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PREFACE 

The review of hydrologic models pres~nted in this report 

is a part of the Hydrological Modeling Survey Studies being 

conducted by the Hydex Corporation for the National Aeronautics 

and Space Administration under Contract No. NAS5-26446. The 

gene~al objective of the overall project is to determine the 

suitability of present and planned remote sensing capabilities 
for conunonly used river forecast models. 

Several models were selected for study. During the initial 

review of these models it quickly became evident that available 

descriptions of the models were not in formats convenient for 
evaluating the suitability of using remote sensing capabilities 

operationally. 

The purpose of this report is to present information on 

the structure, parameters, states,and required input:s that should 
be of value for evaluating the usefulness of remote sensing 

capabilit.ies. The primary uses of remote sensing to be evaluated 

in the overall project are (a) for calibration of the models, 

(b) for improved estimates of inputs and (c) for updating the 

states for a model. 
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CHAPTER 1 

INTRODUCTION 

This review of hydrologic models is part of the Hydrological 

Modelin9 Survey Studies being conducted by Hydex Corporation 

for the National Aeronautics and Space Administration (NASA) . The 

objective of these studies is to determine the suitability 

of present and planned remote sensing capabilities for commonly 

used river forecast models. 

To accomplish the above cbjectives requires a knowledge 

of remote sensing c~pabilities and a knowledge of how remote 

sensing information can be used to improve the usefulness of 

hydrologic modeling. 

A separate review is being conducted on remote sensing 

capabilities of possible value for use in hydrologic modeling. 

A catalog will be prepared describing the physical parameters that 

can be measured by current and planned remote sensing, with 

information on the accuracy and resolution of the measurements. 

The available literature describing hydrologic models was 

generally not prepared with the view of using remotely sensed 

data. For some models it is difficult to understand conceptually 

the function and relation of the states and parameters of the 

model with hydrologic processes 01; storages of moisture. 

This report has been prepared to assist hydrologists and 

scientists dealing with remote sensing to visualize more clearly 

the concepts underlying the hydrologic models and the role of 

parameters, states,and inputs. 

1-1 

-,:-



-
1. SELECTION OF MODELS 

The hydrologic models most commonly used by federal 

agencies for hydrologic forecasting were selected for 

rE!view. In addition the hydrologic model recently 

developed by the Science and Education Administration was 

added because of its use in the field of agriculture. The 

following six hydrologic models were selected for review: 

• Antecedent Precipitation Index (API) 

• Chemicals, Runoff and Erosion from 
Agricultural Management Systems (CREAMS) 

o National Weather Service River Forecast 
System (NWSRFS) 

• Storage, Treatment, Overflow, Runoff Model (STOR~) 

e Stanford ~vatershed Model IV (SWM) 

• Streamflow Synthesis and Reservoir 
Regulation (SS~RR) 

In addition to the basic hydrologic models,onp snowmelt 

model was chosen for review. Most of the hydrologic models 

employ very simple degree-day snow cover outflow relations 

of the types, Melt= Index X Mean Temperature. The NWSRFS Snow 

Accumulation and Ablation Model (1) is the only model commonly 

in use that uses air temperature as an index to energy exchange 

across the snow-air interface and accounts for heat deficit 

and liquid water in the snowpack.* 

2. GLOSSARY OF TERMS 

A prerequisite to effective communication is an agreed upon 

vocabulary. The following terms are introduced and described 

for use in the review of the hydrologic and snowmelt models. 

*All references are presented at the end of this report. 
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Inputs 

The set of driving forces required periodically by 
the nodel. Common examples are precipitation, poten­
tial evapotranspiration, and temperature. For most 
hydrologic models the inputs are all meteorologic 
factors, but some require inputs describing man's 
activit~es (cropping practices). 

The key phrase in the definition of the inputs 
of a model is "required periodically." If it is 
possible to run the model without providing a value 
for a particular item, that item is not an input. 
Likewise, if the model can be run with a particular 
item provided only once or perhaps intermittently, 
that item is not an input. Some l1lodelu, however, 
may have default values for certain inpHts (e.g., 
precipitation is zero if not entered). 

Parameters 

The set of values that are changed to make a general 
hydrologic model apply to a particular location. 
Parameters are constant with time or at most, vary 
only slightly with time as compared to inputs. 

Stat.es 

The set of internal model values sufficient to start 
the model. The states of the model completely define 
the past history of inputs. These are usually values 
of moisture stored in various model components (e.g. 
upper zone tension water contents), indices to model 
status(e.g.,API), or computational carryover values 
(e.g., the carryover values of a unit hydrograph opera­
tion). In each time step of operation,the model uses 
the initial values of the states along with parameters 
and inputs for that time step in order to compute the 
state for the next time step. 

Q'~tEuts 

Variables of interest that can be computed frolll knowl­
edge of the states and inputs. Usual examples are 
streamflow and actual evapotranspiration. In many 
cases an output will be identical to some state of 
the model, but such does not have to be the casc. The 
model may produce an output that is of vital 
interest to the model user but is not necessary to 
the model computations. 

1-3 



3. DESCRIPTION OF MODELS 

Depending on the intended use of a model the description 

of the hydrologic models in the literature mayor may not be 

adequate for the purpose of evaluating the usefulness of remote 

sensing capabilities in the operational use of the model. The 

amount of narrative description for each model in this report 

relates to the evaluation by the authors as to the usefulness 

of the published information for the purpose of this study. 

For <111 modt211s ,references on original and subsequent published 

material ar'3 included. 

For all models a brief history of the model and its use 

is presented. Information on the type of concepts underlyinq 

the model are discussed as well as factors relating to the 

application of the model. 

4. DIAGRAl'1S 

'l'he mos t important ports of the models for which remote 

sensing could be of greatest value are those de~\ling with 

snowmelt, soil moisture accounting and channel inflow computation. 

Since ther~ are numerous methods for routing water within 

channels, those portions of the models are not considered in 

this review. 

For oach model a schematic diagram is presented. These 

have been designed to show inputs, procesnes, states, and 

outflo\O/s as shown in the legend for the diagrans in Fiqure 1-1. 

All parameters and states are identified. In addition, the 
solid arrows indicate flow of mass (liquid, solid, or vapor) 

in tho model, dashed lines the flow of information, and in the 

case of the 8nmvmol t model, a }3peci.a1 dashed 1 i.nc to indicate 

heat flow. 
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The location of the various components in the diagram 

indicates the various levels of moisture zones (upper, lower, 

etc.) and the relative positioning with depth, the location of 

states, and operating processes. 

5. HOLE OF PARl~·tETERS AND STA'fES 

To assist in understanding the role of each parameter 

and state variable, three tables are presented. Definitions 

of parameters and state variables, the role of the parameters 

and the role of the states variables, respectfully, are tabulated 

in the tables for each model. In those tables, the role of the 

parameters and states are divided into several categories as follows: 

GROUP 1 

GROUP 2 

GHOUP 3 

Runoff Components 

Immediate 
Surface 
Int.erflow 
Baseflow 

Soil Moisture Horizons 

Single zone 
Multiple zone 
Upper zone 
Lower zone 

Processes 

Infiltration 
Percolati.on 
Evaporation 
Interception 
Losses 

Each parameter (and state variable) is assigned to the most 

appropriate cat.egory (primary) and to those categories where 

1-6 ,. 
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it plays a somewhat lesser role (secondary). These tables 

should be useful in identifying which parameters (state 

variables) are related to specific runoff components, soil 

moisture horizons, or hydrologic process. The information in 

the tables also give an immediate indication of the overall 
complexity of the model and which runoff components, process, 

and soil moisture horizons are modeled most precisely • 

Information on the inputs to the model are covered in the 

wl:itten narrative for the model. 
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CHAPTER 2 

ANTECEDENT PRECIPITATION INDEX (API) MODEL 

1. HIS'l'ORY 

The Antecedent Precipitation Index (API) approach was 

originally a rainfall/runoff relation for event modeling 

using coaxial graphical techniques (2). The continuous hydro­
! 

graph synthesis model was developed by the U. S. Weather Bureau, 

now the U. S. National Weather Service (NWS), Hydrologic 

Research Laboratory in the late 1960s (3). 

The primary purpose was to have a continous forecasting 

technique based on the proven API method for evaluating the 

newer continuous concu~tual models then being developed. Such 

comparisons were reported by the NWS(4). A secondary purpose 

was to provide NWS field offices with a method for providing 

continuous forecasting for individual basins during periods 

when the flow consists of groundwater discharge with relatively 

small amounts of direct runoff. 

The API is often considered to be a black box model, but 

in essence it can be considered as the forerunner of the 

present day conceptual models. The flow simulated by the model 

considers only two components, direct runoff and gro~mdwater 

flow. Direct runoff is considered to represent channel precipi­

tation, surface runoff, and subsurface (interflow) runoff. The 

groundwater flow is considered to be derived from the saturated 

groundwater aquifers. 
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The direct runoff component of the hydrograph is computed 

from precipitation by the use of a modified API type rainfall­

runoff relation and a unit hydrograph. The groundwater discharge 

hydrograph 1S represented as a function of the direct runoff 

hydrograph. 

The above hypothesIs does not recognize the condition 

of depletion of groundwater supply to a point below that 

corresponding to zero channel inflow and is consequently 

applicable only to continuous streams. To use this approach 

with intermittent or ephemeral streams will require some 

modifications to the basic theory. 

2. DESCRIPTION 

The model consists of the f0110\'1ing four parts: 

" Relation for evaluatin9 the groundwdter recession 

coefficient 

• Relation for expressing the groundwater as a function 

of the direct runoff hydrograph 

• The rainfall-runoff relation 

• Unit hydrograph 

2.1 Groundwater Recession Coefficient 

The first part of the model to be evaluated is a relation 

for expressing the groundwater recession coefficient as a 

function of groundwater discharge and week number. The daily 

coefficient is defined by 

(1) 

where Q
2 

and Q
1 

are the discharges at some time on two successive 

days when there is no direct runoff. To derive the relationship 

several years of historical mean daily hydrograph record are 

inspected to select periods meeting this criterion. 

2-2 
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Equation (1) is solved for a very large number of pairs 

of discharge values. A curve through the points represents 

the average relation between Kg and discharge. The seasonal 

parameter is then introduced by correlating the deviations 

of the individual events from the curve with week number. 

2.2 Groundwater Flow Hydrogr~~ 

Analyzing several years of historical mean daily stream­

flow data and applying Equation (2): 

where 

G2=~Z) (Co) (QI+Q2) + (G I ) (C 2 -ZC
o

) 

(l+ZC ) o 

C = 1 
o (SK+ 1) 

c
2
= (8K-l) , and . 

(8K+l) 

K= - 1 
Kg 

(2) 

Equation (2) gives the groundwater hydrograph ordinates in 

terms of the preceding ordinate,G
1

, and Points Q1 and Q2 on 

the total flow hydrograph; Z can be an assumed value or can 

be calculated from 

Z= ZA+ZB(Q) (3) 

where ZA and ZB are basin constants and Q is the total discharge. 

A third constant, ZC, is a limit that z may not exceed. 

2.3 Rainfall-RunGff Relation 

The development of the rainfall-runoff part of the model 

consists of developing a conventional total storm relation 

and then converting it to the incremental type by evaluating 

2-3 

f 

" 



.; 

the par<l.meter RA in Equation (3) 

FI::: AI(RA)RI, (3) 

where FI is the final index, AI is the antecedent index,and 

RI is the retention index. In this conversion several trial 

vc)lues of RA are used. l-Jith each value,all precipitation 

events are run through the relation and the total computed 

incrementB for each event is compared to the observed total 

runoff. 

The incremental rainfall-runoff reation used in the API 

model is given in Figure 2-1. 
I 

Flqure 2-1. 

tlllNIION INOIX 
OUADUNI 

INCREMEN'l'Ar~ RAINFALL-RUNOFF RELATION. 
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In using the API type of relation, the precipitation OL 

each unit time period (six hours normally) is converted to ru~off 

on the basis of its own updated antecedent condition. 

In the season quadrant, Figure 2-1, the state var!<i01e 

API is combined with a seasonal parameter, (week number) to 

produce an antecedent index (AI) which is intended to represent 

antecedent conditions completely. This seasonal effect is 

considered a process. 

The precipitation quadrant in Figure 2-1 expresses direct 

runoff (an output) as a fUnction of FI and incremental precip­

itation. 

From the incremental direct runoff (a process), the ground­

water inflow is computed based on Equation (2). 

The groundwater output is combined with the incremental 

din~ct runoff to simulate the total basin streamflow. 

In the retention index quadrant in Figure 2-1, the AI is 

co~)ined with the retention index (RI) and results in a final 

indE~x (FI). 

Figun~ 2-2 is a schematic diagram of the complete model 

illustrating the states and outputs. 

2.4 ParamE~ters 

Of the six parameters in the model, four (Kg, ZA, ZB, and 

ZC) relate to groundwater. The parameter week number is related 

primarily with evapotranspiration, and RA with interception 

losses. A list of parameters with definitions is shown in 

Table 2-1; primary and secondary roles of the parameters are 

shown in Table 2-2. 
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Table 2-1. PARAMETERS (DEFINITIONS) API MODEL 

._--_._----.. _----_._-_._---_._-------

Groundwater Recession Coefficient. 

RA BaBin Constant. 

WEEK Nor-mER Weeks of the Year Numbered Sequentially. 

ZA Basin Constant. 

ZB Basin Constant. 

;, 
. ~ , ~ ZC Basin Constant. 
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Table 2-2. ROLE OF PARAMETERS - API MODEL 

CATEGORIES PARAMETER ASSIGNMENT 

PRIMARY SECONDARY 

RUNOFF COMPONENTS 

Immediate Runoff 

Surface Runoff Week Number, RA 

Interflow . 
f. 

Baseflow Kg, ZA, ZB, ZC 

SOIL MOISTURE HORIZON 

Single Zone 

PROCESSES 

Infiltration Week Numher 

Percolation 

Evaporation We0k Number 

Interception RA Week Number 

Losses 
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2.5 States 

The model has two stat~ variables. The Antecedent 

Precipitation Index (API) is an index of soil moisture as 

described by Linsley et. al., ('~). It is a function of 

precipitation and reflects the precipitation regime for about 

1 month prior to the event. 

The Retention Index (RI) is a short-term moisture 

index reflecting the presence of water in interception and 

depression storage. The roles of both states in the model 

are listed in Table 2-3. 

2.6 Inputs 

As noted, the model provides ~~~tptable output using 

only one parameter, precipitation. 

:3. APPLICA'l.'ION 

The model has been applied to basins of various sizes. If 

significant changes in the physical characteristics of the basin 

have been made recently or are being anticipated, the manner in 

which these affect the hydrologic chara~teristics can be quanti­

t:atively estimated. 

The model was not developed to include snm/mel t. However, "hore 

snow exists, it is not ignored but is dealt with in a rudimentary 

but rational manner. The procedure is to adjust the precipitation 

record on the basis of temperature. Each period or record is 

categorized as liquid or solid. If solid, it is deleted frolO 

the record and added to snow cover. This snow cover is melted 

on the basis of temperature, and the melt figures are inserted 

into the precipitation record, which is then used as the model 

input. 
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Table 2-3. ROLE OF STATES - API MODEL 

----.----------
CATEGORIES STATE ASSIGNHEN'I' 

PRIMARY SECONDARY 

RUNOFF COMPONENTS 

Tnun(~dialte Runoff 

SurfacE! Runoff API, RI 

Interflow 

Baseflm.,. 

SOIL HOISTURE HORIZON 

Single Zone API 

PROCESSES 

Infiltratior 

Percolation 

Evaporation API 

J[nterception RI 

Losses 

-------_ .. _----- -._--------------------_.----------_._-
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CHAPTEH 3 

CREAMS HODEL 

1. HISTORY 

The CREM1S model (a field size scale model for Chemicals 

Runof.f, and Erosion from Agricultural Management Systems) 

was completed in May 1980 by the st~ff of the Science and 

Education Administration - Agriculture Research of the U. S. 

Department of Agriculture (USDA) (5). CREAMS was developed 

to si.mulate the hydrology, erosion/sedimentation, and chemistry 

of field size tracts of land in order to evaluate nonpoint 

source pollution and to aid in implementing best management 

practices to limit nonpoint pollution. The model is designed 

to be applicable to tracts of land having a single land use, 

relatively homogeneous soils, spatially uniform rainfall, and 

single management practices (such as conservation tillage, 

terraces, etc.). Since the purpose of the model is to predict the 

degree of rionpoint source pollution resulting from agricultural 

practices, CREAMS major sophistication and emphasis is found 

in its erosion/sedimentat.ion and chemistry submodels. Its 

hydrology submodel (which is the sale concern of this report) 

is a very simplified representation of the hydrologic cycle 

and incorporates only those components of the cycle that 

directly affect erosion, sedimentation, and chemical p~ocesses 

in agricultural systems. 
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2. DESCRIPTION 

The CREAMS hydrology submodel is essentially a deterministic, 

lumped-input, lumped-parameter type model. It has only three 

components,which are 

evapotranspiration. 

these components for 

for infiltration/runoff, percolation, and 

Figures 3-1 and 3-2 show the relation of 

the model's two options. There are no 

components for interflow, baseflow, or channel routing. Therefore, 

the model ~ees precipitation as either running off the land and 

leaving the system or remaining as infiltration. The infiltration 

wa~er then either returns to the atmosphere through evapotranspira­

tion or is lost to the system as seepage below the rout zone. 

This is a simple 'representation, but it is sufficiently complex 

for the pollution prediction purp~ses of the model. 

2.1 Ir~filtration!Runoff 

The infiltration/runoff component of the CREAMS model has 

two options, which are based on the type of input data that is 

available. 

Option 1 accepts total daily rainfall as input and uses 

the Soil Conservation Service Curve Number (SCS-CN) method for 

calculating daily runoff. The SCS-CN method is based on a 

family of empirically developed curves that predict daily runoff 

from daily precipitation for various soil types, land uses, 

treatment practices, etc. The method can be used by determining 

the recorrunended Curve Number (CN) for the soil type, land use, 

treatment practice etc., which is of interest and then reading 

from that numbered curve the predicted runoff directly from the 

daily precipitation. A complete description of this method may 
be found in the National Engineering Handbook of the USDA (6). 
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Option 2 takes breakpoint rainfall for its input and uses 
the Green and Ampt infiltration relation (7) for predicting 

breakpoint infiltration. This means that Option 1 determines 

runoff and assumes that the remaining water infiltrates while 

Option 2 calculates infiltration and assumes that the remainder 

runs off. Option 2 provides perhaps a more accurate representation 

of the actual physical processes, but when breakpoint rainfall 

data are not available, Option 1 can give a reasonable approximation 

of runoff and infiltration. 

Both options have a simple snowmelt component that assumes 

that precipitation occurring on days with an average temperature 

less than freezing is snow and hence adds it to any existing snow 

pack. When the average temperature is above freezing the daily 

snowmelt (M.) is determined by 
1 

wher,e 

T=average daily temperature in °c 

until the snow pack is exhausted.. All snowmelt is then added 

to the top layer's soil moisture, and no provision being made 

for the snowmelt to run off. This snowmelt representation is 

quite simplistic, but a better approximation is not possible 

without detailed temperature and radiation data, ~hich are 

available for only a few sites in the United States. 

2.2 Soil Moisture Zones 

After 'water from rainfall or snowmelt has entered the 

soil, the model assumes that it either percolates down to 
subsequent soil layers or returns to the atmosphere through 

evaporation or transpiration. Both of the options use essentially 

the same equations for percolation, evaporatio~and plant trans­

piration. However, the division of the soil strata into layers 
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for percolation and transpiration purposes is different for 

the hlo options. Option 1 divides the root zone in to seven 

separate layers each having its own moisture content. This is 
a departure from the standard SCS-CN method, which assumes only 

one soil layer. Th~ multilayer modification is made to allow 

the surface soil layer to be wetter or drier than the remaining 

soil layers. This i~ turn gives perhaps a better prediction 

of SCS-CN runoff. Option 2 divides the root zone into only 

two layers: an upp:~r layer th~:t controls infiltration and 

direct evaporation and a lower layer that controls infiltration 

below the root zone. The surface layer controls infiltration 

throuqh a stalte called "surface depth" (DS), which is calcilla ted 

for the upper layer according to its relative saturation at the 

beginning of each storm. The "surface depth" value represents 

the available porosity of the soil's surface to infiltration. 

It can be thought of as the infiltration capacity of the upper 

soil layer expressed in inches of wat~r. 

2. 3 ~~~rcolation and EvapotransEirati(?~ 

The model allows percolation to occur when soil moisture 

is greater than the specified field capacity. Direct evaporation 

is considered to occur only from the surface soil layer. However, 

transpiration can occur from all soil layers according to the 

actual root depth. The daily variation of root depth, transpiration 

activity and shading (all of which directly affect evapotranspiration) 
is represented by a leaf area index curve, state Variable X(I). 

This curve indicates the ratio of leaf area to land area on a daily 

basis, and the magnitude of the above-mentioned effects is assumed to 

be proportional to the leaf area index. The model can also modify 
the leaf area index curve to simulate the effects of drought on 

plant activity if soil moisture conditions drop below the 15-bar 

tension level (BR15)defined in Table 3-1. 
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Table 3-1. PARAMETERS (DEFINITIONS) CREAMS MODEL (OPTION 1) 

*BH15 "Immobile" soil moisture content at 15 bars 
tension. 

CHS Channel slope. 

