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Abstract

A semi-distributed watershed model was developed that conceptualizes the catchment as a cascade of nonlinear storage elements
whose geometric dimensions are derived from the Horton—Strahler ordering of the stream network. Each storage element represents
quick storm runoff over land or in a channel segment. The physically based groundwater submodel is parameterized through the
application of the Brutsaert—Nieber recession flow analysis and it provides continuous baseflow separation. The model requires
the calibration of seven parameters from a one year rainfall-runoff record. It was tested on the Mahantango Creek watershed in the
Susquehanna River basin, Pennsylvania. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Much hydrologic research has focused on the iden-
tification of linkages between the geomorphology of a
catchment and its hydrologic response [11]. One ap-
proach has been the use of statistical methods, mostly
regression techniques, to identify the linkages between
geomorphology and runoff for a particular catchment
[34]. A second approach has been to identify physical
parameters of the watershed in transporting rainfall
excess through the catchment like the geomorphological
unit hydrograph (GUH) theory [25]. The GUH concept
makes use of Horton’s laws [15] of network parameters.
The GUH is the probability density function of runoff
arrival times at the outlet of the catchment resulting
from rain of a unit depth uniformly distributed over the
watershed. The water is routed through the stream
network of the catchment with Markovian transition
probabilities between channel segments of different
Horton-Strahler [27] stream orders. The transition
probabilities are related back to network characteristics
(e.g. the Horton ratios of stream numbers, stream
lengths, and associated subcatchment areas) to obtain
the GUH. The GUH concept is based on the assump-
tion of a linear catchment response to precipitation and
does not explicitly consider subsurface processes.
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Another geomorphologic approach to watershed
modeling is TOPMODEL, introduced by Beven and
Kirkby [6]. While the GUH concept places an emphasis
on the drainage network of the catchment in the
hydrologic response of the watershed, TOPMODEL
focuses on the role of topography in runoff generation
[20]. TOPMODEL simulates the dynamics of runoff
contributing areas using a spatially varying topo-
graphic index. TOPMODEL appears to give reason-
able runoff estimates in comparison with measured
streamflow for hilly terrain with thin soils [7]. A basic
problem with the application of the topographic index
is that the actual form of its distribution function de-
pends on the grid size of the digital elevation model
leading to grid size dependent model parameter values
that may have no physical interpretation at large grid
sizes [5].

In this paper we present a watershed model which has
an overall structure known as the geomorphologic
nonlinear cascade (GNC) [3]. The GNC is a mix be-
tween the GUH concept and the reservoir cascade the-
ory which in the linear case is the Nash [19] cascade. The
GNC approach treats the quick storm runoff mecha-
nisms from the watershed as a cascade of partially
parallel nonlinear reservoirs. The runoff paths are de-
rived from the Horton—Strahler ordering scheme of the
catchment stream network. In Fig. 1(a) a sample Ho-
rton—Strahler ordered stream network is presented
where the corresponding subcatchments and channel
sections are delineated. The subcatchments have the
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Fig. 1. (a) Horton—Strahler ordered sample stream network (SC: subcatchment, C: channel section). (b) Corresponding cascades of storage elements
according to the possible paths a drop of rain may travel within the quick storm response of the catchment. (c) Spatial connectivity of the storage

elements.

same ordering number as the stream section located
within the subcatchment. In Fig. 1(b) each pathway
represents a subcatchment of varying order and a col-
lection of channel sections within the watershed. In
Fig. 1 the first order storage elements are further divided
into subgroups ‘a’ and ‘D’ according to the stream
pathway they feed into. The different travel paths can
only be treated independently if the storage element
outflows are linear. Since the storage outflows in the
model are assumed to be nonlinear, their spatial con-
nectivity is important (see Fig. 1(c)).

Since the GNC model of Berod et al. [3] accounted
for only quick storm response, we extend the model to
include evaporation, soil moisture, groundwater re-
charge, and baseflow to the stream. Inclusion of base-
flow is important because during extended periods of no
precipitation the flow in the stream network is often
entirely generated by groundwater and also in catch-
ments with flat topography and shallow rooted vegeta-
tion baseflow contribution to total streamflow may
become dominant on an annual basis.

