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RADAR RAINFALL PATTERN OPTIMIZING TECHNIQUE

by

Edward A. Brandes

Estimates of precipitation are improved when quantitative radar
data are combined with rain gage observations. Gage observations
are used to calibrate radar data as well as to estimate precipita-—
tion in areas without radar data.

Exrror estimates of areal precipitation depth for five cases
of widespread rainfalls over a 1000 n mile? watershed, averaged 8
and 15 percent with densities of one gage per 270 and 675 n milesZ,
respectively. Precipitation estimates derived. from an objective
analysis of rainfall depths observed at the calibrating gages alomne
produced errors of 10 and 21 percent. Radar data added to gage
observations increased the explained variance at test gages, beyond
that given by gage data alone, from 66 to 72 percent and 50 to 59
percent for the same calibrating gages.

Large storm—to-storm variations in average radar calibration
and large spatial correction variations within storms were attrib-
- uted to propagation effects.

1. INTRODUCTION

Hydrologic applications of radar data should increase with more timely
availability of processed digital radar data. The accuracy of radar measured
rainfall has been discussed by many authors. Joss et al. (1968), Woodley
and Herndon (1970), Huff (1967), and Wilson (1970a) represent recent appli-
cations. Practical considerations of radar rainfall measurements, with a
description of the NSSL WSR-57 data collection system, are in Wilk and
Kessler (1970). Although radar measures precipitation variability accurately,
calibration against in-situ measurements is highly desirable (Hitchfield and

Bordan, 1954).

Wilson (1970a) has shown that radar derived precipitation estimates when
calibrated with gage densities as little as one gage/1000 n miles2, are more
accurate than estimates taken from gages alone with spacing one/250 n miles2.
In Wilson's study, a single calibration factor (the sum of observed rain-
falls at calibrating gages divided by the sum of the uncorrected radar esti-
mates) was uniformly applied to the radar data. However, preliminary inves-
tigations here as well as the work of others, have revealed that large spatial
variations in calibrations are likely. This study attempts to improve radar
estimates by generating a matrix of calibration factors that reflect these
variations. This research aims to develop tools for combining radar and
rain gage data under operational conditions to produce timely and accurate
precipitation maps.



2. OUTLINE OF PROGRAM LOGIC

This section describes the various radar and rain gage data handling
procedures for producing radar precipitation estimates. A flow diagram is
given in figure 1. Rainfall totals are accumulated in polar format after
converting radar reflectivities to rainfall rates. The uncalibrated radar
data are transformed to Cartesian coordinates at a storms' end. Rain gage
observations are then introduced to calibrate the radar and generate. precipi- :
tation estimates in areas where quality radar data are unavailable. Illus-
trations of the various precipitation fields at grid points near a calibratlng
rain gage are presented.

2.1 Radar Field - Uncalibrated
To convert radar reflectivities into rainfall depths we begin with the
radar equation in the form
?_ = 3.88(1072%p he’pe[k|*z N7t , (1)
where the variables are as shown in table 1 (Probert-Jones, 1962) and the
radar has a logarithmic response.
By converting Pr the average power received in watts, to P dBm, normal-

izing to_120 n miles, and after correcting for the difference between log P,
and log Pr (approximately 2.5 dB), we can write (1) in logarithmic form as

log Ze = 0.1 Pr + 12.13. (2)
RATRFALL - THROUGHOUT

Corrections have not been applied for STORM LIFETIME
atmospheric absorption or radar signal 1“““"3CMH"W
attenuation. The error in signal INCREMENTAL PRECIPITATION
processing (integration) for the NSSL REDIH, ANE: SURRES, 18 S-SR
WSR-57 is + 1 dB. For routine oper- |
ation, the overall radar and signal RADAR RAINFALL DATA TRANSFORMED
generator instability is estimated TO CARTESIAN COORDINATES

