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SATELLITE-ESTIMATED RAINFALL IN GATE

William L. Woodley, Cecilia G. Griffith, Joseph S. Griffin,
and Scott C. Stromatt

Quartitati/e precipitation estimates have been made for the GRIP (Global At­
mospheric Research Program) Rtlartic Tropical Experiment (GATE) from geo­
synchronous, irfrared satellite imagery and a computer-automated technique that ns 
described in this memorandum. Isohystal maps and volumetric estimates vere made 
for tie GATE A scale (1.43 x 10 tof) and for a 3° square (1.10 x ia tot) that 
enclosed the B scale for time frames ranging all of GATE (27 June through 20 Sep­
tember 1974) dam to 6-hr segments. The estivates for the square are compared 
with independent rain measurements made by four C-band digital radars that vere 
complemented by shipboard rain gages. The A-scale estimates are compared to rain­
fall estimates generated by NASA using Nimbus 5 m microwave imagery. Other analy­
ses presented include: (1) comparisons of the satellite rain estimates ewer
Africa with rain gage measurements, (2) maps c£ satellite-inferred locations a 
frequencies cf new cloud formation, cloud mergers, and cloid dissipations, (3) 
latitudinal precipitation cross sections along several longitudes, and (4) diurnal 

rairfall patterns.
The satellite-generated B-scale rairfall patterning is similar to, and the 

rain volumes are within 10% of, those provided by radar for phases 1 and 3. The 
isohyetal pattens are similar in phase 2, hit the satellite estimates are lew, 
relative to the radar, by 73%. The reasons for this B-scale disparity m phase 2 
are unknown, but the analyses presented suggest that it does net cany over tot 
A scale. Comparison cf NASA Electronically Scanning Microwave Radiormter (E&R) 
rain estimates with airs for several areas within the A scale for all GATE sug­
gests that the former is lew relative to the latter by 50%. The satellite esti­
mates cf rainfall in Africa are similar to measurements by rain gages in all 
phases cf GATE up to 11° N and progressively greater than the gage measurements 
north cf this latitude toward the Sahara desert.

Tie diurnal rainfall studies suggest a midday (abort 1200 GMT) maximum of 
rainfall over the water areas and a late e/ening maximum (about 0000 GMT) over 
Africa and the north part of South America. The latitudinal rainfall cress sec­
tions along several longitudes by phase clearly show the weste-sortlwest/ east- 
northeast orientation cf the Intertropical Convergence Tone (ITCZ), the dirnmnutnon 
cf the rainfall west-soutlwesiwavd from Africa into the Atlantic, and the north­
ward progression cf the ITCZ from phase 1 into phases 2 and 3. The center of 
action for clcud formation, merger and dissipation, and the area cf maximum rain­
fall (exceeding 1600 mm for all cf GATE) occurs along the sothest African coast 
near 11° N. This agrees with past climatologies for this region, anpenpositnon 
cf tie sateLlite-gererated rairfall mops and sea surface temperature mops by phase 
suggests a strong relationship between the two. Almost all cf the rairfall occurs 
within the 26° C sea surface temperature envelope. The mean daily coverage of 
rainfall and the mean rainfall in the areas with rain for the A scale for all GATE 
are 20% and 14.1 mm d'1, respectively. These and ether results are discussed.



1. INTRODUCTION

Quantitative precipitation estimates have been made for the GARP Atlantic 
Tropical Experiment (GATE) from geosynchronous, infrared satellite Imagery and 
a computer-automated technique described here. Documentation of the spatial 
and tanporal distribution of the rainfall in GATE was viewed as a prerequisite
etVl^ nU9M1'1he?t °f tHe C6ntral objectlves of GATE as expressed by Kuettner 
et al. (1974) before program commencement. As a consequence, several preci­
pitation analysis programs that use various combinations of shipboard radar 
and ram gages, salinity measurements, atmospheric soundings, and satellite 
imagery were supported to ensure achievement of the central GATE objectives.

WaS the devel°Pment and use of a technique to estimate rainfall from 
satemte imagery in GATE. This study was to culminate in a precipitation 
a las (Griffith et al., 1979). The emphasis was on the A scale, because no 

f®thod was available for rain estimation on such a large scale (1.43 x 
m ) • (A variant of the technique has been used by Stout et al. 1979 to 

make estimates over finer time and space scales.) A-scale satellite rain 
estimates over smaller areas were compared with those provided independently 
* lnvestigators to establish the accuracy and credibility of the
satellate-denved rain estimates. The results of the research effort are
ummarized in this paper and selected products of interest from the atlas are 

discussed.

2. SATELLITE RAIN ESTIMATION TECHNIQUE

2.1 Satellite Rain Estimation Technique as Developed in Florida

The diagnostic method to estimate rainfall over varying space and time 
scales in GATE was derived and tested in Florida (Griffith et al., 1978).
rainfalT^ ^ tlme historles of areas of active convection and
rainfall in the tropics are brighter or colder on the satellite visible or in-

than ch°S! °f lnactive regi°ns, Applications Technology 
OneraMoLl <3> 3 Synchronous Meteorological Satellite/Geostationary
Operational Environmental Satellite (SMS/GOES) images were calibrated with
gage adjusted 10-cm radar data over South Florida. The resulting empirical 
relationships require a time sequence of cloud area, measured from the satel­
lite images at a specified threshold brightness or temperature, to calculate 
rain volume over a given period. Only the infrared version of the technique 
as developed in Florida was used for rain estimation in GATE.

a rATpU°ti °f ^ tedini(*ue to computer processing made the prediction of 
a nfall atlas an attainable goal. Automation was accomplished by a

anrPhillinW197^thaa ^ navigate the satelllte after the model of Smith 
and Phillips (1972) and decrease the spatial resolution, if necessary, (2)
solate and track raining convective clouds with time after the scheme of
lggert et al. (1976), and (3) calculate and map rainfall over the user-speci-

torl*«re5°ni?nd| tXae uperlod- Use of the tracking software produces time his- 
nlH f 9!^ 8 tOP temperatures less than the temperature thresh-

K‘ 11113 software calculates the temporal and spatial locations of 
cloud origins, mergers, and deaths, as well as cloud size and rain production.

2



2.2 Satellite Rain Estimation Technique as Applied to GATE

2.2.1 Data

Rainfall in GATE was estimated with the basic technique as developed and 
tested in Florida. No fine tuning for the GATE environment was done. The 
data used in this study were the compacted, digital SMS-1 images for GATE 
provided by Smith and Vonder Haar (1976). The compacted data set covers the 
area bound by 5° W, 50° W, 5° S, and 22° N (fig. 1); that is, the oceanic 
portion of the GATE A scale. Both visible and infrared imagery are included 
in the set at hourly intervals during the 85 days1 spanning GATE (27 June 
through 20 September 1974). The infrared data have a spatial resolution of
about 4 nmi (about 8 km) north-south and about 2 nmi (about 4 km) east-west
and a dynamic range 330° K to 163° K covered by 256 digital counts. This
results in a temperature resolution of .5° K belcw 242° K and 1 K above. The
visible data were not used in this study, but have a spatial resolution of 
about 2x2 nmi and a dynamic range of .5 to 100% albedo covered by 64 digital 

count s.

