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Abstract: Mathematical modeling of watershed hydrology is employed to address a wide spectrum of environmental and water re-
sources problems. A historical perspective of hydrologic modeling is provided, and new developments and challenges in watershed mode
are discussed. These include data acquisition by remote sensing and space technology, digital terrain and elevation models, chemic
tracers, geographic information and data management systems, topographic representation, upscaling of hydrologic conservation eqt
tions, spatial variability of hydraulic roughness, infiltration and precipitation, spatial and temporal scaling, model calibration, and linking
with water quality models. Model construction, calibration, and data processing have received a great deal of attention, while model
validation, error propagation, and analyses of uncertainty, risk, and reliability have not been treated as thoroughly. Finally, some remark:
are made regarding the future outlook for watershed hydrology modeling.
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Introduction tion of projects, to conserve water and soil resources and to pro-
tect their quality. At the field scale, models are used for varied
Hydrology was defined by Penmgi961) as the science that purposes, such as planning and designing soil conservation prac-
attempts to answer the question, “What happens to the rain”? tices, irrigation water management, wetland restoration, stream
This sounds like a simple enough question, but experience hasestoration, and water-table management. On a large scale, mod-
shown that quantitative descriptions of the land phase of the hy-els are used for flood protection projects, rehabilitation of aging
drologic cycle may become very complicated and are subject to adams, floodplain management, water-quality evaluation, and
great deal of uncertainty. The term “watershed hydrology” is de- water-supply forecasting.
fined as that branch of hydrology that deals with the integration of  \\atershed models are fundamental to water resources assess-
hydrologic processes at the watershed scale to determine the Wament, development, and management. They are, for example,
tershed response. The emphasis in this paper is on the models thafseq to analyze the quantity and quality of streamflow, reservoir
accomplish this integration, not on the models of individual com- system operations, groundwater development and protection, sur-

ponent processes. . face water and groundwater conjunctive use management, water

A watershed may be as small as a flower bed ora parking IC’tdistribution systems, water use, and a range of water resources
or as large as hundreds of thousands of square kilometers as exr'nanagement activitie@Vurbs 1998
emplified by the Mississippi River basin. Operative hydrologic Watershed models are employéd to understand dynamic inter-
processes and their spatial nonuniformity are defined by climate, i bet limat d land-surf hvdrol F )
topography, geology, soils, vegetation, and land use and are re2ctions between climate and land-surfaceé nydrology. -or ex

lated to the basin size. The nonuniformity of hydrologic processes a"?p'e' vegt_atatlon, snow cover, permafrost active Iaye_r, etc. are
is also directly related to the watershed size. quite sensitive to the lower boundary of the atmospheric system.

Mathematical models of watershed hydrology are designed to The water and heat transfer between the land surface and atmo-
answer Penman’s question at a level of detail depending on theSPhere significantly influences hydrologic characteristics and
problem at hand and are employed in a wide spectrum of areasyield, and in turn, lower boundary conditions for climate model-
ranging from watershed management to engineering designind (Kavvas et al. 1998 An assessment of the impact of climate

(Singh 1995 They are used in the planning, design, and opera- change on national water resources and agricultural productivity
is made possible by the use of watershed models.

Water allocation requires an integration of watershed models
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In summary, watershed models have become an essential toobf physics, derived a formula that is still popular for computing
for water resources planning, development, and management. Irthe infiltration capacity rate. The empirical equations of Kostia-
the years ahead, the models will become even more common andov (1932 and Horton(1933, 1935, 1939, 194@re also used by
will play an increasing role in our day-to-day lives. The objective some current watershed models. Early work describing evapora-
of this work is to provide a historical perspective of watershed tion from lakes was done by Richards¢®31) and Cummings
modeling, provide a short synopsis of currently used models, re- (1935, while Thornthwaite(1948 and Penmari1948 made im-
flect on new developments and challenges, and conclude with aportant contributions to models of evapotranspiration.
personal view of what the future has in store for mathematical  There were also attempts to quantify other abstractions, such
modeling of watershed hydrology. as interception, depression storage, and detention storage. Horton

(1919 derived a series of empirical formulas for estimating inter-

ception during a storm for various types of vegetal covers. The
Historical Perspective Soil Conservation Servic€8CS (1956, now called the Natural

Resources Conservation Service of the U.S. Department of Agri-
Hydrological modeling has a long and colorful history. Its begin- culture, developed what is now referred to as the SCS-curve num-
ning can be traced to the development of civil engineering in the ber method for computing the amount of storm runoff, taking
nineteenth Century for the design of roadsl Cana|sy C|ty SewerS,abStraCtionS into account. AlthOUgh it was originally intended to
drainage systems, dams, culverts, bridges, and water-supply systmodel daily runoff as affected by land-use practices, it has been
tems. Until the middle of the 1960s, hydrologic modeling prima- used to model infiltration as well as runoff hydrograph for con-
rily involved the development of concepts, theories and models of tinuous hydrologic simulation.
individual components of the hydrologic cycle, such as overland ~ The underground phase of the hydrologic cycle was investi-
flow, channel flow, infiltration, depression storage, evaporation, 9ated by Fair and Hatct1933, who derived a formula for com-
interception, subsurface flow, and base flow. The Hortonian Puting the permeability of soil. Thei€l935 combined Darcy’s
mechanism, subsurface flow mechanism, and partial and sourcdaw Wwith the continuity equation to derive the relation between

area contributions were recognized as contributors to runoff.  the lowering of the piezometric surface and the rate and duration
of discharge of a well. This work laid the foundation of quantita-

tive groundwater hydrology. Jacol1943, 1944 correlated
Development of Component Models groundwater levels and precipitation on Long Island, N.Y. The

The origin of mathematical modeling dates back to the rational Study of groundwater and infiltration led to the development of
method developed by Mulvanil850 and an “event” model by techniques for separation of baseflow and interflow in a hy-
Imbeau(1892) for relating storm runoff peak to rainfall intensity. ~ drograph(Barnes 194p .
About four decades later, Sherm#h932 introduced the unit Puls (1928, of the U.S. Army Corps of Engineers, Chatta-
hydrograph concept for relating the direct runoff response to rain- "00ga District, developed a method for flow routing through res-
fall excess. About the same time, Hort¢h933 developed a ervoirs, assuming |_nvar|able storag_e-dlscharge relatlonshlps a_md
theory of infiltration to estimate rainfall excess and improve hy- neglecting the variable slope during flood propagation. This
drograph separation techniques. Horté839 investigated over- ~ Method, later modified by the U.S. Bureau of Reclamati@#9,
land flow and produced a semiempirical formula. Keulegan IS NOW referred tq as the modified Puls method. Using the concept
(1944 made a theoretical investigation of overland flow and sug- ©f wedge and prism storage, McCarthy and others developed the
gested that simplifying the equations to what is now termed the Muskingum method of flow routing in 1934—1938.S Army
kinematic wave form would be appropriate. lzza@®44 fol- Corps qf Engineers 1936This method is still used for flood
lowed with an experimental analysis. Hortat045 developed a  routing in several watershed models. _
concept of erosional land-form development and streamflow gen- ~ After a lull of nearly a quarter century in the area of rainfall-
eration dominated by overland flow. Presented in this pioneering "unoff modeling, a flurry of modeling activity started around the
work were a set of empirical laws, now known as Horton's laws, Middle of the 1950s. A major effort employed the theory of linear
which constituted the foundation of quantitative geomorphology. SyStéms, which led to the theory of the instantaneous unit hy-
In these contributions, evaporation and other abstractions weredrograph by Nash(1957 and then the generalized unit hy-
treated using coefficients or indices. drograph thepry by. Doog€el959. Lighthill and Wh|tham(1955
Concurrent with Horton's work, Lowdermilk1934), Hursh deyeloped k_|nemat|c wave theory for flow routing in Iong_ rivers.
(1936, and Hursh and Bratefl944 observed that subsurface This theory is now a}ccepted as astandarq tool for modeling over-
water movement constituted one component of storm flow hydro- 1and flow and a variety of other hydrologic processes.
graphs in humid regions. Subsequently, Hoover and H(ir843
and Hursh (1944 reported significant storm-flow generation
caused by a “dynamic form of subsurface flow.” Roes€E50
observed dynamic changes in streamside groundwater flow.The decade of the 1960s witnessed the digital revolution that
Based on the works of Hewleti961a,b, Nielsen et al(1959, made possible the integration of models of different components
Remson et al.(1960, among others, it is now accepted that of the hydrologic cycle and simulation of virtually the entire wa-
downslope unsaturated flow can contribute to streamside satutershed, as exemplified by the seminal contribution of the Stan-
rated zones and thus generate streamflow. Through the years sincord Watershed Model-SWMnow HSPH by Crawford and Lin-
the 1940s, this thinking culminated into what is now referred to as sley(1966. This was probably the first attempt to model virtually
subsurface flow mechanism and has indeed expanded into a mor¢he entire hydrologic cycle. Simultaneously, a number of some-
integrated understanding of streamflow generation, of which Hor- what less comprehensive models were developed. Examples of
ton’s theory is but a part. such models that became popular are the watershed models of
One of the earliest attempts to develop a theory of infiltration Dawdy and O’Donnel(1965 and HEC-1(Hydrologic Engineer-
was by Green and Am@til911) who, using simplified principles  ing Center 1968 Also, a number of semidistributed models ca-