to be + 3 dB.
RADAR RAINFALL
[ ohe ot

Rainfall rates (R) in mm/hr are

estma.tted V.V:Lth the Marshall-Palmer lCAH%HSI:;A%&AE:GEL}‘M

relationship

CORRECTED RADAR OBJECTIVE .ANALYSIS
BJECTIVE ANALYSIS )
6 A0 0 J,cgm{msn WITH GAGE DATA ALONE

z = 200R1-©, (3)

|'FINAL PRODUCT l

. However, the described methodology
minimizes the impact of the particu-
lar Z-R relationship because the rain Figure 1. Program flow diagram.
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Table 1. Summary of Radar Equation Terms and
Characteristics of the NSSL WSR-57 Radar

5; Average power reéeiVed (w)

P Peak transmitted power (w) | | B 2.96(10)5
h Pulse length (m) 1200

G2 Antenna gain squared _ ' ' 4,169(10)7
)] Vertical beam width (°)_ | 2

(4} Horizontal beam width (°) 2

|K|2 Dielectric factor 0.93

Ze Equivalent reflgctivity factor (mm6/m73)

r Range (n miles)

A Wavelength (cm) 10.55

3.88(10)—26 Constant and units conversion

gage values are used to adjust the raw radar field,

Incremental depth accumulations are summed from raw data in azimuthal
sections 2 degrees wide and 1 n mile (1.85 km) long. The calculated rates
are multiplied by the time difference between observations, usually 5 min
in the test data. Tilt data are not considered here. The digital radar
data are presented by the computer printer in B-scope format, i.e., with
azimuth and range as Cartesian coordinates (fig. 2). Conversion from B-scan
to a,conformal display (fig. 3) takes place at a storms' end, or when
additional accumulations are likely to be small. The selected grid spacing
of 1.25 n miles (2.32 km) corresponds closely with the resolution of the
radar. Consequently, only small errors are introduced in the scan conver-
sion used in this experiment.

2.2 Smoothing the Uncalibrated Radar Field

The rainfall field defined by the radar data alone is smoothed by a light
filtering operation to reduce small-scale radar fluctuations (fig. 4).
Smoothed grid values of radar rainfall, A (I,J), are determined from the nine-
point operator
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Figure 2. B-scope (azimuth-range) presentation of digital radar
echoes in special printer format. Only azimuths with precipi-
tation data beyond 20 n miles are printed, zeroes (no echo)
are suppressed, and range marks are added to aid interpreta-

.
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AB(I,J) A(I J)+—(l—a)[A(I J+1)+A(T, J-1)+A(I+1,J)+A(I-1, J)—4A(I 3]
(4)
+-—— [A(T+1, J+1)+A(I+1, J-1)+A(I-1, J+1) +A(I-1,T-1) -4A(1,T) ],

where (a) is equal to 1/2. Shuman (1957) has used this simple filter in
meteorological numerical analysis to suppress short wavelengths. Wavelengths
of four grid lengths are smoothed to 50 percent of their original amplitude,
while wavelengths longer than 12 grid lengths are essentially unchanged.

2.3 Calibrating the Radar Field

The smoothed radar field is then calibrated by rain gages. Multiplicative
(calibration) factors are determined at each rain gage site that records 0.10
inch or more of precipitation. (Gages recording less than 0.10 inches are
not used because small differences between observed amounts and uncalibrated
radar data can lead to spuriously large calibration factors.) Factors are
determined by averaging the raw radar data within 25 km2 of the gage (all
data points that fall within 2.8 km of the gage site) and then dividing this
into the gage amount. Wilson (1970b) discusses the effects of areal averaging
and observation frequency on rainfall estimate error.