We processed these 85 tapes of infrared data on the NOAA CDC 6600 compu- 
ter. Word length on this machine is 60 bits; the machine functions, which 
allow bit manipulation, were used extensively to pack several variables into 
one machine word.

Processing 85 days of hourly, full resolution infrared data would have 
been so costly and time consuming that the task would have been beyond our re­
sources. Yet, analyzing the data at a reduced temporal or spatial resolution 
would likewise degrade the resolution of the final product rainfall. We 
balanced these conflicting demands by reducing the spatial resolution to 1/3 
latitude by 1/3° longitude (20 nmi x about 20 nmi) grid squares, while saving 
information about the temperature structure internal to each 1/3° square.

With this technique, clouds are defined as composed of those picture 
elements that are as cold or colder than 253° K. As described in Griffith et 
al. (1978), rain volume is a function of temperature, with the colder temper­
atures implying more rain. Although the relationship between temperature and 
inferred rainfall is specified continuously for each digital count (that is, 
for every 1° K), we used only two temperature levels colder than 253° K in 
computing GATE rainfall. These were 223° K and 213° K. Thus for every 1/3° 
grid square there were four pieces of information: the average temperature of
the square and three values that indicated the fraction of this grid square 
with temperatures from 253° K through 224° K, 223° K through 214° K and 213 K 
or colder. Details on the use of this information in rain computations are 
given in sections 2.2.3 and 2.2.4.

'*'No satellite data were available for 22 August 1974.
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2.2.2 SQUISH

Program SQUISH has four functions: (1) calibration of the infrared data,
(2) spatial degradation, (3) navigation, and (4) rectilinear remapping. The 
first function is required because of sensor instabilities in the SMS-1 
radiometer and the nonexistence of standard calibration procedures at the time 
of the GATE. These difficulties are discussed by Smith ^nd Vonder Haar 
(1976). The calibration routine was kindly provided by Smith.

Xn the spatial degradation routine, the average temperature in, and frac 
tional coverage of, the three temperature ranges over a "box" are calculat­
ed. Up to this point, satellite data are still in the satellite coordinate 
system and are identified by line (counted from the top of the image) and ele­
ment (counted from the left side of the image). A box is then composed of 5 
lines by 10 elements. The navigation routine (Smith and Phillips, 1972) con­
verts the data from the satellite to an earth coordinate system by determining 
the latitude and longitude of the center of each box. The sides of the boxes 
are also determined by a process illustrated in figure 2. The center of a box 
of interest is shown, as well as the centers of the four nearest boxes. The 
sides of the box are defined by those lines that are both medians between the 
box center and the surrounding centers and are parallel to lines of latitude 
or longitude.

These boxes are mapped onto a 1/3° latitude by 1/3 ^longitude grid. 
Rather than simply equivalencing the boxes to the closest 1/3 square, (which 
would have resulted in holes in the array), we apportioned the average 
temperature and fractional coverages into each 1/3° square on the basis of 
fractional overlap of square and box as depicted in figure 2. The disadvan­
tage of this remapping scheme is that there is a small amount (about 2A) of 
overlap in the 1/3° grid squares at the northwest corner of the A scale.

2.2.3 TRACK

The cloud isolation and tracking routine is that discussed by Wiggert et 
al, (1976) with parameter values appropriate to the satellite data. Briefly,., 
clouds are defined by the 253°K isotherm and are isolated by an eight-point 
search method. Once all the grid squares that make up a cloud have been stor­
ed, bivariate normal distributions are fitted to the envelope of the claid and 
to the areas associated with the temperature relative minima within each cloud 
(fig. 3). These distributions form the basis for matching clouds between 
successive images. A match is taken when the area-weighted centroid of the 
cloud envelope in one frame is within a specified radial distance (2.8 grid 
squares) of the centroid in the previous frame. If no one-to-one matches fit 
this criterion, more sophisticated matches are attempted with the distri­
butions for the temperature minima. There are seven categories of matches: 
tracking old echo (that is, one-to-one matches), lost merged, lost split, lost 
evaporated, result of merger, result of split, and new growth. We have added

2E. A. Smith 1977: personal communication.
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Extended Echo With Two Relative Maxima.

Best Ellipse Fit, Only This Available 
With Fourier Program (TRACK)

Best Ellipse, Plus Recognition Of Peak Distributions; 
Available With New Program (PEAKS).

JpigUTS 3• SchGHlcltic Of cL JCd-dcLT GChO With tWO TGld.t2.VG (top)
and resulting fits from a Fourier algorithm (middle) or a bivariate 
normal distribution algorithm (bottom). When satellite data are 
used, contour lines correspond to thermal infrared temperatures or 
visible brightness levels.

two categories, lost mingle and result of mingle, where a mingle is a cloud 
that has undergone both merging and splitting from one frame to the next (see 
fig. 4, frame tg to t^).

2.2.4 TRACER

The output provided by the tracking routine consists of all clouds isola­
ted in each image, as well as cloud size, area weighted centroid, and status 
indicator (tracking old echo, lost merged, etc.). To make rain calculations, 
these data must be arranged by individual clouds rather than by image times. 
Program TRACER accomplishes this rearrangement and prepares the data for rain 
calculations in program RAINMAP.

To derive this rain estimation technique, a simple model has been assumed 
in which clouds monotonically grow to a maximum size and then monotonically 
shriik until they disappear. In the actual rain calculations each image is 
referenced to maximum cloud area. In practice, few of these simple, single 
clouds are encountered—most clouds undergo multiple splits, mergers and/or

7



Figure 4. The distinction between "entity" and "segment" cloud histories. 
For explanation, see text.
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mingles3 during their lifetimes. These types of changes are partly caused by 
sensor resolution (both spatial and temporal) and cirrus contamination (since 
the satellite views cloud top), as well as the actual interactions among 
clouds. In any event, suitable definitions of clouds must be made for these 
complex interactions. In other uses of this technique (where image sequence 
spanned, at most, 36 hr) cloud "entities" have been defined as composed of all 
clouds that at one time had split, merged, or mingled with one another. It is^ 
entity area (the sum of the component areas) from which rainfall is com­
puted. In view of the length of the GATE sequence (85 days), the large area 
of estimation (the A scale), and the degraded spatial resolution used (I/3 
latitude by 1/3° longitude), we felt that our previous definition of cloud 
system was absurd for these time and space scales. As a consequence, for the
GATE estimates we have defined cloud "segments.' A segment exists as long as 
cloud status remains "tracking old echo" and terminates when any of the four 
"lost" codes are encountered.

