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GATE RADAR RAINFALL ATLAS

Michael D. Hudlow and Vernon L. Patterson
Center for Environmental Assessment Services
National Oceanic and Atmospheric Administration

ABSTRACT. As a part of the GARP Atlantic Tropical Experi-
ment (GATE), quantitative precipitation observations were
made during the summer of 1974 for an experimental array
centered at 8°30' N. latitude and 23°30' W. longitude using
four C-band digital radars complemented by shipboard rain
gages. High resolution rainfall data sets covering a cir-
cular area (master array) extending approximately 204 km
from the center of the experimental array were derived and
were archived at the two GATE World Data Centers. The rain-
fall products were derived for this special report by using
the hourly precipitation accumulations for 4-km square data
bins as input. These products consist of rainfall rate sta—
tistics; daily isohyetal maps; Phase isohyetal maps (each
GATE Phase =~ 20 days); and tabulated rainfall values for
various durations, ranging from hourly to daily, and for 15
geometric subareas within the master array.

1. INTRODUCTION
1.1 ©Purpose and Scope of Atlas

Validation and analysis of the GATE data sets fall under the auspices of
five major subprograms that divide GATE according to major disciplines (Kuettner
et al., 1974). The radar analyses are an integral part of the Convection
Subprogram (Betts, 1974; Betts and Rodenhuis, 1975; Hudlow, 1975). The GATE
operations were divided into three observational periods: Phase I, June 28-
July 16; Phase II, July 28-August 15; and Phase III, August 30-September 19,
Using the C-band radar data, refined quantitative precipitation estimates have
been derived for_ all three Phases at the Center for Experiment Design and Data
Analysis (CEDDA)' as a major task within the Convection Subprogram. Details
of the technical characteristics of the four C-band radars are given by Hudlow
et al. (1979), who also discuss the techniques employed for intercomparing the
radar systems and for comparing the radar measurements with those from shipboard
rain gages.

An important aspect of scale interaction studies, which is central to
meeting the GATE objectives, involves various types of atmospheric budget
analyses. A significant component of the water and energy budget analyses is
accurate rainfall estimates. The primary purpose of the atlas is to fulfill

1Now the Center for Environmental Assessment Services (CEAS).



this basic requirement for accurate rainfall estimates for the space and time
scales likely to be used in the budget studies. These rainfall data may also
be useful for other applications requiring similar resolution., However, the
scope of the atlas is not intended to cover all demands for rainfall data.
Higher resolution rainfall data sets are available from the GATE archives (sec.
1.2).

A pictorial GATE radar atlas was previously prepared by Arkell and Hudlow
(1977). Their atlas provides maximum geographic coverage, since it contains
mosaics using all C-— and X-band radar photographs, at 3-hourly intervals for

24 days of GATE, but use of the rain-rate information from their atlas would
be limited to semiquantitative studies.

1.2 Other Related Data Sets

High resolution rainfall data are available on both magnetic tapes and
microfilm from the GATE World Archives for those applications requiring finer
spatial and/or temporal rainfall information than provided by the atlas products.
These, together with written documentation, may be ordered from the GATE Data
Catalogue (World Data Center A, 1978). Table 1l summarizes the available data sets.

Figure 1 is a sample graphics display of the instantaneous reflectivities,
or the corresponding rainfall rates using R = 0.013Z"*", from the Oceanographer
radar for 1730 GMT September 2. The rainfall-rate, reflectivity relationship
quoted here gives R in mm hr"1 for Z in mm’ m ~°. However, Z is expressed in
dBZ's in the header key of figure 1, where

dBZ = 10 1OgIOZ .

The data shown in figure 1 are an exact reproduction of a sample map from
data set No. 3.36.02.103 (see table 1), except the corrections for atmospheric
attenuation and a systematic bias have been added (Austin, 1977; Hudlow et al.,
1979).

Figure 2 is a sample graphics display of the hourly rainfall data that
were used to derive the atlas products. This particular map from data set No.
4.36.02.105 (see table 1) gives rainfall accumulations within the master array
for the hour ending at 1800 GMT September 2. The sample of instantaneous data
from the Oceanographer radar (fig. 1) was collected at the midpoint of this
hour (i.e. 1730 GMT) when the Oceanographer was stationed near the southeast
corner of the B-scale “hexagon,” shown as a dashed line in figure 2. As
indicated by the header information in figure 2, data from the other three C-
band radars also were merged in the derivation of this hourly rainfall map.
The merging procedures are briefly described under section 2.