Development of Watershed Models
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pable of accounting for the spatial variability of hydrologic pro- the purview of the U.S. Bureau of Reclamation. The UBC and
cesses within the watershed were developed, as illustrated by tanRVATFLOOD models are popular in Canada for hydrologic simu-
models developed by Sugawafd967 and Sugawara etal. lation. The RORB and WBN models are commonly employed for
(1974. flood forecasting, drainage design, and evaluating the effect of
Indeed there has been a proliferation of watershed hydrology land-use change in Australia. TOPMODEL and SHE are the stan-
models since the development of SWht HSPH, with emphasis dard models for hydrologic analysis in many European countries.
on physically based models. Examples of such watershed hydrol-The HBV model is the standard model for flow forecasting in
ogy models are SWMMMetcalf and Eddy et al. 1971PRMS Scandinavian countries. The ARNO, LCS, and TOPIKAPI mod-
(Leavesley et al. 1983 NWS River Forecast SysteriBurnash els are popular in Italy. The Tank models are well accepted in
et al. 1973, SSARR (Rockwood 1982 Systeme Hydrologique  Japan. The Xinanjiang model is a commonly used model in
Europeen(SHE) (Abbott et al. 1986a) TOPMODEL (Beven China.
and Kirkby 1979, IHDM (Morris 1980, and so on. All of these
models have since been significantly improved. SWM, now called
HSPF, is far more comprehensive than its original version. SHE
has been extended to include sediment transport and is applicabl@he World Meteorological OrganizatioiWwMO) sponsored three
at the scale of a river basiiBathhurst et al. 1995 TOPMODEL studies on intercomparison of watershed hydrology models. The
has been extended to contain increased catchment informationfirst study (World Meteorological Organization 19y%ealt with
more physically based processes, and improved parameter estimaconceptual models used in hydrologic forecasting. The second
tion. study(WMO 1986 dealt with an intercomparison of models used
The digital revolution also triggered two other revolutions, for simulation of flow rates, including snowmelt. The third study
namely, numerical simulation and statistical simulation. The (WMO 1992 dealt with models for forecasting streamflow in real
power of computers increased exponentially and, as a result, adtime. Except for the WMO reports, no comprehensive effort has
vances in watershed hydrology have occurred at an unprec-been made to compare most major watershed hydrology models.
edented pace during the past 35 years. During the decades of thélowever, efforts have been made to compare models of some
1970s and 1980s, a number of mathematical models were develcomponent processes. Also, developers of some models have
oped not only for simulation of watershed hydrology but also for compared their models with one or a few other models.
their applications in other areas, such as environmental and eco-
systems management. Development of new models or improve-
ment of previously developed models continues today. Table 1 Review and Synthesis
shows in chronological order a sample of popular hydrologic pyring the period 1970-1995, several very instructive state-of-
models from around the globe. These days virtually all federal {he.art papers dealing with watershed modeling appeared. It is
agencies in the United States have their own models or SOMepheyond the scope of this paper to deal with a large sample of such
variants of models developed elsewhere. _ papers, but it is interesting to compare modeling concepts and
In 1991, the Bureau of Reclamati¢b991) prepared an inven-  chajlenges expressed by Hormberger and B6y885 with those
tory pf 64 watersh.ed hydrolqu models cla§5|f|ed into four cat- -qpsidered to be important 22 years earlitarke 1973; Wool-
egories, and the inventory is currently being updated. Burton niser 1973, Clarke (1973 discussed important issues regarding
(1993 compiled theProceedings of the Federal Interagency mqdel identification and diagnosis and parameter estimation and
Workshop on Hydrologic Modeling Demands for the 1990 ghowed that interdependence between model parameters required
which contains several important watershed hydrology models. gyensive exploration of error objective function surfaces, particu-
Singh(1995h edited a book that summarized 26 popular models larly when the model is used to determine the likely effects of
from around the_globe. The _Subcommittee on Hydrology of the |3nd-use change. Woolhisét973 pointed out the importance of
Interagency Advisory Committee on Water DAtaSGS 1998 estimates of initial conditions for nutrient transport models and
published theProceedings of the First Federal Interagency Hy- 3150 reasoned that model verification and estimation of model
drologic Modeling Conferengevhich contains many popular wa- parameters needed more attention.
tershed hydrology models developed by federal agencies in the  geyeral investigators reviewed hydrologic models developed
United Statgs. Wurbél998 Ilsteq a number of geperahzed water s to the beginning of the 1980s and discussed model reliability
resources simulation models in seven categories and dlscussegnd future directiongLinsley 1982; Dawdy 1982; James et al.
their dissemination. 1982; James and Burges 1982a,b; Delleur 1982; Jackson.1982
Todini (1988a,b reviewed the historical development of math-
ematical methods used in rainfall-runoff modeling and classified
the models based on a priori knowledge and problem require-
There are several well known general watershed models in cur-ments. He foresaw the increasing role of distributed models, sat-
rent use in the United States and elsewhere. These models vargllite, and radar technology in watershed hydrology and noted
significantly in the model construct of each individual component that techniques for model calibration and verification remained
process, partly because these models serve somewhat differeriess than robust.
purposes. HEC-HMS is considered the standard model in the pri-  Goodrich and Woolhisef1991) reviewed progress in catch-
vate sector in the United States for the design of drainage sys-ment hydrology in the United States and emphasized that a de-
tems, quantifying the effect of land-use change on flooding, etc. tailed process-based understanding of hydrologic response over a
The NWS model is the standard model for flood forecasting. range of catchment scales, 0.01-50Cksstill eluded the hydro-
HSPF and its extended water quality model are the standard moddogic community. EI-Kady(1989 reviewed numerous watershed
els adopted by the Environmental Protection AgefeRS. The models and concluded that the surface water-groundwater linkage
MMS model of the USGS is the standard model for water re- needed improvement, while ensuring an integrated treatment of
sources planning and management works, especially those undethe complexity and scale of individual component processes.

Comparison of Watershed Models

Currently used Watershed Models
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Table 1. Sample of Popular Hydrologic Models

Model name/acronym

Auth¢s) (year

Remarks

Stanford watershed ModéBWM)/Hydrologic Simulation
Package-Fortran I\HSPBH

Catchment Mode(CM)

Tennessee Valley Authorit§TVA) Model

U.S. Department of Agriculture Hydrograph Laboratory
(USDAHL) Model

U.S. Geological SurveyUSGS Model

Utah State UniversityUSU) Model

Purdue Model

Antecedent Precipitation IndetaAP1) Model

Hydrologic Engineering Center—Hydrologic Modeling
System(HEC-HMS)

Streamflow Synthesis and Reservoir regulatiSSARR
Model

National Weather service-River Forecast Syst&wS-RF3S
University of British Columbia UBC) Model

Tank Model

Runoff Routing Mode(RORB)

Agricultural Runoff Model(ARM)

Storm Water Management ModeSWMM)

Xinanjiang Model
Hydrological Simulation(HBV) Model

Great Lakes Environmental Research Laborat@yERL)
Model

Pennsylvania State University—Urban Runoff Model
(PSU-URM

Chemicals, Runoff, and Erosion from Agricultural
Management System€REAMS)

Crawford and Linsley(1966),
Bicknell et al.(1993

Dawdy and O’'Donnel(1965
Tenn. Valley Authority(1972
Holtan and LopeZ1971),
Holtan et al.(1974

Dawdy et al.(197Q 1978

Andrews et al(1978
Huggins and Monk&1970

Sittner et al.(1969
Feldman(1981), HEC (1981, 2000

Rockwood(1982),

U.S. Army Corps of Engineer&l 987,
Speerg1995

Burnash et al(1973ab),
Burnash(1975

Quick and Pipeg1977), Quick (1195

Sugawara et al1974, Sugawarg1995
Laurenson(1964),

Laurenson and Mei(1993, 199%
Donigian et al.(1977

Metcalf and Eddy et al(1972),

Huber and Dickinsor{1988),

Huber (1995

Zhao et al.(1980, Zhao and Liu(1195
Bergstrom(1976,1992, 1995

Croley (1982 1983

Aron and Lakato$1980

USDA (1980

Areal Non-point Source Watershed Environment ResponseBeasley et al(1977),

Simulation(ANSWERS

Erosion Productivity Impact CalculatdEPIC) Model

Simulator for Water Resources in Rural Basi8&&VRRB

Simulation of Production and Utilization of Rangelands
(SPUR

National Hydrology Research Institu(BlHRI) Model

Technical Report-20TR-20) Model

Bouraoui et al(2002

Williams et al.(1984),
Williams (1995a,b

Williams et al.(1985,
Williams (1995a,b

Wight and Skileg1987),
Carlson and Thurovw1992,
Carlson et al(1995
Vandenberg1989

Soil Conservation Servicgl 965

Continuous, dynamic event or steady-state
simulator of hydrologic and hydraulic and
water quality processes

Lumped, event-based runoff model
Lumped, event-based runoff model
Event-based, process-oriented,

lumped hydrograph model
Process-oriented, continuous/event-based
runoff model

Process-oriented, event/continuous
streamflow model

Process-oriented, physically based,

event runoff model

Lumped, river flow forecast model
Physically-based, semidistributed,
event-based, runoff model

Lumped, continuous streamflow
simulation model

Lumped, continuous river forecast system

Process-oriented, lumped parameter,
continuous simulation model
Process-oriented, semidistributed or
lumped continuous simulation model
Lumped, event-based runoff simulation
model

Process-oriented, lumped runoff
simulation model

Process-oriented, semidistributed,
continuous stormflow model

Process-oriented, lumped, continuous
simulation model

Process-oriented, lumped, continuous
streamflow simulation model

Physically based, semidistributed
continuous simulation model

Lumped, event-based urban runoff model

Process-oriented, lumped parameter,
agricultural runoff and water quality
model

Event-based or continuous, lumped
parameter runoff and sediment yield
simulation model

Process-oriented, lumped-parameter,
continuous water quantity and quality
simulation model

Process-oriented, semidistributed, runoff
and sediment yield simulation model
Physically based, lumped parameter
ecosystem simulation model

Physically based, lumped parameter,
continuous hydrologic simulation model
Lumped parameter, event based runoff
simulation model
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Table 1. Continued

Model name/acronym

Auth¢s) (yea

Remarks

Systeme Hydrologique Europeen/Systeme Hydrologiquabbott et al.(1986ab),

Europeen SedimefSHE/SHESED
Institute of Hydrology Distributed ModgllHDM)

Physically Based Runoff Production
Model (TOPMODEL)
Agricultural Non-Point Source ModéAGNPS

Kinematic Runoff and Erosion ModéKINEROS)

Groundwater Loading Effects of Agricultural
Management SystemE&LEAMS)

Generalized River Modeling Package—Systeme

Hydroloque EuropeefMIKE-SHE)

