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Abstract

An inadequate knowledge of the magnitude and spatial distribution of precipitation
is often a major limitation in developing accurate river-flow forecasts for use in
reservoir operations. Digitized weather radar data can provide useful information
regarding the spatial distribution of rainfall, although radar-based estimates of
rainfall may be in error due to several factors. The use of radar-rainfall data in
combination with rain gage measurements may improve rainfall estimates over those based
on either form of measurement alone. This improvement is accomplished by adjusting, or
"calibrating", radar-rainfall data with data from rain gages situated within the radar
"boundary". A set of rainfall analysis software that incorporates this methodology has
been developed by the US. Army Corps of Engineers Hydrologic Engineering Center to aid
hydrologists in making real-time water control decisions.

The rainfall-analysis software retrieves real-time radar-rainfall data from a
National Weather Service RADAP II (Radar Data Processor), and rain gage measurements
from data collection platforms via the Geostationary Operational Environmental
Satellite (GOES). The radar data from the RADAP II is "calibrated" with the rain gage
data using a simple Kriging technique. Subbasin-average rainfall is then computed from
the calibrated data and stored in a data base file for subsequent use by a river-flow
forecast model. Graphics programs aid in the evaluation of the data. This software
system has been implemented for a few pilot watersheds in Oklahoma.

Introduction

A typical rain gage network usually does not provide adequate definition of the
spatial distribution of rainfall over a watershed. During a precipitation analysis for
river-flow forecasting, a frequent assumption is that averaging or interpolating rain
gage data will provide an adequate representation of the average rainfall over a
watershed. In many cases this may not be true.

Digitized weather radar data can provide useful information regarding the spatial
distribution of rainfall, but this data may contain errors such as the following: !)
the relationship used to compute the rainfall rate from the radar reflectivity assumes
standard conditions (e.g., drop size), which may or may not be representative of the
actual conditions (Battan, 1973); 2) different types of precipitation (e.g., rain,
hail, or snow) have different reflectivities and cannot be represented with the same
relationship; 3) atmospheric conditions may cause anomalous propagation of the radar
beam and indicate rainfall where there is none; and 4) the radar measures rainfall
rates in an elevated volume, not the rate at ground level; evaporation and air
currents can significantly alter this rate.

*Hydraulic Engineer, US. Army Corps of Engineers Hydrologic Engineering Center, Davis,

California.

Presented at the ASCE Symposium on Engineering Hydrology, August 1987,
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Research has shown that radar-rainfall data may be improved by adjusting, or
"calibrating", the data with rain gage measurements situated within the radar boundary
(e.g., Wilson, 1970). Several algorithms have been proposed to calibrate radar data
with rain gage measurements (e.g., Brandes, 1975; Cain and Smith, 1976). However, the
rainfall data and the calibration of the data must be carefully evaluated, because
improperly calibrated radar data can produce results that are less accurate than would
be obtained from either the gage data or radar data alone.

Accumulated digitized radar-rainfall data can be obtained from the National Weather
Service's RADAP II radar sites on a real-time basis (Green, et al., 1983; Saffle,
1976). This data is on a grid-cell basis, for which a cell is 3 by 5 nautical miles.
The US. Army Corps of Engineers Hydrologic Engineering Center (HEC) has developed a
set of computer software* for rainfall analysis that can be used to acquire and analyze
this data in an attempt to improve estimates of the rainfall over a watershed. No
forecasting of rainfall is attempted.

Calibration

The calibration of radar-rainfall data with rain gage measurements proceeds in the
following manner. Three hourly accumulated radar-rainfall data for the watershed is
automatically retrieved from the NWS RADAP II. This data is decoded and stored in an
HEC Data Storage System data base file (HEC, 1985). Concurrently, hourly rain gage
measurements are obtained from data collection platforms throughout the watershed via
the GOES satellite, and are stored in a similar data base file.