Barnes' (1964) objective analysis scheme is used to move the correction
factors at rain gage sites onto the field of grid points. The weight (WT )
each gage calibration (G, ) receives at a particular grid point is given

by

WTi = exp(—rZ/EP) ‘ (5)

where r is the distance between the gage and grid point in kilometers. EP
controls the degree of smoothing and is determined partly by the average

rain gage spacing. Operationally, EP is kept as small as possible to preserve
detail in the input observations. When EP equals 600 km2, about 25 percent

of the amplitude of a 60 km wavelength is retained. This increases to approx-
imately 60 percent when EP equals 200 kmZ.

Two passes are made through the data. On the first pass, the first-guess
grid point calibrations (Fl) are computed as

N N .
F, = ZWTG/ZWT (6)

1 i=1 +1 i=1

N is the number of gages. (In practice, gages with very small weights -
exponent arguments less than -12 - are not summed.) The difference (D ) is
calculated at each gage location from



1—F ’ (7)

where the first-guess estimate (F1) is taken at the grid point nearest the
rain gage rather than at the gage itself.

The second pass uses (5) with EP reduced by 1/2 and analyzes the

difference field by the same method.

Difference values calculated at each

grid point are added to the first-guess field. Thus, the final grid point
calibration (fig. 5), generally determined from calibration data of more
than one calibrating gage, is given by

4450 454 Q68 Q.72 4.86

4453 Q.54 Qe71 4.78 4481

LOOKEBA
*

Qeal Q.57 465 476 4.86
4.45 4e63 AeE8 Q7S 4¢94

444 451 Q.69 Q.73 4094

Figure 5. Radar cali-
bration field. The
difference between
the actual value at
Lookeba (4.76) and
the surrounding grid
point values results
from the influence
of other nearby gage

calibrations.
180, 177 192« 1844 175«
172 168 179 177 173
LOOKEBA
3

150. 137, 149, 162« 170¢

1S1e 149, 150, 156, 173,

| Figure 6. Corrected
(calibrated) pre-
cipitation field.

N N
Fy=F + I WI;D,/ 2 WL, . (8)
i=1 i=1

Multiplication of the calibration field
with the lightly smoothed radar field
gives the corrected (calibrated radar
precipitation field (fig. 6). Further
details of the technique, only briefly
outlined here, can be found in Barnes
(1973).

2.4 Gage Derived Precipitation Field

A second objective analysis of the
precipitation field is made from all
available rain gage data, including
previously omitted gages that recorded
less than 0.10 inch and gages within
the radar ground pattern (see fig. 7).
This second precipitation estimate in
the radar data areas is also the only
estimate in radar ground clutter area
and at excessive distances from the
radar, as well as areas where radar
data are incomplete due to power fail-
ures, or where anomalous propagation
(AP) obscures precipitation echoes.
The procedure is similar to that already

1 This approximation introduces negli-
gible error since in our study the max-
imum distance from a rain gage to the
nearest grid point never exceeds 1.2 km.
For applications with larger grid

-spacings, Fj should be calculated by
.interpolation to the gage from the

surrounding grid points.




outlined.2 A smaller EP value is selected because of the increased density
of observations.

The gage—derived precipitation field also is used for further calibration
~in the vicinity of the input gages (see below). Because EP is reduced to -
suppress the weights of distant gages and because the calibrations for the
gage—-calibrated radar data were averaged about the gage sites, this field
is more exacting at the gage sites than the corrected radar field.

2.5 Final Analysis - Gage Derived and Calibrated
Radar Precipitation Fields Combined

Finally the corrected radar and gage estimated rainfall fields are com-
bined (fig. 8). At grid points coinciding with a gage location, a 100 per-
cent weight is given to the gage estimated field. The weight decreases
linearly to 0 percent, and the radar field weight increases to 100 percent
as the distance from the nearest cali-
brating gage increases to 11 km. 159 159 159 159 159
This figure (11 km) is chosen to re-
strain the gage influence beyond a

distance corresponding to the dimen- R e e e s
sion that characterizes most of the ——
small-scale precipitation variance. 157 s aste s asme
Qualitatively, a slight further
smoothing of wavelengths less than 22
‘km occurs near a calibrating gage. 156 lses  1%er  1sT. sTe
By having small regions of influence,
we insure a close fit at the gage e s isss ek e
sites and the radar observed precipi- .
tation detail between gages is re-— Figure 7. Precipita-
tained. 1Ideally, this distance could tion field derived
be a function of a measured scale from gage data
parameter based on the radar data or alone.
the variance of the input rain gage '
depths.

