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ABSTRACT

Determination of an accurate areal extent and amount of rainfall is a
primary requirement for issuing timely and effective flood forecasts.
Estimation of these data using satellite imagerv is potentially an
important application of remote sensing. This : aper presents a method
for evaluating current rainfall estimation techniques in terms of the
requirements for flood and stage forecasting of rivers. Since some of
the techniques claim suitability (often inadequately supported) for
hydrologic forecasting, an evaluation scheme has been developed based on
Yequivalent rain gage density' (ERGD). This scheme involves assigning
ERGD's to the satellite techniques for specified time and space scales;
down to the order of 3 hours and 1/4° x 1/4° latitude/longitude grids.
The evaluation scheme allows not only intercomparisons among satellite
techmiques, but also a measure of their improvement, if any, over in-
formation from existing operational rain gage networks. The satellite
techniques being investigated include those of Scofield and Oliver,
Whitney and Herman, Woodley and Griffith, Arkin and Richards, and the
University of Wisconsin.

1. INTRODUCTION

The use of satellite imagery has shown potential for producing accurate
areal rainfall estimates. There are many satellite rainfall estimation
techniques, currently available or under development, that are reported
to provide estimates that are suitable for flood forecasting. However,
variations in the techniques and their usage, and limitations on data
suitable for adequate verification have prevented their evaluation for
use in river forecast operations.

This paper proposes an evaluation scheme to provide a camon system
against which the various satellite rainfall estimation techniques can
be compared to determine their suitability as input to operatiocnal flood
forecasting. It also provides a measure of their improvement, if any,
over rainfall estimates from existing operational rain gage networks.
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2. SATELLITE RAINFALL ESTIMATION TECHNIQUES

A number of rainfall estimation techniques have been developed incorporat-
ing imagery from either geostationary or polar orbiting satellites. The
latter satellites have poor resolution in time (once or twice daily).
Consequently, most of the satellite techniques use infrared or visible
data from GOES (Geostationary Operational Envirommental Satellite)

because of frequent imagery (half hourly). Teclmiques devised before

1973 are summarized by Martin and Scherer (1973).

Scofield and Oliver (1977) have developed a decision-tree method that
enables estimation of 'point' rainfall rates for the more intense rain
situations, based on successive enhanced IR imagery. Moses (National
Fnvirommental Satellite Service (NESS), personal commmication) is
currently developing the techmique further and incorporating automation
as a "mam-machine' mix. The Scofield/Oliver technique determines rain
rate and areal extent by considering cloud top temperature, rate of
cloud growth, cloud top temperature gradient, cloud cell mergers, etc.

The Griffith/Woodley technique (Griffith, et al., 1978, and Augustine,

et al., 1979) has been developed over a number of years, initially in
conjunction with the Florida Area Cumulus Experiment (FACE), and has
recently been automated (camputer requirements presently being rather
large; Augustine, et al., 1979). Their techmique estimates volumetric
rain from convective cloud areas using a time dependent empirical
relation incorporating cloud area (entities are tracked), maximm cloud
area and cloud top temperature (through a weigh-ing index). - Distribution
of this rain volume is made according to cloud op temperature. For the
tropics 50% of the rain volume is apportioned -ithin the coldest 107% of
the cloud and the rest over the next coldest 407 of the cloud. The
tectnique allows for the fact that most convective rainfall occurs during
growth and mature stages.

Stout, et al. (1979), developed the University of Wisconsin (UW) tech-~
nique which is a variant of the Griffith/Woodley technique discussed
above. Both have been applied to GARP Atlantic Tropical Experiment
(GATE) radar rainfall data.

Whitney and Herman (NESS) are working in conjunction with members of the
National Weather Service (MWS) Office of Hydrology to develop a totally
automated system oriented directly toward the needs of flood forecasting
(Whitney and Herman, 1979). Their system involves estimating rainfall
rates (6 hourly) on a grid network (0.3° x 0.3° latitude/longitude)
using digital IR data and various meteorological parameters through

the use of regression equations.

Lovejoy and Austin (1979) address the problem of delineating rain areas
as well as rain amount, and distinguish sources of error in several of
the above-mentioned techniques.

To determine a relationship between fractional cloud cover over a given
area and the accumilated rainfall (6 hourly), Arkin (1979) used GAIE
radar rainfall as ground truth. He obtained a simple linear relation-
ship dependent upon temperature threshold. It provides a benchmark
accuracy which may be exceeded by more sophisticated satellite rainfall
techniques.

3. HYDROLOGICAL REQUIREMENTS

It has been extremely difficult to determine the suitability for flood
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forecasting of the satellite rainfall estimation techniques discussed in
Section 2. They have usually been applied to different data bases (i.e.,
specific areas and storms) and have often been verified against insuffi-
cient ground txuth for flood forecasting requirements.