It should be noted that the information content of
rainfall-runoff records justifies the calibration of per-
haps only half a dozen parameters in a watershed model
[16]. As a consequence, it is important to define inde-
pendent of the rainfall-runoff record as many of the
physical parameters as possible. This is done through
the combination of hydrologic analysis of streamflow

records [28,29] and Geographic Information System
(GIS) analysis of the watershed.

This model represents efforts to: (a) retain the non-
linear nature of watershed response to precipitation; (b)
minimize the number of parameters to be optimized
based on the discharge record while retaining the most
important physical processes involved; and (c) estimate
as many model parameters as possible from the geo-
morphological characteristics of the watershed.

2. Model description

The building block of the model is a general nonlin-
ear storage—discharge relationship for the hydrologic
cascade elements depicting surface and quick subsurface
runoff:

O=kV", (1)

where k is the storage parameter [m*!~") s~'Jand n [-] an
exponent. If z is unity the storage reservoir is linear and
k is the inverse of the average residence time. The
catchment is described by a set of partly parallel cas-
cades that represents the family of all possible paths that
a raindrop may follow when traveling from its landing
point to the outlet (see Fig. 1). The order of the elements
in the possible paths are the following [3]: the first ele-
ment is always an overland region, the last one is the
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outlet, and in between are the channel elements. The
model assumption that each raindrop lands on the sur-
face of a subcatchment is supported by the observation
that in most catchments more than 95% of the catch-
ment area is occupied by land surface [3]. Each element
of the cascade is represented by a nonlinear reservoir in
regard to quick storm response, infiltration or channel
routing. The storage element is represented as a rect-
angular slab [3] for which the stored water volume can
be formulated as

V = fwLh, (2)

where f is the effective porosity or specific yield [-], w
and L are the width and length of the slab respectively,
and / the water table depth. For storage elements rep-
resenting quick storm and channel response f is
taken to be unity. L is the mean length of the channel
sections of specified order and path and w is AL™! for
subcatchments, where A4 is the mean area of the sub-
catchments of specified order and path.

For quick storm response both in the channel and in
the subcatchment we use the kinematic wave approach
[18]

0 = awh™, (3)

where « is a parameter [m?>~™ s~!] that combines the
slope and friction coefficients and m a constant exponent
which is optimized from the rainfall-runoff records.
Combining Egs. (1)-(3) and equating n and m,

k=of"wL™". 4)

In order to keep the number of parameters to be op-
timized to a minimum the same constant, a,, is assigned
to each storage element representing subcatchments
and another constant, a., to each storage element that
represents channel sections. The value of #n is fixed for
all of the storage elements (regardless of subcatchment
or channel). Hence there are 3 unknown parameters
(ttse, e, 1) which need to be optimized. The inputs to
quick storm runoff are calculated in the infiltration
submodel after accounting for interception losses.

A schematic of the basic physical processes modeled
within a subcatchment is displayed in Fig. 2.

The interception was calculated using an exponential
loss function and a very simple method of accounting
for the antecedent precipitation status.

The infiltration was calculated using the Holtan
model [13]. The initial potential water storage space was
estimated using tabulated rooting depth values [30] for
the different land cover and soil texture combinations
derived from digitized USGS land use, land cover and
USDA soil maps.

The potential evaporation values [17] were further
modified [4] according to the stored water in the root
zone when estimating actual evaporation.

Deep percolation in the model is allowed at a con-
stant rate [13] whenever the soil moisture storage
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Fig. 2. Schematic diagram of the hydrologic components accounted
for in the model.

exceeds field capacity. Water — other than quick sub-
surface flow, which is incorporated in the quick storm
runoff component — in the unsaturated zone is allowed
to move only vertically in the model.

Changes in the saturated zone are modeled again by a
nonlinear storage reservoir. The concept is justifiable on
the basis that the analytical solutions of unconfined
groundwater drainage display a behavior characteristic
of a single storage element with varying degree of non-
linearity [10] depending on the geometry of the system.