At grid points farther than 11 km
from a calibrating gage, the cali- o e i .

brated radar field is used exclusively.
Areas where only one field indicates
precipitation, that field is consider- 163, 160 1624 163, 166,

ed to estimate the true precipitation.
LOOKEBA )

1540 153, 157 158 1624

Contoured maps (figs. 9 and 10)
illustrate gage-derived and combined
precipitation fields. The combined -

152 151, 154, 155 162+

2 An application of the Cressman 153, 1s2. 13 tses 166+
(1959) analysis method to rain gage

data is described by Maine and Figure 8. Final
Gauntlett (1968). analysis.



precipitation field reveals that induced precipitation gradients are likely.

at boundaries separating fields derived exclusively from calibrated radar or
rain gage data (e.g., the radar ground pattern edge). Because of the rela-

tively wide spacing between rain gages, the rain gage field characterically

indicates larger elements than are contained in the actual precipitation and
radar fields. ' ‘

3. APPLICATION AND EVALUATION

Six convective precipitation events, lasting from 4 to 16 hours were
selected for study. The chosen analysis area was 90 x 90 n miles with a
grid spacing of 1.25 n miles. Radar data within the analysis region were
calibrated with climatological rain gage observations having densities of
one gage per 270 and 675 n miles2, i.e., 30 and 12 gages (fig. 11). Average

RADAR GROUND CLUTTER
REGION

Figure 9. Gage derived brecipitation field for

Dots are rain gage locations.
inches.

2627 April 1972.

Depths are in hundredths of -




precipitation depths then were computed for the Washita Watershed, a 1000 n
miles? subsection of the analysis grid and located just west of NSSL. Approx-—
imately 20 percent of this area is within the radar ground pattern. Actual
average depths of rainfall in the watershed were calculated from 158 uniformly
spaced rain gages operated by the Agriculture Research Service (ARS), U. S.
Department of Agriculture. Two aspects of the program's accuracy--how well
the average watershed precipitation was estimated and how well the spatial
variance within the watershed was described--are now considered.

Average watershed precipitation depth estimates‘at steps in the program
logic are given in table 2. The significant underestimate with raw radar
data and the storm-to-storm variations between actual rainfall and radar
depths reveal the need for calibration. Furthermore, large spatial variations
in calibration factors (not reproduced here) suggest the de51rabllity of a
calibration scheme that considers these variatioms.

RADAR GROUND CLUTTER
REGION

100

Figure 10. Final precipitation analysis (calibrated radar and
gage derived fields combined).
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Table 2. Com?arison of Actual Watershed Precipitation with Program Depth Estimates

STORM AVERAGE ERRORC
A B c D E F (%)
- PRECIPITATION ESTIMATES WITH CALIBRATED RADAR?
Watershed Depth 0.70 1.28 0.82 1.53 1.20 0.07
‘Raw Radar 0.42 0.8 0.33 0.25 0.57 0.05
Ratio (watershed/radar) 1.7 1.5 2.5 6.1 2.1 1.4
Calibrated Radard
270 n miles2/gage 0.64 .07 0.87 1.65 1.22 0.06 8
675 n miles2/gage 0.717 0.97 1,06 1.22 1.17 06 16
PRECIPITATION ESTIMATES WITH INPUT tht
OBSERVATIONSb
 Watershed Depth 0.75 1.24 0.75 1.58 1.14 0.06
Input Gage Estxmatee
270 n miles2/gage 0.76 1.38 0.95 1.66 1.21 0.06 10
675 n miles2/gage 0.60 1.53 1.12 1.64 1.07 0.26 21
COMBINED (FINAL) PROGRAM ESTIMATEP
‘Watershed Depth 0.75  1.24 0.75 1.58 1.14 0.06
Final Analysis
- 270 n miles /gage 0.72 1.23 0.8 1.76 1.23 0.07 8
675 n miles2/gage 0.700 1.06 1.04 1.39 1.19 0.24 15