Using the hourly rainfall data for the 4-km square data bins (data set
No. 4.36.02.104; see table 1), coarser resolution estimates were derived for
the latitude-longitude network shown in figure 3 (data set No. 4,36,02.106).
This latitude-longitude network provides a compromise between spatial resolution
and data compactness. For example, it gives adequate resolution to approximate
various geometric areas described by the flight patterns of GATE aircraft; yet,
it is sufficiently compact to obtain rainfall estimates for the particular
geometric areas by manually combining the values from the individual squares.
Rainfall estimates for the primary geometric areas, formed by the various B-
and C-scale ship stations (Kuettner et al., 1974), are given in this atlas,

2
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Figure 1.--Sample of instantaneous rainfall-rate map from the Oceanographer

radar for 1730 GMT September 2.
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2. INPUT DATA USED TO DERIVE RAINFALL PRODUCTS

The input data used in the derivation of the atlas products are those
contained in data set No. 4.36.02.104 (table 1). A sample graphics display of
these data is shown in figure 2.

The input rainfall values were obtained by merging the refined rainfall
estimates, within the master array, from two or more of the individual radars.
The precipitation processing and merging procedures for Phases 1 and II were
considerably different from Phase III. For Phases I and II, only data from the
Oceanographer and Researcher radars were used in the derivation of the hourly
maps (fig. 4); for Phase III, data from all four C-band radars were merged
when available (fig. 5).

The decision to use only NOAA radar data for Phases I and II was based
largely on considerations of data availability and on the fact that the
Oceanographer radar covered the complete master array during the first two
Phases, when the Oceanographer was stationed near the center of the array.
Because the Oceanographer radar data alone were fundamental to the accuracy of
the Phase T and II estimates, major efforts were undertaken to refine these
data by applying atmospheric, wet radome, and intervening rainfall attenuaticn
corrections. For Phase III, only atmospheric attenuation corrections were
applied to the radar data from the four C-band radars. Rainfall attenuation
corrections were not considered as significant for Phase III, because data were
merged from more radars, each of which viewed the precipitation lying in the
interior of the array from different directions (fig. 5). Intervening rainfall
attenuation was normally not significant at C-band frequencies for GATE
convection, except for very small localized areas (Patterson et al., 1979).

The method used for merging the data from the multiple radars also was
different for Phase III; namely, the nonzero rainfall amounts, for the common
data bins falling inside the master array from the various radars, were averaged.
For Phases I and II, all nonzero rainfall rates from the Oceanographer radar
were taken alone as the best estimates. Nonzero estimates from the Researcher
radar were substituted only for common data bins within the master array where
the Oceanographer values were zero. During Phases I and II, this merging tech-
nique recovered data that were sometimes missed by the Oceanographer radar
because of an obstruction of the radar beam by the ship's superstructure in a
sector,about 20° wide, forward of the ship. The Oceanographer's obstructed
sector was normally located in areas covered by the Researcher radar.

The scope here has been confined to a brief description of the rainfall
processing system, which prepared the input data used in the derivation of the
atlas products. A more complete description of the processing is given by
Patterson et al. (1979).

3. RAINFALL STATISTICS

The rainfall statistics presented in this section have been included to
provide background information on the rain-rate regime observed during GATE.
They should help in the interpretation of the GATE rainfall data relative to
rainfall regimes in other parts of the world. These statistics, which should
be of particular interest to hydrometeorologists and communication engineers,
are only examples of the types of rainfall statistics that may be derived

7
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the location of C-band radars used in rainfall derivations for
Phase III of GATE.



from the variety of rainfall data sets now available from the GATE archives
(sec. 1.2). Furthermore, analogous statistics for other time scales and larger
space scales can be derived directly from the rainfall data contained in this
atlas.

3.1 Rainfall-Rate Frequency Distributions for Selected Durations

Cumulative frequency distributions of rainfall rate are presented in
figure 6 for selected durations and areas. The radar data and the analysis
regions used to composite the statistics for these frequency distributions are
summarized in table 2. The cumulative curves give the percent of the rates
that are less than a given ordinate value and that exceed a gspecified threshold.
The thresholds for the curves lﬁbeled as instan}aneous 16 km*, hourly 16 km®,

daily 16 km?, agd hourly 784 km? are 1.2 mm hr*, 0.5 mm hr™', 0.02 mm hr ~°,
and 0.0l mm hr -, respectively.

The instantaneous frequency distribution emphasizes that the intense
convective rainfall cores observed in GATE were confined to a very small fraction
of the total rain area. The distribution of rates becomes more uniform for the
larger spatial and/or temporal averaging scales, The distributions for the
hourly 784~km® and the daily 16-km” scales are very similar, indicating that
some degree of ergodicity is reached for these combinations of space and time
scales,

3,2 Maximum Point Rainfall for Various Durations

Figure 7 presents plots of maximum point rainfall accumulations for the
range of durations sampled during GATE. For the radar curve, 4-km x 4-km data
bins are treated as "point” values. The data used for the radar analysis were
the merged rainfall estimates from the C~band radars (sec. 2). The analysis
region, used in the determination of the maximum rainfall accumulations from
radar, was the total master array. Because the absolute maxima occurred outside
the subareas of the master array used in the derivation of the frequency
distributions shown in figure 6, the maximum values given on the 4=km curves in
figure 6 are somewhat lower than the corresponding values on the radar curve in
figure 7.

