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FOREWORD

The Interagency Advisory Committee on Water Data is part of the governmentwide Water Information
Coordination Program as required by the Office of Management and Budget Memorandum No. 92-01
(M-92-01, dated December 10, 1991). The purpose of M-92-01 is to ensure the availability of water
information for effective decisionmaking for natural resources management and environmental protection
at all levels of government and in the private sector. Memorandum No. 92-01 replaces OMB Circular
A-67 that was signed in 1964 and that set forth the original guidance to Federal agencies about
coordinating water information. The overall mission of the WICP is to establish and maintain active
partnerships among all levels of government and the private sector to meet water information
requirements nationwide effectively and economically. The scope of the WICP includes surface-water
and ground-water quality and quantity, sediment, and precipitation information critical to water resources
management. The WICP also addresses water use information. For the purposes of M-92-01, water
resources include streams, lakes, reservoirs, ground water, estuaries, and other aquatic habitats influenced
primarily by fresh water.

Participating Federal and non-Federal organizations of the WICP perform a variety of functions including
the following: 1) evaluating the effectiveness of existing water-information programs and recommending
improvements, 2) coordinating funding staffing and other capabilities to assure the best use of available
resources, 3) developing voluntary consensus guidelines for water-resources information, and
4) facilitating information sharing and technology transfer. Thirty Federal bureaus, services, and other
organizations that fund, collect, or use water information participate as members of the Interagency
Committee. The Interagency Committee oversees the operation of about two dozen subcommittees,
working groups, and tasks forces to fulfill the objectives of M-92-01. For more than 25 years, the
Interagency Committee has provided leadership to meet water information requirements in the United
States. Private sector interests are represented in the WICP through the Advisory Committee on Water
Data for Public Use. Both the Interagency Committee and the Advisory Committee report to a subcabinet
level, interdepartmental WICP Steering Committee chaired by the Assistant Secretary for Water and
Science of the U.S. Department of the Interior. For additional information or to request copies of
reports, please write or telephone the Office of Water Data Coordination, U.S. Geological Survey,
417 National Center, Reston, VA 22124. Telephone (703) 648-5023. Fax: (703) 648-6802.
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PREFACE

During the last 10 years, many technological advances have been made in computer hardware and
software. At the same time, the use of satellite telemetry to collect hydrologic data has been increasingly
popular, thus placing more emphasis on data automation. In addition, a nationwide advanced weather
radar system is being installed and will be fully operational in 5 years. As a result, Federal agencies
responsible for collecting hydrologic data, forecasting floods, and operating water resource projects
have initiated new programs to modernize their operational systems. Federal agencies that are members
of the Interagency Subcommittee on Hydrology expressed strong interest in the exchange of information
pertaining to these modernization activities. In recognition of this need, the Subcommittees on Hydrology
and Water Data and Information Exchange of the Interagency Advisory Committee on Water Data
(IACWD) agreed to jointly sponsor a workshop in 1993 to discuss these emerging issues. A Work
Group was subsequently formed to organize the workshop.

The primary purposes of the workshop were to promote interagency coordination and technology
exchange in the area of surface-water hydrologic modeling. The workshop also provided opportunities
for hydrologic modelers to share their existing models and exchange ideas to guide the future direction
of model development. Major topics for the workshop included surface-water hydrologic modeling
systems, data management and exchange, stochastic hydrology, model verification, and integration
of geographic information systems (GIS) and hydrologic models. Particular emphasis was placed upon
presentations of each agency’s future hydrologic model development. Also, a demonstration and poster
session was incorporated in the program. Participation in the workshop was by invitation, and the
Working Group selected the papers presented at the workshop from abstracts offered by the participating
organizations.

Ming T. Tseng
Chairman
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PAST, PRESENT, AND FUTURE HYDROLOGIC MODELING IN ARS
KENNETH G. RENARD!
ABSTRACT

Hydrologic modeling efforts in ARS have closely paralleled the developments in computer
technology. Early efforts used experimental watershed data to evaluate curve number values in
the Soil Conservation Service National Engineering Handbook. About this time, digital
computers began to be available and there was an early emphasis on kinematic cascade models.
The water quality emphasis of the 1970’s led to hydrologic models such as CREAMS, a
multidiscipline and multilocation effort. Resource inventory programs in USDA in the late
1970’s resulted in ARS efforts to quantify the impact of soil erosion on soil productivity. The
EPIC model resulted from this legislation. Conservation planning for the USDA’s Food
Security Act of 1985 led to emphasis to develop a new generation of models to address water
and wind erosion using fundamental climate, hydrology and erosion simulation processes.

Future efforts using physically-based algorithms will need to address temporal and spatial
variability in hydrologic processes currently addressed by lumping. Scale problems in
hydrologic models remain a challenge requiring major emphasis. As answers for resource
management vary from plots and fields, to small watersheds and larger river basins, the
algorithms needed for natural resource management changes because of the process filtering
involved.

INTRODUCTION

The quality of once good agricultural land in many parts of the U.S. began to deteriorate at
increasing rates in the early 1900’s. Soil erosion was rapidly becoming a national crisis. The
first national recognition of this problem was the allocation of funds for erosion-control
experiments in the Agricultural Appropriation Act of 1930.

Some references exist of early watershed and plot studies dating back into the early 1900’s that
were precursors to the Soil and Water Conservation Experiment Stations, which in turn set the
pattern for investigations that has passed to the present. C. E. Ramser (Bureau of Agricultural
Engineering) reported in 1927 the measurement of rainfall amounts and runoff rates from six
agricultural watersheds (1.25 to 112 acres) near Jackson, Tenn. In Ramser’s opinion "these
investigations are the first of the kind that have been made to determine rates of runoff in open
channels from purely agricultural areas where self-recording instruments were employed"”
(Ramser, 1927, p. 822). A 1937 report of the work of the Experiment Station at Clarinda, Iowa
mentions the work of M. F. Miller at Missouri Agricultural Experiment Station in 1917; of A.
B. Conner and R. C. Dickson at the Texas agricultural experiment substation beginning in 1926;

IResearch Hydraulic Engineer, USDA-Agricultural Research Service, Southwest Watershed
Research Center, 2000 E. Allen road, Tucson, AZ 85719-1596.

1-1



and that of the Bureau of Public Roads at Raleigh, N. C., started in 1924, as patterns for
hydrologic investigations. Also, the Bureau of Agricultural Engineering and the College of
Engineering at the State University of Iowa cooperated in the collection of hydrologic data at
the Ralston Creek Watershed between 1924 and 1935 (Mavis and Soucek, 1936).

The "New Deal" was implemented during F.D. Roosevelt’s first term as President as a massive
campaign against social and natural calamities buffeting the country. Heading the agricultural
assault was Henry A. Wallace (Secretary of Agriculture) and H. H. Bennett, Director of the Soil
Erosion Service (August 25, 1933). Several subsequent changes including a June 16, 1936 letter
from President Roosevelt to Secretary of Agriculture, H. A. Wallace, enumerated: "The
objective of upstream engineering is through forestry and land management, to keep water out
of our streams, to control its action once in the stream, and generally to retard the journey of
the raindrop to the sea. Thus the crests of down-stream floods are lowered.”" An Upstream
Engineering Conference held in Washington, D.C. on September 22-23, 1936 defined the needs
for the collection of hydrologic data as a continuing need. Shortly thereafter $100,000 was
appropriated for initiating twenty experimental watersheds throughout the U.S. These watershed
had a inauspicious beginning for many reasons including inadequate funds until D. B. Kringold
presented plans for establishing the experimental watershed plans to a conference of Regional
Conservators on September 25, 1936. The responsibility for the watersheds (in the Research
division of the Soil Conservation Service) and directions on how to select them were issued in
a memoranda from C. E. Ramser to field personnel. Data from these watershed locations
subsequently become a key resource in the development of the curve number concept of the SCS
National Engineering Handbook which is widely used even to the current time. ARS was
created in 1954 as a mechanism to identify research activites in USDA.

Senate Document 59 (Browning et al., 1959) had a tremendous impact on the watershed
engineering programs of ARS. As a result of the recommendations of this document, 6 regional
watershed research centers (Boise, ID, Tucson, AZ, Columbia, MO, Durant, OK, State College,
PA, and Tifton, GA), a national soil erosion research laboratory (W. Lafayette, IN), a national
sedimentation research laboratory (Oxford, MS), and a national hydrology research laboratory
(Beltsville, MD) were established in the early 1960’s to support hydrology and
erosion/sedimentation programs of USDA-SCS. In addition, a water data center was established
in Beltsville, MD. The watersheds at these facilities range from small homogeneous areas a few
hectares in size to large mixed land uses having drainage areas of 300 km? (Johnson et al.,
1982). These facilities continue even today along with other soil and water conservation
programs centers and laboratories, and form the essence of the ARS natural resource research
programs.

The watershed data collection program mentioned above has led to, and made possible, the
hydrologic models mentioned subsequently.  Such models have been hypothesized,
parameterized, and compared to such watershed data.



SECTION 1
AGENCY OVERVIEW

Page
Past, Present, and Future Hydrologic Modeling in ARS
Kenneth G. ReNATd .......c.oiiriiiiiiiiiii e e e e et e e e e 1-1
Hydrologic Models used by the U.S. Bureau of Mines
AlleN O. PEITY ..eniniiiiii et 1-16
Bureau of Reclamation Hydrologic Modeling Trends
R. Wayne Cheney ........ccooiiiiniiiiiiiiiii e 1-24
Recent HEC Modeling Activities
Arlen D. Feldman and Darryl W. Davis ........cooiiiiiiiiiiiiiiiiiiiiccieeen e 1-30
The National Weather Service’s Transition to Hydrologic Modeling on
Scientific Work Stations
Richard K. Farnsworth, Donna Page, Timothy Sweeney, Ann McManamon,
George F. Smith, Donald P. Laurine, and Danny L. Fread ...................ccccoienie. 1-45
Past, Present and Future needs of SCS Water Quantity Modeling Efforts
Gerald D. SeinWill ..ot e e 1-61
U.S. Geological Survey Program to Meet the Hydrologic Modeling Demands
for the 90°S
Alan M. LUmD ..o e 1-70
Figures and Tables
Past, Present, and Future Hydrologic Modeling in ARS .....................ooiiin. 1-1
Figure: 1. Model classification (Source: Woolhiser and Brakensiek, 1982) ................. 1-3
Tables: 1. ARS hydrologic models, acronym, authors and date of publication ............. 1-14
2. ARS hydrologic model details ............cccoeiiiiiiiiiiiiiiii e 1-15
Bureau of Reclamation Hydrologic Modeling Trends ....................cocoiiiiiiiiiiian. 1-24
Figures: 1. ADSS model to0lS ......cooiuiiininiiiiii e 1-28
2. ADSS data handling tools ..........cccieiiiiiiiiniiiiiiii e 1-28
Recent HEC modeling activities ..., 1-30
Figures: 1. HEC data StOTage SYSIEIM .........coveeninienentieinenieeeneneneeenraenenenennenenens 1-36
2. Interior flood hydrology continuous simulation ................cccoeviiiieieinnn.n.. 1-37
3. Water control SYStEIM ........cciueuininiiiinininiiiiaieet e eieae i eerrreeneneeenens 1-39
4. HEC continuous watershed simulation model ...................c.ooiiiiiii, 1-41
The National Weather Service’s Transition to Hydrologic Modeling on
Scientific Work Stations ... 1-45
Figures: 1. NWSRFS Version 5 StrucCture .........coociiiiieiiiiiiiiiiiiiiiicieeceae, 1-51
2. Example of a WOTKStation SCIEEM .......ccvviuiirinniiniirerieiieieeeianeenreaneanenens 1-54

Table: 1. NWSRFS hydrologic models ...........coiiiiiiiiiiiiiiiiiiiiiiciiic e 1-50



Model Classification

Several different criteria have been proposed to classify models. In many cases, these criteria
reflect the special interest or needs of a particular discipline. However, models used in any
discipline can be categorized as either formal or material.

A formal, or intellectual, model is a symbolic, usually mathematical, representation of an
idealized situation that has the important structural properties of the real system. A material
model is a physical representation of a complex system that is assumed to be simpler than the
prototype system and is also assumed to have properties similar to those of the prototype system.

Real (Prototype) System

Material Models Formal (Mathematical Models)

Iconic Analog Empirical Theoretical
Figure 1. Model Classification (Source: Woolhiser and Brakensiek, 1982)

Figure 1 is a schematic classification of models taken from Woolhiser and Brakensiek (1982).
They state (p. 7):

"Material models include iconic or 'look alike’ models and analog models. An iconic model is a simplified
version of the real-world system. It requires the same materials as the real state (i.e., the model of a fluid is
also a fluid). Lysimeters, rainfall simulators, hydraulic flumes, and watershed experimental systems are all
examples of iconic models. By measuring the volume of water draining from a lysimeter and weighing it
periodically, we gain some insight into the relative rates of deep percolations and evapotranspiration from
nearby, undisturbed areas with similar vegetation and soils. We are not interested in the model measurements
in themselves, but we are interested in the insight they give us into processes occurring in the more complicated
natural systems. Rainfall simulators, hydraulic flumes, and watershed experimental systems may help to
determine the most significant factors that should be included in mathematical models of overland flow and
erosion processes. To be useful, iconic models must be easier to work with than the real system and must
provide some information that is not a direct consequence of known and accepted mathematical models.
Changes of length or time scale (or both) are frequently required to make the model useful. Because of these
scale changes and other necessary simplifications, iconic models often involve distortions, and the magnitude
of these distortions must be careful considered and included in prediction equations.

"In an analog model the quantities measured in the model are different physical substances than in the real
(prototype) system. For example, the flow of electrical current may represent the flow of water, or the
deflection of a thin membrane might represent the drawdown of a water table. The validity of an analog model
depends on the existence of identical mathematical relationships describing both the real system and its analog,
and so depends on the other class of models, the formal model. In watershed hydrology all formal models are
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mathematical; hence, we will use the term ’mathematical model’ or simply 'model’ hereafter. In this
monograph we will concentrate our attention on mathematical models.

"Mathematical models can be further subdivided into theoretical models and empirical models. A theoretical
model includes both a set of general laws or theoretical principles and a set of statements of empirical
circumstances. An empirical model omits the general laws and is in reality a representation of data. This
distinction breaks down when we consider a model that includes some but not all of the necessary general laws.
All theoretical models simplify the physical system and are, therefore, more or less incorrect. In addition, the
so-called theoretical models often include obviously empirical components. All empirical relationships have
some chance of be fortuitous; that is, by chance two variables may appear to be correlated when in fact they
are not. In principle such relationships should not be applied outside the range of the data from which they
were obtained. In modeling of small watersheds, examples of the simplification of theoretical models abound.
The surface flow of water in a small watershed is generally described by the equation of conservation of mass
and that of conservation of momentum, which contain an empirical hydraulic resistance term. Under certain
conditions the momentum equation is greatly simplified to the so-called kinematic equation. Subsurface flow
problems utilize the Darcy equation, an empirical equation. Modern infiltration modeling is based on the Green
and Ampt equation, a gross simplification of the flow system. Theory and empiricism are generally so
intermeshed that in actuality most all watershed hydrology models are hybrids that include both theoretical and
empirical components. "

Most modeling efforts in ARS and specifically hydrologic models fall in the formal
(mathematical) classification. More specifically, they might be classified as theoretical with
empirical relations embedded using data to parameterize the equations used (often regression
relations).

EARLY MODELING EFFORTS

Most early modeling efforts in ARS involved treatment of site specific precipitation-runoff data.
For example, Minshall (1960) developed a method that involved estimating storm runoff volume
from the rainfall pattern and antecedent rainfall, and distributing the runoff through an adaption
of the unit hydrograph principle. The work was significant because it demonstrated that the unit
hydrograph was not independent of rainfall intensity and led to unit hydrograph equations
involving the gamma distribution (DeCoursey, 1966) and the Pearson Type V empirical
distribution with a square root transformation of the time scale (Brakensiek, 1967a). A detailed
treatise on unit hydrographs is given by Dooge (1973).

McCuen et al. (1977) presented a detailed literature evaluation of flood flow frequency analysis
techniques used for ungaged watersheds. They separated the procedures used into eight
categories: 1) statistical estimation of Qp, 2) statistical estimation of moments, 3) index flood
estimation, 4) estimation by transfer of Qp, 5) "empirical" equations, 6) single storm event: rain
frequency is proportional to runoff frequency, 7) multiple discrete events, and 8) continuous
record.

Developments in kinematic wave theory (Wooding, 1965) as approximations of the continuity
equations of mass and momentum have had major impacts on ARS hydrologic modeling efforts.
For example, the efforts of Brakensiek (1967b), Woolhiser and Liggett (1967), Brakensiek and
Onstad (1968), Lane and Woolhiser (1977) have contributed to the feasibility of many of the
models discussed subsequently. :
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Stochastic runoff simulation models have also received limited attention in ARS. For example,
Diskin and Lane (1972) used a stochastic model for generation of synthetic data on watersheds
of 150 km? or less in southeastern Arizona. Variables describing the intermittent and
independent runoff events were start of runoff season, number of runoff events per season, time
interval between events, beginning time of runoff event, volume of runoff, and peak discharge.
Each of these variables is generated from its probability distribution. The means and standard
deviations of the various distributions form the set of parameters that define the stochastic
model. Some parameters are expressed as functions of drainage area; others are assumed
constant for the range of basin areas used in the study. By describing the variation of the model
parameters with basin area, a model for a specific basin was developed into a model of a general
basin. This same model was used with a deterministic sediment transport relation for describing
sediment yield in rangeland areas of southern Arizona (Renard and Laursen, 1975). Such a
technique has not been used extensively because the model is site specific in that the parameter
values must be determined from actual data and are thus not considered to be robust.

CURRENTLY AVAILABLE ARS HYDROLOGIC MODELS

Numerous ARS hydrologic models are currently available (Table 1 and 2). The models would
all be described as formal (mathematic) models (Figure 1) with a mixture of empirical and
theoretical components/relations. For example, several of them involve the kinematic
approximations of the equations for continuity of mass and momentum. At the same time, they
involve empirical relations for estimation of various parameters in the embedded algorithms.

The fact that there are many commonalities between several of the models is predicated on the
intended model use dictating some differences to ensure model efficiency. For example, EPIC
being intended for predicting long-term impacts of erosion on soil productivity and SWRRB
being intended to assess land use and peak runoff results in some commonality of rainfall excess
and evapotranspiration but differences in other model elements. In contrast SWRRB has detailed
algorithms for water and sediment routing, flow through ponds and reservoirs with less
specificity for what happens on a soil pedon such as EPIC emphasizes..

Most of the models described in Tables 1 and 2 include the hydrologic cycle calculation as an
integral part of some other model objective. For example SPUR is intended as a tool to describe
utilization of rangelands and is a quasi-complete ecological model. As such, the abiotic elements
are one component of a more detailed model simulating plant productivity and animal utilization
of the forage produced.

The following section provides a brief description of those hydrologic models developed by ARS
personnel which are or have been used fairly extensively in the programs of various agencies
both inside and outside the USA. Further details on some of these models will be presented
elsewhere in this workshop.
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BRIEF FUNCTIONAL MODEL DESCRIPTIONS

ACTMO (Agricultural Chemical Transport Model). For each storm in a series, the
objective is to use the model to predict the concentration of a chemical in the runoff water,
the total amount carried by the runoff water and sediment, and the location and
concentration of the chemical remaining on the watershed. The hydrology part of the
model uses a modification of USDAHL using hydrologic zones as a cascade of flow tubes
flowing over zones and through soils layers. Evapotranspiration is calculated as a
combination of techniques involving cardinal - temperatures for specific crops.
Hydrogeology is considered for base flow and downward seepage. Sediment yield is
calculated by MUSLE (Williams, 1975). Source: ARS, Watkinsville, GA.

AGNPS (Agricultural Non-Point-Source Pollution Model). The computer simulation model
was developed to analyze the water quality of runoff from Minnesota watersheds although
it is not limited to there. The model predicts runoff volume and peak discharge (using a
modification of SCS curve numbers), eroded and delivered sediment (using USLE and five
sediment particle classes), and nitrogen, phosphorus, and chemical oxygen demand
concentrations in runoff and the sediment for single storm events for all points in the
watershed. The model works on a cell basis. The cells are uniform square areas that
divide the watershed and permit detailed analysis of any area. Runoff and sediment
transport is calculated for each cell with pollutant transport subdivided for soluble and
sediment-attached pollutants. Large river basins can be simulated. Source: ARS, Morris,
MN.

CREAMS (Chemicals, Runoff, Erosion, and Agricultural Management Systems:
GLEAMS (Groundwater Loading Effects of Agricultural Management Systems). This
model is a field scale model developed to predict potential pesticide leaching below the root
zone, pesticide movement with surface runoff, and sediment losses from a field. Climate
data (precipitation) on a storm basis must be input in addition to topographic, soil, and
plant data. Using a climate simulator simplifies the input. Rainfall excess is calculated
using a modification to the SCS curve number procedure. The model uses fundamental
erosion concepts to describe erosion, deposition, and sediment transport for five particle
size classes by overland flow, concentrated flow, and deposition in small ponds. Source:
ARS, Tifton, GA.

EPIC (Erosion Productivity Impact Calculator). This model provides a detailed treatment
of the management impacts of farming systems as they affect soil productivity from long-
term erosion. Climate simulation simplifies the input of precipitation, temperature, and
radiation (Nicks, 1974; Richardson, 1981). Runoff is simulated from daily rainfall using
a modification of the SCS curve number procedure. Erosion is calculated using the Onstad
and Foster (1975) modification of the Universal Soil Loss Equation (Wischmeier and
Smith, 1978). The continuous simulation model uses the Ritchie (1972) relations for
evapotranspiration between storm events. Crop simulation is based on a single model with
constraints for water, temperature, and nutrient stress. Nitrogen and phosphorus are
modeled in detail including immobilization, mineralization, denitrification, and leaching.
Source: ARS, Temple, TX.
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HYMO (HYdrologic MOdeling). The HYMO model is an event-oriented hydrograph and
sediment yield model. Three options are available for computing rainfall excess, SCS
curve numbers, the Green-Ampt infiltration equation, and Snyder’s retention function.
Hydrographs are computed from unit hydrograph principles. Routing is from individually
designated small watersheds using a variable storage coefficient and can include reservoirs.
Sediment yield is estimated with the Modified Universal Soil Loss Equation. HYMO is
quite flexible and offers hydrologists the opportunity to add new commands or modify
existing ones. HYMO has been found useful in the design and evaluation of flood control
structures and flood forecasting. Source: ARS, Temple, TX.

KINEROS (KINematic runoff and EROSion). The kinematic runoff and erosion model,
Kineros, is an event-oriented, physically-based model describing the processes of
interception, infiltration, surface runoff, and erosion from small agricultural and urban
watersheds. The watershed is represented by a cascade of planes and channels; and the
partial differential equations describing overland flow, channel flow and erosion, and
sediment transport are solved by finite difference techniques. Spatial variability of rainfall
and infiltration (calculated by the Smith and Parlange (1978) model), runoff, and erosion
parameters can be accommodated. KINEROS may be used to determine the effects of
various artificial features such as urban developments, small detention reservoirs, or lined
channels on flood hydrographs and sediment yield. Source: ARS, Tucson, AZ.

SRM (Snowmelt Runoff Model). The snowmelt runoff model has been used for simulation
using a degree-day melt relation and snow cover depletion curves that are elevation
dependent. The model has been successfully used on 57 basins in 67 countries for
heterogeneous areas between 0.76 and 63,600 km? and wide elevation ranges. The model
requires air temperature, precipitation, and snow-covered area. These variables can be
either measured, predicted, or estimated. Runoff coefficients must be estimated based on
similarities to other years and experience. Characteristic daily fluctuations of snowmelt
runoff enable the time lag to be determined directly from past year hydrographs. Source:
ARS, Beltsville, MD.

SPUR (Simulation of Production and Utilization of Rangelands). The SPUR model is a
comprehensive rangeland simulation model developed to provide information for research
and management. It is composed of five basic components: climate, hydrology, plant,
animal, and economic. The model is driven by daily maximum and minimum air
temperatures, precipitation, solar radiation, and wind run. SPUR simulates the daily
growth of individual plant species or functional species groups and uses preference vectors
based on forage palatability, location, and abundance to control plant utilization. Animal
growth is simulated on a steer-equivalent basis, and net gain is used to calculate economic
benefits. The hydrology component calculates upland surface runoff volumes, peak flow,
snowmelt, streamflow, and upland and channel sediment yields. Climate can be either
simulated or directly input. Runoff calculation is based on a modification of the SCS curve
number technology. The snowmelt model is based on the Anderson (1973) model from
the National Weather Service. Erosion is estimated from MUSLE (Williams, 1975).
Channel routing of both water (including transmission losses and sediment
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10.

11.

transport/deposition) is simulated for specified channel conditions. Source: ARS, Boise,
ID.

SWRRB (Simulation of Water Resources from Rural Basins). SWRRB is a computer
model used for resource assessment of hydrologic unit sized areas. Outputs related to
nutrients, pesticides, and sediment are provided. The model tracks the fate of pesticides
and phosphorus from land to deposition in water bodies. Water, sediment, and chemicals
are routed from sub-basins to the basin outlet. Watershed and channel characteristics are
user specified, as is land use which provides input to a modification of the SCS curve
number approach for estimating precipitation excess in continuous simulation. Use of a
climate simulator simplifies input generation. Source: ARS, Temple, TX.

USDAHL (USDA Hydrology Laboratory) The hydrologic model is an attempt to express
watershed hydrology as a continuum designed to serve the purposes of agricultural
watershed engineering. The model is organized on a multidisciplinary basis and includes
meteorology and climate, soils and vegetation, hydraulic, hydrogeology, and watershed
hydrologic systems. The continuous simulation model requires many inputs including a
physical watershed description to accommodate surface, channel, and subsurface water
routing. Also needed are temperature, percent grazing, tillage practices, percent land use
by hydrologic zones, pan evaporation and temperature. Source: ARS, Beltsville, MD

WEPP (Water Erosion Prediction Project). The WEPP hillslope profile erosion model is
a continuous simulation computer model which predicts soil loss and deposition on a
hillslope. It includes a climate component which uses a stochastic generator to provide
daily weather information, an infiltration component which is based on the Green-Ampt
infiltration equation, a surface runoff component which is based on the Kinematic wave
equations, a daily water balance component, a plant growth and residue decay component,
and a rill-interrill erosion component. The profile erosion model computes spatial and
temporal distributions of soil loss and deposition. It provides explicit estimates of when
and where on the hillslope erosion is occurring so that conservation measures can be
designed to most effectively control soil loss and sediment yield. The hillslope profile
erosion model is based on the best available science for predicting soil erosion on
hillslopes. The relationships in the model are based on sound scientific theory and the
parameters in the model were derived from a broad base of experimental data. The model
runs on standard computer hardware and is easily used, applicable to a broad range of
conditions and robust. Source: ARS, West Lafayette, IN)

Reference to climate generators used in the aforementioned models requires further explanation.
The three models cited carry the acronyms WGEN (Weather Generator) (Richardson, 1981;
Richardson and Wright, 1984), CLIGEN (Climate Generator) (Nicks and Lane, 1989), and
USCLIMAT.BAS (Woolhiser et al., 1988). The three models use Markov-chain wet-dry
probabilities for generating daily precipitation. WGEN describes the precipitation depth using
a gamma distribution; CLIGEN uses a skewed normal distribution; and USCLIMAT.BAS uses
a mixed exponential distribution. All generate wind, radiation, and temperature. CLIGEN also
generates terms for the infiltration component in WEPP, namely maximum precipitation
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intensity, storm amount and duration, and the time to peak intensity. CLIGEN is used in EPIC,
SWRRB, and WEPP; WGEN is used in SPUR; and USCLIMAT.BAS is used in KINEROS.