8 Excludes that portion of the watershed within the radar ground pattern (actual depth computed from

130 ARS gages).
b

Entire Watershed (actual depth computed from 158 ARS gages).

€ Excludes Storm F in which spotty precipitation was observed.
d EP values of 600 and 800 km2 were selected for determining the calibration fields.

© Ep values of 200 and 600 km2 were used to compute the gage derived precipitatien field.
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Figure 11. Analysis region. Show-
ing gage and watershed locations.
Labeled gages have 675 n miles2/
gage spacing.
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Figure 12. Average error (hun-
dredths of inches) at test gage
sites. Observed minus esti-
mated depth. Calibration den-
sity — 270 n milesZ/gage.

The average errors in the final
analysis depth estimates (8 and 15 per-
cent) are less than the errors made
from gage observations alone (10 and
21 percent). Although the value of
radar in this small storm sample may be
less than desirable, radar is, of course,
valuable for detecting areas of precip-
itation and directing the operator's
attention to certain areas where high
accunulations of rainfall are likely.

Table 3 shows that the relative
dispersion of precipitation (standard
deviation times 100 percent divided by
the mean) in the final analysis is
lower than the actual dispersion found
with the dense network of ARS gages.
Wilson (1971) and Huff (1967) noted
that usually dense gage data have only
slightly larger dispersions than that
observed by radar. Herein the addition-
al smoothing originates in the gage-
derived precipitation field which fills
the ground clutter area and from the
combination routine at the calibration
gages. '

Point precipitation estimates were
produced at several test locations
interspaced among the calibration gages;
with both the calibrated radar precipi-
tation field (before combining with the
gage—derived field) and the climatolog-
ical gage-derived precipitation field
(table 4). Radar derived point rain-
fall estimates are subject to a variety
of errors that include sampling volume
differences, radar beam elevation,
spatial variations in the Z-R relation-
ship, and propagation effects.

Because radar derived estimates use
gage data for their calibration and draw
upon the radar observations between
gages, their higher correlations with
corrected radar data are expected. The
added value of radar in this storm
sample is indicated by the increases in
explained variance from 66 to 72 percent
and from 50 to 59 percent with different
gage densities.

11



Errors in the calibrated radar and rain gage fields differ in origin.
Errors in analyzing widely spaced gage data arise because the distance between :
gages is larger than the precipitation element scale. Systematic errors were
found to remain in the radar precipitation field, in between calibration gages,

after the calibration factors are applied.

The average error field (at the test sites) for the six storms (fig. 12)
shows that large overestimates occurred at all test gages within 55 km (30 n !
miles) of the radar. At larger distances, in the west-southwest, the error
field is characterized by large underestimates at test gages and generally
small overestimates in the west-northwest.

Because the basic error field was repetitive, the six cases studied had
similar storm locations, and there was no reason to suspect program bias,
we concluded that these errors, beyond the normal ground pattern which re-
main after calibration, and the spatial variation in gage calibrations, may
have resulted from propagation effects. Battan (1959) has described a
condition of "thunderstorm superrefraction" in which local temperature in-
versions and specific humidity variations can produce strong ducting near
thunderstorms. For fair weather conditions, the ground clutter was wholly
within the 46 km (25 n miles) limit within which radar data were not used in
this study. .It may be, however, that ground targets beyond 46 km, not obvious
before and after rainfall, are enhanced by ducting while it raims.