Simple Lumped Reservoir Paramet(BLURP
Model

Snowmelt Runoff Mode[SRM)

THALES

Constrained Linear SimulatiofCLS)

ARNO (Arno Riven Model

Waterloo Flood Syster\WATFLOOD)
Topgraphic Kinematic Approximation

and Integration TOPIKAPI) Model
Hydrological (CEQUEAU) Model

Large Scale Catchment Mod@lASCAM)
Mathematical Model of Rainfall-Runoff
Transformation SysterWISTOO)
Rainfall-Runoff(R-R) Model
Soil-Vegetation-Atmosphere Transfe3VAT)
Model

Hydrologic Model SystenfHMS)
Hydrological Modeling SystenfARC/EGMO)
Macroscale Hydrolgical Model-Land Surface
SchemegMODCOU-ISBA)

Regional-Scale Hydroclimatic ModéRSHM)
Global Hydrology Model(GHM)

Distributed Hydrology Soil Vegetation Model
(DHSVM)

Systeme Hydrologique Europeen Transport
(SHETRAN)

Cascade two dimensional ModeéASC2D

Dynamic Watershed Simulation ModédWSM)

Surface Runoff, Infiltration, River Discharge and

Groundwater Flow(SIRG)

Bathurst et al(1995

Beven et al(1987),

Calver and Wood1995
Beven and Kirkby(1976 1979,
Beven(1995

Young et al.(1989 1995

Woolhiser et al(1990,
Smith et al.(1995

Knisel et al.(1993,

Knisel and Williams(1995
Refsgaard and Storif1195
Kite (1995

Rango(1995

Grayson et al(1199

Natale and Todin{1976ab, 1977

Todini (1988ab, 1996

Kouwen et al.(1993,
Kouwen (2000
Todini (19995

Morin et al. (1995 1998
Sivapalan et al(1996ab,0)

Ozga-Zielinska and
Brzezinski(1994
Kokkonen et al(1999

Ma et al.(1999,

Ma and Chend1998

Yu (1996,

Yu and Schwart£1998,

Yu et al. (1999

Becker and Pfutzne(1987),
Lahmer et al(1999
Ledoux et al.(1989,
Noilhan and Mahfouf1996
Kavas et al(1998

Anderson and Kavva&002
Wigmosta et al(1994)
Ewen et al.(2000

Julien and Saghafiafi991),
Ogden(1998

Borah and Berd2000),

Borah et al.(1999
Yoo (2002

Physically based, distributed, continuous
streamflow and sediment simulation

Physically based, distributed, continuous
rainfall-runoff modeling system

Physically based, distributed, continuous
hydrologic simulation model

Distributed parameter, event-based, water
quantity and quality simulation model

Physically based, semidistributed, event-based,
runoff and water quality simulation model
Process-oriented, lumped parameter, event-based
water quantity and quality simulation model
Physically based, distributed, continuous
hydrologic and hydraulic simulation model
Process-oriented, distributed, continuous
simulation model

Lumped, continuous snowmelt-runoff simulation
model

Process-oriented, distributed-parameter, terrain
analysis-based, event-based runoff simulation model
Lumped parameter, event-based or continuous
runoff simulation model

Semidistributed, continuous rainfall-runoff
simulation model

Process-oriented, semidistributed continuous flow
simulation model

Distributed, physically based, continuous
rainfall-runoff simulation model

Distributed, process-oriented, continuous runoff
simulation model

Conceptual, semidistributed, large scale, continuous,
runoff and water quality simulation model
Process-oriented, semidistributed, event-based or
continuous simulation model

Semidistributed, process-oriented, continuous
streamflow simulation model

Macroscale, lumped parameter, streamflow
simulation system

Physically based, distributed-parameter,
continuous hydrologic simulation system

Process-oriented, distributed, continuous simulation
system

Macroscale, physically based, distributed, continuous
simulation model

Process-oriented, regional scale, continuous
hydrologic simulation model

Process-oriented, semidistributed, large scale
hydrologic simulation model

Distributed, physically based, continuous hydrologic
simulation model

Physically based, distributed, water quantity

and quality simulation model

Physically based, distributed, event-based

runoff simulation model

Process-oriented, event-based, runoff and

water quality simulation model

Physically based, lumped parameter, event-based
streamflow simulation model
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Table 1. Continued

Model name/acronym Auth¢s) (year Remarks
Modular Kinematic Model for Runoff Simulation Stephenso1i1989 Physically based, lumped parameter,
(Modular System Stephenson and Rand¢ll999 event-based runoff simulation model
Watershed Bounded Network Mod@VBNM) Boyd et al.(1979,1996), Geomorphology-based, lumped parameter,
Rigby et al.(199]) event-based flood simulation model
Geomorphology-Based Hydrology Simulation Yang et al.(1998 Physically based, distributed, continuous hydrologic
Model (GBHM) simulation model
Predicting Arable Resource Capture in Hostile Young and Gowing1996 Process-oriented, lumped parameter,
Environments-The Harvesting of Incident Rainfall in event-based agro-hydrologic model
Semi-arid Tropic§PARCHED-THIRST Wyseure et al(2002
Daily Conceptual Rainfall-Runoff Model Potter and McMahori1976), Lumped, conceptual rainfall-runoff model
(HYDROLOG)-Monash Model Chiew and McMahor(1994)
Simplified Hydrology Model(SIMHYD) Chiew et al.(2002 Conceptual, daily, lumped parameter rainfall-runoff
model
Two Parameter Monthly Water Balance Model Guo and Wandg1994 Process-oriented, lumped parameter, monthly runoff
(TPMWBM) simulation model
The Water and Snow Balance Modeling System Xu (1999 Conceptual, lumped, continuous hydrologic model
(WASMOD)
Integrated Hydrometeorological Forecasting Georgakakos et a(1999 Process-oriented, distributed, rainfall and flow
System(IHFS) forecasting system
Stochastic Event Flood Mod¢SEFM) Scaefer and Barkgr1999 Process-oriented, physically based event-based, flood
simulation model
Distributed Hydrological Mode(HYDROTEL) Fortin et al.(2001ab) Physically based, distributed, continuous hydrologic
simulation model
Agricultural Transport Mode(ACTMO) Frere et al (1975 Lumped, conceptual, event-based runoff and
water quality simulation model
Soil Water Assessment To6BWAT) Arnold et al.(1998 Distributed, conceptual, continuous simulation model

While reviewing advances in watershed modeling, Hornberger experimental data. For example, little thought was given to the
and Boyer(1995 emphasized the need to deal with spatial vari- problem of subgrid scale variability in 1973. It was assumed that
ability and scaling and the need to explicitly consider linkages it was only necessary for a distributed model to accommodate the
among hydrology, geochemistry, environmental biology, meteo- variability of saturated hydraulic conductivity due to different soil
rology, and climatology. The most important recent advances in types and vegetative cover as well as watershed topography and
watershed modeling were noted to have been the employment ofcthannel geometry. Small-scale spatial variability of saturated con-
geographical information systen{&lS), remotely sensed data, ductivity, i.e., within a computational element, was not considered
and environmental tracers. The need for the acquisition of moreimportant until analysis of data from rainfall simulator plots
data and more experimentation were emphasized for futureshowed an increase in infiltration rate with rainfall intenseyg.,
progress of hydrology. Hawkins and Cundy 1987Many of the challenges discussed by

Advances in scientific understanding and subsequent engineerHornberger and Boyd995 result from new technology; the use
ing applications come about through new theoretical insights, of digital elevation model$DEMs) and GIS raises the question of
unique observations, or by the development of new measurementsubgrid variability and the effect of pixel size on model calibra-
or computational techniques. It appears that there have been fewtion. One new concept that appeared is the use of topographic
theoretical breakthroughs. For example, Freeze and Herg&69 indices such as those used in TOPMOD®Beven and Kirkby
laid out the blueprint for a three-dimensional watershed model, 1979; Binley et al. 1989a)bAnother new approach is the use of
including precipitation, surface runoff, porous media flow, open chemical tracers in conjunction with numerical models. Another
channel flow, interaction of groundwater and channel flow, and new concept is one of upscaling of hydrologic conservation equa-
transport of water to the atmosphere by evaporation and transpi-tions and subgrid spatial variability.
ration. The model could not be implemented at the time because
of computational and data limitations. However, it is a conceptual
forerunner of the watershed model SKi&bbott et al. 1986a,b Classification of Watershed Hydrology Models
The Stanford Watershed ModéCrawford and Linsley 1962,

1966 was considered to be the standard for applied models in A watershed hydrology model is an assemblage of mathematical
1973. Many current models have essentially the same fundamen-descriptions of components of the hydrologic cycle. The model
tal structure. The modeling of water quality was just beginning, structure and architecture are determined by the objective for
and models of dissolved oxygen in a reach of stream, transport ofwhich the model is built. For example, a hydrologic model for
conservative and nonconservative pollutants, radioactive aerosolsflood control is quite different from the one for hydropower gen-
and nutrients in streams and watersheds were under developmentration or reservoir operation. Likewise, a model for water re-

Many of the advances after 1973 were due to improvements in sources planning is significantly different from the one used for
computational facilities or new measurement techniques. Otherswater resources design or ecological management. SikRfba
were due to insights obtained by comparing model results with classified hydrologic models based @n process descriptior{2)
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timescale3) space scalg4) techniques of solution(5) land use; course, storage, handling, retrieval, analysis, and manipulation of
and(6) model use. ASCE1996 reviewed and categorized flood data have to be dealt with. If the volume of data required is large,
analysis models int¢l) event-based precipitation-runoff models; data processing and management can be quite a sophisticated un-

(2) continuous precipitation-runoff model€3) steady flow rout- dertaking.
ing models;(4) unsteady-flow flood routing model&5) reservoir The data needed for watershed hydrology modeling are hy-
regulation models; an¢) flood frequency analysis models. drometeorologic, geomorphologic, agricultural, pedologic, geo-

