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Estimati ng Runoff at Different Spatial and Temporal Scales' by J. C
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Research, Volunme 101, March 20, 1996

| nt r oducti on

The Sinple Water Bal ance Model (SWB) is a paranetric water bal ance
nmodel that was devel oped based on statistical averaging of the main
hydr ol ogi ¢ process.

The nodel has a 2 layer structure with both a physical and
statistical basis for the nodel paraneters. 1t was developed to fil
a need for nodels with a small nunber of paraneters and of

i ntermedi ate conpl exity between a one paraneter sinple bucket and
nmore conpl ex hydrol ogically oriented nodels with many paranmeters such
as the Sacranmento Soil Misture Accounting nodel. The focus was to

i nprove the representation of runoff relative to the sinple bucket

wi t hout introducing the full conplexity of the Sacranento nodel. The
nodel was designed to operate over a range of tinme steps to
facilitate coupling to an atnospheric nodel. The nodel can be used
for catchment scale sinulations in hydrological applications and for
sinpl e representation of runoff in coupled atnospheric/hydrol ogical
nodel s.

An inportant role for the SWB npodel is to assist in understandi ng how
much conplexity in representing land surface processes i s needed and
can be supported with available data to estimate nodel paraneters.
The nmodel was tested using rainfall, runoff and surface

met eor ol ogical data for three catchnents fromdifferent climte

regi mes. Mddel performance is conpared to performance of a sinple
bucket nopdel, the Sacramento npdel and the OSU | and surface nodel.
Finally a series of tests were conducted to evaluate the sensitivity
of SWB performance when it is operated at time steps different from
the time step for which it was calibrated.

Backgr ound

Conmpl ex hydrol ogi ¢ nodel s such as the Sacranmento Soil Misture
Accounti ng nmodel were devel oped to represent spatially heterogeneous
runof f processes for river basins at scales ranging froma few
hundred to a few thousand KM2. They focus on the surface water
budget and ignore aspects of the surface energy budget that are

i nportant for surface forcing in atnospheric nodels. These
hydr ol ogi ¢ nodel s have parameters that mnmust be calibrated with
precipitation, discharge and surface neteorol ogi cal data. To be
useful in an atnospheric nodel these nodels nust be coupled with a
nmore conpl ete treatnment of the energy budget. Also a priori methods
for paranmeter estimation nust be devel oped for these nodels to apply
to ungaged areas and to be used over the full domain of an

at rospheri c nodel .
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Land surface paraneterizati ons of existing atnospheric nodels focus
on the surface energy budget and treat the surface water budget
relatively sinply (Carson, 1982; Lavel, 1988; Avissar and Verstraete,
1990). Sone atnospheric nodel |and surface paraneterizations appear
to be nore physically based that nost operational hydrol ogi ¢ nodels
because they attenpt to represent the water and energy processes in a
vertical colum of soil starting fromthe basic physical equations
beli eved to govern those processes. Inplicitly, it is assuned that
there is an equivalent or effective vertical soil colum that is
representative of a large area. New |land surface paraneterizations
such as BATS (Dickinson et al, 1993) and SiB (Sellers et al, 1986)
are | unped nodel s and represent vegetation as a 'big leaf< Avail able
| and surface paraneterizations do not account for inportant spati al
het erogeneity in surface runoff processes and include paraneters for
which there is little supporting data (such as rooting depths and
hydraul ic properties of the soil).

In view of the |linmitations of existing hydrol ogic nodels and | and
surface paraneterizations for atnospheric nodels a need existed for
nmodel s with a small nunber of parameters and internediate in

conpl exity between a sinple bucket, with only one paraneter, and nore
conpl ex hydrol ogically oriented nodels with many paraneters such as

t he Sacranmento nodel or sone of the newer |and surface nodels such as
BATS and SiB with inproved treatments of vegetation. By liniting the
number of paraneters, the potential to develop a priori paraneter
estimation techni ques should be increased. A specific reason to
devel op the SWB nodel was to inprove the representation of runoff
relative to the sinple bucket wi thout introducing the full conplexity
of nodel s such as the Sacranmento nodel. Also the strategy was to
keep the treatnent of vegetation as sinple as possible with the
intention of adding features of nore conplex representati ons such as
in BATS or SiB as seened necessary based on tests with avail able

dat a.

A goal is to use the SWB npodel together with other nodels to study
the question of how nmuch conplexity is warranted in nodels of |and
surface processes. Recently, Jakeman and Hor nberger (1993) studied
this issue in the context of a sinple rainfall-runoff nodel where the
paranmeters of the nodel were identified (i.e. calibrated) using
rainfall and runoff data. They conclude in reply to coments
(Jakeman and Hor nberger, 1994) that:

'...conceptual and physically based nodels devel oped and used for
describing rainfall-runoff processes tend to be over
paranmeterized. They are no nore useful for prediction than are
si npl er nodel s whose paraneters are identifiable from avail abl e
data. |If such overparaneterized nodels are to be used to
under st and processes, then this nmust be achieved with remarkabl e
care. On the other hand, the ability to produce identifiable
nodel s wi th about a half dozen paraneters opens up opportunities
to | earn about how to generalize catchnment response by studying a
| arge nunmber of catchnents.'

Al t hough SWB has only five paraneters that can be identified by

calibration fromdata readily avail able over parts of the United
States, such data are available only for areas having stream gages
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unaffected by upstreamregul ati on and may apply only to the total
area above these gages. Cearly, such data are not available for
many potential (and ungaged) forecast points in the United States nor
are they avail able gl obally.

SWB i s being devel oped and tested as a contribution to the G oba
Wat er and Energy Cycle Experinment (GEWEX) Continental -scale
International Project (GCIP) (WCRP,1992). GCIP has specific
objectives to inprove | and surface nodels and to nmake better use of
renotely sensed data. SWB has been coupled to the energy conponent
of the OSU nodel and tested using data fromthe 1987 FIFE experi nment
(Mtchell et al, 1995, this issue). The coupl ed SWB-OSU nodel is
being tested as part of the Project for Interconparison of Land
Surface Process Schenmes (PILPS). SWB also is being applied in a
stand- al one node to estimate runoff froma nunmber of river basins in
the U S. and in Africa (Koren, et al, 1995, this issue).

Model Devel opnent Strat eqgy

New sources of hydroneteorol ogi cal data such as radar, satellite and
di gi tal geographical information and a need to inprove the |and
surface paraneterization in atnospheric nodels has stinul ated
research into the spatial variability of hydrol ogi cal processes
(Russo and Bresler, 1981a,b; Vieira et al., 1981; Geninger et al.,
1985; Thomas and Henderson-Sellers, 1987; Wod et al., 1988). This
has led to the devel opnment of nore general hydrol ogical nmodels with
di stributed nodel features (Entekhabi and Eagl eson, 1989; Smith et
al ., 1992; Famiglietti and Whod, 1994; Chen et al., 1994).

The water and energy fluxes that nust be represented in an

at nrospheric nodel may be divided into stormperiods and inter-storm
periods. During stormperiods the water branch of the hydrol ogic
cycle is dominant and the physics governing the partitioning of
precipitation into interception, surface runoff and infiltration is
hi ghly non-linear. During inter-storm periods, the energy branch of
the hydrol ogic cycle is doni nant and the physics governing the
partitioning of energy into sensible and |l atent heat fluxes into the
at nosphere, while non-linear, is nore nearly |linear than water fl ux
partitioning during storm periods. SWB nust represent both storm and
inter-stormperiods, but the main focus on representing the effects
of spatial heterogeneity in SWB is on processes during storm periods.

In some atmospheric nodels, basic equations of physics that m ght
apply to a vertical colum of soil are assumed to apply over |arge
areas. Inplicitly this assunes the rel evant processes are nearly
linear and paranmeters are spatially alnobst constant. Because the
processes governing the split of water between infiltration and
runoff are highly non-linear, such assunptions usually do not hold at
| arge scal es.