All shipboard rain-gage data contained in the reports by Seguin and Sabol
(1976) and Seguin and Crayton (1977) were examined, and the absolute maxima of
all gage values for the various durations were selected for the gage plot shown
in figure 7. For all durations of Phase length (= 20 days) and less, a rain
gage aboard the Oceanographer caught the largest gage amounts. The largest
cumulative gage value for all three GATE Phases combined (=~ 60 days) was
collected by a rain gage aboard the Researcher.

The Julian days that the maxima occurred, for durations up to daily,
appear beside the plotted points on both the radar and shipBoard gage curves.
A cross-reference between Julian day and the month and day can be made by
referring to the headers accompanying the tabulated rainfall data for each day.

A World Record Curve from Chow (1964) is also included in figure 7 for

comparison with the GATE radar and rain-gage curves. The values for the
GATE curves are based on specific beginning and ending times; for example, the

10
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Figure 6.--Cumulative frequency distributions of average rainfall
rates for selected spatial and temporal averaging scales (areas
and durations), derived from GATE radar measurements specified
in table 2. Maximum rainfall rate for each distribution is
indicated with special symbol.
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daily accumulations used in the analyses were for 24-hr periods ending at
midnight GMT, and the 12-hr accumulations were for periods eunding at 1200 GMT

and 2400 GMT, and so forth, for the other durations. The World Record Curve

is based on the absolute maximum accumulations that have been recorded anywhere
in the world for given durations, irrespective of the beginning and corresponding
ending times. All values for the World Record Curve are from land stations

where terrain features, such as orographic lifting, are often important.

Some interesting observations can be made by comparing the curves in
figure 7. First, the GATE radar maxima are consistently higher than those
recorded by the shipboard rain gages, although the two curves become closer
as the duration increases. This difference is not because of a calibration
problem with either sensor but primarily results from incomplete spatial
sampling by the widely spaced rain—gage observations. The radar and gage
maxima converge for longer durations as the mean rainfall fields become more
uniform, increasing the probability that a gage will record a value closer
to the absolute maximum. However, the rainfall distribution for the three
Phases combined was still sufficiently skewed that no gage caught the abso-
lute maximum.

It is also interesting to note that the radar curve and the World Record
Curve approach each other for the shorter durations. This is physically
consistent with the fact that some of the GATE systems produced quite intense
rainfall for relatively short durations, but the convective and transitory
nature of the GATE storms precluded extremely large accumulations at a point
for the longer durations.

4, DESCRIPTION OF RAINFALL ESTIMATES

4,1 Missing Data and Derivation of Mean Rates

Except for the 69 consecutive hours that were missed during Phase II when
the Oceanographer was off station for a medical evacuation, gaps in the rainfall
record are confined to infrequent periods of only a few hours in duration. The
hours for which rainfall estimates are missing on a given day appear in the
header of the isohyetal map for that day. Also, blank lines in the hourly
section of the rainfall tables indicate missing rainfall rates for those hours.

The estimates of mean rainfall rate for the 3-, 6~-, 12-, and 24~hr
periods were obtained by first summing the nonmissing hourly rates and then
dividing the totals by the number of hours within the period that data were
available. Mean rates were not calculated when more than one-third of the
hourly values within the period were missing. This method of calculation
gives "exact” mean rates for the portion of the period covered by existing
hours. How representative these mean rates are for the total period depends
on the length of the data gap(s) and on whether the mean patterns during the
missing hour(s) differed significantly from those observed during the existing
hours. The specific hours missing from a period can be identified as previ-
ously described.
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4.2 Time Series and Array Means for Three GATE Phases

With the exception of the Phase mean rates for the A/B-scale hexagon,2
which were obtained by extrapolating the B-scale radar estimates using infrared
satellite data, the rainfall rates given in this section were derived from the
data given in the rainfall tables. The Phase mean values, combined with the
B-scale time series, provide a summary of the average precipitation production
rates and their temporal distribution.

Figure 8 gives time series of 6~hr mean rainfall rates over the B-scale
array for the three Phases of GATE. As can be inferred from figure 8, synoptic
scale events, occurring at an average frequency of about once each 3.5 days,
affected the precipitation production in the B-scale. Reed et al. (1977) and
Hudlow (1977) have shown, for Phase III data, that the precipitating convection
was significantly enhanced in the vicinity of the troughs of African waves,
which were identified on 700-mb wind charts.