Although the mathematical equations embedded in watershedlogic, and hydrologic. Hydrometeorologic data include rainfall,
models are continuous in time and often space, analytical solu-snowfall, temperature, radiation, humidity, vapor pressure, sun-
tions cannot be obtained except in very simple circumstances.shine hours, wind velocity, and pan evaporation. Agricultural data
Numerical methodsfinite difference, finite element, boundary el- include vegetative cover, land use, treatment, and fertilizer appli-
ement, boundary fitted coordinatenust be used for practical cation. Pedologic data include soil type, texture and structure, soil
cases. The most general formulation would involve partial differ- condition, soil particle size diameter, porosity, moisture content
ential equations in three space dimensions and time. If the spatialand capillary pressure, steady-state infiltration, saturated hydrau-
derivatives are ignored, the model is said to be “lumped”; other- lic conductivity, and antecedent moisture content. Geologic data
wise, it is said to be “distributed,” and the solutigoutpu) is a include data on stratigraphy, lithology, and structural controls.
function of space and time. Strictly speaking, if a model is truly More specifically, data on the type, depth, and areal extent of
distributed, all aspects of the model must be distributed including aquifers are needed. Depending on the nature of aquifers, these
parameters, initial and boundary conditions, and sources anddata requirements vary. For confined aquifers, hydraulic conduc-
sinks. Practical limitations of data and discrete descriptions of tivity, transmissivity, storativity, compressibility, and porosity are
watershed geometry and parameters to conform to the numericaheeded. For unconfined aquifers, data on specific yield, specific
solution grid or mesh do not permit a fully distributed character- storage, hydraulic conductivity, porosity, water table, and re-
ization. Most watershed hydrology models are deterministic, but charge are needed. Each dataset is examined with respect to ho-
some consist of one or more stochastic components. mogeneity, completeness, and accuracy. Geomorphologic data in-

Several scientific disciplines have developed mathematical de-clude topographic maps showing elevation contours, river
scriptions of components of the hydrological cycle, using basic networks, drainage areas, slopes and slope lengths, and watershed
physical principles in conjunction with experimental data. The area. Hydrologic data include flow depth, streamflow discharge,
physical fidelity of these models depends on the objective of the base flow, interflow, stream-aquifer interaction, potential, water
researcher and the tools available to solve the resulting equationstable, and drawdowns.

The watershed modeler has wide latitude in choosing the level of

rigor or detail required of an individual component model, and the

choices are affected by the objectives, watershed topography, geNew Developments and Challenges in Watershed
ology, soils, land use, and the available information. Models

Although watershed models may be complicated with many
parameters, frequently, the information that they are required to g4 Acquisition
provide is very simple, as for example, the mean annual ground-
water recharge rate over part of the basin or the 100-year flood.gemote Sensing and Space Technology

Statistical tools, including regression and correlation analysis, New data collection techniques, especially remote sensing, satel-
time-series analysis, stochastic processes, and probabilistic analyjites, and radar, received a great deal of attention in the 1980s and
sis are necessary to analyze the output to provide this type of¢ontinue to do so. Major advances have been made in recent years
information. Because of uncertainties in model structure, param-in remote sensing and radar and satellite technology, which are
eter values and precipitation, and other climatic inputs, uncer- gsing a long way in alleviating the scarcity of data that is one of
tainty analysis and reliability analysis can be employed to exam- the major difficulties in watershed hydrologic modeling. This
ine their impact. o technology provides synoptic data regarding spatial distribution
~ Wurbs (1998 highlighted the availability and role of general- ¢ meteorological inputs; soil and land-use parameters; initial
ized computer modeling packages and outlined the institutional conditions; inventories of water bodies; such as dams, lakes,
setting within which the models are disseminated throughout the swamps, flooded areas, rivers, etc.; mapping of snow and ice
water community. Generalized water resources models were clasgngitions: water-quality parameters, etEngman and Gurney
sified into (1) watershed modelg?2) river hydraulics models(3) 1991). Digital imagery provides mapping of spatially varying

river and rgservoir water quality modelgt) reservoir/river_ sys- landscape attributes. Goodrich et €994 employed remotely
tem operation modeld5) groundwater models6) water distri- sensed soil wetness for modeling runoff in semiarid environ-
bution system hydraulic models; and@) demand forecasting  ments.

models. Radar is being employed for rainfall measurements. In contrast

with point measurements provided by the usual rain-gauging

techniques, the advantage of radar measurements is that they pro-
Hydrologic Data Needs vide spatial mapping of rainfall, which is badly needed for dis-

tributed models. The Next Generation Weather Radar, Weather
Frequently, the type of a model to be built is dictated by the Surveillance Radars-88 Doppler, among others, are being em-
availability of data. In general, distributed models require more ployed to near real-time high-resolution precipitation volume and
data than do lumped models. In most cases, needed data either dimtensity over space and time. The S@ibw Natural Resources
not exist or are not available in full. That is one reason why Conservation Service collects real-time data on snowpacks from a
regionalization and synthetic techniques are useful. Even if the network of about 500 snowpack telemetry sites located in remote
needed data are available, problems remain with regard to com-mountainous areas of the western United States. These point mea-
pleteness, inaccuracy, and inhomogeneity of data. Then, ofsurements are augmented by satellite remote sensing to provide
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spatial and temporal distribution of snowpack properties. The Na- many hydrologic and geomorphologic applications. Moore and
tional Operational Hydrologic Remote Sensing Center of the Na- Grayson(1991 reported that computed flow paths took on zigzag
tional Weather Service provides data on real-time snow-water shapes. Moore et a(1988a,b used contour-based DEMs for hy-
equivalents for river basins in more than 25 states through its drologic and ecologic applications. O’Loughl{®986 employed
airborne gamma radiation measurements, and maps areal exterthem to identify zones of saturation, and Moore and Bii&86
of snow cover for more than 4,000 river basins nationwide used them to delineate zones of erosion and deposition. The grid
through satellite data from the Advanced Very High Resolution and vector networks are useful for planning purposes. Silfer et al.
Radiometer and the Geostationary Operational Environmental (1987 used a kinematic wave model for computing overland
Satellite. flow, based on TIN-DEM representation. A similar concept was
The Landsat Thematic MappeF, Multispectral Scanner, or  employed by Grayman et &l1975, Vieux (1988, and Goodrich
Systeme Probatoire d’ la Terre produce satellite imagery that, in and Woolhiser(1991).
conjunction with aerial photos and terrain data, has proved suc- Hydrologic models with a spatial structure are being increas-
cessful for providing data for mapping and classification of land ingly based on DEM or DTMMoore et al. 1988a)bMany of the
use and vegetative land cover. Similary, the airborne light detec- existing models, such as SHE, TOPMODEL, etc., have been
tion and ranging technology is being employed to provide accu- adapted to the new type of data. Integration of hydrologic models
rate real-time flood inundation maps. with remotely sensed, GIS, and DEM-based data has started to
Nicks and Scheib€1992 employed the Simulations for Water  occur. Examples of newly developed or adapted models are those
Resources in Rural BasitSWRRB model with NEXRAD radar by Fortin et al.(2001a,h, Wigmosta et al(1994), Julien et al.
information for rainfall data in modeling runoff from the Little (1995, Desconnets et al(1996, and Olivera and Maidment
Washita River watershed in southern Oklahoma. Duchon et al. (1999, among others.
(1992 employed these remotely sensed data in updating the
SWRRB model parameters for analysis of the water budget of the Chemical Tracers
Little Washita River watershed. Kite and Kouwéh992 ob- Data on the chemical composition of water can be used for mod-
tained improved estimates of hydrograph components from theeling the flow of water along different paths. These data help
Simple Lumped Reservoir Paramet(®8_URP model when they define surface, subsurface, and groundwater flows and thus help
used Landsat-derived land-cover classes. Rahg§82 employed define hydrograph separation. Stable isotopes have been used for
remotely sensed areal extent of snow-cover data in the SRMdefining conceptual models of water fldi8tewart and McDon-
(Snowmelt Runoff Modeélfor 50 basins worldwide and discussed nell 199J). Radiogenic isotopes, both natural and anthropogenic,
the potential use of this model to evaluate the effects of climate have been used as tracéRose 1992 Chloroflurocarbons have
change scenarios. been employed to trace flow paths in groundwater systems
With the vastly improved capability to observe hydrologic (Dunkle et al. 1998 Chemical data can be used for model cali-
data, remote sensing and space technology are being increasinglipration, as was done by Robson et(@992) in the case of TOP-
coupled with watershed models for real-time flood forecasting, MODEL. Adar and Neumait1988 used environmental isotopes
weather forecasting, forecasting of seasonal and/or short-termand hydrochemical data to estimate the spatial distribution of
snowmelt runoff, evolution of watershed management strategiesgroundwater recharge. Tracers can provide a wealth of informa-
for conservation planning, development of reporting services for tion on flow of water, its origin, source, and flow paths, etc.
drought assessment/forecasting, mapping of groundwater poten-

tial to support the conjunctive use of surface water and ground- . .
bp J g Data Processing and Management: Geographic

water, inventorying of coastal and marine processes, environmen-l p tion Svst d Datab Iy ]
tal impact assessment of large-scale water resource projects,n ormation System ana Database-Managemen

flood-damage assessment, and the development of remote inforiSyStems

mation matrix for irrigation development, to name but a few For processing large quantities of data, GIS, database-

(Goodrich et al. 1991 management system®BMS), and graphic and visual design
tools are some of the techniques availa@@ngh and Fiorentino
Digital Terrain and Elevation Models 1996. Integration of these techniques with watershed hydrology

