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USE OF DIGITAL RADAR DATA IN OPERATIONAL HYDROLOGY
BY
Michael D. Hudlowl AM. ASCE

INTRODUCTION

The weather radar is an important sensor for operational hydrology,
since it provides the capability to record the distribution of precipitation
almost continuously in time and space within the domain useful for hydrologic
applications. Until recently, its operational use has been limited due to

the laborious task of manually processing radar data. Now, after several

years of effort, an automatic radar-signal processing and data communication
system designed for National Weather Service (NWS) operations is complete
and is undergoing testing and evaluation as part of the "Digitized Radar
Experiments" (D/RADEX).

One of the purposes of this paper is to describe the operational

experiment which comprises the radar hydrology subprogram of D/RADEX.

Much of the paper pertains to how analyses of radar and rain-gage data from
D/RADEX can be used to refine the methodology for estimating rainfall by
remote sensing with radar.

One of the most fruitful advances in river and flood forecasting will be

achieved by acquiring improved precipitation inputs for streamflow synthesis.

Precipitation data of sufficient temporal and spatial detail (as digitized

radar data can provide) are required to accurately syanthesize the temporal

distribution and quantity of streamflow. The precipitation data wust also

be made available to the river forecaster in approximately real time to ensure

a "timely" forecast. The optimum spatial resolution of the precipitation inputs

changes as a function of variability in time and space of the precipitation,

the magnitude of the precipitation event, and the hydraulic and geometric char-

acteristics of the watershed--especially the area of the watershed above the

forecast point. The operational rain-gage network often fails to provide the

spatial resolution required to adequately specify the rainfall inputs to a

runoff model. This is particularly true for geographic regions which receive

a significant portion of their rainfall from coavective and thunderstorm activity.
The engineering advances in recent years in mini-computers and signal

processing and digitizing equipment now makes it feasible to process and commu-

nicate weather radar data in 'real time." Yet, an optimum operational system
Yy
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must provide accurate, as well as timely, information. Unknown meteorological
and hardware variabilities and sampling deficiencies, especially at far ranges,
can result in large errors accompanying the radar precipitation estimates. A
carefully designed and executed program of hardware calibration will reduce the
errors due to hardware variability to a tolerable level. Variabilities which
produce alteraticns in the relationship between reflectivity and the character-
jstics of the transmitted energy and in the relationship between rainfall rate
and reflectivity, that are meteorological in origin, are considerably more diffi-
cult to explain. For this reason, it is desireable to supplement the radar
measurements with independent measurements made at selected points underneath
the radar “Ymbrella.”

A wini-computer located at the radar site and a '"Device for Automatic Remote
Data Collection' (DARDC) located at the rain-gage site make it feasibhle to auto-
maticzlly interrogate a remote rain gage(s). Flanders and Schiesl (1972)
describe the design of the DARDC. The mini-computer also serves as a computa-
tional facility for combining the radar and rain-gage data in real time according
to specified objective criteria. The biggest problem with this approach rests
with the difficulty in objectively relating the point rain-gage measurements
made at the surface to the volume radar measurements made at some distance above
the surface. ' This is especially true in convective rainfall regimes, where the
spatial variability of the precipitation can be quite large.

The problems associated with using precipitation data from several tele-
metered rain gages to adjust the radar precipitation fields are discussed in a
latter section of this paper. It may prove desirable to also include meteoro-
logical data derived from atmcspheric soundings as another source of information
which can be used in specifying objective criteria needed for the adjustment
scheme: or, it may be possible to account for changes in the objective criteria
originating from meteorclogical causes by relating the adjustment f%%ors to a
statistical analysis of pattern characteristics. The latter possiblity--a sta-
tistical approach--is treated as part of this paper.

The scope of this paper is restricted to plans for the use of digitized
radar data in hydrologic applications within an operational environment and as
part of D/RADEX. other authors have traced the history as well as considered
the future of automatic radar systems which can provide real-time meteorological
and hydrological services (e.g., see Flanders and Bigler (1971) and Kessler and
Wilson (}971)).
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DESCRIPTION OF "DIGITIZED RADAR EXPERIMENTS" (D/RADEX

since the theme of this paper is concerned with the application of digital

radar data from an automatic system such as the one used for D/RADEX, a brief

description of D/RADEX is given here. For additional information pertaining
to D/RADEX refer to McGrew (1972) and Hudlow (1972).

For D/RADEX, WSR-57 (10cm) radars located at Monnett, Missouri, Kansas City,
Missouri, Oklahoma city, Oklahoma, and Fort Worth, Texas were implemented the
spring of 1972 with processing and communication hardware. Figure 1 illustrates
the radar network for D/RADEX., The radii of the circles are 125 n mi, which is
the maximum range that radar data are collected for D/RADEX. Also shown in Fig.
1 are the areas of the River Forecast Centers (RFC's) which fall within the
D/RADEX net. These three RFC's, Jocated at Kansas City, Tulsa, and Fort Worth,
are contributing to the objectives of D/RADEX by providing streamflow verifi-
cations and by furnishing evaluations of the benefits gained from operational
use of radar precipitation data.