The Phase mean rainfall-rate estimates for the B- and A/B-scale arrays
are given in table 3. The A/B-scale estimates, which are included because
of their importance in A/B-scale budget analyses, were obtained by extrapolating
the B-scale radar estimates using satellite data as follows:

(Rain)AB = [}High Cloud)AB /QHigh Cloud)é} x (Radar Rain)B s

where the bars indicate Phase mean values over the arrays as indicated by the
subscripts. The high cloud was determined from infrared satellite data collected
from the Synchronous Meteorological Satellite-1 (SMS-1). High cloud was defined
as the average percent area covered by cloud image exceeding an altitude of 7.8
km (25 k ft), which corresponds to a brightness temperature threshold of
approximately —-20°C for the GATE area. This threshold closely corresponds to

the one that Stout et al. (1977) found to give the best correlations between
infrared image area and observed rainfall as measured by radar.

The validity of using the radar/satellite extrapolation technique can be
evaluated by examining the correspondence between the relative variations of
the radar and the satellite B—scale values for the three Phases. Comparison of
the B—array columns in table 3 shows that the relative variations from Phase to
Phase closely agree. While this method of extrapolating appears to work well
for Phase averages, its validity would probably diminish for much shorter
periods. However, using considerably more sophisticated procedures, 6-hourly
rainfall estimates covering an A-scale array, which includes the A/B scale,
have been derived from SMS-1 data by Griffith et al. (1979). These satellite
rainfall estimates are available on magnetic tape from the GATE World Data
Center A (1978; see data set No. 5.89.02.102 in the GATE Data Catalogue).

It should be noted that the estimates of mean rainfall rate for Phase II
(table 3) are based on only the 16 days with existing radar data. However, the
satellite mean high—cloud values also were computed including the 3 days missed
by the radar, and these values were virtually identical to the ones given in

2The A/B-scale hexagon is centered on, and symmetric with, the B-scale
hexagon, but it covers an area 5 times larger (Kuettner et al., 1974). Accord-
ingly, it is 2.7 times larger than the master array (fig. 4).
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Table 3.--Estimates of the Phase mean rainfall rates (mm dayﬁl) and percent
satellite high-cloud coverages over the B~ and A/B-scale arrays

B-Array A/B-Array
Radar Satellite Satellite Extrapolated radar
Phase rain rate percent high~- percent high- rain rate via
cloud cover cloud cover satellite ratio
I 11.9 21 19 10.8
II 9.2 15 14 8.6
111 12.7 25 22 11.2
Average
all Phases 11.3 mm/day 20.3% 18.3% 10.2 mm/day

table 3 without the 3 days. This supports the conclusion that the B-array
mean radar estimate for Phase II was not seriously degraded because of the
three days of missing data.

Finally, we emphasize that although the A/B-scale rain estimates may be
subject to greater uncertainty than those for the B-scale, they are almost
certainly superior to estimates determined from only the shipboard rain gages.
It is probable that the widely spaced rain-gage observations will underestimate
the true array means, because of the skewed distribution of the Phase rainfall
patterns.

4,3 Format of Rainfall Products

The rainfall products are arranged chronologically with the mean isohyetal
map for each Phase preceding the series of daily maps and tables for the Phase.
All rainfall values are expressed as average rainfall rates (mm hr™ "), over the
area and period to which they pertain, and all times are Greenwich mean time
(GMT). Accumulations can be obtained for a particular period by multiplying the
rates times the number of hours in the period.

The number of digits carried past the decimal point should not be taken
as an indication of the absolute accuracy of the rain-rate estimates. More
decimal places were retained than in some cases are warranted by the accuracy
of the measurements, so that the difference between zero and very small rain
amounts can be distinguished. This becomes increasingly important as the
period and/or area over which the rainfall estimates are being averaged
increase. For example, a moderately intense, but brief and isolated, shower
may result in a very small mean rainfall rate when averaged over the total B-
array for a 24-hr period.
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4.,3.1 Phase Isohyetal Maps

The contours on each Phase map were manually drawn from an array of Phase
mean rainfall-rate values. The elements of the array were obtained by spatially
averaging the 4-km resolution data over 16-km x 16-km squares.

Also plotted on the Phase isohyetal charts are the mean rainfall rates
calculated from the shipboard rain-gage catches for ship stations in the B-
scale array. The letter following the rain-rate value denotes the approximate
location of the gage aboard the ship. Data were available from two or more
gages for some ships. For these cases, the (maximum) deviation between the
value for the plotted gage and the other gage(s) is shown in parenthesis. The
triangles mark the navigated gage positions, which are averages calculated by
weighting the mean hourly ship positions by the hourly rainfall amounts. In
most cases the difference between the rain weighted position and the straight
average position is small, and the gage-to-radar correspondence is not affected
significantly. There are some notable exceptions; for example, the Oceanographer

for Phase I.

4.3.2 Daily Isohyetal Maps

The daily isohyetal displays consist of graphics images, composed of 4-km
x 4-km data bins, generated from a set of 16 alphanumeric characters, which
provides an intensity resolution of 1.75 decibels. Four gray shades indicating
successively higher rainfall rates are illustrated by increasing the number of
dots (pixels) used to form the characters.

