields for a threshold of zero could not be fitted with

the model correlation function. Table 44 lists the parameters
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Table 44. XY correlation function parameters for complex
number 6 IR temperature gradient component. (see pages 44

and 45)

CASE TIME 0.+ 9.- O+ o~ O, A 0, a % a b
(GMT) k@ ko km  kn min () km km
SM 2000 16.9 ---- 24.0 -=-= -—— 0.61 0.86 -0.02 -33 28.2 8.2
9p S 2030 114 —me- 58.2 ——m- -— 0.50 0.87 0.09 1 SR.2 11.3
O, SO 2100 1b.2 =e- 73.3 ~=m- -=— 0.81 0.83 0.36 & 73.5 13.2
52 s 2130 163 —— 70.7 --—— -—- 0.80 0.88 -0.08 -1 70.7 14.3
B sq 2206 315 —=m= 122.2 == -—= O.74 0.87 0.78 12 12k.7 10.k
“S M 20.0 -——- 12.8 —=—= -— 0.66 0.79 -0.63 -63 21.9 9.0
R 40.7 =-m= 102.2 == -—— 0.68 0.98 0.83 19 107.8 21.5
S o MISSING
o N DID NOT CONVERGE
= 1 h0.8 11.5 :08.2 106.9 70 0.69 0.98 0.84 19 113.2 2.2
0 k.1 2u.5 98.6 105.3 61 0.63 0.87 0.58 8 102.9 19.6

7616

620
T290

7530
6349

2023
90

of the function fits to the single time XY correlation and

XYT correlations for the fields corresponding to a threshold

of -1000. The model lag zero correlation, ellipse orientation,

and semi-axes of the correlation ellipse are plotted in Fig. 86.

The temperature gradient component fields appear to be

fairly coherent in space. This applies for both thresholds even

though. the thresholds' zero fields were noisier.

The correlation

ellipses are both broader and longer than the corresponding IR

correlation ellipses. 2lso note that the orientation of the

correlation ellipse is more constant than for the IR.

A com-

parison of the gradient component field with the temperature

field seems to indicate that the orientation of the IR corre-

lation ellipse may not be the vector most useful for our purpose.
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e. Infrared Temperature Cross Visible Reflectance

The IR temperature cross visible reflectance correlation
fields are highly variable. The single time XY cross-correla-
tion fields are very lumpy and have several significant maxima.
Table 45 lists the significant maxima and their corresponding
lags. The values listed one above the other in cases SO and
SP are adjacent and are both reported because their magnitudes
were so close. Even though the positions vary it appears that
the magnitude of the cross-correlation appears to be increasing
with time. The magnitude of the correlation closest to lag
zero is continuously increasing with time. Also the displace-
ment seems to be decreasing.

Another consistent featﬁre of the pattern is that even
though the shape of the positive correlation region varies
considerably it is always skewed toward the positive X direc-
tion. This indicates that the IR temperatures are more cor-
related with the visible reflectance to the east “han to the
west. Fig. 87 is a plot of an east-west cross section of two
data fields that might give rise to such an east-west correla-
tion structure.

Because of the highly variable nature of the single time
XY correlation fields it was felt that nothing would be gained
by analysis of the XYT correlation fields.

f. Infrared Temperature Gradient Component

Cross Visible Reflectance
After the analysis of the visible reflectance and IR

temperature gradient component auto-~correlation fields, it was felt
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Table 45. Cross-correlation at maxima and corresponding lags

for single time IR cross visible XY fields (bin size 6 knm by
8 km). (see page 45)

Local Maximum

Case Correlations and Lags
SM 0.388 (2,-2) 0.549 (-3,-4) 0.493 (0,4)
SN 0.443 (-1,3) 0.428 (-5,4)
SO 0.467 (-1,0) 0.584 (3,5)
0.466 (-1,1)
SP 0.641 (1,0) 0.580 (4,6)

0.655 (1,-1)

* Correlation (X lag, Y lag)

Fig. 87. E-w Cross section of two data fields that

would yield a correlation fielg skewed toward the
east.
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that the cross-correlation fields between these variables

would also be highly variable. This eéxpectation was upheld

upon examination of the single time XY correlation fields. as
has been seen in tha previous cases the Cross-correlation fields
corresponding to a threshold of zero is significantly more noisy.
There does appear to be significant correlation between these
variables. For the fields corresponding to a threshold of -1000
the smallest maximum is 0.301 at 2000 GMT and the largest maximum .
is 0.584 at 2130 GMT. There is also a tendency for the maxima
to be at negative X lags and positive Y lags. This implies that
the temperature gradient component has a tendency to be more

correlated with the visible reflectance to the northwest.