Agricultural and climatological requirements are different from those for
accurate real-time stage and discharge forecasts on rivers. For instance
monthly and weekly values of rainfall are of value in climatology studies
while river forecasting requires estimates on a 6-hourly or shorter
interval. Furthermore, river forecasting requires a finer spatial
resolution of rainfall estimates; estimates are most important for
headwater basins ranging from 200 to 400 square miles.

’

»

Rain gage data are the backbone of the NWS operational flood forecasting
program, and therefore the evaluation system presented here includes a
comparison of the satellite techniques with operational rain gage net-
works as well as the best available ground truth.

3.1 Flood Forecasting Spatial and Temporal Resolution Standards

Because of the variability of rainfall in space and time, it is neces-
sary to define same practical standard resolutions that a rainfall
estimation technique should have, to be of optimm value to operational
flood forecasting. Headwater basins, for which estimates are critical,
are often of the order of 300 square miles (approximately 1/4° x 1/4°
latitude/longitude if considered on a grid basis). This is the standard
for spatial resolution, adopted in this paper. :

Temporal needs, or the frequency of rainfall reports, are controlled by
the actual time interval, from the beginning of the rainfall umtil the
flood crest reaches the forecast point, sametires called the "‘period to
peak." If this period to peak is less than say, 24 hours, then rainfall
reports should be obtained at least every 6 hours. Currently the NWS
flood forecast models are operated with 6 hourly rainfall reports, but
developmental work has been carried out to adapt the models to intervals
down to 1 hour. However, because of limitations in current satellite
estimation techniques, a practical standard for temporal resolution is

3 hours. Since maximm flood waming time is the primary aim of a flood
forecasting service, more frequent accurate rainfalls would nonetheless
be advantageous.

In sumary, the practical standards for flood forecasting that any
satellite rainfall estimation technique should approach are 1/4° x 1/4°
latitude/longitude spatial resolution and 3 hours temporal resolution.

3.2 Resolutions Considered in the Evaluation Scheme

While the preceding section outlines the specific standards of areal
rainfall estimation for flood forecasting, many techniques do not cur-
rently approach these limits. Therefore, the proposed evaluation scheme
is designed to accept techniques with coarser resolutions; spatial
resolution out to 1° x 1° latitude/longitude and temporal resolution out
to 24 hours. Techniques which provide accurate estimates within these
bounds, but which do not approach the ideal standards of Section 3.1,
still provide potentially useful rainfall estimates and should not be
excluded from the evaluation scheme.

4, EVALUATION SCHEME CONCEPTS

The evaluation scheme proposed in this paper has been dewveloped with the
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user requirements discussed in Section 3 as a basis. It should provide
a means of comparison of the given technique's performance against other
proposed satellite techmiques and against the rainfall estimates from
existing operationally reporting rain gage networks (which are almost
always less dense than climatological or "after the fact' networks).

4.1 Correlation of Estimated Rainfalls Against Observed Ground Truth

a) Data Bases

A basic form of analysis, used by some authors to evaluate the per-
formance of a satellite technique, is to determine the correlation
coefficient relating the tectmique's rainfall estimates with the best
available observed rainfall (whether radar, rain gage, or a combination),
the "ground truth." Since the correlation coefficient is not a measure
of the bias in a technique's estimates, it does not provide an absolute
measure of performance. Further, the temporal and spatial resolution
of the rainfall estimates is obviously limited by the resolution of the
gromd truth for such a camparison. To establish a set of estimated and
observed rainfall values two approaches are adopted depending on the
data set available. The first approach is used if estimates can be made
for a single area only (e.g., 1° x 1° latitude/longitude box) but there
aredata for a series of storms over the area. In this case, the observed
and estimated rainfalls are treated as a time series over the area. The
other approach is the situation where only a single storm (such as a case
study) is available, but it covers a large enocugh geographic area for a
grid (in this example 1° x 1°) to be placed over the storm.. This allows
estimates to be made for each grid area over th: storm. If there is more
than one storm available, both approaches can be used in combination.

b) Correlation Diagrams

The evaluation scheme proposed includes correlations of estimated
rainfalls against ground truth as a qualitative measure of performance
only. Correlations for several spatial (grid size) and temporal (rain-
fall duration) resolutions should be determined to judge a satellite
technique's performance. As outlined in Sections 3.1 and 3.2, grid
sizes for 1/4° to 1° on side and durations from 3 hours to 24 hours are
important. In this way it can be seen how a technique performs as
spatial and temporal resolutions are reduced.