The equations applied in the submodels are presented
in Appendix A.

3. Model application
3.1. Study area description

The model was tested on the Mahantango Creek
watershed in east-central Pennsylvania. The watershed is
a tributary of the Susquehanna River which is located in
the non-glaciated part of the North Appalachian Ridge
and Valley Region with a mean elevation of 200 m (the
elevation range is 130450 m).

The geology of the Mahantango watershed can be
described, going from northwest to southeast, as folded
Pennsylvanian sandstone and shale, Mississippian
sandstone and shale, and Devonian sandstone, siltstone,
and shale [22,32]. The moderately weathered channery
or stony loam soils, characteristic of the catchment, are
thin (1-3 m) with poorly developed horizons [1]. Land
use is predominantly woodland (more than 70% of the
catchment area) consisting of mixed hardwoods of oak,
hickory, and poplar. The catchment area is 423 km? [2]
and the total length of the perennial streams is 287 km.
The main channel is 27 km in length. The hourly pre-
cipitation and daily runoff data used in our study cover a
6-year period between 1989 and 1995. The gauging
station is situated near Dalmatia, the precipitation sta-
tion is at Klingerstown close to the central part of the
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watershed, and the mean monthly temperatures were
recorded at Harrisburg, some 20 km distance from the
watershed.

The topography of the catchment was derived from
the US Geological Survey’s 30-metre resolution Digital
Elevation Model (DEM), resampled to 25 m to allow for
proper overlays with other data covers [22]. The stream
network of the watershed is based on the 1-100,000 scale
USGS Digital Line Graph coverage. Fig. 3 presents the
Horton—Strahler ordering of the streams in the water-
shed, and the corresponding subcatchments are dis-
played in Fig. 4. Fig. 5 depicts all the possible runoff
paths and their spatial connectivity for a fourth order
catchment. The area of the storage elements with the
corresponding channel lengths for the watershed is listed
in Table 1.
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The physical soil texture categories of the watershed
were derived from the Soil Service Geographic Data
Base (SSURGO) which in turn was digitized from or-
thophotographs using county level soil survey reports
[22]. The land use and land cover classes were derived
from low-altitude infrared aerial photographs, Landsat
TM and AVHRR imagery that were eventually con-
verted into a GIS coverage [22]. Combining land use—
land cover and soil type data an average estimated root
depth (RD) value for each storage element of the wa-
tershed could be assigned by weighting the root depth
values of the different land use-land cover and soil
texture combinations [24,30] with the relative area of the
given combination within each subgroup. Estimates of
drainable porosity, field capacity and saturated hy-
draulic conductivity for the different storage elements
can be obtained similarly to the rooting depth, except
that they are a function of soil texture only. Table 2
displays the catchment representative physical soil pa-
rameters.

3.2. Model calibration

To parameterize the groundwater submodel we
plotted (on a double-logarithmic graph) the observed
daily mean runoff values against the rate of change in
runoff between consecutive days (see Fig. 6) at least
5 days after any rainfall had been observed [28]. Fol-
lowing Brutsaert and Nieber [10] the lowest envelope of
the data points represents the pure baseflow recession
rate. In Fig. 6 a line with slope (b) of 1.5 was drawn.
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Fig. 4. Horton-Strahler ordered stream networks with the corresponding subcatchments marked according to possible pathways, Mahantango

Creek, PA.
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Fig. 5. Possible runoff paths and spatial connectivity of the storage
elements for a fourth order catchment.

Table 1
DEM extracted channel lengths and subcatchment areas according to
stream order and runoff path, Mahantango Creek, PA

Strahler order Runoff Channel Subcatchment
path length (km) area (km?)
Fourth 27 34
Third 36 47
Second al 67 101
b/ 13 13
First al 21 32
b/ 13 16
c/ 89 152
d/ 21 28
Total 287 423

98% of the data points lie above this lower envelope line.
An interception value, a = 2.07 x 1077, results where the
lower envelope crosses the unit discharge value. From
Eq. (A.12) the unknown parameters g, and kg, of the
groundwater submodel are obtained as 2 and 1.07 x
107" m~3 s! for the watershed.

