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I. Introduction

Rainfall is important to the 1974 (GATE) Atlantic Tropical Experiment
because it is a large term in budgets of moisture in disturbed conditions,
and because it represents the amount and distribution of heat released
through condensation (1, 2, 3). Anticipating the difficulty of adequately
measuring rainfall with rain gages, in the design of GATE there was an
emphasis on remote systems (1, 2).

The most successful of these remote systems has been radar. Four
C-band radars provided excellent rainfall information over the
inner (B-scale) ship hexagon and the area adjacent the B-array (4). But
these radars could not provide rainfall information to the outer (A/B-
scale) ship hexagon, nor, of course, to the larger area of the A-scale
ships. Coverage on the larger A/B and A scales was left to satellites—
the microwave sensor on Nimbus 5, and the visible-infrared sensors on
the first Synchronous Meteorological Satellite. Nimbus 5 sampled at a
fairly coarse time and space resolution, days and tens of kilometers (5).
The sampling of SMS-1, on the other hand, was more like that of the radars,
and therefore offered a way to extend the convective scale radar measure-
ments of rainfall to the A/B ship array, and beyond, to the whole A-scale
tropical north Atlantic.

Estimates of rainfall on the A-scale are being made by the Cumulus
Group of NOAA's National Hurricane and Experimental Meteorology Laboratory
(6). The concern of this report is estimates of hourly rainfall for
individual convective rain systems occurring within and around the A/B array.

The program to provide satellite estimates of GATE area rainfall has

existed at SSEC since 1972. 1It's objectives are threefold: to develop a



technique for estimating GATE area rainfall using images of the SMS
geostationary satellite; to test that technique; and to provide estimates
of rainfall for use by the GATE research community. Collaboration has
been maintained with the Cumulus Group, NHEML, especially in the develop-
ment stages of the program.

The work done at Wisconsin is summarized in a series of annual reports
and a conference postprint paper; these are listed with other references
at the end of this report (7, 8, 9, 10, 11). A joint NHEML-SSEC paper (6)
describing the general approach and test results has been submitted to

Monthly Weather Review. The present report describes the method in the

configuration it has assumed at Wisconsin. Because this is a final report,
we have tried to provide an overview, including the basis of the method,
its development, and tests of accuracy. In this report we also present,

as maps and tables, satellite estimates of rainfall for several days from

the third phase of GATE.

II. Physical Basis

Several years ago Sikdar (12) found expansion of the cirrus canopy
atop deep convective clouds to be a measure of volumetric rainfall. More
recently Griffith and Woodley (13) and Reynolds and Vonder Haar (14)
confirmed a positive relationship between 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 (15, 16, 17, 18), but the association with
rainfall is best for growing clouds, that is, deep convective clouds in

early and mature stages of development (7, 8, 19).



The physical basis for the relationship between convective cloud
brightness and rainfall remains obscure. Some direct measurements of
cloud albedo (gg,.gl) indicate that saturation is reached with optical
thicknesses which are small compared with the optical thickness of a deep
convective cloud. McKee and Cox (gg) argue that the satellite observed
increase in brightness of deeper clouds is a consequence of a smaller loss
of light through the sides owing to the larger diameter of deeper clouds.
Quite recently Mosher (communicated) has begun a series of tests of the
brightness of theoretical finite clouds of various shapes and configurations.
Mosher finds that the pattern of brightness observed from satellites for
cumulonimbi can be explained using different droplet concentrations for
the cloud core and the anvil. This work is continuing.

The early studies relating bright clouds to echoes encouraged a
straightforward approach to the problem of inferring rainfall from satellite
images: simple correlation of cloud area A against volumetric rain rate
R. To account for changes in rain production through the life history of
convective clouds, the relationship was made time dependent. It can be
expressed as

R(t) = k(t) A(t), (1)
where t refers to stage of development. Because the coefficient k is a
complicated function, its value ordinarily is determined graphically.

The lag observed between maximum rain rate and maximum cloud area

suggested an alternative formulation involving the sum of two terms, cloud
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area and the time rate of change of cloud area:

R(t) = aoA(t) + a At (2)

Both coefficients are constant. It is this formulation which is developed,

tested, and used in our estimates of rainfall for GATE.