The radar-rainfall data is calibrated by the software component called RADRAN
according to the following procedure. The rain gage locations reporting valid data
within or near the watershed boundary are identified. The rainfall measured by each
gage is compared to the amount measured by the radar at that gage location. If the
measured rainfall exceeds a minimum amount (typically 0.1 inch), the ratio of the gage
value to the radar value (G/R ratio) is computed. If the ratio is "reasonable" (within
user-specified limits), it is used for that site. Otherwise, the algebraic difference
between the rainfall measured by the gage and the radar is computed and used for that
location.

The radar-measured rainfall for each radar grid cell is adjusted by the G/R ratios
and G-R differences from the surrounding gage locations. The area surrounding each
cell is divided into quadrants, and the closest two gages within each quadrant are
selected. A simplified (linear) Kriging algorithm is applied in order to generate
weighting factors, based upon distance, for each of these gage locations. The radar
measured rainfall amount for the grid cell is adjusted according to the weighted ratios
and differences computed at the selected gages (Charley, 1986).

The adjusted values are averaged over each subbasin in order to compute subbasin
average rainfall amounts. The subbasin averages are stored in the data base file for
subsequent use by a rainfall-runoff model.

This calibration procedure makes two assumptions that may not always be true.
These are that the the rain gage reports the correct amount of rainfall, and that this
amount represents the average rainfall in the area corresponding to the radar grid
cell. If these assumptions are not valid, the calibrated radar data may produce

*This software was developed on a Harris mini-computer, and contains machine dependent

code.
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results that are worse than those that would be obtained using rain gage data or radar
data alone. Therefore, it is important to screen the gage data prior to use, and to
evaluate the calibrations.

Several provisions are made to aid in this evaluation. The gage-radar relationship
at each gage location is displayed in the output. If the values measured by the gage
and the radar are very different, then the calibration may not provide acceptable
results. Along with this information, the rainfall measured by each gage is compared
to what would have been computed from the calibrated data at that location had that
gage not been present. This is accomplished by temporarily removing the gage data
from the analysis, then calibrating the radar data at that location. This is repeated
for each gage location. The above information provides a quantitative evaluation of
the data and the calibration.

The data and the calibration can be evaluated in a qualitative mode by graphical
displays. The data can be plotted on a color graphics terminal with rainfall amounts
color coded. Outlines of the watershed, rivers, gages and other information can be
overlaid on the plot. A similar graphics product may be produced on a dot matrix
printer with varying shades of grey.

Results

Models for the RADRAN program were prepared for a few watersheds in Oklahoma, and
executed for several storm events. No systematic verification or evaluation procedure
was attempted. For most of the events examined, hydrographs computed using rain gage
data, and calibrated radar data, were similar. That is the volumes were within about
20 percent and there was little difference in the timing of the runoff peaks. In some
of the events, the radar recorded a substantial amount of rainfall that was missed by
the rain gages because of the positioning of the storm relative to the gages. An
example is presented for the Waurika Lake Basin (located south of Oklahoma City) for
the September-October 1986 storms. The subbasin average hyetographs computed for the
calibrated radar data, and the gage data only, are presented in Figures l(a) and l(b),
respectively. For the 30th of September, the calibrated radar hyetograph showed about
one inch of rain that was not detected by the rain gages. The calibrated radar data
indicates that the storm was situated over the watershed such that the rain gages were
located only on the edges of the storm, as depicted in Figure 2(a). The same plot
using rain gage data only, presented in Figure 2(b), shows little rainfall over the
basin.

It is difficult to evaluate the hyetographs produced by the two procedures, based
upon comparing hydrographs computed from these hyetographs against the observed
hydrograph, because the basin loss rates necessary for computing the hydrographs are
unknown, and cannot easily be determined without bias. However, a relative comparison
can be made, as seen in the computed hydrographs depicted in Figure 3. The computed
hydrographs were generated using typical loss rates for this area. Unfortunately, the
observed hydrograph was computed from changes in reservoir elevation and does not
provide an accurate definition of the inflow. The figure does show that, for this
event, the hydrograph computed from the calibrated radar data is much closer to the
observed hydrograph than that obtained using rain gage data only.