Ideally it mght seemdesirable to construct an inproved | and surface
process mpodel beginning with the basic conputational element of a

di stributed nodel to represent basic physical processes at a point or
for a hillslope or for a small representative elenentary area.
Paranmeters of equations used at this scale would appear to have clear
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physi cal neani ng and nay be observable (at least locally) in field
experiments. The aggregate behavior of the I and surface processes at
the scale of an atnospheric nodel could be obtained fromthe

aggr egat e behavi or of the distributed nodel.

However this strategy produces mgjor problens. First the basic
physics apply only at a point. There is no agreement in the
scientific community on the aggregate equations governing processes
for hillslopes or small elementary areas. Second integration of the
fundanent al equati ons of physics starting from point processes,
explicitly in space and tine, requires nore i nformation about the
3-di nensi onal heterogeneity of surface characteristics and

2-di nmensi onal characteristics of surface forcing than is possible to
measure. In principle such neasurenents woul d be uni que to each
catchnment and each hydrologic event. Until a general theory to
account for the uncertainty and heterogeneity in surface
characteristics and processes is devel oped, sinple approaches such as
used to devel op the SWB are needed.

Derived Probability Distributions of Land Surface Processes

The SWB is based on rel ationshi ps between spatially averaged fl uxes
and state variabl es assum ng that surface processes |locally behave
according to 'physically based< rules. This approach considers the
frequency of occurrence of variables of certain ranges over an area
wi thout regard to the location of a particular occurrence within the
area. Areal variables can be calculated as the statistical
expectation of point values in this case. The 'physically based:

rul es used to devel op SWB consi der the basic physical processes but
not at the level of systematic derivation fromfirst principles.

The probability-distributed principle in hydrology was first used in
nodel i ng of the snowrelt processes. Komarov (1959) applied the

di stribution functions of snow cover and freezing depth of soil to
snowrel t runoff analysis. Popov (1963) derived a genera
relationship for snownelt runoff cal culation using a distribution
function of the retention storage over a basin. These results are
widely used in long- and short-termrunoff predictions.

To account for the effects of spatial variability on runoff, Koren
and Kuchment (1971) devel oped a sinple rainfall-runoff nodel based on
a theoretic-probabilistic averaging of the point processes. A |lack
of spatial statistics of variables led themto assune nost of the

i nput data and paranmeters were normally distributed and only soi

nmoi sture capacity had exponential distribution. The inportance of
the spatial variability of soil hydraulic properties was shown by
numeri cal anal yses of rainfall-runoff processes on a hillslope
assunming different hypothetical distributions and autocorrelation of
the basin characteristics and rainfall (Freeze, 1979; Snith and
Hebbert, 1979). Dagan and Bresler, (1983) analyzed infiltration
processes depending on the spatial variability of hydraulic
conductivity. Moore (1985) derived a spatially averaged

rai nfall-runoff equation using exponential distribution for both
rainfall and infiltration capacity. Eagleson (1978) also used a
derived probability distribution approach to illustrate how equations
for spatially averaged infiltration and runoff could be devel oped
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from point process considerations. The spatial distribution
assunptions first used by Mdoore (1985) were | ater used by Schaake
(1990) and Schaake and Liu (1989) in devel oping a sinple nonthly

wat er bal ance nmpbdel which is a precursor to sone of the work reported
below. A simlar approach to parameterizing sub-grid processes was
taken by Ent ekhabi and Eagl eson (1989) who consi dered spati al
variability in precipitation and soil noisture storage in a

physi cal ly based context. Eagl eson and Ent ekhabi ignored the effect
of spatial variability in the hydraulic properties of the soil

Wat er St or age Components

The I and surface in SWB is represented with two layers. A thin upper
| ayer consists of the vegetation canopy and the soil surface. A

| ower | ayer includes both the root zone of the vegetation and the
ground water system The root zone and the groundwater system are
combined into a single | ayer to keep SWB as sinple as possible. The
SWB is being tested to determne if root zone and ground water
conmponents of the |l ower |ayer should be represented separately.

The anount of water that can be stored in each layer is linmted.
These limtations are nodel paraneters. The storage state variable
can be represented in ternms of water content or in terns of water
deficit. In SWB the storage state variable is soil noisture deficit
only because npoisture deficit may be useful in diagnosing nodel
performance. In the spring in humd clinmates, noisture deficits are
usually small so nodel noisture deficits would be small. Also soil
noi sture nmeasurenents are not adequate to estimate the water content
of SWB over |arge areas because they are too scarce. Avail able soi
noi sture data can be used to test SWB, but because npisture deficit
and noisture content are sinply related, the noisture deficit
variable is the state variable used in SVB.

The limts of nmoisture deficit are called maxi num deficits, but these
are equi valent in magnitude to maxi mnum storage contents. The terns
maxi mum deficit and water storage capacity are equival ent and can be
used i nterchangeably. In humid clinmtes where spring noisture
deficits are low, the total npisture storage capacity can roughly be
estimated fromrainfall and runoff data

Wat er Bal ance of the Vegetation Canopy and Soil Surface

The upper layer is a short-termretention storage that principally
represents the capacity of the vegetation canopy to hold water on the

surface of the canopy. It also represents the capacity of the soil
surface to store water in small depressions or in the top few
mllimeters of soil surface. The water bal ance of the upper |ayer
i S:
dD
Y=F -P+P (1)
dt u X

where D, is the noisture storage deficit in this layer. The maxi mum
value of D, is D, m Which also is the maxi num storage capacity of the
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upper layer. Inflow to the upper layer is from precipitation, P and
all infloww Il be retained until D, is filled (i.e., when D,=0).
Then excess inflow, P,, becones input into the |ower layer. Water
evaporates fromthe upper |layer at the rate E,.

Wat er Bal ance of Soil Misture Storage (Lower Layer)

The I ower layer is the main soil npisture storage reservoir. The
wat er bal ance of this |ayer is:

b (2)
dt b s g p: o

The nmoisture deficit in this layer is D,. The maxi num value of D, is
D, mx Which also is the maxi rum water capacity of the |ower |ayer.

The value of D, .. depends nostly on the rooting depth and soil
porosity. Runoff fromthe surface, Q and subsurface, Q and
evapotranspiration, E, are outflows fromthe layer. Al variables of
Equations 1 and 2 are nean areal val ues.

Evapotranspirati on

The upper layer is in close proxinmty to the atnosphere and contains
wat er intercepted by |leaves, stored in surface depressions or stored
intop CMor so of the soil surface. This water evaporates locally
at rates governed by the ability of the atnosphere to accept water.
The | ower layer includes the root zone of vegetation. Water is |ost
to the atnosphere fromthe |ower |ayer by direct evaporation fromthe
soil and by evapotranspiration through vegetati on.

Evaporation fromthe Upper Layer

Water stored in this layer is distributed heterogeneously and
partially over the area. Accordingly it is be possible for the
average areal rate of evaporation, E, fromthis layer to be |ess than
the potential rate even though | ocal evaporation rates (e.g. from

| eaves) mmy exceed the areal average potential rate. It is assumed
the effect of partial area coverage of upper layer npisture varies as
a function of D, and acts to decrease the actual areally averaged
evaporation rate bel ow the potential rate according to the relation:

E =E_ (1-—" ) (3)

Evapotranspiration fromthe Lower Layer

Evapotranspiration fromthe | ower |ayer, E, takes place only if
evaporation fromthe upper layer is less than the potential rate.
Accordingly the potential evaporation rate fromthe |ower |ayer is
reduced by the actual evaporation rate fromthe upper |ayer:

E,=E -E, (4)
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The actual evapotranspiration, E, is less than or equal to potenti al
evapotranspiration, E, as a function, f(D), of the soil noisture
deficit of the | ower layer:

E,=E_,f (D,) (5)
The function f(D,) accounts for the effect of noisture stress on

vegetation. Oher forns of vegetation stress are neglected in SVWB
A sinple linear equation is used to estimate f(D):

£(D, )=1-—2 (6)

b, max

Per haps a more conplex functional formfor f(D) may prove to be
justified, but that would increase nodel conplexity and woul d add at
| east one nore nodel paraneter. This should be investigated in
future studies of how nuch conplexity in the role of vegetation is
justified, considering how the additional paranmeters woul d be
esti mat ed.