CN2 

*CONA 

*FUL 

*Gn 

*POROS ---

*HC 

RD 

SIA 

u~ (1-7) 

WLW 

The SCS curve number specified for the land 
use, treatment practice, soil group, etc., 
being considered for modeling, assuming an 
Antecedent Moisture Condition II (AMC II). 

Soil evaporation parameter that indicates the 
soil water transmission characteristics of 
the surface layer of soil. 

Portion of plant-available water storage filled 
at field capacity. 

Winter cover factor that reduces soil evap­
oration as a result of ground cover. Varies 
from 0.5 for excellent cover to 1.0 for bare 
soil. 

Soil porosity; the average porosity of all 
soil layers found in the maximum rooting 
depth. 

Fraction of pore space filled at field 
capacity. 

Maximum rooting depth in inches. 

Initial abstraction coefficient for the 
SCS-CN method. It indicates the amount of 
interception, infiltration, and surface 
storage that occurs before runoff begins. 
Unless there is very strong evidence to 
the contrary, the value 0.2 should be used. 

Maximum plant-available water storage in each 
of the seven soil layers of the maximum rooting 
depth. It is the difference between the total 
soil porosity and the ORIS water content. 

Watershed length-to-width ratio. 

*(common to both options) 
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2.4 Para.meters 

The parameters for CREAMS hydrology options are listed 

wi th their d~~fini tions in Table 3-1 and 3-2. Those common to 

both options are indicated in the listings. As can be seen 

from t~hese tables, most of the CREAMS parameters can be directly 

measured or at least can be obtained from standard tables for 

land use, treatment practice, soil group, etc. This allows the 

CREAMS model to be used directly without lengthy calibration 

iterations to match known data. Tables 3-3 and 3-4 classify 

each of the parameters of Options 1 and 2 into primary or secondary 

categories ac:cording to components of the hydrologic cycle. A 

primary classification indicates the component that a particular 

parameters most affects. Secondary c:lassifications show other 

components on which a parameters has lesser effects. 

2.5 States 

Only tWCl types of states are involved in th"> CREAMS model; 

those that represent soil moisture conditions and the leaf area 

index, which represents the state of plant development and activity. 

Option 1 keeps tract of soil moist.ure conditions through a BST 

state variable for each of the seven soil layers. Option 2 employs 

a single BST state variable for soil moisture in the upper and lower 

soil moisture zones and a separat.e state variable, DS, for moisture 

in the surface soil moisture layer. Both options use the state 

variable leaf area index, X(I), to represent actual rooting depth, 

plant development, and transpiration activity to calculate 

evapotranspiration. The above states are all defined in Table 3-5. 

The primary and secondary role of the states in the hydrologic cycle 

are listed in Tables 3-6 and 3-7 for Options 1 and 2, respectively. 
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Tcible 3-2. PARAMETERS (DEFINITIONS) CREAMS MODEL (OPTION 2) 

"'BIU5 "Immobile" soil moisture content at 15 bars 

*CONA 

DF' 

*FUL 

GA 

*GR 

*POROS 

*RC 

RMN 

SLOPE 

XI,]> 

tension. 

Soil evaporation parameters that indicate 
the soil water transmission characteristics 
of the surface layer of soil. 

Depth of root soil zone. 

Portion of plant-available water storage filled 
at field capacity. 

Effective capillary tension for the surface 
layer of soil. 

Winter cover factor that reduces soil evap­
oration as a result of ground cover. Varies 
from 0.5 for excellent cover to 1.0 for bare 
soil. 

Soil porosity; the average porosity of all 
soil layers found in the maximum rooting 
depth. 

Fraction of pore space filled at field capacity. 

Manning roughness number for the field surface. 

Average slope of the field. 

Length of flow plane. 

* (common to both options) 
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Table 3-3. ROLE OF PARAMETERS - CREAMS MODEL (OPTION 1) 

CATEGORIES PARAMETER ASSIGNMENT 

PRIMARY SECONDA·.{Y 

RUNOFF COMPONENTS 

Immediate Runoff 

Surface Runoff CHS, WLW CN2r SIA 

Interf10w 

Basef10w . 
.. SOIL HOISTURE HORIZONS 

Multiple Zones UL(l-7), FUL POROS 
BR15 

PHOCESSES 

Infiltration CN2, SIA UL (1-7) 

Percolation RC, POROS FUL, CN2, 
; . UL(1-7) 

Evaporation CONA, GR BR15, RD, FUL 

.. 
Interception SIA r--' 

Losses RD 
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Table 3.4 ROLE OF PARAMETERS - CREAMS MODEL (OPTION 2) 

CATEGORIES PARAME'rER ASSIGNMENT 

PRIMARY SECONDARY 

RUNOFF COMPONENTS 

Immediate Runoff 

Surface Runoff RMN, SLOPE, XLP 

Interflow 

Baseflow 

SOIL MOISTURE HORIZONS 

Upper Zone FUL, BR15 POROS 

Lower Zone FUL, BR15 POROS 

PROCESSES 

Infil tration POROS, GA 

PercolAt.ion RC FUL, POROS 

Evaporation CONA, GR DP, FUL 

Interception 

Losse!> DP 
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Table 3-5. 

*BST 

**DS 

STATE (DEFINITIONS) CREAMS MODEL 

Fraction of plant-available water storage 
filled when simulation begins. It rep­
resents the soil's water content above 
the BRl5. 

Leaf area index, which indicates the area 
of plant. leaves relative to soil surface 
area. Up to 366 values may be specified 
to describe the daily variation of the 
leaf area index. 

Depth of surface soil layer. This state 
representG the available infiltration 
capacity of the soil surface and is made 
to vary with soil moisture content • 

1< Cornmon to both options 
**Option 2 only 
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Table 3-6. ROLE OF STATES - CREAMS MODEL (OPTION 1) 

CA'rEGORIES STATE ASSIGNMENT 

PRIMARY SECONDARY 

RUNOFF' COMPONENTS 

Immediate Runoff 

Surface Runoff BST 

Int.erflow 

Baseflow ,. 

SOIL MOISTURE HORIZONS 

Multiple Zones BST 

PROCESSES 

Infiltration BST 
.. 

Percolation BST 

Evaporation x (I) EST 

Interception 

Losses XCI) 

-------------_._--------------------------._._------
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Table 3-7. ROLE OF STATES - CREAHS NODEL (OPTION 2) 

CATEGORIES STATE ASSIGNMENT 

PRIMARY ---------------1--------.. --- SECONDARY 

RUNOFF COMPONENTS 

Immediate Runoff 

Surface Runoff DS, BST 

Interflow 

Haseflow 

SOIL MOISTURE HORIZONS 

Upper Zone as'!', os 

Lower Zone Bs'r 

PROCESSES 

Intil tration BST, OS 

Percolation BST 

Evaporation x (I) BST 

Interception 

Losses X(I) 

----.. -.---------.. --,,------.-~-----,--.... ---.---- ~-~----------.-
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There are three basic inputs to the CREAMS model: precip­

itation, temperature, and radiation. The model provides two 

options for the types of precipitation data available. The 

perhaps morE:! accurate option (Option 2) accepts for its input 

breakpoint rainfall, which consists of the times at which changes 

in rainfall rate occur and the corresponding rates which are 

established. Breakpoint data of this type are difficult to 

obtain for most of the United States. Therefore, Option I is 

also provided; it predicts surface runoff from total daily 

rainfall based on the empirical daily precipitation/runoff 

relations developed by the ses. 

Monthly mean air temperature and mean solar radiation 

are also required inputs and are used to calculate daily 

evapotranspiration. Daily values of temperature and radiation 

are calculated from the mean monthly values fitted to an annual 

curve by !:'ourier analysis. Long-term averages or actual 

monthly datal for the specified period of simulation can bll used. 

Temperature data are regularly published by the National 

Weather Service. However, current: solar radiation data are 

not readily available. Therefore, it is recommended that the 

monthly average daily radiation data found in publications 

such as the Climatic Atlas of the United States be used. 

3. APPLICATION 

~rhe CREAMS model is designed to be applicable to tracts 

of land having a single land use, relatively homogeneous soils, 
spatially uniform rainfall ,and single management practices 

(such as conservation tillage, terraces, etc.). In other words 
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it is at field or at most a farm scale model. CREM-tS cannot 

be directly applied to watershed size tracts of land. However, 

small watersheds may be divided according to land use, etc., and 

then the model can be run on each of the divisions separately 

and the resulting outputs added to obtain the watershed's 

hydrologic response. This method, is too lengthy and complex 
for meditun and large size watersheds. 

CFlEAMS has been tested with relative success on research 

lysimeters and small watersheds in Texas, Ohio, Georgia, 

Oklahoma, Nebraska, Arizona, New Mexico, \>1est Virginia, Mississippi, 

Iowa, and Montana (5). The results relating to surface 

runoff must bl~ considered good since no attempt was made to 

calibrate the model by successive iteration runs. (One of 

CHEAMS mil-jor development criteria was the employment of observable 

pdrameters so that calibration iterations could be minimized 

or pr'eferral>ly eliminated.) It must be remembered, however, 

that the major purpose of CREAMS is not the total simulation 

of hydrologic processes but the prediction of nonpoin~source 

pollution, an area to which it has closer correlation. 
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CHAPTER 4 

NATIONAL WEATHER SERVICE RIVER FORECAST SYSTEM MODEL 

1. HISTORY 

The National Weather Service River Forecast System (NWSRFS) 

is a comprehensive collection of hydrologic techniques needed 

by the NWS River Forecast centers to perform their ope~ational 

functions. An initial publication (4) contains informa-

tion on all of the data processing and hydrologic mod",ls in 

use at that time. In that publication, the basic soil-accountiny 

model was a modification of the Stanford Watershed Model IV. 

In 1973,a soil moisture accounting system was developed 

in the Sacramento, California,River Forecast Center by 

Burnash, el.al. (8). The basic soil moisture and accounting 

teChnique now used in NWSRFS is the Sacramento Model with only 

slight mod1fication. 

The NWS Hydrologic Services Division maintains and publishes 

a loose-leaf users manual on the NWSRFS. The present procedures 

are based on an operational table concept that permits a field 

forecast office to have a wide range of choices in selecting 

techniques best suited to his forcust area. For example, it is 

possible to use the Sacramento model for one basin (where data 

are adequate) and an API model for anothor. In addition, channel 

routing could be accomplished by lag and K methods or by use of 

the SSARR model (Chapter 7). Any hydrologic model or procedure 

routine can be placed in the operational table and used in con­

junction with others. 
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2. DESCRIPTION 

The Sacramento model is a deterministic lumped input, 

lumped parameter type model. However, a basin is divided 

into pervious, variable impervious,and impervious areas. 

2.1 Soil Moisture Zones 

Two soil moisture zones, upper and lower, are identified. 

(Figure~ 4-1) • Each is thought of as storing moisture in two 

forms, "tension water" and "free \>later ." The amount of water 

in each of these storages represents a state of the model. 

The model has a rather complex groundwater flow withdrawal 

function which allows for accurate simulation of the streamflow 

during low flow periods. 

2.2 Percolation 

Th,e flow of water from f~he upper zone to the lower zone 

is expressed by a formula considered to be the "heart" of the 

model (Figure 4-2). In this formula, a percolation rate "PBASE" 

is defined as the maximum lower zone flowthrough rate. This rate is 

numerically equal to the outflow rate from the lower zone under 

saturated conditions. 

Under conditions of unlimited moisture availability in the 

upper zone, the actual percolation rate may vary between "PBASE" 

when the lower zone is full and a maximum value that would 

occur if the lower zone were empty. This maximum rate is defined 

by a percolation parameter, "ZPERC", such that the maximum rate 

is equal to the product of "PBASE" and "I+ZPERC." 
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The variation of percolation rate between the minimum and 

maximum values thus definej occnrs as a function of the lower 

zone deficiency ratio (DEFR). This ratio is simply the dif­

ference between lower zone contents and capacity divided by the 

capacit". The ration may vary from zero (lower zone full) to 

unity (lower zone empty). In its computation, both tension and 

free water are considered. In order to permit the effect of 

the deficiency ratio to be nonlinear and to vary among catch­

ments, a parameter "REXP," is applied to the ratio as an exponent. 

Thus, the actual percolation rate under conditions of unlimited 

moisture availability in the upper zone is given by 

RATE =PBASE (1 + ZPEHC * DEFR
i1EXP

). 

The true percolation rate is equal to the product of "HATE" 

and the "upper zone driving force," which is the ratio of upper 

zone free water contents to upper zone free water capacity. Thus, 

the percolation will be ~ero if upper zone free water is empty 

and equal to "RATE" if the upper zone is full. 

The formula involves eight model parameters. Two of them, 

ZPERC and REXP, appear only in this formula. The remaining six 

serve their primary purpose in other parts of the model. Four 

model parameters related to storages in both zones also appear. 

The formula interacts with other model components in such a way 

that it controls the movement of water in all parts of the soil 

profile, both above and below the percolation interface and is, 

in turn, controlled by the movement in all parts of the profile. 
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2.3 Parame:ters 

The soil moisture accounting portion of the Sacramento 

model t::xclusive of those associated with evapotranspiration 

demand, involves 16 parameters, which are listed in Table 4-1 

with definitions. All parameters are also identified in 

Figure 4-1. Detailed information on parameters and calibration 

of the model have been discussed by Peck (9). In Table 4-2 

each par~meter is assigned to a primary category (to which it 

best belongs) and a secondary category that it impacts. 

2.4 States 

T~e six states of the model are defined in Table 4-3. The 

primary and secondary role of states in the model with respect 

to the runoff, soil moisture horizons, and processes are listed 

in T,lble 4-4. 

2.5 Inputs 

The two required inputs are precipitation and some estimate 

of average values for potential evaporation. A continuous re­

cord of 6-hour basin mean precipitation normally is required, 

but amounts for any ~T divided evenly into 24 hours can be used. 

The NWSRFS users manual contains procedures for deriving these 

means. from any combination of recording and daily precipitation 

gages in and around the basin. 

The model uses for its evapotranspiration demand the product 

of potential evaporation (PE) and a seasonal correction curve 

that is optimized as part of the model. The PE record can be 

day-by-day-computed PE (from pan measurements or meteorological 

data) or a curve representing the long-term averages of these 

figures. 
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ADIMP 

LZ}'PM 

LZPK 

LZFSM 

LZSK 

LZ']'WM 

PC'I'IM 

PFREE 

RSERV 

REXP 

RIVl\ 

SIDE 

UZFVIM 

UZ1< 

UZTWM 

ZPERC 

Table 4-1. 

I 

PARAMETERS (DEFINITIONS) NWSRFS MODEL 

That fraction of the basin that becomes 
impervious as all tension water require­
ments are met. 

Maximum capacity of lower zone primary 
free water storage. 

Lateral drainage rate of lower zone primary 
free water expressed as a fraction of contents 
per day. 

Maximum capacity of lower zone supplemental 
free water storage. 

Lateral drainage rate of lower zone supple­
mental free water expressed as a fraction of 
contents per day. 

Maximum capacity of lower zone tension water. 

Fraction of impervious basin contiguous with 
stream channels. 

The percentage cf percolation water that direct­
ly enters the lower zone free water without a 
prior claim by lower zone tension water. 

Fraction of lower zone free water not available 
for transpiration purposes (incapable of re­
supplying lower zone tension water). 

An exponent determining the rate of change of 
the percolation rate as the lower zone deficiency 
ratio varies from 1 to 0 (1 = completely dry; 0 -
lower zone storage completely full) 

Fraction of basin covered by riparian vegetation. 

The ratio of unobserved to observed baseflow. 

Maximum capacity of upper zone free water. 

Lateral drainage rate of upper zone free water 
expressed as a fraction of contents per day. 

Maximum capacity upper zone tension water. 
A fraction used to define the proportional in­
crease in percolation from saturated-to-dry lower 
zone soil moi.sture conditions. This parameter, 
when used with other parameters, indicates the 
maximum percolation rate possible when upper 
zone storages are full and the lower zone soil 
moisture is 100 percent deficient. 

4-7 

, 

; 



.. , 
, 
r .. 

, ... 

1-

Table 4-2. ROLE OF PARAMETERS - NWSRFS MODEL 

--------------[ ------CATEGORIES ._ PARAMETER ASSIGNMENT 

PRIMA.RY 
-----------.-l-

RUNOFF COMPONENTS 

Inunediate R'1noff 

Surface Runoff 

Int:erflow 

Baseflow 

SOIL MOISTURE HORIZONS 

Uppl~r Zone 

Lower Zone 

PROCESSES 

Infiltration 

Percolation 

Evaporation 

Interception 

Losses 

_._----_._--

PCTIM, ADIMP 

UZK 

UZTWM, UZFWM 

LZTWM, LZFPM, 
LZFSM, RSERV 

PFREE, ZPERC, 
REXP 

RIVA 

SIDE 

4-8 

SECONDARY 

UZ'l'WM, LZTWM 

UZFWM 

UZFW/>.1, ZPERC, 
:>.EXP, i.,ZFPM, 
LZ~SM, LZSK, 
L7PK 

LZFPM, LZFSM 

UZK, PFREE, 
ZPERC, REXP, 
LZFPM, LZPK, 
LZFSM, LZSK 

LZPK, LZSK, 
PFREE, ZPERC, 
REXP 

UZTWM, UZIo'v."'M 

LZFPM, LZSK, 
LZFSM, LZSK, 
UZTWI1, UZFWM 

ADIMP, UZTWH, 
UZP'WM, LZTWM, 
RSERV 

UZTWM 

, 



Table 4-3. STATES (DEFINITIONS) NWSRFS MODEL 

ADIMC Additional im~~~vious area. 

LZFPC Lower zone free primary water storage. 

LZFSC Lower zone free supplemental water storage. 

LZTWC Lower zone tension water storage. 

UZFWC Upper zone free water storage. 
· .~ . 
..... 

UZTWC Upper zone tension water storage. 

4 
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Table 4-4. ROLE OF STATES - NWSRFS MODEL 

CATEGORIES 

RUNOFF COMPONENTS 

Immediate Runoff 

Surface Runoff 

Interflow 

Baseflow 

SOIL MOISTURE HORIZONS 

Upper Zone 

Lower Zone 

PROCESSES 

Infiltration 

Percolation 

Evaporation 

Intercl~tion 

Losses 

STATE ASSIGNMENT 1----.------------.------

4-10 

PRIMARY 

ADIMC 

UZTWC, UZFWC, 

LZTWC, LZFPC, 
LZFSC 

SECONDARY 

UZFWC 

UZFWC 

LZFPC, LZFSC 

UZTWC, UZFWC 

UZTWC, UZFWC, 
LZTWC, LZFSC, 
LZFPC 

UZTWC, UZFWC, 
LZTWC, ADIMC 

UZTWC 

LZFPC, LZFSC 

, 



3. APPLICATION 

The NWS uses a combination of manual and automatic 

optimization techniques (10) for calibration of the model. 

As with any conceptual model, considerable hydrologic 

skill is required to produce a set of parameters thaL "best 

fit" the physical characteristics of the basin. The length 

of the data base required for adequate calibration depen~s on a 

nuniller of factors including the hydroclimatic ~haracteristics 

of the catchment and the amount of hydrologic activity during 

the period in question. In general, the data base should be 

long enough to represent both extremely dry and extremely wet 

conditions and should reflect current land use conditions. 

A basin may be divided into separate areas with a set of 

parameters fitted for each area. For example, a basin may be 

divided into forested and nonforested areas. Division of a 

basin is especially of value when the NWSRFS snow accumulation 

and ablation model is used in conjunction with the soil moisture 

and accounting model (Chapter 8). For high elevation basins in 

the West, a division is generally made between areas of heavy 

continuous snow cover and the lower valleys were snow cover is 

intermittent. 

The mo~el ~as Leen applied successfully to small research 

basins 7.3 km
2 

(2.8 mi 2 ) and to a basin as large as the 5anaga 

River in the Republic of Cameroon [131,500 Km 2 (50,772 Mi 2J . 

The NWS normally applies it to operational basins ranging from 

500 Km
2 

(200 mi 2) to 2500 Km 2 (l000 mi 2). 
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CHAP'l'ER 5 

STORAGE, TREA'rMENT, OVEHFLOW, HUNOFF MODEL (STORM) 

1. HIS'l'ORY 

ThE! STORM model was ori<] il)nl1y developed as a means to 

economic:ally assess the need [or urhiln stormwater runoff 

treatment on a continuous basis. The original version of 

the program was completed in Janu~ry 1973 by Water Resources 

Engineers, Inc. (WRE) of Walnut Creek, CA., while under 

contract. with the Hydrologic Enqil1ecl':ing Center (!lEe) (11). Parts 

of the program had been previously developed by WRE for the 

Environmental Protection Agency ,lnd the City of San Francisco • 

2. DESCRIP'l'ION 

:2.1 !YJ2.£ 

The STORM model i~ a "grey-box." It does not solve 

basic differential equations that govern the basic rainfall/ 

runoff processes. The model is based primarily on continuity 

of mass and various coefficients that govern whether water runs 

uff, infiltrates, or simpli disappears (is lost). 

S'T'ORM provides a method of <lnitlysis to estimate the 

quantity and quality of runoff fl.'om small, primarily urban, 

Ilatersheds. Nonurban areas may .1180 be considered. Land 

surface erosion for 'lrban and nonurban areas in computed in 

addition to the basic water quality parameters of suspended 

i:nd settleable solids, biochemiC;ll oxygen demand (BOD), 

5-,1 



total nitrogen (N), and orthophosphate (P04 ). The purpose 

of the analysis is to aid in the selection of storage and 

treatment facilities to control the quantity and quality of 

urban storm water runoff and land surface erosion. Only 

the rainfall/runoff portions of the model are considered here. 