ITI. Calibration

The first step in establishing a relationship between cloud area
and rainfall is to define the clouds. Cloud area (in visible wave-
length images) and associated volumetric rainfall rate then are measured
for individual cloud/echo systems as they evolve. Normalizing by
maximum cloud area, these measurements may be combined in a graph of
volumetric rainfall rate as a function of cloud area (6), or, as in the
present instance, they may be combined in a least squares estimate of
the coefficients a and a; from Eqn. 2. These procedures are repeated
for clouds in infrared images.
A. Defining a cloud

Selecting a threshold brightness for defining a cloud in a visible
image is based on empirical relationships between maximum observed cloud
brightness and probability of precipitation (6, 7, 19). The level selected
for present purposes is 172 digital counts (d.c.), which is equivalent to

an albedo of .47 with the sun overhead (23). This level corresponds quite

1We are indebted to Professors H. Lettau and E. Wahl for suggesting this
formulation.



closely to the level of maximum correlation between visible cloud area
and volumetric rainfall rate (Fig. 1).

The level selected for infrared is 160 dc. This corresponds to an
equivalent blackbody temperature of —-26C. Again, the threshold level is
close to the level of highest correlation between cloud area and volumetric

rainfall rate (Fig. 2).

B. Measuring cloud area and rainfall

Cloud area and volumetric rainfall rate are measured with the
University of Wisconsin's Man-Computer Interactive Data Access System,
McIDAS (24). Satellite infrared or visible images are displayed in sequence
opposite a matching radar sequence. Visible satellite images are normalized
for changing sun-satellite-cloud geometry using the scheme of Mosher (9).
Radar images are remapped to the scale and projection of the satellite
images. A cloud is identified, and its area is measured.2 When all deep
convective cloud areas have been measured, the areas of the echoes associ-
ated with each cloud are measured, at intervals of 3 dbz. These measure-
ments are used with the GATE reflectivity-rainfall relation suggested by
Austin and others (25, 26), Z = 230Rl'25, to calculate volumetric rainfall
rate.

The data used in calculating a, and a, are SMS-1 GATE satellite images

1
and Oceanographer 5.3 cm PPI scans from Phase III. During Phase III the

Oceanographer was stationed at 7° 45' N, 22° 12' W. The Oceanographer radar

data were corrected for atmosphere attenuation, energy loss to the sea, and

2An operator uses a cursor (an electronic crosshair moved by a joystick)
to draw an outline around a cloud. Then the computer calculates the area
within the outline which is above the threshold brightness.



"instrument bias" (26, 27) (Appendix A). Only clouds with echoes less than
200 km from the ship were used. Data during times of heavy rain on the
radome were interpolated. Measurements were made on full resolution (4 x 8
km infrared, 1 km visible, 4 km radar) digital data, for 2 days, 4 and 6
September. Twenty-three clouds were followed in visible images, giving a
total of 219 paired measurements of cloud area and associated rainfall.
Thirty-four clouds were followed in infrared, giving a total of 326 paired
measurements of cloud area and associated rainfall.

Measurements also were made over south Florida using 1972 and 1973
image sequences from the Applications Technology Satellite (ATS-1) “, 8,
and 1974 image sequences from SMS-1 (9). Rainfall was obtained from the
National Hurricane Center Miami WSR-57 10-cm radar. The ATS-1 data proved
to be of poorer resolution than those from SMS-1. The relation between ATS
and SMS visible brightness levels was ambiguous, and ATS rainfalls were
higher than SMS Florida rainfalls. On the other hand, the SMS Florida
rainfalls were lower than GATE rainfalls, owing, perhaps, to an uncertainly
in the calibration of the Miami radar in 1974 (Griffith, communicated). For
these reasons, we have used only GATE measurements in the determination of

the coefficients ao and al.

C. Cloud area--rainfall relations
The relationships produced from the GATE calibration measurements are
R = 0.52A . + 2600 AA__/At : (3)
vi vi

3

and R 0.54Air + 2800 AAir/At (4)

Statistical properties of the calibration sample are given in Table 1. Note

3The coefficients in Eqn (4) differ slightly from those given in the post-
print paper (1l1) owing to small changes made in a final editing of the data.
R is in m3s~1, A in km?, and AA/At in kmZs~l.



that although the visible and infrared coefficients are almost equal, the
infrared clouds and rainfall are half again or more larger. This is
consistent with the finer resolution of the visible imagery allowing better
discrimination of clouds. Also noteworthy is the dominance of the area
term (aoK) over the area change term (aiZK7KE). This difference is
especially marked for visible clouds, implying that an instantaneous
measurement of cloud area will give a better measure of rainfall rate

in visible than in infrared. In addition visible measurements have

a smaller varability than infrared, as measured by the ratio of root mean
square rainfall rate to average rainfall rate. Thus full resolution visible
image sequences are preferred for estimating rainfall; however, the
problems of daytime only coverage and changing illumination usually tip

the balance in favor of infrared sequences.