Equations 3 through 6 can be conbined to form

E,=E_(—2—) (1-—>—) (7)

The anount of evapotranspiration fromthe tw |ayers can be estimted
as:

E=E, (1~ (—2—) (—2—)) (8)

which is a nonlinear function of the soil npisture content of the
both the upper and lower layers. A typical relationship of relative
val ues of evapotranspiration, E/E, and relative values of soi

noi sture deficit, D/ DL, (D= D+ D, and D.,= D, ruxt D, max) 1S shown in
Figure 1.

Thi s evaporation scheme has been tested against observed evaporative
flux nmeasurenments during the FIFE experinment (Mtchell, et al, this

i ssue). SWB over-estimates evapotranspiration during wet periods of
the FIFE experinment. A canopy resistance termwas added to SWB as
part of that study to remedy this problem That canopy resistance
term adds several additional paraneters to SWB and is not included in
the current study. Subsequent tests of SWB using rainfall and runoff
data are planned with the canopy termincluded SWB and with sone of
the additional paranmeters estimted by renptely sensed vegetation
measur ements.

Subsur f ace Runof f

Subsurface runoff is assunmed to be a linear function of the | ower
| ayer npisture content in excess of a mnimmthreshold, S.,:
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b
Q (1- )r D <S (9)

0, otherwise

where Q., is the potential subsurface runoff that occurs when the

| ower |ayer is saturated (i.e. when D=0). Equation (9) inplies that
the ground water systemacts |like a |linear storage reservoir, a

wi dely used hypothesis in hydrologic nodeling. |If there were no
precipitation nor evaporation, the only outfl ow from storage woul d be
an exponentially decreasing flow of subsurface runoff. The rate
constant, Q../ S 1n this exponential function can be estinmated from
the recession portion of observed hydrographs. The value depends on
t opogr aphy, geol ogy and soil hydraulic properties. \Wien the | ower

| ayer noisture deficit, D, exceeds the threshold, S.,, subsurface
runof f ceases. This allows the nodel to sinulate ephemeral streans.
Experi ence suggests that S, is usually less than D, ...

It is inmportant to note that water can | eave the | ower |ayer either
as evapotranspiration or as subsurface runoff. In a sense these
fluxes are in competition in the current version of SWB. Sone
conpetition between evapotranspiration and subsurface runoff is
reasonabl e because riparian vegetation is sonetinmes nore abundant
that vegetation far fromstreans. On the other hand, nuch of the
evapotranspiration is froman unsaturated root zone and unsaturated
noi sture in the root zone is not available for subsurface runoff.

Per haps the | ower | ayer storage should be partitioned into root zone
and groundwater |ayers. But this would increase nmodel conplexity and
woul d add at | east one paraneter to govern the rate of percolation
fromthe root |ayer to the ground water |ayer.

Surface Runoff and Infiltration

The supply of water to the | ower zone is P, the excess of
precipitation or throughfall fromthe upper layer. This water fl ux

is available for surface runoff and infiltration into the | ower

layer. At the surface of the | ower layer, some of P, infiltrates into
the I ower layer; the excess becones surface runoff.

The strategy taken in representing infiltration and surface runoff in
SWB is first to consider the spatial variability of infiltration
capacity. Because actual infiltration depends on precipitation as
well as infiltration capacity, the spatial distribution of
precipitation is considered next. Then the spatial distributions of
infiltration capacity and precipitation are analyzed to derive
equations for spatially averaged infiltration and runoff. These
equations relate the spatially averaged runoff and infiltration to
the spatially averaged infiltration capacity and precipitation.
These equations are nost appropriately applied to stormtotal
accunul ations. Finally a relationship is developed for the tenpora
variability of the spatially averaged infiltration capacity as a
function of duration of accunul ati on.

Point Infiltration Capacity
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Local rates of infiltration vary in space and tinme. At any tine, the
capacity of the soil to infiltrate water may exceed the actua
infiltration rate if the supply of water to the surface does not keep
the surface saturated. Tenporal variability may be classified into
variability during stormevents and into changes in initial
infiltration capacity between storm events.

At a point the flow of water into and within a vertical colum of
soil can be represented by the Richard's equation in the form
06 _ 0 06,  OK(8)

o oz DO,

(10)

where 6 is the soil noisture content, K(6) is the hydraulic

conductivity and D(B) is the soil water diffusivity which depends on

the saturated hydraulic conductivity K. Philip (1969) devel oped an
approxi mte solution to the Richards equation for the special case of
infiltration with a uniforminitial soil noisture state and saturated
surface conditions. Philip's equation for the total cunulative
volume of infiltration at a point is:

i (t)=stV2+Kt (11)

[

where Kis close to the saturated hydraulic conductivity, K and S is
sorptivity, a function of the diffusivity and the initial soi

nmoi sture state. Variable i (t) denotes the cunul ative vol ume of
infiltration to time, t, assum ng the surface remins saturat ed.

Thi s equation assunmes an infinitely deep soil colum so that water
can percol ate downward at a rate deternined by the saturated
hydraulic conductivity. In reality, the thickness of the soil colum
is finite. Therefore, the infiltration capacity is not necessarily
limted by the saturated hydraulic conductivity of the soil, but by
the avail abl e space to store water in the soil columm and by the rate
of lateral saturated subsurface flow in the hillslope toward the
stream Under natural conditions, precipitation does not support
conti nuous saturated conditions at the soil surface (i.e. ponding)
but a techni que known as time conpression analysis (TCA) (Shernan,
1943; Sivapalan and MIly, 1989; Sal vucci and Entekhabi, 1994) can be
used to adjust the tine scale. TCA assunes that the maxi mumrate of
infiltration (i.e. instantaneous infiltration capacity) during an
event depends on the initial soil noisture condition and on the

curmul ative infiltration since the beginning of the event. The
assunption that infiltration capacity depends on the current soi

nmoi sture state is used below to account for changes in infiltration
capacity with tine.

Spatial Variability of Infiltration Capacity
The spatial average rate of infiltration over a catchment during a
tinme interval, at, is not well approximated by Philip's equation

because of the heterogeneity of: initial noisture conditions,
t hi ckness of unsaturated soil colum and soil hydraulic properties
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(even if the soil type is essentially unifornm). Also spatial
variability in the depth of the soil colum will |ead to spati al
variability of the time when the steady state infiltration rate
becomes limted by lateral flux into the groundwater system

Consi dering the heterogeneity and conplexity in space and tine of the
infiltration process, it is not clear if there is enough information
avail able to derive systematically a sinple set of equations for the
spatially averaged infiltration rate. Therefore, an enpirica
approach gui ded by theoretical considerations is used to represent
infiltration capacity in SWB. In a study of data from 52
infiltrometers placed in the 19.2 KM2 Guereb-Roriche catchnment in
northern Tunisia, Berndtsson (1987) approxinmated the tinme decay of
infiltration with Horton and Philips infiltration functions.