An example of this type of correlation diagram is given in Figure 1.
It was determined by Greene, et al. (1979) from the work of Richards
and Arkin (1979) on GATE rainfall (digital radar) ground truth using
the first approach mentioned in a) above; as a time series of rainfalls
over three spatial averaging areas (0.5° x 0.5°, 1.5° x 1.5° and
2.5° x 2.5°) and for the three temporal averaging scales shown. Their
satellite method itself is discussed in Section 2. As can be seen from
the figure which illustrates the properties of any satellite technique,
the correlations became lower for smaller time and space scales. For
hydrologic forecasting, correlations must be judged meaningful for the
standard 1/4° x 1/4° and 3 hour resolutions discussed in Section 3.1.
Simple extrapolation of Figure 1 to these resolutions obvicusly suggests
this is not the case for this particular technique (which is only con-
gidered a 'benchmark''), although it could provide useful information at
the coarser resolutions. The proposed evaluation scheme would incor-
porate correlation diagrams to judge, qualitatively, if other techmiques
do in fact perform adequately at the finer resolutions.
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4,2 MAP Error Curves: Equivalent Rain Gage. Density (ERGD)

A statistic that takes account of the spatial and temporal resolution
and storm type (strongly convective, frontal, etc.) is required as a
quantitative measure of estimates produced by a techmique. Current
literature does not provide such a direct statistic. Therefore, in the
evaluation scheme presented in this paper, that statistic would be the
"equivalent rain gage density' (ERGD). When a given satellite technique
is compared against the best available ground truth, it provides areal
rainfall estimates for specific time and space scales with inherent
"mean areal precipitation (MAP) errors. The ERGD is the density of
rain gages that would yield the same MAP error vhen compared against the
same ground truth. To expand on this concept further, some basic
properties of MAP errors can be discussed by using MAP error curves, an
example of which is shown in Figure 2.

Theoretically based procedures for estimating the accuracy of MAP esti-
mates (from rain gage networks) have been developed and compared with
historical data fram dense rain gage networks (e.g., Schaske, 1979 and
Huff, 1970). Empirical relations determined from the dense experimental
networks express the MAP errors in terms of the area over which the
rainfall estimate is made (A square miles), the gage density (G square
miles per gage), the storm duration (T hours), and the mean rainfall

(P inches). Figure 2 is a graph of a relationship for the Muskingum,
Ohio, basin derived by Schaake (1979):

o, = O.OSSA.O'32 G0.60

.1
where CV, is the coefficient of variation of MAP standard error and G and
A are defined above. P is incorporated in CVg and T is held constant.

Figure 2 illustrates the properties of the MAP error curves that form
the basis of the ERGD determination. For the purposes of the figure,

G in equation 4.1 has been redefined as gages per unit area (in this

case 10,000 square miles) rather than area per gage. It can be seen that
the MAP error increases as the gage density decreases. The MAP error
curve (coefficient of variation of MAP error versus rain gage density)

to be used in a particular situation would depend on the following
features:

(1) The area A over which the rainfall estimate is to be made

(2) The storm duration

101

l et



00T SFFFTCTENT OF VARTN GF AAP ERROR
AREA (S 8000 SQ Ml (1}
00 AREA [S 1500 58 nl1 (2}
AREA {5 375 50 M1 (3)
AREA IS 187.5 SG ML (4)
00
e ]
SR GROUND TRUTH
@ 710 MAP ERROR
w
5 &
a = )
£ . 4 < 5@
Z) TS
z \ g $&
- &
- A Q
I3 o S
> 50 ol
0 |
S \\ g,
. \ CH
8 A\ 2/
— 3 2 2N
. 3 \ \ N N ,
K 307 N z
o 3 :
s \ \\\
20 ’ \\\ e -
——
\ \ \\N\‘Nh‘“"‘-
o \_\ -\__\N — ]
\\ N,_-‘
0 |
O 18 20 30 48 51 83 10 80 86 100 110 120 130 140 180 180 170 180 130 208 Zlof

RAIN GRAGE DENSITY(GARGES PER 10.000 SQ M1} [

Figure 2. MAP Error Curve: Coefficient of variation of MAP error versus
rain gage density. Derived from Schaake's (1979) empirical
relation for Muskingum, Ohio. Inset to figure: Calculation
of MAP error of a technique--see Section 4.2,

(3) The storm type (whether strongly convective, stratiform, etec.).

The first feature (1) is illustrated in Figure 2--smaller areas have
larger MAP errors overall. The other two features are not illustrated
in Figure 2 sinece it was developed for a specific set of intense
convective storms and only 6-hourly storm durations were considered.
However, Huff (1970) included storm duration (1 hour to 48 hours) in
his work on central and southem Illinois networks.