Table 1

Mean and root mean square values for the data sample

used to calculate the visible and infrared coefficients ao and al

RMS is for the difference between actual and estimated rain for
one cloud for one half hour.

infrared visible units
a 5. 4x10 " 5. 2x10 " —

a; 2.8x10-3 2.6){10—3 m
aOK 3.3x10° 2.3x10° o T
aiZX7ZE 1.0x10° 4.2x10° o
R & TX1D° 2.9x10° e
RMS 3.6210 1.8x10° R

RMS/R .76 .62



IV. Accuracy
A. Limitations

The accuracy of this technique is limited in several respects. Most
fundamentally, it proposes to estimate rainfall, the product of a very
complex process, with two predictors, convective cloud area and area
change. Because we cannot directly account for each of the many conditions
and processes that influence rainfall, we must assume that they are
reflected in area and area change, the variables which can be measured.
The contribution of this assumption to total error is difficult to gage;
however, this error clearly is minimized if estimates are made only for
the area, season, and general synoptic conditions of the calibration data.

Inaccuracies in ground truth may contribute significantly to total
error. Phase averages of the digital radar data used as ground truth for
the satellite technique are believed, on the basis of radar intercomparisons
and comparisons of radar rainfall with ship gage measurements, to be
accurzte to within 257 (28). If this error were random and normally dis-
tributed the radar measurement of rainfall for an average satellite cloud
of 5,000 km2 would be within 50% of the true value over the 5h life of the
cloud. However, some of the 257 total error in phase mean radar rainfall
is likely to be due to biases remaining despite all efforts to remove them.
The 507% figure therefore is an outside estimate of probable error in the
ground truth measurement of total cloud rainfall. The accuracy for any
given area and period will depend on the number of cloud estimates included.

Cunning and Sax (29) offer a Z-R relation different from that used to
calculate rainfall in the present study. Their exponent, 1.52, gives a

rainfall rate 257 smaller at a reflectivity of 40 dbz (29), with larger



differences at higher reflectivities. However, the smaller rainfall rates
at high reflectivities tend to be compensated by larger rainfall rates

at low reflectivities. The difference in rainfall rate averaged over the
calibration sample is likely to be small.

A third contribution to error comes in the measurement of cloud area.
Over the period of GATE there was a gradual change in the sensitivity of
the infrared scanner. Measurements by Lienisch, reported by Smith and
Vonder Haar (30), show that over Phase III (the period of immediate
interest), the drift of the infrared sensor at the cloud threshold of 160 dc
was about 1.4 C. A drift of this amount produces an error of *+ 5% in the
measurement of cloud area. Considering other sources, this is too small
a contribution to total error to warrant correction (however, departures
from the digital count to temperature relation implicit in Eqn. 4
were considerably larger earlier in GATE). A diurnal excursion of sensor
sensitivity appeared with the onset of satellite eclipse on 24 August (3L,
32, 33). The effect of the increased sensitivity was to decrease the
blackbody temperature corresponding to 160 dc by up to 2.5 C, and thus to
increase the area of a threshold cloud measurement. This error is largest
just after elipse, about 4 to 6 GMT. Typical errors in area measurement
at the peak of the excursion are +10%, thus, though it may be important
for individual rain estimates made just after eclipse, this is a minor con-
tributor to total error. Smith (33) has noted that the rather slow (55 us)
response time of the infrared sensor produces a smearing as the sensor
scans from warm (ocean) to cold (cirrus). This slow response and the
fairly coarse resolution of the infrared scanner will combine to under-

estimate the areas of deep convective clouds. The effect on estimates of
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rainfall can be significant for small clouds.