Considerable research in any hydrologic model involves efforts to parameterize the algorithms
used. for example, ARS and other hydrologic models often have problems with parameter
robustness using data from limited geographic, climatic, and land use areas. Such problems will
undoubtedly extend into the future. Users of hydrologic models need to be cautious as they use
such models in areas different from those where the calibration data was collected.

There are other models developed in ARS for various programs and specific objectives but space
does not permit their inclusion; thus, their absence is not intended to slight their importance.
Rather they are generally intended for uses other than watershed engineering/hydrology
modeling.

FUTURE HYDROLOGIC MODELING

The use of geographic information systems (GIS), and specifically digital elevation models
(DEM), is advancing the utility of using the aforementioned models.

Brakensiek and Rawls (1989) presented an involved treatment of infiltration research needs in
watershed hydrology. They point out that the infiltration component in practical use is often an
empirical model or sometimes an approximate model. Most infiltration approaches handle
spatial variability by subdividing watersheds into subareas or zones. Many of the models
discussed in detail from Tables 1 and 2 use this concept. Field determination of model
parameters or procedures for calculating model parameters from available data, although
challenging, is feasible. Thus, the watershed subdividing practice will undoubtedly continue.

David Farrell (personal communication, 1993) recently stated, "The accuracy and reliability of
the information that is available should be a primary consideration in the development of
hydrologic procedures. Somewhat surprisingly, we seem to have convinced ourselves that if we
get the processes right, or think we have, our information deficiencies will not matter. An
example that comes readily to mind is the enormous effort that has been made to define in
physical and mathematical terms the process of infiltration. In fact, several internationally
acclaimed scientists have devoted entire careers to this process. Unfortunately, little serious
attention has been given to the reality and reliability of the hydraulic properties of soils and the
relationships that form the foundation of infiltration theory. For example, is there a unique
relationship between the water content and water potential of soils? No, there is not.
Uniqueness does not exist even for a single soil. The wetting and drying history, the
temperature, the presence of certain contaminants, all have substantial effects on this
relationship. The seasonal effects of biological activity, and the modifying effects of vegetation,
though substantial, are largely unknown and ignored. The relationship between water content
and hydraulic conductivity is also neither constant in time, nor invariant in space. Furthermore,
as the size of the land area for which a hydrologic response is to be determine increases, the
difficulties of characterizing it in a "real" sense are greatly compounded. Radical new thinking
is needed. The much used and abused approach of building models of greater and greater



complexity, and the overparameterization that results from this approach must be avoided.
Admittedly, this will raise some concern. However, the false sense of confidence that these
synthetically parameterized models give to less-informed scientists and users is decidedly more
dangerous."

Decision support systems (DSS) are an exciting new topic that impact the need for hydrologic
models. A "Decision Support System" is a set of computer programs which bring the most up-
to-date databases together with computer simulation models (often hydrologic and erosion
models) to help decision makers evaluate the environmental and economic consequences of such
things as alternative farming practices. The objective might then be to develop the "Best
Management Practice" which is environmentally and economically sustainable, or improve
management, conservation, and protection of watershed resources. Using a decision support
system, Yakowitz et al. (1992) evaluated the impact of farming practices on ground and surface
water quality for a field near Treynor, Iowa. This exciting approach may well be the wave of
the future. Such DSS results are strongly influenced by the hydrologic model included. Thus,
the future need for carefully conceived and calibrated hydrologic models ensures future efforts
that go beyond currently available hydrologic models.

CONCLUSIONS
Numerous hydrologic models have been developed within the past couple of decades. Most of
the models were developed in connection with other primary objectives, e.g. to provide the
driving mechanism for water quality. Many of the models were made easier to use by coupling
a climate generator to provide needed input data. The 11 models cited and their brief
descriptions should be helpful to potential users of the technology. Most of these models have
had widespread use (including testing, verification, and validation).
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Table 1. ARS hydrologic models, acronym, authors and date of publication.

Model Acronym Title Source and Date of Publication
ACTMO Agricultural Chemical Transport Model Frere, Onstad, & Holtan, 1975
AGNPS Agricultural Non-Point Source Young et al., 1987
CREAMS/GLEAMS  Chemicals, Runoff, Erosion and Agricultural Khnisel (ed.), 1980;

Management Systems; Groundwater Loading Leonard et al., 1987
Effects of Agricultural Management Systems
EPIC Erosion Productivity Impact Calculator Williams and Renard, 1985;
Wiiliams, Renard, and Dyke,
1983
HYMO Hydrologic Modeling Williams and Hann, 1972;
Williams and Hann, 1973
KINEROS Kinematic Runoff and Erosion Model Woolhiser et al., 1990
SPUR Simulation of Production and Utilization of Wight and Skiles (eds.), 1987
Rangelands
SRM Snowmelt Runoff Model Rango, 1988; Rango and van
Katwijk, 1990
SWRRB Simulator for Water Resources in Rural Basins ~ Williams and Berndt, 1977,
Williams, Nicks, Arnold, 1985
USDAHL USDA Hydrology Lab Model Holtan et al. 1975; Holtan, 1965
WEPP Water Erosion Prediction Project Model Lane and Nearing (eds), 1989;

Laflen, Lane, and Foster, 1991
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HYDROLOGIC MODELS USED BY THE U.S. BUREAU OF MINES

ALLEN 0. PERRY!

ABSTRACT

The Bureau of Mines conducts hydrologic studies in several areas with the
overall goal of increasing productivity and environmental compatibility of
the U.S. mining industry. Hydrologic models are used for mineral
resources development and to determine the impacts of mining and mineral
processing on the Nation’s ground and surface waters. This research has
focused upon specific challenges pertaining to the design of in-situ
leaching operations, containment and control of mine wastes, and the
protection of municipal and residential water supplies in mining regions.
Hydrologic models are used extensively in these investigations to simulate
both saturated and unsaturated flow conditions in porous media and
fractured materials. Hydrochemical and hydromechanical models are used to
evaluate coupled processes associated with in-situ leaching, mine drainage
control, and subsidence prediction. The Bureau also uses models to
describe the present flow and contaminant transport conditions at mine
waste sites as part of the complete site characterization, and to help
predict future contaminant migration. These models can help guide risk
assessment and decisions regarding remediation. The Bureau has developed
an analytical model called MINEFLO, which simulates many of the hydrologic
features common to mining operations, including wells, pits, underground
voids, ponds, and impoundments. This paper describes the hydrologic
models presently being used, ones that will probably be used in the
future, and some recommendations for future models based on perceived
needs.

INTRODUCTION

The U.S. Bureau of Mines’ overall mission 1is to help ensure that the
United States has an adequate and dependable supply of minerals to meet
its defense and economic needs at acceptable social, environmental, and
economic costs. Surface and underground mining are by their very nature
disruptive to the existing ground and surface water regimes, both with
respect to flows, quality and quantity. Mining and mineral processing
wastes which are the result of mineral extraction activities, differ from
other Industrial wastes in that they are relatively low in toxicity.
Their 1large volume can pose a threat to the Nation’s waters, primarily by
the release of heavy metals. The diversity of these wastes makes it
difficult to develop generic technological solutions to these problems.
The approaches used by regulatory agencies of assessing hazards and
possible toxicity with the development of generic safe decontamination
and/or disposal technologies for industrial wastes are not realistically
applicable to all mining wastes. Acid mine drainage from mined areas and
leachates from mine wastes are caused by weathering processes when sulfide
minerals are exposed to oxygen and water. Since most coal and metal mines
contain sulfide minerals, water contamination usually results in those
areas. Extensive studies are underway by the Bureau of Mines (BOM) to

1Engineer, U S Bureau of Mines, 810 7th St. N.W., Washington, D.C. 20241
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evaluate the impacts on the hydrologic regime of mining and mineral
processing activities, and conversely, the impact of the hydrologic regime
on mnining operations. These studies many times involve the use of
hydrologic models. Hydrologic models, which are based on an idealized
system of flow through porous media, generally are not applicable to the
fractured and highly disturbed strata resulting from mining. Furthermore,
the empirical methods developed by the USGS for watershed or regional
analyses do not address impacts in the immediate vicinity of mines.

HYDROLOGIC MODELS USED AND THEIR APPLICATIONS
Ground-Water Models and Codes

MODFLOW - There are numerous ground-water flow models presently being used
in ground-water studies. The most widely used of these models is the
finite-difference ground water flow model MODFLOW, developed by McDonald
and Harbaugh of the U.S. Geological Survey. MODFLOW 1is capable of
representing flow: 1) in one, two and three dimensions; 2) in confined and
unconfined aquifers; and 3) under steady-state or short term conditions.
MODFLOW simulates the ground-water flow within an aquifer or water bearing
zone using a block-centered finite difference approach. Layers of water
bearing zones can be simulated as confining zones, unconfining zones or a
combination of both. Flow from external stresses, such as flow to wells,
aereal recharge, evapotranspiration, flow to drains and flow through
riverbeds can also be simulated utilizing MODFLOW. It is presently being
used by the Bureau of Mines to simulate three-dimensional ground water
flow by wusing multiple layers. A variety of modules allow simulation of
wells, drains, ground water/surface water interactions,
evapotranspiration, and areal recharge. The program MODPATH is used in
conjunction with MODFLOW to compute ground water flow pathlines. Output
from MODFLOW and MODPATH is input to various graphics software packages
for presentation. MODFLOW is presently being used to verify hydrochemical
modeling performed at a tailings impoundment in Washington State by
accounting for sources of recharge to and paths of water flow through and
around the impoundment. The output from these models will be used in
conjunction with pore water chemical characterization to estimate
contaminant flux from mine waste sites. This information in turn can be
used to identify potential remediation schemes.

Geochemical and Transport Codes

BOM staff have not extensively used any of the existing finite element
ground-water flow and transport codes to model contaminant transport,
because they have focussed thus far on geochemical process that are not
well-represented by the conventional transport codes such as MOC (USGS)
and the Penn State finite element series LEMA, LEWASTE, and 3DLEWASTE.
MOC is a two-dimensional contaminant transport model also developed by the
USGS. Ground water flow is solved using the finite difference method and
contaminant transport is solved using the method of characteristics. MOC
computes changes in concentrations with time due to advection, dispersionm,
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and mixing. MOC does not consider retardation of reactive constituents or
changes in density, viscosity, and temperature. A related model that BOM
has used, MOCDENSE, does consider the effect of density, however. The
ground-water quality of the sites studied are typically dominated by the
chemistry of sulfide oxidation. Therefore, BOM staff have thus far used
USGS codes with redox capabilities in conjunction with ground-water flow
models.

BOM staff wuses the USGS geochemical computer code WATEQ4F (Ball et al.,
1987), most recently updated by Nordstrom, et al. WATEQ4F (WATer
EQuilibrium, wversion 4 in FORTRAN) is an inverse model which determines
the phase distributions of dissolved mineral species from analyses of
ground water and calculates the saturation indices of all minerals
contained 1in the internal database that apply to the given water samples.
For each input data set, the code computes an ion balance, ion species
distributions, and the potential for mineral phases to dissolve or

precipitate. The saturation index indicates whether a mineral is at
chemical equilibrium in the solution, whether it is likely to dissolve, or
whether it is 1likely to precipitate. This model has been used to

interpret ground and surface water samples collected for several Mine
Waste Management projects in northwestern U.S. The model outputs provide
useful "fingerprints" to compare the water chemistry at various locations
at a site. The model outputs can also be used as inputs to another USGS
model called BALANCE, which evaluates the chemical changes in water
quality from point A to point B along a flowpath.

BALANCE

BALANCE is a U.S.G.S. chemical mass balance computation code, which is
used to determine what combination(s) of 1logical precipitating and/or
dissolving phases successfully satisfy mass balance change between the two
points. From this reduced list of active phases the chemical mechanisms
are deduced which control contaminant concentrations and fate. Once these
mechanisms are understood, it may be possible to develop contaminant
control procedures which do not conflict with natural tendencies. The
code 1s capable of maintaining electron balance and considering the
effects of dilution by an additional water source.

Seepage Codes

The application of seepage codes by BOM has been primarily to predict the
location of the phreatic surface of water impounding mine waste
embankments. This information was subsequently used in slope stability
analyses of these embankments. Both finite-element and finite difference
methods were used.

The finite-element method accurately predicted the 1location of the
phreatic surface in layered mine tailings embankments by Kealy and Busch
(1971). Corp, Schuster, and McDonald (1975) wused results from a
finite-element seepage code to obtain pore pressures for input into a
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finite-element continuum code. The continuum code identified faillure
zones In the embankment and provided an additional approach to slope
stability analysis (besides the method of slices or Swedish slip circle).
The finite-element method was also wused to obtain safety factors for
saturated and wunsaturated homogeneous tailings pond embankments. The
factors of safety were mathematically related to embankment geometry and
strength properties in the form of charts (Tesarik and McWilliams, 1981).
The code wused in the above publications was CFLOW, written by Taylor and
Brown (1967).

Two- and three-dimensional finite-element codes were used to analyze the
effect of horizontal drains on the phreatic surface in homogeneous
embankments and a finite-difference code was written at the Bureau’s
Spokane Research Center to model horizontal drains in a laboratory-scale
embankment impounding water (Tesarik and Kealy, 1984). This
problem-specific code was written because results were within acceptable
limits of the answer generated from a three-dimensional finite-element
program, but the finite-difference code was faster.

U.S. Bureau of Mines'’ MINEFLO Model

Due to the 1limitations of the application of most existing ground-water
models to mining operations, the Bureau of Mines has developed an analytic
element program called MINEFLO, which operates on desktop microcomputers.
This model is based on a new analytical element technique, and
incorporates a CAD-based user interface in which individual flow features
are represented as graphical objects. It 1is currently being used to
assess hydrologic concerns of coal and copper mining operations. This
program has been used for a variety of ground-water flow problems
associated with mining including surface and underground mine dewatering,
well head protection, waste impoundment hydrologic assessments, heap leach
designs and in-situ leaching. MINEFLOW simulates hydrologic flow systems,
and helps researchers and practicing engineers visualize how hydrologic
components interact. It 1is based on a method of hydrologic analysis
developed by O0.D.L. Strack (Strack, 1989) of the University of Minmesota.
MINEFLO's hydrologic components are the following: 1) point sources/sinks;
2) line sources/sinks; 3) area sources/sinks; 4) permeability zones;

5) cracks/fractures; 6) lens; and 7) uniform flow. It is interfaced with
other graphics, statistical and data reduction software packages to
generate an extensive hydrologic data base, and to isolate intervals of
steady-state hydrologic conditions.

In-House Versus Off-the-Shelf Codes, and Bureau of Mines Modifications to
Existing Models

Thus far, the ground-water flow codes have been used without
modification. Only minor modifications have been made to the USGS
geochemical codes in house, although the Bureau of Mines has had some
input to USGS staff as they have upgraded the models. For instance we
have requested modified versions of BALANCE from the authors at the USGS,
which gave the model freedom to consider more phases simultaneously. The
original version was dimensioned to handle major and
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minor 1ions only, and the BOM needed to also consider trace elements. Also
the interpretation of the output from WATEQ4F is very tedious, and the BOM
may add graphical routines to the program which would actually construct
phase stability diagrams specific to the component concentrations in the
sample. At present the BOM uses a "SWAG" method to select stable phases.
The seepage codes were a combination of in-house and off-the-shelf codes
with minor modifications as needed.

There are a few models which attempt to combine ground water flow,
hydrochemistry, and biochemistry, but they tend to be very site specific,
and BOM's wuse of them has been only marginally successful. FASTCHEM from
EPRI combines hydrogeochemical equilibrium algorithms with hydrologic flow
algorithms with reasonable success. Unfortunately, the database does not
contain many trace elements of interest to the BOM, and the program
requires a GE or IBM mainframe (EPRI will not release the source code to
allow its modification). Perhaps the most advanced of all of these models
is RATAP.BMT3 from the Canadian Government (CANMET/MEND). This forward
model combines rudimentary microbial, kinetic, and hydrogeochemical
algorithms with a mass transport module to predict environmental effects.
The silicate mineral database, the source of most major ions, is very
limited, however, and the sulfide mineral database is also inadequate from
a BOM point of view. The program was designed to predict acid flux; trace
metal content prediction was a secondary function.

ANTICIPATED FUTURE NEEDS AND RECOMMENDATIONS

BOM's future modeling needs will be in data input and processing of model
output. The wuse of graphical preprocessors and geographical information
systems would enhance model input. Greater graphics capabilities,
especially for displaying three dimensional model output, would enhance
the visualization of model output.

With respect to geochemical modeling, BOM staff plans to make an accessory
module to the USGS codes to generate Eh/pH diagrams from the code output.
This will facilitate improved decision making regarding the stability of
probable mineral phases applicable to a given solution. Ultimately, we
will be searching the literature for models that couple cold temperature
geochemical thermodynamics, kinetics, adsorption and chemisorption with
flow, or any combination thereof. The bottom line is that rudimentary
codes which combines  hydrogeochemistry and ground water flow are
available, but before we can advance computer models much further we need
a great deal of additional basic scientific research relative to kinetics,
microbial activity, and chemical interferences not currently being
considered.

Leaching and fixing of metals in fluvial or lacustrine sediments are
affected by microbial processes. The interdependence of hydrogeochemical
and microbial factors 1is recognized as critical to such processes as
sulfide oxidation and chemical weathering. Successful bioremediation is
dependent wupon the 1links between such mechanisms. In the short term,
scientists need to make an effort to pool our data bases and design
multidisciplinary experiments to wunderstand these processes. In the
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longer term, it may be feasible to develop computer models that link
various biochemical and geochemical mechanisms. The scientific community
will be well served when iIndividuals with backgrounds in the areas of
these two disciplines push forward on this frontier.

As of this time, BOM has not acquired or developing computer codes to
simulate fracture £flow systems. BOM expertise derived from field studies
of fracture flow systems indicates that fracture-flow systems are usually
too site specific to be simulated by a generalized computer model. When
adequate information has been acquired for a realistic simulation, the
simulation is often no longer unnecessary.

Several ground-water models have been developed which utilize theoretical
data obtained from room-and-pillar mining operations. These models were
designed to simulate and possibly predict mine dewatering needs and mine
inflows associated with room-and-pillar mining activities. Although the
above results provide wuseful information 1in relation to that type of
mining, very few experimental studies have been conducted which provide
the mnecessary hydrogeological information needed in determining the impact
of high-extraction mining techniques, namely longwall mining, has on the
ground-water system. In this regard the need is to address the problem of
ground-water response to 1longwall mining and the relationship to the
stress/strain relationships 1located within the overburden strata (water
bearing strata), characteristic of the subsidence process. Although the
ground-water models have not addressed the problem of deforming overburden
strata, numerous rock-mechanics models have been developed to simulate and
predict strains/stresses in the overburden strata. A communication
between both types of models 1is needed in order to predict strains and
stresses, changes in hydraulic properties, i.e. hydraulic conductivity
changes due to these additional strains/stresses determined and the
prediction of 3-D flow rates and leakages as a result of these predicted
changes. The development and/or use of such a ground-water/rock mechanics
model involves precise data collection, data preparation, history matching
and prediction. The successful use or modifications of the above programs
will not only improve or enhance the understanding of the ground-water
system (both before and after mining), but would encourage prediction and
analysis for future projects.
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BUREAU OF RECLAMATION HYDROLOGIC MODELING TRENDS

R. Wayne Cheney '

ABSTRACT

Recent advances in modeling capabilities in the U.S. Bureau of Reclamation have
focused primarily on data centered approaches using object oriented programming.
This presentation gives an overview of capabilities developed in the past several
years using these approaches and some specific applications of these capabilities
to water resources issues Reclamation has had to face.

INTRODUCTION

In the late 1980’s, the Bureau of Reclamation embarked on a model development
process which focused on data centered modeling capabilities - that is capabilities
which were compatible not only with the agency’s model needs, but also with the
data which are readily available from within Reclamation other sources.
Reclamation applied basin-specific hydrologic models in many cases and for many
years. However, their use is generally limited to those applications where data has
been developed specifically for that application. Similar data assembled and used
by others could not be used by these models without considerable conversion
efforts. This allows little opportunity for independent testing and validation, and
more importantly, use by others who may have similar needs.

Initial development on some of these data centered modeling activities was
conducted under an Advanced Decision Support System (ADSS) working
agreement with the University of Colorado’s Center for Advanced Decision Support
for Water and Environmental Systems (CADSWES) in Boulder, Colorado. This
agreement began in 1988 and was concluded in 1992. Reclamation has been
working to enhance these capabilities with its own staff both in the Denver Office
and some of its regional offices.

The remainder of this presentation will focus on the theme of data centered
modeling capabilities with emphasis on three case studies, two of which will be
discussed in more detail in other presentations at this workshop.

1) Head, Water Management Section, Earth Sciences Division, U.S. Bureau of
Reclamation, Denver Office, P.O. Box 25007, Denver, Colorado 80225.
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KEY CONCEPTS IN DATA CENTERED - OBJECT ORIENTED MODELING

Reclamation has approached the development of ADSS with a particular design
philosophy and a specific programming technique.

Design Philosophy - Data Centered.

Data centered means that the focus of model development is directed toward the
data. Data are required to completely understand the physical processes of the
basin are identified. Priorities are established according to data that is readily
available and affordable to assemble and maintain. If we can’t afford to assemble
and maintain the data, then we don’t design a model to simulate that physical
process. Data handling and analysis systems may be required and this is where
they are identified. In summary, a great deal of data management design effort is
warranted with this philosophy.

Programming Technique - Object Oriented.
Object oriented means that each type feature to be modeled (reservoir, power

plant, diversion, aquifer, etc.) is treated as a separate object class. Each object
class has distinct attributes (name, size, relationships such as head/discharge
relationships, limits, etc.) that are activated by data. Therefore, once a reservoir
object is constructed, no additional programming is needed to model multiple
reservoirs. Objects are copied as many times as needed and their behavior is
controlled by populating their attributes with the proper data. Using this
technique, modules of code can be easily developed to simulate different physical
processes.

If different modules need to communicate with each other, which is often likely,
Data Management Interfaces (DMI) are constructed to allow the information to
flow with little or no assistance by the user. Graphical User Interfaces (GUI) are
also constructed so that the user experiences the same "look and feel™ without
regard to the particular module in use.

The data centered approach can involve the generalizing and enhancement of
models already in use as well as the development of new object oriented
procedures. Figure 1 illustrates both of these approaches with some typical
examples.

Reclamation is currently involved in both types of activities and both will be
explored in subsequent presentations at this workshop. These efforts are typically
carried out with engineering work station hardware using UNIX operating system.
The programming languages are restrict only to those available under UNIX.
Reclamation is using FORTRAN, C, Objective-C, C+ +, and in some cases a
combination of the above. Figure 2 ililustrates some of the types of data bases
typically involved both from an input as well as from a computational viewpoint.

When using proven models as a starting point, Reclamation has drawn primarily on
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its own models, particularly the Hydrologic River Operation Study System
(HYDROSS) model developed by Reclamation’s Great Plains Region and the
Colorado River Simulation System (CRSS) model developed in an extensive joint
effort between Reclamation’s Upper and Lower Colorado Regions and Denver
Office. Both of these models are the focus of ongoing efforts to broaden their
capabilities and make better use of available data. The next section will provide a
more detailed description of the effort to enhance and adapt HYDROSS to
modeling needs and existing data bases on the Flathead River and the Upper
Missouri River in Montana.

Analogous efforts are underway at Reclamation to enhance newer object oriented
models which were initially developed as part of the cooperative agreement with
CADSWES. These efforts are, in some respects, more direct because these
models were originally developed with a data centered philosophy. An example of
this type of effort will also be described in more detail later in this presentation
focusing on the CALIDAD model. This model was originally developed for use on
the Nile River in Egypt and was adapted to Reclamation water management
problems in the Central Valley of California.

ENHANCEMENT OF THE HYDROSS MODEL FOR DATA CENTERED APPLICATION

The HYDROSS model, developed in 1977 by Reclamation’s Upper Missouri (now
Great Plains) Region, was originally written in FORTRAN IV and run on a CDC
Cyber main frame computer. The model was subsequently converted to FORTRAN
77 and adapted to the personal computer.

HYDROSS is a demand driven water supply model which is used to simulate river
basin and reservoir operations and related parameters. HYDROSS had been useful
in modeling not only long range reservoir operation strategies, but also water
delivery and water rights issues.

The potential for using HYDROSS as part of a data centered package to deal with
water quantity and quality issues on the Flathead River arose in 1990. EPA's
water quality model QUAL2E was chosen to be the primary water quality modeling
tool for this effort. It was clear from the start that the necessary linkages and
interfaces could best be accomplished in a workstation environment.

Graphical User Interfaces have been developed to facilitate the use of the two
models in the work station environment. The present status of this project is
described in Brewer (1993). It is presently anticipated that this data centered
package will be available for production work in the summer of 1993.

ADAPTION OF THE DATA CENTERED CALIDAD MODEL TO RECLAMATION
OPERATIONAL ISSUES

Unlike HYDROSS, the CALIDAD model was originally developed in Objective-C for
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use in a work station environment. This model typifies the object-oriented
approach illustrated in Figure 1 where each type of feature to be modeled
(reservoir, diversion, power plant, river reach or other feature) is treated as a
separate object class. Within each object class (reservoirs in general, for example),
specific features (particular reservoirs, for example) are treated as separate objects.
Changes can easily be made to object classes or particular objects in this type of
framework. It is also very easy to add new classes and objects.

CALIDAD was developed originally for use in monthly simulation of the lower
reaches of the Nile River system of Egypt. Lake Nasser was the primary reservoir
object in this original formulation. Although the bulk of the model was written in
Objective-C, several routines written in other languages such as the FORTRAN
Area-Capacity routine (ACAP85) were incorporated into the CALIDAD structure.

As the developmental effort on the Nile River system was being completed, a more
complex modeling need for the Central Valley Project of California was identified.
The new effort was also to be done in a monthly time frame, but would utilize a far
more extensive data base and begin to focus on some water quality issues as well.
Boyer (1993) provides a more detailed description of the CALIDAD model and its
application to the Central Valley Project. The present phase of model development
for the Central Valley Project should be complete in the summer of 1993.

FUTURE APPLICATIONS

Reclamation will continue to pursue the development of the generalized data
centered modeling system started by CADSWES. This system is called River
Simulation System (RSS) and is designed to assist planning, managing or decision
making in complex systems where conflicts exist in water interests due to multiple
jurisdictions and several tiers of legislative mandates. Further information and
details about RSS can be explored in CADSWES (1992).

Future plans for CALIDAD include the development of daily modeling capabilities
for use on the Pecos River of New Mexico. Daily management of the Pecos is
under increased scrutiny as a result of the jeopardy opinion issued by the Fish and
Wildlife Service on the Pecos Bluntnose Shiner. Ultimately, temperature and water
quality modeling capabilities in CALIDAD will need to be enhanced as well.

Future applications for the enhanced version of HYDROSS will probably include
reservoir management issues on the Upper Missouri basin. It is anticipated that
the new version will be most useful for Reclamation in dealing with water rights
issues and generally for prioritization of demands.

Ultimately, general purpose optimization capabilities and stochastic modeling
techniques will be brought into the work station environment as well.
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RECENT HEC MODELING ACTIVITIES

ARLEN D. FELDMAN and DARRYL W. DAVIS*

ABSTRACT

The Hydrologic Engineering Center’s (HEC) collection of software for water resource
analysis and simulation has continued to grow over the years. From its beginnings in
basic floodplain hydrology, the capabilities have now expanded to risk analysis for project
design and reservoir system optimization. This paper summarizes recent additions to
mainline flood hydrology software as well as new software packages for hydrologic
analysis and water resource system analysis. A separate paper in these proceedings
describes HEC'S efforts to develop a new generation of hydrologic engineering software.

Software rarely remains fixed over time; there are new technical methods to add and
improved computer resources to use. Several improvements were made to HEC’s
watershed runoff, flood frequency, and reservoir system operation software in recent
years. HEC’s data storage and graphics system, developed in the early 1980’s, is a major
asset in linking various software together to perform the overall analysis. Many other
software packages were updated as well.