Because physical characteristics of a watershed, such as soilsnodels accomplishes a number of significant functions: design-
land use and topography, vary spatially, distributed watersheding, calibrating, modifying, evaluating, and comparing watershed
models may require huge volumes of data. The primary source ofhydrology models. For example, the use of GIS permits subdivid-
topographic information prior to the 1980s consisted of contour ing a watershed into hydrologically homogeneous subareas in
maps. Advances in digital mapping have provided essential toolsboth horizontal and vertical domains. Depending on the type of
to closely represent the 3D nature of natural landscapes. One suclapplication requiring categorization of hydrologic properties,
tool is the digital terraiDTM) or DEM models. DEMs auto-  many combinations of spatial overlays can be performed. With
matically extract topographic variables, such as basin geometry,the GIS technique, it is possible to delineate soil loss rates, iden-
stream networks, slope, aspect, flow direction, etc. from rastertify potential areas of nonpoint source agricultural pollution, and
elevation data. Three schemes for structuring elevation data formap groundwater contamination susceptibility. GIS enhances the
DEMs are: triangulated irregular networKBIN), grid networks, ability to incorporate spatial details beyond the existing capability
and vector or contour-based netwoftk&éoore and Grayson 1991 of watershed hydrology models. With much better resolution of
The most widely used data structures are grid networks. Theterrain-streams and drainage areas, the ability to delineate more
ANSWERS (Beasley et al. 1980 AGNPS (Young et al. 1988 appropriate grid layers for a finite-element or finite-difference wa-
and SHE(Abbott et al. 1986abare examples of hydrologic mod-  tershed model is enhanced. The USGS Precipitation-Runoff Mod-
els that use a square grid or cell network as their basic structure.eling System(PRMS employs automated methods to derive re-
Although most efficient, MarkK1978 remarked that grid struc-  quired model parameters in which the hydrological response units
tures for spatially dividing watersheds are not appropriate for (HRUs) are delineated using terrain analydigavesley and Stan-
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nard 1990. Using a data-parameter interface, a GIS system com- raphy. Depending on the scale, the sources of variability can be
putes the necessary model parameters within each HRU. Battaglirstochastic or deterministic or both. It is not possible to describe
et al. (1993 found this interface concept to be useful in model watersheds in terms of a single deterministic length scale, inde-
parameterization and calibration on a series of basins. Vieux pendent of scale and watershed characteristics. For a consistent
(1991 discussed several aspects of the use of GIS in watershedreatment of these hydrologic processes, observed and model
modeling. scales should be commensurate. Morel-Seytdi#88 reasoned

that nature embodies both the elements of chance and the descrip-
tive laws of physics. Therefore, excessive process description at
one scale is lost through the processes of integration in time and
The various methods of simplifying watershed geometry can be space and through averaging. This justifies model simplification

Spatial Description of Topography

divided into grid methods and conceptual meth¢8imgh 1996. as long as the essential behavior is retained. He showed how
Either method subdivides the watershed into subareas that aresimplifications can be made so that straightforward scaling inte-
linked together by routing elements. Hromadka et(2988 at- gration is accomplished in a physically based stochastic frame-

tempted to quantify the effect of watershed subdivision on pre- work.
diction accuracy of hydrologic models. When the watershed was  Issues related to spatial and temporal scaling and variability
divided into subareas, each subarea having identical parametersstarted receiving much attention beginning in the 1980s. An as-
the variance of peak flow estimates decreased significantly with sumption commonly employed in hydrologic modeling is one of
increasing number of subareas. A grid method attempts to main-homogeneity at the grid scale. Kavvekd99 defined heteroge-
tain model flow patterns similar to those in the prototype water- neity as the fluctuations in the values of hydrologic state vari-
shed response. This concept was introduced by Ber{i®87). ables, such as flow discharge, infiltration rate, and evapotranspi-
Huggins and Monké&1968 used the same grid method to repre- ration rate, etc., in hydrologic parameters such as roughness,
sent watershed geometry. Surkéi969 developed a computer  hydraulic conductivity, porosity, etc. and in boundary conditions
algorithm for numeric coding of natural geometry on a rectangu- and forcing functions such as rainfall, snowfall, wind, etc. Het-
lar grid for hydrograph synthesis. These days, different types of erogeneity was further classified into stationary heterogeneity and
grid structures, such as finite-element grid, rectangular grid, andnonstationary heterogeneity. If the mean, higher-order moments
boundary-fitted coordinate grid, etc. are used, depending on theand probability density functions of the fluctuations in space/time
numerical scheme of a model. remain constant with respect to all space/time origin locations,
Conceptual methods represent watershed geometry using dhen the hydrologic proceder parameteris stationary heteroge-
network of elemental sections, including plane, triangular section, heous; otherwise, it is nonstationary heterogeneous. A stationary
converging section, diverging section, and channel. Each elementheterogeneous proce&s parameteris ergodic in the mean if the
represents a particular portion of the watershed. These elemente€nsemble average of its fluctuations is equal to their spatial/time
may be arranged to provide a detailed representation of the grosg/olumetric average or areal average. Kavi#99 showed that a
topographic features of a watershed, regardless of its geometrichydrologic procesgor parameter that is nonstationary at one
complexity. Many simplified geometric configurations that de- scale may become stationary at another scale. The fundamental
pend on the arrangement of these elements have been employetason for transformation from nonstationarity to stationarity with
in hydrology. Examples of such configurations are V-shaped ge-the increase in scale is the phenomenon of coarse-graining of
ometry, composite geometry, cascade of planes and channelshydrologic processes at increasing scales. The hydrologic equa-
complex configurations of planes and channels, and so on. Harleytions, however, still remain parsimonious as the scales get larger.
et al. (1970 and Rovey et al(1977 employed configurations of

planes and channels. There have been many techniques for gengpscaling of Hydrologic Conservation Equations

erating such configurations. Berod et @995, 1999employed a ~ The construction and complexity of a hydrologic model are
geomorphologically based method to define planes and channelsgreatly influenced by the domain in which it is built and the scale
Boyd (1978 employed a watershed-bounded method to generateat which it is built. In the time domain, different scales are used,

a network representation for his WBN model. This representation based on which models are classified as continuous, event-based,

is commonly used these days. Lane and Woolhi877) sug-  weekly, monthly, seasonal, or yearly models. Many hydrologic
gested a statistical procedure to select an appropriate geometrignodels employ equations based on conservation of mass, momen-
simplification of a watershed. tum, and energy. These equations are point-scale, and their aver-

aging in space depends on the hydrologic process to be modeled.
For example, for surface flow the St. Venant equations or their
simplified forms are depth-averaged, but for subsurface flow, the
Scale is normally defined as the sampling interval size at which governing equations are areally averaged. In either case, they re-
hydrologic observations are made or as the grid size used forquire data at a scale much finer than is available. This means that
numerical computations. Thus, the size of a scale will correspondthe point-scale equations must be upscaled in order to conserve
to the length in the spatial domain and to the duration in the time mass, momentum, and energy and to ensure compatibility be-
domain. Parameters and hydrologic processes controlling the watween the scales of observed data and governing equations. Kav-
tershed response operate at many different space and timescalesas (1999 has shown that when a larger scale process is formed
Using five field examples, Seyfried and Wilc¢kx995 analyzed by averaging a small-scale process, the high frequency compo-
how the nature of spatial variability affects the hydrological re- nents of the smaller scale process are eliminated by averaging,
sponse over a range of scalé$) infiltration and surface runoff ~ and this leads to considerable simplification of the average hydro-
affected by shrub canopy?2) groundwater recharge affected by logic conservation equations. Indeed, there are evolving scales of
soil depth;(3) groundwater recharge and streamflow affected by heterogeneity with respect to space, and these scales influence the
small-scale topography#) frozen soil runoff affected by eleva- averaging of conservation equations as well as the removal of
tion; and(5) snowfall distribution affected by large-scale topog- high-frequency components.

Scaling and Variability
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The upscaling of conservation equations plays an important cesses, land-surface hydrologic processes, as well as oceanic pro-
role in dealing with subgrid variability and in parameter estima- cesses caused by the significantly different time response charac-
tion. Because the parameters in the upscaled equations are alsteristics of atmospheric, oceanic, and hydrologic processes
upscaled, the subgrid variability can be quantified by means of (Kavvas et al. 1998
areal variance and covariance of the point-scale parameters. Chen Spatial heterogeneity in catchment response arises from three
et al. (1994a,b treated spatially averaging of unsaturated flow sources: variabilities, discontinuities, and processes. Spatial vari-
equations under infiltration conditions over areally heterogeneousabilities in climatic inputs such as rainfall and hydrometorological
soils and presented a practical application. In these equationsyariables, in soil characteristics such as hydraulic conductivity
areal median saturated hydraulic conductivity and areal varianceand porosity, in topography, and land use, encompass a space-
of log-saturated hydraulic conductivity emerged as the main pa- time continuum. The runoff from a watershed is governed by
rameters when the saturated hydraulic conductivity was consid-local combinations of these factors. Discontinuities encompass
ered the main source of heterogeneity. Numerical experiments onthe boundaries separating soil types, geologic formations, or land
unsaturated flow within a soil column with varying degrees of covers. Physical properties control interception, surface retention,
heterogeneity measured by the coefficient of the log-saturated hy-infiltration, overland flow, and evapotranspiration at different
draulic conductivity showed that the areally averaged Green- scales, and these processes control runoff. It has been observed
Ampt equation significantly outperformed the point-scale Rich- empirically that the form of hydrologic response changes with the
ards equation incorporating areally-averaged, log-saturatedspatial scale of heterogeneities, usually considered to be simpler
hydraulic conductivity even in the 3D case. and more linear with increasing watershed s{pmoge 1981