Each automatic system basically consists of a signal processor, an analog
to digital converter, a mini-computer for editing and preprocessing, & dual mag-
netic-tape system and communication equipment. Figure 2 is a block diagram
jilustrating the arrangement of the basic components of the data-processing
system.

The exact configuration of the automated system probably will change with
time as the system is updated to remain abreast of the wgrate of the art''--much
will be learned from D/RADEX. Evaluation and feedback from the RFC's and the
field radar units will be invaluable, since these evaluations will be based on
the performance of the system under operational conditions.

The radar video is digitized at a spatial resolucion of 2 degrees in azimuth
by 1 n mi in range. Two degrees is the beam width of the WSR-57 radar. QOne can
consider the digital array to consist of data bins of size 2° x 1 n =i and each
data bin contains an integer value between 0 and 9 (L0 levels). FEach integer
corresponds to a level of power return which is related to a precipitation
intensity.

The crux of the operational hydrology experiment for D/RADEX consists of
deriving time integrated and spatially averaged precipitation estimates from
the radar data. The fundamental computational algorithm can best be illustrated
with an e#ample. Figure 3 shows the radar data bins which fall within & sub-
watershed located in the Fort Worth area. This is a drainage area for Clear

Creek which lies north-north west of Fort Worth, just outside the ground clutter
pattern.
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Figure 3. INustration of the Radar Dats Bins (2° x 1 n mi)

Contained in the
Clear Creek Watershed near Fort Worth, Texas.
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For this example, the total number of bins contained within the boundary
of the watershed is 170. After converting the radar intensity digits into
rainfall rates using the equations described in the next section, the average

precipitation flux over the watershed is given by

_ i=170
R= I(Rr,) e S
i=1
=170

where Ri is the rainfall rate for the ith radar data bin and T is the range
to the bin. The rainfall rates are weighted by (ri/Xri) to compensate for the
change in area of the radar bins, which vary in direct proportion to range
away from the radar. Equation (1) gives the spatially averaged rainfall rate
for an instant in time. To obtain the total amount of precipitation deposited
during an interval of time, trapezoidal integration is applied, giving

_ (R,+R) AT
e RS S

where P is the accumulative precipitation deposited from Time 1 to Time 2 over
the watershed; il and §2 are the average rainfall rates from Time 1 and Time 2,
respectively; and 4T = Time 2 minus Time 1. Optimumly, AT should not exceed
15 min.

For D/RADEX, precipitation amounts are derived from the digital data for
an approximate total of 700 sub-watersheds which are located in the three RFC
areas shown in Fig. 1. The hydrologic coverage illustrated in Fig. 1 for the
entire D/RADEX network totals 140,000 (n mi)z. The average size of the 700
watersheds is 200 (n mi)2 and they range in size from a few (n mi)2 up to

larger than 1000 (n mi)z.
RADAR THEORY

By the mid-1940's it was recognized that the amount of power returned to a
radar from hydrometeor targets was related quantitatively to the intensity of
precipitation. However, operational application of radar data in hydrology,

through the years, has lagged the radar theory primarily due tec the cumbersome

task of mahually processing the vast amounts of data that radar signals produce.

-7-
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Now, with the recent advances in clectronic pProcessing and Comaunication equip-
ment and mini-computers, it becomes possible to disseminate radar-rainfall esti-
mates to river forecast centers in real time.

Radar Equation and g:ﬁ_gglg&ionship.-*The usual approach for obtaining
Quantitative Precipitation estimates from weather radar measurements requires
the use of an empirical relationship between rain rate and reflectivity factor.
The reflectivity factor is related to that portion of the transmitted energy
which is back-scattered to the radar receiver,

The average power, Er’ returned to the radar receiver from a volume of

Precipitation particles filling the radar beam is given by

2

‘1?:2"53"“& R R E 3

r r
where C is a constant that depends on the radar equipment, r is the slant range
to the target, and

2
K = igflll
(m™+42)
where m is the complex index of refraction of the Precipitation particles. The
Probert-Jones (1962) formulation for C was adopted for D/RADEX. 7 is the target

reflectivity factor and is defined from the Rayleigh approximation to the Mie
scattering theory as

ized to a unit volumre,
Empirical relationships relating rainfall rate to the reflectivity factor

have been derived by numerous investigators and for several geographic locations.

the volume undergoing measurement, and in turn, the drop-size distribution ig a

function of many climatological and meteorological factors, One of the most
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referred to simply as non-beam filling, for these ranges where non-beam
filling becomes a serious problem. One way this can be done is by comparison
with rain-gage data at various ranges.