Several new software packages were also developed. An interior flood hydrology
package was developed to analyze the difficult urban runoff problem of local runoff
ponding/flooding behind a levee. A continuous watershed and river basin runoff
simulation model was begun to investigate watershed yields. A flood forecasting version
of HEC-1 was developed. A prescriptive reservoir model was developed to determine
the optimal release schedule for a system of reservoirs.

New areas being considered for development in the 1990’s are: a next generation
software development project; a continuous watershed simulation model; water balance
modeling; risk-based project evaluations; and GIS support for water resource analyses.

INTRODUCTION

Background

As the Corps national center for hydrologic engineering and analytical planning methods,
HEC’s work is motivated by the needs of the Corps district and division offices. The
main responsibilities of those field offices have been flood control, hydropower, and
navigation; and HEC developed simulation models to meet those needs. The majority of

*Chief, Research Division and Director, respectively, Hydrologic Engineering Center, U.S
Army Corps of Engineers, 609 Second Street, Davis, California, 95616-4687
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the models address the hydrologic engineering aspects of the Corps flood control studies.
Most software is for physical-process simulation. Corps offices are also becoming
involved in longer-term water supply studies. The impact of Corps projects on
groundwater is also receiving more attention, as is the impact of groundwater on Corps
projects. Current software development is placing major emphasis on the systematic
design, development, and implementation of software. We are now in a next generation
software development project for hydrologic, hydraulic, reservoir operation, and flood
damage computations. The various computer programs and reports referenced in this
paper may be found in HEC’s Publications Catalog, 1992.

Modeling Philosophy

HEC has developed and supported a full range of simulation models for understanding
how water resources systems function. It is assumed that experienced professionals can
deduce the appropriate solution to a problem given the insight provided by selective
execution of the simulation models. This deduction process has historically been the
dominant methodology for planning and operational decisions in the water resources
community, and it continues. We have used hydrologic simulation methods in a variety
of situations with notable success. Some optimization models are now being used to
evaluate reservoir system operation.

A Suite of Hydrologic Engineering Software

This paper primarily addresses the hydrologic software activities of HEC, including flood
frequency calculation and reservoir system operation. Not included in the paper is
information about HEC’s river hydraulics, flood damage, and water quality models.
River hydraulics modeling receives a major emphasis like hydrology. In recent years,
many improvements have been made to: HEC-2, the steady state water surface profile
model; HEC-6, the sediment scour and deposition model; and UNET, the unsteady flow
model. In the area of flood damage analysis, a Flood Damage Analysis Package provides
a comprehensive set of tools to evaluate flood damage reduction, and a new program
accounts for project benefits during flood event operations. HEC also maintains a set of
non-point source, river, and reservoir water quality simulation models. The reservoir
operation for water quality model, HEC-5Q, is briefly discussed in the reservoir
simulation model portion of this paper.

SOFTWARE ENGINEERING

A Proven Software Development Strategy

Computer hardware advances in the last 25 years have been notable. Equally notable
are the advances in software. The software development philosophy of one engineer
programmer-maintainer has given way to modern software engineering procedures. A
method for successfully accomplishing software development, implementation, and
servicing is as follows: a) need for new methods and procedures surface through solving
real world problems and maintaining contacts with the user community; b) research and
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development work is performed to solve specific problems; c) solutions are generalized
so that they may service other problems; d) high quality documentation is developed and
software is prepared for long-term service and maintenance; €) training courses are held
and consultation projects performed that gradually, but systematically, move the software
into everyday work of users; and f) continuing development, servicing and maintenance
are performed to assure aid to users and guarantee up-to-date capabilities are
incorporated.

Observations for Applications Package Developers

Several "truisms" have emerged that are applicable to the development and
implementation of engineering applications packages. Theses observations are directed
to a unit in an institution (public or private) that is developing new applications software
and provides service and support to in-house and other users.

1) Large-scale, complex, comprehensive computer programs are dynamic entities
that require continuous nurturing and support in order to remain viable and useful. Such
computer software needs a permanent home; an institution that is philosophically
committed to the improvement in procedures, morally committed to servicing an
improving the programs, competently staffed to perform that task, and available "on call"
to users.

2) Professionally developed computer program code and its management is vital
for software to be effectively maintained and be portable among hardware platforms.
Use of special purpose languages that are proprietary or are not generally within
platform and software industry standards should be avoided. Adherence to "standards"
such as American National Standards Institute (ANSI) language standards is important
and use of modern programming practice is needed to minimize difficulties in computer
source code maintenance.

3) Successful implementation of advanced application packages requires both that
useful technology be available in appropriate form and that users are interested and
eager to take advantage of the opportunities. It is important in early stages to encourage
applications that are manageable and have potential for success. A commitment to a
service attitude, and a genuine interest in solving user community specific problems are
basic.

IMPROVEMENTS TO EXISTING MODELS

HEC-1 Flood Hydrograph Package

The HEC-1, Flood Hydrograph Package, computer program was originally developed in
1967 by Leo R. Beard and other members of the HEC staff. The first version of the
HEC-1 program package was published in October 1968. It was expanded and revised
and published again in 1969 and 1970. To simplify input requirements and to make the
program output more meaningful and readable, the 1970 version underwent a major
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revision in 1973. In 1981 the computational capabilities of the dam-break, project
optimization, and kinematic wave special versions were combined into a single easy to
use package. In late 1984 a microcomputer version (PC version) was developed. A
menu capability was added to facilitate user interaction with the model; an interactive
input developer, a data editor, and output display features were also added.

The latest version, Version 4.0 (September 1990), represents improvements and
expansions to the hydrologic simulation capabilities together with interfaces to the HEC
Data Storage System (HEC-DSS). The DSS connection allows HEC-1 to interact with
the I/O of many HEC and other models. New hydrologic capabilities in HEC-1 include
Green and Ampt infiltration, Muskingum-Cunge flood routing, reservoir releases input,
and improved numerical solution of kinematic wave equations. The Muskingum-Cunge
routing may also be used for the collector and main channels in a kinematic wave land-
surface runoff calculation. This new release also automatically performs numerical
analysis stability checks for the kinematic wave and Muskingum-Cunge routings. The
numerical stability check was added because many users did not check the validity of the
time and distance steps used in the model.

In September 1991, version 4.0.1E HEC-1 was released for use on extended memory
PC’s. A hydrograph-array size of 2,000 ordinates is now available in this version. The
increased array size reduces limitations encountered when simulating long storms using
short time intervals. For example, simulation of the fixed-length (96-hour) standard
project storm at 15-minute intervals requires 384 ordinates just for the storm; more time
intervals would be required to simulate the full runoff hydrograph and route it through a
river basin. The large-array version also allows greater flexibility in checking for
numerical stability of simulation processes (e.g., kinematic runoff and routing
computations). The large-array version uses an extended or virtual memory operating
system available on 386 and 486 machines.

Flood Frequency Analysis, HEC-FFA

The name of HEC’s flood frequency analysis program, formerly called HECWRC, was
changed to HEC-FFA, with a new release in January 1993. The new name is more in
keeping with other HEC computer program names, and goes back to something closer to
its original name. The new program follows the same procedures as HECWRC, but
many of the routines were rewritten in a top-down, structured-program style. This was
done to ease further improvements and maintenance. Some new capabilities were also
added to the program as noted below.

A change in the high-outlier specification in FFA differs from HECWRC in that all
peaks above a specified threshold will be adjusted via historic weighing. If a historic
peak is less than the specified threshold, then that peak will not be used to estimate the
frequency curve except for determining the historic period. If the threshold is not
specified, then FFA chooses the threshold as the minimum historic peak as in
HECWRC. Changes in the low-outlier specification allow the option of specifying a low-
threshold base; this value will override the bases determined by 17B procedures.
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For plotting positions, FFA compares the first historic peak with the first systematic
peak, if the historic peak has an earlier date, all the historic peaks are placed before the
systematic records in the plotting positions table. Otherwise all historic peaks are put at
end of the systematic record. This affects only output display; it does not affect the
computed frequency curve or the plotting positions.

For clarity of output in the event of zero-flow years, the preliminary frequency curve now
is calculated using preliminary statistics and is printed. The conditional probability
adjustment is then made on that curve, then printed out. Thus, the frequency curve
always corresponds to the statistics below it. FFA now allows the user to input
frequency-curve statistics, either with or without flow data, and compute the frequency
curve ordinates.

Other improvements were to the user interface and include: printer output format using
an extended character set to build the output tables; output to HEC-DSS of the
computed frequency curves, confidence limits, and plotting positions; and output to a HP
laser jet by writing the Hewlett Packard printer codes to a file. The HEC menu
operation capability was added to FFA. The Microsoft FGRAPH utility was included to
plot the final frequency curve to the screen without needing special drivers. CD-ROM
data from Earth Info’s HYDRODATA CD-ROM package can now be read into FFA.

HEC-S, Simulation of Flood Control and Conservation Systems

The HEC-5 computer program development began in 1972 by Bill S. Eichert. The first
version of the program released in May 1973 was as a single event, flood control only,
reservoir system model. HEC-5 capabilities were considerably expanded with the 1974
release which included simulation capability for hydropower and water supply. In 1979,
development of the HEC-5 water quality analysis capability (termed HEC-5Q) was
initiated. In 1981, HEC-5 input was simplified and the program was adapted to utilize
the HEC-DSS data storage system for time-series data. In 1986 a PC version of the
program was developed. The PC release included a menu system with input preparation
and data checking utilities.

The current version of HEC-5, Version 7.2 (March 1991) can simulate the essential
features and operational goals and constraints of simple or complex reservoir systems.
Simulation intervals can range from minutes to one month depending on the study needs.
Single-event flood analysis and period-of-record conservation analysis may be
accomplished with the model. Flood control analysis includes balanced system operation
for downstream damage centers with consideration of forecasted local flows and
hydrologic routing. In addition, induced surcharge operation based on spillway gate
regulation schedules can be simulated.

Hydropower analysis may include run-of-river, peaking, and pumped-storage plants as
well as system power operation. Water supply simulation can include reservoir and
downstream flow requirements in addition to diversions and return flows. Water quality
analysis can include simulation of temperature, dissolved oxygen, up to three conservative
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and up to three non-conservative constituents. Recent improvements to HEC-5Q, which
were incorporated for simulation of the Columbia River system, include simulation of
pH, dissolved organic chemicals, heavy metals, dioxins, and organic and inorganic
particulates. Also, the reservoir storage in HEC-5Q may now be segmented horizontally
or vertically.

Three DOS-based PC configurations of the March 1991 release version are available: (1)
an overlaid edition suitable for XTs with 640kb memory, math coprocessor, and a hard
disk; (2) an extended-memory edition suitable for a 386 PC with math coprocessor, hard
disk and 2-4 Mb of memory; and (3) an extended-memory version of HEC-5Q suitable
for a 386 PC with math coprocessor, hard disk and 2-8 Mb of memory. All three include
a menu system with input and output utilities and HEC-DSS programs.

HEC-DSS, Data Storage System

HEC-DSS was the outgrowth of a need that emerged in the mid 1970’s. During that
time most studies were performed in a step-wise fashion, passing data from one analysis
program to another in a manual mode. While this was functional, it was not very
productive. Programs that used the same type of data, or were sequentially related, did
not use a common data format. Also this required that each program have it own set of
graphics routines, or other such functions, to aid in the program’s use.

HEC-DSS was developed to manage data storage and retrieval needs for water resource
studies. The system enables efficient storage and retrieval of hydrologic and
meteorologic time-series data. The HEC-DSS consists of a library of subroutines that
can be readily used with virtually any applications programs to enable retrieval and
storage of information. At present approximately 20 applications programs have been
adapted in this fashion. HEC-DSS has been used to connect EPA’s Storm Water
Management Model (SWMM) to HEC software.

Approximately 17 DSS utility programs have been developed. A number of these
programs are for data entry from such files as the USGS” WATSTORE data base or
from the NWS precipitation data files. Other utility programs include a powerful
graphics program, a general editor, and a program for performing mathematical
transformations, DSSMATH. Macros, selection screens, and other user interface features
combine with DSS products to provide a set of tools whose application is limited only by
the ingenuity of the user. HEC-DSS is depicted in Fig. 1.

A new MS-DOS version, 6-G, of the HEC-DSS was released in April 1991. This version
has an improved catalog sorting capability which can sort the catalogs of larger DSS files
(about 2,000 records depending on the length of the pathnames), and sort more rapidly
than previous versions. A "record locking" capability allows a DSS file to be accessed by
several users on a network at the same time (for MS-DOS). The DSS file may be on a
DOS, OS/2 or UNIX node. As many users as desired can access the same file at the
same time, all reading or writing data to the DSS file. Enhancements have also been
made to improve the interaction with large database file (greater than 10,000 records).
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Version 6-G has been tested with DSS files with more than 150,000 records (150
megabytes) on MS-DOS computers. There is little degradation in performance when
accessing data from such large files, although it becomes impractical to use the catalog
file.

A new version of DSSUTL, which exports and imports time-series data for exchange
between DSS and MS-DOS spreadsheet and database programs (such as LOTUS 1-2-3
and dBase) is now being beta tested. When exporting data from DSS, the data are
written to an ASCII (text) file in a user-defined format. DSSUTL is exited, then the user
runs the PC program and imports that ASCII file. Importing data to DSS essentially
follows the reverse procedure. This capability can also serve as a "user-defined"
tabulation format.

NEW MODELS

HEC-IFH, Interior Flood Hydrology

Projects that include flood damage reduction measures such as levees and floodwalls
usually involve special problems associated with isolated interior areas. Storm runoff
patterns are altered and remedial measures are often required to prevent increased or
residual flooding in the interior due to natural flow blockage. Hydrologic analyses are
needed to characterize the interior area flood hazard and to evaluate the performance of
the potential flood damage reduction measures and plans. The HEC-IFH program
services this need.
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HEC-IFH is a comprehensive, interactive program that is operational on 386 class
personal computers with 3 MB of extended memory (4 MB total). It is particularly
powerful for performing long, historical-period simulations and makes extensive use of a
menu-driven user interface, statistical and graphical data representations, and data
summaries. Annual or partial series interior elevation-frequency relationships can be
derived directly for various alternative configurations of interior features such as gravity
outlets, pumps, and diversions. An engineer may use either a continuous simulation or
hypothetical event approach depending on the type of study.

Continuous simulation analysis (also called a period-of-record analysis) uses continuous
historical precipitation and stream flow records, see Fig. 2. HEC-IFH is designed to
accommodate complete continuous simulations for at least 50 years of hourly records.
However, these are not the absolute limits of the program’s capabilities. For example,
total periods of up to 100 years and time increments as small as 5 minutes may be used,
although significant increases in data storage requirements are computation time will
result.

Exterior Conditions Interior Conditions
Stage Stage
NV—’\’A’\
I T 1 i I T T T
1950 1960 1970 1980 1950 1960 1970 1980

/ Runoft
{ / -
/

<

Pump j\) ¥
1. i Interior Ponding Area
Seepage

Figure 2. Interior Flood Hydrology Continuous Simulation

Hypothetical-event analysis is generally applicable when interior and exterior flood events
are dependent. The analysis can be conducted so that the same series of synthetic storm
events occur over both the interior and exterior areas. This analysis method can also be

applied using a constant exterior stage, or for any "blocked" or "unblocked" gravity outlet
condition.

HEC-PRM, Prescriptive Reservoir Model

A new reservoir systems analysis model uses network programming algorithms to improve
regulation plans for multiple-use, multiple-reservoir systems. A project to help analyze
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the Missouri River main stem reservoir system operation was recently undertaken by
HEC. The system of six reservoirs and seven downstream control points was formulated
as a minimum-cost, network-flow problem. Penalty functions (costs) are used to force
the operation of the reservoirs system to meet desired goals and flow and storage
constraints. Penalty functions were developed for flood damage, water supply,
recreation, hydropower, navigation, and environmental interests. The environmental
penalty (fish and wildlife protection) is not as directly based on real costs as the other
penalties, but it serves to input explicitly a value on that resource. The sensitivity of the
reservoir system performance to changes in water values for different purposes can be
readily evaluated.

The Missouri River is being analyzed for 92 years of monthly flows. Approximately
750,000 network equations are necessary to describe the objective function, continuity
equations, and boundary constraints for that time period. For such a large system, the
network solver becomes critical to timely completion of the computations. An interface
for exporting the network matrices to a powerful commercial solver was developed for
those large systems.

The initial, successful application of network systems analysis on the Missouri River
system has given new insight to Corps water control managers. One problem that HEC
is currently addressing is how to translate the optimal releases and storages, and
penalties, into practical rules for real-time reservoir operation. An application of HEC-
PRM to the Columbia River system is currently being completed; more applications are
envisioned for several other Corps reservoir systems.

HEC-1F, Real-Time Flood Forecasting

Computer program HEC-1F is an adaptation of computer program HEC-1. The basic
HEC-1 capabilities for calculating runoff with a unit hydrograph approach from a multi-
subbasin watershed, and for parameter optimization, are retained in HEC-1F. However,
HEC-1F contains additional capabilities that facilitate the task of runoff forecasting.
Aspects of application of HEC-1F for forecasting are discussed below.

Forecasting with HEC-1F is intended to involve a "hands-on" process by which the
analyst can readily compare simulated hydrographs with observed hydrographs (up to the
time-of-forecast) and adjust loss rates, or perhaps other parameters, to improve results.
Forecasting is performed in two separate executions of HEC-1F. In the first, unit
hydrograph, loss rate and base flow parameters are optimized for gaged headwater
subbasins. The optimization process has built-in constraints that prevent physically
unreasonable values for the parameters being optimized. The analyst reviews
optimization results and parameter estimates as an aid to setting regional values of loss
rate and base flow parameters for the remainder of the basin.

The second application of HEC-1F performs runoff computations, and routing and

combining operations throughout the basin. At each location for which an observed
hydrograph is available, "blending" can be performed. Forecasts developed with HEC-
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1F take into account precipitation and reservoir releases up to the time of forecast. The
software system provides the capacity to specify future precipitation and future reservoir
releases so that "what if" conditions can be readily evaluated.

A new snowfall/snowmelt simulation program, SNOSIM, for midwest snow conditions was
added to HEC-1F. The program simulates snow accumulation, ripening, and melt
processes to determine snowmelt contributions to runoff, and computes rainfall
attenuation and lag caused by snow on the ground. SNOSIM was designed to simulate
shallow snowpacks at relatively short computational time intervals. Most snowmelt
models have been developed for relatively deep snowpack in mountainous locations. The
procedures embodied in the SNOSIM program are those used by the Pittsburgh District,
Corps of Engineers; the procedures are most applicable to that snowfall and melt regime.

HEC-1F is a major element of HEC’s water control software system, see Fig. 3. A key
component is the Data Storage System (HEC-DSS). The data acquisition software is
composed of a set of programs which capture, decode and store data from a variety of
sources such as GOES downlinks, Corps gages, and NWS-AFOS lines. The software has
been designed to run on a UNIX-based operating system and has been implemented on
the CD-4330 workstation and 386/486 Intel chip-based PC’s running SCO Unix.

MODEL CONTROL PROGRAM
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Figure 3. Water Control System
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FUTURE MODELS

Next Generation Software Development Project

In 1990, HEC embarked on a project to develop the next generation of its simulation
models. The objectives of the new modeling capabilities were to provide the user with
better means to visualize and understand the process being simulated, and to build more
engineering expertise into the models themselves. With the recent advances in computer
hardware, it was no longer necessary to have the computer programming constrained by
the limitations of old machines. It was quite evident that the old batch processing format
would not suffice and that interactive processing was necessary. The capabilities of
modern workstations and PC’s using the NT and UNIX operating systems offers a new
level of processing power that could meet these next-generation software needs.

The intent of this next generation of models (called NexGen) is to put the users inside
the model and give them the tools to easily work with the data, simulation processes, and
results. The user will enter data into a data base that is constructed in a logical
engineering-analysis format, not a format for some computer input device. Output will
also be stored in the data base for ready analysis. A graphical user interface will let the
user view the data, computations, and results for maximum understanding and analysis of
the data and the physical processes.

Four technical areas are being addressed in the current NexGen effort: river hydraulics,
watershed runoff, reservoir system, and flood damage analysis. The new models will have
most of the capabilities of the existing HEC models in those areas plus new algorithms
where appropriate. For example, current river hydraulics modeling capabilities require
reformatting the river geometry differently for each analysis - steady state, unsteady, and
multi-dimensional. The new river analysis system of software will use consistent
geometric representation of the river and floodplain for all applications. The simulation
results will also be shown on the same geometric representations.

The ultimate goal is to have smarter models that automatically evaluate numerical
stability (time and distance steps) and physical constraints of the process being simulated.
" The user will be advised of process-simulation problems, and alternative methods and
analyses will be recommended where possible. Thus, more engineering expertise will be
built into the models to enhance their application and interaction with the user. The
NexGen project is a five-year effort, and interim products will be made available as the
work progresses. More detailed information about the NexGen hydrologic modeling
project is provided in these proceedings by Art Pabst.

Continuous Watershed Simulation Model
A continuous watershed model is being developed to study the potential for increasing
water yields from the Salt/Verde River Basin in Arizona. The state is considering

weather modification and vegetation management to increase the yield at Phoenix. The
net increase in water yield will depend on the extent to which the snow pack will be
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increased due to weather modification and decreased due to evaporative and channel
losses. The new model, depicted in Fig. 4, is being developed in the likeness of HEC-1.
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Figure 4. HEC Continuous Watershed Simulation Model
The goal of the model development and application is to provide a tool to accurately

represent the water balance in the sub-alpine catchments of the Salt/Verde Watersheds.
Critical to the accurate modeling of the water balance is the appropriate representation
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of the distribution of evaporation and transpiration (ET) among competing sources. The
sources of ET are primarily evaporation from interception in the forest canopy and
surface litter, transpiration from the root zone, and sublimation from the snowpack. The
modeling study will attempt to identify the appropriate snowpack ET loss rates by
employing the following strategy: constrain model parameters to the most physically
reasonable values; calibrate the model to observed runoff by adjusting parameters within
the constraints; and assess whether or not the resulting distribution of ET among the
competing sources is physically reasonable.

The model development has been essentially completed. The model soil moisture
accounting algorithm can simulate a number of elevation zones and land uses within a
subbasin, making the model useful for both small and large watershed applications. A
new simulation methodology using variable computation-time intervals is employed. This
capability adapts the computations to the dynamics of the precipitation-runoff process
being simulated.

Basin and Regional Water Balance Analysis

The overall water balance of a river reach, basin, or region is an important consideration
in analyzing water resource systems. This is especially true for water supply systems.

The water balance analysis gives a much broader perspective to the potential water
problems than one can ascertain through detailed simulation. A new model, Water
Evaluation and Planning System (WEAP), is being adapted for use by the Corps. The
model was developed by consultants for evaluating alternative water development policy
options in complex systems such as the Aral Sea region in the Soviet Union. The WEAP
model employs a scenario approach to analyze integrated water demand-supply systems.

Risk-Based Project Studies

The risk-based approach is similar to present practice in that the basic data are the
same, except that uncertainty is now explicitly quantified. Best estimates are made of
discharge frequency, water surface profile, and stage-damage relationships. Project
alternatives are formulated and evaluated, and the selected project is that which
reasonably maximizes net economic benefits subject to acceptable performance. The
difference is that uncertainty in technical data is quantified and explicitly included in
evaluating project performance and benefits. The uncertainty analysis is accomplished
through Monte Carlo simulation to compute a derived damage-frequency distribution.
The @Risk spreadsheet program is currently being used for these simulations, other
Monte Carlo simulators are being investigated. Because of the risk-based approach,
performance can now be stated in terms of reliability of achieving stated goals. Also,
adjustments/additions of features to accommodate uncertainty, such as adding freeboard
for levee/flood walls, are not used.

The procedures recommended in Bulletin 17B (Guidelines for Determining Flood Flow

Frequency) can be used to quantify discharge-frequency uncertainty as needed for risk-
based analysis. For locations and conditions without a valid gage record, uncertainty is
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quantified by associating an equivalent record length with the adopted frequency curve
and proceeding with the analysis as if there were a gaged record. HEC is researching
ways of determining such equivalent record lengths.

Uncertainty in water surface profiles (stage-flow ratings) can be described by associating
a distribution of error about the rating curve. A standard deviation of stage errors taken
as normally as distributed, for example, may adequately characterizes uncertainty in many
instances. At a gaged location, field measurements are available for quantifying the
uncertainty. The more common circumstance is that there is no gage at a site, except for
possibly some high water marks. The Corps Waterways Experiment Station is
researching representation of stage uncertainty. Uncertainty in flood damage is the
province of the economist but is approached in a manner similar to the engineering
approach for uncertainty in stage-flow rating. The Corps Institute for Water Resources is
researching representation of flood damage uncertainty.

GIS Hydrology

Some of HEC'’s earliest work in GIS hydrology involved development of a systematic
methodology for automating the data preparation process. The raster-based organization
chosen by HEC was called a grid cell data bank. Techniques for use of satellite data, for
conversion of polygon data to grid format, and for use of commercially available software
to manipulate and convert the data were developed. Parameters for HEC-1 and other
hydrologic models were computed by a program called HYDPAR which accessed the
grid cell data. The grid cell data bank approach was formalized in the HEC Spatial
Analysis Methodology (HEC-SAM). Remotely sensed land use and other hydrologic
parameters were also incorporated in the SAM methodology. Later, HEC explored the
use of triangular irregular elements, TINs, for representation of watershed characteristics.
A program linking HEC-1 with the TIN was developed. Because of various hardware,
software, and study-management problems associated with the GIS approach, HEC has
been less active for the past decade.

Recent HEC efforts have included a review of GIS applications in hydrologic modeling,
and research into a method for combining the spatial GIS data with lineal hydrologic
networks. A report by HEC’s contractor, David Maidment, says: "A hybrid grid-network
procedure for adapting these existing GIS capabilities for hydrologic modeling is possible
in which two-dimensional spatially distributed processes are represented on a grid and
one-dimensional flow and transport occurs through an associated network. There is a
duality between a grid and a network in that once the direction of flow on each grid cell
is defined to a single neighboring grid cell, an implied flow network is created. At an
intermediate level of division, the stream network defined from the grid could be divided
into modeling segments using dynamic segmentation. The drainage areas for each
segment could be determined from the grid, or by other means, and their attributes
determined from the grid. When the velocity field is spatially varying but time-invariant,
rainfall-runoff hydrographs from subwatersheds can be computed directly from the grid
and used as input to flow routing on the stream network. Cross-sections could be
attached as attributes to the stream segmentation and used with known discharges to
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define the water surface elevation profile on the network, which could then be mapped
back onto the grid to determine the areal extent of flooding." These ideas are being
further investigated in HEC’s NexGen project.

CONCLUSION

Several existing and emerging software packages for hydrologic modeling and analysis
have been presented. More detailed information on any of the capabilities can be
obtained from HEC. The purpose of HEC software is to help solve hydrologic analysis
problems faced by Corps field offices. We follow a very applications-oriented approach
to software development and problem solving. The following statement about software
development in today’s rapidly changing computer environment was given by HEC’s
Director at a recent conference.

