Hydrological Research in China: Process Studies, Modelling Approaches and Applications (Proceedings
of Chinese PUB International Symposium, Beijing, September 2006). IAHS Publ. 322, 2008.

121

A macro-scale hydrological model based on a spatial averaging
approach: model structure and an application
ZHIYONG YANG, HEPING HU & FUQIANG TIAN
Department ofHydraulic Engineering, State Key Laboratory ofHydroscience and Engineering, Tsinghua University,
Beijing 100084, China
huhp@tsinghua.edu.cn

Abstract The inconsistency between the scale at which the hydrological process-governing equations are

applicable and the scale at which the model application are practicable lies at the heart of many current
hydrological challenges. The spatial averaging approach firstly proposed by Kavvas is one of the promising
methods to address such scale issues. This paper presents a macro-scale hydrological model based on the
spatial averaging approach, within which the watershed is divided into model computation units (MCUs)
and the hydrological processes across MCUs are described by the macro-scale equations derived from point
scale equation through spatial averaging approach. As a case study for long-term continuous simulation, the
model is applied to the Qin River basin with a semi-arid climate. The continuous streamflow and individual
flood events simulation shows that the model can predict streamflow pretty well at lower computation time
consumption, which shows the prospects of the model and its potential capabilities for application to water
resources and flood management at a large-scale watershed.
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INTRODUCTION
Watershed-scale hydrological response is greatly influenced by the heterogeneity of landscape
properties, which are intensified by the nonlinearity of hydrological processes. Such a situation
leads to the so-called “scale issue” widely recognized by the hydrological community (Kalma &
Sivapalan, 1995), i.e. the mismatch between the scale at which the physical equations are
applicable and the scale at which the model applications are practicable. To address the scale issue,
Kavvas proposed the spatial averaging approach for upscaling the point scale equations through
the analysis of landscape heterogeneity (1999) and nonlinearity of hydrological processes (2003).
By adopting the macro-scale equations derived by the spatial averaging approach, the WEHY
(Watershed Environmental Hydrology) model was developed by Kavvas et al. (2004). As a first
attempt, however, the WEHY model suffered from the watershed discretization scheme, as well as
the over-complex groundwater simulation scheme (Yang, 2007). Also, the WEHY model has not
yet been applied to continuous long-term streamflow simulation.
In this paper, a new macro-scale hydrological model (MSH model) based on the spatial
averaging approach, but with a different spatial discretization scheme and simplified groundwater
component, is developed and applied to simulate the continuous long-term streamflow in the Qin
River basin.

MODEL DESCRIPTION

Spatial discretization
According to its river network and catchment area threshold, a watershed can be divided into some
sub-watersheds, and the sub-watershed can be approximately represented by a rectangle hillslope
and a river reach. The rectangle hillslope is the model computation unit (MCU) for hillslope
hydrological processes simulation and its length and width can be obtained according to the river
network density and river length (Yang et al., 2004). The landscape heterogeneity within the MCU
is quantified by the statistical approach and directly incorporated into the equations of nonlinear
hydrological processes through spatial averaging, which leads to the equations applicable directly
at the macro-scale, i.e. MCU. The statistical characteristic values of point scale parameters, such as
Copyright © 2008 IAHS Press
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mean, variance, and covariance, are directly incorporated into macro-scale equations as
parameters.
Model structure
The MCU is the computation unit for hillslope hydrological processes such as evapotranspiration,
infiltration, subsurface flow, etc. and the generated runoff flows into river and routes to the
watershed outlet.

Evapotranspiration Total evapotranspiration consists of four components: canopy
interception evaporation (Ec), depression storage evaporation (Ed), soil surface evaporation (Es),
and vegetation transpiration (Etr). They are estimated by atmosphere conditions (represented by
potential evapotranspiration Ep), vegetation conditions, and available moisture (Yang et al., 2002)
as shown in equations (1), (2), (3) and (4):
EC = KCEP

(1)

Ed = Ep

(2)

Etr = KcEpf{3ro^LAI/LAIm

(3)

Es=EpWsurf)

(4)

where Kc is the vegetation coefficient, LAIm is the maximum LAI of vegetation, 6root is the soil
moisture in root zone, and 6surf is the soil moisture at land surface.

