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L Introduction

Several years ago Sikdar (1972) found expansion of the cirrus canopy
atop deep convective clouds to be a measure of volumetric rainfall. More
recently Griffith and Woodley (1975) and Reynolds and Von der Haar (1975)
confirmed a positive relationship bgtwegn convective cloud thickness and
cloud brightness. To the extent that cloud thickness is proportional to
rainfall, this latter finding suggests rainfall also is related to brightness.
Indeed, this has been found to be true, for example, when radar echoes are
compared with satellite clouds (Martin and Suomi, 1971; Woodley and Sancho,
1971; Woodley, Sancho, and Miller, 1972), but the association with rainfall
is best for growing clouds, that is,.deep convective clouds in early and
mature stages of development (Martin and Sikdar, 1973, 1974; Griffith et al.,
1976).

These time dependent relationships of brightness, area, and rainfall
form the basis for a method to estimate convective rainfall from images
‘of geostationary satellites. This report summarizes the method, and describes
work done over the past year: procedures, results of GATE measurements, a
consolidation of GATE and Florida results, and results from a limited test

for one GATE day.

II. Method ;

We suppose that for a deep convective cloud in a given state of develop-
ment, area measured from a satellite picture is proportional to volumetric
rainfall. To establish this proportionality we identify a number of
deep convective clouds, then measure their areas and--from calibrated radars--

the rainfall they produce. Both visible and infrared satellite image

sequences are used. Visible images offer better spatial resolution and a



more penetrating view of clouds; infrared images provide continuous day
and night coverage.

Use of sequences simplifies the problem of discriminating between
convective clouds and layer clouds, which in the tropical regions for
which.the method is designed apparently contribute little to total
precipitation. (The latter point 1; di;cussed in Section V below.) In
visible wavelengths discrimination is based on brightness. In infrared
wavelengths another primary criterion is needed:” not only are deep convective
clouds bright, they expand, sometimes explosively. (Discrimination is
aided by a host of secondary criteria, such as shape, texture, organizatioh,
movement, and background cloudiness.) |

Measurements of cloud area are made on McIDAS, a digital image accesé
and processing system with video display (a user's description is given in
Chatters and Suomi, 1975). Cloud entities are identified in a satellite image
sequence. Outlines for a single picture then are drawn with an operator
controlled cursor. The computer records these outlines and the cloud area
within them above operator specified threshold brightnesses. When all clouds
are all outlined, the operator steps to the next picture, and so on through
the sequence.

Rainfall associated with the outlined clouds is calculated in three
steps. Digital radar images first are remapped to satellite projection. The
remapped images then are displayed on McIDAS, opposite the satellite sequence.
Echo area at various intensity levels is measured, in the same way cioud area
is, from outlines drawn to match cloud outlines. These echo areas then are.
converted through an appropriate reflectivity-rainfall relation to volumetric
rain rates, and summed to obtain the total cloud volumetric rain rate. Details

of this procedure are given in Appenddwx B.



»These sequences of area and rainfall for individual clouds.can be combined
if they are first normalized by size. Cloud area (Ac) and volumetric rainfall
) are'divided by maximum cloud area (Ac max). The average of many such
normalized curves produces the relation used to estimate rainfall. Two of
these average relations can be established, one for clouds viewed in infrared
wavelengths (Fig. 1), one for clouds‘vieQed in visible wavelengths (Fig. 2).

The use of these relations to estimate rainfall is as follows: Measure
area over the lifetime of a cloud. Divide each area measurement by maximum
cloud area. Enter the cloud area-rainfall curve on the cloud area axis, read

normalized rain rate, and multiply by maximum cloud area to obtain the rain

estimate as a volumetric rate.

III. Status
Sequences from eight days have been analyzed (Table I). Seven day-
sequences, including two in the GATE area, were used to establish the normalized
cloud area-rainfall curves. The eighth is our test production case, a 20° by

20° box in the GATE area on 5 September 1974.

IV. Development of GATE Area Relation
The relationship developed previously for clouds over south Florida

was extended to the GATE area through measurements of cloud area and

rainfall in the vicinity of- the U.S. ship Oceanographer, stationed during
Phase III at 07°45'N, 22°12'W. Three steps are involved: measurements of
cloud area and rainfall, area normalization of those measurements, and their
combination into a relation appropriate for estimating rainfall in GATE.
Twenty-six visible and 47 infrared cloud-echo pairs were measured on.
SMS sequences froﬁ the 4th and 6th of September 1974. Sample plots of cloud