Bendt sson found that the paranmeters of these functions varied
spatially, but the spatial coefficient of variation of all of the
paranmeters and of the cumul ative anmounts of infiltration was close to
1.0. This suggests that an exponential distribution mght be used to
account for the effects of spatially distributed point infiltration
capacities for a fixed time interval. Loague and Gander (1990),
reported infiltration results for a small 0.1 KM2 rangel and
experimental watershed, (R-5), in the Little Washita Experi nental

Wat ershed of the U S. Agricultural Research Service. A total of 157
infiltrometer neasurenents were nmade on a 25 Mgrid over a period of
about 2 nonths. There is not nmuch of a trend to the average of the
measurenments over tinme. The coefficient of variation of this ful

set of neasurenents is 0.73. They concluded a | ognormal distribution
gave a better fit to the data than a normal distribution. They
attenpted to create a map showi ng the spatial distribution of the
infiltration capacity, but they concluded that the spatial

decorrel ation di stance was shorter than 25 M Mbr eover, the
catchnment has a nearly uniformsoil so they conclude that the spati al
variability of the infiltration results cannot be explai ned by soil
texture. Presumably the variability of the infiltration results was
caused by variability of soil hydraulic properties and by variability
of point soil noisture content. It is possible that the best spati al
distribution of infiltration capacity is a function of space scale
The authors are not aware of infiltration studies at scal es |arger

that 19.2 KM2. It seens reasonable to assune the coefficient of
variation of the spatial distribution of infiltration capacity night
i ncrease with area because of nmpre sources of heterogeneity. In view

of the limted infiltration data available at the scale at which SWB
woul d be applied, an exponential distribution of infiltration
capacities is assuned:

£(1i,)=( )eXP[-I—C] (12)

where i, is the point infiltration capacity during a storm event and
l. is the spatially averaged infiltration capacity. |[If another
distribution were used, a procedure would be needed to account for
the spatial coefficient of variation of the infiltration capacity.
In view of the information avail able and the need to keep SWB as
sinpl e as possible additional conplexity does not seemjustified.
Future work shoul d be conducted to exam ne the sensitivity of SWB to
other distribution forms that m ght be considered. Note that

09/ 15/ 2003 Il1.3-SWB-NILE-10 rfs: 23swbnil e. wpd



Equation (12) applies to the total capacity of infiltration during a
storm event. The actual anount of infiltration depends on the
spatial distribution of both the infiltration capacity and the
precipitation excess, P,, during the storm

Precipitation

The spatial distribution of precipitation is highly variable and
depends on the magnitude of the precipitation event. Extensive gage
measur enments of thunderstormrainfall in the 20,000 KM2 Muski ngum OH
river basin were nmade as part of a WPA project in the late 1930's.
The average gage density over this large area was better than 1 gage
per 50 KM2. These data showed that the spatial coefficient of
variation of precipitation is smaller for the [arger storns
(Hydronet erol ogi cal Section, 1945). The spatial coefficient of
variation also tends to increase with area. Analysis of data for the
maxi mum 6 hour period of 38 storns gave the followi ng relationship
for the spatial coefficient of variation:

= -1.56q 0.20
C,=2.58P % (13)

where P is the areal average precipitation [CM and Ais the area
[1000's KM?]. Equation (13) suggests the median coefficient of
variation for a 1 CM (10 MM event over a 20,000 KM2 area woul d be
2.96, but for a 2.5 CMevent this would be only 0.71. The
coefficient of variation of individual events in the Miskingum basin
was highly variable and fell in a nultiplicative range of .65 to 1.55
tinmes the coefficient of variation given by Equation (13). The
spatial coefficient of variation of precipitation also decreases with
increasing tine duration of the precipitation. Oher investigators
have shown that an exponential distribution function can often be
used to account for spatial variability of rainfall for small areas
(Moore, 1991; Koren, 1993). As an exanple, Figure 2 displays
distribution functions of relative values of precipitation, K, = p/P
obt ai ned by radar measurenments for a small experinmental basin, about
40 KM2, in the USSR (Koren, 1993). A theoretical justification of
the exponential distribution of rainfall under some assunptions was
gi ven by Vinogradov (1988). These relationships apply to the rainy
portion of the area. The fractional coverage of the area is also a
factor to be considered. Daily precipitation data for 40 years were
studied in a 90,000 KM rectangle centered on Lanont, K. The
average coefficient of variation in the rainy area ranged from1l.1 to
1.3, depending on the nonth. The average rainy proportion of the
area was between 0.43 and 0.66 with a standard devi ati on of about
0.25 for individual events. The fraction of the area with rain was
positively correlated with the average rain over the total area.

Bel ow a scal e of about 10,000 KM2, the effect of partial area
coverage for total storm precipitation should not be very inportant
for daily or longer tinme periods and for significant rain events.
Beyond about 10,000 KM2 partial area coverage of precipitation my
beconme so inportant that it should not be neglected by SWB. Future
work is needed to see how best to include the effect of partial area
of coverage of rain in SWB for areas greater than about 10000 KM2.

Al though it is recognized the spatial coefficient of variation of
rainfall is highly variable fromevent to event, it is assuned here
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that the spatial distribution of precipitation is given by:

f(p)=%exp[—%] (14)

where p is the stormtotal precipitation at a point and P is the

spatially averaged stormtotal precipitation. It is assunmed that the
distribution of P also applies to P, because the storage capacity of
the upper layer is small. It would be desirable in future studies to

i nvestigate a nore conpl ex spatial distribution of precipitation to
consider the effect of tenporally varying coefficient of variation of
precipitation. If SWB is applied using observed precipitation
forcing this is not a significant problem because the spati al
distribution of precipitation can be estimted from observati ons,
especially for large areas. But if SWB is used within an atnospheric
nodel , sone method to estimte both the spatial coefficient of
variation of rain in rainy areas and the fraction of rainy area is
needed.

Derived Distribution for Actual Infiltration and Storm Total Surface
Runof f

Assume that at a point during a stormthat the total anmount of water
that would infiltrate would be equal to the precipitation anount at
that point if the precipitation were less than or equal to the
infiltration capacity. This neglects the possibility that

i nst ant aneous precipitation rates during the storm m ght exceed the

i nstantaneous infiltration capacity. Accordingly the point anmount of
surface runoff would be:

-i >i
q.= Pym1lc 1 Py?ie ] (15)
s 0 , otherwise

Because p, and i, are spatially distributed randomvariables, g, al so
is a spatially distributed randomvariable. Accordingly the average
surface runoff fromthe area is:

oo

0.=[qa,f(q,)dq, (16)

0

where f(q,) is the derived distribution function of surface runoff.
The density function for f(q,) depends on the joint distribution of p,
and i,. Since p, and i, apply to an entire stormperiod, it is
reasonabl e to assune the spatial distribution of precipitation is
i ndependent of the initial state of the catchnment and therefore of
Thus

£(p,, i )=f(p,) £ (i

i
o) (17)
The curnul ative distribution function for q, is:

F(q<Q,)= [ [f(p)f(i,)di dp (18)

R(g4<Q,)
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where R(g,<Q.) is the region of the (p,i.) plane where g, is less or

equal to Q. Integration of Equation (18) gives:
I

c

F =
(qS) PX+IC

exp[—ég] (19)

X

The density function for g, has a finite probability that g, = O:

I

=0) = ¢
F (g =0) BT (20)

c

The density function is:

I P q
£ =— ° 5(0)+—2= -_s (21)
(a,) B+ (0) P+ exp P
where &(0) is the Dirac delta function. It follows that the average
value of ¢, is:
P2
= ® 22
Q, P (22)

This equation was originally derived by More (1985) and it is
essentially the sane as the so-called SCS curve nunber equation (SCS,
1972). The precipitation input to the |Iower layer, P, is divided
into surface runoff and infiltration:

