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The grid-based distributed hydrological models are powerful tools for hydrological modeling
due to the representation of the spatial varibility and the physically-based process descriptions.
However, because of the large computational demands this kind of models are not suitable for
long term simulations in large catchments. Here, an alternative distributed hydrological model is
proposed, which is based on the catchment geomorphology area function and width function. In
this model, the catchment is discretized into a number of flow intervals along the flow direction.
Each flow interval is represented as a series of hillslope elements. A hillslope response model
and the kinematic wave model are used to simulate the runoff generation and river routing. The
applicability of the model for the simulation of multiple catchments is discussed in the paper.
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1. INTRODUCTION

The distributed hydrological modeling is nec-
essary when the spatial distribution of hydro-
logic variables are important. In general, for dis-
tributed hydrologic modeling, the catchments are
discretized into a number of small grids. How-
ever, large computational demands and model
complexities are a deterrent to the use of dis-
tributed hydrologic models in very large catch-
ments, such as for regional water resources plan-
ning. Therefore development of computation-
ally fast and easy to implement models is an
important task. The catchment geomorphologic
area function (and width function) used by Yang
et al. (1997) 1) provides a possibility to quan-
titatively describe the catchment heterogeneity.
The area function shows the aggregating pat-
tern of the catchment. Naden (1992)% described
the rainfall and soil properties in a hydrologi-
cal model coupled with width function. Yang et
al. (1997)% used area function to describe the
rainfall distribution for modeling flood by cou-
pling with the tank model. Here we present
a method, which employs the geomorphologic

area function and width function to reduce the
catchment lateral dimension from two to one.
The methodology makes it possible to reduce
the 2-dimensional spatial data to 1-dimensional
distribution functions of characteristics with re-
spect to flow distance from the catchment out-
let, which improves the hydrological modeling ef-
ficiency while retaining the spatial heterogeneity
information. This methodology was used for sim-
ulating floods (Yang et al., 1997)%. The main
objective of this paper is to investigate the appli-
cability of the method for long term simulation
in large catchments.

2. MODEL DESCRIPTION

(1) Discretization of catchment spatial
heterogeneity

When the river network is generated using flow
accumulation method, the flow direction in each
cell is determined according to the steepest de-
scent direction. Following the flow direction, the
flow distance of each cell from catchment out-
let can be calculated. The area function can be
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uniquely derived from this method. Considering
any flow interval Az at distance z, the catch-
ment area accumulated in this interval is given
by the area function. For hydrological modeling,
the catchment is divided into a number of flow in-
tervals (Fig.1). Each flow interval is represented
using a number of hillslope elements. The num-
ber of hillslope elements depends on the number
of streams within the same flow interval. The spa-
tially distributed parameters of the catchment,
such as rainfall, elevation and hillslope angle, are
averaged for each flow interval. Similar to area
function, the spatial distribution of catchment
parameters are given by distribution functions.

(2) Hillslope response model

The hillslope element is assumed as a rectan-
gular inclined plane with width of flow interval
Az, length of L and angle o. The bed rock slope
is assumed to be parallel to the surface. The hill-
slopes are located in both sides of the river sym-
metrically (Fig.2). The hydrological processes
on hillslope include interception, evapotranspira-
tion, infiltration, overland flow, unsaturated soil
water and groundwater flow. In the hillslope
model, the vertical plane is divided into several
layers, including canopy, soil surface, a number
of soil zones (parallel to the surface) and shallow
groundwater layer. For each layer, storage-based
models are used. The macropores in top soil is

represented using an anisotropy ratio, defined as
a, = Kyp/Ksn > 1 (1)

where, a, is the anisotropic ratio, K,p and K,
are the saturated hydraulic conductivities in the
directions normal (n) and parallel (p) to the slope
respectively (mm/h). The exponential assump-
tion is adopted here for representing the decrease
of hydraulic conductivity with depth, given as

K(n) = Koe /" (2)

where, K (n) is the saturated hydraulic conduc-
tivity at depth n (mm/h), n is the distance taken
positive in downward direction normal to surface
(m), Ko is the saturated conductivity at surface
(mm/h), f is a parameter (1/m).
a) Interception and evapotranspiration
The interception capacity depends on the veg-
etation coverage and the leaf-area-index. Actual
interception is determined by the precipitation
amount and the deficit of the canopy water stor-
age. Interception capacity is given by

Seo(t) = I K, LAI(t) (3)
The deficit of canopy water storage is
Scd(t) =S¢ — Se(t) (4)

where, S, is the interception capacity (mm); Ip
is the maximum interception ability of the vege-
tation in a year (mm); K, is the vegetation cover-
age; LAI is the leaf-area-index, where the max-
imum is 1; S,,(¢) is the deficit of canopy water
storage (mm); S.(t) is the canopy water storage
at time ¢ (mm).