Wilson (1971) has investigated the accurateness of WSR-57 data as a func-
tion of distance from the radar by comparing radar data collected at the National
Severe Storm Center at Norman, Oklahoma to rain-gage data for six range incre-
ments between 15 and 120 n mi. Wilson used data primarily consisting of thunder-
storm events occurring in 1968, 1969, and 1970. The radar data were collected
at a base antenna angle of zero degrees. A total of 120 hours of storm data
were used in the analysis. The results from Wilson's study can be approxi-
mated with the following expression:

2

c,.r

2
Ra —-Ru (cllO ) for r> . R 02 ]

where the term in parenthesis is a multiplicative adjustment factor which com-
pensates for the effects of range degradation (non-beam £illing) at radar ranges
greater than a critical range, T and Ru and Ra are the unadjusted and adjusted
radar rainfall estimates, respectively, and ¢y and ¢, are empirically derived
coefficients,

For the results presented by Wilson (1971), which are based on the Okla-
homa data described above, the adjustment factor in Eq. (7) varies from about
1.0 at r, = 70 n mi to about 4.5 at 125 n mi. The ¢y and ¢y coefficients will
be allowed to vary as a function of storm type by relating them to echo statis-
tics. Until this refinement can be included, it should be stressed that the
use of Eq. (7), witk the single set of coefficients, carries with it the assump-
tion of mean thunderstorm conditions in Oklahoma. Any individual event can
depart markedly from this mean condition. For statiform precipitation range
degradation becomes a more serious problem. Also, ¢y and ¢y will depend on

the type of radar, the base antenna angle, and terrain features.
ERROR SOURCES AND REFINEMENT OF ESTIMATES

Other authors have discussed at length the factors affecting the accuracy
of radar measurements of rainfall (e.g. see Wilson, 1968). Here it is suffi-
cient to categovize the errors as originating from three general sources, which
are:

1. Hardwé}e, sampling, and processing uncertainty--includes radar cali-
bration errors as well as any errors induced in collecting, processing,
and digitizing the radar signals,

2. Meteorological variability in time and/or space which results in unpre-
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commonly used relationships is the one resulting from a slight revision of the
equation proposed by Marshall and Palmer (1948), i.e.,

z=20025% L (®

where R is the rainfall rate in mm/hr. Equation (6) is a median relationship
representative of many, but far from all, rains. For additional information
on Z-R relationships see, e.g., Stout and Muller (1968).

Equation (6) is used for deriving the radar rainfall estimates for the
hydrology experiment of D/RADEX. If it becomes apparent as the experiment
proceeds that Eq. (6) results in a consistent bias, another relationship or
other relationships will be adopted. Regardless, although an unbiased 2-R
relationship is obtained which corresponds to the average meteorological con-
dition for the climatological region, there can exist sizeable departures from
this mean relationship due to storm to storm and within storm variability.

Empirical Adjustment for Non-Beam Filling.--Equation (3) is valid only

when the radar beam is filled with precipitation particles. There is no
explicit method of determining the degree of beam filling from radar measure-
ments alone. The likelihood of intercepting an adequate sample within the
beam decreases as the distance to the target increases, because the radar beam
widens and ascends above the surface of the earth as it travels away from the
radar, until eventually even the tallest storms will no longer fill the radar
beam.

Most experimental evidence indicates that quantitative rainfall estimates
derived from weather radars, with beam widths of 2° or less, remain relatively
undegraded (due to non-beam filling) out to ranges of about 60 or 70 miles.
The WSR-57 S-Band radar, which remains the basic network sensor for the NWS
radar network, has a 2-degree beam width. Beyond about 70 miles measurement
errors increase quite rapidly, thus causing many investigators to recommend
against using weather radars for deriving quantitative rainfall estimates
beyond this range. However, we must not lose sight of the fact that much

information content exists, for many of the storms that are of the most hydro-

logic significance, at ranges beyond 70 miles. Also, costs preclude the National

Weather Service from installing and maintaining sufficient numbers of the radars
and automatic digitizing systems to provide coverage at radar ranges less than
70 miles for all areas in the United States.

FPor D/RADEX the radar data are digitized and processed out to ranges of

125 n mi which is essentially the current network spacing for radar reporting

of weather events. It is possible to derive statistics that give the average

error caused by ponrepresentative beam sampling and non-beam filling, heretofore

-9-
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dictable departures from the adopted Z-R relationship and, occasionally,

anomalous propagation and

3. Range dependent errors produced by non-beam filling and variations in

the sampling altitude.