P =Q.*1 (23)
so, the spatially averaged actual infiltration, by conbining

Equations 22 and 23 is:
PXIC

I=—=— —
P +I (24)
X o2
Infiltration and Surface Runoff During a Finite Tinme |Interval
SWB is a continuous nodel that nust operate in tinme steps, at. Model

tinme steps within an atnospheric nodel may be only a few ninutes.
Therefore, SWB nust estinmate how the infiltrati on and surface runoff
processes operate during finite intervals within a stormevent. To
do this it is assuned that I, is a function of the duration of the
tinme step, at. Also an assunption simlar to the TCA assunption is
made that |, depends on the current noisture state. During a storm
event, the initial condition inportant for infiltration is the soil
nmoi sture in the upper portion of the soil. During and between
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storms, infiltrated water percolates and plant roots extract water
fromthe wettest portions of the soil profile. These processes tend
to redistribute water in the soil colum so that the initial soi

nmoi sture near the surface tends to be correlated with the average
soil noisture integrated over the entire soil colum. Duan et a
(1995, this issue) found that during the FIFE experinent the
spatially averaged total soil noisture neasured in the top ten CM
over the entire FIFE area (15 KM by 15 KM was well correlated with
the total soil noisture in the top two neters. This suggests that D,
is correlated with the initial noisture conditions that influence the
infiltration process (i.e. D, is correlated with I.). For long tine
steps of many days to a nonth, it may be reasonable to substitute D,
for 1.. But for tine steps, at, less than a typical storm duration,
|I. is less than D,. Therefore it is assuned that

I, (At)=¢(At)D, (25)

c,1i

The cunul ative infiltration capacity, |.;(at), during the interval
(i-1)at<t<iat increases with at, but the rate of increase dim nishes
as At increases. Because |., is a spatially averaged variable of a
nonl i near and heterogenous process, point infiltration equations do

not apply. A nunber of alternative expressions for ¢(At) were

consi dered, subject to the following condition. |If the actua
infiltration I, (at) were equal to the infiltration capacity, I.;(at),
t hen

Dy, 17Dy, 17T, 5 (AT) (26)
so that

Dy, =Dy, ;-1 (10 (AL)) (27)
simlarly

Dy, i-14n) =Pi-q (10 (AL))" (28)

But consistency for an arbitrary value of at requires

Dy, i-1en7Ds-1 71,5 (RAL) (29)
Si nce
I, ; (nAt) =d, ;¢ (nAt) (30)

it follows that
Dp,1-14n7Di-y (1~ (nAL)) (31)

This requires

(1-¢ (nAt))=(1l-¢ (At))" (32)

which is satisfied if
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® (At) =1-exp (-K At) (33)

Therefore the current value of I, is:
I_=D, (1-exp (-K,At)) (34)

Model Eval uation and Testing

SWB is tested using historical data fromthree basins in the United
States, representing different climtological conditions. The
performance of SWB is conpared with that of three other hydrol ogic
nodel s, including one operational hydrol ogi c forecast nmodel and two

| and surface process paraneterizations of atnospheric nodels. The
results of an investigation into the nodel's ability to handle
different time steps is presented. This includes tests to understand
the limtations of SWBto handle time steps different fromthe time
step for which SWB paranmeters were cali brated.

Tests of SWB for Selected Basins in the United States

SWB was tested using observations for three different basins in the
United States. The three basins chosen for this study are Bird Creek
at Sperry in Oklahoma, Leaf River near Collins in Mssissippi and the
French Broad at Rosman in North Carolina. These basins are well
studi ed and document ed basins (see WMO 1975; Brazil 1988). They have
di stinct hydrol ogic characteristics, representing respectively, dry,
noder ate and humi d regions. Hydrologic data ranging from?7 to 18
years were collected fromthese basins. Table 1 lists information
about the three basins. Three neasures of performance were used in
the tests: the daily root nean square difference (DRMS) between

si nul ated and observed daily flows, the nonthly vol unme root nean
square error (MVRMS) and the coefficient of efficiency (E). The DRMS
statistic was used to test how well the nodel sinulated daily flow
fluctuations. It is computed as

N
_ 2
_— 1; (qs,i qo,i) (35)

N

where q,; and g,; denote the sinul ated and observed daily streanfl ow
di scharge, respectively, | indicates the day and Nis the total
number of days in the period. In conputing the objective function
value, a warmup period of 5 nmonths was used to reduce the
uncertainty caused by unknown initial conditions. The MVRMS neasures
the error between the estimted and observed nonthly water vol une.
This statistic is a very useful statistic to test how well the I ong
term wat er budget is represented. The MVRMS is defined as:
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M
Y (v, (36)
MVRMS=, | ==

M

where y,, and y,; denote the sinul ated and observed nonthly runoff,
respectively, | indicates the month and Mis the total nunber of
months in the period. The coefficient of efficiency, E indicates
the degree of associati on between the observed and simul ated fl ows
(Nash and Sutcliffe, 1970). E is defined as:
N o N
Y (4,,;-9,)°-) (q,,;-9,,:)7
_i=1 i=1
E= - — (37)
Y (a,,-q.)?

i=1

where q, is the nean daily observed streanfl ow di scharge.
Cal i brati on of SWB

SWB was first calibrated to the three basins using historical data
ranging from5 years to 9 years. The tine scale at which the nodel
was run was 6 hours, using 6 hourly precipitation data. A unit

hydr ogr aph was used in conbination with SWBto route the runoff
generated from SWB into streanfl ow di scharge val ues at stream gage
The unit hydrograph used here was a synthetic unit hydrograph based
on a two-paraneter Gamma function (Nash, 1959). An automatic

cali bration procedure known as the Shuffled Conpl ex Evol ution (SCE-
UA) net hod devel oped by Duan et al. (Duan et al., 1992 and 1994) was
used to estimate the nodel paraneters. The objective function used
was the MVRMS statistic. The MVRMS was chosen for calibration to
assure the nodel represented the |long term water bal ance and because
calibration tests using the DRMS statistic led to | arge biases in
mont hl'y runoff sinmulations. A major issue in nodel calibrationis to
specify quantitatively what the calibration is to achieve (Brazil,
1988). Further study is needed to deternine the best automatic
calibration procedures for SWB. Perhaps it would be better to use a
wei ght ed conbi nati on of MVRMS and DRMS with nost of the weight on
MVRMS to assure unbiased long termresults. This should sel ect
paranmeters that give the best daily performance from anong t hose that
gi ve good water bal ances. After the npdel paraneters were deternned
for each basin, SWB was verified using independent historical data
ranging from2 years to 9 years. The purpose of the verification
runs is to check whether the calibrated nodel performs consistently
during and beyond the calibration period.

Table 2 summarizes the calibration as well as the verification
statistics for SWB (see rows for SWB nodel type). The results
suggest that the DRMS and MVRMS statistics are generally better for
calibration periods than for the verification periods. There are two
probabl e expl anations for this difference. First the nodel
paranmeters were tuned to the calibration data. Thus it is expected
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t hat nodel should perform better during the calibration period,

al though this difference should not be too big. The second

expl anation for the performance discrepancies is that the hydrol ogic
conditions were different between the calibration and verification
peri ods.

Table 3 lists the annual hydrol ogic variables for the three basins
during the calibration and verification periods. Note that for all

t hree basins, the annual streanflow di scharges were higher for the
verification periods than for the calibration periods. Higher DRMS
and MVRMS statistics are expected for periods with higher streanflow
di scharge. Thus the magnitude of the streanfl ow di scharges was
partially responsible for the poorer statistics in the verification
periods. The E statistics seemto support this argunent. Note that
the E values for the verification periods are conparable to that of
the calibration period except for the Bird CGeek. For the Bird Creek
basi n, another factor contributed to the poorer statistics in the
verification period. Only 5 years of historical data were used to
calibrate the nodel and the 5 years happened to be relatively dry.
Thus the parameters obtained fromcalibration my not be
representative of the basin. Tinme series plots of the observed and
simul ated nonthly runoff (Figures 3-a to 3-c¢) indicate sinulated and
observed nonthly average di scharges generally agree. Figures 4-ato
4-c are the x-y plots of the observed and sinul ated daily streanflow
di scharges. Observed and sinul ated daily values match each ot her
very well, except a few cases which fall outside the one standard
devi ati on range. Better results may be possible by giving sone

wei ght to the DRMS statistic in the calibration objective function.
Al so including nore high flow years in the Leaf river calibration
period may help to inprove the underestination of the largest flows.