area, echo area, and rainfall are shown in Fig. 3. These curves are similar



TABLE 1
VISIBLE INFRARED
yeEar JULIAN CALENDAR o\mpii1TE LOCATION number hours number hours
DAY DAY
of time of time
clouds span clouds span
1973 178 27 June  ATS SepeEh 13 7 T
Florida
South
1973 183 2 July ATS Florida 7 6 - -
South
1973 222 10 Aug. ATS Florida 15 6 - -
: South
1974 216 4 Aug. SMS Florida 14 71/2 9 71/2
South
1974 248 5 Sept. SMS Florida 9 6 1/2 13 8 1/2
1974 247 4 Sept. SMS GATE 15 6 36 19 1/2
1974 249 6 Sept. SMS GATE 11 6 11 13 1/2
1974 248 5 Sept. SMS GATE - - 65 11 .1/2



to those for clouds over south Florida. In particular, rainfall peaks earlier
than cloud area, with most of the rain occurring before the cloud reaches its
maximum area. The main disadvantage of visible data is illustrated'in the
second of these plots: often only part of the cloud life cycle is captured.
Coverage is limited to three hours either side of local noon, even with

brightness normalization for changing sun-cloud-satellite geometry.

Distributions of area normali;;a éloud and volumeﬁric rainfall measure;
ments are displayed in Fig. 4. This diagram shows all such points from the
two GATE days. Since many infrared clouds were not detected until after the
onset of precipitation, the infrared points begin high relative to the
visible points. The flatter infrared distribution is due in part to a
sharper peak and longer decay period than in the visible (stretching the
rain over a greater range of normalized cloud area values). There also is
greater variability in the phase relation between rain and cloud area maxima.

To compare different synoptic conditions, satellites, and geographical
area, averages for each day were calculated. The infrared curves, in Fig. 5,
are basically alike for each day. The clouds from these four days‘were
averaged and a smooth curve drawn through them to produce the combined
infrared working relation shown in Fig. 1.

The visible day-averaged curves, seen in Fig. 6, showed larger differences
between the days. The avefage of the three ATS days has a much higher rain
to cloud area ratio than the four SMS days. This may be partly due to
generally poorer data and data processing. (ATS had coarser resolution and
less control of signal gain than does SMS. Techniques, by present standards,
were primitive when the ATS images were processed.) The equivalencing

between ATS and SMS:levels may also be a factor. On the basis of curves



shown in Fig. 7 it had been concluded that an ATS-3 digital count of 60 was
equivalent to an SMS-1 count of 172 (Martin, Stout, and Sikdar, 1975). If
the true SMS equivalent count was higher than 172, then the present rain to
cloud area ratio would be too small relative to the same ratio for ATS. The
effect of a higher SMS equivalence level is shown in Fig. 8. Use of this
level (184) would only account for a small part of the ATS-SMS discrepancy
in rain-cloud area ratios. Still another factor is the effect of shear.
Marwitz (1972) and Foote and Fankhauser (1973) noted an inverée relation
between vertical shear of the horizontal wind and precipitation efficiency.
A plot of wind shear (measured over the layer 850 mb to 200 mb) against the
ratio of maximum rain to cloud area (Fig. 9) shows the expected inverse
relation, except for the low shear day 73178. (Even this point is not
inconsistent with Foote and Fankhauser (1973) who found greater variability
in lower shears.)

Because the source of this difference remains uncertain, it seems
prudent to base the GATE area rainfall relation only on SMS data. This

relation is shown in Fig. 2.

V. Refinements
The method as we have described it applies to deep convective clouds
having lifetimes that are long compared to the interval between pictures. It

neglects rain from small cuﬁulus, small congestus, and stratifbrm clbuds. We

have estimated the amount of this rain using the sequence of Oceanographer radar
images for 4 September. An outline was drawn around all echoes corresponding“
to measured clouds, and unmeasured cumulus, congestus, and layered clouds. Only
deep convective clouds that were unmeasured due to area or time truncaﬁion

were excluded. The rain falling within the outline was compared to the sum



of rain falling from measured clouds. The fraction of rain missed by our
measurements varied from 22% to 3% (Fig. 10). As convection became more
organized the missed fraction declined. We conclude that this method may
overlook, especially in convectively less organized situations, as much as
1/4 of the total area rainfall.

A simple technique is proposed to aécount for this rain. A grid will be
drawn on the unmeasured sections of the satellite image. The area above a
threshold brightness within each grid box will be measured, and multiplied by a
constant to obtain a grid rain estimate. The threshold and the visible and
infrared constants will be derived by comparing the cloud area and radar

measured rainfall of grid boxes from the calibration days, 4 and 6 September.

VI. Test Case

The test of the GATE area cloud area-rainfall relation serves two purposes:
first, to verify the method for fixed areas; and, second, to define and
resolve problems that may be encountered in production cases. These problems
include working with a large area, assigning rainfall to the proper area, and
determining a format for presenting results.