Scale imposes a fourth limitation on satellite estimates of rainfall.
Comparisons of satellite and echo fields (e.g. 15, 16, 19) show that at
the thresholds used here clouds typically are 5 or more times larger than
associated echoes. This is a consequence of looking down on the clouds:
the anvil registers more clearly than the cloud towers, where precipitation
is concentrated (the effect is stronger in infrared than in visible images,
because of the greater opacity of cloud at longer wavelengths). There
are several plausible schemes for allocating rainfall. In all, however,
the compromise between accuracy in location of the maximum and accuracy in
extent of the rainfall tends to spread the rainfall beyond its actual limits
for small clouds, but over concentrates it for large clouds.

Presently, rainfall is assigned to the location of the brightest
picture element within the cloud outline. Where the gradient of brightness
across the cloud is flat, or where noise is present within the digital data,
this point may be distant from the actual location of the highest rainfall.
Experience indicates that the separation rarely exceeds a distance equal
to the equivalent radius of the cloud.

Finally, there has been concern that rainfall not originating in deep
convective clouds might contribute substantially to total GATE rainfall.

The satellite cloud code developed to estimate this "background" rainfall

is described in Appendix B. Of some 275 one hour gage and radar observations
under non-deep convective clouds, six showed measureable rain. The average
rain rate for the sample was 0.0l mm-hr—l. Therefore, while background
rainfall may contribute substantially to total rainfall in local areas of

scattered weak convection, it is of no importance to estimates of rainfall
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which include numbers of deep cumulonimbus clouds, and has not been

included in estimates in this report.

B. Test results

Half hourly rainfall estimates from infrared images were made for
two days, 4 and 5 September, when several intense convective disturbances
occurred within the A/B-array (Fig. 3a, b). Hourly rainfall rate was
calculated from the satellite estimates for the "master array", a disc
204 km in radius centered at 8°30'N, 23°30'W (the center of the B-array).
These are compared as time series plots and as a scatter diagram with one
hourly composite digital radar measurements of hourly rainfall rate

supplied by Hudlow. About one sixth of the test sample (Oceanographer

radar on 4 September) was part of the calibration sample. These data
could be ignored, and the conclusions would be the same.

There is a tendency for satellite rainfall to exceed radar rainfall
as rainfall peaked late on 4 September (Fig. 4). Five points on the
satellite plot for 5 September are anomalously low. This is a consequence
of the way satellite rainfall is allocated. In these cases the brightness
peaks of two large clouds (one at 5 to 6 GMT, another at 15 GMT) fell just
outside the master array, although the cloud itself straddled the boundary.
The solid line ignores rainfall from this cloud. The dotted line assumes
half to one third of the cloud rainfall fell within the master array. The
satellite and radar rainfall plots then track very well.

Another way to view these results is as a scatter diagram of radar and
satellite rainfall (Fig. 5). The five underestimates on 5 September are
present as outliers to the general pattern, a band of points along the line

of slope one. With all points included the regression of satellite on
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radar rainfall is

R = 0.12 + 0.84 R
s v

and the correlation is 0.68. 1If the five outliers from 5 September are

excluded, the regression becomes

R = 0.12 + 0.89 R
s v

and the correlation is 0.88.

A second comparison of satellite with radar rainfall was made for
ten hours on 9 September. The master array was covered with cloud (Fig.
6). Initially this was middle and low cloud, with a few weak cells of
convection. Small cumulonimbi increased in number through the period.
Only the larger cells were measured for satellite rainfall (these cells
were dwarfed by the very large rain systems lying to the north and north-
east). Therefore, in spite of a six-fold increase in average rainfall
rate, satellite rainfall is consistently below radar rainfall (Fig. 7).
The difference, 0.1 to 0.2 mm-h—l, is believed to be largely due to the
contribution of small convective clouds, rather than to a bias in the
estimates of rain from the clouds that were measured. Outlining those
unmeasured small clouds which did reach the 160 dc threshold would have
reduced the error in the satellite estimate. However, a fraction of the
actual rainfall would not have been accounted for, except by invoking
background rainfall.

We conclude from these tests that for time intervals down to one
hour and for scales as small as 100 km there is substantial gkill in the
satellite estimates of rainfall. To the extent that errors are random,

accuracies can only increase with larger time periods and larger areas.
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V. Product

Rain estimates have been made for several cases under investigation
by the GATE community. Times and areas covered are given in Table 3.
Deep convective clouds were identified and measured on infrared satellite
images. A photograph of each on image from each case is shown in Fig. 3.
Area measurements were converted to rain estimates with equation (4).
If the estimate for a cloud at a given time was negative, it was set to
zero. The estimates are displayed in two forms: a listing organized
by time of location, volumetric rain rate, and cloud area of each cloud
(Appendix C), and contour analyses for three hour synoptic times (Appendix D).
In the analysis, estimates were assigned to the nearest gridpoint in a
half degree array. The average rain rate was calculated for each gridpoint,

4
and the whole array was contoured.