Conpari son of SWB wi th SAC- SMA, the OSU Model and the Manabe Bucket
Model

Three ot her hydrol ogi ¢ nodels are selected for interconparison wth
SWB. These are the Sacranmento Soil Misture Accounting (SAC SVA)
nodel, a soil hydrol ogy nodel devel oped at O egon State University
(OSU) and the Manabe Bucket nopdel. SAC-SMA was originally devel oped
by Burnash et al in 1973 (Burnash et al., 1973). SAC-SMA represents
spatially averaged hydrol ogi c processes and there are strong physica
argunents to support the model. It has 6 state variables and 16
paranmeters, not counting the 12 paraneters used for adjusting
potenti al evaporation values. O the 16 paraneters, 13 need to be
determ ned by calibration. For a detailed description of SAC SMA
see Burnash et al. (1973), Peck (1976) and Brazil (1988). The SAG
SMA nodel was calibrated to the three basins in the same way as SWB
as described in the previous section. After the calibration was
conpl eted, verification runs were conducted using historical data not
included in the calibration period. The results for SAC-SMA (Table
2) gave the sane tendency as SWB. That is, the calibration
statistics were better than the verification statistics. The sane
expl anati ons given for SWB can also be used for SAC-SMA results. The
second nodel conpared is the soil hydrol ogy nmodel devel oped by Mbhrt
and Pan (1984), which was used as the | and surface hydrol ogic
paranmeterization in the Oregon State University One-Di mensi onal

Pl anetary Boundary Layer (OSU 1-D PBL) nodel (Ek and Mahrt, 1991).

09/ 15/ 2003 Il.3-SWB-NILE-17 rfs: 23swbnil e. wpd



This soil hydrology nodel is refer to as the OSU nodel. For a
detail ed discussion of the OSU nodel, see Mahrt and Pan (1984) and
Pan and Mahrt (1987). The OSU nodel is based on the finite
difference solution to the one-dinensional R chards Equation (Hillel,
1980). It contains two soil layers: a thin upper |ayer of 5
centineters and a thick |ower |ayer of 95 centineters. The OSU nodel
explicitly accounts for the effect of vegetati on on

evapotranspi ration by inclusion of the canopy |ayer. However it does
not account for the spatial variability in hydrologic variables. To
account for the effect of spatial heterogeneity, the infiltration
forrmul ation in the OSU nodel was replaced by the infiltration
forrmulation in SWB. A unit hydrograph was al so used to route the
runoff generated fromthe OSU nodel into streanflow di scharge val ues
at stream gage.

Most of the paraneters in the OSU nodel were derived using the soil
and vegetation information. Four of the OSU npdel paraneters are
considered inportant in the rainfall/runoff calculation  These
paranmeters are the hydraulic conductivity, hydraulic diffusivity, the
root depth and the paraneter controlling the infiltration. The four
paranmeters were calibrated to three basins using the same procedures
descri bed previously. Because the OSU nodel was designed for snall
tinme step sinmulations, an hourly tinme step was used in this case. An
assunpti on was made that rainfall was evenly distributed over every
si X hour period. The calibration and verification results are al so
presented in Table 2. Runoff simulation fromthe OSU nodel without
calibration of these four paranmeters was not very good. Tests of the
original OSU nodel without the SWB infiltration paranmeterization were
not made. Overall, the error statistics for the OSU npdel are
conparable to the error statistics for SWB and SAC-SMA for the Bird
Creek and the Leaf River basins. Poorer results were obtained for
the French Broad River basin. The main reason for the poorer results
in this basin may be that the sub-surface runoff conponent is the
maj or contributor of the total runoff. The OSU nodel does not have a
subsurface runoff conponent. Calibration results also point out that
the root depth is a very inportant paraneter in controlling runoff
generation and this parameter was not calibrated in the OSU nodel
tests. The variation of its value frombasin to basin agrees with
the variation of the D, paranmeter in the SWB nodel .

The Manabe Bucket nodel (Manabe, 1969) - was also tested. The Manabe
Bucket nodel has been widely used as the | and surface
paranmeterization in many GCMtype nodel s and operati onal nesoscal e

at nrospheric nodels like the Eta nodel in the NMC (WCRP, 1993;
Mtchell, 1994). This nodel is extrenely sinple with just one

adj ustabl e paraneter, i.e., the depth of the bucket. A fixed depth
is normally assuned everywhere the nodel is used. 1In this study a
fixed depth of 150 millineters was assuned for all three basins. The
Manabe Bucket was used on the three basins and the statistics were
computed for the calibration and verification periods. The results
are recorded in Table 2. Additional tests were nade to optini ze the
bucket depth. However the inprovenments in the statistics were

margi nal . Statistics in Table 2 indicate that Manabe Bucket nodel
perfornmed substantially worse than the other three nodels. Judging
fromthe statistics, the Manabe Bucket npbdel is not useful at al
froma hydrol ogi c forecast point-of-view The negative values in E
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statistic inply that the Manabe Bucket runoff estimates were not even
as good as the long term average of runoff val ue.

The OSU nodel gave sonmewhat poorer runoff sinmulation conpared to SWB
and SAC- SMA. The strength of the OSU nodel is in the calculation of
evapotranspi rati on. However there were no observed data available to
conpare evapotranspiration sinulation results in this study.

Detailed tests of the OSU nodel and the SWB nodel using data fromthe
First International Satellite Land Surface d i natol ogy Project
(I1'SLSCP) Field Experinent (FIFE) have been nade by Mtchell et a
(this issue).

A conparison of the performance of SWB with SAC- SMA shows that SAG
SMA generally perforns better than SWB. This is not surprising
consi dering that the SAC-SMA nodel is nore conplicated than the SWB
nodel. The difference between the two nodels is smaller in the
verification periods. Conparing the tine series plots of the
observed and sinul ated nonthly runoff for SAC-SMA (Figures 5-a to 5-
c) with that for SWB (Figures 3-a to 3-c) suggests that both nodels
produced simlar results.

Tests of SWB Sensitivity to at

SWB explicitly accounts for the effect of tinme scaling on the

rel ati onships anong hydrol ogi c variables. It is designed to operate
for a range of values of at froma few mnutes to a few days.

Results of runoff sinulations for Bird Creek (Oklahoma, USA) were
used to test the sensitivity of nodel performance to the choice of

at. One approach, is to test if the nodel perforns the sane for

di fferent values of at when nopdel paraneters are held constant.

Anot her approach is to test if nodel calibration with different

val ues of at leads to the same nodel paranmeters. Calibrations of SWB
for bird Creek yielded al nost constant parameters over substantia
ranges of at as shown in Table 4. Paraneter val ues are nost
consistent for at up to one day. Parameters for at = 4 days are
quite different from paraneters for shorter tinme steps.

Correspondi ng val ues of the performance statistics are given in Table
5. The performance of daily statistics degrades substantially beyond
one day. The nonthly performance begi ns to degrade substantially
after 2 days. Table 5 shows that SWB perfornmed slightly better when
cali brated and operated at a 1 day tinme step than at a 6 hour tine
step. This could be because of limtations of the paraneterizations
in SWB or because of interaction between the non-linear functions in
SWB and sanpling noise in the 6 hour data.