The potential evaporation is estimated using
radiation-based method because of the available
data. Actual evapotraspiration is calculated as
evaporation from canopy water storage, transpir-
tation from root zone, evaporation from surface
storage and evaporation from soil surface. The
evaporation from soil suface is estimated as a
function of average soil moisture content in the
first zone. The evapotraspiration is assumed take
place only during the daytime 12 hours. The
daily potential evaporation is divided by 12 hours
to convert it to hourly potential evaporation. Ac-
tual evaporation rate from canopy is given by

>
Panar (0t = { T8 S 2T 9
where, Ecqnopy is the actual evaporation rate from
canopy storage (mm/h); E, is the potential evap-
oration rate (mm/h); At is the time interval (h).
The vegetation traspiration rate from each soil
zone is written as

Etri (t,i) = {I(cEp — Eca,nopy(t)} *
Ky fi(z:) f(0)LAI(t)  (6)
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where, Ey(t,1) is the transpiration rate (mm/h)
from zone ¢ at time t; K, is crop coeflicient; f; is
the root distribution function; f,(8;) is soil mois-
ture function; 6; is the soil moisture content of
layer ¢. The actual evaporation rate from soil
water storage is given by

E,

E u (t)At = S
surface 513(

(t) > > E ( — K,)At;
t),
Ss(t) < Ep(l — K,)At.
(7)
where, Egyr face is the evaporation rate from sur-
face water (mm/h); S,(t) is the surface water
storage at time ¢t (mm). The evaporation rate
from soil surface is given by
ES(t)At = {Ep(l - Kv) - Esurface(t)}fZ(o) (8)
where F(t) is the evaporation rate from soil sur-
face (mm/h).
b) Surface runoff and infiltration
The mass balance for the surface storage is
given by
AS(t + At) = Py(t) + M,(t) — ¢s(t)
_fzn( ) sm'face(t) (9)
where, ASy(t+ At) is the change of surface water
storage at time ¢ during time duration At (mm);
P,(t) is net rainfall intensity at time ¢ (mm/h);
fin(t) is the infiltration rate at time ¢t (mm/h),
given by
f‘ (t) — Pn(t) Pn(t) < Ko
o Ky P,(t)> Ky
gs(t) is the surface runoff (mm/h), calculated by

(e = { 5O mox FY > Gmee )

in which, S(¢) is the surface water storage at time

t (mm); Sy, is the maximum surface storage

(mm).

c) Unsaturated zone (multiple layers)
The top unsaturated soil is divided into mul-

tiple layers, the mass balance for layer 7 is given

by
ASu, (t + At)/ At =

(10)

fiea(t) — fi(t)
_Etri(t) - Esi(t) (12)
where, AS,yp, is the change of water storage in
layer ¢ at time ¢t during time interval A¢ (mm);
fi(t) is the recharge rate (mm/h) from layer i to
layer i + 1; fo(t) = fin(t). fi(t) (i > 0) is given
by
K(6:) 250 ~ K (65),

0; > 05 or 011 < 6;;
0,

0; < 9f and 041 > 6;, ziv1 > zi.
(13)

filt) =

in which, 6; is the soil moisture content in layer
t; K(6;) is the hydraulic conductivity (mm/h).
d) Saturated zone and exchange with the
river

The basic equations used for the saturated zone
are mass balance and Darcy’s law. The mass bal-
ance is give by

ASq(t + At)/At = reach(t) — L(t)
el (1)

where, ASg(t + At) is the change of groundwa-
ter storage (unconfined aquifer) (mm); rech(t) is
the recharge rate from upper unsaturated zone
(mm/h); L(¢t) is the leakage to deep aquifer
(mm/h); A is the plane area of hillslope element
per unit width (m?/m); gg(t) is the discharge to
the river per unit width (m3/h per meter), calcu-
lated as
Hy — Hy hy + he

2 2 (15)
where, K¢g is the hydraulic conductivity of un-
confined aquifer,

qg(t) = Kg

(3) River routing

The kinematic wave model given by the conti-
nuity and momentum equations is used for river
routing and solved using explicit finite difference
method.