Table 2

GIS derived catchment representative values of the physical soil parameters
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Fig. 6. Change in mean daily discharge rates vs mean daily discharge
rates. The data displayed were taken at least 5 days following pre-

cipitation, the lines are the 98% lower envelopes, Mahantango Creek,
PA, 1984-1987.

In the evaporation calculations (A.8), values of 0.188
and 0.539 (for the N 41° latitude) were assigned, for the
constants d and e, respectively [2]. There are altogether
seven parameters, three (o, o, 7) in the general non-
linear storage equations, two (5, y) in the interception,
and another two (k;, n;) in the infiltration submodels,
which must be optimized. The following objective
function was designed for the optimization of the last
four parameters:

F=3(0-0w) +2) (0- 0", (5)

where Q is the observed mean daily runoff, O, the
simulated baseflow, g an arbitrary weight, ;j designates
days with no precipitation and at least 5 days apart from
the last day with reported precipitation, and i marks any
other days. Typically g is chosen to be on the order of
10* when Qj; > O on a drought period day, and is unity
otherwise. This formulation of the objective function
assures that during assumed drought flow periods the
optimized baseflow remains close to the observed runoff.
The application of Eq. (5) enables us to separate the
baseflow process from the quick storm response of
the catchment and at the same time provides us with the
hourly amounts of water (through the optimized infil-
tration parameters k; and 7;) that are input to the quick
storm response submodel. The remaining three param-
eters (o, o, and n) are optimized within the quick
storm response submodel by minimizing the mean
square error term between simulated and observed
runoff values.

Watershed Effective porosity (%) Field capacity (%) Saturated hydraulic conductivity Rooting depth (m)
(10°m s
Mahantango 45.0 28.4 1.8 1.5
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The optimization was carried out by systematically
incrementing the values of the parameters within a
predefined range for each parameter.

Before proceeding with the application of Eq. (5)
several considerations had to be made. Since watershed-
scale soil moisture measurements are generally not
available, an optimization period had to be chosen for
which the change in soil moisture status (ASM) could be
neglected (i.e. ASM =~ 0). A period of about one year
was obtained starting and ending in the fall when the
catchment reaches the driest state between years. Since
the initial soil moisture condition is not known, it also
had to be optimized. During the optimization it had to
be ensured that by the end of the period the simulated
soil moisture would be close to its initial value. This is
necessary to meet the prescribed ASM = 0 condition.
Starting the simulations in the driest period ensures that
the observed runoff is mainly baseflow, thus the initial
value of the baseflow process is known. We note here
that normally snow accumulation is not of major im-
portance in the Susquehanna River basin [22], that is
why the model does not have a snow component.
Table 3 displays the resulting optimized parameter val-
ues within their predefined intervals.

4. Results

The calibration period we chose for the Mahantango
Creek watershed was November 1991-October 1992.
The baseflow and total runoff for the calibration period
are shown in Fig. 7 together with the measured mean
daily runoff and daily precipitation sums. The highest
simulated and observed runoff values are found in
spring when the unconfined aquifer becomes recharged
and loses water later through the rest of the year. It is
the most pronounced in Fig. 8 where the time series of
simulated and measured outflow are presented for an

Table 3

11-month verification period (November 1992-Septem-
ber 1993). In Fig. 9 the simulated and measured cumu-
lative values of the different hydrological processes
during the verification period for the watershed are
presented. It is interesting to observe from the graph
how the interception and evaporation become important
with the onset of the spring season. By the end of the
period (September) the loss of water vapor to the at-
mosphere accounts for about half (55%) of the total
precipitation. Fig. 10 is a plot of all simulated versus
measured daily mean runoff values (R>=0.67) for Ma-
hantango Creek. Note that the best fit curve is almost on
top of the unit slope line indicating only a slight model
undershoot in the mean daily runoff values. Table 4
summarizes the model performance. The correlation
coefficients between simulated and observed mean daily
and monthly discharges are over 0.8 in most years.