The distinction between these two definitions can be seen in figure 4 and 
table 1. In image t, there are three clouds. At t2 the lower cloud has split 
and the upper clouds have merged. The clcxids grew individually in image t3- 
In the last frame, the center right cloud has decreased, while the leftmost 
clouds have mingled; that is, the top left cloud has split into two pieces, 
one of which has merged with the bottom left cloud. In terms of the entity 
definition, these clouds form one entity, whereas under the definition of seg­
ments there are eight segments in this sequence, as indicated in table 1.

Once all segments have been defined, a rain intensity (H) and total volu­
metric output (Rv) for each segment at every image time can be computed. The 

former is computed from

H(tj) = I(tj) x AE(tj) x At , (1)

and the latter by

3
R (t .) = H(t ) x E 

v J 3 i=1
ai(tj) x bi (2)

where t- indicates the image date and time, I is rain rate (discussed be 
low), Ap is inferred echo area (and is a function of cloud segment size), At 
is the time interval between successive images, a is the fraction of the 
cloud segment covered by a specified temperature range, b is an empirical 
weighting coefficient (also a function of temperature), and i3 indexes the 
specified temperature range. Both H and Ry have units of m . Note that 
(2) in this paper is formally identical to equation (2) in Griffith et al. 
(1978). The function I in the latter paper was assigned three values that 
were functions of echo growth trend (increasing echo size, decreasing edio 
size and their average). Using Miami WSR-57 data, we have since refined this

3A mingle is the simultaneous split and merger of a cloud.

9



Table 1. Examples of Output From Rain Estimation Programs for the Simulated 
Case in Figure 5___________

Cloud tracking output

Time ID Status (frame t^ to fci+l)

fci A

B

AB

C

C1

C2

Lost, merged

Lost, merged

Result of merger

Lost, split

Result of split

Result of split

AB

C1

c2

Tracking old echo

Tracking old echo

Tracking old echo

fc3 AB

C1

AB1C1

AB2

C2

Lost, mingled

Lost, mingled

Result of mingle

Result of mingle

Tracking old echo

Entity analysis Segment analysis

Entity Time ID Segment Time ID

1 fcl A i fci A

B 2 fci B

C

t2 AB

3 h c
4 fc2 AB

ci t3 AB

c2 5 fc2 C1

fc3

10



Table 1. Example of Output From Rain Estimation Programs for the Simulated

Case in Figure 5 (Continued)

Entity analysis Segment analysis

Entity Time ID Segment Time ID

fc3 AB 6 C2

C1 fc3 c2
C2 c 4 C2

tb AB1C1 7 AB1C1

C
M

< 8 ab2

c2

11



function to take on nine values. As shown in table 2, if echo area is 
increasing, I assumes one of four values, depending upon what fraction of
its maximum size the echo has achieved, and similarly for decreasing echo 
size.

factions are obtained from the fractional coverage of the 1/3° x 
13 grid square within the three temperature ranges discussed in section 

In this manner, subgrid temperature information is used in the calcu­
lation of the total volumetric output of a cloud segment or, as shown in sec­
tion 2.2.5, in the rainfall mapped onto the 1/3° grid squares.

Jhe empirical weighting coefficients have been given in Griffith et al. 
:8 , 00F°oVhi£: i?Pllcation’ the temperature thresholds were chosen to be 

K> 22 J K and 213 K and b takes on the values 1.00, 2.19 and 3.24 re- 
s pe ct ive ly.

2.2.5 RAINMAP

The final product of the estimates originally made by this technique from 
photographic transparencies was volumetric output (m3) per cloud per unit 
time. Since we have started using digital satellite imagery, we have devised 
several empirical schemes to compute rain depth in those picture elements that 
make up the cloud and so prodice isohyets. For the GATE estimates, cloud area

Table 2. Rain Rate as a Function of Echo Growth Trend for South Florida

Echo grcwth 
trend I(m3 km 2 h ■*■)

Increasing area

°.° <Ae/Aem<0.25 13.3 x 1(P

0.25 1 AE/AEM < 0*50 17.3 x 103

°*50 < ae/aem < °-75 21.1 x 103

0.75 1 ae/aem < 1,00 23.8 x 103

AE^AEM = 20.7 x 103

Decreasing area

1.00 > Ae/Aem >_ 0.75 21.1 x 103

0.75 > Ae/Aem _> 0.50 16.7 x 103

0.50 > A£/Aem > 0.25 11.9 x 103

0.25 > Ae/Aem > 0.00 8.2 x 103

Ag = echo area

Agw = maximum echo area

12



(defined by the 253° K threshold) and rain area are assumed to coincide. It 
is further assumed that the colder the grid square is, the more rain it con­
tains. This relationship is specified by the weighting coefficients and the 
cloud's coverage by the three temperature ranges. Rain depth per 1/3° grid 
square is calculated for each image by

D <J>,

H(t ,n) 3
—Y------x £
10 xA_ i=l

Or

\ (t.,n) 
i J

Ac(tj’n)
X (3)

where D , x is the depth of rain (mm) in the 1/3° grid square indexed by lon­
gitude $’ and latitude X; Ag is the area (km2) of this grid square; n is 
the cloud segment index; ^r. is the area (km2) of this grid squar| that is 
covered by the ith temperature range; and Ac is the total area (km ) of the 
cloud segment at this time. The factor of 10 J converts units to milli­
meters. H, b, and t. are as before. Hourly rainfall is accumulated and 
stored in 6-hr periods on tape and 24-hr period accumulations are stored as a 
paper atlas (Griffith et al. , 1979). Both are available from the World Data 
Center in Asheville, North Carolina.

3. ESTABLISHING A BASIS FOR COMPARISON

No precipitation measurements in GATE, whether they are made by shipboard 
rain gages, radar, satellite, or a combination of the three can be viewed as 
absolute standards because of the problems inherent in each system of measure­
ment in an oceanic environment. Nevertheless, through a variety of compara­
tive analyses, a reasonable approximation to the true rainfall can be 
obtained. As a part of GATE, quantitative precipitation estimates, for an 
array centered as 8°30' N and 23°30' W, were made during summer 1974 with four 
C-band digital radars complemented by shipboard rain gages. The results of 
this precipitation analysis project within the GATE Convection Subprogram were 
published by Hudlow (1979). Although this analysis project is not without 
limitations and uncertainties, there is ample justification for using the re­
sults of this effort as a basis for comparison with the satellite rain esti­
mates.