0Q 04
3% T W w=etae  (16)
Momentum equation is given by Manning’s equa-
tion
S 5/3
Q= = /3A (17)

where, ¢ is distance along the longitudinal axis
of the river (m); ¢ is time (s); A is cross-sectional
area (m?); Q is discharge at = (m3/s); ¢y, is lateral
inflow (m® /s per meter); S is the river bed slope;
n is Manning’s roughness; P is wetting perimeter

(m).

3. INVESTIGATION OF MODEL
PERFORMANCE

(1) Study Area

The Karasu River, which is located in north of
Tokyo, is selected for this study (Fig.3). Total
catchment area is 1220.8 km? at the discharge-
gauge D and 80% of the area is mountainous.
It contains two main sub-catchments with areas
of 536.3 km? (at D-1) and 555.2 km? (at D-2).
There are 6 raingauges within or near the catch-
ment . Three years data sets (1992-1994) of daily
discharge and hourly rainfall are available. The
daily temperature and sunshine duration data at
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R -- Rain-gauge
D -- Discharge-gauge

Fig. 3 Study area

Fig. 4 Flow distance contours for whole catchment

two gauges are used to estimate the potential
evaporation. The first year data is used to ini-
tialize the initial condition by repeating the sim-
ulation twice and calibrate the model parameters.
The calibrated parameters are the saturated hy-
draulic conductivity of the surface soil (with value
of 80.0 mm/h) and the hydraulic conductivity of
groundwater (with value of 5.0 mm/h for sub-
catchment D-1 and 1.0 mm/h for sub-catchment
D-2). The saturated hydraulic conductivities of
the top zone soil are decreasing according to equa-
tion 2. The other soil parameters are used as
same as Kanto loam. The simulation has been
carried in this catchment from year 1993 to 1994.

(2) Modeling considerations

There are two basic considerations investigat-
ing the model performance. a) Effect of flow in-
terval length; b) Effect of averaging of hillslope
parameters. The simulations are carried out first,
as a system of independent catchments linked by
the river network, and then, treating the whole
area as a single catchment. In order to investi-
gate the above problems, single land cover (for-
est) and a single soil type (Kanto loam) is used for
whole catchment in the analysis. Fig.4 shows the
flow distance contours for whole area treated as
a single catchment. Fig.5 gives the flow distance

Fig. 5 Flow  distance  contours for  each

sub-catchment

Fig. 6 Network routing

contours for each sub-catchment from outlet of
each catchment.

(3) Effect of flow interval length

The whole catchment is divided into three
sub-catchments: sub-catchment 1 (upper part
of discharge-gauge D-1), sub-catchment 2 (upper
part of discharge-gauge D-2) and sub-catchment
3 (the residual part). The hillslope responses
of each sub-catchment are simulated indepen-
dently. The river network of each sub-catchment
is simplified using the main channels of each sub-
catchment. The river routing is solved using
network routing (Fig.6). The flow intervals are
determined automatically according to the main
channel links, and flow interval lengths are made
to be less than 600 m or 300 m for two simulations
respectively. Figs.7 and 8 show the comparisons
of sitnulated daily hydrographs with the observed
ones at discharge-gauge D-1 and D-2 respectively
for the case that flow interval length less than 600
m. Table 1 shows the simulation error and CPU
time (WindowsNT 433 MHz computer) for the
two simulations for a period of two years. The
simulation error is calculated as

EVZQO_— Qs} (18)
NQ

where Qg is the observed discharge; @, is the sim-
ulated discharge; N is the total number of the

error =
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Fig. 7 Daily hydrographs at D-1 for case of flow in-
terval length less than 600 m for year 1993
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Fig. 8 Daily hydrographs at D-2 for case of flow in-
terval length less than 600 m for year 1993

discharge data in the simulation period; @, is the
mean value of the observed discharge.