"Successful development of the right engineering applications software packages requires
adopting a strategy that determines user needs, and accomplishes development in a
develop, test, user feedback process. Application package development should be
performed by organizations that have: experience in solving engineering problems in the
field; experience in developing, deploying, maintaining and supporting applications
software; and are committed to a services approach to users. The development team
should be comprised of a technical specialist in the applications area, and a complement
of computer scientists and programmers. The engineering desktop platforms for the next
few years includes high-end Intel-chip personal computers and RISC-based workstations.
Use of modern software architecture concepts (including OOP, application of standard
programming languages, and adherence to published software standards where they exist
and de-facto industry standards) is essential to ensure successful applications package
development."
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The National Weather Service’s Transition to
Hydrologic Modeling on Scientific Work Stations
.
by Richard K. Farnsworth!, Donna Page?, Timothy Sweeney?, Ann McManamon?,
George F. Smith?, Donald P. Laurine®, and Danny L. Fread*

ABSTRACT

The National Oceanic and Atmospheric Administration’s (NOAA) National Weather Service
(NWS) is currently undergoing significant evolution. Under the program for Modernization and
Associated Restructuring (MAR), NWS is establishing observing systems that increase the
temporal and spatial resolution of observed data, enhancing the communication systems, and
distributing the processing of the data to generate forecasts to be used for issuing watches and
warnings. The new level of data observation, communication, and processing is bringing about
improved procedures for making forecasts. This report will concentrate on those related to
hydrologic forecasts. Specific topics include (1) the processing of rainfall data and display of
rainfall fields from independent sources of varying resolution allowing the user some flexibility
in adjusting these fields, (2) modularization of forecast software to make forecast programs more
interactive with graphical user interfaces (GUI) to assist the forecasters in making appropriate
choices, (3) the use of new graphical products to enhance model understanding (4) advancements
in river routing procedures, (5) the capability of using digital elevation data bases to derive basin
boundaries and geomorphologically model ungaged basins, and (6) new procedures using Geo-
graphic Information Systems (GIS) to estimate water content in snowpacks.

INTRODUCTION

The NWS has been given the responsibility to forecast watches and warnings of dangerous flood
conditions on rivers. They also have the task of issuing forecast for water supplies. A third task
is to provide warnings of flooding on basins that respond too quickly to gather and process
precipitation to provide quantitative stage forecasts. This third service involves the preparation
of flash flood guidance values which serve as the basis for issuing advisories for areas with a
strong probability of flooding in a very short time (flash floods).

Over a decade ago, approximately 20,000 locations were identified as being at risk to flood
damage. Even with those operations that are currently in place, the NWS is working near the
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limit of its operational capability to issue stage forecasts for about 3,000 forecast points. One of
the major limitations is the size of the remaining watersheds. Many of them are small and
respond too quickly to obtain the necessary input data, process a forecast, and issue the forecast
to the public in sufficient time to control damage. In these situations, advisories are issued to
alert the public; but the extent of the threat can not be expressed in terms that allow significant
damage reduction activities. With the improved hardware and software currently under develop-
ment, the NWS hopes to extend its capability to meet the public needs.

The accomplishment of this assignment requires that (1) precipitation be accurately observed
with high temporal and spatial resolution, (2) that air temperature be observed and used to (a)
model the separation of precipitation into rainfall which immediately infiltrates the soil or runs
into channels, or snow which remains where it falls until it melts (or drifts to a new location) and
(b) model the melting of the snow pack in a realistic manner, (3) that the land surface of the
basin be modeled with appropriate state variables to indicate the (a) amount of the rainfall that
flows to river channels, (b) the timing of runoff discharge past the forecast point (unit
hydrograph), (c) the rate of ground water release to form the base flow, (d) the amount of mois-
ture transpired from the soil, and (e) the moisture that the soil holds in storage, (4) that the flow
through segments of basins be routed by an accurate modeling process to forecast points further
down stream, and (5) that climatic variabilities be properly considered for making forecasts
involving precipitation that has not yet been observed.

Almost all of these topics have been impacted by the NWS modernization. This impact will be
described further in subsequent paragraphs. However, as this is an overview of the evolution of
operational procedures by our agency, the details of several of these topics will be treated in a
somewhat cursory manner.

The technical evolution in our procedures to accomplish the specific tasks listed above are
strongly influenced by the following considerations: (1) the Modernization and Associated
Restructuring (MAR) program of the NWS; (2) advances in the technology required to observe,
record, and report precipitation and other hydrometeorological data; (3) advances in communica-
tions, data processing, and display technology; and (4) advances in the science of hydrometeoro-
logical models.

Because NWS is highly focused on its forecasting mission, our research and development is
concentrated on operational models and applications. Essentially all models considered for
research and development are designed to fit directly into our National Weather Service River
Forecast System (NWSRES).

The modernization and restructuring of the NWS has occurred in large part from the need to
replace aging weather observation radars, slow and saturated communications systems, and
limited observation networks. The implementation of the WSR-88D radars (also known as
NEXRAD) brings about a system that will cover, within a very short time, 98 percent of the
country under an umbrella of radars that makes hourly observations of rainfall fields with resolu-
tion sufficient to map them into a grid 4 km on a side. These radars will be generally collocated
with the primary NWS weather and river forecast offices for the area of radar coverage.
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Station surface observations are beginning to be reported hourly from a system that ultimately
will consist of well over 1000 automatic stations through the implementation of the Automation
of Surface Observations Program (ASOS). These automated stations will include all of the first
order weather stations and over 500 locations required by the Federal Aviation Administration.

The added data collected from the radars and the ASOS stations will be communicated, stored,
and processed at the Weather Forecast Offices (WFO) and River Forecast Centers (RFC) by the
Advanced Weather Interactive Processing System (AWIPS). The contract for the initial phase of
this system was awarded in late December of last year. This system will provide significantly
increased capacity for data transmission and it will focus on local processing of river forecasts on
scientific workstations, thus replacing to a significant degree, the centralized processing on
mainframe computers.

The introduction of workstations will allow significantly more flexibility in operational proce-
dures. Currently most RFCs run batch programs which model their entire area of responsibility
in a single computer run. The new interactive software on the workstations will be able to
identify and process individual forecast basins where flood or drought threats are greatest. The
workstations facilitate the use of graphics and graphical user interfaces (GUI) for assisting
forecasters in assessing, analyzing, and processing data; developing their forecasts; monitoring
precipitation to issue flash flood watches and warnings; calibrating basins; and generating water
resource forecasts.

This report discusses improvements that have been made in the NWS in (1) data processing, (2)
hydrologic modeling, (3) the use of GIS, (4) water supply forecasting systems, (5) and model
verifications. Hydrologic modeling and model verification will be discussed in some detail in
this paper. Other papers by NWS staff members will cover items 2,3, and 4 in more detail.

DATA PROCESSING AND MATHEMATICAL MODELING

In accordance with its mandated mission of issuing river flood and water supply forecasts, the
NWS develops models for real-time simulation and forecasting.

Precipitation is the primary process that drives our forecast models. Innovations in observing
and recording precipitation are being worked on in NWS by two different teams. One team is
looking at producing a hydrologically meaningful quantitative precipitation forecast (QPF). The
second is working to merge data from the WSR-88D radar, rain gages, and satellites to produce a
real-time, high-resolution assessment of hourly precipitation on a 4 km grid.

Q . . E o e . E

The Ohio River RFC (OHRFC) located in Cincinnati, Ohio has been leading the team to produce
QPFs and convert them to a grid and/or to assign QPF values to the basins being forecast by the
RFC. The team includes the OHRFC, forecasters at the NWS National Meteorological Center
(NMC) in Camp Springs, Maryland and at the NWS Techniques Development Laboratory (TDL)
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located at NWS headquarters in Silver Spring, Maryland, and meteorologists at Weather Service
Forecast Offices (WSFQO) within the OHRFC area of forecast responsibility. Interactive software
to carry out this task has been written to operate on an IBM RISC 6000 scientific workstation.

The major problem associated with QPFs is the large areas where potentially intense rain may
fall. If the total area within which relatively small, intense rainfall concentrations might occur
were used (with the maximum intensities predicted) to generate a flood forecast, floods of record
would occur. It is therefore important that probabilities be associated with the forecast intensi-
ties in such a way that a map of the forecast intensities can provide reasonable assessments of
river runoff that might occur. Certain simplifying assumptions are being made in the initial
modeling of this process. We expect that as experience is gained with the initial models and as
the overall system evolves, these models will include objectively computed probabilities of
occurrence of heavy rainfall intensities resulting in improved accuracies of the QPFs. This
improvement will increase their value for use in forecasting floods.

Precipitation Processi

The monitoring of precipitation in real time is taking a great leap forward with the installation of
the WSR-88Ds. There are only a handful of these radars that have been fully accepted at this
time (February 1, 1993). However, several have been installed and are being actively tested. By
January 1996 95 percent of the continental U.S. will be covered.

As of this time, WSR-88D systems produce hourly maps of gridded rainfall on a 4 km grid. The
radars themselves can provide higher resolution than this. A graphical product is currently being
produced on a 2 km grid. Many forecasters are pressing for digital conversion of this product for
flash flood detection.

The processing of precipitation data from the radar is covered in more detail in these proceedings
in the report *“Precipitation Processing with the WSR-88D” by Robert C. Shedd, et al. In general
terms, however, the system involves three stages. The first stage (1) detects a reflected return
from the radar signal, quantifies it to a set of intensity rates which are averaged over the hour and
converted to rainfall volumes; (2) compares the areal average of these rainfall volumes with an
average volume derived from readily reporting rain gages and adjusts for bias in the data (the
ratio of the two averages); (3) makes preliminary quality control corrections for ground clutter,

- anomalous propagation (AP), and range effects; and (4) maps the data from the polar coordinate
system in which it is initially observed into the polarstereographic projection coordinate system.
This processing takes place in the WSR-88D computer system.

The second stage (1) adjusts the rainfall field to conform to readings from additional rain gages,
(2) makes further quality control checks by comparing thermal infrared data from satellites with
areas indicated as rainfall by the radar to reduce the effects of AP occurring under cloud free
skies, and (3) sets up information for further interactive quality control activities to be carried out
in the succeeding step. This processing can occur on a mainframe or a scientific workstation.
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The third stage performs two major functions. It creates mosaics of the mapped rainfall, i.e.
merges data from several radars, resolving differences in the estimates in areas that are over-
lapped by more than one radar. This stage also generates graphic displays of the rainfall fields
resulting from (1) the rain gages, (2) the radar, and (3) the combined field. By alternating be-
tween these views, trained hydrometeorologists can spot problems arising in the radar measure-
ment and filter erroneous data. Stage III is run on scientific workstations at the RFC.

FORECASTING SOFTWARE
NWS River Forecast System

Once the observed and forecast precipitation are estimated, the other aspects of the hydrologic
cycle that are required to develop forecasts, are modeled. All of these computations are carried
out in the software system known at the NWS River Forecast System (NWSRFS). The
NWSRFS has been developed over the past 20 years and is now in its fifth major revision (Ver-
sion 5.0). The functional requirements which guided the design of NWSRFS Version 5 were to:

allow for a variety of models and procedures,

let the user control selection of models and sequence of use,

casily add new models and procedures to keep up with technological changes,
efficiently process large amounts of data to produce forecasts at hundreds of
locations for each RFC, and

5. allow the user to flexibly control real-time processing.

bl o h e

Version 5 was designed to be modular, so that components could be developed by a number of
individuals and then combined into a total system. References in the program code to system
specific routines were isolated so that the entire NWSREFES could be ported from one hardware/
operating system platform to another with minimum effort. Routines which performed scientific
algorithms were separated from input/output routines so that the science could be run on any
computer without needing changes in the reading or writing of information from the computer
system. Scientific algorithms were organized into modular functions so that the functions could
be shared, unchanged, among major components of the NWSRES.

The functions representing one scientific algorithm, such as functions that model snow accumu-
lation and ablation, or soil moisture accounting, or river routing, are called an operation. In
general, an operation in the NWSRES is a set of functions that performs actions on a time series.
Typically an operation describes the equations of motion governing the flow of water through a
portion of the hydrologic cycle. There are also operations to display results, or to perform utility
functions such as adding two time series. Table 1 provides a list of some of the currently avail-
able operations in the NWSRFS.
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Table 1. NWSRFS Hydrologic Models

Snow
HYDRO-17 Snow Model

Soil
Sacramento Soil Moisture Accounting
Ohio RFC API Rainfall-Runoff Model
Middle Atlantic RFC API Rainfall-Runoff Model
Central Region RFC API Rainfall-Runoff Model
Colorado Basin RFC API Rainfall-Runoff Model
Xinanjiang Soil Moisture Accounting
Continuous API Model
Middle Atlantic RFC API Rainfall-Runoff Model #2

Channel
Channel Loss
Dynamic Wave Routing
Lag and K Routing
Layered Coefficient Routing
Muskingum Routing
Tatum Routing
Stage-Discharge Conversion
Single Reservoir Simulation Model
Unit Hydrograph

The operations that model the flow of water through the hydrologic cycle fall generally into the
categories of (1) snow accumulation and melting, (2) water flow on or below the ground surface,
or (3) water movement from one location to another on a river. Operations form the scientific
heart of the NWSRFS and are shown in Figure 1 to be shared by the major sub-systems which
comprise the NWSRFS Version 5. These subsystems are: 1) the calibration system for estimat-
ing model parameters based on historical data, 2) the Operational Forecast System (OFS) for
producing river forecasts for a few days in the future, and 3) the Extended Streamflow Prediction
System (ESP) for producing longer range forecasts (a few weeks to months) for water supply
information.

Because of the modular nature of the functions which make up any operation, functions can be
shared with no change whatsoever among the programs which form the NWSRFS. This also
allows new scientific techniques to be developed in the structure specified for an operation, and
once tested to be immediately available for use in forecasting with the NWSRFS.

Hydrologic operations in NWSRFS are organized into an “operations table” to specify the
physics of water movement for any subbasin. Operations can be selected from the list shown in
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Table 1. The order in which they are computed depends on the hydrometeorologic conditions of
the subbasin being modelled. RFC forecasters can use their hydrologic expertise to determine
the best sequence of scientific algorithms (operations) to model each subbasin. In this way,
NWSRES provides a generalized river forecasting system which can be used to model basins in
any hydroclimatic regime.

NWSRFS Version 5 Structure

Calibration
System

Figurel.

A typical operations table might include: 1) the Snow operation to account for snow accumula-
tion and ablation, 2) the Sacramento Soil Moisture Accounting operation to determine the rain-
fall excess, 3) the Unit Hydrograph operation to time distribute the rainfall excess, 4) the Dy-
namic Wave channel routing operation to route upstream flows through the forecast point, and 5)
a utility operation to graphically display the resulting hydrographs.

Initial NWSRFS Version 5 development occurred from 1979 through 1984. Since 1985,
NWSREFS Version 5 has been installed in RFCs and has been used daily to produce operational
forecasts at thousands of locations along rivers throughout the U.S. New subbasins are continu-
ously being calibrated and added as operational forecast locations by RFC hydrologists. Many
new scientific algorithms and enhancements to existing operations have been added to improve
the hydrologic modelling capabilities of the NWSRES.

The initial NWSRFS design and development was on a mainframe computer [NAS9000s-(IBM
look alikes)] at the NOAA Central Computer Facility (CCF). As minicomputers became power-
ful enough to support the system requirements of the NWSRFS, the Operational Forecast System
(OFS), a sub system of NWSREFS, was ported to PRIME minicomputers, located at NWS head-
quarters and at several RFCs. With the explosive growth in computational capabilities for
scientific workstations, the NWS’s Office of Hydrology (OH) initiated a project in the late
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1980’s to prepare for the anticipated modernization of the entire NWS by moving the OFS, the
forecasting component of NWSRES including hydrologic operations, onto IBM RISC System
6000 workstations.

When the NWSREFS is run from the NOAA CCF mainframe, command input is sent on Remote
Job Entry (RJE) lines from RFCs to the CCF. Line printer results are sent back to the RFC for

display on standard printers or to on-site data storage files for display on personal computers or
terminal monitors.

Beginning in 1989, graphical display and user interface capabilities were developed for the
NWSRES. The result is the NWSRFS Interactive Forecast Program (IFP) which is discussed
below.

NWSRFS Interactive Forecast Program (IFP)

As the practice of river forecasting has developed, it has evolved from being totally based on
memory and experience, allowing a significant amount of subjectivity on the part of forecasters,
toward a more object procedure where consistently observed input data is mathematically ap-
plied to physical models.

The evolutionary progress is occurring at an accelerated rate and, while machines are executing
more and more of the procedures in an objective fashion, hydrologic forecasting still requires
human-machine interaction because:

1. the equations with which we represent the physics of the hydrologic cycle do not
perfectly model the actual movement of water,

2. the models that we use to approximate the physics of the hydrologic cycle require
parameters to fit specific basin characteristics. The calibrations processes do not
produce perfect results, and

3. we still have uncertainty and error in our observations and estimations of rainfall
and streamflow which are the inputs to our models.

With the new computer capabilities, this required human interaction may occur more frequently
and effectively in the forecast process. To properly forecast a hydrologically connected series of
subbasins, a forecaster must make decisions for each location along the river where observed
river conditions are available. If values simulated by NWSREFS do not agree with observations,
the forecaster must decide on the most likely source(s) of error, and make adjustments. When a
river system is forecast with NWSRFS on the mainframe or minicomputer, large groups of
subbasins are processed in a single batch run. Errors in upstream subbasins propagate into
downstream basins, making forecasts for those basins less reliable. The problem can be reduced
by making appropriate adjustments to reduce or if possible remove the error in a subbasin before
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these models are empirical and while they correctly simulate many conditions, there are many
remaining situations where the routing models do not correctly describe the process. For this
reason research continues in HRL.

The dynamic wave channel routing operation model is the most physically based of our routing
models. It is continuously being improved to account for a wider range of hydraulic situations.

Routing models generally have several vital steps. The primary requirement is to have an accu-
rate stage-discharge relationship. Our models generally route volumes of water downstream.
Maintaining this relationship is difficult in areas where significant changes occur in the river bed
or where the river slopes are very flat. Stage-discharge in these shallow slope areas are signifi-
cantly influenced by changes in bedform roughness due to scouring or filling of the channel or to
the change in the water surface slope with the passage of storm crests.

Studies are being conducted in our laboratory on sediment transport in order to simulate pro-
cesses that influence stage-discharge relations and thereby improve our accuracy in routing
flows.

In addition to forecasting downstream flows based on continuous modeling, NWS has a respon-
sibility for forecasting damaging flows that might occur as a resuit of the failure of any of over
70,000 dams in the country.

To do this we have assembled catalogs and on-line data bases identifying each reservoir, its
location, the river that it is on, the first downstream point of interest (community, school, power
plant, hospital, etc.), general travel times of flood waves from the dam to that point of interest,
and given standard conditions, the flood crest (maximum stage of the flood waters) that might be
expected in the vicinity of that point. Since conditions are continually changing, to compute the
flood data, a program known as the “Simplified Dam Break Model” (SMPDBK) was used. This
model makes many basic assumptions and requires very little input data. This software is de-
signed to run on the smallest of computers and give “first guess” category results. With such a
large number of reservoirs, each changing continuously with inflows and outflows, it would be
very difficult to maintain much greater detail than this. When conditions arise making the failure
of a reservoir probable, this SMPDBK can be run with improved estimates of the relatively few
input parameters or variables involved. The output from this processing can provide an im-
proved estimate of the downstream flood crest.

The full scale dam break model can be run when time allows and when significant data such as
downstream channel cross sections can be obtained.

These models are continuously being updated and improved. With the introduction of more
powerful PCs and scientific workstations, many more graphics and graphical user interfaces are
being introduced. Thus the software is being updated to make it more user friendly both in ease
of input and in understanding the meaning of the output values.
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The routing of the flows downstream can be done to many different levels of accuracy based on
the extent and accuracy of the input data. When rivers or streams pass through reservoirs, the
outflow becomes much more a function of the operating principals of the reservoir. During
times when the outflow is most critical for making flood forecasts is when there is the least time
for communication between forecasters and dam operators. There are other conditions when the
operations of the reservoir are not readily available to a forecaster or hydrologic modeler that
will be discussed under the section on water supply forecasting.

For these reasons, we have a suit of algorithms which seek to simulate what we think reservoir
operators will do under various conditions. This model application is also evolving as we gain
experience with its use.

Flash Flood Guidance

A significant fraction of the lives lost to flood events are those related to very intense storms
over small but rapidly responding stream basins. We currently identify 12 hours as the minimum
response time for which we can collect data and process and disseminate a forecast with enough
warning lead time to be effective. For smaller basins with shorter lead times we issue “flash
flood advisories.”

In the past, these advisories have been developed by independent procedures in either the office
issuing them or by the NWS region governing the offices that issue the forecast.

All of the procedures were based at least in part on the soil moisture conditions in each area for
which the advisories were issued. The soil moisture conditions were provide by the RFCs. The
different RFCs had different methods and formats for providing these data. A significant prob-
lem occurred where the soil moisture data for a single forecast office was provided by as many
as three RFCs. Because their procedures differed, discontinuation would exist in the guidance
values at the RFC boundries.

With new communication and processing capabilities, the Office of Hydrology plans to support a
single standard procedure. The standard system would reduce discontinuation at RFC boundries.
In this procedure, threshold runoff values will be determined for 1-, 3-, and 6- hour rainfall
durations. Threshold runoff is defined as the runoff from a rain of specified duration that causes
the streams located within a local geographical area to slightly exceed bankfull.

Since bankfull is not constant along a length of stream, these threshold values must relate to
particular points in the basin. Further, since the small streams for which these advisories are
issued are rarely gaged, and since there are a very large number of them, physical observations
can not be made for each basin. For that reason, the procedures are developed using digital
elevation data bases (DEDB) and GIS. Details of this development work are included in the
paper “GIS Application in the NWS Flash Flood Guidance Model” by Timothy L. Sweeney,
Danny L. Fread, and Konstantine Georgakakos, included in this publication and reported through
a poster paper.
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WATER SUPPLY FORECASTING

Water supply from surface water sources generally requires projections which extend several
months into the future. Deterministic forecasts of precipitation have usable skill only a few days
into the future. Climatological forecast for months or seasons are based on observable condi-
tions such as those associated with the El Nino-Southern Oscillation but the accuracy of those
forecast is quite limited.

Extended Streamflow Prediction (ESP) System

Long term flow forecasts based on averages of river flows also suffer a loss in accuracy caused
by changes in the basin over the period of record. Channels are modified, basin surface areas are
urbanized, agriculture and/or forestry practices are changed, etc.. All of these changes can be
observed to one degree or another but their effect is difficult to model and use in making predic-
tions of future runoff. The NWS long term forecast component of NWSRFS known as ESP uses
the same hydrologic models used for standard river forecasts instead of a model based on long
term averages of flow. The forecasts of flows or flow volumes up to a year into the future use
current conditions for the model states and historical rainfall and temperature time series as
inputs to the models.

First, however, these data are checked and corrected for internal consistency over the period of
record. Each year of historical data is processed as if it were occurring in the current year. In
this way, a set of streamflow traces are developed for each year of data. Considering each trace
as an equally likely occurrence, a probability density function (PDF) is constructed indicating the
probability of a given flow for the coming year. With this PDF, probabilities can be estimated
for a range of flow levels.

When regulated rivers are forecast some distance into the future, then the rules for regulation, i.e.
reservoir operating instructions, etc., must be extrapolated or “modeled” into the future. Thus
the study of reservoir simulations that were briefly described in the section on river mechanics is
vital for extended forecasting of streamflows.

The NWS also is interested in modeling snow pack conditions for large portions of the country.
In the western United States up to 75 percent of the water used for irrigation comes from snow

melt. Accurate estimates of water equivalent of snow packs are important observations for use
by NWS.

Just as the NWS must depend on other government agencies for observing precipitation, the
water contained in the snow pack is frequently observed by others, notably the Soil Conservation
Service (SCS). Such observations include over 40 years of observations from over 1500 snow
courses. The SCS has also been collecting snow-water related data at approximately 650 sites
which it identifies by the name SNOTEL. These have been in operation for about 10 years.
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Based on data from snow observations, regression models have been used for over 70 years to
estimate seasonal runoff from regions with significant snowpack. The regression models provide
estimates with the greatest accuracy for mean values. Confidence can drop significantly during
the occurrence of extreme conditions, when runoff estimates are usually the greatest concern.
Regression equations are developed to include coefficients relating the independent variables to
that being predicted. These coefficients are defined only for the condition that values are present
for all of the independent variables used in the development of the equation. A basic assumption
made in developing the regression equation is that correlations between snow at various index
points and the flow at the mouth of the stream remain constant year after year. In fact there are
many changes occurring in basins that influence changes in that relationship. Because of these
limitations, the NWS uses a physically based snow accumulation and ablation model (Anderson,
1978). This model also requires an adequate level of input data but can compensate more readily
for missing data.

In addition to the data from the SCS, the NWS uses data generated by the National Operational
Hydrologic Remote Sensing Center (NOHRSC) that is collocated with the North Central RFC in
Minneapolis, Minnesota. The NOHRSC, with interagency support, directs the monitoring of
snow pack conditions with low altitude aircraft flights that record the natural gamma radiation of
the soil. The sources of this radiation exist naturally in the soil. The radiation essentially occurs
at a constant rate but is attenuated by moisture in the soil and the overlying snowpack. By
measuring the difference in radiation during the no snow condition to that observed with snow
present, the mean value of the water equivalent can be determined in transects 80 meters wide
and several kilometers long. Over time these transects can be indexed to the effective average of
water held in the snowpack for a given area.

Also at the NOHRSC, the areal extent of snow cover is routinely mapped. These data can be
used to determine areal depletion curves as a further index to the amount of water in the snow in
a basin.

Snow Estimati | Updating S

Even with all of these data, there are difficulties in estimating basin averages of water equivalent
in the snow pack. A method for interpolating between observed points and thereby estimating
areal values is being developed. This system, known as SEUS for the Snow Estimation and
Updating System, also dynamically models the changes in the snow pack with the passage of
time.

The software algorithm which computes snow melt contributions to runoff in NWSRFS is the
conceptual snow model. It relies on estimates of mean areal precipitation and mean areal tem-
perature to compute estimates of current snow cover conditions. These mean areal estimates of
precipitation and temperature are developed from point observations. As indicated earlier,
because of the difficulties in accurately estimating precipitation in the mountains, it is essential
that all possible snow water equivalent observations be used to update model simulated snow
cover conditions. SEUS is used to interpolate observations of snow water equivalent to produce
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gridded estimates of snow water equivalent. These grids are summed to develop estimates of the
areal snow cover conditions needed by the NWSRFS conceptual snow model. These estimates
are weighted with the model simulated conditions based on their relative uncertainties to com-
pute updated snow conditions.

A paper describing this snow melt updating procedure in detail is included in these proceedings.
The paper is entitled “Estimating Snow Water Equivalent Using a GIS” by Ann McManamon of
NWS, Gerald N. Day (RTi) and Thomas R. Carroll (NWS).

The conceptual modeling of the physical basin where the snow accumulation and ablation will
occur, is made in terms of geophysical factors which include slope, aspect, vegetative cover,
elevation, etc.. This work is done most effectively using a Geographical Information System
(GIS). The GIS used in our development work is the Geographic Resources Analysis Support
System (GRASS) developed by the U.S. Army Corps of Engineers at their Army Construction
Engineering Research Laboratory (USACERL). Based on this work, melt relationships are
determined for the various combinations of geophysical classifications in the basin. With these
factors, melting of the snow pack in the basin is modeled dynamically in the NWSRFS snow
model as a function of air temperature and seasonal factors relating to the length of the day.

Briefly described, the SEUS has three components, one for calibration, one for real-time opera-
tions, and one for updating. The calibration component analyzes historical observations and
develops the model parameters required to estimate a gridded map of snow water equivalent. It
further processes the data to obtain areal or basin averages. The operational component uses
real-time observations to develop gridded and areal estimates of snow water equivalent. The
updating component uses information developed in the calibration phase to remove model bias
and update snow conditions based on subsequent data, weighting such data according to the
reliability that the input data has demonstrated as an effective index to the snow estimate.