For modeling overland flow over varying microtopographic This relation may be climate dependent because Goodrich et al.
surfaces, Tayfur and Kavvd$994 showed that if these surfaces (1997 demonstrated that the response became more nonlinear in
were replaced by smooth surfaces then the depth-averaged equa semiarid watershed. When the spatial scale is extended from a
tions are indeed treated as large-scale averaged equéfayfsir point to larger areas, the runoff generation process becomes less
1993. Such a treatment is mathematically not correct, and one sensitive to temporal variations of local precipitation or spatial
should upscale the depth-averaged equations to conserve masgriations of soil characteristics because of the averaging effect.
and momentum at a larger scale. Tayfur and Kaw®94) de- However, the spatial extent is limited by differences in physical,
veloped transectionally averaged flow equations for a hillslope vegetative, and topographic features. Sivapalan and Wbag6
transect. By assuming randomness in the flow variables due toinvestigated the effect of spatial heterogeneity in soil and rainfall
randomness in parameters, Tayfur and Kavis899 also ob- characteristics on the infiltration response of catchments. Eagle-
tained areally averaged flow equations for a hillslope surface. Theson and Qinliang(1987 found that both the first and second
resulting flow equations were only time-dependent and whose moments of peak streamflow decreased rapidly with increasing
solution required a very simple numerical method. In the same values of the catchment to storm scale ratio. Milly and Eagleson
vein, Horne and Kavva$1997 averaged over the snowpack (1988 underscored the need to incorporate areal storm variability
depth the energy and mass conservation equations that govern tha large area hydrologic models. Osborn et(@993 found that
snowmelt dynamics at a point location and obtained depth- runoff volumes calculated with input from a centrally located rain
averaged equationf®AE). By assuming the snowmelt process to gauge on a 6.3 kmsemiarid watershed was greater than runoff
be spatially ergodic, they then averaged the point-location DAE calculated using 10 recording rain gauges.
over the snowpack area. The areally averaged equations were Investigating the impact of spatial rainfall and soil information
obtained in terms of their corresponding ensemble averages. on runoff prediction at the hillslope scale, Loagi®88 aggre-

The model parameters as normally determined these days aregyated fine-scale realizations of rainfall fields and spatial hydraulic
based on spatial variation of point-scale parameters obtainedconductivity to coarser resolutions. He found that at the hillslope
using GIS, and remote sensing, etc. In large-scale modeling ofscale hydraulic conductivity was more critical than rainfall and
land-surface processes, the scales of upscaled hydrologic equathat runoff peak, time to peak, and runoff volume required differ-
tions and upscaled parameters seem to be consistent with grident information levels.
area resolution. However, because of the subgrid scale variability
within each grid area, there is a fundamental issue of the incon-ppysijcal Spatial Size

sistency of the point-scale parameter values with regard to theThe minimum level of physical spatial scale to be used in water-
grid area they represent. Through regional scale land surface hy-shed modeling, which would adequately represent the spatial het-
drologic modeling of California at 20 km grid resolution, Kawas erogeneity of a watershed, has received considerable attention.
et al. (1998 have shown that this inconsistency can be removed Using the SHE model on the Wye watershed 10.5% kmarea,

by using the spatially averaged, upscaled conservation equationsathurst(1986 suggested dividing the watershed into elements
whose upscaled parameters are at the same scale as of the mogy |arger than 1% of the total area to ensure that each element

eling grid areas. was more or less homogeneous. Introducing the concept of rep-
resentative elementary aréREA), Wood et al.(1988 found that
Spatial Scaling an REA of approximately 1 kfexisted for hydrologic response

The spatial scale greatly influences the choice of a model. Hydro- of the Coweeta watershed and was more strongly influenced by
logic variables vary in space with respect to both direction and basin topography than rainfall length scales.

location. In case of terrestrial hydrology, one dimensional treat- Tao and Kouwen(1989 used 5<5 km and 10<10 km grid
ment is adequate in most cases. However, the variability is par-sizes on the 3,520 kinGrand River watershed containing four
ticularly high in the soil and aquifer environment in all three reservoirs in southwestern Ontario in Canada, and found that the
dimensions or at least in two dimensions. Thus, incompatibilities two grid sizes had no significant effect on the model results. Pier-
arise when the entire continuum is modeled and even more soson et al(1994 employed a surface soil classification scheme to
when the model is coupled with a climatic model or an oceanic partition the spatial variability in hydrological and interrill ero-
model, due to significantly different speeds of atmospheric pro- sion processes in a sagebrush plant community. Using a unit hy-

JOURNAL OF HYDROLOGIC ENGINEERING / JULY/AUGUST 2002 / 279



drograph model, Hromadka et #1988 found on 12 watersheds ing from rainfall estimates and those due to spatial and temporal
that the variance of model-simulated discharge decreased signifitepresentation of the “true” rainfall field. The infiltration-excess
cantly with the level of discretization, but this decrease reflected a runoff was more sensitive to both types of uncertainties than was
departure of the model results from the true watershed behavior.the saturation-excess runoff. There was a significant reduction in
Using a length scale based on surface characteristics and excessfiltration-excess runoff volume when temporal and spatial reso-
rainfall duration, Julien and Moglef1990 found that the influ- lution of the precipitation was reduced.
ence of spatial variability of slope, roughness, width, and excess Mazion and Yen(1994 investigated the effect of computa-
rainfall intensity on watershed runoff varied with the length scale. tional spatial size on watershed runoff simulated by HEC-1,
Zhang and Montgomery1994 examined the effect of digital RORB, and a linear system. They found that the computational
elevation model(DEM) grid size on the portrayal of the land grid size had a significant effect on the model results if the physi-
surface and hydrological simulations on two small watersheds in cal scale was not finer, although the effects decreased with in-
the western United States. They found that the DEM grid size creasing rainfall duration. The effect of the computational size
significantly affected both the representation of the land surface was about one order larger than the effect of the variability of
and the results of hydrological simulation. A grid size smaller surface conditions within the watershed, provided the overall wa-
than the hillslope length was necessary to adequately simulate thaershed average runoff coefficient remained the same.
processes controlled by land form. A 10 m grid size was proposed  Recognizing the importance of spatial variability, the usual
as a compromise between increasing spatial resolution and datgractice is to subdivide larger watersheds and then calibrate hy-
handling requirements. drologic models. However, a working concept of physical hetero-
Using TOPMODEL on the 115.5 kitSleepers River Research  geneity remains still elusive. For example, the methods of subdi-
watershed in Vermont, Wolockl999 found that a subwatershed  visjon are governed more by data availability than by physical
should have an area of at least 5%before it is representative of meaning. Song and Jamés992 reviewed five scales used in
larger watersheds along the same stream in terms of topographitydrologic simulation: laboratory scale, hillslope scale, catchment
characteristics and simulated flow pathS. Wilgoose and KUCZerasca|e, basin scale, and continental and g|0ba| scale. They sug-
(1995 use subgrid approximations to provide an effective param- gested a stochastic method in which a parametric-stochastic
eterization of the processes that occur on scales smaller than thosgyodel can be formed from a parent parametric-deterministic
that can be modeled. Using data from small plot experiments asmodel to find an optimal scale for its application.
well as large-scale watersheds, they found that infiltration param-  The scaling issue assumes even a greater significance when
eters can be adequately calibrated from small-scale plots but Noljeveloping regional or global hydrology models. There is a dis-
the kinematic parameters. Bruneau et(aB99 analyzed the ef-  crepancy in scale between regional climate models and hydro-
fect of space and time resolutions using TOPMODEL on the |ogic models. In fact there are incompatibilities among soil, sur-
12kn? Coetdan Experimental watershed in Britanny, France, face water, and groundwater models attributed in part to
with input derived from DEMs. An optimum region for modeling  gyersimplifications of complex hydrologic processes in each of
with a grid size of 50 m and a time step of abduh was found.  these modelgGoodrich and Woolhiser 1991; Yu 1996Thomas
_ Vieux (1993 investigated the DEM aggregation and smooth- 34 Henderson-Sellefd991) conclude that hydrologic and cli-
ing effects on surface runoff modeling and found that errors are 4t models fail to represent day-to-day variability in stream-
propagated if the apparent slope is flattened or the flow path isq,\, ang hypothesize that this variability could be accounted for

shortened. Quinn et al199) found that a grid-cell resolution  incormorating the spatial variability of different mechanisms of
larger than 5 m had a significant effect on soil moisture modeling. rainfall-runoff production(\Wood et al. 1990