Conclusion

The use of accumulated rainfall data from the National Weather Service's RADAP 1I
radar, adjusted with rain gage data, may give a better spatial estimation of rainfall
over a watershed than would be obtained from gage data only. Because of the several

:3



P 0.6
R
E
C
I
P 0.4-

1
N

I
N 0.2
C
H
E
S

26 29 30 01 02 03 04 05
SEP06 OCT6

Figure 1(a). Waurika Lake Basin Hyetograph from Calibrated Radar Data
(total volume: 3.79 inches).
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Figure l(b). Waurika Lake Basin Hyetograph from Rain Gage Data
(total volume: 2.19 inches).
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Figure 2. Rainfall Over the Waurika Lake Basin for 1500 to 1800 Hours on
September 30, 1986 (distances in nautical miles west and south of the radar).
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possible errors in the radar-rainfall data, and assumptions made for the data
calibration, the data and each calibration must be evaluated by an experienced
analyst. Failure to properly evaluate the calibration could lead to erroneous results.

The National Weather Service is currently working on the NEXRAD program which will
provide products similar to those obtained from RADAP II, but of superior quality. The
NEXRAD program will use algorithms which will attempt to correct for radar errors, and
will include a calibration procedure using rain gage information (Ahnert, et al.,
1983; Hudlow, et al., 1983). This advancement should provide the hydrologist a
valuable tool for river-flow forecasting.

Acknowledgments

The author would like to thank Brian McCormick and the Tulsa District, Corps of
Engineers for their help and financial assistance. Appreciation is also expressed to
Joe DeVries for his technical assistance and John Peters for his editorial review.

References

Ahnert, P., M. Hudlow, E. Johnson, and D. Green: Proposed "on-site" precipitation
processing system for NEXRAD. Pregrints. 21st Conference on Radar Meteorology, AMS,
Boston, Mass., 1983, 378-384.

Battan, L.: Radar Observations of the Atmosphere. University of Chicago Press, 1973,
324 pp.

Brandes, E.: Optimizing rainfall estimates with the aid of radar. Journal of Agolied
Meteorology, 14, 1975, 1339-1345,

Cain, D., and P. Smith: Operational adjustment of radar estimated rainfall with rain
gage data: A statistical evaluation. Preorints. 17th Conference on Radar Meteorology,
AMS, Boston, Mass., 1976, 533-538.

Charley, W.: Weather Radar as an Aid to Real-Time Water Control. Masters of Science
Thesis, University of California, Davis, Calif., 1986.

Greene, D., D. Nilseni, R. Saffle, D. Holmes, M. Hudlow, P. Ahnert: RADAP II, an
interim radar data processor. Preorints. 21st Conference on Radar Meteorologv, AMS,
Boston, Mass., 1983, 404-408.

Hudlow, M., D. Greene, P. Ahnert, W. Krajewski, T. Sivaramakrishnan, and E. Johnson:
Proposed off-site precipitation processing system for NEXRAD. Preorints. 21st
Conference on Radar Meteorology, AMS, Boston, Mass., 1983, 394-403.

Hydrologic Engineering Center: HECDSS User's Guide and UtilitW Programs Manual. U.S.
Army Corps of Engineers, Davis, California, 1985.

Saffle, R.: D/RADEX products and field operation. Pregrints. 17h Conference on Radar
Met rlo.tgI , AMS, Boston, Mass., 1976, 555-559.

Wilson, J.: Integration of radar and rain gage data for improved rainfall
measurement. Journal of Anolied Meteorology, 9, 1970, 489-497.

6



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE 7 - " A..'