Great care was exercised in the derivation of the radar rainfall analy­
ses. The electronic calibrations of the GATE radars were established before 
the GATE field operations and were routinely chedced throughout the experi­
ment. The radar calibrations were evaluated through analyses that included 
comparisons of measurements from two or more radars in regions of overlapping 
coverage and comparisons of radar rainfall estimates with shipboard rain gage 
measurements (Hudlow et al. , 1979; Hudlcw and Patterson, 1979).

^In other applications that use the full resolution data, we have found it 
physically more reasonable to assume that the rain area is some fraction of 
the cloud area.

13



The rainfall amounts that reached the sea surface were estimated by means 
of the low-altitude radar data sets. A Cartesian data array with the ele­
mental data bin sizes equal to 4 km x 4 km was adopted and the Cartesian 
arrays of calibrated and validated reflectivity data from the individual 
radars served as data input to the primary precipitation software system. 
These data were normally available every 15 min. The output from the primary 
precipitation software was hourly accumulated rainfall maps for a master array 
that covered a circle 204 km in radius navigated to an origin at 8°30' N and 
23°30' W.which was also the center of the GATE B-scale array. For phases 1 
and 2 of GATE, only the radar data sets from the Researcher and Oceanographer 
were used to derive the hourly precipitation maps. According to Hudlow
(1979), this decision was based on data availability, ship location, and the 
superior range performance of the Oceanographer radar. To cover the master 
array during phase 3, data from all four radars (Researcher, Oceanographer, 
Quadra, and Gilliss) were merged when available. The data processing to 
obtain precipitation is discussed extensively by Patterson et al. (1978) and 
in lesser detail by Hudlow (1979). Hudlow et al. (1979) describe the 
techniques for calibrating and comparing the radars and the manner in which 
the various biases were determined and removed before the data from the 
individual radars were merged.

Hudlcw and Patterson compared, extensively, the radar rain estimates with 
shipboard rain gages. They concluded that "matching the gage and radar values 
could best be done by minimizing the difference between the gage value and a 
radar estimate selected from a small set of radar data bins comprised of the 
one containing the mean gage position and the closest adjoining data bins." 
Even so, they recognized the difficulty in assessing absolute errors based 
upon sparse shipboard rain gages that had miniscule sampling volumes compared 
with the radar. The results of the comparisons between the merged radar data 
and the shipboard rain gages are summarized in table 3, which was extracted 
from Hudlow, 1979 (his table 4). The mean absolute percentage difference be­
tween the gage and radar values was calculated from

22
(gage^j - radar^)

gageij
x 100/N (4)

where the sums are for all B-scale stations (i) used in the analysis and for 
all phases (j), or days (j), during GATE; N is the total number of gage-radar 
pairs. It would appear that removal of systematic biases, which were < 3 dB, 
before the merger of the data resulted in a data set that compares favorably 
with the rain gage measurements. The mean absolute percent differences are 
about 15% for the phase rain estimates and about 25% for the daily and hourly 
rain estimates.

Although not a perfect standard, there can be little doubt that the radar 
estimates of rainfall complemented by rain gages for the master array are the 
best possible under the circumstances. Table 3 suggests that this standard is 
most reliable for the various phases and less so for individual days or hours

14



Table 3. Summary of Mean Absolute Percent Differences Between Radar and 
Shipboard Rain Gage Measurements (from Hudlcw, 1979) -----------------

Mean absolute
percent differenceScales

(error) CommentsTime Space

16 km2 14% Each radar estimate was 
Phase taken as the value in 

closest agreement with the 
rain gage, from the set of 
four 4 km x 4 km data bins 
consisting of the one con­
taining the phase mean 
ship position plus the 
three nearest neighboring 
bins.

16 km2 23% Each radar estimate was Daily taken as the value in 
closest agreement with the 
rain gage, from the set of 
nine 4 km x 4 km data bins 
consisting of the one con­
taining the daily mean 
ship position plus the 
eight surrounding bins.

1-3 hr 5 x 102 - 5 x 103 23% Based on expected range of 
km2 space scales over which 

the 4-km radar estimates 
must be averaged to obtain 
an accuracy equivalent to 
the daily estimates for 
time scales of 1—3 hr.
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within the phases when random errors might prove to be dominant. These un­
certainties should be kept in mind when the comparisons of the satellite rain 
estimates with this standard are interpreted later in the paper.

4. SATELLITE-DERIVED RAINFALL ESTIMATES FOR GATE

4.1 Accuracy of B—Scale Estimates

Satellite-derived daily rain estimates for the 3° square (22° to 25° W 
and 7° to 10° N) that encompasses the GATE B scale and for the GATE A scale 
(fig. 1) for the 85 days between 27 June and 20 September 1974 are provided in 
table 4. Radar rain estimates for the 3° square, obtained from the merged 
data set, are provided when available. The ratios of satellite to radar 
values (and vice versa) are included as well. For 6-hourly rain estimates 
within the day, the reader is referred to the GATE rain atlas (Griffith et 
al., 1979). According to the satellite rain estimates, the wettest day in the 
3 square was 20 August (day 232) with 0.54 x 1010 mJ of rain. (Day 232 was 
an interphase day between phases 2 and 3.) Over the A scale, 19 September 
(day 262) was the wettest with 9.46 x 10iU m .

Plots of daily and cumulative satellite and radar-derived rainfalls by 
phase for the 3° square are provided in figures 5, 6, and 7. Note that the 
ratio of satellite to radar rainfalls is provided in the cumulative plots. 
The break in the plots for phase 2 (fig. 6) is caused by a lack of radar data 
when the Oceanographer was off station because of a medical emergency. The 
agreement between satellite and radar is remarkably good in phases 1 and 3, 
but rather poor in phase 2 when the satellite rain estimates are systemat­
ically low relative to the radar estimates, amounting to 73% by the end of the 
phase. The third (dotted) curve in the daily plots for phase 2 (fig. 6a) 
shows the daily values one would obtain by adjusting all the satellite 
rainfall estimates upward by a factor of 1.73. As we will see, there is 
little justification for applying this type of adjustment.

Plots of the satellite-inferred, daily rain volumes for the GATE A scale 
for the three phases are provided in figure 8. The "adjusted" curve for phase 
2 was obtained by increasing all of the A-scale estimates by 73% based upon 
the radar-satellite comparisons for the 3° square in the same period. An 
examination of the plots suggests that this adjustment is not appropriate for 
the A scale because the adjusted curve appears to be anomalous when compared 
to the unadjusted curves for the other phases.