According to Tarboton et al(1991), drainage network density
and configurations are highly dependent on smoothing of eleva- )
tions during the pit removal stage of network extraction. Low 1emporal Scaling _
rainfall intensities produce proportionately larger errors than '€ timescale of model outpue.g., streamflovgreatly influ-
higher intensities for an extracted network. ences the type of the model or the details to be included in the
Molnar and Julier2000 evaluated the effects of square grid- Model. For example, a monthly watershed hydrology model is
cell size from 17 to 914 m on surface runoff modeling using a Auite different in its architecture and construct from, say, an
raster-based distributed CASC2D hydrologic model. For event- hourly model. It remains an unresolved question as to the hydro-
based simulation, their findings indicate that coarser grid-cell l0gic laws operating at different timescales for different compo-
resolutions can be used for runoff simulations as long as param-nents of the hydrologic cycle. A solution to this question will
eters are appropriately calibrated, and the primary effect of in- greatly facilitate model construction and more clearly define data
creasing grid-cell size on simulation parameters is to require anneeds.
increase in overland and channel roughness parameters. They Many hydrologic simulation models employ more than one
found that they had to adjust overland and channel Manning’s n time interval in their computation. Diskin and Sim¢t979 de-
values as grid size changed. Yao and Terakél@®9 employed fined the time base as a combination of the interval used for input
1 km grids for a distributed model of the Fuji River basin and internal computation and the time interval used for output and
(3,432 kn?) in Japan. Daily meteorological data were produced model calibration. They explored the relationship between the
using GIS and step-wise regression. They found that it was pos-time bases of hydrologic models and their structure. Hughes
sible to integrate daily and hourly scales to produce reasonable(1993 suggested incorporation of variable time intervals in deter-
hydrologic response. ministic models. Woolhiser and Goodri¢h988 investigated the
Winchell et al.(1998 investigated the effects of algorithm un-  importance of time varying rainfall in a model of a small water-
certainty and pixel aggregation on simulation of infiltration and shed and found that disaggregating total rainfall amounts into
saturation-excess runoff from a medium-sized (106)kbasin in simple, constant, and triangular distributions caused significant
northern Texas using radar-based rainfall estimates. Two types ofdistortion in the peak rate distributions for Hortonian runoff.
uncertainty in precipitation estimates were considered: those aris-Ormsbedg1989 found that uniform disaggregation grossly under-
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estimated peak discharge frequencies from a continuous hydropeak, time to peak, and other characteristics of the runoff hy-
logic model. drograph. Maksimoy1964) showed that rainstorm movement al-
tered peak discharge. Niemczynowit®984a,h determined the
influence of storm direction, intensity, velocity, and duration on
the runoff hydrograph and peak discharge on a conceptual water-
Wu et al. (1982 examined the effects of spatial variability of shed and an actual watershed in the city of Lund in Sweden.
roughness on runoff hydrographs from an experimental watershedRoberts and Klingmari1970 found that the direction of storm
facility and found that under certain conditions an equivalent uni- movement might augment or reduce flood peaks and modify the
form roughness could be used for a watershed with nonuniform hydrograph recession. Surkdti974 observed that peak flow
roughness. Lehrsch et al1987, 1988 determined the spatial rates and average flow rates were most sensitive to changes in the
variation of eight physically significant roughness indices using a direction and speed of the rainstorms.
semivariogram analysis. Hairsine and Parlar$@86 demon- Sargent(1981, 1982 determined the effects of storm direction
strated the formation of kinematic shocks on various surfacesand speed on runoff peak, flood volume, and hydrograph shape.
with different degrees of roughness and analyzed the error in- Stephensor(1984 simulated runoff hydrographs from a storm
curred when a curved surface was represented by a kinematidraveling down a watershed. Foroud et (@984 employed a 50-
cascade model. Vieux and Farajallk994 evaluated the error  year hypothetical moving rainstorm to quantify the effect of its
resulting from smoothing of the hydraulic roughness coefficients speed and direction on the runoff hydrograph. Ngirane-Katashaya
in modeling overland flow with a finite-element solution. and Wheatef1985 analyzed the effect of storm velocity on the
runoff hydrograph. Ogden et 11995 investigated the influence
of storm movement on runoff. Singii998 evaluated the effect
of the direction of storm movement on planar flow and showed
Spatial variability of infiltration has been amply documented that the direction of storm movement exercised a significant in-
(Sharma et al. 1980; Maller and Sharma 1984; Loague and Gan-fluence on the peak flow, time to the peak flow, and the shape of
der 1990; Sullivan et al. 1996; Turcke and Kueper 7986d has  the overland flow hydrograph.
been found to influence surface runoff characteristics, depending
on rainfall and watershed characteristics. Milly and Eagleson Spatial Variability of Rainfall
(1988 showed that spatial variability in soil type and rainfall The shape, timing, and peak flow of a stream-flow hydrograph are
depth resulted in decreased cumulative infiltration and increasedgreatly influenced by spatial and temporal variability in rainfall.
surface runoff. Smith and Hebbei1979, Sivapalan and Wood  While examining the effects of spatially distributed rainfall for a
(1986, and Woolhiser and Goodricti989, observed consider-  conceptual watershed 100 krin area, Watts and Calvei997)
able differences in the infiltration rate when the average soil prop- found that an efficient resolution of rainfall data was around
erties, as opposed to spatially varied properties, were used. Smitl2.5 kn? along the storm path. Dawdy and Bergmai®69 and
et al. (1990 incorporated small-scale spatial variability of soil Wilson et al.(1979 concluded that errors in rainfall volume and
saturated hydraulic conductivity into an infiltration model. This intensity over a watershed were likely to limit the accuracy of
method has been enhanced by Smith and Good#6h0. runoff simulation. Phanartzi€l972 stressed the importance of
Using a 2D runoff model and a Monte Carlo methodology, altitudinal pattern in runoff simulation on a watershed in the San
Saghafian et al1995 examined the variability of Hortonian sur-  Dimas Experimental Forest. Beven and Hornbe(d®82 found
face runoff discharge and volume produced by stationary stormsthat in a relatively homogeneous watershed the most important
on a watershed with spatially distributed soil saturated hydraulic effect of rainfall variability was in the timing of the runoff hy-
conductivity. Greater peak flow was observed for spatially vari- drograph. The effect on peak flows was smaller but still signifi-
able hydraulic conductivity than for uniform values. Woolhiser cant, and the effect on storm volume was relatively minor.
et al. (1996 showed that Hortonian runoff hydrographs were Julien and Mogler(1990 found that for both correlated and
strongly affected by trends in hydraulic conductivity, especially uncorrelated spatial variability in rainfall excess the discharge hy-
for small runoff events. Using a 3D model of variably saturated drograph was quite sensitive to excess rainfall intensity, and the
flow on a hillslope, Binley et al(1989a,b found that the peak  degree of sensitivity decreased with increasing rainfall duration.
discharge and runoff volume generally increased with varying Ogden and Julieri1993 concurred with the findings of Julien
hydraulic conductivity, increasing with increasing variance and and Moglen(1990. Stephensor(1984 noted that the time of
spatial dependence of the random saturated hydraulic conductiv-concentration was nearly the same for uneven rainfall as for uni-
ity field. For low permeability soils, they could not find an effec- form distribution. Nader(1992 found that the effect of spatial
tive hydraulic conductivity parameter capable of reproducing sur- variation in rainfall on the network channel response could be
face and subsurface flow hydrographs. marked. Using a distributed model on a midsize catchment
150 kn? in area, Michaud and Sorooshi&h994) found that er-
rors in simulated peaks due to inadequate raingauge deosigy
gauge per 20 k) represented 58% of the observed peak flow.
Singh (1997 reported on the effects of spatial and temporal vari- Rainfall sampling errors accounted for approximately half the dif-
ability in rainfall and watershed characteristics on the streamflow ference between observed and simulated peaks.” &aefrel.
hydrograph. A short discussion of these effects is presented here(1995 found that spatial variability of rainfall can have signifi-
cant effects on simulated Hortonian runoff, even at a very small
Storm Movement scale.
Yen and Chow(1968 and Marcus(1968 undertook laboratory
studies to demonstrate the importance of rainstorm movement toTemporal Variability of Rainfall
the time distribution of surface runoff. Jensgr®84 determined In general, time-varying rainfall produces greater peak discharge
the influence of storm movement and its direction on the shape,than does constant rainfall. Southerlaii®83 found that design

Spatial Variability of Hydraulic Roughness

Spatial Variability of Infiltration

Precipitation Variability
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storms for flood estimation generally peaked in intensity in the the remaining are global search methods. Population-evolution-
first half of the storm. While evaluating the effect of maximum based search strategies have been pofBlazil and Krajewski
rainfall position, El-Jabi and Sarr&f991) found that hydrograph ~ 1987; Brazil 1988; Wang 1991; Duan et al. 1992, 1993; So-
timing was altered but not the hydrograph peak. Lambourne androoshian et al. 1993 The shuffled complex evolution global op-
Stephensoli1987 simulated runoff peaks and volumes for a se- timization algorithm has, however, been found to be consistent,
ries of synthetic 5-year storms having rectangular, triangular, andeffective, and efficient in locating the globally optimum hydro-
bimodal temporal distributions. The rectangular hyetograph un- logic model parameter®uan et al. 1992, 1993; Sorooshian et al.
derpredicted the peaks and volumes from an urbanized watershed1993; Luce and Cundy 1994; Gan and Biftu 1996; Tanakamaru
The triangular distribution overpredicted the peak discharge, and 1995; Tanakamaru and Burges 1997; Kuczera 1997
the bimodal distribution better predicted the runoff volumes and  Termination criteria are needed in an iterative search algorithm
peaks than did the triangular distribution. to determine when the slope of the function response surface is
Ball (1994 employed 10 different rainfall excess patterns be- zero and the function value is minimum. Sorooshian and Gupta
ginning with constant rainfall excess. The time of concentration (1995 discussed several criteria, including the function conver-
for a watershed significantly changed with the pattern of rainfall gence, parameter convergence, and maximum iterations and their
excess. When compared with a constant rainfall excess patternjimitations. In fact, none of these criteria are reliable in ascertain-
hydrographs of design patterns of rainfall peaked early and wereing the attainment of the global optimum, although parameter
varied in shape. Stephens(984 noted that the peak runoff was  convergence was found to be most suitable for model calibration
approximately 10% greater for triangular distribution than for a studies. The proper choice of calibration data may mitigate diffi-
uniform pattern of the same duration. Using weather radar for culties encountered in model calibration. Critical issues pertaining
flood forecasting in the Sieve River basin in Italy, Pessoa et al. to calibration data are the amount of data necessary and sufficient
(1993 found no significant differences between hydrographs gen- for calibration and the quality of data resulting in the best param-
erated from 5, 15, and 30 min radar rainfall data. The hydrographseter estimates. However, our understanding to address such issues
were generated from a distributed rainfall-runoff modehbral is less than complete.
et al. 1990 that extracts topographic information from DEMs. One of the main problems of optimization methods is the dif-
ficulty of finding a unique “best” parameter set. Another diffi-
L culty is the inadequacy of these methods for multi-input-ouput
Model Calibration hydrologic modeldGupta and Sorooshian 199443, o address

Significant advances have been made in automated watershedhese concerns, the generalized likelihood uncertainty estimation
model calibration during the past 2 decades, with focus on four (Freer etal. 1996 Monte Carlo membership set proceddven
main issuedGupta et al. 1998 (1) development of specialized Straten and Keesman 1991and the prediction uncertainty
techniques for handling errors present in dd®; search for a ~ Method (Klepper et al. 1991 have been proposed. These ap-
reliable parameter estimation algorithi®) determination of an proaches are related to the generalized sensitivity analysis method
appropriate quantity of and information-rich kind of data; &g developed by Spear and Hornberg#980. These methods have
efficient representation of the uncertainty of the calibrated model Weaknesses, however. Therefore, a more powerful calibration
(structure and parametgrand translation of uncertainty into un- paradigm that consujers the inherent multlobjeqtlve nature of the
certainty in the model response. To account for data errors, maxi-Problem and recognizes the role of model error is needed. To that
mum likelihood functions have been developed for measuring the €Nd, Gupta et al1998 proposed a new paradigm based on the
closeness of the model and the data by Sorooshian and Dracughultiobjective approach.
(1980, Sorooshian(1981), and Kuczerg1983a, b, among oth-
ers. Artificial Neural Networks and Genetic Algorithms