g. Radar Rain Rates Cross Visible Reflectance

The correlation between the radar rain rates and the
visible reflectance for this convective complex was difficult to
analyze. Only three cases SN (1930), SO (2100), and SQ (2200)
of the possible four single time XY correlation fields were
available for analysis. The structures of the fields vary for
the cases; however, they all do indicate a region of rositive
correlation about lag zero. The maximum correlation lies due
north in all three fields. This indicates that the radar rain
rates are most correlated with the visible reflectance to the
north about 5 km if the navigation €rrors are small. The max-
imum significant Cross-correlation reported in all of the fields

was 0.420.
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h. Radar Rain Rates Cross Infrared Temperatures
As with the radar cross visible there are only four

cases. However we have single time XY cross-correlation fields
for all four. Table 46 is a listing of the maximum correlations
and the corresponding lags at which they occur. The amount of
displacement of the maxima from lag zero seems to indicate that
the satellite data was navigated too far north. However, the
magnitude of the displacement is not consistent with the mag-
nitude of the.displacement found for the radar rain rates cross
visible reflectance, being larger by a factor of up to eight.
If the navigation of the satellite data was shifted southward
to reduce the magnitude of the displacement for the radar cross IR
temperature, then the displacement for the radar cross visible
would be shifted to the south by a corresponding amount.
Table 46. Cross-correlations at local maxima and corresponding

lags for single time radar cross temperature XY fields (bin
size 8 km by 10 km). (see page 45)

Case Local Maximum
Correlations and Lags

SN no significant correlation
SO 0.490 (1,3)*

SP 0.415 (1,4) 0.220 (-2,2)
SQ 0.375 (3,4) 0.420 (-3,0)

* correlation (X Lag, Y Lag)

There is significant correlation between the radar rain
rates and IR temperature. However, as has been the case pre-

viously the location of the maxima moves about considerably.

It is felt that not all of this movement is due to navigation
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errors, but represents the true changing nature of the cor-
relation structure. The reasoning behind this is based on
the variation of the location of the maximum cross-correlation
between the IR temperature and visible reflectance. Since it
is not likely that variation is due to navigation error, it is
reasonable for some of the variation to show up in the radar
cross IR temperature correlation fields. Due to this varia-
tion of the maximum and the presence of multiple maxima the
XYT cross-correlation fields will not be analyzed.

i. Radar Rain Rates Cross Infrared Temperature

Gradient Component

The single time XY correlation fields are very noisy
for both thresholds. There is a hint of a pattern in the cor-
relation fields for cases SO (2100), SP (2130), and SO (2200) .
There is an area of positive correlations generally oriented
north-south but varyiné in overall shape. There is also a
tendency for higher correlations at the northern and southern
ends of the positive regions. The magnitude of the displace-
ment is on the order of 20 to 30 km which seems to be rather
large. The largest cross-correlation found in the fields cor-
responding to a threshold of -1000 was 0.393 with an average
of 0.320. The corresponding values for a threshold of zero
are a maximum of 0.459 and an average of 0.405. There was
a8 maximum correlation of 0.635 for case SN (threshold of zero),
howevér there is some question as to its significance‘because
the number of proéuct pairs was very low and it was not part

of any general pattern.



CHAPTER VI

SUMMARY AND CONCLUSIONS

In the previous chapters the usefulness of rainfall
estimation using satellite data was stated followed by brief
descriptions of other current efforts toward this end. Then an
Objective analysis scheme that might be used to obtain estimates
of surface rainfall from satellite imagery was outlined. 1In
order to determine the feasibility of this approach it was pro-
posed that the auto- and cross-correlation structure of radar
derived rain rates and satellite visible refelctance and IR
temperature be investigated. To this end four convective com-
Plexes were analyzed in considerable detail. The following is
a summary of the results for these four convective complexes.