Form Approved

REPORT DOCUMENTATION PAGE OMNo. 070-0oe8

la REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS
UNCLASSIFIED

2a. SECURITY CLASSIFiCATION AUTHORITY 3. DISTRIBUTION /AVAILABILITY OF REPORT

2b. DECLASSIFICATION IDOWNGRADING SCHEDULE UNLIMITED

4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)

Technical Paper No. 122

6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
Hydrologic Engineering Center (If applicable)
U.S. Army Corps of Engineers CEWRC-HEC

6c. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)
609 Second Street
Davis, CA 95616

8a. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBERORGANIZATION (if applicable)
Water Resources Support Center CEWRC

8c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
Casey Building #2594 PROGRAM PROJECT TASK IWORK UNIT
Ft. Belvoir, VA 22060-5586 ELEMENT NO. NO. NO. ACCESSION NO.

11. TITLE (Include Security Classification)

The Estimation of Rainfall for Flood Forecasting Using Radar and Rain Gage Data (Unclassifie

12. PERSONAL AUTHOR(S)
William J. Charley

13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) 15. PAGE COUNT
Technical Paper FROM TO 1988 September 6

16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB-GROUP Radar-Rainfall, Radar-Rainfall Calibration, Rainfall-Runoff

Simulation, RADAP-II, Real-Time Water Control

19. ABSTRACT (Continue on reverse if necessary and identify by block number)An inadequate knowledge of the magnitude and spatial distribution of precipitation is often

a major limitation in developing accurate river-flow forecasts for use in reservoir operations
Digitized weather radar data can provide useful information regarding the spatial distribution
of rainfall, although radar-based estimates of rainfall may be in error due to several factors
The use of radar-rainfall data in combination with rain gage measurements may improve rain-
fall estimates over those based on either form of measurement alone. This improvement is ac-
complished by adjusting, or;'Calibratin"/, radar-rainfall data with data from rain gages
situated within the radar "boundary". A set of rainfall analysis software that incorporates
this methodology has been developed by the U.S. Army Corps of Engineers Hydrologic Engineer-
ing Center to aid hydrologists in making real-time water control decisions. The rainfall-
analysis software retrieves real-time radar-rainfall data from a National Weather Service
RADAP II (Radar Data Processor), and rain gage measurements from data collection platforms
via the Geostationary Opprational Environmental Satelline (GOES). The radar data from the
RADAP 11 isil ealihrateiZ with the ranmfedt mn In Kii chninue.- elont)

20. DISTRIBUTIONAVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
Q UNCLASSIFIED/UNLIMITED 0 SAME AS RPT. 03 DTIC USERS UNCLASSIFIED

22s. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Include Area Code) 22c. OFFICE SYMBOL
William J. Charley, Bill S. Eichert (916) 551-1748 1 CEWRC-HEC

DD Form 1473, JUN 86 Previous editions are obsolete. SECURITY CLASSIFICATION OF THIS PAGE
UNCLASSIFIED



UNCLASSIFIED

Item 19. cont.
JSubbasin-average rainfall is then computed from the calibrated data and stored in a
data base file for subsequent use by a river-flow forecast model. Graphics programs
aid in the evaluation of the data. This software system has been implemented for a
few pilot watersheds in Oklahoma.

UNCLASSIFIED



TECHNICAL PAPER SERIES
($2.00 per paper)

TP-1 Use of Interrelated Records to Simulate TP-28 Digital Simulation of an Existing Water Resources System

StreamfLow TP-29 Computer Applications in Continuing Education

TP-2 Optimization Techniques for Hydrologic TP-30 Drought Severity and Water Supply Dependability.

Engineering TP-31 Development of System Operation Rules for an Existing

TP-3 Methods of Determination of Safe Yield and System by Simulation

Compensation Water from Storage Reservoirs TP-32 Alternative Approaches to Water Resource System Simulation

TP-4 Functional Evaluation of a Water Resources TP-33 System Simulation for Integrated Use of Hydroelectric and

System Thermal Power Generation

TP-5 Streamflow Synthesis for Ungaged Rivers TP-34 Optimizing Flood Control Allocation for a Multipurpose

TP-6 Simulation of Daily Streamflow Reservoir

TP-7 Pilot Study for Storage Requirements for Low TP-35 Computer Models for Rainfall-Runoff and River Hydraulic