The key relating the alphanumeric characters to the daily-mean rain rates
is given in the header. Hours for which data are missing (see sec. 4,1) are
also listed in the header. Finally, the number of scans (maps) of instantaneous
data that were used from each radar to derive the hourly data, which in turn
were used to derive the daily map, are given in the map header. The maximum
possible number of scans that can appear in the header for a given radar and
day is 120, which indicates that all of the instantaneous scans, collected at
15-min intervals, were available. The trapezoidal integration algorithm used
all of the "on-the—hour" scans twice, and they were likewise included twice in
the header count.

4.3.3 Tabulated Mean Rainfall Rates for Various Durations and Geometric Areas

Fifteen area numbers appear across the top of each rainfall table, and
the ending hours for the various periods appear down the left side of the table.
The 15 area numbers correspond to the 15 geometric areas shown in figure 9.

The assigned ship positions shown in table 4 were assumed in determining the
boundaries for all computations.

The values contained in the tables give the radar estimates of the
average rainfall rates over the various geometric areas and over the 1-, 3-,
6-, 12—, and 24~hr periods within each day. For example, the average rainfall
rates (mm hr ') over the B-scale hexagon (area No. 9) on Julian day 179
(June 28) for the first time period in each duration category, i.e., over
hours 00-01, 00-03, 00-06, 00-12, and 00-24, are 0.27, 0.21, 0.15, 0.67, and
0.75, respectively.
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BOUNDARY OF MASTER ARRAY

BOUNDARY OF MASTER ARRAY

¢ SHIP POSITIONS

Figure 9.--Key giving geometric areas corresponding to
the area numbers appearing above the columns of the

daily rainfall tabulations. Letters designate ship
positions.
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Table 4.--Assigned ship positions used in determining the
boundaries of the geometric areas shown in figure 9

Ship position Latitude (N) Longitude (W)
A 8°30" 23°30"
B 10°00" 23°30"
C 9°15" 22°12°
D 7°45" 22°12°
E 7°00° 23°30"
F 7°45" 24°48"
G 9°15" 24°48"
H 9°15" 23°05"
I 9°00" 22°40"
J 8°30" 22°38"

4.4 Expected Accuracies of Rainfall Estimates

4.4.1 Background

Because of the large spatial and temporal gradients, it is always difficult
to establish the absolute accuracy of convective rainfall measurements, even
over land areas. At sea it becomes more difficult, since adequate independent
“"ground truth" measurements are usually not available, especially for the
smaller space and shorter time scales. Most radar hydrologists accept that
comparisons made against a dense rain-gage network, within optimum range of a
land-based radar, often provide the best information for assessing the accuracy
of, and for calibrating, radar rainfall estimates. However, it would not have
been logistically feasible, if possible, at all, to erect and maintain a dense
network of buoys, instrumented with rain gages, in the GATE B-scale area.

Since it was clear early in the planning of the GATE radar program that
a dense network of gages would not be available, and that the success of the
water and energy budget studies would critically depend on the accuracy of the
quantitative radar estimates, a multi-faceted approach for calibrating and
intercomparing the data from the four C-band radar systems was undertaken
(Hudlow et al., 1979). The electronic calibrations were established before
the GATE field Phases and were routinely checked throughout the summer of 1974.
A major subtask of the post analyses was the evaluation of the radar calibra-
tions through a variety of intercomparison analyses, which included comparisons
of radar measurements from two or more radars in regions of overlapping cover-
age, and comparisons of the rainfall estimates from the individual radars with
rain-gage measurements collected aboard the B-scale ships (figs. 4 and 5). Based
on these intercomparisons, systematic biases were estimated, and adjustments
for them were made as a part of the derivation of the final rainfall estimates
(Patterson et al., 1979).

In arriving at the magnitudes of the systematic biases, considerable
weight was given to the comparisons between the Phase rainfall totals from the
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individual radars and those from selected gages. Comparisons between radar
estimates and gage catches also were made for shorter time periods; however,
because the inherent noise in relating the point measurements from the single
in situ sensors to the much larger volume measurements from the remote sensors
increases with decreasing integration time, no attempt was made to dynamically
ad just the radar fields for limited areas or times using gage calibrations. 1In
fact, only time and space invariant bias adjustments, defined here as systematic
bias adjustments, were applied to the data sets from the individual radars. 1In
addition, attenuation corrections were applied as described in section 2.

Although it is difficult to relate rain estimates from radar to point
estimates from isolated gages, some information can be gained about the accuracy
of the radar estimates from such comparisons if the large spatial variabilities
and the impreciseness with which the radar precipitation fields can be positioned
are considered., Some of the factors that potentially limited the precision
with which the shipboard rain gages could be absolutely positioned in the radar
fields follow:

1. Uncertainties in the ships' estimated positions were sometimes 1-2 km.

2. Small, time-variant antennae azimuth errors may have occasionally
become significant.

3. Data resolution prevented navigation of individual radar fields to an
accuracy better than 2 km. :

4. The navigation accuracy could further deteriorate for parts of the
master array subsequent to the merging of fields from two or more radars (sec. 2).