Error source No. 1 can be maintained at a tolerable level by judicious
selection, use, and calibration of the hardware. However, Nos. 2 and 3 are
more troublesome, since sizeable departures from the mean 2-R and range adjust-
ment relationships can occur for an individual event and variations also take
place during the 1ife of the event in space and time. The magnitude of the
error from these sources, particularly that due to the variability of the Z-R
relationship and sampling error, can be lowered appreciably through spatial
averaging and/or temporal integratiom-an approach especially suitable for many
hydrologic applications, including the primary one considered in D/RADEX; since
obtaining the average amount of precipitation over 2 specified area deposited
during a given time interval is often the objective.

Even for mesoscale hydrologic applications, it is difficult to obtain the
desired accuracy from radar measurements alone. This is especially true in an

operational environment, For this reason, it is preferable to integrate other

independent data with the radar data in order to attain the best possible answer.

The decisive advantage of the radar is its ability to provide a timely product
with ample spatial detail. Accompanying these advantages is the associated
disadvantage of loss in absolute accuracy compared to that achievable at a
point using a point sensor. A logical possibility would consist of combining
a few point measurements with the areal radar measurements in order to benefit
from the best features of both types of sensing. This possibility is given
closer scrutiny in subsequent sections of this paper.

Approximate Magnitude of Error.--At the time of the writing of this paper,

only limited and preliminary error analysis have been made from D/RADEX data.
Most cases considered in the limited number of comparisons made to date indi-
cate that the magnitudes of the radar-rainfall estimates are smaller than those
derived from rain-gage networks. The underestimates are not too surprising,
since as pointed out by Jones and Bigler (1966, pp. 11-14), many previous inves-

tigators have observed the tendency for radar to underestimate the magnitudes

of rainfall unless the theoretical radar equation is adjusted by a factor derived

from an experimental comparison with independent data (e.g.. with a rain-gage
network). Once sufficient D/RADEX data have been analyzed to establish the mag-

nitude of the bias, the average bias can be removed by applying an empirical

adjustment to the radar equation. However, due to deviations away from the mean,

~11-




& considerable portion of the variance will remain unexplained by the
bilas adjustment.

average
Based on the findings of previous investlgators, it is possible to assess
the average error accompanying radar precipitation measurements if the following
standard operational conditions are fulfilled;
1. Equipment capable of stable and reliable measurements is used,
2. Suitable calibration, sampling, and processing procedures are followed,
3. Areas of measurement are restricted to ranges less than 70 miles,
4. Attenuation caused by rainfall is small and
5. Seasonable adjustment is applied to the radar data based on a
comparison with rain-gage data.
Two experiments conducted under conditions which largely satisfy the five

criteria described above and which produced sufficient data for meaningful error
analyses are those described by Barovikov and Kostarev (1970) and Wilson (1971).

From the results reported by these authors, it is concluded that rainfall esti-

> on the average, held

orm totals of 1 mm or

mates can be derived from radar data alone with the error
to within a factor of 2, This error limit pertains to st

2
more and to areal averages over 50 (mi)” or greater. The error could be greater

or less for a specific event but evidence from these two studies indicate that
a large percentage of the estimates will be within a factor of 2 1

listed above are fulfilled.

t the criteria
Since a factor of 2 error is considerably worse
than optimum, refinements are sought for D/RADEX.

Possibilities for Refinement, --Two refinements which potentially can improve
e no o nRES 10T Refinement

the radar estimates are:

1. Use of independent data and objective analysis techniques and

2. Use of vertical radar data.

For example, item 1 may include the integration of rain-gage data from
several scattered gages with the radar data, Also, drop-size data and/or data
from stmospheric soundirgs can prove valuable. Cataneo (1970) used multiple
regression techniques to relate the multiplicative coefficient in the Z-R rela-
tionship to sounding parameters and showed that improvements can he gained over
the strict use of the Marshall-Palmer relationship. It should be possible to
account implicitly for a significant portion of the meteorological and drop-size
variability by combining information about the statistical structure of the echo
pattern and r;in-gage data according to an objective analysis procedure. This
possibility is duscussed in greater detail in subsequent sections.

Item 2--use of vertical data~-can be accomplished by collecting data for

“a sequence of antenna tilt angles, This provides additional information useful

-12-
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Greene (1972) show an example of how 3-dimensional digital data can be used to

obtain closer correspondence between precipitation patterns derived from radar

and rain-gage data. The biggest initial benefit that should be gained from the

use of tilt-angle data for hydrologice applications is the capability to detect

and delete, in many instances, the return from AP.