Our test case is 5 September 1974; the area a 20° by 20° box centered
on the middle of the GATE B-array (08°30'N, 23°30'W). Sixty-five clouds
were measured from 04 to 15 GMT, using full resolution infrared data. Plots
of area for sample clouds a;e shown in Fig. 11.

Production estimates will be presented in map and table form, one map
and one table per satellite image. Fig. 12 is a sample map from the
5 September test. Circles whose area on the map is proportional to rain

volume are plotted at the position of maximum cloud brightness. Table 2

gives information on position and rainfall for the time of the map.
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" of variability as a function of the number and size distribution of clouds.

To assign clouds and cloud fractions to fixed areas (in this test case

the four quadrants of the Oceanographer radar), the boundaries of the area

were drawn on the 5 September rainfall maps. The fraction of the cloud's
circle inside the boundary was taken as the fraction of that cloud's rain
falling inside the area. These fractional volumetric rainfall rates were
summed to get a quadrant rainfall, which was then compared with rainfall
calculated from digital radar data for the four quadrants. Neglecting
quadrants III and IV, which had little rain (1% of the quadrant I and II
total rainfall over the verification period), the half hour estimates were
50-100% of the observed rain (Fig. 13). The major exception occurred from
0900 to 1000 Z when a very large cloud was on the border of quadrant II. The
underestimation of two to three times points out the need for an assignment
It also suggests that individual treatment of very large clouds could
improve our estimates. Brightness gradient, texture (Oliver and Scofield,
1976), and contour areas at higher levels (Griffith et al., 1976) may be
useful. The sum of the rain estimates for the four quadrants over the
verification period (600-1000 Z) was 80% of the observed rain. Some or all
of the difference would be accounted for by the estimate of rain falling

from layer clouds proposed in Section V.

VII. Summary and Plans

A GATE working relationship has been derived for visible and infrared i
data. A test of the infrared relation yielded a total rain estimate of
80% of observed rain, and closer to 100% if rain from layer clouds had been

estimated.

The ground truth for this verification was the digital radar data of
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the Oceanographer. These data are from an interim set, which was not

corrected for possible beam absorption by the sea, atmospheric attenuation,
rain attenuation (including rain on the radome), and non-beam filling
(Hudlow, personal communication, 1976). These effects all contribute to
a diminished estimate of rainfall, therefore, the estimates of volumetric
rainfall rate in this report are 1ikely.to be less than true rainfall.

The amount of the underestimate will be better known when raingage
measurements have been compared with radar estimates, and corrections have
been developed for the radar. This work is underway (Hudlow, personal
communication, 1976).

Whether the remarkably good agreement of satellite and radar estimates
for 5 September is a true measure of the accuracy inherent in this method
or merely foftuitous remains to- be seen. C;;E;iﬁlywiz enéga}ages hoﬁé—Ehat
the satellite can provide estimates of rainfall able to meet even the
exacting demands of budget analyses.

Plans for the next few months include

1. Refinements to method. We plan to

-- update present rain relations and estimates as more accurate ground

truth data are provided,

—- develop a simple rain estimation technique for small cumulus and

layer clouds, =

— further automate and improve the rain estimation procedure.

2. Production. Rain estimates will be made for 5-10 days, most from
the 1977 NCAR Workshop priority period 1-12 September 1974. Results will
be presented in map and table form, one map and one table per satellite
image. In contrast to those of the test case, circles will be drawn with

map area proportional to cloud area. The average rainfall over that area



will be written in the circle. Fig. 14 shows a hand drawn version.

Production maps will be created on a Cal Comp Plotter.

11
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CAPTIONS TO FIGURES

Time dependent curve relating infrared cloud area (at 160 digital
counts) to volumetric rainfall rate. Both cloud area and rainfall
have been normalized by maximum cloud area. Normalized volumetric
rainfall rate (V/Ac max) can be interpregfd as an area averaged
rain intensity. An intensity of 1 mm hr = would be .28 on this
scale. Data points are averages for intervals on the cloud area
axis 0.1 units in length. End point intervals are 0.05 units

in length. Data are from four SMS days (see Table 1). This is
the curve used to estimate rainfall from infrared pictures of

the GATE area.

Time dependent curve relating visible cloud area (at 172 digital
counts) to volumetric rainfall rate. This is the curve used to
estimate rainfall from visible pictures of the GATE area. For
further details, see Fig. 1.

Visible and infrared cloud area, echo area, and volumetric rain-
fall rate as a function of time. Clouds are from 6 September (top)
and 4 September (bottom), in the vicinity of the Oceanographer.

Normalized cloud area and volumetric rainfall rate for GATE area
infrared clouds (top) and visible clouds (bottom), 4 and 6
September 1974.