Water § - e Services Pilot Proi

The economic effects of effective water supply forecasts which include probabilities for forecast
realization have been described in conceptual terms for several years. As a quick example, the
benefit from the dynamic operation of multiple use reservoirs using long-range probabilistic
forecasts is rather easily recognizable. When large inflow volumes of water are expected into a
reservoir that has been designed for both water supply and flood control, the long-range forecast
provides the opportunity to water managers to lower the storage pool gradually several weeks in
advance of any anticipated large inflows, thereby increasing the flood control capacity of the
dam. They can do this knowing in advance the probability that a sufficient volume of water to
restore the reservoir to the same capacity will occur as during the inflow period. Using the long-
range forecast, excess water would not need to be spilled in an emergency manner potentially
causing flooding in downstream areas. For these dams equipped with power-generating turbines,
the systematically spilled water could be beneficially used to generate power following a set
schedule. The competing uses can be taken into consideration and strategies can be developed to
optimize dam operation for all uses.
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To demonstrate this service in a practical manner, the NWS, with the cooperation of the Bureau
of Reclamation has joined with the Denver Colorado Water Department, Riverside Technologies
inc, and the Colorado State University to execute a pilot project. This project is described in
more detail in these proceedings in a paper entitled *Pilot Project Results from a Probability

Based Long Range Water Management/Supply Forecast.” by Donald Laurine and Dr. Larry
Brazil.

The project is applied to water management systems operated by the Denver Water Department
which bring water from the Colorado Basin to the Denver Metropolitan area. The referenced
paper details the economic value of operating these systems using long range forecasts to opti-
mize the operation strategy to comply with water rights, serve the water needs of the City of
Denver, while increasing sales of hydroelectric power and reducing other costs.

The use of scientific workstations to accomplish these water supply forecasts allows the complex
factors involved in decision making and the graphics required to understand possible options to
be simultaneously available to the forecaster.

SUMMARY

The introduction of scientific workstations and improved communications capabilities that are
becoming available to NWS under MAR programs are allowing many opportunities to improve
forecasts through improved higher spatial and temporal data observations, faster and more
uniform data transmission, interactive processing involving more computer support in terms of
graphics and GUIs and GISs, and to implement technologies related to QPFs and flash flood
guidance values. These systems are being developed and managed so that as the technology
increases, hydrologic innovations can also be applied at an accelerated rate. These systems also
enhance the ability of the NWS to communicate its products more rapidly to the public and to
exchange vital water related data with other sister agencies of the Federal Government.

The NWS is now on a faster track to better warn the public at risk to flooding and drought and
better execute its assigned mission.
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PAST, PRESENT AND FUTURE NEEDS OF SCS WATER QUANTITY MODELING
EFFORTS

Gerald D. Seinwill, p.E.L
ABSTRACT

The Soil Conservation Service (SCS) has been using water quantity
models since the early 1960. These models start with a single
model peak flow model for watersheds. Tools developed from many
runs of the watershed model have been automated. Continuous
simulation water quantity models have been used. SCS uses
watershed and field size computer models to estimated the on- and
off-site effect of management practices on water quality and
quantity. SCS is developing watershed water quantity model and
forecast tools where snowmelt is a major contributor to the
annual runoff. SCS is testing the use of geographic information
systems to develop input data and to display output data.

PAST

TR-20 Model

The first major hydrologic modeling effort in the SCS was
development of Computer Program for Project Formulation -
Hydrology (TR-20). This effort began in the early 1960’'s after
passage of the Watershed Protection and Flood Prevention Act,
Public Law 83-566, (PL-556) in August 1954. PL-566 assigned to
SCS primary responsibility for US Department of Agriculture’s
cooperation with local organizations in small watersheds
throughout the Nation. It provided for prevention of erosion,
floodwater, and sediment damages in the watersheds of the rivers
and streams of the United States.

To satisfy requirements of PL-566, SCS needed a watershed model
that would simulate present and future land use and structural
effects on floodwaters. Early in 1960, SCS contracted with CEIR,
a consulting firm with the capabilities to develop FORTRAN
computer programs for the available mainframe computers, to
develop such a model. The first version of the model was
available for use in 1964. The program was written using the
logic of normal manual computations. It was one of the first
computer program that stressed the user logic rather than making
the user understand computer logic.

! pirector of Engineering, Soil Conservation Service, Washington,
DC, P.O. Box 2890, 20013
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The first uses of TR-20 were on the IBM 1130 computer in the SCS
regional Engineering and Watershed Planning Units. Later it was
put on mainframe computers at Washington and Kansas City computer
centers. The initial version of TR-20 used the batch mode of
operation.

TR-20 is a single event computer model. The TR-20 computer
program estimates volumes of direct runoff and peak rates of
runoff, and routes hydrographs through structures and stream
reaches. TR-20 can be used to add hydrographs and to divert flow
from subarea hydrographs. It can handle up to 9 rainfall events
with natural or design rainfall temporal distributions for 600
subareas, 99 structures and 200 stream reaches.

After CEIR completed the TR-20 computer program, later
modifications and updates were made by SCS engineers. With the
proliferation of personal computers in the late 1970’'s, TR-20 was
converted to operate on a PC. The PC version of the TR-20 became
available in 1984. The present version of the TR-20 computer
program is batch mode. Input data is developed using the TR-20
input data computer program. A TR-20 check program provides
editing of input files for data outside certain ranges and
missing data. The check program describes possible data errors.

The present version of TR-20 computer program has an output file
that can be used with graphic programs, but does not have graphic
capabilities. The TR-20 computer program operates in the DOS
environment.

The TR-20 computer program has been used in watershed evaluation
studies and floodplain management and flood insurance studies.
Several of the papers at this session will describe how the TR-20
computer program is currently being used on a production basis.

TR-55

In the early 1970’'s there was a need for SCS District offices to
provide assistance in rural and urban areas in evaluating the
impact of urbanization on peak rates of runoff. The Northeast
National Technical Center (NTC) started developing a hydrology
manual with short cut procedures. These procedures were based on
TR-20 computer program runs for a wide range of time of
concentration, with a 24-hour rainfall distribution.

This effort was continued with National Headquarters Staff and in
January 1975, Urban Hydrology for Small Watersheds, TR-55 was
distributed. The TR-55 manual contains shortcut procedures in
the form of charts and graphs. These charts and graphs were
developed from TR-20 computer program runs for a wide range of
Tc’s and 4 standard SCS 24 hour rainfall distributions. The
charts and graphs in TR-55 are used to estimate peak rates of
runoff and volumes of direct runoff. TR-55 can be used to
estimate the floodwater storage needed to reduce the postproject
peak flow to preproject conditions. TR-55 has become one of the
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most popular and widely used documents, both within and outside
SCS. Over 100,000 copies of the manual have been distributed.

Revisions and updates were made using an user analysis process.
Users asked that the material in TR-55 be automated for personal
computers. Agricultural Research Service (ARS) provided
assistance in coding the BASIC TR-55 computer program. The first
version of the TR-55 computer program is dated June 1986. The
TR-55 computer program automated the charts and graphs. Version
2 of the TR-55 computer program was distributed in September
1992.

The TR-55 computer program is the first SCS program that uses
input screens designed by the user. The screens were arranged to
ask for needed input data in a logical sequence. Data checking
is part of each input screen, and check is based on missing data
or data outside an expected range. The TR-55 computer program
does not have graphic capabilities. The TR-55 computer program
operates in the DOS environment.

EFH2

In the 1980’s, it was realized that the District office staffs
needed an automated procedure to estimate the peak rates of
runoff for small agricultural watersheds under 2000 acres. The
short cut procedures are used to estimate peak rates of runoff
for the design of grass waterways, terraces, culverts, and other
low hazard structures. The computation of time of concentration
is embedded in the procedure and is not provided by the user.

The charts in Chapter 2 of Engineering Field Handbook (EFH2) were
developed from many runs of TR-20 for standard rainfall
distributions. Early in the 1980’s, these peak rates of runoff
charts were automated for PC computer program using BASIC
computer language by SCS engineers in the National Headquarters.
The program is a simple version of the TR-55 computer program.
The EMF2 computer program uses input screens. Data is checked
for expected ranges as it is entered. The EFM2 computer program
does not have graphic capabilities and operates in the DOS
environment.

The EFM2 computer program has been used to compute peak rate of
runoff for other computer programs, such as Ephemeral Gully
Erosion Model (EGEM) which estimates erosion rate in ephemeral
gullies.

Basin Simulation Model

The Soil Conservation Service in 1967 began using a parametric,
deterministic continuous simulation computer model to inventory
average and monthly runoff for ungaged watersheds in the west.
The Basin Simulation model was developed by the Desert Research
Institute in Nevada. The original model was a modification of
the Stanford Watershed Model IV. The Basin Simulation model was
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modified to operate on the IBM 1130 in 1972. It has since been
modified to operate on a PC in the DOS environment.

The Basin Simulation Model was used in four states to inventory
the annual water budget of 23 watersheds. These studies were
made as part of the Type IV River Basin studies. All four states
asked SCS to estimate average annual water yield, annual flow
frequencies, monthly distribution, and the effect of land
treatment and other planned structural measures.

One of the most important uses of the model was to determine the
depletions of the annual runoff by subarea within a watershed.
The model has been used as a forecast tool with very limited
success. The internal structure of the program limited its use
as a forecast tool. The program as written only uses historic
precipitation data and could not handle forecasted precipitation
data. The basin simulation computer program has not been used
for about 10 years because of a change in the direction of river
basin studies.

PRESENT

With the arrival of water quality and erosion concerns, modelling
efforts in the SCS are being directed to continuous simulation
models for use on PC’s. Continuous simulation models posed a
problem in the past because of the high volume of data handled.
This has become less of a problem with the availability of 386
and 486 computers with math co-processors.

Water Supply Forecasts

Presently, SCS uses regression equations to forecast expected
seasonal runoff volumes. Seasonal runoff volume forecasts depend
on the present snowpack and expected precipitation. The normal
regression forecast equations provide volume estimates for a
fixed time period.

The Water Supply Forecast Staff in the West NTC is working on
development of a snowmelt forecast model. This model uses
standard snowmelt equations to keep track of snow pack in high
elevation watersheds of the West. The model will allow the user
to forecast seasonal runoff volumes for river basins. A computer
model will allow the user to update forecasts at any time and
allow for the forecast to be made on nontraditional time periods.

The computer program is a continuous simulation model that will
accumulate snow pack and then melt the pack during the spring.

One of the papers at this session will describe the details of

this model.

Precipitation data for this model will partially come from the
Snow Telemetry (SNOTEL) sampling sites maintained by SCS. The
SNOTEL sampling sites collect precipitation and temperature data
at high elevations and estimate water content of the snow pack.
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Data is collected at remote sites and transmitted to a central
location using meteor burst technology. One paper at this
session will describe the SNOTEL data base and its operation.

Water Erosion Prediction Project

The SCS, ARS, Bureau of Land Management, and Forest Service are
involved in a joint venture to develop a physical process based
erosion model to replace the Universal Soil Loss Equation (USLE).
This effort has spawned the Water Erosion Prediction Project
(WEPP). ARS is developing the technology, and SCS is responsible
for the input data interfaces. This continuous simulation water
model uses the Green and Ampt technology to develop volumes of
runoff. Kinematic wave theory is used to generate overland flow
hydrographs.

The model will use data screens based on user defined
requirements and needs. The computer program is designed to
access common data files at District offices. These files
include producer information, soils, climate, plant and equipment
data. These files will be developed once for each location and
the program user will not be required to develop the needed data
every time the program is run.

This model is still in the development phase and should be
available for field use in 1996. The program will have graphic
output capabilities. The WEPP computer program will eventually
operate in the UNIX environment; however, the present Beta Test
version operates in the DOS environment.

Field Office Engineering Software

SCS’s Technology Information System Division (TISD) is developing
a hydrology computer program that will operate in the UNIX
environment and on a standard platform. The Field Office
Engineering Software computer program provides estimates of peak
rates of runoff and runoff volume using existing SCS technology.
The program is designed to access common data files such as
producer information and soils and climate information normally
available in each District office.

Structured design concepts were used to design the computer
program. The data screens and data flows were developed by the
user. The program has graphic capabilities. The programming is
being done by contractors at the in Fort Collins. The Beta
version of the Field Office Engineering Software will be released
shortly.

Water Budget
TISD is developing a water budget model that can be used to
provide estimates of water leaving ' a site, in the soil profile,

and leaving the profile. The model will be able to handle
rainfall and irrigation. This type of model will be the backbone
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of various quality model needs. SCS users determined the model
requirements and then looked at various existing ARS models that
would meet the requirements. It has been decided for the first
version of the water budget model to adapt the ARS Soil Plant Air
and Water (SPAW) model to satisfy our needs. The primary reason
for selecting this model was that the soil component used Darcian
concepts to keep track of the water in the soil profile and the
model was operational.

SCS is designing the input screens and coding the input/output
routines. The program will operate in UNIX on the standard
District office platform. The program will have some graphic
output options.

This effort is a good example of ARS and SCS partnering.

ARS has developed the technology and SCS is adapting the
technology to meet our operating environments. The program will
be modular so that as new or improved technology becomes
available, it can be inserted into the program. Output from this
program will become the input for other modules under the FOES
umbrella. Each component of the hydrologic cycle will be a
separate module, e.g., infiltration, evapotranspiration, and soil
moisture.

Water Quality

The SCS is currently involved in water quality efforts that will
require our District offices to determine on- and off-site
effects of various management practices. The needs will also
involve determining the amount of water leaving the root zone or
contributing to local ground water.

SCS is looking to ARS to provide the technology to meet our water
quality program needs. Initially, SCS will modify the
input/output portions of existing programs that satisfy our
District office needs. ARS will provide the technology and SCS
will provide the user requirements and needs and the coding to
meet our hardware and platform requirements.

SCS is involved in a two phase effort to implement a 5-year Water
Quality Plan. The first effort is evaluation of the technology
in existing ARS computer programs. The technology must allow us
to evaluate on— and off-site impacts of all management practices.
The current programs being evaluated are AGNPS, SWRRB-WQ, GLEAMS,
and EPIC.

To have these programs effectively used at a District office,
Geographic Information System (GIS) will be needed. GIS can be
used to develop spatial data and attribute for watershed or field
scale models and to display graphically the output data. Thus,
the second phase of the current water quality modelling effort is
to develop a prototype GIS data interface that can be used to run
the models and to continue the evaluation of the models. The
evaluation of the models consists of understanding the technology
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and being sure the technology satisfies our needs. This effort
is know as the HUA or hydrologic unit area effort.

SCS is using GRASS as the GIS computer program, because it
operates in UNIX and is public domain software. This is causing
some problems because the current versions of the water quality
programs operate in DOS. The programming for the GRASS
interfaces for the prototype is being done by the TISD staff in
Fort Collins using C programing language that can be compiled to
operate in the UNIX environment.

The prototype software was scheduled for a Beta test in April
using GIS data from 6 states. It is interesting to note that one
of the major problems has been how to develop the needed data
from various data layers that are available. The lack of
commonality between the data requirements of the various programs
has also caused problems. GIS interfaces are being designed to
limit the amount of data the user is required to collect. The
interface will develop the needed data from various data layers.
It is hoped that this HUA effort will become the vanguard for
future GIS interface model efforts for the SCS.

SCS is currently using AGNPS and SWRRB-WQ on a conditional basis
after certain changes are made. None of the existing HUA or
watershed programs will meet all the user defined technology
needs. The HUA size will be limited to about 250,000 acres. One
by product of this effort, is the identification of additional
research needs and the short comings in existing physical models.

SWAT

Resources Conservation Act (RCA) of 1980 required that SCS
inventory the water resources on a regular basis. In the past
this type of analysis was done manually and the techniques used
varied between inventories.

SCS is currently involved in an effort with Texas Agricultural
Experiment Station (TAES) to develop a river basin size
hydrologic model to provide information on the surface and
subsurface water resources of major rivers basins. The model
will be able to estimate the impact of management practices on
water resources of each basin.

TAES with the assistance of ARS is modifying SWRRB to inventory
develop the water resources of the river basins. ARS has
developed a computer program that will combine outflow from
subbasins and route the flow downstream. Stream gage data will
be used to adjust or proportion the flow from the subbasins.
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GRASS will be used to develop the néeeded data from the various
data layers and to display the output. The present version of
Soil Water Analysis Tool (SWAT) operates in DOS on a mainframe
computer because of the large volumes of data used in the
computations. The Lower Colorado River Basin in Texas is being
used as the test case for the model development.

FUTURE

While the future direction of SCS and its programs is being
decided at this time, it is assumed that SCS will be required to
become more involved in evaluating the impact of management
practices on water quantity and quality. The days of saying no
till is the answer or terrace are the answer is gone. Congress
is requiring agencies to provide quantified answers.

SCS will need computer models that will provide on- and off-site
answers to the water quality questions. This model will need to
be physically- based and numerically correct, and address a wide
range of water quality questions. The models will need to
evaluate both point and nonpoint sources of pollution.

The models will need to simulate the hydrologic cycle on a
continuous basis on a daily basis. The models will have to
include irrigation water requirements. The plant module will
need to simulate both root and canopy development over the
growing season for a wide range of crops and native vegetation.
The plant module will provide estimates of the water
requirements.

The program will be modular in concept. There are some thoughts
that each phase of the hydrologic cycle will need to be a
separate module and have various levels of complexity. There
will be a tool box of these modules and depending on the
application the umbrella program will call the appropriate
module. The umbrella program will make the necessary
computations, call the required databases and display the correct
input data screens. There will be soils, plant, equipment, and
climate data bases at each District office. The umbrella program
will obtain the needed information from appropriate data base and
make needed adjustments to the data. For example the umbrella
program would use GIS to compute a curve number from information
on the soils, land use, and hydrologic conditions data layers.
GIS would then be used to display the curve number for the
spatial area or cell.

The user will not know what modules or techniques are being used.
However the user must be assured that the best and most
appropriate technology was used. The computer program must
provide the answers consistent with the users need.
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For example, if a producer wants to know if a certain chemical
can be used on a sandy soil on his land, a screening tool may be
used. If a producer wants to know if use of a certain chemical
on his soils will cause increased pollution of a lake at the
lower end of the watershed, a continuous HUA simulation model
analysis would be required.

To get these concepts into District office computing environment
will require partnering of many agencies. For example, ARS and
Environmental Protection Agency will provide the technology,
National Weather Service and US Geological Survey will provide
the basic data for input data and model calibration, and SCS will
provide the resources to modify the technology to satisfy our
needs. This type of partnering will increase the delivery rate
of the technology to the District office and reduce the cost of
delivering the technology.
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U.S. GEOLOGICAL SURVEY PROGRAM TO MEET

THE HYDROLOGIC MODELING DEMANDS FOR THE 90's

ALAN M. LumBl

INTRODUCTION

This paper provides an overview of the activities of the U.S. Geological
Survey (USGS) in river basin and watershed modeling and addresses the role of
the USGS and the range of activities taking place. The USGS does not manage
our Nation's water resources but rather collects and disseminates information
on water-resources data and conducts and reports results of scientific
investigations needed for the management of the water resources by all levels
of government and the private sector. Current activities in watershed
modeling investigations are described as they set the stage for meeting the
river basin modeling demands of the 90's.

GOAL OF MODELING

The USGS's river basin modeling activities focus on the assessment of change.
What are the changes to the magnitude, timing, and distribution of water and
the quality of that water as a result of man's activities and of catastrophic
natural phenomena? The categories of man's activities that have been
addressed in river basin models include:

urban development and mitigation measures,
timber harvesting and forest fires,

animal grazing and feedlots,

agricultural acreages and practices,

surface mining,

reservoir operating rules,

water allocations,

wetland creation, removal and management, and
solid- and toxic-waste disposal.

Categories of natural phenomena include:

volcanic activity,

climate change,

mud slides, debris flows, and major floods, and
forest fires.

WATERSHED MODELS

River basin (watershed) models are commonly used to estimate the timing and
distribution of water before and after a planned activity of man or as a
result of a natural phenomenon. River basin models used in the USGS are
generally categorized as distributed-parameter, continuous-simulation,
physically-based watershed models. Three such models are fully supported and
used in the USGS: Distributed Rainfall Runoff Routing (DR3M) (Alley and
Smith, 1982), Hydrological Simulation Program Fortran (HSPF) (Johanson and
others, 1984) (jointly supported with the U.S. Environmental Protection
Agency), and the Precipitation Runoff Modeling System (PRMS) (Leavesley and
others, 1983).

1Hydrologist, U.S. Geological Survey, 415 National Center, Reston, VA 22092

1-70



These distributed-parameter models take into consideration the variation in
slope, soils, vegetal cover, and land use found in the study areas. In most
cases a lumped-parameter model cannot appropriately reflect physical changes
in the study area. The three models are continuous simulation models to more
fully assess the effects of natural and constantly changing wet and dry
periods. Also, with a long simulated time series of flow or storage of water
at a location in the river basin, the probabilities of various levels of flow
or storage can be computed directly without the assumptions required by event-
based simulations to combine the probability of a watershed condition with the
probability of a meteorologic event. The three models are physically based so
there is reasonable assurance that the modeled response to a land use or other
change is a reasonable representation of the actual response that would be
observed in the study area. The size of study areas are usually a few square
miles to several thousand square miles; so that detailed, micro-scale repre-
sentations of the physics of the processes must be replaced with a physically-
reasoned macro-scale representation. Such macro-scale representations of the
physical system include concepts of variable-source area, even within the
smallest land segment simulated with a unique parameter set.

WATERSHED MODELING RESEARCH

Numerous research projects in the USGS address the various phases of water
movement from precipitation on the vegetation and land surface to the outflow
in the channel system. Such topics as the effect of frozen ground on infil-
tration, watershed response to acid rain, effect of climate change, and the
origin, fate, and transport of organic compounds have been addressed. It is
not the intent of this paper to provide a summary of USGS research, which is
documented by Nichols and Friedman (1991).

SOFTWARE DEVELOPMENT FOR WATERSHED MODELING

Several projects in the USGS have the objective to decrease the cost and
improve the efficiency of using watershed models. Software shells are being
created to help the modeler create the input necessary to simulate hydrologic
processes in a river basin, edit the input to the model, and produce graphic
visualizations of the model output. These shells are also being developed for
different users; the researcher that wants to investigate different process
algorithms, the scientist or engineer that wants to calibrate and validate the
model for a river basin or region, and the manager that wants to use a
calibrated and validated model to assess the effects of change. Two such
shells or systems--HSPEXP and MHMS--are described by Lumb and Kittle (1993)
and Leavesley and others (1993), respectively.

GEOGRAPHICAL INFORMATION SYSTEMS (GIS) AND WATERSHED MODELING

GIS provides an important tool in watershed modeling through the development
of input for watershed models. Such tools are useful in automating the
disaggregation of the river basin into land-surface units that have a similar
hydrologic response to meteorologic inputs and in linking those units to the
drainage system of tributaries and main channels. The automation becomes most
effective when numerous land-use and disaggregation conditions are being
investigated. GIS can also be useful for graphic visualization of the results
of simulations, but it is most powerful for development of input for the
models. Presentations by Hay and Knapp (1993) and Jeton and Smith (1993)
illustrate the type of work being done in the USGS with respect to GIS and
watershed modeling.
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The appropriate level of integration of GIS software with watershed modeling
software is uncertain. With current widely accessible computer technologies,
full integration into one software package must simplify the model processes
and length of simulation period or simplify the GIS capabilities. An appro-
priate level to initially interface complex modeling and complex GIS could be
the development of a data model and format for data to be exchanged between
GIS and a river basin model. 1In that way, any one of several GIS systems
could be used for any one of several watershed models.

WATERSHED MODEL CALIBRATION/VALIDATION

Although input parameters for some watershed models can be estimated from
characteristics of the drainage basin, the ability of a watershed model to
more accurately simulate streamflow in a basin can be improved significantly
by calibration. However, calibration requires additional data and more
resources. For a single-purpose, single-site investigation, the costs of
calibration commonly exceed the benefits. However, the USGS has begun several
investigations in Washington, Oregon, Illinois, and Maryland where the water-
shed model applications will be numerous in a region or river basin of similar
climate and topography. In such applications, a watershed model can be
calibrated by associating the model parameters with measurable characteristics
of watersheds, such as vegetation, soils, land use, and basin slope. The
observed data for some of the watersheds are used for calibration and some are
used for validation; the calibration process develops the associations or
parameter sets for the major categories of land use and soils, and the
validation process checks the associations of watershed characteristics with
model parameters for the validation watersheds. The errors resulting from
simulations for the validation watersheds provide an estimate of the errors
that can be expected when the model is applied to ungaged watersheds in the
region. An example of such an effort in the state of Washington is presented
in the paper by Dinicola (1993).

A TOOL FOR MANAGERS

How will the hydrologic models and modeling methods that evolved in the 80's
and early 90's be synthesized to meet the hydrologic modeling demands of the
90's? A vision shared by many in the USGS, as well as those in other
agencies, universities, and the private sector, is to provide the water
manager software to display maps and schematics of the river basin to easily
and graphically identify alternatives, to execute the simulations, and to
provide meaningful graphs and tables of the effects of the selected
alternatives. The vision is being realized with modeling software that is
categorized as decision support systems.

To produce effective decision support systems, greater communication and
cooperation is needed between the managers, practicing hydrologists and
engineers, research scientists, software engineers, and geographic information
system specialists. The technologies of each are quite complex and difficult
to learn but need to be combined to meet the hydrologic modeling demands of
the 90's. Successes are emerging, but much remains to be done.

Within the USGS, the process has begun. First, an assessment objective for a
change is identified for a river basin or region. Data availability is
evaluated and additional data networks are established as needed. The model
parameters are defined in part by use of GIS. The regional calibration and
validation of models are completed using modeling shells. Then the data files
and model are placed within an application shell for managers. This
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application shell displays maps of the area and provides facilities to
describe interactively the change to be evaluated and to identify locations
where hydrologic information is required. The evaluation requirements
provided by the manager are then translated by the shell to detailed changes
to model inputs. The model is executed by the shell and the required
information is displayed or tabulated in a form directly usable by the
manager.

To realize this vision, researchers need to improve the algorithms used in the
models; the software developers need to design, code, test, support, and
maintain the shells and models they use; the geographers need to refine the
GIS tools, procedures, and GIS data layers; the scientists and engineers need
to design data networks and calibrate and validate the models; and finally the
managers of the Nation's water resources need to use the new tools to more
fully assess the effects of planned changes.

SUMMARY

USGS program activities to meet the demands for hydrologic modeling for the
90's include development of hydrologic modeling systems for use by water-
resource managers to more fully assess the effects of (1) the acreage and
location of timber harvesting, (2) shopping center development, (3) implemen-
tation of agricultural best management practices, and (4) changes from the
reallocation of irrigation water to municipal water supply on the magnitude,
timing, and distribution of water and the quality of that water. These
demands are being addressed by the use and integration of process model
research, principles of software engineering, application of geographical
information systems, and greater communication between the research scientist,
practicing hydrologist and engineer, geographer, computer scientist, and the
water-resource manager.
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REMOTE SENSING FOR HYDROLOGIC MODELS

Edwin T. Engman

One of the hydrologic modeling demands for the 90's is to develop
and validate models that can be used to estimate the effects of
climate change on water resources. These models will have to be
physically based (as opposed to empirical or calibrated) so that
they can react to changes in inputs brought about by climate
change or variability. In addition they will have to be able to
use the data type being collected to monitor the climate change on
a global basis. Not only will remote sensing play a major role in
the monitoring of global change but it will also play an equally
important role in supplying data for hydrologic and water resource
models.

This paper addresses the type of questions that need to be
addressed with hydrologic models. These deal with the obvious
scale discrepancies but also the conceptual differences between
models developed from point measurements and remote sensing data
which are spatial. This paper also identifies areas and
strategies for research that are needed to couple hydrologic and
atmospheric models and to use remote sensing as the principal data
for running the models.

INTRODUCTION

Historically hydrology has developed as an engineering discipline
to solve water resources problems such as flood protection and
water supply. Evidence of the success of engineering hydrology
can be found throughout well developed societies by their
relatively high standards of living. Although there are still
many water related problems to be solved worldwide, the
realizations that water problems are no longer constrained to
local drainage basins and the recent concern about climate change
have asked completely new questions about hydrology; questions
that traditional engineering hydrology is not equipped to answer.