The components of STORM are illustrated in Figure 5-1. 

2.2.1 Soil Moisture Zones 

The S,]~ORM model speci fically accounts only for moisture retained 

on the ground surface. A value for depression storage (a model 

state) is updated on the basis of evaporation and the number of 

dry days since a previous storm. 

2.2.2 Soil Moisture Accounting 

No soil moisture accounting is done in the STORM model 

al though surface depression storag(~ is considered. 

2.~.~ n~rcolation-Infiltration 

T~e mechanisms of percolation and infiltration are not 

s!?ecifically modeled in the older reversions of STORM. Runoff 

coefficients (C ) are assigned to basin subareas. The coeffi-u 
cients determine what percent of precipitation runs off or 

infiltra~es/percolates. Infiltrated/percolated water is actually 

ct loss since no means are provided for routing the water alld 

returning it to surface flow. New versions allow the user to 

substitute the SCS curve number method of determining infiltration(ll). 

The reader should refer to the cr~EM1S model description (Chapter 3, 

Section 2.1) for information on the curve number method. 
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2.2.4 Surface Runoff and Diversions 

Runoff calculations are carried out by two nearly 

identical submodels (Figure 5-1). Runoff from urban areas 

is computed by one submodel, and runoff from nonurban areas 

is computed by the other. The two results are added to obtain 

total runoff. 

Both the urban and non urban submodels make no provision 

for "routing." That is, the outflow hydrographs mirror the 

rainfall inputs modified only slightly by the water quality 

storage routine (not considered here). Provisions are made, 

however for "diversions," which are sinks of water. Water 

diverted disappears from consideration. 

2.3 Parameters 

The STORM model has 16 basic parameters, which are listed 

and defined in Table 5-1. The parameters are also identified 

in Figure 5-1. In Table 5-2, each parameters is assigned to 

a primary category (to which it most belongs) and to a secondary 

category that it impacts. 

2.4 States 

STO~~ has only two state variables, Fu and Fn' the current 

depression storage in the urban and nonurban areas, respectively. 

T~ble 5-3 shows that the two variables are primarily related 

to the surface runoff and in a secondary manner to infiltration. 

The primary input to the STORM model is weiqhted basin 

precipitation. Provlsions are also made to use snowmelt as 
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Table 5-1. 

.-----------------. 

C 
P 

D 
u 

DVN max 

DVN . mln 

DVU max 

DVU . mln 

1" I 

K 
n 

Ku 

PARAMETERS (DEFINITIONS) STORM MODEL 

---------------------_._-----------
Runoff coefficient of Ith impervious 
segment of urban area. 

Composite runoff coefficient, nonurban 
area. 

R ff ff " f th. t uno coe lClent 0 r perVlOUS segmen 
of urban area. 

Composite runoff coefficient, urban. 

Maximum depression storage, nonurban. 

Maximum depression storage, urban. 

Runoff at which diversion begins, nonurban. 

Runoff at which diversion peaks, nonurban. 

Runoff at which diversion begins, urban. 

Runoff at which diversion peaks urban. 

Fraction of rth land use area that is 
pervious. 

Recession factor (evaporation from depression 
storage) , nonurban. 

Recession factor (evaporation from depression 
storage), urban. 

Area of land use or fraction of total urban 
area. 

Fraction of runoff diverted, nonurban. 

Fraction of runoff diverted, urban. 
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'rable 5-2. ROLE OF PARAMETERS - S'rORM MODEL 

-----_._---------
CATEGORIES 

RUNOFF COMPONENTS 

Immediate Runoff 

Surface Runoff 

Interflow 

Baseflow 

SOIL 101OISrl'URE HORIZON -----_ .. 
Single Zone 

PROCESSES 

Infil tration 

Percolation 

Evaporation 

Interception 

Losses 

5-6 

PARAMETER ASSIGNMENT 

PRIMARY 

K , K 
u n 

Wu ' DVUmax ' 

DVU . , W , 
mJ.n n 

DVNmax ' 

DVN mJ.n 

SECONDAHY 

CI , Cp ' XI' F I , 

Ku' Kn 
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Table 5-3. ROLE OF STATES - STORM MODEL 

CATEGORIES 

RUNOFF COMPONENTS 

ImIr.ediate Runoff 

Surface Runoff 

Interflow 

BaBeflow 

SOIL MOISTURE HORIZON ----------------
Single Zone 

PROCESSES 

Infiltration 

Percolation 

Evaporation 

Interception 

Losses 

STATE ASSIGNMENT 

PRIM.~RY 

F , F 
u n 

-+-_._---- ----
SECONDARY 

F , F 
u n 

--_._-----------------------------.- -
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input based on degree-day formulas. Daily temperatures then 

become a model input. 

3. APPLICATION 

STORtil is designed for application to small (400 to 500 mi 2 

or less) basins composed primarily of urban or combined 

urban-rural land use. It is a continuous simulation 

model designed for use with many years of continuous hourly 

precipitation records or precipitation and temperature records. 

STORtJ{ was not designed to be a highly accurate rainfall/ 

runoff model. It was desi<]ned to give reasonable runoff 

~stimates and to provide an economical means of evaluating 

various land use/storage/treatment methods for controlling 

urban runoff pollution. 

An important aspect of the STOfu'l1 model is its extensive 

areal segmentation. The user may divide the area being 

modeled into many land use and runoff categories. This 

division of area by use types is important when considering 

the usc of remotely sensed data since land classification by 

remote s~nsing is highly developed. 
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CHAPTER 6 

'rHE STANFORD WATERSHED MODEL IV 

1. HISTORY 

A series of continuous watershed simulation models 

was developed at Stanford U,tiven,ity in the early 1960s. 

The most widely known and distributed of these is the 

Stanford Watershed Hodel Version IV (SWM). The original SWM 

(12) was written in ALGOL. It has spun off many modifications 

since. Major ones of these are the Kentucky WatersheJ Model 

(KWM); a self-calibrating version of KWM known as OPSET; the 

Ohio State University version; the Texas version; the Hydrocomp 

Simulation Program; and the National Weather Service Hydro-14 

version .. A good description of these versions of the Stanford 

model is available in Viessman et.al. (13). 

There were several motivations for these modifications 

to SWM. Most of these modified version change from ALGOL 

to FORTRAN and include cosmetic: changes (Plotting, output, etc.). 

A more significant change is the addition of self-calibrating 

features in OPSET and the National Weather Service versions 

although these features have little impact on the application 

of remote sensing to the Stanford model. A major motivation 

for modification has been to change the time step of the original 

mndel. The original model used basic I-hour precipitation 

inputs with provision for including 24-hour values. Modificatiolls 
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to allow both shorter and longer time steps for the precipitation 

inputs have been made,and this change of time step is usually 

reflected in the computational details of the particular version. 

In particular, the National Weather Service version uses a 6-nour 

time step and therefore, uses a much simplified computation 

for surface runoff. 

2. DESCRIPTION 

2.1 Version Described 

This review of the Stanford Model is based on the original 

Stanford Watershed Model IV. It is hoped that hydrologists 

using various versions of the origi.nal SWM will be ablE> to 

relate the discussion here to their model and that a larger 

commullity of potential users will be served by limiting 

discu.ssion 1:0 the "original" SWMIV rather than some derivative 

model. The snowmelt computations of the Stanford Model are 

not included because they are similar to the NWS snowmelt 

model described elsewhere. Also, the procedures for channel 

routing are not included in the exposition. The components 

of the Stanford Model that are included in this exposition 

are shown on Figure 6-1. Both potential evapotranspiration 

and computat.ion of rain plus snowmelt are considered exogenous. 

2.2 :~ 

jI\ basic modeling philosophy of SWM is to recognize 

explicity the spatial variability of infiltration, interflow 

prediction, surface runoff, and evapotranspiration. This 

philosophy is illustrated in Figure 6-2,which shows the basic 

moisture allocation component of SWM. ('rhe values band c 

vary with moisture conditions.) A similar concept is used 

in area-wide allocation of evapotranspiration opportunity. 
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In spite of the modeling philosophy that recognizes 

spatial variabilities, the SWM is a lumped input model. 

The user can subdivide a watershed into catchments 

each of which has a separate parameter set, but SWM does not 

lend itself readily to subdivisions based on elevation or land 

use or aspect or other characteristics that lead to zones 

that are not contiguous catchments. 

Descriptions of the Stanford model are widely available in 

the literature. In addition to the original report (12), 
descriptions are available in varying detail in several 

hydrology texts (13,14,15). As a result, the components of 

the Stanford model are not presented in detail here. 
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The SWM is shown ~chematic~JLY in Figure 6-1. Interception 

occurs over the entire basin, and a parameter allows for the 

impervious area hydraulically conne ...... ed to the stream. The 

basin pervious area is divided into three zones (upper, lower, 

and groundwater). The allocatio .. l of moisture between the upper 

and lower zone components is depicted in Figure 6-2. 

The upper zone includes a surface runoff component based 

on the kinematic wave formulation for overland flow. The upper 

zone also includes an interflow component modeled as a linear 

reservoir. Soil moisture storage in the upper zone is also 

included. There is a provision for percolation from the upper 

to lower zone although the major moisture allocation to the 

lower zone is immediate via the mechanism shown in Figure 6-2. 

Moisture that passes from the upper zone (whether immediate 

or by percolation) is divided between lower zone storage 

and groundwater storage. This division depends on the amount 

of lower zone storage available. 

An interesting feature of the groundwater zone is a 

variable recession coefficient for groundwater storage. This 

allows for more rapid depletion of groundwater during times of 

comparatively rapid accretion and slower depletion during dry 

periods. 

There is a provision in the model for basin losses 

from groundwater. 

Evaporation occurs at the potential rate from interception, 

upper zone storage, and lake surfaces. Any remaining potential 

evaporation is distributed over the basin in a manner analogous 

to that shown in Figure 6-2 and withdrawn from the lower zone 

storage. 
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2.4 Parameters 

The soil moisture accounting procedure SWM has 16 parameters 

as defined in Table 6-1. Table 6-2 shows primary and secondary 

categories for these parameters. 

2.5 Stat.es 

The seven states of the Stanford model are defined in 

Tabie 6-3, and Table 6-4 3hows primary and secondary categories 

for these states. An interosting feature of the moisture 

storages in the Stanford model is the lack of any upper limit 

on the amount of water stored. 

The Stanford model has two basic inputs; daily potential 

evapotranspiration and hourly rain plus snowmelt. Both of these 

are averages over the segment or subbasin to which a single set 

of parameters applies. The original model had provisions to 

weight individual precipitation stations to obtain segment 

precipitation. 

The original model includes a snow model although it is 

not described here. The soil moisture accounting procedure 

of the Stanford model can be linked to any continuous snow model 

that can provide rain plus melt as required. 

3. APPLICATION 

The original Stanford model used only manual calibration 

procedures, but later versions also have automatic calibration 

methods. The length of record required for calibration depends 

primarily on the region. For any area the data base should 

represent both dry and wet seasons. 

• 
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A basin may be divided into segments and calibrated using 

a single streamflow record. Each segment has a separate set of 

parameters. The original Stanford model report included examples 

of calibration of segments from about 250 acres to 250 mi 2 with 

segments combined into watershed up to 1342 mi 2 • It has since 

been modified and calibrated throughout the world to segments 

up to about 2000 mi 2 • The Stanford model is not intended as an 

urban model though it has been used on watersheds that encompass 

urbanized areas. 

Table 6-1. PARAMETERS (DEFINI'rrONS) STANFORD vlA'rERSHED MODEL IV 

A 

CB 

CC 

EPXM 

ETI. 

II~~; 

KK2:4 

KV 

K24EL 

K241. 

K3 

~ 

mi 
LZSN 

UZSN 

ss 

Percent impervious area. 

Infiltration index. 

InterflO\"l index, which determines the ratio of 
interflow to surface runoff. 

Maximum amount of interception storage. 

Ratio of total stream and lake area to the total 
watershed area. 

Daily interfloW recession coefficient. 

Daily groundwater recession coefficient. 

Weighting fact0r to allow variable groundwater 
recession rates. 

Percent of watershed st~eam surfaces and riparian 
vegetation. 

Percent of groundwater recharge assigned to deep 
percolation. 

Evaporation loss index for the lower zone. 

Overland flow length. 

Manning's "n" for overland flow. 

Nominal lower zone storage, an index to the 
magnitude of lower zone capacity. 

Nominal upper zone storage, an index to the 
magnitude of upper zone capacity. 

Overland flow slope. 

--------- ----,-------_._----
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Table 6·~2. :ROLE OF PARAME'rERS - STANFORD WATERSHED MODEL IV 

CATEGORIES 

.-----------------
RUNOFF COMPONENTS 

Inunediatc:l Runoff 

Surface Runoff 

Interflm'l 

Balseflow 

SOIL MOISTURE HORIZONS 

Upper Zone 

Lower Zone 

PROCESSES 

Infiltration 

Percolation 

Evaporation 

Interception 

Losses 

PARAME'l'ER ASSIGNHENT 

PRIMARY SECONDARY 
---------- -------

A 

L, SS, NN 

CC, IRC 

KI<24, KV 

UZSN 

LZSN 

CB 

K3, ETL, 
I<24EL 

EPXN 

I<24L 

CB, CC, LZSN, 
UZSN 

LZSN, CB 

I<24L, LZSN 

CB, CC, LZSN 

CE, CC, KK24 

LZSN 

CB, CC, LZSN, 
UZSN 

EPXM, UZSN 

._--------_.-----_._--- --------------
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Table 6-3. STATES (DEFINITIONS) STANFORD WATERSHED MODEr... IV 

RES Surface detention depth. 

SRGX Interflow stoiage. 

SGW Active groundwater storage. 

GWS Groundwater inflow index. 

UZS Upper zone storage. 

LZS Lower zone storage. 

EPX Interception storage. 
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Table 6-4. ROLE OF STATES - STANFORD WATERSHED MODEL IV 

---------_._------- ----- _._-----------
CATEGORIES STATE ASSIGNMENT 

_ .. ------------
RUNOFF COMPONENTS 
----~--.-----

Inunediate Runoff 

Surface Runoff 

Interflow 

Baseflow 

SOIL MOISTURE HORIZONS 

Upper Zone 

Lower Zone 

PROCESSES 

Infiltration 

P€!rcolation 

Evaporation 

Interception 

Losses 

PRIMARY ~ SECONDARY ----------I-------------u

• 

RES 

SRGX 

SGW, GWS 

UZS 

LZS 

EPX 

6-10 
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CHAPTER 7 

STREAMFLOW SYNTHESIS AND RESERVOIR REGULATION (SSARR) HODEL 

1. HISTORY 

The SSARR model was developed initially to meet the needs 

of the North Pacific Division of the U. S. Army Corps of 

Engineers to provide mathematical hydrologic simulations 

for ~ystems analyses as required for the planning, design, and 

operation of water control works. The program has been in the 

process of development and application since 1956 (16). The 

SSARR model has been further developed for operational river 

forecasting and river management activities in connection with 

the Cooperative Columbia River Forecasting Unit, sponsored by 

the NWS, the Corps of Engineers~ and the Bonneville Power 

Administration. In recent years, numerous river systems in 

the United States and abroad have been modeled with the SSARR 

by various agencies, organizations, and universities (17). A 

"conversational' version of SSARR (COSSARR) is also available. 

The COSSARR model may be run interactively, while the SSARR 

model requires card input (18). 

2. DESCRIPTION 

2.1 :!J':pe 

The SSARR model is based on what the authors refer to as 

"a practical engineering approach to program design in order 

to achieve a balance between hydrologic theory and practical 

considerations related to daily operational use." 
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The wodel may be thought of as a "grey box". It does 

not solve the differential equations of the fundamental 

hydrologic proces3es. Instead, it provides tables of an out­

put value versus one or more input values. Such tables may 

be adjusted by tbe user to simulate empirically such processes 

as infIltration, deep percolation, and soil moisture replenish­

ment. The empirical nature of the SS}\.-"~ n:'lodel makes it di fficul t 

if not impossible to upply without the existence o~ considerable 

historical rainfall/runoff data. 

The SSARR rrndel is composed of the following three basic 

components: 

.. ~_3~'.ne~~l::_~.<;:E.~~.~~~£~~~(~L~_(~~~.! for synthesizing runoff 

from snowmelt, rainfall, or a combination of the two. 

Watersheds are separated into relatively homogeneous 

hydrologic units for independent analysis before they 

are added into the system. 

C~ ~._E.!:ve.E .. _~ys..!:~_~ ... ~ode.~. for routing streamflows from up­

stream to downstream points through channel and lake 

storage. River flows are routed as a funct~on of 

multiv~riable relationships involving backwater effects 

from tid£s or reservoirs. 

(JI ~_E~:~.~E~2_!:_r:....!.:~~11_!~.~.i0t:! . .:..?_~~_~ whereby reservoir outflmoJ 

and contents are analyzed in accordance with predetermined 

or synthesized inflow and free flow or any of several 

modes of operation. 

Cnly the watershed model is considered in this re~ort. The 

model is discussed as though it were being applied to a single, 

1)0!l1ogeneous hydrologic; unit. Tho snowmelt model included in the 

SSARR is not discussed here. The snow model is ba5ed on a temper­

ature (degree-day concept) and elevation weighting method. Elevation 

bands may be considered as separate watersheds. 
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2.2.1 Soil Moisture Zones 

The SSARR model accounts for moisture in two ?ones, upper 

and lower zones (Figure 7-1). The quantity of moisture present in the 

upper zone is measured by the Soi~ Moisture Index (SMI), ~ model 

state. The movement of water into the lower zone is controlled 

by the Base Flow Infilty~tion Index (BII) a second model state. 

Mechanisms are provded for routing water through both the upper 

zone (interflow) and lower zon~ (base flow or groundwater flow). 

2.2.2 Soil Moisture Accounting 

Water infiltrated into the upper soil zone is subtracted 

from total precipitation based on a table of percent runoff 

(ROP) versus SMI (Figure 7-1). The model has the option of 

adjusting the SMI either by a seasonal curve of evapotranspiration 

or by using daily observed pan evaporation. The SSARR model has 

provisions for reducing the evapotranspiration rate as a function 

of rainfall intensity (KE parameter). 

2.2.3 Percolation 

The percolation mechanism in the SSARR model where-

by moisture is transferred from the upper zone to the lower 

zone is represented by a table. Percolated water is sub­

tracted from precipitation after soil moisture requirements 

are satisfied (Figure 7-1). The user specifies a table of 

values that relates the percent of surface runoff that be­

comes Base Flow (BFP) to BII. A Lase flow limit (BFL) is 

also specified, and it fixes the maximum transfer of upper 

zone water to the lower zone. The BII value is a model 
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state that is updated as a tunction of time. The rate of 

change of BII with time is governed by a "time-of-storage" 

paramf::!ter, TSBII which is a time delay or time of storage 

decay constant. Separate values of TSBllmay be specified 

for rising and falling hydrograph limbs. 

2.2.4 Infiltration/Surface Runoff 

The portion of water that infiltrates to become interflow 

is subtr~cted from surface runoff based on a table (Figure 

7-1). The table specifies the percentage of generated surface 

runoff, RGS (equdl to the amount of precipitation remaining after 

soil moisture and percolation requirements are satisfied), that 

infiltrates or runs off as a function of the precipitation input 

rate. A maximum infiltration r.ate, KSS, is also specified. 

2.2.5 Surface, Interflow, and Baseflow Routing 

One feature of the SSARR model that deserves special 

mention is the routing method used to delay and smooth quantities 

of flow (surface runoff, interflow, and groundwater flow). Linear 

storage routing based on the continuity equation is used for 

up to N "phases" for each of the three flow types. By varying the 

number of phases and the storage coefficients for each of the 

flow types, considerable freedom exists in shaping a flow hydrograph 

predicted by the model. 

2.3 Parameters 

The SSARR model has 13 basic parameters, which are listed 

in 'I'able 7--1 along with their definitions. The parameters are 

also identified in Figure 7-1. In Table 7-2 each parameter is 

assigned to a primary category (to which it most belongs) and a 

secondary category. Detailed information on use of the model 

parameters in calibration is prov1ded in the Corps of Engineers 
manuals. 
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Table 7--1. PARAMETERS (DEFINITIONS) SSARR MODEL 

BFL Base flow infiltration limit. 

BFP Base flow, percent. 

ETI Evapotranspiration index. 

KE Percent effectiveness of ETI (function 
of rainfall intensity, RI). 

KSS Limiting subsurface infiltration rate. 

N Number of routing phases (surface flow) 
~ Number of routing phases (subsurface flow) 
i Number of routing phases (base flow). 

ROP Runoff percent. 

RS Surface runoff percent, function of 
RS/RGS table. 

TS Time of storage; surface flow. 

TSS Time of storage; subsurface flow (interflow). 