The area of the correlation ellipse does appear to be
correlated with the radar rain rates. The amount of correla-
tion is not the same for different variables and different storms;
however, this should be expected. Figs. 88 and 89 show scatter
diagrams of radar rain rate and visible reflectance correlation
areas versus volumetric rain rate. In the diagram for the radar
rain rates it is seen that there are at least two groupings,

1
possibly three. The least squares straight lines for each

177
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complex are mainly for reference as the number of values used
in finding the fits was small. Complex number 3 values are
distinct from those for complexes 2 and 6. The difference
between complexes 2 and 6 is not as clear. This is an indica-
tion that a relationship between the area of the correlation
ellipse and the radar rain rates might be developed with more
data. Several investigators use a similar relationship to
relate actual radar echo area to rain rate; The values for
complex number 3 do not indicate the presence of any obvious
relationship.

The scatter diagram for the visible reflectance area
versus volumetric rain rate seems to indicate a different re-
lationship exists during the developing and dissipating stages.
However, when one considers that the point at A occurs during
the dissipating stage of the storm, some uncertainty is intro-
duced. When one refers to Figs. 12 and53 it is seen that as
has been mentioned earlier the visible correlation area appears
to lag the rain rates by approximately 30 minutes. The scatter
diagram was replotted, Fig. 90, with the visible correlation
area shifted backward in time 30 minutes. This does not im-
prove the results for complex number 3, but there is much im-
provement for the other complexes. The values for both com-~
plexes 5 and 6, both in the developing stage, tend to cluster to-
gether and indicate a common linear relationship. Also the
values for complex number 2 seem to indicate a fairly linear
relationship when one ignores the point at B. This is probably

justified as the point at B occurred very early in the life
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of the complexes when the indicated rain was very light.

Not much could be determined about the IR temperature
correlation areas as the data were sparse. Referring to Figs.
12 and 72 it can be seen that the IR temperature correlation
areas appear to be related to the rain rates as well as the
visible correlation areas.

It was stated in Section 2, Chapter III, that the
correlation ellipse semi-axes, a and b, were independent of
the orientation of the ellipse. This allows one to present
and characterize the development of a convective complex with
time in & counsistent manner. This was illustrated with
several examples in the discussion of the individual complexes:
complex number 2 radar, complex number 3 visible, complex
number 6 radar, and complex number 6 IR temperature. There
is also some indication that the ratio of the semi-axes, a/b
for the IR temperature reflects the anvil growth better than
the equivalent ratio for the visible reflectance.

There are other aspects of the relationship between
rain rates and the satellite parameters. Table 47 is a listing
of the maximum cross-correlations for each convective complex
radar rain rate cross satellite. From the table it is clear
that there is an indication 'that the less fragmented a complex
is the betéer the cross-correlation. This is because fewer
cells are being composited. This compositing would not make
any difference if the cells were identically manifested in the

radar returns and the satellite measurements for each time.
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Table 47. Maximum radar rain rates cross satellite correlations

for each convective complex. (see page 45)
Radar Number Radar Number

Convective Cross of Radar Cross of Radar
Complex Visible Cells IR Cells

2 0.530 1 0.526 1

3 0.356 2 0.345 4

5 0.383 4 0.295 4

6 0.420 3 0.490 3

The amount of correlations seems to vary considerably and is
most variable during the developing stage of the convective
complex. As illustrated in convective complex number 2, once
the complex is well developed, the cross-correlation can be
large. In general the radar rain rates appear to be equally
correlated with both the visible reflectance and the IR
temperature. There is an indication though that the radar
may be more correlated with the visible reflectance than the
IR temperature during the developing and dissipating stages.
There is also significant correlation between the IR tempera-
ture and visible reflectance. The magnitude of the cross-
correlation was not as large as expected based on previous
work (Eddy and Hembree, 1977, and Eddy, 1978). The smaller
magnitudes can be attributed to the smaller scale storms that
were involved in this study. The storms in the previous

studies were very large mature complexes with rain swaths
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over a hundred miles long. On the other hand the current
complexes were much smaller (at least for the period available)
with rain swaths in the tens of miles. This holds even for
convective complex number 2 for which we have essentially the
entire life cycle.

The location of the maximum IR cross visible in the
single time XYy correlation fields was variable in most cases.
This may reflect actual changes in the cross-correlation
Structure or relative navigation errors. It is felt that some
of this variation is Que to navigation problems even though
both data fields represent satellite data for the same time
Period. This is based on the size of the offset and the mag-
nitude of the changes in the offset from case to case within
a given convective complex. The IR data was navigated with
respect to the visible using a procedure suggested by Dr. David
Reynolds at Colorado State University based upon how they gen-~
erated the data sets. However, I do not feel that the procedure
was adequate.