Evaluating the impact of climate change on hydrology and water
resources will require models to be much more universal in their
structure and applicable to diverse regions of the globe.
Furthermore, within the global change scenario hydrologic models
will have to be driven by atmospheric models (GCM's and mesoscale)
and be coupled to the models in such a way as to provide realistic
feedback. In as much as many of the data used to monitor climate
change and its effects on the land surface will

Head, Hydrological Sciences Branch, Laboratory for Hydrospheric
Processes, NASA/Goddard Space Flight Center, Greenbelt, MD 20771
USA
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be remote sensing data from satellite systems, these data will
also play a major role in developing and validating appropriate
hydrologic models. Remote sensing data are the only type of data
that can provide global coverage and a consistent long term
record. To accomplish this, the new hydrologic models will have
to be designed to use remote sensing data as a primary input.

SCIENTIFIC HYDROLOGY

According to Chahine (1992), the hydrologic cycle within the
framework of climate change encompasses much more than the
classical surface hydrologic framework (precipitation,
evaporation, runoff, etc.). In addition to these land surface
processes, scientific hydrology must focus on the interactive
processes of clouds and radiation, precipitation, oceans, and
atmospheric moisture. This conception of the hydrologic cycle not
only addresses the transport and storage of water in the global
system, but also the energy needed and released through the phase
changes.

If we attempted to phrase these new concerns in the form of a
single statement it would most likely be: "The major problem
facing scientific hydrology is the tremendous spatial and temporal
variability of hydrologic processes across the globe" (National
Research Council, 1991). Thus it is primarily a scale effect that
separates engineering hydrology from today's needs in scientific
hydrology. However it is more than just a scale effect. We are
now being asked more detailed questions about the intermediate
stages of the hydrologic cycle in contrast to the engineering
questions that have been frequently answered empirically. Thus in
scientific hydrology we literally are asked where each drop of
water resides and for how long and how this drop moves through the
Earth's system. That is, we need to quantify fluxes and storages
of both water and energy.

Although the global hydrologic questions are provocative, we need
to narrow our focus to land processes, not only because it is the
subject of this workshop but also it narrows our focus to
something doable. From this we can identify some of the key
science issues that need to be addressed to answer climate change
questions. These include at least two of the major unsolved
problems that exist in the hydrological sciences (National
Research Council, 1991).

How do we aggregate the dynamic behavior of hydrologic
processes at various space and time scales in the presence of
great natural heterogeneity?”

What are the feedback sensitivities of atmospheric dynamics
and climate to changes in land surface hydrology, and how do
these vary with season and geography?

These issues can only be addressed with a physically based
hydrologic model that is tightly coupled to an atmospheric model.
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HYDROLOGIC MODELS

Hydrologic modeling provides a structure for analyzing the
hydrologic processes individually and as a balanced system.
Hydrologic modeling provides a useful framework for interpreting
key biological processes and ecosystem dynamics. Hydrologic
modeling allows one to study the scaling properties of processes
in drainage basins and how their time and space scales are
connected. Hydrologic modeling is necessary for linking land
surface processes to the atmospheric processes. It is important
to realize that the terrestrial models and atmospheric models
exist in different time and space domains and that there 1is no
bridge between them. However, this is the domain of physically
based hydrologic models and an area that must be addressed
scientifically if there is to be synergism between the terrestrial
and the atmospheric sciences. This is not the historical role
for these models but it is a role that must be accepted if we are
going to be able to evaluate the impact of climate change on water
resources.

Although hydrologic models have not generally been designed to use
remote sensing data, applications of remote sensing data are
becoming more common. To date, most remote sensing applications
have consisted of fairly direct extensions of photogrammetry,
determining land use for the SCS curve number model for example.
However, other than in snow hydrology, very few other applications
exist because in general the structure of most hydrologic models
is not amenable to incorporating remote sensing data. Peck et
al.; (1981) conducted a detailed study on the suitability of seven
hydrologic forecasting and simulation models to use remote sensing
data. In general, they concluded that remote sensing has limited
usefulness for these models in their present form. Their study
identified model variables in addition to land use and snow cover
area that could be provided by remote sensing. These include soil
moisture, frozen ground, and snow water equivalent. These three
characteristics are currently not used as input data to any of the
models studied. However, because of their importance in
determining hydrologic storages and fluxes, it appears that
demonstrable improvements in modeling accuracy may be achieved if
these quantities could be measured for input data.

Improved simulations depend upon two major factors: more
physically realistic models to simulate the hydrologic process and
adequate data available to drive the models. The development of
new models must proceed with the knowledge of what data will be
available. These models must also progress from the simple input
(rainfall) and output (runoff) to models that use more complex
inputs from coupled atmospheric models, account for systems states
that are measurable (such as soil moisture and snow water
content), and produce more complex outputs that feed-back energy
and moisture fluxes to the atmospheric models as well as develop
spatially distributed runoff and storages.
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The scale of hydrology to be addressed in the climate change
questions is generally larger than typically faced by engineers
solving water resources problems. In general, the surface
hydrology models will need to interact with atmospheric models,
especially those operating at the GCM grid scale. However, there
is also the need to have models developed that are driven by
measured data and system states with a minimal reliance upon
calibration. This is necessary, if these models are to simulate
the hydrology for conditions different from a set of calibration
data, that is conditions resulting from climate change.

Hydrologic model development should progress at two scales; one at
the GCM scale or macroscale in which the scaling down questions
become dominant. The second is at the mesoscale in which scaling
up from point processes guides the modeling effort (World Climate
Research Program, 1991). Each approach is discussed in more
detail below.

Macroscale Hydrologic Models

The development and validation of macroscale hydrologic models
will be essential for any hydrologic analysis of climate change.
These models, which will operate at the grid scale of atmospheric
models (approximately 100 km square regions) must integrate
surface runoff and groundwater processes on the basin scale,
account for all storages and be with fully interactive with the
land-atmosphere system. A major weakness in the current
capability of global climate models remains " the adequate
parameterization of variables representing the terrestrial phase
of the hydrologic cycle..... , which is principally the result of
totally inadequate information concerning the high degree of
spatial variability of precipitation, evapotranspiration, and
other components of hydrology" (Committee on Earth Sciences,
1989). This report goes so far as to say that "the lack of such
regional-scale measurements introduces a severe shortcoming in the
testing of GCM output" (Committee on Earth Sciences, 1989).

Most GCMs use parameterization schemes to represent the effects of
such small-scale processes such as cumulus convection and
precipitation processes, turbulent surface and boundary layer
transport and cloud-radiative interaction processes. This
approach is inadequate for addressing the effects of climate
change on water resources. Any model used in this context must
represent the physical processes as much as possible. Thus, there
is a clear need for a better understanding of land surface
processes and storages at a scale defined by the GCM grid. This
is where the need for physically based macroscale hydrologic
models becomes evident and new models must be developed to meet
this need.

Macroscale hydrologic models must meet two rather strict but, to
date, disparate needs:
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(1) To represent the land processes as an interface to the
GCMs,

(2) To accurately simulate the water balance for areas of
different scale such that climate changes impact on
water resources can be accurately simulated.

A pure parameterization approach that may satisfy the GCM needs
will not be satisfactory; nor will a model that simulates runoff
accurately without being able to accurately represent the spatial
and temporal distribution of the storages and fluxes within the
basin.

Mesoscale Hydrologic Models

Mesoscale modeling will involve the coupling of hydrology and
atmospheric models into a single model at about a 10 km
resolution. This research will provide the opportunity to
investigate the scaling and process parameterization issues facing
both the hydrologist and the atmospheric scientist. The
hydrologist will develop and test scaling methods to a grid of
about 10 km. Using this understanding and the
hydrology/atmospheric interface knowledge gained from these
studies, the next stop would be to scale up to about 100 km to
join the GCM and macroscale modelers.

There 1s a need to understand at what scale and which parameters
need to be used to better represent the land-surface processes in
GCM's. An approach must be taken, concurrently with the
development of the macroscale modeling, to better understand the
various processes and interactions. The only way that this can be
done 1s to couple a hydrologic model with a mesoscale atmospheric
model. This means, in effect, that the hydrologic processes will
have to be scaled up to the mesoscale atmospheric model. In this
case the mesoscale would be "forced" by its boundary conditions,
which are the land surface and the synoptic scale atmospheric
conditions. Thus, these boundary conditions must be provided, for
a real case with assimilation of real data or from a GCM model
outputs.

The mesoscale model could be used to understand the relation
between the surface hydrology and the dynamics of the atmosphere:
how landscape heterogeneity would affect sensible heat flux and
latent heat flux in the atmosphere and how that would affect the
development of mesoscale circulations and clouds. The information
that will be collected will be used to parameterize these
processes at the scale of the GCM (next generation of GCM will
probably have a grid resolution of 100 km).

Mesoscale modeling would not be applied at 10 km resolution over
entire GCM grid cells but selected regions (on the order of 100 km
resolution) of representative topography, land cover and differing
hydrologies. At the grid scale of the mesoscale model (say 10 km)
there would be a great deal of heterogeneity which would need to



be parameterized or lumped. Furthermore, the hydrologic model
would produce sensible and latent heat fluxes, as feed back to the
atmospheric model.

USE OF REMOTE SENSING

Implicit in the development of macroscale and mesoscale hydrologic
modeling for evaluating the effects of climate change will be the
use of remote sensing data. Remote sensing data planned for the
EOS era are designed to monitor aspects of climate change. Only
remote sensing data will be able to provide the large scale
(continent to global) coverage for extended periods. With respect
to hydrologic model development, these models should be developed
to use as much remote sensing data as possible. This is necessary
if the models are to be used in areas with limited surface data
availability. It is also necessary if there is to be a direct
connection between measured indices of climate change (via
satellite) and modeled effects of climate change. Surface
temperatures, NVDI, snow cover and soil moisture are examples of
remote sensing derived parameters that could be used as indicators
of climate change and model inputs or system states.

When considering how remote sensing data may be used in models, it
is necessary to consider the type of data and the structure of the
model. There are four broad areas of applications of remote
sensing data to hydrologic models, each of these is discussed
below:

(1) Measuring System States: Use of electromagnetic
radiation outside of the visible range such as thermal
infrared and microwave for their unique responses to
properties important to hydrology.

(2) Area versus Point Data: The use of data representing an
area in which the spatial variability of specific
parameters of the area have been integrated.

(3) Temporal Data: The potential for frequent measurement
to develop time series of changes in given parameters
and to monitor the dynamic properties in hydrology.

(4) New Data Forms: The merging of several data sets of
different wavelengths, polarizations, look angles, etc.
to provide specific measurements of hydrologic
parameters or entirely new hydrologic parameters that
are developed from the unique characteristics of remote
sensing.

Each of these presents a unique opportunity for hydrologists to
apply remote sensing in ways other than simple extensions of
photogrammetry. Remote sensing can produce an integrated
measurement that is simultanecusly observing several factors. It
is also giving us a view that is uncommon to our past thinking in
that it looks at a relatively large area and somehow integrates
information from the entire scene. To use these data effectively
we must develop new concepts and change our historical way of
conceptualizing hydrologic processes.



FUTURE REMOTE SENSING DATA

Historically most hydrologic data have been collected to answer
engineering rather than scientific questions. In addition, these
data, for the most part, have been point measurements. However,
to address the global change possibilities, hydrologic data are
needed to measure fluxes and reservoirs in the hydrologic cycle
and to monitor hydrologic change over a wide range of spatial and
temporal scales.

Fortunately, the EOS (Earth Observing System) era will have a
number of new instruments on satellites that will be extremely
important for hydrologic modeling. Perhaps the most important of
these will be some of the proposed microwave instruments that may
be used for soil moisture, snow properties, and other moisture
related system states. Table 1 lists some of the future satellite
systems and sensors that should have a major impact on hydrologic
modeling. Current satellite systems are dominated by visible and
reflected infrared sensors. These provide useful, but limited
data for use in hydrologic modeling. It can be expected that the
future satellite systems, with more sensors in the thermal IR and
microwave regions of the spectrum will provide much more useful
data for the development and operations of hydrologic models.

SUMMARY

It is apparent that some improvement in hydrologic modeling can be
made by modifying existing models to use remote sensing data.
However, it follows that even greater gains can be achieved with
new models designed to use remote sensing as well as conventional
data. Such models would resemble existing comprehensive models
but would be able to account for the spatial variability inherent
in a natural system and measured by remote sensing. In addition
those new models should emphasize the use of thermal IR and
microwave data for defining system states as well as the frequency
of observation possible from satellite systems.

It is also important to recognize that the same satellite sensors
that will be used to monitor climate change can also be used for
model input data and accounting for storages in the form of snow
and soil moisture. Thus, through the satellites, there will be a
direct link between the measures of climate change and water
resource model outputs.
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PRECIPITATION PROCESSING WITH THE WSR-88D
ROBERT C. SHEDD, RICHARD A. FULTON, AND ALBERT D. PETERLIN'
ABSTRACT

The National Weather Service (NWS) has been deploying the new WSR-88D weather
radars since late 1991. A significant portion of the WSR-88D algorithm set is
in support of precipitation processing. The integrated system of the WSR-88D
with high resolution radar data along with significant computing capabilities
will allow the use of radar for wide scale generation of quantitative pre-
cipitation estimates from radar for the first time. Precipitation processing
will be performed in three stages to support both the flood and flash-flood
forecasting requirements of NWS. The three stage processing will also take
advantage of other supporting information -- rain gage and satellite infrared
imagery -- in order to improve and quality control the radar precipitation
estimates. The final stage of processing is an interactive process to perform
final quality control of the precipitation field while mosaicking data from
multiple radars over NWS River Forecast Center areas of responsibility. The
radar estimated precipitation will then be used as input to the hydrologic
models run by the River Forecast Center. It is anticipated by 1996, when the
complete network of WSR-88Ds is deployed, that approximately 98% of the
continental United States will be provided with radar coverage.

INTRODUCTION

Since 1979, a significant amount of work has taken place within the NEXRAD
(Next Generation Weather Radar) program in the development of the WSR-88D
(Weather Surveillance Radar - 1988, Doppler). NEXRAD is a joint program of
the Departments of Commerce, Defense and Transportation for the development,
deployment, and operation of a new nationwide network of weather radars. The
first commissioning of a WSR-88D system is scheduled to take place in 1993.

A major portion of the WSR-88D software is in support of precipitation
processing. In addition to the processing within the WSR-88D, the NWS Office
of Hydrology has developed a three stage process for developing high quality
quantitative estimates of precipitation for use as input into existing
hydrologic models. These radar derived precipitation products will have a
number of uses both in NWS forecasting and other water management
applications.

Availability to the data stream will be provided through a variety of
mechanisms for both real-time and non-real-time products. The appropriate
path for a given organization depends on whether or not they are a NEXRAD
program agency, the time requirements of their data needs, and the resolution
of the data required.

THE WSR-88D SYSTEM

The new WSR-88D radar system has two major components: state-of-the-art
microwave radar, computer, and communication hardware and high performance

' Hydrologists, NOAA/National Weather Service, 1325 East-West Highway, Silver
Spring, MD 20910
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software which combine to produce a system which is second to none in the
world in terms of performance, versatility, and information processing. The
network of over 100 radars, each of which will operate 24 hours per day in an
automatic scanning mode, will serve as a replacement and upgrade to the aging
WSR-57 and WSR-74 radar systems currently in operational use by the NWS.

Never before has the U.S. had the capability to produce quantitative radar-
derived rainfall estimates over the U.S., much less rainfall estimates at the
fine spatial (2 km) and temporal scales (6 min) possible with the WSR-88D.
This is possible because of digital data processing of the backscattered radar
signals by computers (unlike the current radar system) and the generation of a
diverse array of value-added products, both rainfall products as well as
Doppler velocity-derived products to aid the forecasters in identifying
adverse weather situations which may develop rapidly and to serve as numerical
input into existing computer models which forecast rainfall and streamflow.

In order to accomplish this task, the WSR-88D system has been designed around
four major pieces of hardware: 1) the pedestal and antenna which transmit and
receive microwave signals with a high resolution 0.95 degree beamwidth, 2) the
Radar Data Acquisition (RDA) unit which generates the transmitted microwave
signal and converts the raw returned signal into reflectivity, radial velo-
city, and spectrum width data, 3) the Radar Product Generator (RPG) computer
which runs quality control and scientific algorithms to generate a myriad of
derived meteorological and hydrological products from these three measure-
ments, and 4) the Principal User Processor (PUP) which allows the forecaster
to visualize the products and aid him in the automatic identification of
potentially hazardous weather situations (Klazura et al, 1992). Within about
five years the PUP will be replaced by the Advanced Weather Interactive
Processing System, a workstation which will allow WSR-88D products to be
combined with other data sources such as satellite and automated surface
weather observations.

The reflectivity data which is collected by the radar is used to generate a
number of value-added products. The Precipitation Processing System (PPS), to
be described in more detail in the next section, produces rainfall accumula-
tions over various time periods and is the focus of this paper. In addition to
these hydrologic applications, the reflectivity data are also used for meteor-
ological applications. Storm track algorithms keep track of storm motions and
forecast future positions. The vertical reflectivity structure is used to
determine the Tikelihood of hail production. Also the probability of severe
weather is computed using reflectivity tops and the vertically integrated
liquid water content (OFCM, 1991).

Radial velocity data are used to produce a variety of products used to
automatically detect severe-weather-producing mesocyclones. Vertical wind
profiles are computed, and wind shear and turbulence are produced for aviation
applications. Despite the computer automation of the radar scanning and
product generation, the human forecaster remains a key element in the hydro-
logical and meteorological interpretation of the products and the issuance of
watches and warnings based on the output.

THREE STAGES OF PRECIPITATION PROCESSING

The NWS has defined three stages of precipitation processing for operational
use. These different stages are designed to meet the various needs of the
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hydrometeorologist, ranging from flash-flood warnings, to river stage
forecasting, and water management activities. The overall objective is to
provide the best quantitative estimates of precipitation possible given the
various time constraints imposed on the operational forecaster.

The first stage of processing is performed in the WSR-88D RPG. It will
perform a high level of automated quality control, incorporating radar reflec-
tivity data from the four lowest elevation angles of the WSR-88D volume scan,
along with a Timited sample of precipitation gage data in order to generate
precipitation accumulations. The quality control attempts to minimize the
impacts resulting from isolated reflectivity points, excessively high reflec-
tivity values, anomalous propagation, abrupt time rates of change of
precipitation volume, and range effects resulting from a height varying
vertical profile of reflectivity. Precipitation products are updated every 5-
10 minutes. Graphical products are produced on a 2-km rectilinear grid with
16 data levels. These products depict 1-hour, 3-hour, and storm total
accumulations. The timeliness and spatial resolution of these products are
desi?ned to meet the needs of the flash-flood warning program. (Ahnert et al.
1983

Stage II processing is performed on an hourly time step and produces products
on a polar stereographic grid projection, approximately 4-km on a side. Since
the time constraints on Stage II are not as great as for Stage I, a more
comprehensive set of precipitation gage data is available in order to compute
a mean bias of the precipitation field as well as performing local adjustments
of the radar estimated precipitation. Satellite and surface temperature data
are also incorporated into Stage II processing in order to detect anomalous
radar echoes occurring in clear air. Stage II creates a gage-only field which
uses radar information to locate areas of precipitation; however,
quantitatively, this field is based strictly upon gage data. This gage-only
field is then merged with the radar field to produce a multi-sensor field.

The merging is an objective analysis based on the nearness of any gages and
the uniformity of the precipitation field.

In order to produce river flow forecasts, precipitation estimates must be
available over the entire river basin in question. In some cases for the NWS,
this requires incorporating data from up to 25 radars within a single office
in order to generate a precipitation time series. Stage III processing runs
at the River Forecast Center to incorporate data from each radar in the RFC
area of responsibility. Stage III has been designed as an interactive process
to allow the forecaster some control over the precipitation estimates being
input to the hydrologic models. In order to accomplish this task, each RFC
will be staffed with three hydrometeorologists whose responsibility it will be
to ensure that the highest quality data is input to the models and that
appropriate coordination with various Weather Forecast Offices is achieved.
Stage III operates with the same spatial and temporal resolution as defined by
Stage II. Stage III allows the forecaster the capability to assess the
quality of both the radar estimated precipitation as well as the precipitation
gage data and to make modifications to the data as appropriate. (Shedd and
Smith, 1991).

The output of Stage III processing will be used as precipitation input to the

hydrologic models running at the RFC. Currently, these models rely almost
completely upon data from precipitation gages to generate the necessary
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precipitation input for the streamflow and stage forecasts. The increased
time and space resolution available from the radar estimated precipitation
should allow for consideration of decreasing the areas for which the models
are currently applied, and eventually allow for the possibility of more
distributed approach to NWS hydrologic modelling.

DATA DISTRIBUTION

Stage I WSR-88D data output is available at several levels, which we will
appropriately call Level I, Level II and Level III. Level I data consists of
analog WSR-88D echo signals obtained directly from the receiver on the Radar
Data Acquisition (RDA) portion of the 88D. This signal is digitized within
the RDA before it is sent to the Radar Product Generator (RPG? portion of the
WSR-88D for immediate, real-time generation of base and derived products.
Level I signal can be archived (called Archive Level I) for use by technical
staff doing maintenance or during training. There are now no developed plans
to collect, archive, or distribute Level I data.

Level II data consists of digitized base data (reflectivity, radial velocity
and spectrum width) from the RDA prior to further processing. Level II data
is then ported to the hydrometeorological algorithms resident in the RPG for
development of the 39 types of derived products. Access to real-time Level II
data will generally be restricted to the three WSR-88D member agencies. It is
anticipated that some selected university access to real-time Level II data
may be needed, and it is likely it will be limited to universities having
specific contractual agreements for WSR-88D algorithm analysis, evaluation or
development through an on-going formal Memorandum of Agreement with the member
agencies. Level II data will be archived (Archive Level II) on a significant
number of WSR-88D sites. Archive Level II data will be used in support of
non-realtime operations, maintenance, and development of WSR-88D products
within the NWS. It will also be useful for a wide range of radar hydrology
and radar meteorology research and development activities. Archive Level II
data will be stored and distributed to the governmental agencies, universi-
ties, private corporations, individuals and the public by the National
Climatic Data Center at Asheville, North Carolina.

Level III data consists of the processed base products and the output of the
hydrometeorological algorithms. Level III data will be available to the three
member agencies and to many additional users (called external users) via a
wide range of delivery options, several to be highlighted.

The NEXRAD Information Dissemination Service (NIDS) has been established to
allow real-time dissemination of selected WSR-88D base and derived products to
external users, in fact, anyone entering into contractual arrangements with
one of the NIDS providers. Four private sector data providers selected by the
NWS will access each WSR-88D in the United States and make them available to
subscribers. The basic set of eleven WSR-88D base and derived products will
be available in real-time from each NIDS vendor. These vendors may also
provide value added products derived from the base unaltered products. The
contractual agreement between the NIDS vendors and the NWS specifies that all
real-time access to the WSR-88D products available to the NIDS vendors will be
through a NIDS vendor. (Baer, 1991) The NIDS contract pertains only to the
Stage I products.
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As a means of insuring low cost access to NIDS output by selected agencies
(governmental, public and private), a Special Subscriber program has been
developed by the NWS. State Emergency Management Agencies and other agencies
with established, shared and contractual arrangements with the NWS will be
eligible to become NIDS Special Subscribers. The Special Subscriber program
will be Timited to 100 participants when the full WSR-88D network is in place.
Approval of all Special Subscriber applications rests jointly with the Office
of Hydrology and the Office of Meteorology. The University Corporation of
Atmospheric Research (UCAR) has been encouraged to negotiate a contract with
one or more of the NIDS providers. If this type of contract arrangement can
be accomplished to serve university interests, there may be no need to
consider university requests within the Special Subscriber context.

Level III data will also be available in non-realtime through several archival
mechanisms. The first of these is referred to as archive Level III data, and
is prescribed within the Federal Meteorological Handbook Number 11 (FMH-11).
Archive Level III will be routinely collected at all NWS sites. The mandated
set of WSR-88D base and derived products will be archived at each site and
then delivered to the National Climatic Data Center at Asheville, North
Carolina for distribution to the nation for non-operational and non-real-time
use. Selected Level III data will also be archive at NWS operational sites
for use in internal post analysis, training, and development activities on the
site. This selected data archive is referred to as Archive Level IV.

While the RFCs have not fully developed plans to archive or distribute the
value added Stage II or regional Stage III precipitation products, the NWS has
every intention of continuing to share it's data with those water agencies
with which it has ongoing relationships of mutual cooperation. The actual
means and methods for sharing this data with water resource agencies is now
being studied, and within the next several months, a formal mechanism should
be developed within the NWS to insure water agencies across the country that
acce;s to the Stage II and Stage III precipitation products will be available
to them.

It is also anticipated that one answer to national water resource and
climatological resource data needs for a national real-time or near real-time
precipitation product (called Stage IV precipitation ) could be a product
developed by collecting and mosaicking the basin wide mosaicked product
prepared at each of the 12 RFCs in the conterminous United States. In the
future, invitations will be extended to a wide range of water resource
interests to meet and help map out requirements for collection, compilation,
archiving, and disseminating this product.

STATUS AND EXPERIENCE

As of January 1993, approximately 15 radars have been deployed across the
United States. When the full network across the United States of 135 radars
is completely available, approximately 98% of the area of the country will be
provided with radar estimated precipitation estimates. Although some problems
with both hardware and software have been discovered over the past year,
overall the experience with the new radars has been extremely positive. In
the past, many or most flash-flood warnings have been issued after the onset
of the flood event. In regions where the WSR-88D has been deployed, there
have been a number of cases with a significant lead time on the issuance of
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the flash-flood warnings. Similar improvements in the area of severe weather
prediction have also been noted.

Although precipitation estimates from the WSR-88D have not yet been directly
and routinely input to the RFC hydrologic models, in a number of cases, the
radar estimated precipitation has been manually input by the forecaster to
update the model on a more timely basis than had they had to wait for
precipitation gage reports.
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USE OF AN ON-LINE INFORMATION SYSTEM AND CD-ROMS
FOR DISSEMINATION OF ARS WATER DATA

Jane L. Thurman and Ralph T. Roberts!

ABSTRACT

The Water Data Center (WDC) is a unit within the Agricultural Research Service
(ARS) of the U.S. Department of Agriculture responsible for the storage,
dissemination, and archival of water data collected by the agency. 1In an
effort to make data readily available to the public and to the research
community the WDC have developed two complementary methods of distribution.
The WDC now provides an on-line information management system using public
phone lines and will soon offer a CD-ROM to distribute the data base to
researchers. The ARS Water Data Base consists primarily of rainfall and
runoff data from experimental agricultural watersheds located in the United
States.
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INTRODUCTION

Research into the hydrologic processes which affect water and land resources
in this country has often been restricted by the quantity and quality of the
measured data available to verify theories and to evaluate alternative
practices. The Agricultural Research Service (ARS) has recognized the need to
compile hydrologic data which will help scientists and engineers to determine
practices and methodologies to conserve our national resources. In support of
this mission, the ARS maintains a series of experimental watersheds operated
by 14 Research Centers some of which have been operational for over 50 years.
The continuous data collection activities of the ARS have resulted in an
enormous data base of water-related information useful for the validation of
physically-based models for energy and water transfer in agricultural and
rangeland systems, for studying the effects of various land management
practices and for predicting the effects of future climate changes on
agricultural and rangeland ecosystems.

The Water Data Center (WDC) is a group within the ARS responsible for
organizing and distributing water data that has been collected by the agency.
WDC programs include maintaining the ARS Water Data Base, acting as a liaison
for ARS with other water information sources, and providing technical support
for water resource projects within ARS. The WDC has supported the ARS mission
to conserve natural resources by continually improving the accessibility of
water data collected by the agency. During the first half of this decade
these activities are concentrated around two targets. They are the
development of an on-line information system which can be accessed through
most microcomputer systems using asynchrounous communication software and a
CD-ROM which can be used to provide the entire data base to the immediate use
of the research scientist or engineer.