TSBF Time of storage; baseflow. 
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Tq.ble 7-2. ROLE OF PARAMETERS -- SSARR MODEL 

CATEGORIES 

-------------------

HUNOFF COMPONENTS 

Immediate Runoff 

Surface Runoff 

Interflow 

Baseflow 

SOIL MOISTURE HORIZONS 

Upper Zone 

Lower Zone 

PROCESSES 

Infi 1 tra tion 

Percolation 

Evaporation 

Interception 

Losses 

PARAMETER ASSIGNMENT 

PRIMARY 

RS/RGS table, 
TS, N* 

RS/RGS table, 
TSS, N* KSS 

BFP/BI! table, 
TSBF, N* 

ROP/SMI table 

TSBII, BFL 

KSS 

BFP /BII table 
BFL 

KE 

SECONDARY 

ROP/SMI table, 
KE 

BFL 

KE 

RS/RGS table, 
ROP/SMI table 

TSBlI 

ETl, optional 

*N is listed as a single variable name; there are, however, 

distinct: N' s for surface flow, interflow,. and base flow. 
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2.4 States 

The five states of the model are defined in 'I'able 7-3. 

The primary and secondary role of states in the model with respect 

to the runoff, soil moisture horizons, and processes are listed 

in Table 7-4. 

T~e primary input to the SSARR model is weighted basin 

precipitation. For the purpose of the current study the 

precipitati.on would be rainfall only since snowmelt is not considered. 

The basic time unit of precipitation is daily values. Provisions 

exist in the model for dividing the precipitation into smaller 

hourly units or for accepting precipitation measurements at 

intervals of less than one day. 

Optionally, the SSARR model will accept daily pan evaporation 

measurements in place of a seasonal eVapotranspiration curve. 

3. APPLICA'rION 

Because of the "grey box" nature of the SSARR model, it 

is unlikely that good results could be obtained without 

considerablE! calibration. Extensive historical data over a wide 

range of conditions is required to set up all the model tables 

correctly. Good results can be obtained when such data are 

available. 

A great deal of segmentation flexibility exists in the 

model. The user may define many interconnected basins, channel 
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Table 7-3. STATES (DEFINITIONS) SSARH MODEL 

SMI 

BII 

PI-lASE STORAGE 

PHASE STORA.GE 

PHASE STORAGE 

Soil Moisture Index. 

Base Flow Infiltration Index. 

Phase storage (discharge or stage) for 
surface flow. 

Phase storage (discharge) for subsurface 
flow. 

Phase storage (discharge) for baseflow. 

------_._----_._----------_._-_ .. -------_ .. _---_. 
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Table 7-4. ROLE OF STATES - SSARR MODEL 

CA'l'EGORIES 

RUNOFF COMPONEN'l'S 

Immediate Runoff 

Surface Runoff 

Interflow 

Baseflow 

SOIL r101STUlm HORIZONS 

Upper Zone 

Lower Zone 

PROCESSES 

Infiltration 

h',rcolation 

EVuporation 

Interception 

Losses 

----------------------------
S']'ATE ASSIGNMENT 

PIUMARY 

Initial Phase Storage 
(discharge or stage) 

Initial Phase Storage 
(discharge) 

Initial Phase Storage 
(discharge) 

SMI 

BlI 

ETI* 

SECONDARY 

BII 

---.. --.----~------.---.--.-----.----.-------.- .... ~---------------------

*Optional as input. 
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units, and reservoirs. The program automatically sums up 

flows and maintains continuity. Figure 7-2 illustrates a 

typical SSARR segmentation. 

~
'O' 

HEAOWATER 
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120 \ \ I' SUMMING 
~ POINTS 

FIGURE 7-2. 

8 ' 
+ 

BASIN 
oumow 

, 

SCHEMATIC CONFIGURATION FOR THE SSARR MODEL 
~fter Corps of Engineers (17D 

The SSARR model has been successfully applied to basins 

varying in size from under 500 mi 2 to more than 25,000 mi
2

. 

In general, the smaller the subbasins an~ the more data 

dvailable, the better the results. Experience under operational 

conditions with continuing adjustments in parameters also improves 

results. 
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CHAPTER 8 

NWSRFS SNOW ACCUMULATION AND ABLA'l'ION MODEL 

1. HISTORY 

The NWSRFS snow accumulation and ablation model was 

developed within the Hydrologic Research Laboratory of the 

Office of Hydrology (1). It is a conceptual model, and 

each of the significant physical processes affecting snow 

accumulation and snowmelt is mathematically represented in the 

model (l~lgur€! 8-1). The model evolved from two earlier models 

(l9, 20). The present model is esser.t..i.aUy that described by 

Anderson (1). 

}\ir tempernture has been the most commonly used index 

for computing snowmelt. It has ~lso been shown to be probably 

the best single index to areal snow cover energy exchange. 

Other variables such as incoming solar radiation, vapor pressure 

of the air and wind speed have been used with net radiation or 

air temperature but none has proven to be a aood index to 

snoWffi€!l t when used by itself. 

Anderson (21) has also developed a point energy and 

mass balance model of a snow cover. The minimal required 

data inputs (solar radiation, air temperature, vapor pressure, 

and wind-speed) are not available for most river basins in the 

United States. In addition, estimating mean representative 

areal values for all of these inputs from point measurements 

is much more difficult than for air temperature alo~e. 
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2. DESCRIPTION 

The use of air temperature as an index to energy exchange 

across the snow-air-interface is considerably different from 

the old degree-day method that uses air temperature as an 

index to snow cover outflow. The degree-day method does not 

explicity account for those processes (the freezing of melt 

water because of a heat deficit and the retention and trans­

mission of liquid-water) that cause snow cover outflow to differ 

from snowmel t. 

The computation of snowmelt is the most important part 

of the model. However, the accumulation of the snow cover (the 

water equivalent of the snow cover) and the computation of the 

areal extent of the snow cnver are also important. The other 

components (dealing with retention and transmission of liquid 

water, ground melt, etc.) have less effect but are important at 

certain times on many watersheds. 

2.1 Parameters 

Twelve parameters are used for various purposes in the model. 

Good initial estimates of most paramete~s can be obtained from 

physiographic and climatological information. PXTEMP is used to 

delineate rain and snowfall unless the percentage of precipitation 

that is snowfall is an input. The parameter SCF is applied to 

the amount of snowfall as a correction for gage catch deficiency. 

Rain on bare ground is computed directly and added to the rain and 

melt leaving the snowcovor. 

MBASE is the temperature above which melt occurs and below 

which negative heat exchange occurs. UADJ is the wind function 

parameter used in the computation of snowmelt for periods with rain. 

For pedod of nonrain melt MFMAX and 1'1FMIN are the primary con­

trolling parameters and provide seasonal variation in the snowmelt 

rate for the same temperature condiditions. 
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Wr~n the mean air temperature is equal to or below MEASE 

negative heat exchange is computed based on the parameters NMF 

and 'I'rPM. 

All snowmelt computations are modified for areal extent 

of the snowcover using the areal depletion curve and SI. From 

these computations the amount of rain on nonsnow areas is one 

output and becomes part of the total output from the snowcover 

(rain plus melt). 

computations on the amount of liquid water that is stored 

in th(~ sno .... 'pack is controlled by the parameter PLWIIC or the 

maximum amount (percent) of liquid water that can be held 

against gravity drainage in the snow cover. The parameter 

DAYGM is the constant amount ~f melt at snow-soil interface 

when snow is present. 

Excess liquid water is transmitted through the snowcover 

using a procedure somewhat analdgous to lag and K channel 

routing resulting in snow COver outflow. The snow cover outflow 

together with the rain on base ground and rain on nonsnow areas 

constitute the rain plus melt that is used as input to the soil 

moisture accounting models. 

All of the parameters of the model with definitions are 

listed in Talbe 8-1. 

2.2 States 

Pour stElte V3.riables (WE, water equivalent, NEGIIS, heat 

deficit; LIQW, liquid water content; and ATI, index to temperature 

of the snowpack) dep~ct the state of the snowcover. Three of 

these (WE, NEGHS, and LrQW) are defined in terroB of their areal 

mean values. The fourth represents the temperature within the 
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TablE~ 8-1. PARAMETERS (DEFINITIONS) NWSRFS SNOWMELT MODEL 

AREA~ DEPLETION CURVE 

DAYGM 

MBASE 

MFMAX 

MFMIN 

NMF 

PL'VlIIC 

PXTEMP 

SCF 

SI 

TIPM 

UAD.J 

Curve tha~ defines the areal extent 
of the snow cover as a function of how 
much of the original snow cover remains. 
It also implicitly accounts for the re­
duction in the melt rate that occurs 
with a decrease in the areal extent of 
the snow cover. 

Constant amount of melt that occurs at 
the snow-soil interface whenever snow is 
present. 

Base temperature for snowmelt computations 
during nonrain periods. 

Maximum melt factor during nonrain periods; 
assumed to occur on June 21. 

Minimum melt factor during non rain periods; 
assumed to occur on December 21. 

The maximum negative melt factor. 

Percent (decimal) liquid water holding 
capacity; indicates the maximum amount of 
liquid water that can be held against 
gravity drainage in the snow cover. 

The temperature that delineates rain from 
snow. 

A multiplying factor that adjusts pre­
cipitation data for gage catch deficiencies 
during periods of snowfall and implicitly 
accounts for net vapor transfer and inter­
ception losses. At a point, it also 
implicitly accounts for gains or losses 
from drifting. 

The mean areal water-equivalent above which 
the~e is always 100 percent areal snow cover. 

Antecedent temperature index parameter 
(range is O.l~TrpM~l.O). 

The average wind function during rain-on­
snow periods. 

-.--.. ----------.--- .. -----~--.--.----.--- .. --.- ....... - _ .. --._.---_._ .. - ..... _._._-_ .. __ ._-_._---_._._. __ .. -
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snow cover. These states are the bdsic factors in the mass 

balance of the snowcover,and information on them is required 

for al:' processes dealing with snowmelt (and negative melt) 

and liquid water retention or transmission in the snowpack. 

'l'here are four basic states (S8, sows, r-1AXWE and SDAESC) 

relating the estinlation of the areal extent oithe snowcover. 

The two final states (S, LAGRO: deal with the amount of excess 

liquid Wi.'ter (that above the PLWHC val\le) that is in the process 

of being transmitted through the snowpack. 

A listing of the states (with definitions) is given in 

Table 8-2. 

2. 3 .Inputf! 

The precipitation data, used as input to the snow model, 

are based on point measurements of precipitation from one or 

more precipitation gages. The present operational model permits 

the input of the percentage of precipitation that is snowfall, 

overriding the calculation of rain versus snow by the parameter 

PXTEMP. 

The model uses air temppraturc as the sole index to energy 

exchange across the snow-air interface. Normally for calibration 

6-hourly mean areal air temperature estimated from daily maximum 

and minimum temperature values are used. 

3. APPLICATION 

The model can be used to represent thelsnow accumUlation 

and ablation process at a point (a single srlM course) or over 

an area. In calibrating the model,a basin '1n be subdivided 

into two or more subareas on the basis of el'~vation or such 
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Table! 8-2. STA'l'ES (DEFINITIONS) NWSRFS SNOWMEL'I' MODEL 

ATI 

LAGRO 

MAXWE 

NEGHS 

S 

"'SB 

"'SBAESC 

"'SBWS 

WE 

Antecedent Temperature Index; represents 
the temperature within the snow cover. 

L~GRO and S together define the amount of 
excess liquid water in transit in the 
snowpack. 

The amount of liquid-water held against 
qravity drainage. 

The maximum water-equivalent that has 
occurred over the area since snow began 
to accumulate. 

Heat Deficit; the amount of heat that must 
be added to return th~ snow cover to an 
isothermal state at a C with the same 
liquidwater content as when the heat deficit 
was previously zero. 

S and LAGRO together define the amount of 
excess liquid water in transit in the snow­
pack. 

The areal water equivalent iust prior to 
the new snowfall. 

The areal extent of snow cover from the 
areal depletion curve just prior to the 
new snowfall. 

The amount of water equivalent above which 
100 percent areal snow cover temporarily 
exists. 

Water equivalent of the solid portion of 
the snowpack. 

"'These states are only used when there is a new snowfall on a 
basin with a partial snowcover. 
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physiographic factors as aspect or vegetation cover. The use 

of two subareas has proven to be adequate in basins in the 

western United States with elevation rHnges up to 2500 m (8200 ft). 

For most meteorological condit10ns,the NWSRFS model provides 

as rE!liable estimates of snow cover outflow as would the UE'e 

of a complete energy and mass balance model. Under the following 

conditions, however, the estimates may be biased: 

• After the snow has ripened under clear skies with 

abnormally cold temperatures, the index does not indicate 

enough melt. 

• Under v~ry warm temperatures with little or no wind, 

the index overpredicts. In this case, the turbulent 

exchange is much less than normal. 

• With high dew points and high winds, the model will 

underpredict. This condition resul~s in much more 

latent heat (condensation) transfer dnd also sensible 

heat transfer than normal. 

The snow model has been applied to many areas of the 

United States. These include areas with a variety of climatir 

and physiographic conditions such as New England, the Upper 

Midwest, the Rocky Mountains, the Sierra Nevada, and Alaska. 

The results have typically been good in all these areas, as long 

as the watershed is properly subdivided, the form of precipitation 

is generally correct, the input data are reasonably unbiased 

estimates of the true input, and the model is properly calibrated (1) . 
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CHAPTER 9 

SUMMARY 

This investigation is the first step in evaluating 

potential uses of remotely sensed data in hydrologic models 

commonly used by government agencies. The following models 

were examined in this study: 

• Antecedent Precipitation Index (API) 

• Chemicals, Runoff, a~d Erosion from Agricultural 
Management Systems (CREAMS) 

• National Weather Service River Forecast System (NWSRFS) 

• Storage, Treatment, Overflow, Runoff Model (STORM) 

• Stanford Watershed Model IV 

• Strenmflow Synthesis and Reservoir Regulation Model (SSARR) 

• Nh'SRFS Snowmelt Model 

The purpose of the investigation was to examine the models 

and develop a framework within which they could be accurately 

compared with one another and with available and proposed remote 

sensed data. The framework is designed so that the reader can 

quickly detE~rmine t.he model variables that serve as 

• inputs--the model's driving function(s); 

• parameters--the model's calibration constants; and 

• states--the model's initial cotiditions and starting 
boundary conditions. 

For each of the basic soil moisture accounting models, 

tables arc presented identifying the primary and secondarj' role 

of each parameter and state. Three categories (runoff components, 

soil moisture horizons, and Frocesses) are used. For each mod~l 
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these tables provide information on those variables (parameters 

and states) that are related to a specific category (e.g., upper 

zone soil moisture) and thus aid in identifying how specific 

remotely sensed data relate tn the model. 

Schematic diagrams in the report illustrate the inputs, 

states, processes, and outputs for all seven models. In addition, 

all states and parameters are identified on the diagrams, thus 

providing a visual view of the basic relations of the model. 

The results of this initial study are to be used in the 

overall study to identify and evaluate the potential use of re­

motely sensed data in the models. FQr most of the models, no 

clear, simple relationsh~p exists between the remotely sensed 

data and a single variable of the model. For example, a given 

model may have one, two, or three parameters relating to upper 

zone soil moisture and a single state that reflects detention 

and interception storages as well"as the contents of the upper 

zone soil moisture. It is essential that the relationships among 

current and planned remotely sensing techniques and the variables 

in existing models be understood before recommendations on model 

additions or modifications can be made. 

The material in this report has not been published previously 

in the present format; it is presented in this formaL for the 

use of those who may wish to study the potential use of re~otely 

sensed data. 

The diagrams and tables in this report have been prepared 

to assist those who have a need to understand the functions 

of the models but do not wish to explore the con~lete detailed 

documentation of each model. 
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PREFACE 

The National Aeronautics and Space Administration (NASA), 
is one of five federal agencies cooperating in the AgRISTARS 
(Agriculture and Resources Inventory Surveys through Aerospace 
Remote Sensing) program. The AgRISTARS program is directed 
toward developing the technology and testing the capabilicy to 
use remot1ely sensed data in more economical ways in seven 
agricultur,ally re lated groups, one of which is conservation and 
pollution. 

In this group, three tasks have been defined: 

TASK 1. Conservation Inventory 
TASK 2. Water Resources Management 
TASK 3. Snowpack Assessment 

As part of its program for Task 2, Water Resources Manage­
ment, NASA contracted (No. NASS-26446) with the Hydex Corporation 
for "Hydrological. Modeling Survey Studies." The objective 
was to determine the suitability of present and planned remote 
sensing capabilities for corrrrnonly used hydrologic models. 

In interim report, "Review of Hydrologic Models for Evaluating 
Use of Remote Sensing Capabilities" (NASA Contractor Report 
CR 166674 dated 31 March 1981), Hydex presented information on 
the structure, parameters, states, and required inputs for seven 
hydrologic models. 

This report is a surrrrnary of the additional finding of the 
study relating to the use of remote sensing capabilities for 
hydrologic modeling. 

PRECEDING PAGE BLANK NO')' rm lLn",,' 



TABLE OF CONTENTS 

PREFACE ...••........•.......•.................................• iii 

TABLE OF' CONTENTS ......••.............•..••.•.......•.•......... i v 

LIST OF ILLUSTRATIONS .•....................•.........•.......... vi 

LIST OF TABLES ..........•...................................... vii 

CHAPTER 1. INTRODUCTION .....•.....•...............•...........•. 1 

1. BACKGROUND ...................•.•.......•.........•.. 1 
2. IMPORTANCE .......................................... 2 
3. STUDY OBJECTIVE. . . . . . . . . . . . . . .. . ....•..•.•......... 3 

CHAPTER 2. REVIEW OF HYDROLOGIC MODELS ..........•.....•........• 5 

1. SELECTED MODELS. . . . . . . . .. . ....•.................... 5 
2. GLOSSARY OF TERl1S ................................... 5 
3. DETAILED REVIEW OF MODELS ...........•...........•... 7 

CHAPTER 3. REMOTE SENSING CAPABILITIES ......................... 10 

1. REMOTE SENSING ....... : ...................•......... 10 

2. SELECTING REMOTELY SENSED VARIABLES RELATED TO 
MODELING ..............•........................ 11 

3. ABILITY TO SENSE CATEGORY 1 VARIABLES ....... \ ...... 12 

CHAPTER 1+. USEFULNESS OF REMOTE SENSING IN HYDROLOGIC MODELS ... 18 

1. INTRODUCTION ...............•....................... 18 
2. API MODEL ..................•.................•..... 21 
3. CREAMS MODEL ....................................... 22 
4. NHSRFS ·MODEL ....................................... 24 
5. STORM MODEL ..................................•..... 26 
6. STANFORD WATERSHED MODEL ........................... 30 
7. SSARR MODEL ...............•........................ 32 
8. NVlSRFS SNOWMELT MODEL .............................. 35 
9. SUMMARy ............................................ 38 

CHAPTER 5. POTENTIAL USEFTJLNESS IN HYDROLOGIC MODELS ........... 39 

1. REQUIREMENTS FOR HYJROLOGIC MODELS ................. 39 
2. REMOTE SENSING NEEDS TO HELP MODELING .............. 41 

2.1 The Problems of Remotely Sefl3ed Data ......... 41 
2.2 Current Requirem0nts ......................... 42 

3. ffi.;rSRFS MODEL ....................................... 43 

3. 1 Soil Mois ture ................................ 44 
3.2 Land Cover ................................... 44 
3.3 Areal Extent of Frozen Ground ................ 45 

4. NWSRFS SNOHMELT MODEL ............................. 45 

5 . STORM MODEL ................•...................... 47 

6. SSARR MODEL .............•......................... 48 



TABLE OF CONTENTS (Continued) 

CHAPTER 6. Sl~RY AND CONCLUSIONS .............................. 50 
REFERENCES ...................................................... R-I 
APPENDIX A ...................................................... A-l 

v 



~""''''' __ '''''HI~'''' ___ '' ______ '' ___ ,,· 

LIST OF ILLUSTRATIONS 

IN APPENDIX 

Page 

Figure 1. Legemd For Schematic Diagrams of Model. ............. A-2 

Figure 2. API Model Schematic Diagram .............. _ .......... A-4 

Figure 3a. CREAMS Mbdel (Option 1) Schematic Diagram ........... A-8 

Figure 3b. CREAMS Model (Option 2) Schematic Diagram ........... A-9 

Figure 4. NWSRFS (Sacramento) hodel Schematic Diagram ........ A-12 

Figure 5. STOIU1 Model Schematic Diagram ...................... A-l4 

Figure 6. Stanford Watershed Model IV Schematic Diagram ...... A-17 

Figure 7. SSAltR Model Schematic Diagram ...................... A-20 

Figure 8. NWSRFS (ANDERSON) Snowlllelt Model Schematic 
Diagram ....................................... A-23 

vi 



LIST OF TABLES 

Page 

Table 3-1. Remotely Sensed Variables Applicable To 
Hydrologic Modeling ............................. 13 

3-2. Remote Sensing Capabilities For Category 1 
Variables .................................... 15&16 
of Remote Sensed Data in API Hydrologic 4-1. . Use 

'. ", , . 