These general impressions are reinforced by a study of tables 5 and 6. 
Table 5 summarizes phase rain estimates from the gage, radar, and satellite 
data sets. The satellite and radar rainfalls were summed over the 3° square, 
and the area average computed. The rain gage data were taken from Hudlow 
(1977), where mean hourly rainfall rates (mm h 1) are shown by phase for each 
ship. An area-average rainfall rate was computed and the value was multiplied 
by the appropriate number of hours in the phase to produce the B-scale average 
depths provided in table 5.
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The radar estimates agree quite well with the gage estimates for the 
phases, but this was expected since systematic biases for the various radars

T68 * coraParlson wlth rain gages) were removed before 
merger of the data. As noted, the satellite estimates agree quite well with
the rain gage and radar estimates for phases 1 and 3, but are low relative to 
the others in phase 2.

Eased upon the results presented so far, it appears that it is the sat- 
e ite estimates and not the radar estimates for the 3° square that are 
ancmaious in phase 2. Table 6, a summary of simple statistical parameters for 
th® ra.dfr and satellite rainfalls, tends to support this conclusion. The 
rainfali ranges (that is, maxima and minima) are comparable for the satellite 
an radar, but the phase 2 median and mean values as obtained from the satel­
lite appear anomalously low. However, no such anomaly is evident in the A- 
scale satellite values presented in table 5, and it is obvious that adjustment 
of the A-scale values based on the B-scale comparisons would degrade the sat­
ellite estimates for the A scale.

Why the satellite rainfall estimates are apparently degraded for just the 
B scale in phase 2 is not known definitively. If the explanation is meteoro- 

it,±! apparently a problem only for the B scale. It is interesting 
that three independent weather classifications of GATE days by J. Dewart E 
Smith, and D. Loraqger3 of Colorado State University suggest that the weather 
of phase 2 in the B scale was different from the weather of phases 1 and 3. 
Using satellite images, radar analyses, gage data, and radiometric measure- 
ments, they typified days as convectively suppressed, convectively enhanced, 
stratiform claidiness or other. Most of the phase 1 and 3 days fell into the 
first two categories, whereas most of the phase 2 days fell into the latter 
two (that is, stratiform or other). If these classifications are accurate, 
the performance of the satellite rain estimation technique in phase 2 would be 
explained, since the technique was developed primarily for convective situa- 
tions and not for stratiform rains.

A performance assessment of the satellite technique relative to the radar 
6 . s^uare in a11 phases can be made by studying the scatter plot of 

ally rainfalls and regression in figure 9. The two variables are obviously 
*-elated» havinS a correlation coefficient of 0.87. In general, a day 

identified as wet with the satellite was, in fact, wet as estimated by radar, 
and conversely for the dry days. This result increases the credibility of the 
satellite rain estimates for the A scale.

. -j Th,ep “PPedu radar and stellite daily rainfall products in the GATE rain 
a as (Griffith et al., 1979) were compared qualitatively and quantitative­
ly. On most days there was good correspondence; that is, the general patterns 
were recognizable and the relative maxima corresponded in both products. How- 
ever, t e satellite maps usually had more extensive rain coverage, but lower 
point maxima, when compared to the radar maps. The latter is quantified in

J. Dewart, E. Smith, and D. Lorapger 1978: personal communications.
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scatter plots and regressions between satellite and radar-measured maxima for 
the three phases (fig. 10).

Lower satellite point maxima were expected for two reasons. First, the 
deliberate degradation of the satellite resolution to 1/3° x 1/3° squares was 
certain to smooth the point maxima. Second, the mapping of the rainfall over 
the entire cloud bounded by the 253° K isotherm as a function of top tempera­
ture characteristically results in excessive rain coverage with diminished 
point maxima.

A more realistic mapping scheme (new in use) that could not be implement­
ed for the atlas would have been the distribution of 100% of the rain volume 
over the coldest 50% of the cloud, with 50% of the total rain volume distri­
buted over the coldest 20% of that area (or 10% of the entire cloud). This 
scheme is based on the finding by Woodley et al. (1975) in Florida that half 
(50%) of the rain produced by a cloud falls within 10% of the area with rain.

An example of this alternative mapping method is shown in figure lib for 
GATE day 179 (28 June 1974). Note that the spatial distribution of the rain­
fall and the rainfall maxima correspond rather well to the distribution and 
maxima estimated by radar (fig. 11c). The whole cloud apportionment method 
(fig. 11a) used in the atlas preserves the overall pattern, but overestimates 
the areal extent of the rainfall and underestimates the two maxima.

It was also noted that the satellite rain maxima are displaced westward 
by V40 to V20 relative to the radar. This displacement might be explained by 
advection of the cloud tops westward by easterly winds through the B scale.

y = 0.3982 x + 4.7908
r= 0.662

Radar Maxima (mm)

Figure 10. Scatter plot and regression of satellite versus radar maxima, 
daily for all phases, over the 3° square.
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Day 179, 00 Z to 24 Z (Sat)
25 W 22 W

Whole Cloud 
Apportionment

Oay 179, 00 Z to 24 Z (Sat)
25 W 22 W

10/50, 40/50 
Apportionment

Day 179, 00 Z to 24 Z (CEDDA)
25 W 22 W

(c)

Figure 12. 
Note the

Comparison of 'radar-rain map and two satellite rain mapping schemes 
improvement with the 10-50/40-50 apportionment scheme.
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According to Gray (1977) the GATE mean zonal winds by phase were easterly, 
averaging 11 to 14 m s . Such conditions would readily account for the west­
ward displacement, since the rainfall is mapped according to cloud top temper­
ature.

4.2 Accuracy of A-Scale Estimates

It is impossible to assess the accuracy of the A-scale rain estimates 
directly. An assessment can be made indirectly by extrapolating the B-scale 
radar and satellite comparisons to the A scale. A further check on the ac­
curacy of the A-scale rainfall can be obtained by reference to the work of 
Gray (1973), who indicates that an average of 20% of the tropics receives rain 
daily and that a mean of 2.5 cm d 1 falls in these raining areas. The daily 
average satellite-derived rain amount and coverage over the A- and A/B-scale 
raining areas are listed in table 7. As can be seen, the mean areal coverage 
of daily satellite-estimated rainfall was about 20% in each phase, which 
agrees with Gray's (1973) estimated areal coverage of daily rainfall over the 
tropics as a whole. However, the mean GATE amounts are lower than Gray's 
overall tropical estimates by 1 cm d . Perhaps the discrepancy can be ex­
plained by regional differences. Gray's estimates were based on western North 
Pacific Ocean and West Indies regions, which are convectively more active than 
the eastern Atlantic. Mean A/B—scale rainfalls over the raining areas are 
also included in table 7.
Table 7. Mean Rainfall in, and Fractional Coverage of, Satellite-Derived Rain 

Areas Over the A and A/B Scales

Period

Mean A-scale 
rain

(in raining area) 
(cm d”1)

Mean A-scale 
coverage of 

rain
(%)

Mean A/B-scale 
rain

(in raining area) 
(cm d-^)