Table 3

Rain estimation coverage

Period Area
West North Time
State End longitude latitude resolution

0330Z, 4 Sept 0200Z, 5 Sept 12-32 1-16 30 min.
0400Z, 5 Sept 2330Z, 5 Sept 13-33 1-16 30 min.
0430Z, 9 Sept 1630Z, 9 Sept 14-34 5-20 30 min.
0800Z, 18 Sept 1800Z, 18 Sept 19-24 7-12 15 min.
VI. Summary and Conclusions

Although radars provided accurate rainfall information of high time

and space resolution for GATE, coverage was limited to the immediate B-array.

4A linear interpolation along the legs connecting the gridpoints is made

to find the contour crossings. Then the series of line segments connecting
these crossings is smoothed by a running average of .15 inches, which
corresponds to .3 degrees on 4, 5, 9 Sept. and .15 degrees on 18 Sept.
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The gages of the A/B ships are totally inadequate to the task of providing
information on rain amounts and distribution between the B and A/B arrays.
Only one system, the visible and infrared radiometer on board the SMS-1
satellite, provided data on the time and space scales needed to follow
convective rain systems beyond the range of the radars.

It is to provide this information that the present technique was
developed. Volumetric rainfall rate for a distinct convective rain system
is estimated from the sum of two terms, cloud area, and area change. These
are measured in a sequence of satellite images. The scale of the estimate
is the scale of definable deep convective cloud systems. This is an average
of 4500 km2 for clouds in full resolution visible images, and 6000 km2 for
clouds in full resolution infrared images.

Maps and tables of satellite rainfall are presented for 4 days of
special interest from Phase III of GATE. Three of these (4, 5, and 9
September) use half hour pictures and cover areas 15° in latitude by 20°
in longitude. The fourth (18 September) uses quarter hour pictures and
covers an area 5° by 5°.

Two tests of accuracy, using radar as ground truth, show little
evidence of bias in estimates for situations of well organized deep
convection. For a one hour period (two images) over an area 400 km in

5 2 ; : ;
km~) the satellite estimate of moderate to heavy convective

diameter (1.3x10
rainfall might be expected to differ from the radar measurement by a factor
of 0.6 to 1.8. since random error is an inverse function of sample size,
accuracy should improve for longer periods and larger areas. Where
convection is weak and disorganized, the contribution of small clouds at and

below the threshold brightness may locally be a large fraction of total rain-

fall.



10.

11.

12.

-15-
References
Houghton, D. D., 1974: The Central Programme for the CARP Atlantic
Tropical Experiment. GATE Report No. 3, ICSU-WMO, Geneva, 35 pp.
Rodenhuis, D. and A. Betts, 1974: The Convection Sub-Programme for
the GARP Atlantic Tropical Experiment. GATE Report No. 7, ICSU-

WMO, Geneva, 83 pp. plus Appendices.

Martin, D. W. and W. D. Scherer, 1973: Review of satellite rainfall
estimation methods. Bull. Amer. Meteor. Soc., 54, 661-674.

International Scientific and Management Group, 1975: Report on the
Field Phase of the GARP Atlantic Tropical Experiment Scientific
Programme. GATE Report No. 16, ICSU-WMO, Geneva.

Rao, M. S. V., W. V. Abbot III, and J. S. Theon, 1976: Satellite
Derived Global Oceanic Rainfall Atlas (1973 and 1974). NASA
Special Publication 410, NASA Goddard Space Flight Center,
Greenbelt, Md.

Griffith, C. A., W. L. Woodley, P. G. Grube, D. W. Martin, J. Stout,
and D. N. Sikdar, 1978: Rain estimation from geosynchronous
satellite imagery--visible and infrared studies. Manuscript
submitted to Mon. Wea. Rev.

Martin, D. W. and D. N. Sikdar, 1973: Calibration of ATS-3 Images for
Quantitative Precipitation Estimation. Report on NOAA Contract
03-3-022-18, Space Science and Engineering Center, Univ. of
Wisconsin, Madison.