RADAR AND RAIN-GAGE STUDIES DESIGNED
TO DMPROVE RADAR ACCURACY

As explained earlier, refinements are sought for obtaining more precise

estimates of precipitation from radar data. Efforts should continue to refine

the radar and rain-rate equations and the calibration procedures so that, if
possible, reliable estimates can be derived exclusively from radar measurements;

thus eliminating, or at least reducing, the need for integrating telemetered

rain-gage data with the radar data. However, rain-gage measurements will be

required to supplement the radar measurements for several years hence. While
the last 25 years of radar research has lead to many advances in data inter-
pretation and data processing techniques and has provided much scientific know-

ledge in many areas of atmospheric physics, the accuracy of quantitative precip-

jtation estimates, made in an operational enviromment, remains less than optimum.
Due to the many uncertainties surrounding the use of radar for precipitation
ikely that an average accuracy exceeding that specified

, within the forseeable future.

Nonetheless, the radar represents an extremely important tool for the hydrologist

by virtue of its capability to provide fine spat
ection procedures are described which pertain
imates for D/RADEX.

jal detail in real time. In the

remainder of this s to the improve-
ment of the radar precipitation est

The general approach considered here for acquiring the data base necessary

to develop objective procedures, which use echo statistics and telemetered rain-

ustment of radar precipitation fields, consists of

gage data to facilitate adj
jilable historic data.

performing radar and rain-gage comparison studies using ava

The studies will lead to empirical relationships which can be used to (1) remove

the average bias for a climatological locality (2) make range adjustments at far

ranges as well as derive overall echo intensity ad justments by performing a real-

time statistical analysis on the echo patterns using the mini-computer, and (3)

ate an objective analysis algorithm which applies echo statistics and tele-

2 to check and refine the final radar estimates.

formul

metered rain-gage dat

-13-
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While most of the procedures suggested in this section are statistical in
nature, they are not without physical basis. Echo statistics are shown to be
related to the meceorological conditions and the type of precipitation; and,
the relationship between radar and rain-gage amount is considered meteorologically
dependent.

Statistical Characterization of Echo Patterns.--A kinematic relationship

which describes the instantaneous horizontal distribution of radar intensity

at low altitudes within tropical radar echoes was derived by Hudlow (1971).

The statistical expression takes the form of an exponential model which relates
power received by the radar at a threshold, Ert’ to the square root of thg echo

area, VAet’ persisting at and above the power threshold, t:

where §rm and b are intercept and slope coefficients, respectively.

Figures 4 and 5 schematically illustrate Eq. (8). In hydrologic phrase-
ology, Eq: (8) is analegous to a depth-area expression for precipitation
amounts and, in fact, Eq. (8) can be transformed to a similar expression by
substituting rainfall rate for received power through the use of Egs. (3) and
(6).

Although the basic form of Eq. (8) can be shown applicable to showery and
thunderstorm rainfall in a wide variety of geographic locations and climatolo-
gical regimes, the intercept and slope coefficients can differ greatly from one
location to another. Also, §rm and b will vary at the same location as the func-
tion of (1) the storm generation mechanism (2) size of the storm and (3) stage
of development. Because irm and b alter with changes in the precipitation
wmorphology, it is likely that statistically significant relationships exist
between the empirical coefficients used in the rainfall estimation equations
and frm and b, Assuming this is so, the radar rainfall estimates might be

refined by (1) performing a real-time least squares analysis on the echo pattern

fotimsped et nm. Ot

to determine P__ and b and (2) using grm and b to predict how much the empirical
h Fu bl i Ceart e . .
coefficiéntéﬁs%ouid“be modified! An example of this procedure could consist of

relating ¢y and ¢,, appearing in Eq. (7), to Prm and b,

To gain a better physical understanding of how ?;m and b alter with the

type of precipitation, it is convenient to interpret Eq. (8) in 3-dimensions--

“14-



‘Figure 4. Hypothetical Schematic of a Multi-Core Radar
Echo with Length D.

heo — 1]

. {miles)

VA,

b 10 LOG (P ) = POWER N dbm
Pro

Figure 5. Hypothetical Plot of the Square Root of the Radar
Echo Area Persisting at a Threshold (t) Versus the
Threshold Power Measured by the Radar.
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the two horizontal space dimensions and a vertical dimension consisting of
intensity, The 3-dimensional field comprises a "precipitation mountain,"
where the height and steepness of the mountain are given by P - and b, respec-
tively. The height (P ) and the steepness (b) depend on the type of precipi-
tation. For example, thu profile generated by warm front precipitation should
be shallower with a more gentle slope than that associated with cold frontal
activity.