HISTORY OF THE ARS WATER DATA BASE

The watershed research program for ARS was originally developed to conduct
research on the effects of alternative agricultural practices on the hydrology
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of small watersheds. All the ARS experimental watersheds are heavily
instrumented. Generally the watersheds consist of nested or paired study
areas where alternative practices, land use, and climatic variability can be
studied in a closely monitored environment. The rainfall/runoff data are
unique in that they have been collected with a high degree of detail not often
available from agencies known for their data collection activities (e.g.,
showen, 1985; Davidson and Guttman, 1986). ARS data include variable
time-intensity readings known as breakpoint data. These data are sufficient
to recreate storm hydrographs and rainfall hyetographs.

Rainfall and runoff data in the ARS Water Data Base are organized by station
year. ‘Station year’ is used here to signify a calendar year of data for one
recording station. A station year of data may vary from 400-10,000 readings
per year. There are, as of January 1, 1993, almost 14,000 such datasets,
approximately 8,500 and 5,300 station years of precipitation and runoff data,
respectively. These data represent information from 333 different study areas
varying in size from .2 ha to 637 km’. The study areas are located in the
continental United States as shown in Figure 1. Rain gage networks have from
1 to more than 200 recording stations per watershed.

ARS Experimental Watersheds

HAWAN

»

Figure 1: ARS Experimental Agricultural Watersheds

In the late 1950‘s ARS attempted to provide public access to it’s water data
by publishing summaries of data collected by the Watershed Research Centers.
The WDC was established to compile data publications summarizing the
rainfall/runoff data. The result was a series of USDA Miscellaneous
Publications now numbering 22 volumes (Thurman and Roberts, 1989).

Compiling datasets for the validation of models or for use in the
understanding of natural processes can be a time-consuming and labor-intensive
activity. RAs a central repository for ARS water data the WDC evolved as the
distribution point for that data. In keeping with the general goal of making
the information readily available to the public and easy to manage, the first
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activity of the WDC was to standardize data formats. This allowed the WDC to
develop generalized programs for updating files, retrieving subsets of data,
and summarizing data for publications. Standardizing data formats for the ARS
Water Data Base also made processing easier for the research scientist using
the data by letting him use the same procedures or programs to input data from
diverse locations into his research models.

For many years the ARS Water Data Base was maintained on a USDA regional
mainframe computer with the files stored on magnetic tapes. An interactive
computer system, known as REPHLEX (Thurman, et al, 1983), was developed to
allow individuals to access the data base from their own computer terminals.

DEVELOPMENT OF THE REPHLEX II SYSTEM

Several developments prompted the WDC to move the ARS Water Data Base to a
microcomputer based system located in the Hydrology Laboratory offices. The
foremost reason for moving the data base was to improve the responsiveness of
the system. Using a USDA mainframe computer precluded non-governmental
organizations from using the system. Even governmental organizations had to
set up reimbursable agreements to pay for on-line computer costs. Other
congiderations included the ongoing need to reduce WDC computer costs and to
further improve the ‘friendliness’ of the system. The development of the 386
class of microcomputers and mass storage capabilities such as optical disk
storage made the microcomputer environment viable for the needs of the WDC.

As the microcomputer environment evolved, the WDC developed criteria for a
system that would meet its’ needs. These requirements include the following
goals:

1) Multi-user dial-up access using standard communications software.

2) On-line storage capabilities for the ARS Water Data Base.

3) Ugser-friendly dialogues with the customer.

4) Retrieval strategies equivalent to those in the mainframe
environment.

5) Electronic file transfer capabilities.

The WDC developed a system in the microcomputer environment with the ability
to support multiple dial-up sessions from computer systems using standard
asynchronous communications software. The user is able to access the ARS
Water Data Base with the same system that he uses for mainframe access, for
Bulletin Board System (BBS) access, for electronic mail access or for access
to information systems such as CompuServe, Prodigy, etc. Today’s computer
user is well-versed in the dynamics of calling into a remote system,
negotiating screen menu systems and retrieving information. The WDC, like
other organizations, intends to capitalize on this expertise. For instance,
the Environmental Protection Agency’s Center for Exposure Assessment Modeling
has found that 18% of their models have been transferred electronically since
the implementation of a single-line BBS in 1988 (Turk, 1990).

The current REPHLEX II system consists of an IBM PS/2 Model 80 computer system
with three optical disk drives. Two of the write-once, read-many (WORM)
optical disks are capable of storing 200 MB of data on each cartridge. The
third drive supports a cartridge capable of holding 1.2 GB of information.
Life expectancy for data on these cartridges is approximately 25 years. Under
the current configuration the entire data base is on-line and is available
through the REPHLEX II system.

The WDC implemented a host information system known as InfoHost/2A from A-Comm
Electronics, Inc. to handle the communications and data management portion of
the REPHLEX II system. This is a full-function version of the software from
A-Comm supporting two ports. The system runs in a standard DOS environment,
allows for customized menus, and handles all file-handling, message
processing, and logging functions. The system uses Novell’s Btrieve file
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handler software to manage the data base. The InfoHost system manages the
log-in procedure, capturing name and address information on new users, and
assigns log-in ids and passwords. A logging feature maintains a detailed
audit trail of users and their activity. The system can handle different
access or security levels for both users and data files. Menu screens are
customized for the particular application. The menu tree structure can handle
up to 15 selection items at each level and up to 20 menu levels (a total of
152 gelectable items). Each menu selection item can point to a file giving
the system almost unlimited retrieval capabilities.

Access to the ARS Water Data Base can be made using a microcomputer equipped
with a modem and almost any asynchronous communications software. The phone
number for the REPHLEX II system is 301-504-9300. Modem settings for the
user’s system should be set to 8 bits per word, 1 stop bit, and no parity.
Some systems will need to turn local echo off. Modem speeds of 300, 1200, and
2400 BPS are handled automatically by the REPHLEX II system. No on-line
charges are made for using the REPHLEX II system. The only costs associated
with the system are the user’s phone charges.

DEVELOPMENT OF A CD-ROM

With the development of the REPHLEX II system thoroughly established, the WDC
began looking for ways to improve the distribution of data to research
activities which need large amounts of data such as that involved in modelling
processes for climate change, comparing alternative practices and forecasting.
Many of the users of the ARS Water Data Base need more data than could ever be
sent over phone lines. Often studies will need to compare measurements from
diverse locations spanning many years of data. Also, the development of CD-
ROMs by various federal agencies and private organizations made the hardware
more often available to the researcher. As Figure 1 demonstrates, the
majority of data requests to the WDC are from universities, ARS and other
federal agencies. These institutions now frequently have CD-ROM readers.

Water Data Center Data Requests
1987-1992

ARS (23.6%)

Other
Federal (21.3%)

Agencies
4

Private (9.5%) State (3.0%)

Figure 2: Source of Water Data Center Data Requests.
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The ARS Water Data Base is particularly well-suited to distribution by CD-ROM
since it is basically an archival data base. Data are added to the data base
in minimum increments of a year. Typically several years of data are added at
various intervals for a specific location. Rarely is data for an already
existing dataset modified. Updates to distributed CD-ROMs are expected to be
necessary only about once every 5 years.

The storage needs of the ARS Water Data Base also work well with CD-ROMs.
Typical storage for a CD-ROM is approximately 600 MB. The ARS Water Data Base
with all redundant information deleted from the data can be reduced to about
400 MB leaving substantial space for auxiliary information and retrieval
accessories such as map and land use information.

As the CD-ROM technology evolves, the WDC goals for this distribution method
are:

1) On-line storage capabilities for the ARS Water Data Base at the
user’s location.

2) User-friendly dialogues with the customer.
3) Extensive use of map-oriented extractions.
4) Incorporation of WDC analytic and graphics software.

RETRIEVAL PROGRAM FOR THE CD-ROM

A CD-ROM is considered to be a successful tool or just a storage media
depending upon the quality of the retrieval program or interface. The WDC
therefore is using the expertise garnered from previous interfaces along with
the innovations available in the microcomputer environment to develop a
Graphical User Interface (GUI) which will be both user-friendly, efficient and
expandable.

The GUI being developed for accessing the ARS Water Data Base was originally
conceived and developed to facilitate in-house access in REPHLEX II. It is a
logical progression from the interactive REPHLEX system used on the mainframe
system and the general capabilities of the microcomputer environment. 1It’s
extension to the use of a CD-ROM were enhanced by the availability of in-house
mastering systems, CD-ROM recording standards and the availability of
extensive code already developed by the WDC.

The basic design concepts of the GUI are taken from several successful
commercial window managers, primarily Microsoft Windows and OSF/Motif for X
Window. The program is written in Microsoft Professional Development System
Basic 7.0, extended with several assembly language routines provided from
Crescent Software’s Graphics Workshop, allowing the program to run completely
in graphics mode. The GUI features the use of menu bars, pop-up menus, and
dialogue boxes. BAll of these tools are or can be controlled through the use
of a computer drawing device such as a mouse. Help screens are context-
sensitive and callable by function keys or mouse clicks.

There are seven primary functions represented by menu bar choices (Roberts,
1993). Input/output functions are grouped under "FILES". An "OPTIONS"
function allows the user to customize his system by setting environmental
variables such as colors and path names. The "QUERY" function allows the user
to select one or more years of data and to copy it from the CD-ROM. Many
different methodologies will be available to the user for specifying selection
criteria for queries. The "PLOT" component groups several user routines to
analyze and to visually inspect data from the CD-ROM. One of the most
innovative of these will be the use of computer-generated map images which
will allow the user to select, via the computer mouse, icons representing the
data files associated with that location. For instance, a map of a small
watershed depicting several rain gages will allow the user to click the mouse
on a particular rain gage. A pop-up menu will then indicate the available
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years of data for that gage and give the user several options for reviewing,
copying or summarizing the data. A "REPORTS" component generates various
summaries or WDC standard reports. The GUI will also include the ability to
link in an individual‘’s local programs.

CONCLUSION

The ARS Water Data Base is a collection of rainfall and runoff data collected
by ARS with some stations operational continuously for over 50 years. Over
300 watersheds are represented in the data base with a total of almost 14,000
station years of data. The WDC is currently using a two-pronged strategy to
make this data available for public use. The REPHLEX II system combines the
advantages of a BBS interface using tree-structured menus, message handling
functions, security levels, and rudimentary search capabilities with a strong
data management system to provide an on-line information system for the ARS
Water Data Base available through dial-up phone lines. The WDC is also in the
process of developing a CD-ROM to distribute the data with a GUI which
features map-oriented retrieval mechanisms, plotting routines, extraction
capabilities and summarization facilities. For many users of the ARS Water
Data Base this will mean the availability of data on-line at their own
location.
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SECOND RELEASE OF THE U.S. GEOLOGICAL SURVEY’S
NATIONAL WATER INFORMATION SYSTEM II

JEFFREY D. CHRISTMAN AND OWEN O. WILLIAMS!
INTRODUCTION

The U.S. Geological Survey’s Water Resources Division (WRD) is developing an integrated,
hydrologic data management system called the National Water Information System II (NWIS-II),
which will replace the functions of WRD’s current systems and include expanded capability for
the management of surface-water, ground-water, water-quality, biological, sediment, water-use,
and spatial data. The current systems, developed between 1971 and 1986, comprise more than 14
major data bases that exist as separate files. Each file is structured differently with its own input
and output applications. Each system contains the same site location and descriptive information
as well as outdated and excessive code that is difficult to manage. NWIS-II, a single, integrated
data base with structured, compact code will remove the need for redundant information and be
more manageable than the separate current systems. In addition, the processing and retrieving of
data for multi-discipline studies will be facilitated by removing the need for numerous input and
output applications. NWIS-II will be distributed across the Nation on 32-bit microcomputers and
will include a polling capability for retrieving data from multiple nodes of the network. The goal
of the NWIS-II effort is to develop and implement a highly flexible hydrologic data management
and processing system that can be easily changed and expanded in a rapidly changing techno-
logical environment. Most of the functionality of NWIS-II will be implemented in the first two
releases. This paper describes the system requirements and the functionality of the second release.

DEVELOPMENT PROCESS

The development of NWIS-II is being done in phases: initiation, requirements definition, analysis,
design, acceptance, installation, and implementation. The initiation phase began in 1988 when the
Strategic Planning Group (SPG) was formed. The SPG consists of most of the senior managers of
WRD, including the five Assistant Chief Hydrologists and the four Regional Hydrologists. The
purposes of the SPG are to (1) establish the framework within which the NWIS-II is developed,
(2) establish policy and guidelines for the NWIS-II development, (3) provide ongoing direction to
the development effort, and (4) provide the necessary personnel and financial resources to
complete the development.

The SPG appointed 50 WRD personnel to eight discipline-specific User Groups in January 1989,
marking the beginning of the Requirements Definition Phase. The eight User Groups represent the
disciplines of surface water, ground water, quality of water, sediment, biology, water use, spatial,
and a National Water Data Exchange Group to represent the non-USGS users of the current
systems. The purpose of the User Groups is to describe the user needs, including specific
capabilities of inputting, computing, storing, and retrieving all forms of hydrologic data and
ancillary data.

1. Hydrologists, U.S. Geological Survey, 450 National Center, Reston, VA 22092
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The Analysis Phase began with the formation of the design team in Reston, Virginia. The initial
tasks of the design team were to integrate the eight user documents produced by the User Groups,
decompose the requirements to major functions, and diagram the high-level entity relationships.
The Analysis Phase continued through 1991 with the review and publication of the System
Requirements Specifications (Mathey, 1991).

We are currently, 1993, in the Design Phase using the Rapid Application Development (RAD)
method to develop the NWIS-II. Groups have been formed within the design team to model
subsets of the system and demonstrate them to the User Group Chairs for acceptability prior to
evolving to the next level of development. Much of the coding for NWIS-II is done by two code
teams located within the USGS District Offices in Tucson, Arizona and Little Rock, Arkansas.

All products produced by the design team are reviewed by the Review Team formed by the SPG.
The products reviewed include the System Requirements Specification, the logical data model,
the data dictionary, the data-flow diagrams, and the integrated design. This team will do the
system acceptance testing, which determines when the system is ready for release.

The installation and implementation of NWIS-II will be accomplished through a series of
releases. The first release is planned for April 1993 and will contain the subsystems for processing
and storing discrete data, i.e., data collected less frequently than daily. The first release will
provide for entering, editing, verifying, retrieving, and displaying discrete ground-water, water-
quality, biological, and sediment data. It also will provide for establishing new sites and updating
existing site-descriptive information. The second release is planned for October 1993 and will
provide for processing and storing water-use data, time-series data, and discrete surface-water
data, such as peak flows.

NWIS-II SYSTEM REQUIREMENTS
Software Requirements

The NWIS-II data base has been designed and modeled using an INGRES? relational data-base
management system interfaced with UNIX files for the storage of time-series data. The
applications for entering, editing, verifying, retrieving, and displaying data are being modeled and
developed using INGRES Windows/4GL, which is a fourth-generation language producing a
graphical user interface. Pop-up and pull-down menus, scroll bars, and multi-form processing will
be available to the user for entering and retrieving data. Publication-ready tables will be generated
using FrameMaker, a reports processing system that will be interfaced with the INGRES
software. A main menu has been developed that consists of buttons by which the user may select
a function using a mouse.

Hardware Requirements

NWIS-II will be distributed across the Nation on 32-bit microcomputers utilizing local-area
network and wide-area network technology. Each USGS District Office will be a node on the
network. The hardware requirements of each office vary with the size of the office, but basically
consist of a dual processor server with 128 megabytes of memory and 8 to 12 gigabytes of storage

2. The use of trade or firm names in this report is for identification purposes only and does not constitute
endorsement by the U.S. Geological Survey.

2-22



for the NWIS-II data base and INGRES software. Each user of the system should have a
workstation with 20 to 28 megabytes of memory and a 322-megabyte hard disk. Field offices
required to remotely access the district data base may require at a minimum one workstation with
the INGRES and NWIS-II software loaded on a 622-megabyte hard disk and 28 to 32 megabytes
of memory.

rit
Data stored in the data base will go through an aging process using flags to indicate the status of
the data. The data-aging statuses are “original,” “working,” “in-review,” “approved,” and
“published.” Upon entry, WRD time-series data will be flagged as “working,” whereas data
collected by other organizations and individuals will be flagged as “accepted as reported.” The
authority for changing the status of the data and the type of access a user will have are determined
by the user’s role in a project and the status of the data. The local system administrator has all
rights to the data regardless of the status. The project manager has all access rights to the data
collected in his project area and stored in the data base with his project identifier. The project
manager also has the authority to assign a user role to other people for access rights to the data
associated with his or her project. The user roles that may be assigned by the project chief include
project worker, data reviewer, and project viewer. A public viewer will have “view” access rights
only for approved and published data.

Man ry an ired D

The site must be established in the data base prior to entering data into the data base. To establish
a site in the data base, seven mandatory items must be entered. The mandatory items are listed
below:

1. Feature Type --A feature is defined as a physical, conceptual, political, or other object
that may be sampled or measured, or be a subject of any other activity. Some example
feature types are streams, springs, wells, estuaries, lakes, project areas. water treatment
facilities, states, counties, and hydrologic units.

2. Feature Name -- A name used to distinguish a particular feature from other features of
the same type. An example is “Ohio River.”

3. Source Organization --The organization that has fiscal responsibility for the maintenance
of the site and/or the collection and management of the data. No point data, statistical
data, or aggregated data describing features, stations, or water-use facilities can be
entered without the source organization being entered or already existing in the system.

4. Station Identification Number -- A 1- to 15-alphanumeric character that identifies the
site established by the source organization. This is entered for all data except those that
characterize a complete feature. Even though a well is considered a feature, a station
identification number is mandatory. In the case of non-USGS data where no station
number has been assigned, a number will have to be assigned before it can be estab-
lished in the data base.

5. Project Number -- The project number is the officially recognized and funded WRD task
that is the basis for activities. This is required for performing security functions of the
data at a project level.

6. Time Zone -- This is the time zone in which the site is located. An example is “EST” for
Eastern Standard Time.
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7. Daylight Saving Time Flag - This flag indicates that daylight saving time is used at the
site when activities take place.

Another category of data elements for the system is required data, the items that must be entered
before the data can be flagged as approved or published. These items include state, county,
hydrologic unit, latitude and longitude, and altitude to define the location of the data collection.
Also included are the accuracy of the latitude and longitude; accuracy of the altitude; accuracy of
the data collected; accuracy of the time of collection; and the method of measurement, sampling,
or analysis.

SECOND-RELEASE FUNCTIONS

The main menu of the NWIS-II, shown in Figure 1, has five buttons labeled: Establish Sites,
Conduct Activities, Process Data, Output Results, and Help.

Figure 1. -- Main menu of the National Water Information System I1

Selecting one of the buttons with the mouse will bring up a main form for performing related
functions that may require additional forms selected from the main menu. Figure 2 depicts the
menu structure and functions performed by selecting the appropriate main menu button. All
second-release functions will use the main menu to display the forms required and navigate
through the system. The second-release NWIS-II capabilities are described below.

1

Most of the functionality of Establish Sites will be provided by the first release of the NWIS-II.
This functionality will include station, location, and event-point input forms. The second release
will provide additional forms to enter additional site information needed for the processing of
time-series data and to describe water-use facilities.

Conduct Activities

Conduct Activities contains the electronic input forms that the user fills in to enter information
about hydrologic activities. These activities usually take place in the field but are not limited to
field activities. The input includes activity and quality-assurance information, such as persons
engaged in the activities, dates and times of the activity, purpose of activity, equipment used,
calibration of equipment, and environmental conditions during the activity. The second-release
input forms for hydrologic activities will include stream-discharge measurements, crest-stage
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measurements, water-quality monitor inspections, determination of peak flows, and basin
characteristics. The discharge-measurement form will include information on the method and
equipment of measurement, hydrologic and meteorologic conditions, the rated quality of the
measurement, and the measured discharge, width, and velocity of the stream section. The crest-
stage-measurement form will include field data from the measurement of the peak stage by use of
a crest-stage-measurement pipe. The water-quality-monitor inspection form will include field-
visit calibration information for a water-quality monitor, remarks, and time checks for the
recorder. The input forms for water-use data also will include water-use facility, site-specific, and
aggregate information. The determination of peak flows will be an application that scans the unit
values of the discharge, displays the peaks of storm events, and permits the user to select the
representative peaks for storage in the data base. The basin characteristics input form will permit
the user to enter any number of characteristics of a hydrologic basin, the method of determination,
and the accuracy of the value.

Process Data

Process Data will consist mainly of the analysis of time-series data and the development of rating
tables and equations. Time-series data are data collected once a day or more frequently, and are
termed unit values or daily values. Unit values are collected more frequently than once a day by
an analog-to-digital recorder (ADR), an electronic digital logger (EDL), a strip-chart analog
recorder (SCR), or a data-collection platform (DCP) that relays the data through a Geostationary
Operational Environmental Satellite (GOES) to a local receive site. A daily value, a single
statistical value for each day, is determined from the unit values collected. A daily-value record
may consist of daily means, daily maximums, daily minimums, or other statistical values for each
day of the record. In fiscal year 1991, WRD operated 7,346 time-series surface-water-discharge
stations. During the same period, WRD collected time-series stage-only data at 1,394 stations,
water-quality data at 653 sites, and ground-water-level data at 2,376 sites.

Before the processing of time-series data can take place, the rating table or equation must be
developed. The rating is used to determine one parameter from another parameter, such as
determining stream discharge from stage. This rating is either a value “look-up” table or an
equation that mathematically describes the relation between the two parameters. NWIS-II will
allow the development and entry of either a linear rating table, a logarithmic rating table, or a
rating equation.

Time-series data are processed by completing several operations (fig. 3) that permit the user to
enter, edit, compute, and review the data. All types of time-series data generally follow the same
processing steps. The user is led through this processing by a display screen that identifies the site,
the parameter, and the time period to be processed; shows the completion status of each operation;
and presents the next operation to the user. The basic philosophy followed in the processing of
time-series data is that a copy of the results of each operation are kept in the data base so users
can, at any time, back up and start over at any previous operation of the processing. If this
happens, the user is led through each critical stage from that operation forward.

The processing of time-series data starts with the input of field-recorded unit-values data from
ADR’s. EDL’s, and SCR’s. The unit-values data entered are passed to an application called
DECODES, which translates the format of the data from the recorder to a WRD standard format.
These WRD standard-formatted data are saved as original data, are part of the permanent record,
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and are not changed thereafter. From this point, the user can edit the unit values to correct for
recorder malfunctions and to apply time- and value-prorated data corrections to the unit values to

correction

Figure 3. -- Sequence of operations in the processing of time-series hydrologic data

adjust unit values for such items as water-quality monitor calibrations and instrument datum
errors. These corrected unit values are considered the official unit values of the input parameter
and become part of the permanent record. If the unit values are gage heights used to compute unit
values of discharge, the user can analyze the hydrologic conditions as they apply to the stage-
discharge rating and define shifts caused by changes in stage added to the official gage-height
values, and effectively shift the unit values to the rating curve, adjusting for changes to the control
section of the stream. The shifted unit values of gage height are used only to compute stream
discharge.

When all of these operations are completed, the primary computation can be executed. The
primary computation takes the results of the previous operations and, using existing computation
instructions and ratings, computes unit and daily values for the selected station, the computed
parameter, and the time period. The primary computation performs several different types of unit-
values computations, such as stage-discharge, slope-discharge, velocity index-discharge,
discharge through a dam, sediment load, water-quality load, reservoir content and level, rainfall,
and miscellaneous rating. The daily values computed will include maximum, minimum, mean,
total, and tidal-statistics. The user can then review the results of processing the time-series data by
displaying or printing primary sheets, unit-values tables, daily-values tables, corrections or shifts,
comments made during the processing, or error logs. The user can return, if necessary, to any step
of the process and re-start the processing at that point, modifying what has been done previously.
If the user is fully satisfied with the processing done, the status of the time-series data is changed
from “working” to “in-review,” which means the time-series data cannot be changed (unless its
status is changed back to “working” by the project chief or reviewer). When the data are approved
by the project data reviewer, the results are open to public viewing.

2-27



The time-series processing of sediment data in NWIS-II will also be included. Sediment data are
collected in the field either manually or by water-quality samplers automatically. These samples
are analyzed in a laboratory to produce discrete values of sediment concentrations. To compute
sediment discharges, these concentrations are used to produce a set of unit values of concentra-
tion. These unit-value concentrations are combined in the primary computations with unit values
of stream discharge to produce unit values of sediment discharge. The daily load of sediment
discharge is computed from the unit values of sediment discharge. This type of computation can
be used on any water-quality parameter of concentration to produce a water-quality parameter
discharge.

One other type of data input is the automatic processing of data collected and transmitted by Data
Collection Platforms (DCP’s) through the GOES and other types of automatically transmitted
data. The process is accomplished by two applications: (1) an application called SATIN, which
receives data from DCP’s, translates the format into the WRD standard format, and distributes it
across the DIS-II network to local WRD offices; and (2) an application called SENTRY, which
receives the WRD standard-formatted data, enters the data into the data base, and does the
primary computations on the data, making these data available to users 24 hours a day. These data
will then later be retrieved and manually processed by users as described previously for ADR,
EDL, and SCR.

tput Resul

The principal function of NWIS-II is to disseminate the hydrologic data to the users who request
the data. Therefore, one of the most-used functions of the NWIS-II will be the applications that
retrieve the data from the data base and output the data in a useful format. This function is
accessed by selecting Output Results from the main menu. A form to select a type of report and to
iteratively select the data needed is then displayed on the screen. Because there is a wide diversity
of hydrologic data in the data base, the user is led through one or more forms that help define the
data needed, on the basis of the type of report selected. The forms permit the user to specify the
time period, station(s), and constituent(s). The user can narrow the scope of the data by starting
with a wide retrieval and iteratively specifying more detailed retrieval instructions. The applica-
tion contains all of the report formats specified as needed by the User Groups that defined the
requirements of the NWIS-II. The time-series reports include several different formats of unit-
and daily-values tables, primary computation sheets, and publication-ready manuscripts for the
WRD annual data report. Water-use reports for facility, site-specific, and aggregate data also will
be included in the second release.

SUMMARY

NWIS-II is an integrated, hydrologic data-management and processing system that will be
distributed across the nation on 32-bit microcomputers and will include an efficient polling
capability for retrieving data from multiple nodes of the network. The first release of NWIS-II
will contain the functions for processing and managing discrete ground-water, water-quality,
biological, and sediment data. The second release of NWIS-II will contain all the functions
required for processing and managing time-series data collected by ADR, EDL, SCR or DCP and
will include the water-use functions of input, edit, and tabling of data.
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NWIS-II will have the capability to store the original time-series data, make time corrections,
insert missing values, change or delete incorrect values, add a remark code to the data, apply time-
and value-prorated corrections, perform a shift analysis of stage, apply a rating, compute unit
values, and compute daily values, The daily values computed include maximum, minimum,
mean, total, and tidal-statistics. Computations performed include stage-discharge, slope-
discharge, velocity index-discharge, reservoir content and level, sediment load, water-quality
load, rainfall, and discharge through a dam.

The time-series and water-use data will be retrievable by specifying the type of report required
and then narrowing down the amount of data retrieved by specifying the time period, station(s),
and constituent(s). The reports available will include several formats of unit-values and daily-
values tables, primary computation sheets, publication-ready manuscripts for the WRD annual
data report, and water-use reports.
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SNOTEL

DAVID E. JOHNSON 1

ABSTRACT

Conceptual hydrologic modeling is being investigated by the USDA/Soil
Conservation Service (SCS) to improve decision making by Western water
resource managers. These models are data intensive and generally intolerant
of problems with data availability, quality, or format. The SCS data
collection and management systems have the characteristics and proven
reliability to support conceptual hydrologic modeling.