Optimization methods have been developed for parameter es-
timation. A typical automatic parameter estimation methodology Another fascinating area that has emerged in the 1990s is the
requires four elementql) objective function;(2) optimization application of artificial neural network6ANNSs) to hydrologic
algorithm; (3) termination criteria; and4) calibration data. The modeling. Because ANNs have the ability to recursively learn
choice of an objective function influences parameter estimates asrom data and can result in significant savings in time required for
well as the quality of model results. Rao and H&887) analyzed model development, they are particularly suited for modeling
several objective functions in calibrating the urban watershed run- nonlinear systems where traditional parameter estimation tech-
off model ILLUDAS and found the least-squares criterion to be niques are not convenient. Preliminary concepts and hydrologic
the best. Servat and Dezet{@991) employed five different ob-  applications of ANNs have been detailed by ASCE00a, b.
jective functions for calibrating a rainfall-runoff model on a The book edited by Govindaraju and RE&D00 contains a vari-
Sudanese savannah area in the Ivory Coast and found the Nashety of applications of ANNs to hydrologic modeling. Lorrai and
Sutcliffe efficiency to be the best. Clark&973 noted that the Sechi(1995 applied ANNs to evaluating rainfall-runoff models
assumptions underlying the use of a least-squares objective funcand river-flow forecasting. Hsu et dl1995 employed ANNs to
tion for estimation of hydrologic model parameters were seldom identify the model structure and concluded that ANNs provide a
valid and suggested basing the objective function on the stochasviable and effective alternative for input-output simulation and
tic properties of the errors in the model and the data. Investigating forecasting models that do not require modeling the internal struc-
the effects of selecting different objective functions, Diskin and ture of the watershed. Therefore, they are not a substitute for
Simon (1977 proposed guidelines and made recommendations conceptual watershed modeling. Mason et(4P96 suggested
for selecting an objective function in model calibration. the use of radial basis functions for developing a neural network

Sorooshian and Guptdl995 discussed several optimization model of rainfall runoff, especially when a large database is in-
methods, including direct search methods, gradient search methvolved. Minns and Hall(1996 used ANNs as rainfall-runoff
ods, random search methods, multistart algorithms, and shuffledmodels. Tokar and Marku&000 compared ANNs with tradi-
complex algorithms. The first two are local search methods andtional models in predicting watershed runoff on three basins and
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found ANNSs to yield higher accuracy. Gupta et €000 pro- architecture, as seen in Table 1, as for example, HSPF, SHET-
posed a multilayer feed-forward neural network for application to RAN, LASCAM, DVSM, DWSM, to name but a few.
streamflow forecasting.
Wang (1991 developed a genetic algorithm for calibrating
conceptual rainfall-runoff models. Savic et @999 developed a Future Outlook

genetic programming approach to structured system identificationathematical models of watershed hydrology have now become

for rainfall-runoff modeling. accepted tools for water resources planning, development, design,
operation, and management. It is anticipated that the future will
Global Hydrology Models witness even a greater and growing integration of these models

with environmental and ecological management. With growing
The decade of the 1990s started with an emphasis on regional andechnologies triggered by the information revolution, remote
global hydrology that called for integration of hydrolodierres- sensing, satellite technology, geographic information systems, vi-
trial, pedologic, and lithologic atmospheric, and hydrospheric sual graphics, and data base management, the hydrologic models
models to evaluate the impact of climate change. The integrationare getting increasingly more sophisticated and are being inte-
became possible because of the data being gathered by large-scalgrated with other process models.
field experiments, such as STORM, GEWEX, HAPEX- The future of watershed hydrology models will be shaped by
MOBILHY, MAC-HYDRO, and so on. As a result, there exists a increasing societal demand for integrated environmental manage-
multitude of hydrologic models for application at the continental ment; growing need for globalization by incorporation of biologi-
and global scale. The global hydrology model developed by cal, chemical, and physical aspects of the hydrological cycle; as-
Anderson and Kavvag2002, the continental scale model, sessment of the impact of climate change; rapid advances in
UMUS by Arnold et al.(1999, the regional-scale model devel- remote sensing and satellite technology, GIS, DBMS, and expert
oped by Yoshitani et al2002, and ISBA-MODCOU developed  systems; enhanced role of models in planning and decision mak-
by Ledoux et al(2002, among others are examples. One of the ing; mounting pressure on transformation of models to user-
difficulties with such models is the lack of compatibility in scales friendly forms; and clearer statements of reliability and risk asso-
at which data are available and the scales at which hydrologic, ciated with model results.
pedologic, atmospheric, and hydrospheric processes operate. The application of watershed hydrology models to environ-

mental management will grow in the future. The models will be

. required to be practical tools—readily usable in planning and de-

Model Error Analysis cision making. They will have to be interfaced with economic,

Most models perform little to no error analysis. Thus, it is not social, political, administrative, and judicial models. Thus, water-

clear what the model errors are and how different errors propagateSth models will become a component in the larger management

through different model components and parameters. This is onestrategy. Furthermore, these models will become more global, not

of the major limitations of most current watershed hydrology only in the sense of spatial scale but also in the sense of hydro-
models. Thus, from the standpoint of a user, it is not clear how logic details. Increasing fusion of biological and chemical courses

reliable a particular model is. It is, therefore, no surprise that the in undergraduate curricula emphasizing hydrology is a healthy
user runs into difficulty when selecting a particular model.

sign in that direction and will help achieve this goal.

Watershed hydrology models will have to embrace rapid ad-
vances occurring in remote sensing and satellite technology, geo-
Expert Systems graphical information systems, database management systems,

) . error analysis, risk and reliability analysis, and expert systems.
There was also some attention paid to the development of expertyith the use of remote sensing, radar, and satellite technology,
systems in hydrology. Gashing et #1981 probably were the apjiity to observe data over large and inaccessible areas and to
first to develop a knowledge-based expert system for water re- o these areas spatially is vastly improved, making it possible to
source problems. Underlying this system was SWM/HSPF. Si- qeyelop truly distributed models for both gauged and ungauged
manovic (1990 described an expert system for selection of a \yatersheds. Distributed models require large quantities of data
suitable method for flow measurement in open channels. Al- ih4t can be stored, retrieved, managed, and manipulated with the
though the area of artificial intelligence is very appealing, it | <e of GIS and DBMS. This is possible because of literally un-
som(_ahow has not attracted much attention in the hydrologic com- | hited computing capability available these days and will be
munity. even more so in the future. If watershed hydrology models are to
become practical tools, then they have to be relatively easy to use,
with a clear statement as to what they can and cannot do. They
will need to assess the errors and determine how they propagate,
The decades of the 1980s and 1990s also witnessed the linking oflefine the reliability with which they accomplish their intended
hydrologic models with those of geochemistry, environmental bi- functions, and require the user to possess only a minimal amount
ology, meteorology, and climatology. This linking became pos- of hydrologic training. Furthermore, the models will have to learn
sible primarily for two reasons. First, there was increased under- from the user as well as from empirical experience. Many of these
standing of spatial variability of hydrologic processes and the role functions can be performed by the use of expert systems in wa-
of scaling. This was essential because different processes operattershed hydrology modeling. Usually, the user is interested in
at different scales, and linking them to develop an integrated what a model yields, its accuracy, and how easy it is to use, not
model is always challenging. Second, the digital revolution made the biology, chemistry, physics, and hydrology it is based on.
possible the employment of GIS, remote sensing techniques, and The models will have to be described in simple terms such that
database management systems. Currently, a number of watershethe interpretation of their results would not tax the ability of the
hydrology models have water-quality components built into their user. They are designed to serve a practical end, and their con-

Linking of Water Quality
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stituency is one of users. After all, hydrologic models are to be Andrews, W. H., Riley, J. P., and Masteller, M. 8978. “Mathematical
used, not to be confined to academic shelves. Thus, model build- modeling of a sociological and hydrological systefSSR Research
ing will have to gravitate around the central theme of their even- ~ Monograph Utah Water Research Laboratory Utah State Univ.,
tual practical use in integrated environmental management. Al-  Logan, Utah. _ N

though much progress has been made in mathematical modeling*™?!d: J- G, Srinivasan, R., Muttiah, R. S., and Williams, J(F98.

S “Large area hydrologic modeling and assessment. Part I: Model de-
of watershed hydrology, there is still a long way to go before the velopment.”J. Am. Water Resour. Asso84(1), 73—89.

models \_/viII be able to fully integrate rapidly evolving advances in Amold, J. G., Srinivasan, R., Muttiah, R. S., and Allen, P. (#1999.

information, computer, and space technology, and become  «continental scale simulation of the hydrologic balancel” Am.

“household” tools. Hydrologists are being challenged, but we Water Resour. Assoc35(5), 1037—1051.

have no doubt that they will meet the challenge. Aron, G., and Lakatos, D. K1980. Penn State urban runoff model:
Although much progress has been achieved in hydrology, there  User's manual Institute for Research on Land and Water Resources

is a greater road ahead. A basic question is: What modeling tech-  Pennsylvania State Univ., University Park, Penn.

nology is better? Because of the confusion, the technology devel-ASCE. (1996. Handbook of hydrology, ASCE Manual and Rep. on En-

oped decades ago is still in use in many parts of the world. This _gineering Practice No. 28New York. .

state of affairs is partly due to the lack of consensus as to theASCE-(ZO?O?J- “ﬁrtglc:al T‘eléra' ;‘2‘;"01”;2 '”1*21%"1’0'093’- 1: Preliminary

- concepts.”J. Hydrologic Eng.5(2), 115-123.
o been Able {0 clevelop physically based models in a e sensé SCE: (20000, Ariiial neural networs in hycrology. 2: Hydralogy
and define their limitations. Thus, it is not always clear when and applications.”J. Hydrologic Eng.5(2), 124-137.

. Ball, J. B.(1994. “The influence of storm temporal pattern on catchment
where to use which type of a model. response.”). Hydrol., 158, 285—303.
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prehensive, distributed, and physically based. They possess Smgh, ed., Water Resources Publications, Littleton, C?Io. 5_63—594.
the capability to accurately simulate watershed hydrology Battaglin, L. E., Parker, R. S., and Leavesley, G.(k993. *Applica-
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