Infiltration and unsaturated flow Infiltration and unsaturated flow determine infiltration
excess runoff, soil moisture, and water recharge to saturated surface flow and groundwater. Soil
characteristics vary dramatically in space, which results in complex impacts on infiltration and
unsaturated flow. To account for such heterogeneity, a spatial averaging Green-Ampt model (Chen
et al., 1994a,b) is adopted in the MSH model. To confine the problem into a manageable level,
only the horizontal heterogeneity of saturated hydraulic conductivity (Ks) is considered. The
lognormal distribution is then used to quantify the probability distribution of Ks.
At a specific time t and rainfall density qt, the wetting front depth and surface moisture are
dependent with Ks. Therefore, vertical soil water flux (q(Ks,z)) is a function of Ks and depth z as
shown in equation (5) (Kawas et al., 2004):
0

q(Ks,z) = \Ks

Ks < Ksz

(5)

where Ksz and Kst are two specific Ks, and the wetting front just reaches z when Ks = Ksz and the
soil surface is just saturated when Ks = Kst; tv is a variable indicating soil water condition; and T(-)
is the function of qt, Ks, and soil water condition (Kavvas et al., 2004).
The ensemble average of soil water flux (<#(z))) at z can easily be obtained by integrating
equation (5) over Ks, given by equation (6), and the infiltration excess runoff ((gr)) is given in
equation (7). Considering the proportion of impermeable area (J3¿), the average infiltration excess
runoff (ßqeß) is given in equation (8).
(q(z)}= ]q{Ks,z-)f{Ks)dKs

(6)

0

(7)
(8)
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where (•) is the spatial average operator and/(Ks) is the probability distribution function (pdf) of
Ks.
Saturated subsurface flow When unsaturated flow reaches the impermeable stratum, which
is assumed parallel to land surface, soil water starts accumulating on the layer and moves downhill
as saturated subsurface flow. When the water table rises to the bottom of the rills, saturated soil
water will recharge the rills as return flow, and when the water table rises to the land surface,
saturation excess runoff will occur.
To account for the heterogeneity along the hillslope transect, the ensemble averaged model
based on Darcy’s law (Dogrul et al., 1998) is used to model saturated subsurface flow as shown in
equation (9):

K
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OX

OX J

1 dx

ä|_x

J

OX

dx

(9)

R

J

where Ss is specific yield; K is saturated hydraulic conductivity; R is soil depth; h is the normalized
saturated subsurface flow depth; 0 is the slope of land surface; and P is the net recharge along the
vertical direction.
Saturated subsurface flow (qsat\ return flow (^), and saturation excess runoff (qs) can be
estimated by equations (10), (11), and (12), respectively:
qsat = Äsin 6bos OÇKh^ + cov(/20:Ä))

( 10)

qrf= 2Ks\n6yC0s6yR(dr + h-\)Nro

(11)

qs = SsR(h-A)lkt

(12)

where ho is the normalized subsurface flow depth at the downstream transect; 9y is the slope of the
interrill area along the y-direction; dr is the normalized rill depth; Nro is the rill occurrence density;
and AZ is time step.
Surface flow The land surface of hillslope contains irregular local topography, which is
presented by a rill—interrill configuration. The influence of rill formation on soil erosion and flow
dynamics is recognized in many experimental studies (Morris, 1979; Abrahams et al., 1989;
Govindaraju & Kavvas, 1992, 1994a,b; Parsons & Wainwright, 2006). To account for the effects
of rill—interrill configuration, spatially averaged conservation equations for interacting rill—interrill
area surface flow model was developed by Tayfur & Kavvas (1994) and improved by Yoon &
Kavvas (2000). The Yoon’s model is adopted in the MSH model with some improvements. The
ensemble averaged equations for interrill areas and rills are as follows:
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where hir and hr are average flow depths of every interrill area and rill, ci = 1.0944, c2 = 2.1888

when the flow depth curve within single interrill area are assumed to be a power function; A™ is
the rill surface proportion, pr = Nr(JAra, pir = NrJ(l - Ara); wris the width of rills; I is the width of

where Sx and Sy are bed slopes along x- and y-directions of interrill areas, respectively; Sr is bed
slope of the rill; nir and nr are the Manning roughness coefficients of interrill areas and rills
respectively; and r is a vector of the hydraulic parameters mean value at hillslope scale,
r ={SX,S ,nir,l} for interrill areas and F = {Sr,ñr,wr} for rills.
Groundwater Groundwater provides the baseflow in a stream. The water exchange between
stream reaches and groundwater is estimated by equation (15):

Ôg = ^g(V-V)/i

(15)

where Kg is hydraulic conductivity in an aquifer; hg is water table of groundwater from the bed of
stream reach; hr is water depth of stream reach; and L is the width of hillslope.
River routing Stream reaches are fed by lateral inflow from neighbouring hillslopes,
including surface flow, subsurface flow, and groundwater flow. River routing is simulated by 1-D
kinematic wave equations (Chow, 1988).