Because SWB was designed to operate over a range of tine steps and
because there is sone variability in the parameters with at in Table
4; sinulations of SWB using different values of at and different sets
of paraneters were nade.

The first set of tests was to use paraneters calibrated for one tine
step in sinulations over a range of tinme steps. Table 6 gives
performance statistics for sinulations operated over a range of tine
steps using parameters calibrated at a one-day tinme step. Table 7
gives results for the sanme sinulations as Table 6, but using
paranmeters calibrated at 6 hour at using actual 6 hour precipitation.
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Clearly, SWB performance decreases if it is operated at a different
st than used in calibration, but performance is reasonably robust in
that sinulations at 12 hour at can be done relatively well with
paranmeters calibrated at either 6 hours or 1 day. The results in
Tables 6 and 7 have inportant inplications for coupled

at nosphere/l and surface nodel applications. It is not surprising
that the performance results in Tables 6 and 7 show that SWB wor ks
best at the tinme step for which it is calibrated. But it is
surprising, that the performance is so sensitive between 6 hour and
24 hour intervals when the sane paraneters are used. This is

sur prising because the 6 hour and 24 hour paraneter sets in Table 4
are not very different. Since many atnospheric nodels operate at
tinme steps less than 1 hour, additional tests should be made using 1
hour precipitation data. This also neans that 1 hour precipitation
data are inportant for hydrol ogi c nodel devel opnment and testing. It
is even nore inportant however that very sinlar values of nodel
paranmeters give different performance when the nodel is operated at
the same tine step. This is inportant because paraneters used in

at nrospheric nodels nust be estinmated a priori, w thout calibration;
al though cal i brated paranmeters night be used to develop a priori
paranmeter estimation techniques. This nmeans that the sensitivity of
nodel performance to uncertainty in a priori paraneter estinmation
procedures should be thoroughly investigated. A second set of tests
was made to study the effect of tenporal averaging of precipitation
on nodel performance. SWB was operated at different tinme steps, up
to 1 day with uniformdaily rainfall applied for each tinme step.

Test results using paraneters calibrated with actual precipitation at
daily and 6 hour tine steps are given in Tables 8 and 9
respectively. The 6 hour paraneter set used for Table 9 is the sane
as for Table 7 and is based on 6 hour precipitation forcing. A
notable result in these Tables is that the 6 hour performance when
daily paraneters are used is nmuch better when the actual 6 hour
rainfall is used as input (Table 7) than if daily average rain is
used (Table 9). A simlar result applies to the 12 hour tinme step.
In each case, it is better to use 6 hour rather than daily paraneters

for sinmulations up to 12 hours. It is interesting to note also that
the best performance was for 12 hour at when 6 hour paraneters were
used. In general the best performance shifted toward simulations

with at closer to the 1 day period over which the precipitation was
averaged. A third set of tests was made using uniformdaily
precipitation. For these, paraneters were calibrated for a 6 hour at
and uniformdaily precipitation. These parameters were then used for
simul ati ons over a range of at and the results are given in Table 10.
This inmproved the 6 hour uniformrain sinmulations over those obtained
in Table 9. Together the results in Tables 9 and 10 show t hat node
performance is highly sensitive both to at used for sinulation and
calibration when the nodel is forced with uniformdaily
precipitation.

The conmbined results of the time step tests in Tables 6-10 suggest
t he obvi ous conclusion that SWB should be calibrated at a val ue of at
as close as possible to the value of at to be used in the

application. It is also better to use actual precipitation for the
sanme at used in sinmulation, even if the paraneters were calibrated
for a different at. Finally if the only precipitation data avail abl e

is daily, then nodel performance cannot be inproved by operating at a
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time step less than 1 day. But if the npodel is to be operated at a
smaller tine step as part of another nodel, then the performance can
be inproved by calibrating the paraneters at the time step the node
is to be operated.

Sunmary

A sinple water bal ance (SWB) npodel was devel oped that takes into
account spatial variability of inputs and soil npisture capacity.

The probability distributions of spatial processes were used to
upscal e |l ocal processes to | arge scale. Exponential distributions of
precipitation and infiltration capacity led to nonlinear equations
for surface runoff and infiltration.

The SWB nodel can be regarded as a bucket nodel with conceptually
defi ned physics of surface processes. The nodel does not account
explicitly for vegetati on dynam cs, but options to do this are being
devel oped and tested. It is assuned that subgrid variation is nore
i nportant for water budget than for energy budget cal cul ati ons and
that potential evaporation can be used as a surrogate for energy
forcing.

The SWB nodel gave results conparable with other nodels that have
nore conpl ex representations of surface runoff processes and the
effects of vegetation on evapotranspiration. This my partly have
occurred because all of the nodels were applied using the sane
calibration criteria. |If other information had been used (such as
vegetation information fromrenote sensing), the nore conpl ex nodel s
may have performed much better than SWB. On the other hand such
addi tional information could be used to support SWB paraneters as

well. There is a tenptation to add nore conplexity to SWB to
conpensate for its obvious limtations but the purpose of SWBis to
remain as sinple as possible. It is easier to err on the side of

havi ng too nmuch conplexity (given the data avail able) than too
little.

For the coupling of atnospheric and hydrol ogical nodels it is very

i nportant to consider the tenporal scaling. Hydrol ogical nodels
usually deal with the larger tinme steps than atnospheric nodels. The
SWB nodel was fornul ated to operate at any tine step up to about 24
hour s.

SWB Mbdel Summary

The I and surface in SWB is represented with two layers. A thin upper
| ayer consists of the vegetation canopy and the soil surface. A

| ower | ayer includes both the root zone of the vegetation and the
ground water system The root zone and the groundwater system are
combi ned into a single | ayer to keep SWB as sinple as possible. The
upper layer is a short-termretention storage that principally
represents the capacity of the vegetation canopy to hold water on the

surface of the canopy. It also represents the capacity of the soil
surface to store water in small depressions or in the top few
mllimeters of soil surface. The npoisture storage deficit in this
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| ayer is D,. The maximum value of D, is D, ., Wwhich also is the

maxi mum st orage capacity of the upper layer. Inflowto this upper
layer is fromprecipitation, P and all infloww Il be retained until
Dimx 1S filled (D,=0). Then excess inflow, P,, beconmes input into the
| ower | ayer. \WAter evaporates fromthe upper layer at the rate E,
which is the rate of potential evaporation. The resulting bal ance
is:

dD
Y=F -P+P (38)
dt u X

The upper layer is a short-termretention storage that principally
represents the capacity of the vegetation canopy to hold water on the
surface of the canopy. The noisture storage deficit in this layer is
D,. The maximum value of D, is D, . Which also is the maxi num storage
capacity of the upper layer. Inflowto this upper layer is from
precipitation, P and all infloww |l be retained until D, . is filled
(D,=0). Then excess inflow, P,, becones input into the | ower |ayer.
Wat er evaporates fromthe upper layer at the rate E, which is the rate
of potential evaporation. The resulting balance is:

dD
Y =F -P+P (39)
dt u X

The average areal rate of evaporation, E, fromthis layer is
estimated as:

R (40)

u, max

The actual evapotranspiration, E, fromthe | ower |ayer is conputed

as:
p1—DDb (1—exp{-—DDu H] (41)

b, max u,max

which is a nonlinear function of the soil npbisture content of the
both the upper and lower layers. A typical relationship of relative
val ues of evapotranspiration, E/E, and relative values of soil

noi sture deficit, D/ DL, (D= D+ D, and D.,= D, ruxt D, mx) 1S shown in
Figure 1.