5. Areas that were obstructed by the ships' superstructures in the
individual NOAA radar scans sometimes were filled by data from the same radar,
15-min removed (Richards and Hudlow, 1977), or from another radar as part of
the merging process.

6. Wind between beam level and the surface could cause the precipitation
to drift laterally and reach the surface a significant distance from the point
of radar observation.

None of the above six factors would have a significant impact on the
accuracy of the rainfall estimates, except on those applications requiring
extremely accura%e absolute location of the radar data and/or gage data; for
example, "point”~ estimates are needed in order to make comparisons between
radar observations and the individual gage catches.

4,4,2 Radar—-Gage Comparative Analyses

Figures 10, 11, and 12 illustrate the scatter that is observed when
comparing the refined radar rainfall estimates to individual gage catches for
Phase, daily, and hourly periods, respectively. The plotted numbers give the
frequency of radar-gage pairs falling within the classes delineated by the
vertical and horizontal lines. The class intervals are normally 2 dBR, except
3 to 5 dBR classes are used below -5 dBR for the daily plot because of poor
resolution in the rain-gage data at light rain rates. The rainfall rates, R,
are averages over the various periods expressed in mm hr™! and in dBR, where
dBR = 10 logygR.

3"Point" radar estimates in the context of this report refer to the values
for the elemental 4-km x 4-km data bins.
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indicated classes for two methods of determining the
radar values as described in the text.
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The gage values used for the Phase scatter diagram are those plotted on
the Phase isohyetal maps. Data were available from two or more gages for some
ships. For these cases, the maximum of the gage values was usually selected
for comparison with the radar estimates, except that only the rain-gage data
published by Seguin and Sabol (1976) were used for the daily comparisons. The
data from the supplemental gages, which were subsequently published by Seguin
and Crayton (1977), were incorporated for the Phase and hourly comparisons.
Rain-gage data from gages aboard the Gilliss, Oceanographer, and Meteor” were
used, for all days that radar and gage data were available, for the daily
comparisons. Only collocated gage and radar data were used for the hourly
comparisons. This was accomplished by using the objective analysis model
described by Patterson et al. (1979) to obtain interpolated radar estimates at
the radar origin, which could then be compared to the rain-gage data aboard the
same ship.

The hourly collocated comparisons were made using the refined rainfall
estimates from the Oceanographer and Researcher radars, individually, before
the fields were navigated and merged. This approach virtually eliminated the
positional errors, which may be significant for the daily and Phase comparisons
of the remote radar and gage observations. However, the interpolation errors
accompanying the hourly radar estimates can be large, since the closest observed
data used in the objective analysis were 4 km from the radar origin. Hudlow et
al. (1978) show that the mean correlation radius (distance at which the
autocorrelation coefficient first diminishes to e ') is only approximately 4 km
for GATE instantaneous rain-rate fields.

Comparison of figures 10, 11, and 12 shows that a significant increase in
variability is encountered between the radar and gage observations as the
averaging period decreases. No systematic biases are apparent from these
plots, however, throughout the dynamic range of the rainfall rates for the three
time scales.

An appreciation for the large spatial gradients that exist in the isohyetal
patterns, even for averaging periods as long as a Phase, can be obtained by
comparing the scatter of the two groups of numbers plotted in figure 10 (italics
and bold). The radar estimates for the group exhibiting the most scatter were
obtained by averaging the values in a set of four 4-km x 4-km data bins consisting
of the one containing the Phase-mean ship (gage) position plus the three nearest
neighboring bins. The second group was ohtained by taking, for each "point"
comparison, the value from the set of four in closest agreement with the gage,
which reduces the scatter to the extent that one-third of the radar estimates
fall one class closer to the gage values (fig. 10). Considering the large
spatial variability and the six factors enumerated above that affect the
precision with which the rain gages can be positioned relative to the radar
fields, it seems likely that the positional error can be as large as 4 km,
Therefore, the second group of numbers can bte considered as being most
appropriate for the Phase radar-gage comparisons.

Comparison of figures 11 and 13 emphasizes the substantial spatial
variability and uncertainty encountered in relating the daily radar and gage
estimates, EFEach radar estimate for the scatter diagram shown in figure 11

4The Meteor maintained station D during Phases I and II and switched with
the Oceanographer during Phase III (station A, see table 4 and figs. 4 and 5).
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was taken as the value in closest agreement with the rain gage from the set

of nine 4-km x 4-km data bins, which consist of a central bin containing the
daily-mean ship (gage) position plus the eight surrounding bins. Each radar
estimate for figure 13 was taken from the central bin, however. The increased
scatter exhibited in figure 13, over that in figure 11, is summarized by the
significant reduction in the number of radar estimates falling within the same
class, and within one class, of the gage values (see annotations on figs. 11
and 13).