The navigation error also affected the determination of
the direction of motion for all XYT correlation fields involv-
ing satellite data. The directions of motion determined agreed
well with estimates made by examining plots of the satellite
data; however, these are also in error if the navigation is in
€rror. The agreement though does illustrate that when the
navigation is correct then an estimate of the direction of

motion can be determined. This is further backed up by the
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Fig. 91. Example of IR temperature field that would

result in the major axis of correlation ellipse not
parallel to axis of anvil.
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directions of motion determined for the radar rain rate auto-
correlations. For all complexes the objectively determined
directions agreed well with those obtained from an examination

of plots of the raw data fields.

However, the navigation error was'large enough that it
prevented the determination of the offset distances, d, and
the offset direction, Y, in most of the cross-correlations.
It also rendered many of the XYT cross-correlation fields
difficult to interpret because of the compositing performed.
One possible exception was complex number 3 where it appeared
that the satellite pattern was slightly displaced to the north-

northeast, downwind, of the radar.

The method used to define the IR temperature gradient
component needs to be reexamined. Presently the temperature
gradient is determined and then the component along the major
axis of the IR correlation function is found. The reasoning
was (Section 3, Chapter 4) that the orientation of the major
axes should parallel the downwind direction. As it turns out
this is not always true. In the convective complexes studied
it is estimated that the differences in these directions were
at times as large as 30°.

It is believed that this is due to two possible influ-
ences. First, two or more cells may have developed side by
side across the axes of the anvil. The cold tops correspond-
ing to these cells then merge resulting in the cloud top tem-
perature distribution shown in Fig. 9I. Notice that one could

define two ellipse major axes: one through the ellipse formed
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by the warmer temperatures (anvil) and one through the ellipse
formed by the colder temperatures. When one finds the correla-
tion structure of the entire field the major axes of the cor-
relation ellipse represents a composite of these and would,
therefore, not be parallel to the major axes of the anvil.
Secondly, a single cell may be developing across the anvil

axes and a similar cloud top pattern would develop with the
same effect.

The result is that the temperature gradient component
fields tend to be more parallel to the axes of the anvil +than
perpendicular to it. Because of this the actual cross-correla-
tion of the gradient field with the other data fields could
not be accurately determined. There is‘indication though that
there is significant correlation between the radar rain rates
and the IR temperature gradients.

It appears that it should be possible to obtain function
fits to most of the auto-correlation fields for the purpose
of classifying the complexes. A more complicated correlation
model will be required to represent the structure of the cross-
correlation fields. However, the IR temperature cross visible
reflectance cross-correlation field can often be fitted with
the model correlation function. This is especially true after
the storm has developed. 1If objective analysis and/or sensor
pPlacement studies are to be performed using these fields a
method using smoothed versions of the raw correlation fields
must be developed for use where the current correlation model

is not appropriate.
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One of the major problems encountered was the size of
the radar and visible satellite data fields. Any implementa-
tion of an objective analysis scheme using these field would
require at least a rewriting of existing programs to restruc-
ture the calculation and data management procedures. In addi-
tion the use of computer systems with larger memecry capacity
and greater speed would be very beneficial. A computer system
with vector operations would also greatly simplify and speed
up execution.

It has been demonstrated that there is significant cor-
relation between the radar rain rates and the satellite para-
meters and that further study should be pursued. Of the two
types of correlation fields calculated (XY and XYT), the single
time XY correlation fields seem to cffer the best prospect for
further investigation. The XYT correlation fields are fairly
well 5ehaved for the auto-correlations but are distdrted for
most of the cross-correlations. This is due to the changing
nature of the convective complex and the multimedal structure.
Also the areas of the model correlation ellipse for the single
time XY correlation fields tend to reflect the changes in the
rain rates more closely than do the XYT model correlation areas.
Also the development of the convective complexes can be more
easily followed and characterized using the correlation ellipse
semi-axes, a and b, and the ellipse orientation, ¢, instead of
the function parameters of ellipticity and decorrelation distance.

To establish a better understanding of the correlation structure,
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equivalent studies need to be performed on larger scale storms
and on more storms for which the entire 1life cycle is availabie.

Additional factors that could be examined are

1. the time change in the visible reflectance,

2. the time change in the IR temperature,

3. different thresholds for the visible reflectance
and the IR temperatures used in determining the
correlation fields,

4. correlations between dichotomized variables such

as rain/no rain and cold/warm.
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