Phase I
(Day 179-197) 1.41 20 1.33

Interphase
(Day 198-208) 1.50 21 1.55

Phase 2
(Day 2 09-227 1.26 20 1.14

Interphase 
(Day 228-241) 1.58 19 1.74

Phase 3
(Day 242-262) 1.37 26 1.38

Phase 1, 2, 3 1.35 22 1.28

All GATE 1.41 22 1.40
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Additional checks are possible. NASA scientists (Rao, Abbott, and Theon, 
1976) produced a global rain atlas for 11 December 1972 to 28 February 1975 
fran Nimbus 5 microwave (ESMR) imagery. The atlas also included the GATE 
period, so it is natural to compare the ESMR estimates with ours. This was 
done for the areas shown in table 8 for all GATE. Examination of the results 
shows that the NASA/ESMR results are consistently low compared with the NHEML 
rainfall estimates by an average of about 50%. This difference is, in part, 
due to the disparate spatial resolutions of the Nimtxis ESMR (nominally 25 km) 
and the SMS IR data (nominally 8 km in the raw data). Because the NHEML 
estimates are close to the combined rain gage and radar ground truth in phases 
1 and 3, and low compared with this standard in phase 2, it appears that the 
NASA/ESMR atlas underestimates rainfall by at least 50% in the eastern 
Atlantic. Extrapolation of this result to other tropical areas may not be 
valid.

The A-scale satellite rainfall estimates for the three GATE phases were 
compared with rain gage measurements in Africa. The rain gage locations are 
shown in figure 12. Phase areal averages were computed in 2° latitude inter­
vals for both the satellite and rain gage measurements beginning at 5° N and 
ending at 19° N. We obtained the rain gage area averages by summing the rain 
gage readings and dividing by the number of gages. No weighting as a function 
of gage density was applied. The mean satellite rainfalls were obtained from 
the computer output.

Results are presented in figure 13. In general, the satellite phase 
rainfalls agree with the rain gage measurements up to 11° N. North of this

Table 8. ESMR-NHEML GATE Rainfall (mm h-1) Comparisons

Region NHEML ESMR Ratio

Area 1 47.5°W 
4°N 

-
- 

42.5°W
8°N

0.14 0.06 2.33

Area 2 42.5°W 
4°N 

-
- 

37.5°W
8°N

0.22 0.15 1.47

Area 3 32.5°W 
4°N 

-
- 

27.5°W
8°N

0.29 0.29 1.00

Area 4 22.5°W 
4°N 

-
- 

17.5°W
8°N

0.30 0.16 1.88

Area 5 27.5°W 
8°N 

-
-

22.5°W
12°N

0.24 0.13 1.85

Area 6 22.5°W 
8°N 

-
-

17.5°W
12°N

0.42 0.31 1.35

All 0.27 0.18 1.50

29



20 15 10 5

DAKAR

Figure 12. GATE rain gage locations in Africa.
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latitude in the more arid regions toward the Sahara, the satellite tends to 
overestimate the actual rainfall. This is understandable because the empiri­
cal relationships used to estimate rainfall in GATE were derived in a moist, 
tropical, Florida location. Application of these relationships to drier, non- 
tropical areas is bound to result in overestimates of the precipitation.

4.3 Mapped Rainfall Products

Maps of GATE rainfall accumulated over time frames of a phase or longer 
are provided in figures 14 through 18. Phases 1, 2, and 3 are mapped indivi­
dually (figs. 14, 15, and 16). The map entitled "Phases 1, 2, 3" (fig. 17) 
indicates data from the 59 days during phase 1 (28 June to 16 July), phase 2 
(28 July to 15 August) and phase 3 (30 August to 19 September). The map en­
titled "GATE" (fig. 18) is for the 85 days between 27 June and 20 September 
1974 (excluding 22 August 1974, for which no satellite data are available).

Besides the three A-scale maps for each phase, blow-ups of the 3° square 
centered on the B scale are shown (figs. 19, 20, 21). Both of these satellite 
products have been contoured over 1/3° grid squares. Also included are maps 
of radar rainfalls for the 3° square. These maps, which are labeled CEDDA 
(Center for Experimental Design and Data Analysis), are derived from digital, 
C-band radar data on four B-scale ships. The data were composited hourly over 
a V40 latitude by V40 longitude grid (Hudlow and Patterson, 1979). We subse­
quently integrated the data to produce the ground truth. Note that the 
contours on the radar maps are unreliable in the corners of the 3° square, 
because there were no radar data in three V40 grid squares in each corner. 
This lack of radar data was taken into consideration in making the satellite 
and radar volumetric rain comparisons discussed earlier. Time and area inte­
grated rain volumes are indicated on all maps where time is in GMT. For com­
parable daily maps, the reader is referred to the GATE rain atlas. Some of 
the salient points to be gleaned from these maps follow.

On the A scale:

1) Phase 3 of GATE was the wettest and phase 2 was the driest of the 
three phases.

2) The west-southwest/east-northeast axis of maximum rainfall progresses 
northward through the phases.

3) The maximum rainfall occurs in southwest Africa near 11° N in all 
phases; it amounts to over 1600 mm for all of GATE.

4) As documented earlier, one can have high confidence in the satellite- 
derived rain estimates for phases 1 and 3 and somewhat less confidence for 
phase 2. 5

5) The climatologically dry area in northeastern South America shows 
clearly on the A-scale rain maps.
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Volume 00-06 GMT 
06-1?

21.63 x10,#m* 
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12-18
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22.76 x10"mJ 
23.28 xlO’^m*PHASE I

Total Daily Volume 88.68 x10,#m»

Figure 14. Mapped total rainfall 
apport iorment•

(mm) for phase 1, based on whole-cloud

PHASE II Volume 00-06 GMT 16.51 xIO’W 12-18 18.24 xWrri*
Total Daily Volume 72.57 xlO’Vn* 06-12 16.06 x10’*m* 18-24 21 34 xlO’^m*

Figure 15. Mapped total rainfall (mm) for phase 2, based on whole-cloud
apportionment.

c-

33



* of

ooO co

20

PHASE III Volume 00-06 GMT 26.51 x10"m*
Total Daily Volume 110.11 x10,#rri* 06-12 23.88 xlO’Vn*

Figure 16. Mapped total rainfall (mm) for phase 3, 
apport ionment.