INTRODUCTION

Water supply forecasting is particularly important in the generally arid
Western states where mountain snowpack is the source of most streamflow.
Since the mid-1930s the SCS has been the principal agency collecting snowpack
data to support water supply forecasting by SCS and other agencies.

In the post World War II decades, development and heightened attention to
environmental concerns in the West have produced increasing demands on water
resources. There have been associated demands to improve the reliability and
timeliness of water supply forecasts.

The response to these demands by SCS has been improved regression-based
streamflow volume forecasting (Garen 1992a) and, for some key forecast points,
forecast modeling (Garen 1992b). Improvements in the SCS systems for
collecting and managing snowpack and related hydrometeorological data provide
necessary support for these improved forecasting procedures. Data from the
automated SNOwpack TELemetry (SNOTEL) system and the data management
capabilities of the Centralized Forecasting System (CFS) play a vital role in
conceptual modeling for water supply forecasting.

THE SNOTEL SYSTEM

By the late 1950s the cooperative federal-state-private snow survey program
that SCS directs included almost 2000 manual snow courses. These courses,
located in high mountain meadows, were the point measurements used as the
basis for water supply forecasting. Measurements were made monthly beginning
usually on January 1 and continuing through May or June 1. In some cases one
or more mid-month measurements were also made. The desire for more frequent
information and the hazards associated with the labor intensive manual
measurements led to the development of automatic sensors to measure
accumulated precipitation and temperature as well as the weight of the
snowpack (snow pillows).

1 Program Manager, Snow Survey and Water Supply Forecasting, USDA/Soil
Conservation Service, 511 NW Broadway, Room 248, Portland, Oregon 97209
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In the mid-1960s several line-of-sight radio networks were installed to
monitor remote data collection sites automatically. These networks required
mountaintop repeaters, and they were relatively expensive to install and
maintain. In addition, some repeater locations were being challenged for
removal as a result of the wilderness legislation.

Studies were initiated by SCS to find a new communications system for the
entire Western U.S. that could provide the required snowpack and related
hydrometeorological data in a near real-time mode. Functional requirements
for the new system were specified in part by the forecasting hydrologists with
the intent of eventually supporting conceptual modeling. The studies
investigated several data systems. The emerging meteorburst technology was
selected as the most cost effective system meeting the functional
requirements. Meteorburst communications uses the billions of sand and gravel
sized particles that daily enter the zone 50 to 75 miles above the Earth's
surface. The ionized gas trails produced as the particles enter the zone
reflect or reradiate the VHF signals used for data transactions between the
master stations and the remote sites (Crook and Johnson 1987). Signals can be
received at a master station from remote sites up to 1200 miles away.

Congressional approval came in 1974 and funds were appropriated to implement
SNOTEL. Implementation began in 1977, and by 1980, 465 remote sites had been
installed.

SNOTEL is operated by SCS and, except for the early installation period, SCS
performs all maintenance and system enhancements. By the early 1980s SNOTEL
performance exceeded design levels and system capabilities were expanding. In
1985 a system upgrade was initiated to modernize all components. The upgrade
will be completed in 1993 for the nearly 600 SNOTEL sites in the system, as
well as the two master stations and the central computer in Portland.

THE CENTRALIZED FORECASTING SYSTEM

A data collection system, to be effective and efficient, must include
facilities for quality control, data storage, format modification and easy
access to the data. SCS developed the Centralized Forecasting System (CFS) to
handle the information related to water supply forecasting (Shafer and
Huddleston 1986). It includes streamflow, precipitation, snow water
equivalent and reservoir data. These data are available for the current water
year (October 1 through September 30) and for historical water years. CFS
also includes numerous routines and interactive programs as utilities for
manipulating water supply data.

CFS is on-line 24 hours a day, 365 days a year. It is a menu driven system
designed for easy, rapid access. Most computer systems can access the data
and products available in CFS. Automatic data exchanges with the National
Weather Service (NWS) and other agencies ensure the availability of required
data.
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Forecast development and generation are performed on CFS by SCS hydrologists,
and reports are created that are downloaded in SCS offices for local
distribution. Various site-specific or period-specific reports can be
developed. CFS supports natural resource management and conservation planning
activities. 1In addition, CFS contains various utility programs for SCS use in
quality control of measured data and forecasts.

SNOTEL AND CFS FOR SUPPORT OF CONCEPTUAL HYDROLOGIC MODELING

The goals that SCS has in using conceptual hydrologic models in water supply
forecasting deal with improved forecast accuracy, shorter forecast periods,
related forecast products, "what-if" scenarios, and improved reservoir
operation and water resource management (Garen 1993). The realization of
these goals will enhance water resource management in the West for agriculture
and other purposes.

Modeling imposes some rigorous demands for data and for the data collection
system. The amounts of data required for frequent model-based forecasts
greatly exceed the requirement for monthly regression-based forecasts, and the
time frame for supplying data is much shorter. Generally, tolerances for data
errors or missing data are minimal, and precise format requirements are the
rule. Three characteristics of the SNOTEL network and CFS make them an
excellent system for supporting conceptual modeling: system reliability, easy
access to the data, and adjustable data formats. These characteristics are
discussed below.

System Reliability

SNOTEL is designed to operate in severe environments unattended for at least
one year. Extra battery and solar power as well as dual sensors are often
provided for the most critical or most difficult to reach sites. Eight
performance characteristics are reported daily to provide advance warning of
any site problems that may be developing. System performance averages above
98 percent.

SNOTEL includes two on-line master stations (in Boise, Idaho, and Ogden, Utah)
that can each run the system independently with only minor degradation in
performance. Similar redundancy is included in the Central Computer Facility
(CCF) in Portland, Oregon. Five data Collection offices located in the major
Western river basins monitor site performance as well as data quality.

Easy Access

The SNOTEL CCF can be accessed directly for agencies requiring immediate data.
Generally access is through CFS after the data have been validated and
transferred from CCF to CFS (about 6:20a.m. PT). Data are also posted daily
to the NWS Gateway system. CFS supports 18 telephone lines and accommodates
most computers.
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Adjustable Formats

Data are retrieved in a format that lends itself to computerized data exchange
in the Standard Hydrologic Exchange Format (SHEF). This is a machine readable
format that supports model input. Utility programs in CFS allow certain data
reformatting to meet specific model requirements.

DATA CHARACTERISTICS TO SUPPORT CONCEPTUAL MODELING

In addition to having a data collection and data management system that
supports conceptual modeling, the data must possess certain essential
characteristics. Three characteristics of the data from SNOTEL are
particularly important: data site distribution, data time steps, and data to
validate and update simulated values. These characteristics are discussed
below.

Data Site Distribution

SNOTEL sites were located by hydrologists specifically to collect
representative snowpack and related hydrometeorological data. Many were
colocated with manual snow courses that have been measured since the 1930s or
earlier, thus reducing the need for manual measurements. The 570 SNOTEL sites
are distributed throughout the major snowpack areas at critical elevations.
Meteorburst communications allows optimization of site locations for
hydrologic response without concern for the data communications paths. SNOTEL
data make it possible to estimate basin precipitation and temperature much
more accurately than previously.

Data Time Steps

SNOTEL is polled daily which generally satisfies forecast modeling
requirements. More frequent system polls or specific site polls can be
initiated when needed. After the SNOTEL upgrade is completed, the timesteps
for most individual sensor measurements can be adjusted remotely from the CCF
using the meteorburst link.

Validation Data

Modeling generally simulates the snowpack from temperature and precipitation
data. SNOTEL provides a distinct advantage with a snow pillow included in the
standard sensor package. The pillow reports daily values of the snow water
equivalent (SWE) at each site. An annual manual ground truth measurement
confirms the accuracy of the SNOTEL pillow value. This SWE value allows for
validation of the model’s simulated snowpack and daily updating.

FUTURE DEVELOPMENT OF SNOTEL - CFS

Several enhancements are planned for future system modifications. SNOTEL will
include remote selection for on-site data processing as well as all sensor
operations. Event activated reporting will be available, and a subtelemetry
(line-of-sight) system will be an option at each site. The data rate will
increase from 4,000 to 8,000 bits per second allowing utilization of shorter
duration meteor trails and resulting in average wait times reduced from 6 to 3
minutes.
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CFS will be transfered to a new computer platform in 1994 allowing reduced
transaction time. High speed data communications will be supported. An
Internet connection is being initiated to facilitate data communications with
other agencies, particularly universities, and additional dial-up phone lines
are planned. To improve data quality, algorithms for real-time data screening
and estimation of missing values are being developed.

CONCLUSION

As SCS moves to adopt conceptual hydrologic modeling for a portion of its
water supply forecasting responsibilities, SNOTEL and CFS are providing the
required data. Recent system enhancements were designed specifically to
support conceptual modeling and the resulting improved water resource
management. Planned future modifications of the system will provide
additional capabilities. SNOTEL and CFS are playing a major part in
supporting the wise management of Western water resources.
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VISUALIZATION TECHNIQUES FOR HYDROLOGIC
MODELING

LAUREN HAY! AND LOEY KNAPP?
ABSTRACT

As part of the U. S. Geological Survey’s Gunnison River Basin Cli-
mate Study, climatic and hydrologic processes are modeled to
assess the effects of climate change on water resources. Overlap-
ping data requirements for modeling applications, in combination
with the massive amounts of one- to four-dimensional data, multi-
ple scales, and multiple data formats, require the use of scien-
tific visualization system (SVS) and geographic information
system (GIS) technology for spatial data management and manipula-
tion, model parameterization, visual interpretation, and model

verification.
INTRODUCTION

Complex hydro-climatic modeling problems commonly involve over-
lapping data requirements, as well as massive amounts of one- to
four-dimensional data at multiple scales and formats. Scientific
visualization systems (SVS) and geographic information systems
(GIS) are powerful tools useful in the development and analysis of
complex hydro-climatic models. In this paper, an orographic pre-
cipitation modeling application from the Gunnison River Basin
Climate Study is used to demonstrate a three component system that
utilizes an orographic precipitation model, a GIS, and a SVS.

Background

SVS and GIS can be distinguished from one another on the basis of
their analytical and visualization capabilities. SVS are used
exclusively for display of complex images and have limited ana-
lytical capabilities; whereas GIS have advanced analytical capa-
bilities with limited display capabililities. According to
McCormick (1987), SVS techniques aid in both complex image gener-
ation and visual interpretation; creating an environment for the
scientific exploration of massive data sets. SVS facilitate the
sequencing of images through time, which can aid in the analysis
of data through the use of faster visual operators. For example,
groupings based on similar color or texture can speed the inter-
pretation process and reduce the search time.

The ease of data access and the ability to develop flexible meth-
ods for the quantification of spatial variables over discrete

1. Hydrologist, U.S. Geological Survey, MS 412, Denver Federal Center, Denver,
CO 80225

2. Systems Analyst, IBM Corporation, Boulder, CO 80301 and Geography Depart-
ment, University of Colorado, Boulder, CO 80301
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areas makes GIS an integral tool to modelers (Hay et al., 1992;
1993a; 1993b). GIS have become popular for environmental analy-
sis, party because of their display capabilities, but these dis-
play capabilities generally are limited to the creation of
static, fixed-color maps (Knapp, 1993). The analytical capabili-
ties of GIS facilitate spatial data creation and management, pro-
viding a link between data, researchers, and models. In this
paper, an example of the flow of data and model output between SVS
and GIS is demonstrated using an orographic precipitation model-
ing application.

Gunnison River Basin Climate Study

The objectives of the Gunnison River Basin Climate Study are to
identify the sensitivity of water resources in the basin to rea-
sonable scenarios of climate change, and to develop techniques
useful in assessing the sensitivity of water resources to changes
in climate. One of the techniques being developed is the use of
GIS and SVS as tools in spatial data management and manipulation,
model parameterization, visual data interpretation, and model
verification.

The Gunnison River basin, located in southwestern Colorado, has a
drainage area of 20,530 square kilometers, and elevations that
range from 1,410 to 4,400 meters. The basin is geologically and
hydrologically diverse and provides a challenge in defining the
spatial distribution of various components of the water balance
(e.g. precipitation, temperature, and evaporation). Simulating
the spatial and temporal distributions of precipitation is a
critical component of this effort (Kuhn and Parker, 1992). The
spatial distribution of precipitation in the Gunnison River basin
is variable and complex because of orographic effects and most of
the available precipitation data are from lower elevations near
population centers. Snow is the principal source of available
water in the basin, with seasonal accumulation and storage being
located above 2,800 meters. However, no long-term precipitation
station exists above this elevation. Evaluation of hydrologic
response to climate variability and change depends on accurate
estimates of winter snowpack at these higher elevations. An oro-
graphic precipitation model is used to estimate the spatial and
temporal distribution of winter precipitation within the Gunnison
River basin.

In this study, computer programs are written within a GIS that
expedites the transfer of information between the GIS, the oro-
graphic precipitation model, and the SVS. Model input and output
are used in a SVS for visual interpretation in one- to four-dimen-
sions. The development of true interfaces between models, GIS,
and SVS is programming intensive and is deemed beyond the scope of
work for the Gunnison River Basin Climate Study, although work is
currently being done to develop true interfaces to certain models
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(Leavesley and Stannard, 1990; J. Bromberg, IBM Corporation, per-
sonal communication, 1992).

THE SYSTEM

The system described in this paper consists of three components:
(1) a model (an orographic precipitation model); (2) a GIS (ESRI'’s
ARC/INFO’); and (3) a SVS (IBM’s Data Explorer’). A conceptual
view of this system is shown in Figure 1. The following sections
describe the role of each component within the system, the connec-
tions between the components, and how each component is applied in
the case example.

MODEL

GIS SVS

SYSTEM

Figure 1.--Conceptual view of the input-output relations between
an orographic precipitation model (MODEL), a scientific visual-
ization system (SVS), and a geographic information system (GIS).

Orographic Precipitation Model

The Gunnison River Basin Climate Study is using an orographic pre-
cipitation model, the Rhea-Colorado State University (RHEA-CSU)
model, to estimate precipitation on a daily basis and at a variety
of scales (see Hay et al, 1993b). The RHEA-CSU model is also used
within a larger modeling framework in which general circulation
and mesoscale general circulation models are linked to the RHEA-
CSU model and a watershed model to produce possible scenarios of
climate change (Leavesley et al., 1992; Hay et al., 1992; Kuhn and
Parker, 1992).

The RHEA-CSU model was developed in the late 1970’s (Rhea, 1977).
The model is steady-state, multi-layer, and 2-dimensional; one

dimension is along the prevailing 700 millibar wind direction and
the other is vertical. The model simulates the interaction of air

3. The use of trade or product names in this paper is for identification
purposes only and does not constitute endorsement by the U.S. Geological Sur-

vey .
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layers with the underlying topography by allowing vertical dis-
placement of the air column while keeping track of resulting con-
densate or evaporation. The model requires as input (1) twice
daily soundings from nearby or surrounding upper-air stations and
(2) gridded elevation data. Nine elevation grids are generated
using digital elevation model (DEM) point values, one for each ten
degrees of rotation from 0-80 degrees; grids at complementary and
supplementary angles are derived from these nine. Precipitation
estimates are calculated at each point of the selected rotated
grid and interpolated to a non-rotated inner grid. The inner grid
1s used for the model output and covers an area commeon to all of
the rotated grids. As indicated in Figure 1, model input is
derived from a GIS and model output is analyzed and interpreted
using a GIS and a SVS.

Geographic Information System

The Gunnison River Basin Climate Study is using a GIS to: (1)
establish a common data base for individuals working on different
aspects of the project, (2) develop methods for acquiring, gener
ating, managing, and displaying spatial data required for model-
ing efforts, (3) provide a means for verifying model results, (4)
provide a means to investigate the effects of scale on model
results, and (5) enhance the flow of information and ideas between
project personnel with different specialties (Hay et al., 1993a).
As indicated in Figure 1, the GIS provides input to the orographic
precipitation model and to the SVS. Output from the RHEA-CSU model
also 1s analyzed by the GIS. Specific examples of these applica-
tions are described below.

RHEA-CSU Model Input

The RHEA-CSU model was linked with a GIS that was used to automate
the development of elevation grids from DEM point values, making
it possible to simulate precipitation over a range of spatial
scales and enabling the user to choose the method of topography
characterization (e.g. mean, maximum, or minium elevation) (Hay,
et al, 1992; 1993a; 1993b; and Battaglin et al., 1993). This mod-
ification eliminates what was the most labor intensive step
involved in applying the model to a new area (M.D. Branson, Colo-
rado State University, Department of Atmospheric Science, per-
sonal communication, 1991).

The RHEA-CSU model uses the inverse distance-squared from the
four closest rotated grid cells when interpolating to the inner
grid or when interpolating to an observation station for compari-
son of predicted versus measured precipitation at a point. The
analytic capabilities of a GIS are used to calculate the input
parameters used in the model’s interpolation scheme.



RHEA-CSU Model Output

The GIS's visualization and arithmetic features were used to com-
pare RHEA-CSU model output using 10-, 5-, and 2.5-km mean-eleva-
tion grids to assess the effects of a change in grid-cell size on
model results (Hay et al.,1993b). GIS technology facilitated the
comparison between RHEA-CSU model output from the three spatial
resolutions by allowing the modeler to create static, fixed color
maps of the results from the model runs. Arithmetic features of
the GIS were used to compare the output at the three spatial res-
olutions using grid subtraction and accumulation. Visualizations
of output using a GIS helps the modeler gain insight into model
results at the three spatial resolutions, verify that the model is
functioning correctly, and communicate model results to other
scientists and non-scientists. It was expected that changes in
precipitation would be consistent when there were no changes in
any of the physical process parameters, i.e. if 10-km grids pro-
duce the least precipitation, then 2.5-km grids would produce the
most precipitation. Results from this study showed the 2.5-km
mean-elevation grids produced more precipitation over the entire
inner grid area than that produced using the 10- or 5-km grids,
but 10-km grids produced more precipitation than the 5-km grids,
which was contrary to what was expected (Hay et al., 1993b).

Scientific Visualization System

A sSVS facilitates the display and interpretation of one or more
images through space and time. In this study, a GIS is used to
view winter cumulative precipitation from the RHEA-CSU model spa-
tially, but could not easily be used to view cumulative precipita-
tion images. SVS can be used to animate sequences of images that
display model results over space and time. In addition, SVS allows
the user to interact with the data in a more flexible manner such
as changing the opacity, value, and hue in real-time, determining
the number of parameters to be displayed, and providing multiple
views of the data (e.g. statistical as well as spatial). As indi-
cated in Figure 1, the SVS is used to display output from the
RHEA-CSU model and the GIS. The ability of SVS to effectively dis-
play data through space and time fills a gap in GIS visualization
capabilities. Specific examples of SVS applications are described

below.
GIS Output

SVS have limited analytic capabilities; therefore, data manipula-
tion is conducted within a GIS and output from the GIS is chan-
neled through to the SVS. For example, arithmetic features of the
GIS were used to compare the RHEA-CSU model output at three spa-
tial resolutions using grid subtraction and accumulation. The GIS
could be used easily only to visualize differences in annual cumu-
lative precipitation. In contrast, when results from the RHEA-CSU
model are channeled into the SVS, displays of cumulative precipi-
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tation at the three spatial resolutions can be sequenced to dis-
play significant changes through space and time at the three

resolutions.
RHEA-CSU Model Output

The SVS was used predominately for model verification by sequenc-
ing through time and space images of: (1) measured precipitation
data and RHEA-CSU model output; (2) differences between measured
and simulated precipitation; and (3) measured and simulated pre-
cipitation in cross-section and planar view.

The measured precipitation data are scattered point observations,
whereas RHEA-CSU model output are gridded. The data and model out-
put can be viewed, concurrently, draped over the topography,
using symbols and color changes. For example, cumulative precipi-
tation at each station and at each grid, can be viewed concur-
rently through time. Precipitation measurement station symbols
can be programmed to become larger and a more intense color as
precipitation accumulates. RHEA-CSU model grid cell color inten-
sities change at the same time step and with the same color inten-
sities as the measurement stations.

The SVS can also be used to examine residuals patterns through
space and time. Residuals are calculated within the SVS by sub-
tracting either the RHEA-CSU model grid-cell precipitation or the
interpolated station precipitation from the station precipita-
tion. Residuals are normalized to remove biases such as elevation
effects on precipitation. Residuals at station locations can be
viewed through time: symbols enlarge as the absolute values of a
residual increases, and color and color intensities are opposite
for negative and positive residuals.

Hay et al. (1992; 1993a; 1993b) identified errors in the RHEA-CSU
model’s interpolation of grid cell precipitation to a station
location, and attributed these to be most likely the result of
failure to include elevation in the interpolation scheme. The
sequencing of RHEA-CSU model output images through time, in com-
bination with two cross-sectional plots of precipitation and ele-
vation, provides a visual aid that identifies this problem and
allows for interpretation based on elevation differences between
grid cell and station locations. The cross-section is defined on
the RHEA-CSU model output image interactively within the SVS and
two x-y plots appear along side the RHEA-CSU precipitation image.
The first x-y plot depicts elevation along the cross-section as a
line and station locations and elevations that fall along the
cross-section as symbols. The second x-y plot shows the corre-
sponding simulated cumulative precipitation as a line and cumula-
tive precipitation from stations that fall along the cross-
section as symbols. These images and cross-sectional plots are
sequenced concurrently through time, displaying information on
the spatial distribution of simulated precipitation, station ele-



vation versus grid cell elevation, and measured versus simulated
precipitation.

DISCUSSION AND CONCLUSIONS

A hydrologic modeling application from the Gunnison River Basin
Climate Study was used to demonstrate the analytical and visual-
ization. capabilities of a GIS in combination with the added capa-
bilities of SVS wvisualization. The application consisted of a
three component system that utilizes an orographic precipitation
model, a GIS, and a SVS. The GIS was shown to be an integral part
of the system, facilitating the automation of input data genera-
tion for the orographic precipitation model application and the
comparison and verification of model output at three spatial res-
olutions. SVS visualization capabilities were shown to provide
the additional benefits of displaying images through time and
space and allow more flexibility and breadth of display. Precipi-
tation model output was either transferred directly to the SVS or
channeled through the GIS for manipulation and then transferred
to the 8SVS for visualization. In all cases, the GIS display
capabilities described in this paper were used for visualization
in the static mode. SVS has limited analytic capabilities, there-
fore all data manipulation is done within the GIS and channeled
into the SVS for visualization through space and time. This work
demonstrates the need for a system that more thoroughly inte-
grates the display capabilities of SVS and analytic functions of

GIS.
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Object-Oriented Methods for Hydrologic Modeling
and Remote Sensing

Harlan L. McKim!, Perry J. LaPotin2, E. Alan Cassell3, and Andrew J. Bruzewicz4

Abstract

Operational satellites provide reliable, periodic coverage for all areas of the Earth.
Data from these satellites are obtained in a digital format that provides enhanced flexibility
for hydrologic modeling. Considerable advances in acquiring hydrologic data from
airborne and in situ sensors also have been achieved. Additionally, data from non
traditional remote sensing sources such as weather radar (from which spatial and temporal
rainfall rates may be estimated) are widely available. New data acquisition capabilities have
been paralleled by equal advancements in digital array processing and geographic
information systems, which allow for effective extraction of both temporal and spatial
information. This paper examines the use of object-oriented programming techniques as a
method to create dynamic hydrologic models, and explores the potential application of
object models to receive real and near real-time data from remote sensing sources. In this
context, the Streamflow Synthesis and Reservoir Regulation Model (SSARR) is used to
illustrate the conversion of an established hydrologic model to the object oriented
framework as a method to improve hydrologic forecasting.

Introduction

Spatial and temporal data are required as initial and boundary conditions for both
lumped system and distributed hydrologic models. Additional real-time data is also
required for models that manage complex physical processes with unsteady flow conditions

(Miers and Huebner [1985]). The modeling of hydrologic systems is enhanced by using
object-oriented methods to symbolize differential and integral relationships (Cassell and
Pangburn [1991]). These modeling techniques, known as object-oriented programming
(OOP), include a simple yet robust set of procedures to manage and simulate the wide array
of complex problems encountered in water resource management. Using OOP techniques,
simple graphical interfaces are applied to differential, integral, and auxiliary equations as a
method to examine complex systems in real time. The graphical interfaces provide a dialog
with the user that manages the numerical method, sensitivity analysis, graphical analysis,
and the corresponding generation of the differential equations. As a result, the object-
oriented method greatly simplifies the simulation modeling of complex physical
phenomena. In this paper, the basis for the state-space method of object-oriented
programming is discussed and applied to the SSARR hydrologic model. Additionally the
input of near real-time weather radar data into the model is discussed.

Object-Oriented Simulation Modeling

Object-oriented programming is a recent development designed to make computer
code easier to write, understand and maintain (Baase [1988]). Software written using OOP
tends to be more flexible (easier to customize), and often demonstrates superior information
exchange capabilities. In comparison to traditional programming environments,
programming within QOP is easier, and the final model is generally easier to understand

1Director, Remote Sensing/GIS Center, USACRREL, Hanover, NH 03755.

2Adj. Asst. Prof., Remote Sensing/GIS Center - University of Vermont, USACRREL, Hanover, NH 03755.
3Professor, University of Vermont, Burlington, Vt, 05401.

4Physica.l Scientist, Remote Sensing/GIS Center, USACRREL, Hanover, NH 03755
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and use (Rich [1983], Quinn and Narsingh [1984]). Both pure and hybrid object-oriented
programming languages are available to create interfaces and applications. For example,
OOP was instrumental in providing the user interface for Silicon Graphics and Macintosh
computers.

An object is the basic building block for OOP and usually encapsulates procedures
and techniques for operating on the information. In graphical programming environments,
an object appears on the screen in symbolic form such as a geometric form (square,
triangle, rectangle) or as a miscellaneous symbol (icon, region, picture). Whenever a
message is sent or passed to the object, the object carries out its predefined processing
method. Objects can be grouped into user-defined classes, where each object within a
given class reacts in the same way to a message, while objects in different classes react
differently to the same message. New object classes can be created as a descendant, or
sub-class, of a previously defined class. In this process the new object class inherits
everything from the original class and the programmer then adds new information and/or
redefines the processing methods.

Object oriented simulation modeling (OOSM) contains and uses the new tools
provided by OOP to enhance the ease with which models are created, understood, and
used. In OOSM the model is created by placing objects that represent the important
elements of the system on the computer screen and then connecting the objects to allow
messages (and control instructions) to be routed among the objects. In this manner, both
linear and non linear systems can be modeled, and complicated feedback behavior can be
simulated. Using the OOSM notation of Forrester [1968] and Richmond et al. [1987], the
following symbols are used to construct each simulation model:

) '83 represent Sources or Sinks. If an arrow points into the cloud it must be a sink.
Conversely, an arrow pointing away from a cloud implies that the cloud must be a source.

2 represent Levels (integral equations). Levels accumulate or deplete depending on the
X-valves that are connected to them (i.e. they are assigned an initial condition, and then allowed to
integrate the differential equations symbolized by the rates). The rectangles are referred to as the
"State Variables" for the system since they have the capacity to change states through time and
space. The term "steady-state” is used to describe a state variable invariant in time (and/or space).

-~

3) O represent Rates (differentials). The object is meant to symbolize a "plumber's” valve
that opens or closes depending on physical conditions.

(6] O are referred to as "converters” and function to convert inputs into outputs. The inputs
may be equations/logical statements etc. (open circles) or numerical relationships (circles
containing tildes). Converters do not accumulate but change instantaneously over the simulation
run.

o) =D are referred to as pipelines, and are represented as double-lined arrows. They
function to allow physical flow into or out of levels and sources or sinks. The attached rates
(differentials) are the flow regulators through the pipeline. Pipelines have no numerical value.

(6) —— are referred to as "connectors” or information flows, and function to depict the
causal linkages among the objects (variables) in the model. Connectors have no numerical value.

To illustrate how the specific objects are applied to simulation modeling, two
examples are presented. In the first example, a continuity model is provided to illustrate the
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