Day averages of infrared normalized cloud area and volumetric rainfall
rate. Dates are indicated by YYDDD, where YY is the last two digits
of the year, and DDD is the Julian day.

Day averages of visible normalized cloud area and volumetric
rainfall rate.

ATS-3 brightness and equivalent SMS-1 visible channel brightness
based on sensor and signal characteristics (dotted line) and
measured for specific clouds (dashed and solid lines).

Normalized cloud area and volumetric rainfall rate at visible
brightness threshold levels of 172 and 184 digital counts. Data
are for 4 September 1974. (Some level 172 ordinate values are
higher than corresponding level 184 ordinate values because of
shifts in the abscissa values.)

The relationship of normalized volumetric rainfall rate to tropo-
spheric shear. Each point represents an average of the maximum
rain rate for all clouds on a given day. Tropospheric shear is the
difference between 850 mb and 200 mb winds, as measured by proximate
rawinsondes. F indicates a Florida case, G a GATE case.

The difference between satellite estimated and radar measured
rainfall for the Oceanographer, expressed as a fraction of radar
measured rainfall. The number of outlined clouds contributing to
satellite estimates at each time is also shown as a measure of
cloud organization. Data for 4 September 1974.




Figure

Figure

Figure

Figure

Figure

11

12

13

14.

15

15

Infrared cloud area as a function of time for two clouds on
5 September 1974. Area is shown for four threshold brightness
levels.

Rain estimation map for 1300 GMT, 5 September 1974. Estimates are
plotted as circles for which area is proportional to the estimated
volumetric rainfall rate.

Total rain estimates for the four quadrants of the Oceanographer
radar compared with observed rainfall for 5 September. Note

the difference in scales for volumetric rainfall rate between

I, IT and III, IV.

Same as Fig. 12, except the circles are drawn with area proportional
to eloud area. Rainfall rate averaged over this area is entered
as a number in m s~! x 10~2 at the center of the cloud circle.

Average infrared normalized cloud area and rainfall. This relation
was used for rain estimation for 5 September 1974. It is the

same as Fig. 1 except that the rainfall calculations were made
with the old 2Z-R relation (see Appendix A).
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APPENDIX A: GATE RADAR CHARACTERISTICS

The calculation of rainfall from GATE radar data differs in several
respects from calculations over South Florida. Whereas a 10 cm radar was
used over Southern Florida, the GATE radar was 5 cm, and therefore more
susceptible to attenuation by heavy precipitatiomn.

Rainfall calculations initially were made with a provisional rainfall
reflectivity (Z-R) suggested by Hudlow (personal communication, 1976).

This relationship, Z = 300 Rl'3, recently was revised. The accepted GATE
Z-R relation now is Z = 232 Rl'25 (Austin et al., 1976).

Except for the 5 September test case, the figures in this report show
rainfall calculated with the new Z-R relation. The test case rain
estimations (Fig. 12, Fig. 13, Fig. 14, Table 2) were made from a normalized
cloud area and rainfall graph (Fig. 15) calculated with the old Z-R. The
verification rainfall in Fig. 13 was also calculated with the old Z-R.

The preliminary GATE radar data used throughout had not been corrected
for atmospheric attenuation, rain attenuation, rain on the radome, and beam
filling, all of which contribute to underestimates of rainfall. Data
sets corrected for at least some of these problems will be released
within the next few months. Changes from the set used here may require
remeasurement of the rainfall and recalculation of the cloud area-rainfall

relations.
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APPENDIX B: RAINFALL CALCULATION FROM-GATE RADAR TAPE

Rainfall was calculated from the GATE Oceanographer Radar Hybrid Work

Tape. The tape contained decibels of reflectivity, intensity resolution

1 dbz, range 0-63, spacial resolution 4 km by 4 km. Rain is calculated from
125

the GATE rainfall-reflectivity relation, Z=—232-R—= Since D = 10 log10 Z.,
.S
this ylelds 2=23a R
e lOD/12.5
78.053

where D = digital level on tape, Z = reflectivity in mm6 m—3, and R = rain
rate in mm hr—l. Using McIDAS, the area of an echo between successive

levels is measured. The median level is used to calculate rain rate for

that level interval. The sum of area times rain rate times (1000 m mm—l km—z)
times [hr (3600 s)_l] for the whole range of levels is volumetric rainfall

in m3 s—l. Threshold areas at eight decibel levels (6, 12, 18, 24, 30, 36,
42, 48) were used for 6 September, and sixteen levels (10, 18, 21, 24, 27,

30, 33, 36, 39, 42, 45, 48, 51, 54, 57, 60) for 4 and 5 September.