12-18 27.19 xIO’W
18-24 32.53 x10"mJ

based on whole-cloud

50 45 40 35 30 25 20 !5 !0 5

Africa

-r-4-r

PHASE I, II, III Volume 00-06 GMT 65.05 x10,#mJ 12-18 68.19 x10,#mJ
Total Daily Volume 271.36 x10,#mJ 06-12 60.97 x10,0m3 18-24 77.15 xIO’W

Figure 17. Mapped total rainfall (mm) for all phases, based on whole-cloud 
apportionment.
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PHASE 1 TOTAL (SAT) TOTAL FOR PHASE #J (CEDDA)

SATELLITE PHASE I RADAR

218.63 x10'm3 
37.37 x10*m3 
49.14 x10'm3 
76.52 x10*m3 
55.62 x10*m3

Total Daily Volume 
Volume 00-06 GMT 

06-12 
12-18 
18-24

200.98 x10'm3 
32.64 x10*m3 
35.16 x10'm3 
79.96 x10'm3 
53.22 x10*m3

RATIO
R/S = 1.09

Total Daily Volume 
Volume 00-06 GMT 

06-12 
12-18 
18-24

Figure 19. Comparison of mapped satellite and radar rainfall for phase 1 over 
the 3° square.

PHASE 2 TOTAL (SAT) TOTAL FOR PHASE 2 (CE0DA)

SATELLITE PHASE II RADAR

Total Daily Volume 
Volume 00-06 GMT 

06-12 
12-18 
18-24

89.78 x10*m3 
15.02 x10'm3 
30.86 x10*m3 
25.52 x10*m3 
18.38 x10*m3

RATIO
R/S = 1.73

Total Daily Volume 
Volume 00-06 GMT 

06-12 
12-18 
18-24

155.15 x10*m3
35.67 x10*m3 
51.64 x10*m3 
36.14 x10*m3
31.68 x-O'm3

Figure 20. Comparison of mapped satellite and radar rainfall for phase 2 over 
the 3 square.
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PHRSE 3 TOTRL CSRT)

SATELLITE

TOTRL FOR PHRSE 3 (CEDDR)

RADAR

Total Daily Volume 
Volume 00*06 

06-12 
12-18 
18-24

221.06 x10*ms 
60.52 x 10*01’ 
43.79 x10'm’
66.87 x10*m’
59.88 x10*m’

RATIO
R/S = 1.04

Total Daily Volume 228.94 x10*mJ
Volume 00-06 GMT 51.05x10*01’ 

06-12 50.44 x10*rrT
12-18 67 89 x10*m’
18-24 59.89 x10*m’

Figure 21. Comparison of mapped satellite and radar rainfall for phase 3 over 
the 3° square.

Over the 3° square (where, again, the contours in the corners of the 
radar depictions are fictitious because of a lack of data):

1) The patterns of rainfall derived from the satellite imagery are simi­
lar to those obtained from the shipboard radars, but the maxima are higher and
the detail is greater in the radar depictions. The reasons for this dif­
ference are discussed in section 4.1.

2) The magnitude of the satellite and radar estimates of phase rainfall
agree rather well for phases 1 and 3, but the satellite estimates are low com­
pared with the radar for phase 2. This finding is treated in section 4.1.

4.4 Longitudinal Rainfall Slices

Longitudinal slices showing the north-south variation of rainfall between 
5° S and 22° N over western Africa (10° W), the center of the B array (23.5° 
W) and two midocean locations (30° W and 40° W) are shown in figure 22 for 
each phase, all phases combined, and all GATE. Note that the axis of maximum 
rainfall typically slopes west-southwestward from Africa to 40° W and that the 
maximum rainfall occurs along 10° W longitude and the minimum occurs along 40° 
W longitude.

37



40.0 W 30.0 W 23.5 W 10.0 W
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X 5 M

tO N

0 5*

Figure 22. Longitudinal slices of satellite rainfall between 5° S and 22° N 
over four locations for each phase, all phases, ard all GATE.
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4.5 GATE Rainfall and Sea Surface Temperature

Superposition of the mean sea surface temperature analyses by 
Krishnamurti et al. (1976) for the phases of GATE onto the satellite-derived 
A-scale rainfall analyses (figs. 23, 24, 25) produced some interesting re­
sults. There appears to be a relationship between sea surface temperature and 
rainfall; the rain maxima move northward with the sea surface temperature 
maxima. Almost all of the significant phase rainfall occurs over oceanic re­
gions warmer than 26° C.

4.6 Diurnal Variation of Rainfall in GATE

Dirunal rainfall variability is treated extensively in the rain atlas; 
selected products are shown here. The diurnal rainfall inferences were made 
on the basis of rain amount rather than rain frequency. The time of the day
having the most rain, and not the most occurrences of rain, is the time of

rain maximum.

The period of the day having the most rainfall can be inferred from 
figures 26 through 31 for the three GATE phases, for all phases, and for all 
GATE. The numbers on each map refer to the 6-hr period of the day having the
maximum rainfall. Number 1 is 00 to 06 GMT, 2 is 06 to 12 GMT, 3 is 12 to 18
GMT and 4 is 18 to 00 GMT. Areas having numbers 1 or 4 are stippled on the
map. There is a clear tendency for the maximum rainfall to occur in periods 1
and 4 in Africa and South America and in periods 2 and 3 over the eastern At­
lantic. This implies a nocturnal rainfall maximum over the land areas and a 
daytime maximum over the water areas. The inferred percentages of the daily 
rainfall that fell in the four 6-hr periods are in the atlas. A summary of
our results and those of other GATE investigators is in table 9. Note that
our results for the 3° square and the A/B scale and those of Hudlow (1977) for 
the master array indicate a distinct maximum of rainfall in the period 12 to 
18 GMT for all phases of GATE with 30 to 35% of the daily B-scale rainfall 
falling in this period. The budget study by Dewart (1978) for the A/B scale 
suggests a flat maximum of rainfall in the period 06 to 12 GMT with 29% of the 
daily precipitation as compared to 27% for the period 12 to 18 GMT.

4.7 Number of Cloud Growths, Mergers, and Dissipations, 
and Their Diurnal Variability

Maps of the number of occurrences in GATE of cloud growths, mergers, and 
dissipations, and their diurnal variability over the A scale are included in 
the rain atlas. A cloud merger is defined as the joining of two formerly in 
dependent convective entities at the 253° K threshold. New claid growths and 
dissipations are defined as the appearance and disappearance of cloud entities 
at this threshold. Examination of the many maps revealed that most of the new 
growths and dissipations occurred within the region of maximum rainfall and 
there was an obvious tendency for more cloud mergers near the southwest coast 
of Africa in the region of maximum rainfall as shown in figure 31. The 
numbers on this map are the number of cloud mergers within a 1° square during 

all GATE.
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CM ^

O oo0 0 
< O

ON
ON

Q)
^ /-N

cd 2 a)4-> 

£
•H
•9

M-i
O

ON
CM

<f 
CO 

vO 
CM

cr »h
CO rH ^5

rH<D * CO 

^ U
3 °
4H ^
NH
•H

C I § ^ 
3 §

00 mNO r^.
O 00
ON 00

o

XJ /—n 
O H 

•H 2 

NO CNJ 
o

oo <1-si"CM CM

O I I
a> v

NOo
o o49

CNJ 00 o
o



The maps of the diurnal variability of cloud growths, mergers, and dis­
sipations are not particularly informative. No diurnal preference for any of 
these cloud behavior parameters could be detected, except over the north part 
of South America where mergers were most likely between 18 and 00 GMT.