Martin, D. W. and D. N. Sikdar, 1974: Rainfall Estimation From
Satellite Images. Report on NOAA Contract 03-4-022-22, Space
Science and Engineering Center, Univ. of Wisconsin, Madison.

Martin, D. W., J. Stout, and D. N. Sikdar, 1975: GATE Area Rainfall
Estimation From Satellite Images. Report on NOAA Grant 04-5-158-47,
Space Science and Engineering Center, Univ. of Wisconsin, Madison.

Stout, J., D. W. Martin, and D. N. Sikdar, 1976: GATE Area Rainfall
Estimation From Geostationary Satellite Images--Preliminary Results.
Report on NOAA Grant 04-5-158-47, Space Science and Engineering
Center, Univ. of Wisconsin, Madison.

Stout, J.,D. -W. Martin, and D. N. Sikdar, 1978: Rainfall estimation
from geostationary satellite images over the GATE area. Postprint
Volume, 11lth Technical Conference on Hurricanes and Tropical
Meteorology, Miami Beach, 13-16 Dec. 1977.

Sikdar, D. N., 1972: ATS-3 observed cloud brightness field related to
a meso- to subsynoptic-scale rainfall pattern. Tellus, 24, 400-413.



14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

-16-

Griffith, C. G. and W. L. Woodley, 1975: On the variation with height
of the top brightness of precipitating convective clouds. J. Appl.
Meteor., 12, 1086-1089.

Reynolds, D. and T. H. Vonder Haar, 1975: A comparison of radar
determined cloud height and reflected solar radiance measured
from the geosynchronous satellite ATS-3. J. Appl. Meteor., 12,
1082-1085.

Martin, D. W. and V. E. Suomi, 1972: A satellite study of cloud
clusters over the tropical north atlantic ocean. Bull. Amer.
Meteor. Soc., 53, 135-156.

Woodley, W. L. and B. Sancho, 1971: A first step towards rainfall
estimation from satellite cloud photographs. Weather, 26, 279-
289.

Woodley, W. L., B. Sancho, and A. H. Miller, 1972: Rainfall Estimation
From Satellite Cloud Photographs. NOAA Technical Memorandum, ERL
OD-11, 43 pp.

Cheng, N. and D. Rodenhuis, 1977: An intercomparison of satellite
images and radar rainfall rates. Postprint Volume, 1lth
Technical Conference on Hurricanes and Tropical Meteorology,
13-16 Dec. 1977, Miami Beach, Fla.

Griffith, C. G., W. L. Woodley, S. Browner, J. Teijeiro, M. Maier,
D. W. Martin, J. Stout, and D. N. Sikdar, 1976: Rainfall Estimation
from Geostationary Satellite Imagery during Daylight Hours.
NOAA Tech. Report ERL 356-WMPO 7, 106 pp.

Neiburger, M., 1949: Reflection, absorption, and transmission of
insolation by stratus clouds. J. of Meteor., 6, 98-104.

Twomey, S. H., H. Jacobowitz, and H. B. Howell, 1967: Lightscattering
by cloud layers. J. Atmos. Sci., 24, 70-79.

McKee, T. B., and S. K. Cox, 1974: Scattering of visible radiation by
finite clouds. J. Atmos. Sci., 31, 1885-1892.

Smith, E. A. and D. Loranger: Radiometric Calibration of Polar and
Geosynchronous Satellite Shortwave Detectors for Albedo Measurements.
Colorado State Univ., to be published.

Chatters, G. C. and V. E. Suomi, 1975: The applications of McIDAS.
IEEE Transactions on Geoscience Electronics, GE-13, 137-146.

Austin, P. M., S. G. Geotis, J. B. Cunning, J. L. Thomas, R. I. Sax,
and J. R. Gillespie, 1976: Raindrop size distributions and Z-R
relationships for GATE. Paper presented by J. Cunning at the
Tenth Tech. Conf. on Hurricanes and Tropical Meteor., Charlottesville,
VA., Amer. Meteor. Soc.



26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37

38.

39.

=Ii7=

Austin, P. M., 1977: Radar data quality. Report of the U. S. GATE

Central Program Workshop, 25 Jul - 12 Aug 1977, Nat. Center for
Atmos. Res., Boulder, 181-186.

Richards, F. and M. Hudlow, 1977: Use and abuse of GATE digital
radar data. Postprint Volume, 11th Technical Conference on
Hurricanes and Tropical Meteorology, Dec 13-16, 1977, Miami Beach,
Fla.