Figure 14 further illustrates the large gradients in the daily radar

isohyetal maps that exist over distances less than 5.7 km (Véz + 42). The
pairs of radar values for this scatter plot were obtained by taking, from the
set of nine bins described above, the maximum and minimum values from the eight
surrounding bins versus the central bin.

Because of the even larger spatial gradients existing in the daily
isohyetal maps compared to the Phase maps, it seems likely that the errors
resulting from positioning uncertainties of the rain gages relative to
the radar fields would be somewhat greater for the daily scale. Consequently,
daily comparisons were made by selecting the radar estimate in closest agree-
ment with the rain gage from the set of nine bins (as opposed to the set of
four used for the Phase comparisons).

Potential errors in the shipboard rain-gage data also should be consid-
ered when using gage data to assess the absolute accuracy of the daily radar
estimates. Significant variability often is observed between measurements
from different gages aboard the same ship. For example, the mean absolute
percent difference in daily collections between the stern 1 gage and the bow
gage on the Gilliss was 18 percent (Seguin and Craytom, 1977). Furthermore,
the difference between the stern 1 and the stern 2 gages was 12 percent. As
mentioned earlier, the maximum gage catch was normally used for comparison
with the radar estimates, since most potential sources of gage error produce
deficient gage catches (sec. 4.4.3). The observed variability among the
various gage records does further support the appropriateness of matching the
radar and gage pairs as described above for the radar-gage comparisons.

4.4.3 Summary of Expected Accuracies

Because the rain—gage observations can be in error and since significant
variability (error) is encountered in relating the point measurements from the
gages to the much larger volume measurements from the radar, it is difficult to
assess the absolute errors in the radar estimates from comparisons with the
sparse shipboard rain-gage catches. However, it is useful to summarize the
observed differences between the radar and gage estimates, and if one assumes
to a first approximation that the gage measurements represent “ground truth” at
the point of observation and that the data positional uncertainties are largely
eliminated by using the nearest radar value from the data bin sets as described
in section 4.4.2, then these observed differences can be interpreted as
estimates of the expected error for the radar "point” measurements.

An evaluation of any overall residual systematic biases in the final
radar estimates can be obtained by computing the following statistic for
each Phase:
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Figure l4.--Scatter diagram of maximum and minimum radar values
versus value of the central bin, all from sets of nine data-
bins as described in the text. Numbers give frequencies with
which radar estimates fall within indicated classes using the
same radar data-bin sets as described for figures 11 and 13,
except only the first 16 days of Phase I are plotted here.
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[Z(Gage)i - Z(Radar)i] x 100

Z(Gage)i

where the sum is for all B-scale ship stations (i), and the radar estimates are
those corresponding to the second group of numbers in figure 10 (the bold
numbers, see sec. 4.4.2). The results from this computation are given in table
S.

The estimated systematic biases (table 5) for the three Phases are prob-
ably not significantly different from zero when one considers the uncertainties
that may accompany the estimates from both sensors. Although the estimated
magnitudes of the biases are small, the change in sign of the bias for Phase
III may be real, and could be explained by remembering that the data from the
individual radars were merged differently during Phase III (sec. 2). Specifi-
cally, if systematic underestimates exist in the radar fields during Phases 1
and I1, they probably are most significant over the northernmost part of the
array since the estimates over this area were derived using the data coverage
of only the Oceanographer radar (fig. 4). This was normally not a serious
limitation because of (1) the Oceanographer's central position in the array,
(2) the superior range performance characteristics of the Oceanographer radar
(Hudlow et al., 1979), and (3) the generally smaller amounts of rain occurring
in the northern part of the array.

It should be emphasized that the rain-gage records could contain sys—
tematic biases, which are not reflected in the percent differences given in
table 5. 1In fact, most potential errors in shipboard rain-gage measurements
tend to result in deficit catches (WMO, 1962). Laevastu et al. (1969) and
Reed and Elliot (1977) suggest that the approximate magnitude of these deficits
would be less than 10 percent for suitable shipboard installations. For those
GATE ships that were equipped with two or more gages, the maximum gage value
was normally selected for comparison with the radar estimate. This tended to
minimize the effect of gage underestimates, resulting from bad gage exposure,
in the assessment of systematic biases in the radar estimates (table 5). The
difference between minimum and maximum gage values was frequently considerable.
For example, the maximum deviation between gages was observed on the Gilliss,
where there was consistently about a 20 percent greater Phase catch in one of
the stern gages than in the bow gage (see gage values and deviations plotted on
the Phase isohyetal maps). The stern gages on the GATE ships generally collected
more rain than the mast or bow gages. This was probably due to the sheltering
effect provided by the stern exposure. The standard operating procedure for
the GATE ships was a drift and slow recovery mode, with the bow maintained into
the wind when possible.