Flow Augmentation Analysis

TP-8 Worth of Streamflow Data for Project Design TP-36 Evaluation of Drought Effects at Lake Atitlan

- A Pilot Study TP-3? Downstream Effects of the Levee Overtopping at

TP-9 Economic Evaluation of Reservoir Sstem Wilkes-Barre, PA, During Tropical Storm Agnes

Accomplishments TP-38 Water Quality Evaluation of Aquatic System

TP-1O Hydrologic Simulation in Water-Yield TP-39 A Method for Analyzing Effects of Dam Failures in

Analysis Design Studies

TP-11 Survey of Programs for Water Surface TP-40 Storm Drainage and Urban Region Flood Control Planning

Profiles TP-41 HEC-SC, A Simulation model for System Formulation and

TP-12 Hypothetical Flood Cqeputation for a Strew Evaluation

System TP-42 Optimal Sizing of Urban Flood Control System

TP-13 Maximu Utilization of Scarce Data in TP-43 Hydrologic and Economic Simulation of Flood Control

Hydrologic Design Aspects of Water Resources Systems

TP-14 Techniques for Evaluating Long-Term TP-44 Sizing Flood Control Reservoir Systems by Systems

Reservoir Yields Analysis

TP-15 Hydrostatistics - Principles of Application TP-45 Techniques for Real-Time Operation of Flood Control

TP-16 A Hydrologic Water Resource System Modeling Reservoirs in the Merrimack River Basin

Techniques TP-46 Spatial Data Analysis of Nonstructural Measures

TP-17 Hydrologic Engineering Techniques for TP-47 Comprehensive Flood Plain Studies Using Spatial Data

Regional Water Resources Planning Management Techniques

TP-18 Estimating Monthly Streamflows Within a TP-48 Direct Runoff Hydrograph Parameters Versus Urbanization

Region TP-C) Experience of HEC in Disseminating Information on

TP-19 Suspended Sediment Discharge in Stream Hydrological Models

TP-20 Computer Determination of Flow Through TP-50 Effects of Dam Removal: An Approach to Sedimentation

Bridges TP-51 Design of Flood Control Improvements by Systems Analysis:

TP-21 An Approach to Reservoir Temperature A Case Study

Analysis TP-52 Potential Use of Digital Computer Ground Water Models

TP-22 A Finite Difference Method for Analyzing TP-53 Development of Generalized Free Surface Flow Models

Liquid Flow in Variably Saturated Porous Using Finite Element Techniques

Media TP-54 Adjustment of Peak Discharge Rates for Urbanization

TP-23 Uses of Simulation in River Basin Planning TP-55 The Development and Servicing of Spatial Data Management

TP-24 Hydroelectric Power Analysis in Reservoir Techniques in the Corps of Engineers

Systems TP-56 Experiences of the Hydrologic Engineering Center in

TP-25 Status of Water Resource System Analysis Maintaining Widely Used Hydrologic and Water Resource

TP-26 System Relationships for Panama Canal Water Computer models

Supply TP-57 Flood Damage Assessments Using Spatial Data Management
TP-27 System Analysis of the Panama Canal Water Techniques

Supply TP-58 A Model for Evaluating Runoff-Qualtty in Metropolitan Master

Planning/



TP-59 Testing of Several Runoff Models on an Urban TP-aS Reservoir System Rgutation for Water Quality Control
Watershed TP-89 A Software System to Aid in Making Real-Time Water

TP-60 Operational Simulation of a Reservoir System Control Decisions
with Pumped Storage TP-90 Calibration, Verification nd Application of a

TP-61 Technical Factors in SmLL Hydropower Two-Oimnsionat Flow Model
PLanning TP-91 NEC Software Developunt and Support

TP-62 Flood Hydrograph and Peak Flow Frequency TP-92 Hydrologic Engineering Center Plaming Models
Analysis TP-93 Flood Routing Through a Flat, Complex Flood Plain Using

TP-63 NEC Contribution to Reservoir System a One-Diinsional Unsteady Flow Computer Program
Operation TP-94 Dredged-Material Disposal Management Model