Table 5 displays the water balance components over
the catchment. Runoff is about half of the precipitation
the watershed receives, while interception losses amount
to one quarter of it. When evaporation and interception
losses are combined they sum up to 55% of the total
precipitation. Baseflow is 22% of the observed runoff.
The relatively low level of baseflow contribution to total
runoff can probably be explained by the varied topog-
raphy of the watershed. Also, thin soils in the catchment
allow trees to tap on the groundwater for meeting their
transpiration needs as is often observed in forested
mountainous watersheds [12].

So far we have dealt only with spatially aggregated
outputs of the model, since usually these aggregates, like
the runoff at the outlet, can easily be matched with
measured data. However, the majority of the model
outputs are spatially distributed over the subcatchments
of the modeled watershed. Fig. 11 displays the spatial
distribution of the simulated soil moisture (as percent-
age of the field capacity) content of the Mahantango
catchment at the end (25 November 1992) of the

Optimized parameter values and their optimization intervals, Mahantango Creek, PA

Submodels

Optimized parameter values

Optimization intervals

Interception submodel

f (winter) 0.1

p (summer) 0.9

y (winter) 0.1

7 (summer) 0.9
Evapotranspiration submodel

BS/DL 0
Infiltration submodel

ki (m™00 s71) 8.780 x 1077

n; 1.3

SMin“ 0.7 x FC
Quick storm response submodel

n 2.0

e (571 0.555

% (s 0.277

(0-1)
(0-1)
(0-1)
(0-1)

(0-0.8)

(10712-10-%)
(0.1-3)
(0.2FC-FC)

(0.1-3)
(0.001-10)
(0.001-10)
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Fig. 7. Observed daily mean runoff and precipitation, simulated daily
mean runoff and baseflow, Mahantango Creek, PA. (a) Calibration
period: November 1991-October 1992. (b) Selected flood events within
the calibration period.

optimization period. Similar maps can be constructed
for any hour of any day for the following hydrologic
characteristics of the catchment: infiltrated water vol-
ume, recharge to groundwater, available water volume
for quick storm response, and channel storage. In gen-
eral, with the growing size of the watershed modeled the
spatial distribution of these hydrologic characteristics
may become more important. In this respect, improved
information on precipitation distribution (e.g. Radar
derived) would be most valuable for future modeling
efforts.

As a final assessment of the model, a simple sensi-
tivity analysis of the optimized parameters is carried out
for the Mahantango watershed by systematically
changing the value of the selected model parameter and
tracking the model’s response in terms of mean squared
errors between simulated and observed daily mean
runoff. Fig. 12 (a) and (b) displays the result of the
sensitivity test. The model is most sensitive to changes in
the exponent of the infiltration equation (A.4) (i.e. it
expresses the steepest slopes). This is not surprising since
infiltrated water is distributed as recharge to soil mois-
ture, and eventually groundwater and quick storm re-
sponse. Once the amount of water available for quick
storm response is determined, the parameters (o, o
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Fig. 8. Observed daily mean runoff and daily precipitation, simulated
daily mean runoff and baseflow, Mahantango Creck, PA. (a) Verifi-
cation period: November 1992-September 1993. (b) Selected flood
events within the verification period.
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Fig. 9. Cumulative baseflow, quick storm response, QSR (= simulated
runoff — baseflow), interception (IC), evaporation (E), and precipita-
tion values, Mahantango Creek, PA. Verification period: November
1992-September 1993. DSM is the change in soil moisture status
between the end and start of the period.

and n) in the quick storm response submodel govern
only the routing of this water volume through the
catchment. The second most sensitive parameter is the
initial soil moisture content value which we had to es-
timate due to the lack of measured data. Interestingly,
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Fig. 10. Simulated versus observed mean daily runoff values, Mahan-
tango Creek, PA. September 1989-September 1990; November 1991
August 1995. Solid line is the best fit curve, intermittent line represents
the unit slope.

there is a relatively wide range of this value to which the
model is not too sensitive (between 0.5 and 1 times the
optimized value that was 0.7 x FC).