Model ........................................... 23 

4-2. Use of Remote Sensed Data in CREAMS 
Hydrologic Model. ............................... 25 

4-3. Use of Remote Sensed Data in NlJSRFS 
Hydrologic Mode 1 ................................ 27 

4-4. Use of Remote Sensed Data in STORM Hydrologic 
Model ........................................... 29 

4-5. Use of Remote Sensed Data in Stanford 
Watershed IV Hydrologic Model ................... 31 

4-6. Use of Remote Sensed Data in SSARR Hydrologic 
Model ........................................... 34 

4-7. Use of Remote Sensed Data in mvSRFS Snowmelt 
Hydrologic Model. ................................ 36 

IN APPENDIX 

Table l. .Parameters (Definitions) API Model ................. A-3 

2. States (Definitions) API Model ..................... A-3 

3a. Parameters (Definitions) CREAMS Model (Option 1) ... A-5 

3b. Parameters (Definitions) CREAMS Model (Option 2) ... A-6 
4. States (Definitions) CREAMS Model. ................. A-7 
5. Parameters (Defini.tions) NWSRF,s ModeL ............ A-10 
6. States (Definitions) NWSRFS Model.- ............... A-li 

7. Parameters (Definitions) STOR.1<1 ModeL ............. A-13 
8. States (Definitions) STORM ModeL ................. A-13 
9. Parameters (Definitions) Stanford Watershed 

Mode~ IV ...................................... A-15 

10. States (Definitions) Stanford Watershed 
Model IV .................................... · .A-l6 

11. Parameters (Definitions) SSARR Model .............. A-IS 
12. States (Definitions) SSARR Mod~l ... ~ ............. ,A-19 

13. Parameters (Definitions) NWSRFS Snowmelt Model .... A-21 
14. States (Definitions) NWSRFS Snowmelt Model ........ A-22 

vii 



CHAPTER 1 

INTRODUCTION 

1. BACKGROUND 

The potential value of using remote sensing for water 
resource management has been recognized for many years. Re­
mote semsing techniques have been used to inventory the surface 
~.zater I:eSOUrc{!s of the United States at a minimal cost in time 
and money. Other successful approaches have included measurement of 
land cover factors and assessment of wetland areas. 

M.lny remote sensing teChniques provide direct measurement 
of land characteristics, vegetative cover, and the :.;tates of 
water in the hydrologic cycle. Such measurements should provide 
valuable information for improving the ability to model th~ 
hydrologic cycle. To date, however, this use of remote sensing 
techniques has been of limited value. In fact, federal agencies 
responsible for forecasting the flow of rivers and predicting 
water supplie.s are not using remote sensing techniques to provide 
a primary data base in their operational hydrologic forecasting 
programs. 

E'or many reasons, remotely sensed information has not been 
of much valuE~ for improving the ab:i.lity to model the land phase 
of thE~ hydrologic cycle. One maj or reason is that current hydrologic 
models do not necessarily represent the real world. Most such models 
are physically based, but the concepts are not indicative of the 
actual physical processes. A second major reason is the dissim­
ilarity in the time and space averages as envisioned by the 
hydrologic model, as exist in the real world, and as measured by 
remote sensing systems. 
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2. IMP 0 R.TAN CE 

A re.cent panel on Water Resources of the Space Applications 
Board, Assembly of Engineering, National Research Council (1), 
stressed the importance of remo·.c! sensing techniques for prediction 
of water resources. The panel recommended that the National 
Aeronautics and Space Administ.l:ation (NASA) and the U. S. Army Corps 
of EnginE!ers (COE) begin a set of studies to determine what remote 
sensing infoT:tnation -- including frequency, degree of accuracy of 
measuremEmt, and resolution -- is needed to develop and improve 
hydrologic prediction mocClls. The panel also stated that to be 
useful for prediction, remotely sensed data must be compatible 
with mathematical modeling of hydrologic systems. 

The importance of remote sensing for improving the useful­
ness of hydrologic modeling for water resources predict::ion has 
been well stated and SUPPol."ted by the. National Research Council 
Panel on \vater Resources. Some other l.'elated fa.ctors, however, 
have not been stressed by the panel. Hydrologic modeling currently 
depends c:m the data base of ground measurements collected by 
national networks such as those maintained by the National Weather 
Service (NWS) of the National Oceanic! Atmospheric Administration 
(NOAA) and the U. S. Geological Survey (USGS) of the U.S. Depart­
ment of the Interior. TIle quantity and quality of these netvlOrks 
have been steadily declining as a result of decreased resources 
for supporting the existing hydrometeorological ne~lorks. Remote 
sensing capabilities provide a viable method to offset this loss 
of information. 

Another f"lctor not adequately covered by the panel is the 
problem of applying conceptual hydrologic models in the drier 
areas of the United States. In theRe areas, prE:ipicacion is 
primarily convE~ctive (thunderstorms) and ground-based data­
col::'cct~.on network are not adequate to provide accurate information 
on the a.verage precipitation. The N'ivS forecasters, therefore, 
have found it more practical to use simpler (black box) hydrologic 
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models that are easier to adjust. However, with these black box 

models, it is not possible to predict, for example, low flows 

during drought periods and associated probabilities of oc~urrence. 

If remote sensing tachniques could provide enough additional 

data to warrant the use of improved models, the predictive 

ability could be increased considerably. 

3. STUDY OBJECTIVE 

The objective of this study is to evaluate the currer.t 

strategies for using existing and planned remotel~{ sensed information 

in commonly used hydrologic models and to develop recommendations 

for improved use of such information. 

'ro improve the state of knowledge about (a) the characteristics 
(resolution, error, and precision in space and time) of remote 

sensing systems for use in hydrologic modeling and (b) the suit­

ability of using the remotely sensed information in existing 
hydrologic models, the study group first reviewed the structure, 

paraml':!ters, states, and required inputs for hydrologic models 

and then determirllc:~d those remote sensing cc.pabilities of most 

potential value. 

An interim report, "Review of Hydrologic Models for Evaluating 

Use of Rem,te Sensing Capabilities," (2) presents a detailed review 

of seven h~'drologic models. A summary of the finding is presented 
in Chi3.pter 2. 

~rhe review of remote sensing c:apabilities was not as straight­
forward as that of the hydrologic models. The reported capabilities 
for rEmlotely sensing particular hydrologic or land cover variables 

often were contradictory. The: review was limited to remote sensing 
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of 13 variables that h~d been considered in the literature as 
most promising for use with hydrologic modeling. Real-time 
data with sufficient accuracy, resolution, and timeliness can 
be provided for seven of the variables by current observ:"ong 
techniqw~s or by techniques that will be available in the f )reseeable 
future. These seven variables are soil moisture, impervious area, land 

cover, areal extent of snow cover, areal extent of frozen ground, 
water equivalent of snow cover, and precipitation. All 13 variables 
are liste:d in Table 3-1. The ability to measure precipitation char-
acteristics r:em()tely has received more atter.tion -i;;han the ability 
to meaSUI:e any of the other six variables remotely. Remoto sensing 
of precipitation charactericts would have direct use in hydrologic 
modeling since precipitation is normally the primary input to hydro-

I 

logic modefs. No model modifications would be required to benefit 
from such meaSUl~ements. Because of the value of reliable and dccurate 
precipi tcltion measurements for use in hydrologic models, only the 
other six remotE! sensed variables list:ec1 above \'Iere selected for final 
review. A summary of the review of remote sensing capabilities is 
contained in Chapter 3. 

The review" of the hydrologic models and of the remote 
sensing capabilities provided a sound basis for evaluating the 
usefulness of remote sensing for operational modeling. For each 
of the seven selected hydrologic models, the potential use of 

the si.y remote sensed variables for input, update, and/or cal­
ibration was evaluated for tbe current model configurations and 
for the configu.rations with minor modifications. Information 
on the evaluations is given in Chapter 3 and Chapter 4. 

To maximize the value of remote sensing for hydrologic 
modeling, existing models will have to be modified or new ones 
developed. Chapter 5 presents the characteristics that a hydrologic 
model should have to maximize the overall value of remote sensing. 
Recommendations for modifying four commonly used models are also 
presented. 
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CHAPTER 2 

REVIEH OF HYDROLOGIC MOD~LS 

1. SELECTED MODELS 

The following five hydrologic models commonly used by 
federal agencies we~e selected for review: 

o Antecedent Precipitation Index (API) (3), 
• National Weather Service River Forecast System (trwSRFS) (4,5), 
e Storage, Treatment, Overflow, Runoff Xodal (STOR.~) (6) , 
o Stanford Watershed Model IV (SWM) (7), and 
III Streamflovl Synthesis and Reservoir Regulation (SSARR) (8). 

Two other hydrologic models were reviewed. The Chemicals, 
Runoff and Erosion from Agricultual Hanagement System, (CR1W1S) (9) 
model was i.ncluded because of its extensive use in the field of 
agri.culture~ and the NWSRFS Snow Accumulation and Ablation model (10) 

was selecte~d since it is commonly used with several of the basic 
hydrologic models. In addition, the latter model is the only 
snowmelt model in common use that uses air temperature as an index 
to e~nergy exchange across the snow-air interface and accounts 
for heat dE~ficit and liquid water in the snowpack. 

2. GLOSSARY OF TERMS 

The f()llow~_ng terms and definitions are use.d in the review 
of the hydrologic and snowmelt models. 
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Inputs 

The set of driving forces required periodically by the model. 
Connnon examples are precipitation, potential evapotranspiration, 
and temperature. For most hydrologic models, the inputs are all 
meteorologic factors, but some require inputs describing human 
activities (cropping practices). 

A key phras1e in the definition of the inputs to a model is 
"required periodically." If it is possible to run the model 
without providing a value for a particular item, that item is 
not an input. Likewise, if the model can be run with a particular 
item provided only once or perhaps intermittently, that item is 
not an. input. Some models, however, may have defac.lt values for 
certain inputs (e.g., precipitation is zero if not entered). 

Parameters 

The set of "values that are changed to make a general hydrologic 
model apply to a particular location. Parameters are constant 
with time or, at most, vary only slightly with time as compared 
to inputs. 

States 

The set of internal model values" sufficient to scart the .model. 
The :3tates iQf the model completely def:i.ne the past history of 
inputs. These are usually values of moisture stored in various 
model components (e.g., upper zone tension water contents), indices 
to model status (e.g., API), or computational carryover values 
(e.g., the carryover values of a unit hydrograph operation). In 
each time step of operation, the model uses th~ initial values 
of the states along with parameters and inputs for that time step 
in order to compute the state for the next time step. 

Output:~ 

Varicibles of interest that can be computed from knowledge of the 
statl~s and inputs. Usual examples are streamflow and actual 
evapotranspiration. In many cases, an output will be identical 
to some state of the model, but such does not have to be the case. 
The modp.l m.ay produce an output that is of vital interest to the 
model user but is not necessary to the model computation. 
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3. DETAILED REVIEW OF HODELS 

At the time most of the hydrologic models now in use were 
developed, little consideration was given to the use of remotely 
sensed data. For that reason and others. the descriptive infor­
mation in the literature is generally not adequate for evaluating 
its usefulness with hydrologic models. Sinca such use is a 
primary objective of this study. the structure, parameters. states 
and required inputs of the selected models were reviewed and a 
rep,ort was prepared and published as a NASA Contractor Report (2). 

In th,t"! review the models were examined and a framework was 
devj~loped 111ithin which the models could be accurately compared and 
evaluated for use with available and proposed remotely sensed data. 
The framework was designed so tha.!: it was readily possible to 
detE!rmine the model variables that serve as 

• inputs--the model's driving function(s), 
• parameters--the model's calibration constants, and 
• states--the model's 'initial conditions and starting 

boundary conditions. 

Tabula.r informati.on on each of the hydrologic models ~ .. as 
included in the NASA Contractor Report (2). One set of tables. 
which lists the parameters and states with definitions, is re­

produced in Appendix A of this report. 

For each of the basic soi.l moisture accounting models, a 
second set .of tables identified the primary and secondary roles 
of each parameters. In those tables, the roles of the parameter~ 
and states ;:ire divided lnto three groups as follows: 



GROUP 1. Runoff Components 
Irrunedia te 
Surface 
Interflow 
Baseflow 

GROUP 2. Soil Moisture Horizons 
Single zone 
Multiple zone 
Upper zone 
towe'c zone 

CROUP 3. Processes 
Infiltration 
Percolation 
Evaporation 
Interception 
Losses 

Each parame:ter (and state variable) is assigned to the most 
appropria.te group (primary) and to those groups in which it 
plays a somewhat: lesser role (secondary). The tables can then 
be used to identify which parameters (state variables) are re­
lated to specific runoff components, soil moisture horizons, or 
hydro10glc processes. The information in the tables also gives 
an immediate indication of the overall complexity of the model 
and which runoff components, soil moisture horiz(,ns, and processes 
are modeled most precisely. 

SchEHflatic diagrams for each model. were also published and 
are included in Appendix A of this report. These diagrams 
illustrate all inputs, states, parameters and outputs of the 
models. A legend for the di.agrams is shown in Figure A-1 in 
Appendix A. 



The diagrams provide a good pictoral view of the structure 
of each model. The locations of the various components on the 
diagrams indicate the different levels of moisture (upper zone, 
lower zone, etc.), and the positi.oning with depth the relative 

location of st:ates and operati:1g processes. 

The table:s listing the states and parameters together with 
the schematic diagrams provide a good overview for each model. 
Howeve'J:', the NASA Contractor Report (2) provi.des more comp lete 
in£orma.tion on the interrelationshi?s among the parameters and 
states and with the runoff components, the soil moisture horizons, 
and the: physical processes. 



CHAPTER 3 

REMOTE SENSING CAPABILITIES 

1. REMOTE SENSING 

'In a broad sense, remote sensing may be thought of as obtaining 
information from a location not coincident with that of the user. 

In this report, the user is a knowledgeable modeler of the behavior 
of hydrologic system; he seeks to collect information on current 
inputs to his model and the current states of the model. Typically 
the key input to all hydrologic models is precipitation, and typical 
states include snow-covered ground area, volume of moisture in various 
soil zones, and a number of others. 

Thle term remote indicates that information is to be obtained 
from some distance. Hydrologic modelers work with basins from one 
acre to several hundred square miles, with a basin located almost 
anywherl:! in relation to the modeler. Thus, the term remote as used 
in this report implies any distance. 

Thf3 term :5ensing is used in a nart'uw definition. While 
measuring the level of a str.eam by means of a float (sensor) and 
t.elemet!~ring the value to some centr':ll location is remote sensing, 
such telemetry is not considared in t~his report. Sensing is taken 
to mean estj~ating the average value of a variable over some areal 
extent by examining the characteristics of the radiation from that 
area. Passive measurement techniques determine the amount of re­
flected sunlight or the amount of natural emissions at various wave 
length. Activ(~ measurement. techniquE!s direct radiation at an area 
and mea~lUre the re f lecti ve characteri.s tic •. 
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Consideration must be given to the location of the remote 
sensing device. The major emphasis of this report is on satellite­
borne scansors. 

2. SELECTING REMOTELY SENSED VARIABLES RELATED TO MODELING 

Researche:C's have attempted to use remote sensing techniques 

for a wilde variety of purposes. In this investigation. 13 variables 
that can be remotely sensed with some degree of success were identified. 
Each variable was felt to have some relationship to hydrologic 
prOCeSSE!S. Th(~ variables are listed in Table 3-1. 

The variables in Ta~le 3-1 have ~een divided into two 
cateqories. Category 2 variables are those that have been studied 

by remot,e sensing but (a) are less useful in modeling or (b) are 
measured by techniques that are still in a very early stage of 
research. Areal extent of ice cover, for example, is not ~ consider­
ation in any current hydrologic model. Data on the liquid water 
content of snow cover, on the other hand, could be quite useful 
but the technology for measuring it is not well developed even 
though the pressure of liquid water in a snow paclt can be easily 
detected. The water equivalent of snow cover (a Category 1 variable) 
is more directly useft:.l. 

Emphasis in this study has been placed on Category 1 variables 

with the exception of precipitation. All Category 1 variables 
have at least an intuitive connection to portions of existing 
hydrologic models. Precipitati~n has been excluded from consider­
ation because it: is the only remotely sensed variable that normally 
appears as a model input. Thus, no modifications to the model 
would be required for its use and its value for modeling is beyond 
question. Remotely sensed precipitati.on data can be used immediately 
when the technology is sufficiently developed and the cost becomes 
reasonable. 

","'%11 
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Data on Cclltegory 1 variables were considered for possible 
use in the cal:i.bration, upda.ting, and input phases of hydrologic 
model operation. Calibration is the process of setting model 
paramete:rs so that the model matches a specific physical situation. 
Updating is thE! process of correcting the state variables of a 
model. For example, a snowmelt model may have a s::ate variable 
represerlting the depth of snow. As time passes. this s tate may 
or may not mat'~h the observed snow depth. Updating matches the 
model depth to the observed depth. The input phase of modeling 
is the operational phase. The inputs are entered into the model 
to init:Lar-e a 1:1eW or. continuing prediction. 

Data on all Category 1 variables can be used in all three 
phases of modeling, except that data on impervious area and 
land cover cannot be used in the input phase. Table 3-1 does 
not imply that any existing or planned model actually uses the 
variables for all three phases; it merely indicates that it is 
possible to develop a model that uses data from the variables in the 
indicated phases. 

3. ABILITY TO SENSE CATEGORY 1 VARIABLES 

'ret develop strategies for using data from Category 1 variables 
in mode:ls, it was necessary to compa.re the capability to measure 
each variable with the specific measurement requirements of individual 
models. The remainder of this chapter presents a brief summary 
of the "measurability" (i. e .• the technique. resolution. time 
scale:, and difficulty) of each Category 1 variable (excluding 
precipitation). 

Complete review of remote sensing technqies are presented 
in a number of papers and the information is referenced in this 
report. The primary source is Itten (11), which provides an 

/' 



Table 3-1. REMOTELY SENSED VARLABLES APPLICABLE TO HYDROLOGIC MODELING 

Vari.ables 

Cate.z.ory...l 

Areal E:x:tent Snow cover 
Frozen Ground 

Non Snow Areas 
Under Snow Areas 

Impervic,us Arec:L 
Land Cover 
Precipitation (amount, intensity, 

areal extent) 
Rainfall 
SnowfClLll 

Soil Moi.sture 
Water Equivalent of Sno,,: Cover 

Areal Extent Ice Cover 
Areal Extent vlater 
Density and SpElcies of 

Vegetation 
Land UsedRural, Urban, Industrial 
Liquid Water Content 

of Snow Cover 
Surface Temperature 

Possible Phases of Use in Hydrologic 
Models for Water Resources Management 

Calibration 

x 

x 
x 

x 
x 

x 
x 
x 
x 

x 

x 
x 

x 

x 

Updating 

x 

x 
x 
x 
x 

x 
x 

x 

x 

x 
x 

x 

x 

Inputs 

x 

x 
x 

x 
x 
x 
x 

x 

x 

x 
x 

,". 
r: 



excellent summary of both aircraft-and satellite-based sensors. 
Schmugge (12) provides a good summary of active and passive 
microwave research for snow cover and other applications, and 
Striffler and Fitz (13) also provide a good broad-based summary of 
sensing capa.bilities. 

Table 3··2 is a summary of the remote sensing capabilities 
available for each of the six selected Category 1 variables. 
The measuring technique, problems, future prospects, effort 
involved, and time frame are given for each variable. 

In the measuring techniques column. methods by which the 
variable may be obtained (satellite. aircl:aft) are presented 
with some estimate of tlle resolution. In the problems column, 
a brief statement is made on the. difficulty of discriminating 
the desired variable from others and on any difficulties in making 
the measurement. The future prospects column notes anticipated 
changes in method or pending improvements. The effort involved 
coluxDll provides a brief description of the work required to trans­
form the sensing system output to a usable number for modeling. 
The time fr,ame column indicates how often the measurements are 
available. 

Of the six Category 1 variables, only areal extent of snow 
covet', land cover, and impervious area can be considered to have 
operational measurement techniques in al1Y sense. All three may 
be obtained through analysis of LANDSAT images. LANDSAT technology 
is highly developed and is reasonably accurate (10 to 15 percent 
classification accuracy). Resolution is approximately one acre, with 
improvement to a quarter acre resolution planned for mid-l980 
satellites. The major drawbacks of the data are that its usefulness 
depends on special analysis programs or access to an image processing 
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systE!m and the coverage is infrequent. Because of the cloud 
cover limitations, the 9 to 18 day coverage often becomes 18 

to 36 or 45 days. In most cases there is only a lO-day delay 

for photo di.splay. Considerable del.JY--up to 4 to 6 weeks-­
may be encountered in obtaining data tapes. Such delays de­
crease the usefulness of the data in a real-time forecast 
environmen1: • 

Meas\;.rement techniques for the remaining three Category 1 

variables, soil moisture, areal extent of frozen ground, and 
water equiva.lent of snow cover, are in various states of 
experimental development. None of the three,with the possible 
exception of frozen ground, can currently be measured effect­
ively from satellites. All three are awaiting further research 
on combined active/passive micro~ave measuring techniques. 

Remote soil moisture measurement is the closest to real­
ization. Airborne gamma radiation methods and microwave methods 
are advanced to the point of justifying a large~scale test to 
compare results and evaluate the worth of the data. 
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CHAPTER 4 

USEFULNESS OF RE..lvfOTE SENSING IN HYDROLOGIC HODELS 

1. INTRODUCTION 

I,n spite! of the recognized potential value of remotely 

sensed data for water resource mana.gement, the federal agencies 

respoY'!sible for river forecasting and water supply prediction 

are not ,using such data as a primary operational data base. To 

eJtanllne the reasons for this and to suggest improvements in remote 

sensing appli.cation, it was necessary to complete two major 

supportive tasks. The first of these was an in-depth review 

of thE! structure of existing hydrol.ogic tlodels. This re·/iew 

is prE!sented in detail in a previously pHblished NASA Contractor 

Report: (2), ~.,hich is summal·ized in Chapter 2 and in Appendix A 

of this report. The second supportive task was a review of remote 

sensing c·apabilities, which is presented in Chapter 3. Seven 

remotE~ly sense(\ variables were sel.ected on the basis that real­

time data with sufficient accuracy and resolution could be obtained 

in the foresl~eable future: soil moisture, impervious area, land 

cover, areal extent of snow cover, areal extent of frozen ground, 

water equivalent of snow cover, and precipitation. 