5. CONCLUSIONS

An automated technique that is based upon geosynchronous, infrared satel­
lite imagery and a set of empirical relationships has been employed to esti­
mate rainfall in the eastern Atlantic and western Africa during the GATE 
program. When compared with radar and rain gage estimates of precipitation, 
the satellite-derived rain estimates are low for the Atlantic and high for the 
African continent. Differences for the GATE master array are about 10% for 
phases 1 and 3, but about 70% for phase 2. The larger phase 2 disparity re­
mains a matter for speculation, but it apparently does not carry over to the A 
scale. The daily satellite—derived maps of rainfall are generally similar to 
the radar products, but have lower point maxima. This difference is the 
result of the method of rainfall apportionment.

Based upon the satellite-derived rain estimates in GATE, the rainfall in 
the eastern Atlantic appears to be of lesser magnitude, but about equivalent 
in coverage to the western Pacific. This disparity is least near the south­
west African coast near 11° N. Most of the significant convection activity 
occurs in the ITCZ stretching west-southwest from Africa. The rain maxima 
show a close association with the sea surface temperature. Ninety-five per- 
csnt of the rainfall is contained within the 26° sea surface temperature 
envelope in all phases. A disproportionate amount of the rainfall occurs over 
the water areas during the day and over the land areas (Africa and the north 
part of South America) during the late evening.
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Appendix

Rainfall Atlas Software

The GATE rainfall atlas software is described here in general terms. De 
tails concerning its use may be obtained by examination of the software, it

self •

This software is composed of four program units, SQUISH, SATRACK, TRACER, 
and RAINMAP, each of which has its own distinct purpose. Among the advantages 
of this modular approach are: (1) the memory requirements of a computer run
are substantially reduced, (2) debugging is simplified, and (3) the meteoro 
logical relationships can be changed without all modules having to be rerun.

Although we wanted to make the software as general and flexible as pos­
sible, the magnitude of the problem forced us to sacrifice these goals to some 
extent for the sake of efficiency. The packing of multiple values into a 
single computer word was used extensively. Packing always diminishes program 
clarity but the reduction in core requirements was enormous. The only viable 
alternative to packing, an overlaying of storage, would have meant much more 
input/output. Many of the arrays are just big enough to have processed the 
GATE satellite data to produce the rainfall atlas. Thus, it is possible that 
for some data cases, arrays would have to be expanded. Probably, such 
expansion would be necessary in SATRACK.

SQUISH, the first program of the set, prepares an Earth-navigated data 
array for the other programs. SQUISH, which is heavily oriented towards the 
Earth-Located Edited Data Set produced for the GATE project, reads the requir 
ed navigation parameters from this data set to process satellite data frcm 
another source, such as the AOIPS tapes produced by NASA. The software can 
be, and has been, modified to include additional subraitines that derive the 
navigation variables needed by subroutine SATEAR.

Program SQUISH, as configured, reduces the resolution of the data to 
1/3°. SQUISH packs the average temperature and three corresponding thres o 
counts for the 1/3° bin into a single 60-bit word, if KRUNCH and BINS are 
changed so that one is working close to full resolution data. It is 
recommended that the threshold counts be eliminated so that the intrins c 
packing can be discarded. Also, at that time, the ISEC array should be con­
verted to type real. These changes greatly enhance program clarity and 
improve the execution speed. The same changes will also have to be made in 

SATRACK and RAINMAP.

SATRACK, the second program of the series, has the task of matching 
clouds between two consecutive pictures. SATRACK's source of input is the
Earth-navigated arrays produced by SQUISH. SATRACK's output is the match or
status information. The time, area, location, identity, etc., are written 
each cloud in each picture. SATRACK has its own restart procedure that allows 
the tracking phase of processing to be run in segments with all continuity

still maintained.
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The third program, TRACER, reads as input the data for each cloud in each 
picture that is produced by program SATRACK. TRACER'S function is to lilic all 
data for each cloud through its entire lifetime. For TRACER, lifetime is de­
fined as the period from a cloud's appearance in the data until it is lost, 
perhaps through evaporation or splitting. TRACER then calculates a rain rate 
for a cloud at each point in its lifetime. Finally, TRACER writes out the 
rain rate, area, time, and location for each point in the cloud's lifetime. 
TRACER is the most stable of the four programs and is insensitive to changes 
in the source or resolution of the satellite data.

RA1NMAP, the last of the major programs, requires as input the arrays 
produced by SQUISH and the linked data produced by TRACER. RAINMAP's function 
is to reorder the data for each cloud back to a picture-by-picture basis. 
RAINMAP then apportions the rainfall for each cloud over an output array. 
RAINMAP presently sums the rainfall for 6 hr before it writes the output 
a rray.

To change the method of apportioning rainfall, the most modifications or 
adjustments must be made in RAINMAP. The ISOLATE subroutine can be changed so 
as to test various rainfall apportionment schemes. It is possible that some 
changes would also require a minor corresponding change in TRACER. One such 
change is to have TRACER write out the rain volumes instead of rain rates.

If the satellite data are from a latitude other than 10° S to 30° N, or 
if the variable, BINS, is changed to produce a resolution other than 1/3°, ad­
ditional changes will be necessary. The variables SLAT and WLON in SQUISH 
control the location of the array ISEC. The AREA function used by SATRACK and 
RAINMAP must be modified to reflect any change in bin size or location.

The software was written to process either visible or infrared satellite 
data. The only change that one must make to change data types is to switch 
the flag HR. The rest of the changes are taken care of automatically. When 
visible data are used, however, caution is advised, because the results pro­
duced by the visible software have not been thoroughly debugged.

The space requirements of program SQUISH, SATRACK, TRACER, and RAINMAP 
are K, 145 K, 63 K, and 154 K, respectively. These core sizes are on a 
CDC 6600 under the KR0N0S operating system. Note that the core sizes are spe­
cified in octal ^words. Program SQUISH is by far the largest time consumer. 
Approximately 85^ of the CPU time needed to process the satellite data is used 
by SQUISH. Conversion of data from satellite coordinates to Earth coordinates 
is expensive. If execution time is critical, an interpolation scheme could be 
incorporated into SQUISH. This would decrease the time required for 
navigation. This becomes increasingly viable if one is working with a high 
data resolution.

There are also some minor programs for the display of RAINMAP results. 
These programs are specific, their only function having been to make the pro­
ducts for the GATE atlas. Because they are dependent upon the present soft­
ware environment of ERL's CDC 6600 in Boulder, they are not included in the 
software listings.
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