From the results, it can be seen that there is no
significant difference between the two simulation
results. However, using of 600 m flow interval
length saves 1/3 of the computation time. This
is useful for simulation in large catchments.

(4) Effect of averaging of hillslope param-
eters

In the model, the hillslope parameters are av-
eraged for each flow interval. If the catchment
is too large, an error is introduced by the aver-
aging procedure. In order to investigate the ef-
fects of averaging hillslope parameters, two sim-
ulations have been carried out. In the first case,
the hillslope parameters (mainly hillslope length
and hillslope angle in this study) are averaged
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Fig. 9 Daily hydrographs at D for case of multiple
sub-catchments and flow interval length less
than 600 m for year 1993
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Fig. 10 Daily hydrographs at D for case of whole
catchment and flow interval length less than
600 m for year 1993

in whole catchment for each flow interval. In the
second simulation multiple sub-catchments (three
sub-catchments, same as in the previous section)
are considered. The hillslope parameters are av-
eraged in each sub-catchment for the flow inter-
vals of each sub-catchment. For both cases, the
flow interval lengths are less than 600 m. Fig.9
shows the comparisons of simulated daily hydro-
graph with the observed one at discharge-gauge D
for the case of using multiple catchments. Fig.10
gives the result for the case of using single whole
catchment.

Table 2 shows the simulation errors and com-
putation CPU time for both simulations. From
the results, we can see that the simulation errors
for the two cases are very close. But the com-
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Table 1 Comparison of flow interval length effect

Flow interval less than less than
600 m 300 m
Sub-catchment | D-1 D-2 D-1 D-2
Error (%) 7.383 | 2.826 | 7.359 | 2.821
Computation
time (s) 110 144
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Fig. 11 Check of observed discharge at gauge D for
year 1993

putation time for the case of simulating single
whole catchment is only 1/3 of simulating multi-
ple catchments. In the two simulations, the hy-
draulic conductivities for groundwater and river
interaction are not equal. Beauce the base flow
of sub-catchment 1 (above gauge D-1) is higher
than sub-catchment 2 (above gauge D-2) (Figs.7
and 8), the conductivity of groundwater used for
sub-catchment 1 is higher than sub-catchment 2
in the case of multiple sub-catchments simulation.
Value for sub-catchment 3 is considered as same
as sub-catchment 2. For the case of using single
whole catchment, the conductivity of groundwa-
ter is taken as the average of the multiple sub-
catchments.

As seen from above results, the agreement of
the simulated hydrograph with the observed one
at gauge D-2 (Fig.8) is better than the others.
The simulation error for gauge D is mainly from
the simulating of sub-catchment 1 (above gauge
D-1) according to the results. This can be seen by
comparing the observed discharge data at gauge
D by adding the discharges at gauge D-1 and
gauge D-2 (Fig.11). From Fig.11, it is found
that the observed discharge at gauge D is less
than the sum of the observed discharges at gauges
D-1 and D-2 in all of the peaks. That means there
may be some error in the observed discharge data
at D-1, most likely in the high flow component.

Table 2 Comparison of averaging hillslope parame-

ters
Simulation | Single whole Multiple
catchment | sub-catchments
Error (%) 3.185 4.744
Computation
time (s) 36 110

4. CONCLUSIONS

As can be seen from the results shown above,
the methodology gives good results for both
whole catchment and sub-catchments simula-
tions. It is seen that the geomorphologic area
function provides an effective means for repre-
senting the catchment spatial heterogeneity. For
the Karasu River, the two years simulation using
multiple sub-catchments took about 2 min CPU
time in Dec-Alpha 433 MHz computer. In the
case of single whole catchment simulation, only
33 sec was needed for two years simulation. This
model has the capability to simulate regional hy-
drological response for water resources planning
and coupling with the regional atmospheric mod-
els.

In the present study we used only the spatial
distributions of hillslope length, the slope angle
and the rainfall. From the present study it was
seen that flow interval length same as that of
DEM resolution or twice the DEM resolution does
not have much impact on the simulation results.
The methodology can be extended to treat land
cover, soil type and other parameter variations
depending on the availability of data and the sim-
ulation needs.
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