MODEL APPLICATION
Study area and data
The Qin River is the upper stream of the Qin River basin, and it has a catchment area of 1355 km2.
The climate in the study area is typically semi-arid with annual pan-evaporation of 1700 mm and
annual rainfall of 611 mm.
The input data of the model includes DEM, soil class, land use, leaf area index (LAI) data,
and meteorological data. The watershed boundary and stream networks, as shown in Fig. 1, were
generated from DEM with spatial resolution of 100 m. According to stream networks, the study
area was divided into 35 MCUs. The geomorphologic parameters of each MCU were obtained
through GIS analysis. The rainfall data of 12 raingauges (as shown in Fig. 1) were used to generate
the model rainfall input. The daily stream discharge data at the outlet, i.e. Kongjiapo stream
station, was used for model calibration and validation. Meteorological data such as temperature,
sunshine hours, humidity, etc. were collected from a station located at the middle reach and used
to estimate potential evapotranspiration. The land use of the study area was reclassified into six
types: cultivated land, forest, grassland, water body, urban area, and other, as shown in Fig. 2. The
cultivated land, forest, and grassland covered >99% of the study area. The soil class map was
transferred from the FAO/UNESCO data set with spatial resolution of 10 km and the associated
soil hydrological properties were taken from the same data set. The monthly LAI date is derived
from the MODIS TERRA MOD15A2 product with spatial resolution of 1 km.

RESULT AND DISCUSSION

The model was applied to simulate continuous streamflow in the study area. Hourly rainfall data at
12 raingauge stations and daily discharge data at the Kongjiapo station are available from 1986 to
1989. The Thiessen method was used to assign representative areas for each station in order to
determine the spatial distribution of rainfall. The period from 1986 to 1987 was selected for model
warming up. The soil hydraulic parameters were estimated from the soil map and associated soil
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MCU Boundary

Fig. 1 DEM, MCUs, stream network and locations of rain and stream gauging station.

Fig. 2 Land use of the study area (overlaid with MCUs).

properties. The parameters of variance and covariance were determined with reference to former
studies (Yoon & Kavvas, 2000).
The parameters such as soil depth (Ä), Manning’s roughness of hillslope (w5) and channel (n}),
soil anisotropy coefficient (G), and aquifer hydraulic conductivity (Cg), need to be estimated through
model calibration. The period of 1988 was selected for model calibration. The pre-assigned range of
the parameter and the calibrated results are listed in Table 1. The simulated hydrograph during the
calibration period is shown in Fig. 3. The period of 1989 was selected for model validation. The
hydrograph at the Kongjiapo Station during the validation period is shown in Fig. 4.
It can be seen from Figs 3 and 4 that the model-predicted hydrograph at the Kongjiapo station
matched the observed data quite well. The Nash-Sutcliffe efficiency coefficient (E) (Nash &
Sutcliffe, 1970) and coefficient of determination (7?2) were selected to quantify model performance
(see Table 2). The results show that E in 1988 and 1989 reaches 0.88 and 0.94, respectively, and
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R2 reaches 0.89 and 0.97, respectively. Furthermore, the two coefficients during the validation
period are similar to those during the calibration period (see Table. 2).
There are three flood events during calibration and validation. The model performance for a
flood event is quantified simultaneously by relative error of flood peak discharge, the NashSutcliffe efficiency coefficient (E), and coefficient of determination (Ä2) during flood events and is
listed in Table 3. The predicted flood peak and hydrograph matches the observed data very well.

Table 1 Parameter ranges and fitted values.

Parameter
Range
Fitted Value
a R = 0.8 ,1.2, and 1.6

R(.m)

ns

nr

Co

0.5-5.0
0.1-1.0
0.01-0.1
1.0-10.0
0.05
0.8,1.2,1.6a
0.5
5.0
for upstream, middle stream, and downstream of the study area.

Fig. 3 Comparison of observed and simulated hydrographs during calibration period.

Table 2 Model performance during calibration and validation periods.

Period
1988

E
08

R2
09

1989

0.94

0.97

Q
0.01-1.0
0.05
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Table 3 Model performance during three flood events.

Flood events

7/05/1988-9/22/1988
7/15/1989-7/22/1989
8/15/1988-9/21/1988

Qp (m3 s’1)
Simulated
350.63
69.92
164.14

Observed
356.00
65.90
149.00

^(%)

E

R2

-1.51
6.10
10.16

0.85
0.92
0.96

0.86
0.97
0.99

The high computation efficiency is obtained via coarse discretization of the watershed into
MCUs, which does not lower the model performance. In the case study, 178 s was consumed for
35 064 h of hydrological modelling in a personal computer with an AMD Athlon 2500+ CPU and
memory of 1GB.

SUMMARY
As a new method to address the scale issues in hydrological modelling, the spatial averaging
approach is proposed to directly incorporate the micro-scale heterogeneity into the macro-scale
process equations. A new macro-scale hydrological model is developed based on the spatial
averaging approach. Compared to the former version of spatial averaging model, the WEHY
model, our model modifies the spatial discretization scheme and simplifies the groundwater
system. The model is intended to be able to simulate the long-term large scale hydrological
processes at the watershed-scale with less computational burden. Our case study in the Qin River
basin (1355 km2) shows that the model can obtain the higher computation efficiency, as well as the
sound performance of runoff simulation, which show the potential capabilities of the model for
water resources and flood management application in semiarid regions.
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