Feature (3), the storm type, can be discussed in terms of the spatial
correlation structure of the storm and, in particular, the decorrelation
distance, which can simply be defined as the mean distance between rain
gages that correlation of their rainfalls drops to l/e (for more detail,
see Schaake, 1979). Clearly, the more convective the storm and the
shorter the duration considered, the more rapidly the rainfalls decor-
relate resulting in higher MAP error curves. For example, Huff and
Shipp (1969) obtained some decorrelation distances of approximately

5 miles for 1 minute rainfall rates for storms in Illinois.

Objective analysis of observed rainfalls is carried out to provide the
best available ground truth. It has as a basis this decorrelation
distance in terms of the "radius of influence" of the point observations,
and is used to analyze the point data onto a grid network for determina-
tion of areal rainfall (e.g., Barnes, 1964). In the evaluation of
satellite rainfall estimation techniques, ground truth often consists of
a low density rain gage network. It is important not to extrapolate
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ground truth rainfall to regions where there are insufficient data. The
decorrelation distances of the storms define the extent of extrapolation
allowable. These data-void areas should be cmitted from any evaluaticn.

Often the best available ground truth rain gage network on which to
evaluate techniques is the climatological daily rainfall network, and
for shorter durations, the climatological hourly rainfall network (NQOAA,
Envirormental Data and Information Service).

In summary, errors in the ground truth are determined from the MAP error
curves. These curves would be developed from the best available ground
truth rainfall or equations such as 4.1. The curves also allow the
determination of the ERGD defined above. This is done by calculating

the MAP error of the satellite techmique, then reading from the MAP error
curve the appropriate rain gage density that would have produced the same
MAP error: the ERGD. To determine the actual MAP error of the satellite
technique, the MAP error of the ground truth if subtracted vectorially
(see inset to Figure 2) from the measured MAP error (error in satellite
estimate mirus the ground truth estimate) by assuming independence of the
two contributing MAP errors (satellite estimate and ground truth).

5. EVALUATION SCHEME DECISION TREE

A decision tree has been developed to evaluate the suitability of satel-
lite rainfall estimation techniques for operational flood forecasting.

It provides both qualitative and quantitative measures of the relative
performance of the various satellite techniques (Section 2), and compares
the results of these techniques with those of ¢ srational rain gage net-
works. The decision tree (Figure 3, condensed .ere for space reasons)
includes the basic steps of the evaluation schere which will be discussed
briefly for clarification. The basic underlyin: requirements and concepts
have been presented in detail in Sections 3 and 4.

Given a specific satellite rainfall estimation techlnique that has been
applied to a region with ground truth rainfall data, the process of
evaluation is as follows (see Figure 3):

Step 1. Reject the technique if it does not satisfy the designated
spatial and temporal resolutions.

Step 2. Identify the limitations of the given satellite technique.

For example, if it is used for deep convection only, it must only be
applied to suitable stomm situations. Make a subjective judgment on
the practicality of any dynamic calibration (e.g., radar or telemetered
gages) the technique requires.

Step 3. Calculate the decorrelation distances for the ground truth
data to classify its storm types. Determine the appropriate MAP error
curves from the best available ground truth data or historical data.

Step 4. Determine as many points as possible on the correlation
diagram (Section 4.1(b)) for the satellite technique. Do the same
for the operational network if one is available for the area.

Step 5. The MAP errors of the satellite technique are calculated as
discussed in Section 4.2.

Step 6. Determine the ERGD for each time and space scale by reading
from the appropriate MAP curves the rain gage density corresponding
to the satellite technique's MAP error (Step 5).

Step 7. The given technique is compared with other techniques that
may have been analyzed, using the decision tree and with any
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Figure 3. Decision tree for evaluation of rainfall estimation techniques.

operational network. Questions to be answered by these comparisons
include: Does the given technique perform well for the required
space and time scales and storm types? Does the technique show
improvement over any operational rain gage network that may be
available for the region under study?

Steg 8. Undertake a final ranking of the technique. This must in-
cl subjective judgment on the practicality of its limitations, the
feasibility of any calibration required, and whether it is economi-
cally and/or logistically feasible. Another important consideration
is whether objective analysis techniques, as used for merging radar
and rain gage data, could substantially improve any or all of the
techniques in the final ranking.

6. CONCLUSIONS AND RECOMMENDATIONS

An evaluation scheme for satellite rainfall estimation techniques has
been presented. It is basically oriented to operational flood forecast-
ing needs, and should provide valuable information in determining the
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suitability of any proposed satellite rainfall estimation technique. The
primary techniques that should be evaluated with this scheme are those of
Woodley/Griffith, Scofield/Oliver, University of Wisconsin, and Whitney/
Herman.

Proposers of practical rainfall estimation techmiques should include, in
the results of future case studies, data concermning ground truth, time
and space scales of their estimates, and a mumerical rating such as ERGD.

The evaluation scheme enables potential users to not only become familiar
with a given technique, but also have a practical understanding of how
that technique blends with current rainfall information.
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