Subsurface runoff is assunmed to be a linear function of the | ower
| ayer npisture content in excess of a mnimmthreshold, S.,:

b
Q (1- )r D <S (42)

0, otherwise

where Q., is the potential subsurface runoff that occurs when the
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| ower |ayer is saturated (i.e. when D,=0). Surface runoff is conmputed
as:

Q=——— (43)

where |, is:
IC=Db(1—exp(—KﬁAt)) (44)

Summary of SWB Model Paraneters

SWB has five paraneters:

D, mx = Lower |ayer maxi mum soil noisture deficit (al so maxi num
nmoi sture content) (units of MM

D, mx = Upper |ayer maxi mum noi sture deficit (al so nmaxi mum noi sture
content) (units of MV

Sax = Threshol d | ower | ayer noisture deficit; ground water runoff
ceases when the [ ower |ayer deficit exceeds this value (units
of MM

Qux = Maxi mum potential ground water runoff rate (units of MM day)

K = Infiltration capacity scale paraneter (units of day?)

SWB has two state variabl es:

D,

D,

Moi sture deficit in the upper layer (units of MV

Moi sture deficit in the Iower layer (units of MV
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Table 1. Descriptions of the three test basins

French Broad

Bird Creek Leaf River Ri ver
Locati on Sperry, K Collins, M Rosman, NC
Latitude 36 16' 42" 31 42' 25" 35 17' 56"
Longi t ude -95 57' 14" -89 24' 25" -82 37" 26"
Area (KMWMR) 2344 1924 176
Annual rainfall, P (M 963 1313 1916
Annual runoff, Q (MVY 220 428 1113
Annual evaporation, E (MW 743 885 803
Annual potenti al 1312 1310 1113
evaporation, E, (MV
QP 0.23 0. 33 0.58
E/ E, 0.57 0. 68 0.72
P/ E, 0.73 1.00 1.72
Dat a peri ods 10/ 01/ 55- 10/ 01/ 52- 10/ 01/ 53-
09/ 30/ 62 09/ 30/ 69 09/ 30/ 64
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Table 2. Sunmmary of calibration and verification results

Bird Creek Leaf River French Broad
Calib Verif Calib Verif Calib Verif
Error Model peri od period period period period period
criterion type 55-60 61-62 52-60 61-69 54-59 60-64
DRMS (CMS) SWB 21.17 31.64 18.79 27.66 1.40 1.65
SAC- SVA 18.61 31.45 16.04 21.05 1.31 1.34
osu 24.71 34.25 23.07 24.44 2.25 2.59
Manabe 124.51 96.04 120. 23 154. 37 70. 11 88.70
MRMS (MM SWB 8.38 12.75 12.10 17.93 10.65 11.98
SAC- SVA 6.07 11.13 10.12 14.09 9.54 9.86
osuU 10. 76 14.66 17.03 18.25 22.49 22.98
Manabe 16.11 18.90 25.33 31.96 53.04 58.37
E SWB 0.93 0.76 0.81 0.84 0.91 0.92
SAC- SVA 0.94 0.75 0. 88 0.88 0.92 0.94
osu 0.90 0.71 0.72 0.88 0. 82 0.79
Manabe -1.57 -1.28 -6.68 -3.89 -12.81 -14.57
The OSU nodel was run at a time step of 1 hour by assum ng the

rai nfall

Table 3. Summary of hydrol ogic statistics for

was evenly distributed over

verification periods

every 6 hours.

calibrati on and

Basi n Data Period Rainfall Potential EP Discharge
Bird Creek Calib 55-60 968 1395 220
Verif 61-62 1079 1244 262
Leaf River Calib 52-60 1279 1222 378
Verif 61-69 1410 1223 558
French Broad Calib 54-59 1834 1175 1054
Verif 60-64 2006 1051 1186

Table 4. Bird Creek SWB paraneters calibrated with different time
st eps
TI rrE St ep DD, max me Smax/ DD, max DLJ, max/ DD, max Kdt '
(days) (v ( MV day) (day:*)
0. 25 262 4.52 0.598 0.014 3.08
0.50 247 4. 36 0. 590 0.016 3.53
1.00 265 4.02 0.538 0.012 3.63
2.00 245 4. 80 0. 650 0. 037 3.55
4.00 276 20.0 0.769 0. 084 2.61
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Tabl e 5.

Tabl e 6.

Table 7.

09/ 15/ 2003

Bird Creek SWB perfornance statistics when calibrated with

different tinme steps

Tinme step DRMS E MVRMS

(days) (CM5) (MM (MM
0. 25 28.0 0. 847 8. 37
0.50 27.5 0. 852 8. 27
1.00 27.1 0. 857 8. 05
2.00 36.7 0. 838 8. 28
4.00 57.1 0. 363 9.71

Bird Creek SWB perfornance
different tinme steps using

statistics when operated at
paranmeters calibrated at 1 day

tine step

Tinme step DRMS E MVRMS

(days) (CMV5) (MM (MM
0. 25 39.8 0. 691 8. 54
0.50 33.7 0.778 8.31
1.00 27.1 0. 857 8. 05
2.00 57.8 0. 350 11.0
4.00 66. 0 0.167 19.1

Bird Creek SWB perfornance statistics when operated at

different tinme steps using

paranmeters calibrated at 6 hour

tine step

Tinme step DRMS E MVRMS

(days) (CM5) (MM (MM
0. 25 28.0 0. 847 8. 37
0.50 29. 4 0.831 8.32
1.00 37.9 0.720 8. 17
2.00 61.7 0. 260 11.0
4.00 65. 2 0.188 18.9
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Table 8. Bird Creek SWB perfornance statistics when operated at
different tinme steps with uniformdaily precipitation
usi ng paraneters calibrated at 1 day tinme step

Tine step DRMS E MVRMS

(days) (CM5) (MM (MM
0. 25 47.1 0.568 13.0
0.50 39.8 0. 690 9.81
1.00 27.1 0. 857 8. 05

Table 9. Bird Creek SWB perfornance statistics when operated at
different time steps with uniformdaily precipitation
usi ng paraneters calibrated at 6 hour tine step with
actual 6 hour precipitation

Tinme step DRMS E MVRMS

(days) (CM5) (MM (MM
0. 25 36. 8 0.737 11.5
0.50 31.7 0. 804 9.10
1.00 37.9 0.720 8. 17

Table 10. Bird Creek SWB performance statistics when operated at
different tinme steps with uniformdaily precipitation
usi ng paraneters calibrated at 6 hour tine step with
uni formdaily precipitation

Tinme step DRMS E MVRMS

(days) (CM5) (MM (MM
0. 25 27.6 0. 852 7.76
0.50 33.3 0.789 12.0
1.00 49. 4 0. 527 10. 8
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Figure 1. Typical relationship of soil noisture deficit and
evapotranspiration
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Figure 2. Distribution of hourly rainfall for the Medvenka River,
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Figure 2. Distribution of hourly rainfall, the Medvenka
River, Russia.
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Fi gure 3. Conpari son of

with observed nmonthly runoff

sinmul ated nmonthly runoff tinme series by SWB
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Figure 3. Comparison of simulated monthly runoff time series by simple water balance (SWB) with observed
monthly runoff. (a) Bird Creek at Sperry, Oklahoma. (b) Leaf River near Collins, Mississippi. (c) French

Broad River at Rosman, North Carolina.
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Figure 4. Conparison of sinmulated daily streanfl ow di scharge by SWB
with observed daily discharge
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Figure 4. Comparison of simulated daily streamflow discharge by SWB with observed daily discharge. (a)
Bird Creck at Sperry, Oklahoma. (b) Leaf River near Collins, Mississippi. (c) French Broad River at Rosman,
North Carolina.
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Figure 5. Conparison of simulated nmonthly runoff tinme series by
SAC- SMA with observed nonthly runoff
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Figure 5. Comparison of simulated monthly runoff time series by SAC-SMA with observed monthly runoff.
(a) Bird Creek at Sperry, Oklahoma. (b) Leaf River near Collins, Mississippi. (¢) French Broad River at

Raeman Narth (Caralina
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