Ground targets. close to the radar may block or distort the radar beam.
Therefore, at all ranges precipitation measurements would be with less than
the full beam width and perhaps restricted to the beam's upper portion.
Strong vertical reflectivity gradients often observed near the ground (e.g.,
thé data of Chmela, 1958, or Aoyagi, 1972) in thunderstorms could produce
large over or underestimates of precipitation.

If the repetitive nature of the error fields is supported in additional
tests, the development of local empirical correction factors might be
important; it may then be desirable to place calibrating gages in known

_problem areas. . .

Table 3. Comparison of Actual and Estimated
Precipitation Relative Dispersion (percent)

STORM

‘Actual (158 ARS gages) 45 51 59 16 39 270
Cémbined Analysis (final)
270_n_mile32/gage 42 36 39 22 29 216

675 n miles’/gage 38 33 46 29 29 117

12




Table 4. Correlation Coefficient Between Estimated and Observed Rainfall
Depths at Test Gages Not Used for Calibration (100 Cases)

GAGE DENSITY?

1 Gage/270 n wilan” 1 Gage/675.n miles2
Calibrated Radar Estimate 0.85 (72)P 0.77 (59)

Estimate from Input Gage Amounts 0.81 (66) 0.71 (50)

a The average distance between input gages is 7 and 13 n miles

b Explained variance in percent

Finally, watershed precipitation was estimated with the Marshal Palmer
Z-R relationship by varying the radar calibration figures and with the
Miami relationship (Ze = 300R1.4) used by Gerrish and Hiser (1965) for Florida
thunderstorms. Note that calculated total storm depths (see table 5) are
practically the same in the three examples given, which indicates that errors
in the radar hardware calibration and the particular Z-R relationship selected
become minor when the radar is adjusted by rain gage observations. ’

4. SUMMARY

A logical procedure has been developed for combining radar data with rain
gage observations to improve precipitation estimates. Besides calibrating
the radar, gage observations provide precipitation estimates in areas without
quality radar data (e.g., ground clutter regions, at excessive distances from
the radar, and in areas where there is AP). For a small sample of test cases,
a radar-rain gage combination reduced the average error in precipitation
estimates made only using the gages from 10 to 8 percent and from 21 to 15
percent for gage densities of one gage per 270 and 675 n_milesz, respectively.

The addition of radar data increased the explained variance at test gages,
above that by gage observations alone, from 66 to 72 percent and 50 to 59
percent for densities of one gage per 270 and 675 n miles2.

Small-scale repetitive errors in precipitation estimates were found in
the radar field after calibrating the radar with the above gage densities.
These errors and the spatial variation among calibration factors appear to
result from propagation effects. The small-scale recurring errors limit
radar data to use in watersheds of less than a few hundred square miles;
unless a calibrating gage exists within the watershed or additional local
corrections are applied. These errors become less important the larger the
area over which the depths are averaged.
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Table 5. Effect of Daily Radar System Calibration and Selection of
Z-R Relationship on Total Storm Depth (26-27 April 1972)

Miami Z-R
Digital Relationship
Class Actual Calibration of with Actual
Intervalb Calibration 14-15 April  Calibration

Assigned Precipitation Rate (Inches/Hour)

1 0.03 0.10 0.03
2 0.07 0.19 0.06
3 0.15 0.39 0.15
4 0.33 0.91 0.36
5 0.68 1.88 0.83
6 1.39 3.35 1.73
y | 3.20 7.17 4.28
8 6.77 17.51  10.58
9 12.94 38.64 26.14

Calibrated Radar Estimate2@ (Inches)
1.07 1.05 1.06
Final Program Estimate (Inches)

1.23 1.22 1.22

& For that fraction of the network within the radar
umbrella.

b The highest class interval recorded in the area
of radar coverage was 7.

Radar calibration variations, thought by some to be spatial and temporal
changes in the Z-R relationship, may be at least partially caused by propa-
gation effects.
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