Hudlow, M. D., 1977: Precipitation climatology for the three phases
of GATE. Preprint Volume: Second Conference on Hydrometeorology,
Oct 25-27, 1977, Toronto.

Cunning J. B. and R. I. Sax, 1977: A Z-R relationship for the GATE
B-scale array. Mon. Wea. Rev., 105, 1330-1336.

Smith, E. A. and E. A. Vonder Haar, 1976: Hourly Synchronous
Meteorological Satellite - 1 (SMS-1) Data Collected During the
GARP Atlantic Tropical Experiment (GATE). Available from World
Data Center — A Data Catalog, The National Climatic Center,
Federal Building, Asheville, N. C. 28801.

Lienesch, J. H., 1974: VISSR Thermal Channel Sensitivity During
Eclipse. Memorandum for the Record, National Environmental
Satellite Service, NOAA, Washington, DC, Oct. 21.

» 1975: Varibility in VISSR Thermal Measurements
during the eclipse period. Memorandum for the Record, National
Environmental Satellite Service, NOAA, Washington, DC, Apr. 23.

Smith, E. A., 1977: Report of the U. S. GATE Central Program Workshop,
25 Jul - 12 Aug 1977, Nat. Center for Atmos. Res., Boulder, 189.

Hudlow, M., R. Arkell, P. Pytlowany, and F. Richards, 1978:
Calibration. and intercomparison of the GATE C-band weather radars.
NOAA Tech. Rept. (in preparation).

Warner, C., 1977: Case study of GATE day 261. Re eport of the U. S.

GATE Central Program Workshop, 25 Jul - 12 Aug 1977, Nat. Center
for Atm. Res., Boulder, 343-355.

Houze, R. A., Jr., and C. P. Cheng, 1977: Radar characteristics of
of tropical convection observed during GATE: Mean properties and
trends over the summer season. Mon. Wea. Rev., 105, 964-980.

Lopez, R., 1977: Report of the U. S. GATE Central Program Workshop,

25 Jul - 12 Aug 1977, “Nat. Center for Atmos. Res., Boulder, 227-230.

Simpson, J., 1977: Clouds and convection in the GATE. Report of the
U. S. GATE Central Program Workshop, Nat. Center for Atmos. Res.,
Boulder, 277-287.

Martin, D. W., 1975: A satellite convective code. GATE Report No.
14, Vol. 1, World Meteorological Organization, Geneva. ¥



-18-

40. Garstang, M. and C. I. Aspliden, 1974: Convective Cloud Code,
University of Virginia, Charlottesville.

41. Woodley, W. L., A. R. Olsen, A. Herndon, and V. Wiggert, 1975:
Comparison of gage and radar methods of convective rain measure-
ment. J. Appl. Meteor., 14, 909-928.




-19-

CAPTIONS TO FIGURES

Correlations between infrared cloud area and volumetric rain rate.
Along the abscissa are brightness thresholds used to

measure area. The ordinate indicates the time lag in hours and
minutes between cloud area and rainfall. The correlation is
highest for cloud area defined by a 175 dc threshold brightness
and rain falling one hour and twenty minutes earlier.

Same as Figure 2, but for visible clouds.

Infrared clouds and cloud outlines for the four days of present rain-
fall estimates. The area shown is approximately the area of each
estimate sequence. A hexagon marks the B-scale ship array.

a. 1300 GMT 4 September.

b. 1330 GMT 5 September.

c. 1330 GMT 9 September.

d. 1315 GMT 18 September.

Time series plot of 4 and 5 September one hourly rainfall estimates
over the master array (a disc of radius of 204 km centered at
8°30'N, 23°30'W). The dotted line represents satellite rainfall
where the contribution of very large clouds is allocated according

to the fraction of cloud intercepted by the master array.

Scatter diagram of radar and satellite rainfall for 4 and 5 September.
Diagonal line is of slope 1.