Assuming no systematic biases exist in the gage records, an estimate of
the expected errors in the radar "point" rainfall estmates, for daily and Phase
periods, is given by the mean absolute percent difference between the gage and
radar values, i.e.,

(Gage,. - Radar. .
LT 5% ij)

Gage, . x 100/N
1]
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Table 5.--Residual systematic bias evaluation between shipboard
gages and final radar "point" measurements

Percent differences
Observation period plus: radar < gage
minus: radar > gage

Phase I +5%
Phase II +67%
Phase ITII =47
All GATE +27%

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. The first two lines in table 6 give this error statistic for the Phase
and daily periods.

Because of the very large variability (scatter) observed in relating the
hourly gage and radar values (fig. 12), it is not feasible to use these
comparisons directly to assess the expected error for hourly "point"” radar
estimates. However, as mentioned in section 4.4.2 the scatter plot does show
that no significant systematic biases exist between the radar and gage values
throughout the dynamic range of the hourly rain rates.

The error estimate for the 1- to 3-hr time scale (third line, table 6) was
subjectively determined by assuming that, although errors from such sources as
variability in the Z~R relationship (sec. 1.2) are locally correlated for
large enough space and time scales, the errors can be treated as random.
Therefore, by averaging over more area, an equivalent accuracy to that for the
"point'" daily estimates can be achieved for the shorter (1~ to 3-hr) time scale.
Hudlow and Arkell (1978) experimentally show, using observed GATE reflectivity
distributions, that changes in the exponent of the Z-R relationship, within
realistic bounds, would not seriously affect the accuracy of the rainfall
estimates for the space and time scales being considered for the atmospheric
budget studies (>3 hr, >4000 km”). They also arrive at the same conclusion
for another potential source of error: inadequate temporal sampling. Hudlow
and Arkell show that these two sources of error decrease steadily, or until
they reach an asymptote, as the averaging area and/or time increases. While
other potential sources of error exist, it is reasonable to assume that they
too would behave in a similgr manner; therefore, the error estimate for the 1~
to 3~hr and 500- to 5000-km” scales should be realistic (table 6).

Analogous arguments can be made with regard to error estimates for other
time and space scales. For example, if the correlation of errors in the Phase
"point'' estimates weakens with short spatial separations, then averaging in space
would rapidly reduce the 14 percent expected "point” error. In fact, if the gage
Phase totals, used as standards, contain no systematic biases, then the error in
the Phase-mean radar estimates should approach zero as the estimates are averaged
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over areas approaching the size of the total B-scale array. As described
above, however, there could be systematic deficits in the gage collections,
averaging as much as 10 percent.

In conclusion, it is encouraging to note that both Lord (1978) and Thompson
et al. (1979) have found excellent agreement between the radar rainfall estimates
and those based on B-scale moisture budget analyses. Lord has further demonstrated
that the rainfall rates estimated from the Arakawa-Schubert convective parameter=
ization model are also in excellent agreement with the radar estimates. These
findings are extremely significant, since they reveal that the quality of the
principal GATE data sets should be adequate to achieve the central objectives
of the experiment.
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GATE RADAR RAINFALL MAPS AND TABLES
FOR THE

THREE PHASES OF GATE

(For an explanation of data
format, see section 4.3.)
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PHASE I ISOHYETAL MAP (June 28 - July 16)

Shading

-} 0 to 0.01 mm/hr
J 0.01 to 0.20 mm/hr
3 0.20 to 0.60 mm/hr
[J 0.60 to 1.00 mm/hr
IR 1.00 and above mm/hr
Contour intervals — 0.10 mm/hr

Prof. Vize

37

'® Mean ship position

A Precipitation weighted
ship position
BR Denotes bridge rain gage
M Denotes mast rain gage
S Denotes stern rain gage
+ 8°30° N Lat. 23°30° W Long.
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8 GATE RADAR DAILY RAINFALL RATE 186
OCEANOGRAPHER RESEARCHER GILLISS QUADRA
NUMBER OF SCANS 117 095 000 000
MISSING HOURS:
RANGE MARKER INTERVAL 110 KM GRID SPACING 4 KM X 4 KM
RAINFALL RAINFALL RAINFALL RAINFALL
CODE (MM/HR) CODE (MM/HR) CODE (MM/HR) CODE (MM/HR)
BLANK 0.000
w 0.001 - 0.040 k] 0.133 - 0.200 ) 0.668 - 1.000 = 3.350 - 5.012
5 0.040 - 0.060 3 0.200 - 0.299 » 1.000 - 1.496 = 5.012 - 7.499
3 0.060 - 0.089 1 0.299 - 0.447 B 1.496 - 2.239 [ 7.499 - 11.220
" 0.089 - 0.133 2 0.447 - 0.668 [ 2.239 - 3.350 L] 11.220 - 16.788
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3 GATE RADAR DAILY
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