Radar Comparisons and Use of a Dense Rainspage Network.--The 4-station

D/RADEX network is illustrated in Fig. 1. Also shown in Fig. 1 is the location
of the WSR-57 radar used by the National Scvere Storms Laboratory (NSSL), NOAA
and the location of the dense rain-gage network which is maintained by the Agri-
cultural Research Service (ARS), Chickasha, Oklahoma. A description of the N3SL
radar system is given by Wilk and Gray (1970). The boundary of the ARS rain-
gage network is outlined in Fig. 1 by the pear shaped configuration located
west of Oklahoma City (CKC) and NSSL. The ARS network covering 1100 sq. mi
contains over 200 rain gages giving an average density of one rain gage about
each 6 sq. wi. Ricks (1971) describes the collection and processing of the ARS
rain-gage data.

The OKC and NSSL radars (both WSR-57' s) are locateéd within 15 miles of each
other and each has a commanding view of the ARS rain- gage network. This arrange-
ment provides an opportunity to make intercomparison studies between the ORC
and the NSSL radars and the ARS rain- gage network. In preparation for the
beginning of the 1973 Spring rainy season, intercomparison studies using the
data collected in 1972, are underway.

Based on the intercomparison studies, the OKC radar data can be refined to
give a data base with reasonable accuracy.

Once confidence is established in the OKC data, it can be used to check the
accurateness of the Fort Worth (GSW) and the Monett (UMN) radar data within the
overlap areas between OKC and GSW and between OKC and UMN. Using the same
approach, the UMN data can be used to check the quality of the Kansas City (MKC)
radar data inside the overlap area between UMN and MKC.

Upon completion of the radar and rain-gage studies described in this sec-
tion, adjustments can be applied to the rainfall estimation equations to compen-
sate for any average bias that appears in the 1972 data.

Use of Telemetered Rain-gage Data and Echo Statistics in Resl Time.-- In the

preceding’ section an approach was described for removing the average bias, for
a given locality and radar, from the rainfall estimation equation. This section

is concerned with procedures that may be used to improve radar precipitation

~16-
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estimates for individual events via real-time adjustment based on telemetered
rain-gage data and echo statistics. The goal is to develop objective tech-
niques which can be used for adjusting storm totals or precipitation amounts
accumulated during a specified time interval, e.g., 3 hours--the primary time
interval used in D/RADEX between transmissions to the river forecast centers.
Some of the techniques discussed in this section are untested to date but never-
theless, are offered as logical approaches to a complex problem that can be
supported by theory and the results from other studies.

With the capability provided by the DARDC and D/RADEX hardware, it is
operationally feasible to automatically interrogate as many as 15 to 20 rain
gages situated underneath a radar umbrella. Figure 6 is a block diagram illus-
trating the function of the various components of the automatic interrogation
and processing system. Rain-gage data are input to DARDC in a Binary Coded
Decimal (BCD) format. Prior to tramsmission, DARDC converts the BCD information
to characters in accordance with the American Standard Code for Information
Interchange (ASCII). The data can be sent to the radar site over telephone
lines or by radio. The mini-computer is programmed to automatically initiate
“call-up" of the rain gages at specified times and/or when the radar indicates
precipitation accumulations exceeding predefined levels.

Possible network designs that might be used in positioning 15 to 20 tele-
metered rain gages are:

1. Clustered gages,

2. Isolated and scattered gages and

3. Combination using both clustered and scattered gages.

Each of these network configurations possess advantages and disadvantages. In
practice it is desirable, if not mandatory, to use existing gages which were
installed originally for other purposes than the one considered here. For
example, Fig. 7 depicts a rain-gage network, composed of 6 hourly reporting
stations and/or telemtered gages, in the OKC radar area. This network is
made-up of isolated and scattered rain gages (network design No. 2). This
type of design will be prevalent among existent networks.

Since network design No. 2 commonly occurs in practice, it secms desirable
to develop techniques for its use. The scattered gage design has several advan-
tages, which are:

1. A high probability exists that at least one gage will catch rain

ddfing the passing of a storm;

2. Since catches at several different ranges are possible, range effects

can be examined; and
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3. By dispersing the gages, part of the spatial variability in the Z-R

relationship may be accounted for.

A major disadvantage accompanying the use of network design No. 2 is the
uncertainties associated with relating a volume measurement made with the radar
at some distance above the surface of the earth to point collections at the sur-
face from rain gages. This disadvantage is particularly apparent for geographic
regions which receive a significant portion of their rainfall from convective
and thunderstorm activity with steep spatial gradients.

Some of the sources of error which affect the accuracy of using a few
scattered and isolated rain gages to 'calibrate" or adjust radar precipitation
fields are: )

1. Horizontal drift of precipitation because of winds during the
journey to the surface--drift of 1 mile or more at r = 100 mi,
2. Miscalibration in range or misorientation in azimuth of the
radar hardware--1 mile and 1 degree for WSR-537,
3. Imprecise knowledge of the geographic location of the rain
gages--cne-half minute of latitude and longitude,
4. Changes in the radar path length due to refractivity variations,
5. Areal nonrepresentativeness of a point rain-gage measurement,
6. Rain-gage errors, and
7. Spatial variability of the Z-R relationship.
With the many sources of error it is fair to ask: "How do we escape the
predicament ?" The answer to this question is not entirely clear; however, the
objective procedures described in this section, which use echo statistics and
telemetered rain-gage data to refine radar precipitation fields, provide reascn
for optimism. To keep things in perspective one must remember that the radar
is capable of providing precipitation estimates which, in many instances, are
more accurate than those available from sparse rain-gage networks and equally
important, with radar, the estimates can be obtained in real time.