Same as Figure 3 for 9 September.
Infrared and visible SMS image pair annotated with cloud type.
Frequency distributions of rain rate, for each of the seven cloud
types. Dots represent gage measurements, bars represent radar

measurements. Zero rainfalls above 20 occurrences have been plotted
to the left of zero.
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APPENDIX A

Oceanographer radar data supplied by the Center for Experiment Design

and Data Analysis, NOAA, had been corrected for energy loss to the sea by
a "bi-scan maximazation'" procedure described in Hudlow et. al. (34). The
radar data were corrected for "instrument bias'" and attenuation at
Wisconsin. Instrument bias was removed by the addition of 2.75 decibels
to the reflectivity values. Attenuation due to oxygen and water vapor
was corrected by a range dependent term linearly interpolated from the

following table:

distance from radar (km) O 10 30 50 70 100 150 200 256
convection term (dbz) 0 .225 .75 1.2 1.55 2.05 2.55 2.85 3.05
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APPENDIX B
Background Rainfall

During GATE there were reports from aircraft scientists and ship
radar scientists of significant rain from small convective clouds and
from stratiform clouds. For example, on 31 August rain was observed
falling from cumulus with tops as low as 2.3 km (35). On other occasions
(e.g. 18 September) heavy showers fell from congestus clouds. The echo
climatologies of Houze and Cheng (36) and Lopez (37) indicate that the
contribution of small, shallow convective echoes to total rainfall in
and around the inner hexagon was small, perhaps a few percent. But a

single estimate of "background" rainfall for the Oceanographer radar

gave results between 5 and 207%, for instantaneous measurements over an
area of about 105km2(2).

We attribute this background rain to shallow convection, that is,
convective clouds not reaching the stature of cumulonimbi, and to
stratiform cloud not originating in deep convective clouds. It is clear
from comparisons with aircraft photographs (e.g. see Simpson, 38) that
these clouds can be identified in satellite picture sequences. The problem
is to estimate in some simple way the amount and distribution of rain
falling from such clouds.

Initially, we proposed to use cloud brightness thresholds to estimate
background rainfall (9). This approach failed because the thresholds
appropriate for identifying small, shallow convective clouds were extremely
sensitive, especially in infrared, to other clouds, such as cirrus, not

connected to the rainfall. To avoid this problem we developed a scheme

which is based on a satellite convective code (39). The satellite convective
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code, in turn, is an extension of the convective code proposed by
Garstang, and Aspliden (40), and used by shipboard scientists during
GATE.

In the original satellite convective code there were six categories,
ranging from extremely depressed convection through strongly enhanced
convection and post convection. The present scheme adds a seventh category
of non-convective middle-level stratus cloud. This was often observed in
the GATE area, especially along the equatorial fringe of the Intertropical
Convergence Zone.

The revised satellite cloud code, presented in Table B-1 and Fig.
B-1, includes for completeness categories of deep convection (4, 5, 3D,
and to some extent 3) which ordinarily would be handed explicitly by
the primary scheme for convective rain estimation. The appearance of the
scene for each category is described separately for visible and infrared
images. Either visible or infrared images could be used to determine
cloud category; however, results are best if visible and infrared are used
together.

To find out what rainfall rates are associated with these categories,
clouds at the locations of GATE ships reporting one hourly rainfalls were
assigned to one of the seven categories. In most cases three half-hour
visible and infrared satellite picture pairs were used to make the assign-
ment. Intervals of rapid change in cloud type were not included. Observed
hourly rainfall rates then were tabulated for each cloud category, and
plotted as frequency distributions. A similar procedure was followed for
the C-array triangle, an area of 4075 km2 defined by the ships Meteor,

Planet, and Dallas, for which Quadra radar measurements of rainfall rate
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have been provided by Geoff Austin of McGill University. Using the gage-
radar comparisons made by Woodley, et. al. over south Florida as a guide,
each of the C-array measurements was conservatively weighted to equal ten

gage measurements. When gage and radar results are so combined (Fig.

B-2), we find that there is a systematic change in rainfall rate by
category. The background (non-deep convective categories) 1, 2, and 7
produce practically no rainfall. Category 3, which is transitional to
deep convection, apparently produces significant rain, but occurs so
infrequently that for most applications it can be ignored. The deep
convective categories 4 and 5 do produce significant rainfall, however,
these are accounted for explicitly by the area method; so too with the
decaying category, 6. The overwhelming bulk of rainfall in the tropical
east Atlantic comes from cumulonimbus clouds. Where these are small and
scattered, background rainfall may contribute a large fraction to total
rainfall, but where estimates include numbers of cumulonimbus clouds, back-

ground rainfall can be ignored.
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Appendix C

Tables of location, cloud area, and rain estimate, organized
by time. The estimate applies to the period from the time it is

listed under to the time of the next estimate.
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