There ar.e several strategies :Eor using '7emotely sensed data, 

or, indeed, any type of data, in hydrologic models. The first 

is to estimate the inputs to the models. All hydrologic models 
requi:x:'e precipitation as an input:. Therefore, techniques to imr- 't"ove 

precipitation estimates using remote sensed data. would have 

universal application in hydrologic modeling. Precipitation is not 

revie'wed on a model-by-model basis because of this universal 

applicability and the tables and discussion below concentrate 

on the six remaining selected remote sensed variables. 

18 
!'i . :,-',( 

,'. :",. 
1Ukt.:~~:& 



~\ second strategy for usi~g remotely sensed data in hydrologic 

models is to update the state of the model to be consistent with the 

data. For example, the antecedent precipitation index, which 
is onl;! of the states of the API model, can be modified so that 
the model produces the observed total runoff. The distinction 
between using remote sensed data as an input and using the same 
data to update the model is important. The inputs to a model 
are the set of driving forces required periodically by the model. 
Data used to update the model is not absolutely required for 

each time~ step the model is run, and these data may have less 
stringent accuracy requirements since there are actually two sources 
of information about the hydrologic state - the modeled state 
and the observed data. An updating procedure must combine these 
two sources of information and account for their relative accuracy 
to arrive at an updated estimate of the state variable(s) of 
the model. Remote sensed information can be of significant value 
for keep:i.ng a model on track even if it is not a direct measure­
ment of the variable represented by the state of the model. 

To clarify the distinction between updating and input, consider 
using remote: sensed observations of soil moisture. If the soil 
moisture observation is an input to the model, the model cannot 
be executed without soil moisture data. Presumably, the model 
has no other information about the status of the soil moisture 
than the input data. This implies a very simple model with no 
soil mo:i.sture state variables, no soil moisture dynamics, and no 
evaporation mechanics. There is no need to model what can be 
observed. However, the input approach does imply accurate 
obse:cvation~; since there is no other source of information about 
the' ~Ioil moisture status than the observation itself. By contrast, 
an update approach seeks to combine observed soil moisture with 
modeled soil moisture states. The model states contain information 
about soil moisture based on the model dynamics and on past 
observations. A soil moisture observation can be used to modify 
the modeled soil moisture states. In this approach the soil 
moisture ob::;ervation need not be available at every time step 
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since the model can continue to run based on the modeled soil 
moisture states. Furthermore, the observation need not be as 
accur,ate to provide a valuable check to update modeled soil 
moisture status as it would need to be to directly replace the 
soil moisture model. 

Suggestions for use of remote sensed data to update the 
states of th.~ reviewed hydrologic models are made on the basis 
of an understanding of the structure of these models and a 
belief that the indicated state variables are likely to be closely 
relate:d to rE!mote sensed observations. The precise form these 
relati.onships might take and the details of an "update form" 
of the reviewed models are neither kno~~ nor suggested. The 
effort required to develop such models should not be underestimated. 

The state variables of a lumped parameter conceptual hydrologic 
model represent indices to basin-wide average conditions of one or 
more components of the hydrologic system. Remote sensed observations 
represent spatial averages at a difference scale of one or more 
componiants of the hydrologic system. In many cases, it appears 
that s.~veral state variables may be related to a single remote 
sensed observation or that a remote sensed observation measures 
only part of some state variable. 

A third Htrategy for using remotely sensed data is to calibrate 
the parameters of the model. In trcldition.9,l applications, the 

parameters arE! estimated once based on current: topographic and land 
cover data and hydrometeorological data for some calibration 
interva.l. It is certainly possible to recalibrate a model based 
on new data. Remote sensed observations can be used for more 
frequent recalibration of models, thus, blurring the distinction 

between updating and calibrating the model. 
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Each of the seven hydrologic models reviewed is discussed 
be 10,",' in terms of the usefulness of each of the selected remote 
sensed variables for application to that model. The results 
are presentl~d in the form of tab les. one for each model. The 
"present configuration" column presents the potential usefulness 
of eelch reml:>te sensed variable to the model as it is currently 
formulated and without research to determine the relationship 
becwc;~en modl!l inputs. parameters, or states and the remote sensed 
val.·iGLble. The "minor modification or adaptation" column presents 
the potential usefulness of the remote sensed variable to the 
model allowing for minor structural changes to the model and 
si~lificant e£for~ at adapting the remote sensed observations to 
obj e<:tively incorporate them in the model. The term "minor 
stru(~tural changes" indicates changes that should not require 
complete recalibration of the model; this is an important 
distinction since considerable effort has been expended in 
calibrating these models. Hithin each box of the table, the three 
strategies for data use are listed as (1) input, (2) update, 
and (3) calibrate. A distinction is made between "N/A" and "No"; 
N/A being used when the remote sensed variable does not apply 
to the model in question (for example. input of land cover to a 
model with no land cover variable.s) and "No" being used in situations 
in which the remote sensed variable cannot be used in the indicated 
'Nay. 

2. API MODEL 

The original API, event fOrE!casting. rainfall-runoff re­
lation use~; precipitati.on as input and has only two parameters 
week number and basin constant (RA) , and two states antecedent 

precipitation index (API) and Rete.nrion Index (RI) . For this 
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basic model, many processes are reflected by the two parameters 
and neither is directly related to any of the six remote sensing 
capabilities in Categor.y 1. Likewise, the two states reflect 
m')re than a single moisture storage and therefore do not relate 
directly to the remote sensed data. 

In the continuous API model reviewed for this study (Figure 
2 in Appendix A), the additional four parameters relate only to 
cali'bration of the base flow component of the runoff and are not 
related to the remote sensed capabilities. 

As rnay be noted in Table 4-1, none of the remote sensed 
variables is considered of dir~ct valu~. Since the API has no 
sno~nelt component, a snowmelt model must be used. The NWSRFS 
Sno~nelt model is used for this purpose by the NWS. 

Objective methods can be developed to use the remote sensed 
information for updating and calibrating the API model as n;ay be 
seen in Table 4-1. However, the value would be rather limited. 

The major advantage of the API model is its simplicity. 
Many modifications to allow the use of remote sensed data would 
complicate the model and bring it closer to the more complex 
models. Th4~ value of being able to make one simple adjustment 
(e.g .. , a change in the state, API) to bring the predicted stream­
flow in alignment with observed streamflow is appreciated by 
operational forecasters and should not be overlooked. 

3. CREAMS HODEL 

The CREAMS model has two opti.ons, which are described in 
the i.nterim report (2) and illustrated in diagr,lIDs in Appendix A 
(Figure 3a and 3b). Option 1 accepts total daily rainf..;.l1 as input 
and uses tho Soil Conservation Service (SCS) Curve Number method 
f01: calibrating daily runoff. Option 2 uses breakpoint rainfall 
as input and uses the Green and Ampt infiltration formula for 

, '} 
\~ 
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Table 4-1. USE OF REMOTE SENSED DATA IN API HYDROLOGIC MODEL 

REHOTELY 
SENSED * VARIABLE PRESENT CONFIGURATION MINOR MODIFICATION OR ADAPTATION 

1. No 1. No I OIL MOISTURE 2. No 2. Technique to update Antecedent Precipitation 
Index, API I , 

I 
3. No 3. No 

1. N/A 1. N/A 

IMPERVIOUS 2. No 2. No 

AREA 3. No 3. Aid in developing rainfall-runoff relation-
ships 

1. N/A 1. N/A 

AND COVER 
2. No 2. Update ret,ention index (RI) 

3. No 3. Define basin constant (RA) related to 
interception 

l.NG 1. No 

REAL EXTENT 2. t.'o 2. Objective procedure to determine area subject 
SNOU COVE: to snowmelt 

3. No 3. No 

1. No 1. No 

REAL EXTENT 2. No 2. Objective technique to adjust RI 

ROZEN GROUND 3. No 3. Define variation in RA during winter 

WATER ::orrnally a temperature index or NWSRFS Snowmelt 
QUIVALENT model is used 
NOW COVER 

I ~ ____ ---------- - -_._-----

1. Input; 2. Upda~el 3. Calibrate 

'. 
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The CREAMS model was designed to use remote sensing capa­
bili.ties as much as practicable. The information in Table 4-2 
indicates only partial success using the present configuration 
of the modE!l. For calibration, knowledge of the impervious area 
has value for determining the parameter Curve Number, CN2, and 
land cover information has only minimum value for defining the 
Winter COVE!r Factor, GR. For both of these, obj ective procedures 
woul.d enhance the value of using the remote sensed information. 

The land cover information can be used directly for updating 
the Leaf Area Index, X(I). However, since this inde.x is related 
to evapotranspiration losses, there is no objective way to evaluate 
the usefulness of the updating. 

With minor modifications, as indicated in Table 4-2, the 

states representing the upper layer of the soil moisture could be 
updated. Since the state BST and, in addition, for Option 2, 

the state D5, reflect more than the upper soil moisture level, 
measurement: of soil moisture would not relate directly to a 
state of the model. A maj or modification of the model could be 
made to have an upper soil moisture state that would be directly 
related to the remote sensed values. 

None of the remotely sensed variables can be used directly 
for calibra.tion. \olith minor modification and development of 
objective procedures, they would be of value for calibration. 

4. NV1SRFS MODEL 

The NWSRFS (Sacramento) model is a true conceptual model 
in that the model characteristics (storages of moisture, per­
colation, evapotranspiration, etc.) are intended to represent 
actual hydrologic processes in a rational manner. Even if the 
model perfectly represented what occurs in nature, the moisture 
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Table 4-2 USE OF REMOTE SENSED DATA IN CREAMS HYDROLOGIC HODEL 

REHOTELY 
SENSED 

* VARIABLE PRESENT CONFIGURATION UlNaR MODIFICATION OR ADAPTATION 

1. No 1. No 

SOIL MOISTURE i 2. No 2. To update for available plant water BST and/ 
or depth of surface soil layer, OS (Option 2) 

13. No 3. To define soil transmission COEFF, CONA, 

I (Option 2) 

1. NiA 1. N/A 

IMPERVIOUS 2. No 2. No 

AREA 3. Determining weighted SCS Curve Number, CN2 3. Objective method to determine SCS Curve Number 
(option I) CN2, in conjunction with other parameters 

1. N/A 1. N/A 

LAND COVER 
2. For leaf area index, XII) 2. Objective method for updating leaf area index 

XU) 

3. Define winter cover factor, GR 3. Define winter cover factor, GR 

1. N/A 1. N/A 

AREAL EXTENT 2. N/A 2. N/A 

SNOW COVER 3. N/A 3. N/A 

1. No 1. No 

AREAL EXTENT 2. No 2. Use to modify soil water content, 'SST, during 

FROZEN GROUND winter 
3. No 3. Define winter cover factor, GR, and initial 

abstraction coefficient, SIA, in winter 

1. No 1. No 
WATER 2. No 2. Update water equivalent of snow cover procedure EQUIVALENT 

SNOw COVER 3. No 3. No 

* 1. Input; 2. Update; 3. Calibrate 

j':~,;.;~i";;"t.;:: .' ~'~?"::";;!1:-"'~-~ft,,{<,~~;,;i;':{j';;"~~:;:~·;'''ii'.\J,~~F~~;;\~c.;",:-'-r .. ;~P'~t'~~'·:i;':;~~~"O:/~~"~~~;~~~~~· .... ~~.:~:..;. .. ,~~:;j 
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stages would not necessarily correspond directly wfth remOl".e 
sen:3ed measurements. For example, the upper soil moisture 
zom~ in the model generally represent a much deeper soil layer 
than the 5 to 10 cm depth measured remotely. 

Table 4- 3 :.i.:ldicates that none of the selected remotely 
sensed variabl.es relates sufficiently to the model components to 
be used fo:r: updating for the present configuration of the model. 
Calibration of the model can be :lmproved by remote measurement 
of :lmpervil::lus area for the parameters, PCTIM, and land cover 
measurements are of value in basin segmentation for determining 
areas for separate calibration. 

R€;motl~ly sensed information on soil moisture and on the areal 
extEmt of :Erozen ground would be of value for use in obj ective 
procedures to define during calibration maximum water storages 
and the seasonal variation of the potential evapotranspiration 
de~lnd curve. The same information using objective procedure 
fitted to the model could be used for updating the states of 
moisture in the upper soil moisture zone and for adjusting the 
ratE~ of 10:3s of the upper soil moisture, UZFWC. These are the 
significant improvements that could be made with minor modification 
to the modl~l. Improvements requiring significant modification 
to the modl~l are discussed in Chapter 5. 

5. STORM HODEL 

The STOID1 model was designed as an economical means of 
evaluating various storm-water nmof£ storage and treatment 
methods. It is designed primarily for urban or combined urban­
rural drainages. 
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Table 4-3. USE OF REMOTE SENSED DATA Iii NHSRFS HYDROLOGIC MODEL 

REMOTELY 
SENSED * 

VARIABLE PRESENT CONFIGURATION ~lINOR MODIFICATION OR ADAPTATION 

I
::. No 1. No ~ 
2. No 2. Update upper zone free water, UZFWC, and 

'

SOIL MOISTURE 1
3

• No 13 • ~:~~;.~n u;;::r ~c~;T~ee water maximul'n (UZFWM), 

some information en (PE demand) curves 

1. N/A 1. N/A 

IMPERVIOUS 2. No 2. No 

AREA 3. For impervious area, PCTIM 3. Objective procedure to determine impervious 
area, PCTIM 

1. N/A 1. N/A 

2. No 2. No 
LAND COVER I 

3. In model segmentation (forested versus non- 3. Objective techniques for model ~egrnentation I 
forested) aud for raparian vegetation, RIVA I and riparian veqetation. Also to define 

~pa~on~l PE femand curves 

AREAL EXTENT 
SNOW COVER SEE NWSRFS SNOWMELT MODEL 

1. No 1. No 

AREAL EXTENT 2. No 2. TO. adjust the rate of loss of upper zone soil 

FROZEN GROUND molsture, UZFWC 

3. No 3. '10 define winter values for UZF\oJM and UZK 

WATER 
EQUIVALENT SEE NWSRFS SNOv,MELT MODEL 
SNmoJ COVER 

* 1. Input; 2. Update; 3. Calibrate 

~~:i;~~;;~X':;~~'C:"::t::::"''fii;;;;:.?:~,,'j·';2:'~r;~:j:."~.,~~,"~:·.~;:j~'"·~~"'~~i""·~·~~f>:~~~+;~i;;1';;~~;;~~' ,~:-:~,:~;:~-~<~"~? ':"::: ... ~~ W""'~·'·· ~~.' .• -'". "P~~"'~ ~ 



· ' 

The STORl1 model is not a highly sophisticated rainfall­
runoff model. It is a combination of two similar'methods for 
detertn:Lning runoff from urban and ncmurban areas. The model 
has only two :state variables, Fu and Fn' which represent the 
amount of watler stored in depressions in urban and nonurban 
areas, respectively. The original version of the model has no 
sophisticated infiltration/percolation method. Water from 
pr.ecipit.ation, the primary input, either runs off or infiltrates 
based 1:>1.1 runoff coefficients, Cu and Cn , for the urban and non­
urban areas, respectively. An option added to the model allOtV's 
determination of runoff by means of the SCS Curve Number method 
if desired. 

The primary nodel parameters are those tha.t control segmenta­
tion XI' the area associated with the Ith land use, and FI , the 
percent of the Ith land use that i's impervious. The model is 
calibra.ted by adjusting C and C after XI and Fl' are determined. un. 

Table 4-4 compares STORM model requirements vlich the six 
Category 1 remotely sensed variables. STORM is one of the few 
models wherein remotely sensed data may be used without model 
modification. Remotely sensed data may be used to determine both 
the land use categoz:ies (XI) and the percentage of impervious 
areas during model calibration. Jackson, Ragan, and Fitch (14) 
have d.emonstrated the utility of LANDSAT data for this purpose 
and compared the accuracy and cost to similar determinat:i.ons via 
aerial photography. 

lbe SCS Curve Number Model Option of STORM may also benefit 
from remote sensing. Ragan and Jackson (15) have demonstrate<;l 
the ut:ility e)f LANDSAT imagery for determining land cover 
dis tributionfl in the SCS mode l. 
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RENOTELY 
SENSED * VARIABLE PRESENT CONFIGURATION 

1. No 

2. No 
SOIL HOISTURE 

3. No 

1. NIA 

IMPERVIOUS 2. No 

AREA 3. To determine impervious and urban areas for 
FI and XI 

1. NIA 

LAND COVER I : ~ '::d in de termining urban area, X . I 

1. N/A 

AREAL EXTENT 2. N/A 
SNOH COVER 

3. N/A 

I . 1. No 

IAREAL EXTENT 2. No 

FROZEN GROUND 
3. No 

WATER 
1. N/A 

EQUIVALENT 2. N/A 
SNOW COVER 

3. NIA 

* 1. Input; 2. Update; 3. Calibrate 

WP 
III 

A~ A ~ 4 ~ 

I 

MINOR MODIFICATION OR ADAPTATION 

1. No 

2. Could be used in versions allowing SCS Curve 
"T.<o_~,.._ A ......... ..: .... _ 1 
&:U""Uu..JC.L vj;JlL..u., .... 

3. No 

1. N/A 

2. No 

3. Objective methods for calibration (FI and XI) 

1. MIA 

2. No 

3. Objective method for calibration (Xli 
i 

I 

1. No 

2. A modification could vary the F,. parameter 
based on frozen ground observations 

3. No 

i 

~;:=2~":,.,,~E::.Z.;::,,,~::,::~L;;:~;=:-:::",=;:::::-;£2iLZ~:4~'<':~~·~~~~;<':~'~~:~':·'·~'~;~~~;~~"·~·:~: .. ""';'~:""b' ;.~.~ .. ,; ',~;, ~~. --; J 
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There are no other obvious applications of curren.t remotely 
sensed variables with the current version of STORM.. With minor 
modifications it may be possible to establish error bands on 
the XI and FI coefficient to allow more reasonable adjustments 
for calibration. It should also be possible to develop a method 
for adjusting the runoff coefficients, en' based on the areal 
extent of froz(m ground. Such a modifiC'.ation might make winter 
runoff prediction more accurate, 

STORM was conceived as an economical, simple method for 
analyzing years of record under various treatment plans. It 
is unlikely that the model could be further improved for use 
with remote sensing without losing sight of its ol~iginal simplicity 
and purpose. 

6. STANFORD WATERSHED MODEL 

The Stanford Watershed Model CSi.ft,t) is a lumped input concep­
tual model. A basic modeling philosphy is to recognize eJcplicitly 
the spatial variability of infiltration, interflow production, 
surface runoff, and evapotranspiration. Therefore, model parameters 
and states ar.e indices to average basin conditi.ons. It is not 
clear that the basin average conditions implied ")y the Sta.nford 
model are the same as the spatial avera.ging of remote sensed 
variables. The U5er may subdivide a watershed in.to catchments, 
each of which has a separate parameters set, but SWH does not 
lend itself readily to subdivisions based on eleva.tion or land use 
or aspect or other characteristics that lead to noncontiguous 
zones. It may be possible to use remote sensed land cover data 
to guide th.e division of ,.,atershed into comparatively homogeneolls 
catchments. As sho·wn in Table 4-5, the present configuration 
of SWM does not lend itself to use of the selected remote sensed 
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Table 4-5 USE OF REMOTE SENSED DATA IN STANFORD WATERSHED HYDROLOGIC MODEL 

I 
REMOTELY I 

SENSED * I VARIABLE I P~BSENT CONFIGURATION t"1It~OR t·10DIFICATIOt-~ OR ADAPTATIO!:l 
I 

1. No 

I I SOIL MOISTURE I~: :: 2. Update storages, UZS, RES, SRGX, and LZS, in 

\3. No 
some combination I 

3. Aid in defining nominal upper zone storage, 
UZSN, and ~ossjb1e quidance on CB and CC 

1. N/A 1. N/A 

I IMPERVIOUS 2. No 2. No 
AREA , 

3. For percent impervious, A 3. Objective procedure to define impervious area, i 
A I 

, i 
1. N/A 1. N/A I 

1 

2. No ! 2. No 
LAND COVER 

3. To define water area, ETL, and percent riparian 3. Objective procedures to define maximum amount 
vegetation, K24EL, subjective guidance in basin of interception storage, EPXM, and evaporation 
seamentation loss index lower zone, K3 

AREAL EXTENT I 
SNOW COVER SEE NWSRFS SNOWMELT MODEL 

L 
1. No L No 

AREAL EXTENT 2. No 2. Technique to adjust the infiltration index, CB 
FROZEN GROUND 

3. No :'. No 

\ ~ATER 
EQUIVALENT SEE NWSRFS SNOWMELT MODEL I SNOI, GOVER 

I .. 
1. =:-I;J_':; 2. Update; 3. Calibrate 
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variables beyond calibration of three parameters; percent impervious, 

water ar8a, and percent riparian veget~tion. 

It may be ?ossible to relate maximum interception storage 

and the evaporation loss index to remote sensed land cover. 

It may also be possible to gain some insight into values of 

nomtnal upper zone storage and the CB and CC parameters by 

intE!rtemporal comparisons of remotely sensed soil moisture. 