5. Summary

A nonlinear, semi-distributed model for simulating
watershed dynamics is introduced. The model utilizes
spatially distributed physical characteristics of the
catchment with a minimum number (7) of parameters to
be calibrated from rainfall-runoff records. The geo-
morphologic nonlinear cascade description for the quick
storm response is based on the Horton—Strahler order-
ing of the stream network. The model was tested on the
Mahantango Creek watershed within the Susquehanna
River basin in Pennsylvania. Its performance for the
catchment suggests the viability of building a nonlinear,
semi-distributed, parameter-parsimonious watershed
model that is able to simulate the most important hy-
drological processes in the catchment: interception,

Table 4
Summary statistics on model performance

evapotranspiration, infiltration, quick storm response,
recharge to groundwater and baseflow.
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Appendix A
A.1. The interception submodel

Interception is that portion of precipitation that does
not contribute to the soil moisture, groundwater or
streamflow of the drainage basin [26]. Most of the in-
tercepted water is retained in the vegetation cover of the
catchment while a much smaller part is retained on
rocks, buildings, etc. and eventually all is evaporated
back to the atmosphere. The percentage of intercepted
water can be substantial, for instance it may exceed one-
third of the annual precipitation for coniferous forests
[31]. A good physical description of the interception
process does not exist at present. The exponential loss
function is employed in our model to account for the
interception loss [14,33] IC [m s™']

IC = pe!*B0=1 = ppyl'=1), (A1)
where P is the observed precipitation rate [m s~!], § and
y are unknown parameters [-] which must be optimized
and 7 a time-index which is set to unity if there was no
precipitation in the previous 24-hour period and is in-
cremented by one with every new time step (1 h) after
precipitation was recorded. Two independent sets of the
parameters (f3, 7) are employed, one for winter and one
for summer.

A.2. The infiltration submodel

The volume of infiltrated water is calculated based on
the Holtan [13] model which is able to account for both
saturation and infiltration excess runoff production

Mahantango Creek, PA

Correlation (r) between daily values

Correlation (r) between monthly values

r(Qs, Qo) (P, Qo) 1(0Os, Qo) (P, Qo)
1991-1992 # 0.87 0.18 0.91 0.40
1992-1993 0.83 0.07 0.93 0.67
1993-1994 0.75 0.23 0.90 0.37
1994-1995 0.77 0.19 0.81 0.72
1989-1990 0.80 0.14 0.89 0.43

2 Optimization period.

P: daily/monthly sum of precipitation; Q,: mean daily/monthly runoff; Q;: model simulated mean daily/monthly runoff.
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Table 5
Catchment water balance components

Mahantango Creek, PA

Number of periods considered 5
Precipitation * (P, mm/period) 1100
Runoff * (R, mm/period) 532
Baseflow (B, mm/period) 116
Interception (IC, mm/period) 289
Evaporation (E, mm/period) 323
RIP (%) 48
EIP (%) 29
IC/P (%) 26
(E+1C)/P (%) 55
B/P (%) 11
B/R (%) 22

2 Measured values.

mechanisms. The infiltration rate i [m s~'] is given by
means of a general storage equation where the actual
storage is replaced by Vj, the potential storage space
[m’]
kv

i lg
1 + L,

where /; [m s~!] represents a steady seepage rate toward
the saturated zone when the stored water volume is
greater than the soil’s maximum available storage space
(Vi) times the field capacity (FC), otherwise it is taken
to be zero. k; [m>'~") s~!] and n; [] are the storage pa-
rameter and exponent of the soil. The lumped continuity
equation for the soil is

(A.2)

(% FQ)
B«
T 62
48
iy 65
ol
] 49
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dav;
—L = Al —i). A3
=AU (A3)
Substituting Eq. (A.2) into Eq. (A.3) we obtain
4 .
— = =V A4
=k (A4)

which is the equation for the potential storage space
calculations. Coupling Eq. (A.4) with Eq. (A.2) the time
varying infiltration rate can be estimated. The difference
between precipitation and estimated infiltration rate is
taken to be the quick storm runoff and is the input to
that submodel.