TP-64 Determining Peak-Discharge Frequencies in an TP-95 infiltration and Soil Moisture Redistribution in HEC-1
Urbanizing Watershed: A Case Study TP-96 The Hydrologic Engineering Center Experience in

TP-65 Feasibility Analysis in Small Hydropower Nonstructural Planning
Planning TP-97 Prediction of the Effects of a Flood Control Project on

TP-66 Reservoir Storage Determination by Computer a Meandering Strem
Simulation of Flood Control and Conservation TP-98 Evolution in Camputer Programs Causes Evolution in
Systems Training Meeds: The Hydrologic Engineering Center Experience

TP-67 Hydrologic Land Use Classification Using TP-99 Reservoir System Analysis for Water Quality
LANDSAT TP-1O0 Probable Maxima Flood Estimation - Eastern United States

TP-68 Interactive Honstructurat Flood-Controt TP-lO Use of Computer Progrm HEC-5 for Water Supply Analysis
Planning TP-102 Rote of Calibration in the Application of HEC-6

TP-69 Critical Water Surface by Miniu Specific TP-103 Engineering and Economic Considerations in Formulating
Energy Using the Parabolic Method TP-104 Modeling Water Resources Systems for Water Quality

TP-70 Corps of Engineers Experience with Automtic TP-1O5 Use of a Two-Diensionat Flow Model to Quantify Aquatic
Calibration of a Precipitation-Runoff model Habitat

TP-71 Determination of Land Use from Satellite TP-106 FLood-Runoff Forecasting with NEC-IF
Imagery for Irput to Hydrologic Models TP-107 Dredged-Material Diaposal System Capacity Expansion

TP-72 Application of the Finite Element Method to TP-108 Role of Smell Copters in Two-Dimensional Flow modeling
Vertically Stratified Hydrodynemic Flow and TP-109 One-DimnsionaL Model For Mud Flows
Water Quality TP-110 Subdivision Froude Nuaber

TP-73 Flood Mitigation Planning Using NEC-SAN TP-111 NEC-SO: System Water Quality Modeling
TP-74 Hydrographs by Single Linear Reservoir Model TP-112 New Developments in NEC Programs for Flood Control
TP-75 NEC Activities in Reservoir Analysis TP-113 Modeling and Managing Water Resource Systems for Water
TP-76 Institutional Support of Water Resource Quality

Models TP/114 Accuracy of Coputed Water Surface Profiles - Executive
TP-77 Investigation of Soil Conservation Service Summry

Urban Hydrology Techniques TP-115 Application of Spatial-Data Management Techniques in Corps
TP-78 Potential for increasing the Output of Planning

Existing Hydroetectric Plants TP-116 The HEC's Activities in Watershed Modeling
TP-79 Potential Energy and Capacity Gains from TP-117 HEC-I and HEC-2 Applications on the MicroComputer

Flood Control Storage Reallocation at TP-1IS Real-Tim Snow Simulation Model for the Monongahela River
Existing U. S. Hydropower Reservoirs Basin

TP-80 Use of Hon-Sequential Techniques in the TP-119 Nulti-Purpose, Nutti-Reservoir Simulation on a PC
Analysis of Power Potential at Storage TP-120 Technology Transfer of Corps' Hydrologic Models
Projects TP-121 Development, Calibration and Application of Runoff Forecasting

TP-81 Data Management System for Water Resources Models for the Allegheny River Basin
Planning TP-122 The Estimetion of Rainfall for Flood Forecasting Using Radar a

TP-82 The New NEC-1 Flood Hydrograph Package Rain Gage Date
TP-83 River and Reservoir Systems Water Quality

Modeling Capability

TP-84 Generalized RaL-Tim Flood Control System

Model

TP-85 Operation Policy Analysis: Sa Rayburr

Reservoir

TP-86 Training the Practitioner: The Hydrologic

Engineering Center Progrm

TP-87 Documentation Neds for Water Resources

Models