The state variables for surface detention (RES) and inter­

ception storage (EPX) are only ac~ive during and shortly after 

rainfall events. Somewhat more long-lived after the end of 
I 

an event is the interflow storage (SRGX). As a result, an 

measurement of near-surface soil moisture soon after rainfall 

may include not only the upper zone storage (U2S) , but also SRGX, 

and perhaps RES and EPX. Also the division of the soil into soil 

horizons is not a sharp delineation in SWM so that the lower 

zone storage (L2S) may also be related to remote sensed sc~l 

moisture. In short, it may be possible to update several states 
of SWM using remote sensed soil moisture, but it will require 

significant effort to determine the relationships of the 

observations to the states. 

Finally, it may be possible to modify the parameters of 

SWM, particularly the infiltration index (CB) to represent 

frozen ground conditions. Minor structural changes to SWH would 

probably be required. 

7. SSARR MODEL 

The SSARR model is wid~ly used by the U.S. Army Corps of 
Engineers for runoff forecasting and for design in cases of 

extreme hydrologic events. The nature of the model does not, 
however, lend itself to use of many remotely sansed variables. 
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SSARR has five state variables representing soil moisture, 
base flow infiltration, and the quantities of water in storage 
in surface, subsurface, and base flow. Of these, only the soil 
moisture index has an intuitive relationship to soi.l moisture as 
remotely sensed. 

The SSARR model is calibrated by setting 13 parameters. 
Some of the parameters are set directly (such as the N's that 
determine the number of routing phases), and others are set in 
relation to one another or to states through three tables (such 
as runoff percent, ROP, versus the soil moisture index, SMI). 
The tables take the place of equations describing physical proc~sses 
such as infiltration or evapotranspiration. 

Table 4-6 compares SSARR model requirements with the six 
Category 1 remotely sensed variables. As currently configured, 
'there is no known connection between any SSARR parameter and 
any of the six Category 1 remotely sensed variables in the 
rainfall-runoff portion of the model. SSARR does have a snowmelt 
model with two options. Both options require some knowledge of 
snow covered area. Snow coverec area can be used in model 
updating and possibly could help in determining the seasonal 

dep11etion CUl.-ves during calibration. 

A promising modification to SSARR to use remotely sensed 
data would be through the soil moisture index. It appears 

that when reasonably frequent soil moisture measurementD become 
available (say once a week), an empirical relationship can be 
developed between the SMI and soil moisture as remotely sensed. 
Historical record of soil moistur~~, ~lThen available, will help 
in dl~termining the portion of runoff to soil mois ture and, hence, 
the definition of the ROP/SMI table. 

Other possible SSARR modifi.cations might make use of 
impervious area in de::ermining t,he shape of the runoff versus 
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Table 4-6. USE OF REMOTE SENSED DATA IN SSARR HYDROLOGIC MODEL 

REHOTELY 
C'r;'NSr;oT\ U...,L ....... J4_ -VARIABLE PRESENT CONFIGURATION MINOR MODIFICATION OR ADAPTATION 

1. No 1. No 

SOIL MOISTURE 2. No 2. Update soil moisture index (S:-II) 

3. No 3. Define ROP/SMI table I 
I 

1. N/A 1. N/A 
2. Could be used to modify or select alternate 

IMPERVIOUS 2. No tables 
AREA 3. No 3. Could infer shape of ROP /Sl-n, BFP /BII, 

RS/(RGS/PH) tables 

ILAND COVER 

1. N/A 1. N/A 

2. No 2. To modify or substitute the infiltration table, 
RS/(RGS/PH) a.nd evapotranspiration table, KE/RI 

3. No i 
3. No I 

I 

1. N/A 1. Could be used as input if available frequently i 

AREAL EXTENT enough 

SNOW COVER 2. Can be used to update snow covered area 2. Update snow covered area 

3. Might be used to check model depletion curve 3. Hodel calibration of depletion curve. 
calibration if available frequently enough 

1. No 1. No 

AREAL EXTENT 2. No 
2. Update soil moisture index, SHI. 'Adjust phase 

FROZEN GROUND storage for subGurface flow, to modify or sub-

3. No 
stitute the ROP/SMI, BFP/BII, and RS/(RGS/PH) 
t.lbles 

3. No ! 

WATER 1. N0 1. No 

EQUIVALENT 2. No 2. No 

• 

I SNOW COVER 
3. No 3. No 

I 
* 1. Input; 2. Update; 3. Calibrate 

.. 
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soil moisture and the base flow (BFP) versus base flow infil­
tration index (BII) table. Some information might also be 

useful for the surface rlmoff table (RS). Land cover might 
also be useful for inferring the shape of these tables. 

Areal extent of snow cover could conceivably be used as 
a modal input, completely replacing a state varia.ble, if it were 
available on a daily basis. 

Frozen ground definitely affects the infiltration and 

evapotranspiration processes. Thus, areal extent of frozen 
ground estimates might be used to modify or substitute several 
of the tables to more accurately portray frozen conditions. 

There is no obvious use for measurements of water equivalent 
of snow in SSARR without a major revision of the snowmelt portion 
of the model. 

8. NWSRFS SNm~1-1ELT MODEL 

The ~~SRFS Snowmelt model stands somewhat alone from the 
othE~r mode Is reviewed. In the development of this mode 1, the 
pos:;ible availability of remote sensed data was considered. When 
the ~cdel has been calibrated and applied, by an expert modeler, 
it c:ar: be subjectively updated 11sing the areal extent of the snow 
cover (at least for areal averages of more than 30 percent) and to 
a lesser degree using the water equivalent of the snow cover. 

As noted in Table 4-7, modification of the model to object­
ively use remote sensed observations of the areal extent of th~ 
anou cover and the water equivalent of the snow cover uould improve 
the model ,for general use. The ulodel could be modified without 
changing the heat budget and li.quid water components. The value 
of such procedures would be enhanced "lith a lon,l;er data base of 



Table 4-7. USE OF REMOTE SENSED DATA IN NWSRFS SNOWMELT HYDROLOGIC MODEL 

REHOTELY 
SENSED 

VARIABLE • PRESENT CONFIGURATION • r MINOR MODIFICATION OR ADAPTATION 

IIL MOIS'!'URE SEE m ... SRFS MODEL 

lfPERVIOIJS 
AREA SEE N'wSHFS t-1ODl:.:' 

.ND COVER SEE NI'lSHFS MODEL 

I 
I 

1. No 1. No 

EAL EXTENT 
., Subjective update of areal extent of snow cover 2. Redesign to use R S observations of AESC and 

NOW COVER 'VIE directly - leaving heat budget and liqUid 
"later components as is 

3. No 3. Aid in de\'eloping areal depletion curve and S1 

EAL EXTENT 
OZEN GROUND I SEE t:-... SRFS MODEL 

1. No 1. No 
WATER 

UIVALENT 2. Suhjective update of water equivalent 2. Objective procedure to llpdate water equivalent, 
01-/ COVER WE, and areal extent of snow cover 

3. To develop areal depletion curve 3. Objective techniques to d~velop areal deple-
tion curve, and for checking waLer bdl..mce 

-

Input; 2. Update; 3. Calibrate 

;; 
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Several years of record of the areal extent of the snow 
cover and of the \17ater equivalent of the snow cover would also 
be of considerable value in calibration with minor modification 
of the model as shown in Table 4-7. 

The~ development of objective procedures for using remotely 
sensed data for calibration and updating would greatly increase 
the value and 1.ls(~fulness of the NWSRFS Snowmelt model. This 
statement is based partially on the fact that the model is designed 
to accept such information. A secor,d impo:o-:tant fa.ctor is that 
remote s.ensed measurements will pro':>ably provide much more 
a:curate: information on the characteristics of the snow cover than 
is now possiblE! using ground measurements to estimate areal 
average values. The accuracy of remotely sensed measurement of 
the areal extent of the snow cover is equivalent to or greater 
than t!1at of other estiIhates. Remotely sensed measurements of the 
water equivalent of the snow cover using the aerial gamma 
radiation method are considered by some to be more representative 
of the areal average than can be estimated using point measure­
ments (1.6). 

The~ usefulness of remote sensed measurements of the snow 
cover for aid in modeling snow accumulation and ablation and 
predicti.ng sno,.rmelt runoff is undoubtedly the most promising 
contribution to the field of hydrology. 

Because the ability to measure water equivalent is related to 
snow depth, the first primary contribution will probably be for 

the North Central Plains area of the United States where snow depth 
are not large. The ar.ea is subject to serious snowmelt flooding 
as well as drou.ght, a~td re.lnote sensing could provide substantial 
information for monitoring both of these conditions. As remotely 
sensed measurements improve in quality their value will also improve 
for the different snow cover conditions experienced in the northeast 
and in the mountainous west. 



9. SUMMARY 

A rl~view of Tables 4-1 through 4-7 shows that wit.h two 

exceptions the present configuration of hydrologic models hold 

Httle pl:omise for use of remote sensed data. The first exception 

is the use of remote sensed data to define impervious area and 

other spE!cial land cover categories (water surface, riparian 

vE!getation) in models with parameters closely related to these 

lelnd cov(!r categories. TI'l.e second exception is the use of areal 

e>ctent oJ: snow cover and water equivalent of snow cover to update 

and calibrate the NWSRFS Snowmelt model. 

MinClr structural changes a.nd :ldaptations of existing 

hydrolog:i.c models can greatly increase the usefulness of remote 

se:nsed delta in hydrologic mode Is. 
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CH.I\PTER 5 

POTENTIAL USEFULNESS IN HYDROLOGIC MODELS 

1. REQUIREMENT" FOR HYDROLOGIC MODELS 

Hydrologic models that are currently in widespread use 
were developed before remote sensed data were available in any 
significant amounts. These models are better suited to the 
type of measuremen~s available when they were developed than 
they are to state-of-the-art measurement techniques. The 
previous chapter examined the usefulness of remote sensing 
in hydrologic models as they currently exist or as they might 
exist with minor structural modifications and adaptations. 
This chapter, then, examines the potential usefulness of remote 
sensing to four of the selected models if major structural 
changes a.re allowed. 

Before specific models are examined, the general features 

of a hycb:'ologic model that would maximize the usefulness of 
all available data (both remote sensed and ground) are discussed. 
When these model features are contradictory, the model builder 
must find en appropriate compromise. 

A major feature of any hydrologic model is the scale of 
the model. Involved are the horizontal scale, (basin size), 
the vertical scale (soil and snow hQrizons), and the time scale 
(time step). It is desirable to match the scale of the model to 
the SCalE! o[ the observations since this will make the observations 
more directly useable. 

The natural hO.'izontal scale for lumped parameter models 
is the basin. Each model has some range of appropriate 



basi.n size. The usual approach is to derive areal average 
values of precipitation and other input items (e.g., temperature, 
potential E!vapotranspirat:l.ons) over each catchment. This will 
cont.inue to be the major approach to dealing with mismatched 
horizontal scales of model and observations, but the data­
processing techniques to estimate the appropritate ar6al average 
values need to be much more sophisticated in order to combine 
obse!Tvations that have various spatial sampling scales. 

I 

An alternative approach is to match the horizontal scale 
of the modE!l to the observations. When the observa.tions have 
compara.civElly high resolution (e. g., approximately 1 acre for 
LANDSAT), this approach leads to distributed models. The great 
difficulty with distributed models is the enormous increase in 
the number of parameters. To be practical, all of the parameters 
of "I distributed model need to be directly measurable, a difficult 
requirement to meet. 

The vE!rtical scale of the model should match the observation. 
If CL remotE! sensed soil moisture measurement represents the top 
10 em of soil, the model should ideally have a single state 
varj~able that represents the moisture content of the top 10 cm 
of soil. There is no guarantee that the most appropriate vertical 
scale for hydrologic purposes will match the vertical scale of 
obsE!rvatiOl'lS. 

The time step of the model must be short enough to identify 
significant variations in observed quantities. If observed 
quantities undergo significant diurnal variation, it must be 
possible to identify the modeled hydrologic state at the time 
of day of the observation. 

An inherent tradeoff exists betvleen the accuracy and 
timl~liness of observations and the complexity of a model. For 
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example. m,any parameters and states will be required to predict 
the freezi:ng and thawing of the ground. If the frozen ground 
condition can be observed accurately enough and frequently enough, 
there is no need to model it. It is important to remember both 
the accuracy and measureuent frequency requirements; intermittent 
observations may require a model to account for hydrologic 
conditions between observations. If observations are not very 
accurate, a model may stabilize the observation error. 

Certa.in structural features of a model can make it more 
difficult to update the model states. It is helpful to avoid 
nonfunctional (table drivel1) components and highly nonlinear 
con:lponentSl. These features make it difficult to identify the 
rel.ationship between observations and model states. 

2. REMOTE: SENSING NEEDS TO HELP MODELING 

2.1 The Problems of Remotel~nsed Data 

The research preser.ted here. shows why so little use is made 
of remotely sensed data in hydrologic modeling. With very few 
excl'ptions no one-to-cne correspondence exists between a remotely 
sellsed va:ciable and either a model input or a model state. 

The most useful remoteiy sensed variables that are currently 
us.ad deal with area. These variables are land cover, impervious 
ar,eas, and snow covered area. 1\11 are currently determined 

primarily from LANDSAT data and to a lesser degree from aircraft. 

The resolution of the three varii.ibles from LANDSAT is 
approximately one acre, whi... .. h is adequate for most basin modeling 
activities. NOAA AVHRR data are available several t:.i.mes a day a':. 
1 krn resolution, and for many basins may be more useful than 

LANDSAT data. Tho tiI:\C frilI:lC of t.'1c dtl.ttl. i::. !J to 18 dar::. ,:ith 

41 

; . 
I 

, ; 
,:'C' 
;, ' 

','-' 

,I. 



'. 

,: . 

,. , 

,-

:.". .. : 

time out for days on which cloud cover dominates. Because of 
the cloud effects, data are reliable only for initial model 

calibration (land cover, impervious areti) and updating (snow cover) . 

2.2 Current Requirement3 

Most of the practical applications in present models using 
LANDSAT data have been identified. Efforts should now concentrate 
on data reliability and ready availability in a form usable to 
modelers. Remote sensed measurement may be of significant value 
to a specific model but of much less value to a different model. 
The 5 to 6 week delay in getting the data tapes all but renders 
the data useless for operational forecast activity. 

All computer modelers want more data. Most hydrologic 
modelers want more precipitation and strt:amflow data now not 
six weeks from now. Thus, the primary remote sensing priority 
should be real-time, already-distributed, precipitation measurements. 
Reli.able precipitation measm:ements at a reasonable cost will be 
wholehea·l··;edly adopted by modelers both for real-time forecasts 
and for USE! in calibration. 

Remot~! sensing as defined here can do little for streamflow 
data, which is primarily a telemetry problem. Real-time stream­
flo~r data are available through the Geostationary Operational 
Environmental Satellite (GOES). 

The problem of now versus 6 weeks from now must be addressed 

on two frcnts. First, microvlave systems that are not significantly 

affected by cloud cover must be rlaced in orbit. Data on a number 

of variables of hydrologic interest appear to be collectable by 

microwave techniques (frozen ground, ~oil moisture, snow covered 

area, water equivalent and liquid water content of snow). Microwave 
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systems would ensure the availability of at least some data 
every 3 days when used in low "1arth orbit. (The time interval 

is better than LANDSAT because of a wider field of view.) 
Additionally, high resolution sensors capable of 80 m or less 
from synch~onous orbit should be a goal. Remotely sensed data 
will m~ver be widely used in operational forecasting until more 
frequent readings are available. 

In addition, technology must be developed to permit modelers 
to obtain data on such variables as soil moisture in their own 
offices on their own computer at reasonable cost. In other 
words, soil moisture data must be just as common and reliable 
as a tl~lemetered stream stage measurement. 

There is a need for those engaged in the design and operation 
of remote sensing systems to obtain feedback from hydrologic 
modelers. For example, the accuracy of measuring the water 
equivalent of the snow cover may be much l(~ss than the require­
ment Sl~t by hydrologists. However, measurements of less a~curacy 
indicating incremental changes (e.g., by 1 or 2 cm intevals) may 
be of value for those responsible for forecasting snowmelt floods. 

Continued research is needed on discrimination problems. 
Very fE!w variables can be reliably identified from space without 
extensive ground truth. Techniques that can only determine snow 
depth accurately in open areas and flat terrain will not be widely 
used as techniques which would be used in forested areas and in 
rough terrain. Multisensor systems that use several spectral 
bands combined with point observations on the ground may be needed 
for accurat8 determination of variables. 

3. NWSRFS MODEL 

Improving the ability to calibrate a model is important. 
However, having a ':ailable greatly improved input data or en­
hancing the ability to keep the model opel:ationally on track by 
updating it is more important. Improvements in the 'Ueasurement of 
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precipitation by remote sensing holds the greatest promise for 
increasing the usefulness of any hydrologic model. At the 
present time there is promise for using remote sensing other 
than precipitation as input to the NWSRFS model. 

Remote sensing data can improve modeling by relating 

the statjas to the remote sensed measurements. For the NWSRFS 
model, three remotely sensed variables, soil moisture, land 

cover and areal extent of frozen ground, are prime candidates 
f()r thin use. When considering major model modification to 
improve the usefulness of remote sensi.ng, these variables 
must be considered. For the purpose of this analysis, each will 
bl~ discu:!; sed separately even though a model incorporating the 
ability to observe a state of the model b'T all three remote 
scmsing capabilities would be more VP. '.uable. 

3.1 Soil Moisture 

One approach in the use of remote soil moisture measure-
* ~ant to observe a state would be to create a state representing 

the soil moi~ture in the upper few inches of the soil. This state 
could be cr~ated by dividing the upper zone into a surface layer 
and a subsurface layer. The surface layer would control the 
infiltration and relations with direct and surface runoff. The 
state or states representing the moisture in the subsurface 
layer of the upper zone would operate to control percolation 
a:nd interflow as is handled at present in the model. Such a 
modification could have a minimal impact on the model as it is 
now constituted but would require considerable modification to 
several components of the model. 

*Recall that state variables are those whose value must be known to 
start a model. The states completely define the past history of 
inputs. Typically states are moisture contents in various modal 
components. 
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3.2 Land Cover 

Land cover is related primarily to evapotran~ptration 
and interception losses. A state variable for the vegetal cover 
cO'.lld be introduced to adjust the amount of evapotranspiration 
loss from depths in the root zone. Likewise, the index could 
be used to modify the amount of infiltration. These changes 
would haVE! minimal ilLpact on the remainder of the model. The 
maj or changes would be those to ensure a corr(~ct water balance. 

3. 3 ~. Extent of Frozen Ground 

The occurrence of froze:: ground can result in major changes 
in the way in w~.ich water moves in nature. A hydrologic model 
that could model frozen groood \>lOuld require many parameters 
and states to account for the 'Qlany heat and moisture fluxes 
and for f:ceezing and thaWing of the various layers of soil. 
Assuming that ability, the model would have to have data on 
frlnen ground with and without snow cover. A model that CQuld 
accept the measurement of frozen ground as an input rather than 
for updating would be most desirable. In this model, the processes 
would be modified for the frozen area. The introduction of 
a frozen ground input would affect many processes in the model 
and would. require considerable research t·:) devise the necessary 
alterrations in processes under frozen conditions. Many questions 
remain, such as the depth of frozen ground that is reflected 
by the re.mote measurements and whether remote sensing could 
provide any information on the depth or other characteristics of 
the frozem ground. 

4. NWSRFS SNOWMELT MODEL 

The NWSRFS Snowmelt model with the modif~cations recommen.ded 
in Section 8 of Chapter 4 would have the capability to use both 
the measurements of the areal extent and the water equivalent 
of the snow cover. No additional modification for the purpose 
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of using the remote sensing capabilities selected for ~ategory 1 

is deemed n.~cessary. However, in the case of this model, two 
of the item~; in Category 2--measurements of the liquid content 
of the snow cover and the surface temperature (of the snow cover) 

could be of value in the future. 

Dur::.T'lg the pas t few years, the NWS has used airborne gannna 
radiation HJrveys to obtain areal a~erage water equivalent 
values of the snow cover for selected flight lines (11). These 
are average values for about 2.0 mi2 (1,000 ft wide strip over 
apprc)ximately a 10 mile line). TIle ..:nange in the radiation flux 
from the ground relates to the total change in mass on the sur­
face of the ground and in the surface layer of the soil (about 
10 to 20 centimeters). Thus, the survey measures the change in 
the soil moisture in the surface layer of the soil as well as 
the I~SS of the snow cover. These readings must be corrected 
for the soil moisture under the snow cover (or more exactly for 
the change in soil moisture between the no-snow calibration 
SUrVE!y and l:he snow survey). The uncertainty in the soil moisture . 
at the time of the snow cover survey, introduces an error (the 
averclge areal value under the snow· can not be measured). For 
SUrVE!ys without snow, measurements of the soil moisture are 
obtaj.ned. 

The me'::lsurement of the total change in mass (water equivalent 
of the snow cover and of the soil moisture in the surface 
layer) contains more information than the water equivalent 
estimates currently de~ermined. These remote ml;1asurements would 
be better used by coupling the NWSRFS hydrologic model with 
the NWS snow accumulation and ablation model to provide for 

updating or direct input of these measurements. The major 
requirements in developing a combined model would be the 

formulation of the state relating to both models and in develop­

ment of methods to regulate the watel- balance between and wi thin 
the t\iO models. 
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5. STORM MODEL 

It is. not clear that revising the STORM model to use 
remote sensing information over and above land cover and 
impervious area would have any great value. The STORM model 
is not conwonly used in runoff 
in comparative design studies. 

forecasting, rather it is used 
Such studies do not require 

100 percent calibration accuracy or complete modeling of the 
physical processes involved. 