There are two additional parameters, k; and »n; which
must be optimized. The value of /; can be approximated
by an effective hydraulic conductivity, Ky [26]. Bouwer
[8] measured K. to be around half of the corresponding
saturated hydraulic conductivity, K. The K values for
different soil texture types can be obtained from tables
of Rawls et al. [24] or from Singh [26] and Vj is esti-
mated as
Vo = fRDA, (A.S)
where RD is the rooting depth. The effective porosity, f,
can be obtained from the same sources as K for different
soil textures, the FC values (and also porosity) for
various soil types and the RD values for different soil
type and vegetation combinations are found in Thor-
nthwaite and Mather [30].

When calculating the soil’s maximum available stor-
age space, V), the concept of the non-active moisture
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Fig. 11. Simulated sample soil moisture values, in percentage of field capacity (FC), distributed over the subcatchments. 12 PM, 25 November 1992,

Mahantango Creek, PA.
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Fig. 12. Sensitivity analysis of the model parameters for the Mahan-
tango Creek, PA watershed. Abscissa: actual parameter value over its
optimized value; Ordinate: ratio of the two corresponding mean
squared errors between observed and simulated mean daily discharges.
Mahantango Creek, PA, calibration period: November 1991-October
1992.

zone used in TOPMODEL [23] is applied. It is as-
sumed in the model that below the root zone, i.e. in the
non-active moisture zone, the moisture content of the
soil is always close to the field capacity (FC) value [23].
Since the moisture content in this zone is quasi-con-
stant in time, according to our assumption, any water
storage dynamics takes place within the root zone. We
further assume in the model that any seepage, [, from
the root zone reaches the unconfined groundwater ta-
ble without further delay. Capillarity effects and the
capillary fringe itself are neglected in the model. In
the Holtan model the infiltration rate is driven by the
potential storage space which is driven by the accu-
mulated infiltration.

A.3. The evaporation submodel

Evaporation is calculated based on both soil moisture
content and potential evaporation, PE [mm day~'], es-
timates obtained from the Jensen and Haise [17] tech-
nique
PE = (1.6742 - 1072)R(0.014(1.87 + 32) — 0.37), (A.6)

where R is incident solar radiation in units of cal cm—2

day~!, and T mean monthly air temperature in Celsius.
The actual evaporation, E, is estimated [4] as

EPE<1E>. (A7)
Vo

In lieu of measured radiation data an estimate of R can
be obtained [21] the following way

een (o)), "

where R. is the extraterrestrial radiation in the same
units as R, d and e are dimensionless empirical con-
stants, BS the number of hours with bright sunshine and
DL the number of daylight hours. In general d and e
depend on location, season, and on the state of the at-
mosphere [9], R, and DL depend on latitude and time of
the year.

Estimated average values of d and e for selected lo-
cations as well as R, values as a function of latitude and
time of year can be found in Ref. [9].

A.4. The unconfined groundwater submodel

The groundwater model which describes the uncon-
fined saturated zone dynamics does not increase the
number of unknown parameters in the watershed model
since all of the new parameters involved can be derived
by the application of the Brutsaert and Nieber [10] re-
cession flow analysis [28,29]. For an unconfined aquifer
the baseflow recession discharge, Qy,, has the following
relationship

dOp,
Cr gy, (A9)

Eq. (A.9) plotted as log(—dQy,/df) versus log(Qy,) forms
a straight line with a slope of b [-] and intercept «
[m3(1-®) s*=2] The solution of Eq. (A.9) when b # 1 is

O = (O1f — (1 = b)ar)"" ™", (A.10)
the solution of Eq. (1) with no inflow is

n/1—n
0= (0" = (1= mkle)" (A11)

and when equating Eq. (A.10) with Eq. (A.11) we ob-
tain

(A.12)

n = Ngy

:2;_19; k= ke = (%)n.
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The recession stream discharge can be linked to the
mean groundwater table elevation by inserting k from
Eq. (A.12) into Eq. (2) with the help of Eq. (1)

1/n

h= i, (A.13)

A(3)
in this way the baseflow rate at any time can be esti-
mated since / is updated through / from Eq. (A.2). For
the sake of simplicity it is assumed in the model that
baseflow contributes only to the main channel of the
catchment.
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