Both Wilson {1971) and Huff (1967) have explored the feasibility of using
rain gages to calibrate radar data. Huff (1967) concluded that an impractical
number of gages are required to reliably calibrate the radar, whils Wilson (1971)
reported that radar precipitation estimates for a 1000 sq. mi. area could be
improved about 30 percent, on the average, by calibrating with a few isolated
gages scattered around the area.

Wilson's apparent success in calibrating radar data with a few rain gages

can be explained partially by the fact that he performed a logarithmic rather
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than a linear error analysis. A lincar error analysis performed on the same
set of data indicates that no improvement is gained fron the use of the rain
gages to calibrate. The reason for this is found by examining Fig. 8. The
error in the precipitation estimates derived from radar tend to decrease as
the magnitude of the precipitation increases. If for the larger rainfall
amounts, the error associated with the procedure for calibrating the radar
with rain gages exceeds the error accompanying the unadjusted radar estimate,
the estimate may be degraded by using the rain-gage data to calibrate. A log-
arithmic error analysis compresses the absolute errors in direct proportion to
the magnitude of the rainfall. This accentuates improvements gained in the
smaller amounts and surpresses degradations suffered at the higher magnitudes.

As previously emphasized, a significant part of the error encountered in
the use of rain gages to adjust radar precipitation fields originates with the
mechanics of the procedure used for deriving a gage to radar ratiok(g/R); where
¢ and R are precipitation accumulations from the gage and radar, respectively.
Wilson (1971) took R to be the average value for a 50 sq. mi circle centered
on the gage. This can lead to large errors in convective rainfall, since the
gage measurement at the center of the circle can differ significantly from the
true average value fcr the circle.

Another approach which may produce improvements in the determination of
g/R consists of using a cross-correlation technique to match echo patterns at
two different times. A cross-correlation algorithm which is illustrated by
Greene (1972) can be adapted to give the velocity vector defining the trans-

lation of the pattern from T, to T,. This dynamic approach provides the capa-

1
bility to derive a path average rainfall rate which is used to define R. The
mechanics of the technique consist of deriving path averages along a parallel
path to the velocity vector passing over the telemetered rain gage. The length
of the path is equal to the distance that the echo pattern would translate
between interrogation times. The width of the path, W, will change with distance
from the radar and with the magnitude of positioning errors. W should vary
from about 1 mi at the closer ranges to a few miles at the furthest ranges.
Figure 9 schematically illustrates the cross-correlation technique. The
example shown in Fig. 9 is for a radar data collection rate which is twice that
of the rain-gage interrogation frequency. The use of the cross-correlation tech-
nique oif;rs two distinct advantages--(1l) although the precipitation may drift
as it descends to the surface, the direction of drift is expected to follow the

path used for integration and thus a better correlation should exist between
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the path R and g than if the precipitation had drifted out of the area being
sampled and (2) a larger area can normally be used for averaging than if a
static area is used: the size of the averaging area (length of path) varies
with the speed of translation of the echo.

Improvements in the solution of g/R may be achieved, but the solution will

not be unique, since large spatial variability in the g/R's is brought about

by spatial changes in the Z-R relationship and range effects, It is unlikely 4 §

that g/R can be taken as a "true" adjustment factor, even at the point of deter-

mination, since there are errors in the rain-gage measurement. An important

consideration in the development of an objective analysis procedure is that

most of the variability of g/R at a point should be attributable to changes

in R and not due to changes in the magnitude of the error accompanying the

rain-gage catch for precipitation events of the same type. The cross-corre-

lation technique described above helps in achieving this condition. However,

to obtain a stable index of how much R departs from true g, an objective aualysis

procedure must also include information on the statistical structure of the ' ;

radar echoes. .
As was explained in an earlier section, statistical characteristics of i

the precipitation pattern are related to the meteorological mechanism that

generates the precipitation. Also, g/R is affected by meteorological condi-

tions: an obvious example is the effects of wind speed on the gage catch,

Furthermore, Z-R variability is related to the meteorological conditions. i i
Since meteorological conditions influence the accuracies of the gage ‘