As w:i.th all the models considered here, there is no question 
that improved measurement of precipitation via remote sensing 
would be helpful. None of the other Category 1 variables appears 
to be useful as an input to the STORM model. 

In the update phase of modeling, soil moisture and perhaps 
frozen ground measurements might be incorporated in the model. 
Frc)zen ground records could be used to periodically adjust, the 

CI runoff coefficients or the Fr impervious area coefficients. 
An empirical method for accompli.shing this would have to be 
developed" Alternatively, a "seasonal" adjustment ct:.rve for 
thE! F I and or CI might be developed if sufficient frozen ground 
data became available. 

Although soil moisture would have no utility in the normal 
STORM mod,~l, it could, however, be used in the SCS Curve Number 
version. A procedure could be incorporated to use a soil moisture 
state for selecting the correct curve. 

In the calibration phase of modeling only land cover 
and impervious area appears useful. These variaoles have already 
been used in STORM modeling activities. Minor. modification 
couJ.d probably be included to establish bounds on the accuracy 
of the FI and XI coefficients. TIlese bounds could be used in 
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sensitivity analysis and in setting limits in adjustments to 

Fr and Xr during calibration. Objective procedures for relating 
the runoff coefficients, CI , for various land uses could also 
b,e developed. Programs could be developed to automatically 

segment and classify a basin from a LA~IDSAT scene and ground 

t'ruth. The need for such automation appears small because of 
thE! once-only nature of calibration. 

6. SSARR MODEL 

ThE~ SSARR model is widely used for forecasting and for 
slimulation of extreme events. Delay in receipt of data does 
riot seem to be a problem for the use of the STORM model. 

Hodifications to incorporate'or more fully use remote sensing 
t:hus appear justified. The number of such modifications is 

siomewhai: limited by the nature of the model. Much of its 

internal workings depend on tables of parameters versus stat.e 

variabl"s. There are no equations describing physical pro~ess 
Clnd hence no direct connection between variables that can be 

l:emotely sensed and model behavior. "Hodification" of the model 
may in !30me cases not be modification at all. Instead, procedures 
IIlill be developed to allow the modeler to change or set up the 
E!xi~tinq model in better ways dependent on remote sensins. 

For the input phase of modeling the most promising input 

<:oncern:s snow-covered areas. If snow-covered area could be 
()btained from a synchronous satellite without cloud cover 

E~ffects, . a model could be developed with snow cover used as an 

input. As currently configured, the SSARR Snowmelt. model could 
use the snow-covered area data to update· the area state variable. 
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In the update phase of modeling. soil moisture. impervious 
area, land cover, and areal extent of frozen ground appear 
useful. Data on soil moisture has the most attractive potential 
for use \oTith model modification. In fact no modification may 
be~ necessarYi it may be necessary merely to develop an empirical 
re~lationship. If soil moi:3ture can be sensed at reasonably 
frequent intervals, a relationship should be demonstrable between 
the measurement and the SMI (soil moisture index) in a calibrated 
mCldel. A sinple equation or equations should allow the modeler 
tCI updatEl the SMI based on remotely sensed data. 

To tncorporate impervious area, land cover, and areal extent 
of frozen ground into SSARR, some means must be added to modify 
OJ:' exchange the model tables. All three variables have an effect 
on the infiltration process, evapotranspiration, and surface 
de~tention and runoff. It would. be necessary to carefully calibrate 
SSARR on a basin and to determine ernpiricall~' the effect of 
changes in land cover, frozen ground, and others on the shape 
of the tables. Possible seasonal variations in tables or alterna.te 
tables could be selected bas~d. on the appropriate remotely sensed 
v<l~riable. 

In the calibration phase of modeling, several possiblities 
e~:ist for SSARR. Using remotely sensed data in calibration, 
however, implies that an appropriately modified model exists. 
Soil moisture records could be corre~ted with runoff records 
to help infer the shape of the runoff percent versus soil moisture 
index (ROP/SHt) table. Continuous records of impervious area, 
land cov€!r changen, and extent of fro::en grolmd could be:: used 
in defining seasonal adjustment curves for che tables in an 
appropriately modified model. 
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CHAPTER 6 

SID1J:1ARY AND CONCLUSIONS 

To dat:e, remote sensing has not been used significantly 
for operational hydrologic forecasting in the United States. 
Although its potential value is well documented, two areas in which 
remote sensing could playa very important role have not been 
given adequate ronsideration. 

First, re'}: Jte sensed information could be uSed to offset 
the loss in qm·.:!.ity and quantity. of measurements resulting from 
the decrease in ,upport for the national hydrometeorological 
ne~vorks. Second, areal averages of hydrometeorological variables 
over the drier areas of the United States estimated from current 
and ~ven greatly enhanced ground-based data-col.lection networks 
are not suff5.ciently accurate to meet the input data needs of 
improved conceptual hydrologic models; remote se!1sing systems 
envisioned in the foreseeable future could provide more accurate 
information. 

This study assesses the capabilities of current and planned 
remote sensing systems for 'improving the value of commonly used 
river forecasting models. 

~NO important reviews were conducted in this study. First, 
a detailed anlaysis was mede of the structure, parameters, states, 
and required inputs for seven hydrologic models and reported in 
an interim report (2). ~ext remote sensing capabilities with 
possible value for hydrolog:!.c modeling ~..rere reviewed and are 
documented in this report. The two reviews provided the basis 
for evaluating the usefulness of remote sensing measurements for 
each of the hydrologic models in their present configuration and 
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with minor modifications. Consideration was also given to making 
major modifications to four of the hydrologic models so that remotely 
sensed information could be used to improve their usefulness and/or 
accuracy for hydrologic forecasting. 

A significant technology transfer lag continues to exist 
in the hydrologic community, which makes little use of LANDSAT­
based land cover identification procedures. A major barrier is 
that existing hydrologic models can make only peripheral use of 
land cover information. 

The most obvious conclusion of the study is that most 
hydrologic models in their present configuration do not have a 
significant potential for using remotely sensed observations. 
Two exceptions are (a) the idet~tification of impervious area, 
w.:lter area, and riparian vegetation for those models that explicitely 
recognize these special land cover categories and (b) the use of 
observations in the NWSRFS Snuwmelt model. 

Halever, with minor structural modifications, some of the 
models can take advantage of the significant potential for applying 

remotely sensed data to hydrologic modeling. These modifications 

can be m.lde without necessarily recal:Lbrating the models for basins 

to which they are currently appliad. Exploiting this potential 

will require a continuous data base of remotely sensed and ground 

observations for calibrated basin models in order to investigate 
the relationship of remotely sensed observations to modeled states. 

Of the mQdels reviewed in this study, modification of the 
NWSRFS Snowmel.t model to provide for objective upda,ting using 
remotely sensed measurements of the areal extent and of the water 
equivalent of the snow cover offers the most promise for improvement 
in operational use. 
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Mo~t of the readily apparent applications of LANDSAT 
and other satellite data in hydrologic modeling have been 
identified. More promising applications of remotely sensed data 
to hydrologic models will be possible with the coming of high­
resolution, passive, microwave sensors in satellites. Microwave 
sensors wi.ll make possible operational measurements of soil 
moisture and possibly wa!:er equivalent of snow. 

Hydrologic modeling can be improved through the development of 
a new generation of models or subroutines for eXisting models 
which recognize the characteristics of the new remote sensing 
cap,abilities. 
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APPENDIX A 

This Appendix presents 

• tables of parameters with definitions, 

• tables of states with definitions, and 

• schematic diagrams 

from the interim report (2) for the following seven models: 

1. Antecedent Precipitation Index (API) 

2. Chemicals, Runoff and Erosion from 
Agricultural l1anagement Systems (CREAMS) 

3. National Weather Service River Forecast 
Sys tern (NtlSRFS) 

4. Storage, Treatment, Overflow, Runoff Model (STORM) 

5. Stanford Watershed Model IV (SvM) 

6. Streamflow Synthesis and Reservoir Regulation (SSARR) 

7. NWSRFS Snow Accumulation and Ablation Model 

A legend for the diagrams is shown in Figure 1 (page A-2) 
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Table 1. PARAMETERS (DEFINITIONS) API MODEL 

Groundwater Recession Coefficient. 

RA Basin Constant. 

WEEK NUl'1BER W~eks of the Year Numbered Sequentially. 

ZA Basin Constant. 

ZB Basin Constant. 

ZC Basin Constant. 

Table 2. STATES (DEFINITIONS) API HODEL 

API 

RI 

Antecedent Precipitation Index. 

Retention Index. 
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Table 3a. PARAI'4ETERS (DEFINITIONS) CREAMS MODEL (OPTION 1) 

*BR1S 

CHS 

CN2 

*CONA 

*FUI. 

*GR 

*POFlOS 

*RC 

RD 

SI1~ 

WLt'1 

"Immobile" soil moisture content at 15 bars 
tension. 

Channel slope. 

The SCS curve number specified for the land 
use, treatment practice, soil group, etc., 
being considered for modeling, assuming an 
Antecedent Moisture Condition II (AMC II). 

Soil evaporation parameter that indicates the 
soil water transmission characteristics of 
the surface layer of soil. 

Portion of plant-available water storage filled 
at field capacity. 

Winter cover factor that reduces soil evap­
oration as a result of grotmd cover. Varies 
from 0.5 for excellent cover to 1.0 for bare 
soil. 

Soil porosity; the average porosity of all 
soil layers found in the rnaxim'Jm rooting . 
depth. 

Fraction of pore space filled at field 
capacity. 

Maximum rooting depth in inches. 

Initial abstraction coefficient for the 
SCS-CN method. It indicates the amount of 
interception, infiltration, and surface 
storage that occurs before runoff begins. 
Unless there is very strong evidence to 
the contrary, the value 0.2 should be used. 

Maximum plant-available water storage in each 
of the seven soil layers of the maximum rooting 
depth. It is the difference between the total 
soil porosity and the BRl5 water content. 

Watershed length-to-width ratio. 

* (c()mmon to beth options) 
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Table 3b. 

*BR15 

*eONA 

])P 

GA 

*GR 

"'POROS 

*RC 

RMN 

SLOPE 

XLP 

PARAMETERS (DEFINITIONS) CREAMS MODEL (OPTION 2) 

"Immobile" soil moisture content at 15 bars 
tensior. 

Soil evaporation parameters that indicate 
the soil water transmission characteristics 
of the surface layer of soil. 

Depth of root soil zone. 

Portion of plant-available water storage filled 
at field capacity. 

Effective capillary tension for the surface 
layer of soil. 

Winter cover factor that reduces soil evap­
oration as a result of ground cover. Varies 
from 0.5 for excellent cover to 1.0 for bare 
soil. 

Soil porosity; the average porosity of all 
soil layers found in the maximum rooting 
depth. 

Fraction of pore space filled at field capacity. 

Manning roughness number for the field surface. 

Average SlOPE! of the field. 

Length of flow plane. 

,~ (common to both options) 
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Table 4. 

*BST 

**DS 

STATL (DEFINITIONS) CREAMS MODEL 

Fraction c. plant-available water storage 
filled when simulation begins. It rep­
resents the soil's water content above 
the BRlS. 

Leaf area index, which indicates the area 
of pl.ant leaves relative to soil surface 
area. Up to 366 values may be specified 
to describe the daily variation of the 
leaf area index. 

Depth of surface soil layer. This state 
represents the available infiltration 
capacity of the soil surface and is made 
to vary with soil moisture content. 

* CClmmon to both options 
**Option 2 only 
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Table 5. 

ADDIP 

!.ZPI-: 

LZFSM ---

LZTVlM ---
PCTD1 ---
PFREE 

RSEHV 

REX'll 

lUV], 

SIDE 

TJZFHM 

UZK 

UZTh™ 

ZPEHC 

" / 

PARAMETERS (DEF'INITIONS) NWSRFS MODEL 

That fraction of the basin that becomes 
impervious as all tension water requiJa­
ments are met. 

Maximum capacity of lower zone primary 
free water storage. 

, 
\ 

Lateral drainage rate of lower zone primary 
free water expressed as a fraction of contents 
per day. 

Maximum capacity of lower zone supplemental 
free water storage. 

Lateral drainage rate of lower zone supple­
mental free water expressed as a fraction of 
contents per day. 

Maximum capacity of lower zone tension water. 

Fraction of imper~ious basin contiguous with 
stream channels . 

The percentage of percolation water that direct­
;y enters the lower zone free water without a 
~rior c11im by lo~er zone tension water~ 

Fraction of lower 20ne free water not available 
for transpiration purposes (incapable of re­
supplying lower zone tension water) . 

An exponent determining the rate of change of 
the percolation rate as the lower zone deficiency 
ratio varies from 1 to 0 (1 :: completely dry; 0 
lower zone storage completely full) 

Fraction of basin covered by riparian vegetation. 

The ratio of unobserved to observed baseflow. 

Maximum capacit:y of upper 20ne free water. 

Lateral drainage rate of upper zone free water 
expressed as a fraction of contents per day. 

Maximum capaci t:y upper zone tension water. 

A fraction used to define the proporti0nal in­
crease in percolation from saturated-to-dry lower 
zone soil moisture conditions. This parameter, 
when used with other parClJl1cters, i.ndicates the 
maximum percollltion rate possible when upper 
zone storaqes are full and the lower zone soil 
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Table 6. STATES (DEFINITIONS) NWSRFS MODEL 

.... 
ADIMC Additional impervious area. 

LZFPC Lower zone free primary water storage. 

1,ZFSC Lower zone free supplemental water storage. 

LZTWC Lower zone tension water storage. 

lJZFWC Upper zone free water r,torage. 

UZTWC Upper zone tension water storage. 
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Table·7. PARAMETERS (DEFINITIONS) STORM MODEL 

Runoff coefficient of Ith impervious 
segment of urban area. 

Composite runoff coefficient, nonurban 
area. 

Runoff coefficient of Ith pervious segment 
of urban area. 

Composite runoff coefficient, urban. 

Maximum depression storage, nonurban. 

Mlximurn depression storage, urban. 

Runoff at which diversion begins, nonurban. 

Runoff at which diversion peaks, nonurban. 

Runoff at which diversion begins, urban. 

Runoff' at which diversion peaks urban. 

Fraction of rth land use area that is 
pervious. 

Recession factor (evaporation from depression 
storage), nonurban. 

Recession factor (evaporation from depression 
storage), urban. 

Area of land use or fraction of total urban 
area. 

Fraction of runoff diverted, nonurban. 

Fraction of runoff diverted, urban. 

Table 8. STATES (DEFINITIONS) STCRM MODEL 

Depression storage, urban areas. 

Depression storage, nonurban areas. 
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Table 9. PARAMETERS (DEFINITIONS) STANFORD WATERSHED MODEL IV 

11. Percent impervious area. 

~:B Infiltration indc:. ... 

~:c Interflow index., which determines the ratio of 
interflow to surface runoff. 

]rn£ 
!(K24 

1<V 

1<24EL 

K24L 

)0 

lk 
l~N 

;LZSN 

UZSN 

ss 

Maximum amount of interception storage. 

Ratio of total stream and lake area to the_total 
watershed area. 

Daily interflow recession coefficient. 

Daily groundwater recession coefficient. 

Weighting factor to allow variable groundt"ater 
recession rate~;. 

Percent of watershed stream surfaces and riparian 
vegetation. 

Percent of gro\mdwater recharge assigned 'to, deep 
percolation. 

Evaporation loss index for the lower zone. 

Overland flow length. 

Manning's "n" for overland flow. 

Nominal lower zone stora~e, an index to the 
magnitude of le,wer zone capacity. 

Nominal upper zone storage, an index to the 
magnitude c-f upper zone capacity. 

Overland flow slope. 
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Tclb1e 10., STATES (DEFINITIONS) STANFORD WATERSHED MODEL IV 

',' !: 

Rl~S Surface detcmtion depth. 

SnGX Interflow s:t:orage. 

SGW Active groundwater storage. ~ 
G~{S Groundwater inflow index. 

U2:S Upper zone sitorage. 

L2:S Lower zone storage. 

EPX Interception storage. 

~!' 

A-iii 



r, 

f EVAPO, 7 
LIAHSPIRATION 

INTERCEPTIOH 
STOMa! 

EI'K 

-< 
POTlZMT1AL 

EVAPOtlATlON 

,------' 

LOW~R ZONE 
EVAI' 
!Ill 

RAIN PLUS 
MELT 

IHTERCEI'TlON 
Ell"XN 

LMI'Il,WIOUS 
AIII!A 

A 

LOWER ZONE 

UOISY11AIi 
ALLOCATION 

ca. cc 

RETENTION 
IWIN 

I 
I 
I 
I 
I 

~ 
-~ 

BASIN 
LOSSes 
UU. 

GROUND WATER 

5URFACI! DETENTION 
SlORAGI! 

RES 

IMTEllrlOW 
STOMOE! 

SRGX 

OEliP GROUND 
WATER 

OROUI'D WAfER 
INPl"W INDEX 

GWS 

TOTAL 
CHANN~l 
INFlO' . 

fVAP )'10'1-'--- S'TO!1AQII • _____ ..x.....;,II:;;:ICl;:4.:;.:..;ICV::.:...-e>I ()ROUMO\~:~ER C~ 
KS4£L saw-

, __________ "_. ___________ ~ cH~_pa_. ____ ~ 

Figure 6. STfl.NFOAD WATERSHED MODEL IV SCHEMATIC DIAGRAM 

A·17 

'. i 
I 



BFL 

BFP 

ETI 

KE 

KSS 

Rap 

RS 

~rs 

TSS 

TSBF 

/ 

Table 11. PARAMETEnS (DE:"INITIONS) SSARR MODEL 

Base flow infiltration limit. 

Base flow, percent. 

Evapotranspiration index. 

Percent effectiveness of ETI (function 
of rainfall intensity, RI). 

Limiting subsurface infiltration rate. 

Nwnber of routing phases (surface flo\v) 
Number of routing phases (subsurface flow) 
Nwnber of routing phases (baseflow). 

Runoff percent. 

Surface runoff percent, fUnction of 
RS/RGS table. 

Time of storage; surface flow. 

Time of stc)rage; subsurface flow (interflow). 

Time of storage; baseflow. 
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Table 12. STATES (DEFINITIONS) SSARR MODEL 

SMI 

BII 

PliASE STORAGE 

PHASE STORAGE 

PHASE STORAGE 

Soil Moisture Index. 

Base Flow Infiltration Index. 

Phase storage (discharge or stage) for 
surface flow. 

Phase storage (discharge) for subsurface 
flow. 

Phase st·orage (discharge) for baseflow. 
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Table 13. PARAMETERS (DEFINITIONS) NWSRFS SNOWMELT MODEL 

AREAL DEPLETION CURVE 

DAYGM 

MBASE 

MFMAX 

MFMIN 

NMF 

PLWHC 

PXTEMP 

SCF 

SI 

TIPM 

UADJ 

Curve that defines the areal extent 
of the snow cover as a function of how 
much of the original snow cover remains. 
It also implicitly accounts for the re­
duction in the melt rate that occurs 
with a decrease in the areal extent of 
the snow cover. 

Constant amount of melt that occurs at 
the snow-soil interface whenever snow is 
present. 

Base temperature for snowmelt computations 
during nonrain periods. 

Maximum melt factor during nonrain periods; 
assumed to occur on June 21. 

Minimum melt factor during nonrain periodsi 
assumed to occur on December 21. 

The maximum negative melt factor. 

Percent (decimal) liquid water h~lding 
capacity; indicates the maximum amount of 
liquid wat~r that can be held against 
gravity drainage in the snow cover. 

The temperature that delineates rain from 
snow. 

A multiplying factor that adjusts pre­
cipitation data for gage catch deficiencies 
during periods of snowfall and implicitly 
accounts for net vapor transfer and inter­
ception losses. At a point, it also 
implicitly accounts for gains or losses 
from drifting. 

Th~ mean areal water-equivalent above which 
there is always 100 percent areal snow cover. 

Antecedent temperature index parameter 
(range is O.l~rIPM~l.O). 

The average wind function during rain-on­
snow periods. 

------_.--------------------------------------
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Table 14. STATES (DEFINITIONS) NWSRFS SNOWr.-'.ELT ~ODEL 

ATI 

LAGRO 

NEGHS 

S 

*SB 

*SBAESC 

*SBWS 

WE 

Antecedent Temperature Index; represents 
the temperature within the snow cover. 

LAGRO and S together define the amount of 
excess liquid water in transit in the 
snowpack. 

The amount of liquid-water held against 
gravity drainage. 

The maximum water-equivalent that has 
occurred over the area since snow began 
to accumulate. 

Heat Deficit; the ruuount of heat that must 
be added to return th~ snow cover to an 
isothermal state at 0 C with the same 
liquidwater content as when the heat deficit 
was previously zero. 

S and LAGRO together define the amount of 
excess liquid water in transit in the 5nO\'I­
pack. 

The areal water equivalent just prior to 
the new snowfall. 

The areal extent of snow cover from the 
areal depletion curve just prior to the 
new snowfall. 

The amount of water equivalent above which 
100 percent areal snow cover temporarily 
exists. 

Water equivalent of the solid portion of 
the snoWtJack. 

*These states are only used when there is a new snowfall on a 
basin with a partial snowcover. 
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