catch and the radar measurement and because the characteristics of the echo

pattern are correlated with the type of precipitation generagéd by the meteor-

ological mechanism, an optimum objective analysis procedure for adjusting radar

precipitation fields should blend rain-gage data with echo statistics. An

objective analysis procedure could consist of (1) performing least squares

analysis on the digital radar data to determine Erm and b (see Eq. (8)) for #

subareas of the radar scope, (2) making an initial adjustment to the radar

precipitation fields within all subareas by using a regression equation that

relates the adjustment factor to ?rm’ b, and d; where d is the distance or

radar range to the centroid of the echo, and (3) applying a final adjustment

which is dependent on the magnitude of the initial adjustment and the gage to

radar ratio (g/R), where R can be evaluated for a path from the cross-correla-

tion technique. As shown in Fig. 7, Thiessen pologons might be used to sub-

" divide the radar umbrella into subareas for processing.

-2~



The objective analysis procedure described in the foregoing paragraph can

be mathematically illustrated as follows:

Initial Adjustment:

PLiads)” Pr(unad])’ O(E b)Y 9) . i

Final Adjustment:

Reaas)” Runadi)’ 0, (8/R 5, NCHN) B (10)

and
k
N .
s = N R S § 3
— - nITITTTTTT 2
1+ Y{(g/R ;R /g)-(g/R 3R _/
¢4 p'%p 8)-(8/R R, g)]
where R ., and R . are the rainfall amounts after and prior to adjustment,
(adj) " T(unadj)

respectively; R_ is the path precipitation as obtained from the cross-correlation

technique; @l and ¢2 imply functional dependence; § is a dispersion parameter
which is dependent on the variability of the g/ﬁp ratios among the subareas;

N is the number of rain gages underneath the radar umbrella receiving precipi-
tation; and k is an empirical coefficient initially set equal to 1. The ratios

in the denmominater of Eq. (11) are taken so that they are always unity or greater.

CONCLUDING REMARKS

Computer processing of digital radar data in real-time adds a new dimen-
sion of rainfall information for hydrologic applications. The major limita-
tion stems from uncertainties in the absolute calibration. Plans for improving
the accuracy of the radar estimates include the use of telemtered rain-gage
data and information on the statistical structure of the echo patterns as a
basis for monitoring and adjusting the radar precipitation fields.

An optimum objective analysis procedure for adjusting radar precipitation
fields should consist of relating the magnitude of the adjustment factors to
regression parameters which define the depth-area distribution of the radar
echo pattern and to the ratio between gage and radar amounts. This objective
approach implicitly accounts for variability in the radar procedures brought

about by changing meteorological conditions.
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pevices for Automatic Remote Data Collection (DARDC'S), which will be
placed at selected telemetered rain-gage sites underneath the radar umbrella,
convert the rain-gage data into a form suitable for transmission. The mini-
computer jocated at the radar site can be programmed to automatically initiate
weall-up' of the rain gages at specified times and/or when the radar indicates
precipitation accumulations exceeding predefined levels.

The wpigitized Radar Experiments” (D/RADEX) are providing much to enhance
the state of the art on precipiration measurement with radar. D/RADEX consists,
in part, of using digital radar data from four National Weather Service (NWS)
yadars in the south-central United States to derive watershed precipitation
products for input to the streamflow forecast models used by the River Forecast
Centers (RFC'S) located in Kansas city, Tulsa, and Fort Worth. D/RADEX provides
a unique opportunity to benefit from evaluations and feedback from the RFC's
and the field radar units, since these evaluations will be based on the perfor-
wmance of the system under operational conditions.

Even with limitations stemming from uncertainties in the absolute calibra-
tion, the use of radar as another tool for hydrologic forecasting undoubtedly
will bring overall forecast improvements. precipitation averaged over specified
space and integrated for some time interval represents an essential ingredient
for hydrolegic forecasting. Radar is an excellent remote sensor for obtaining
spatial definition and temporal integration since it provides the capability
to sample almost continually in time and space. Now with the D/RADEX system,
it becomes possible to process voluminous amounts of data in real-time with
NWS radars; and thus, quantitative radar data can be effectively utilized in

operational hydrology.
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ABSTRACT: Computer processing of digital radar data in real-time adds a new
dimension of rainfall information for hydrologic applications. Objective
analysis of telemetered rain-gage data and the statistical structure of echo
patterns provide useful information for monitoring and adjusting the radar
precipitation fields. The data system which is used to collect. process, and
transmit the precipitation data is illustrated. The "Digitized Radar Experi-
ments" (D/RADEX), which are designed to test and evaluate the application of
the data system to operational problems in hydrology and meteorology, are
described. D/RADEX consists, in part, of using digital radar data from four
10-cm radars in the south-central United States to derive watershed precipi-
tation products for input to the streamflow forecast models used by the
National Weather Service River Forecast Centers located in Kansas City,
Tulsa, and Fort Worth.




