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Abstract. A physical and distributed approach was proposed by Reggiani et al. (1998) to describe the hydrolog-
ical responses at the catchment scale. The rigorous balance equations for mass, momentum, energy and entropy
are applied on the divided spatial domains which are called Representative Elementary Watershed (REW). Based
on the 2nd law of thermodynamics, Reggiani (1999) put forward several constitutive relations of hydrological
processes. Associated with the above equations, the framework of a physically based distributed hydrological
model was established. The crucial step for successfully applying this approach is to develop physically based
closure relations for these terms and simplify the set of equations. The paper showed how a theoretical hydrolog-
ical model based on the REW method was applied to prosecute the hydrological response simulation for a humid
watershed. The established model was used to carry on the long-term (daily runoff forecasting) and short-term
(runoff simulation of storm event) hydrological simulation in the studied watershed and the simulated results
were analysed. These results and analysis proved that this physically based distributed hydrological model can
produce satisfied simulation results and describe the hydrological responses correctly. Finally, several aspects to
improve the model demonstrated by the results and analysis were put forward which would be carried out in the
future.

1 Introduction models such as SHE (Abbott et al., 1986), THIHMS-SW (Ni
et al., 2008), among many others, are often criticized for their

Simulation and prediction of hydrological responses at the ~ excessive complexity, parameter identifiability and thus un-

catchment scale is a grand challenge in the hydrological
research. The current generation of physically based, dis-
tributed hydrological models for the upscaling of point-scale
balance equations, as set out by Freeze and Harlan (1969),
have the drawback that there is no a priori perception about
how the micro-scale processes interact with each other and
therefore cannot account for the self-organized features that
emerge at the macro-scale, i.e. catchment scale, as a result
of these interactions (McDonnell et al., 2007). Meanwhile,

certainty in comparison with limited data availability and ex-
cessive computational demands.

The REW approach first proposed by Reggiani et
al. (1998) provides a general framework to incorporate all
possible emergent behaviors of the hydrological system pa-
rameterized directly at the catchment scale. By coupling ap-
propriate closure relationships to the balance equations to
make the system of governing equations determinate (Reg-
giani, 1999), the REW approach has the potential to repre-
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Figure 1. Schematized profile of a REW water balance and associated mass balance fluxes.

sent the net effects of the spatial and temporal heterogeneity
of micro-scale processes (Lee et al., 2007). Several hydrolog-
ical models based on REW approach were developed, such
as CREW (Lee et al., 2005a), REWASH model (Zhang and
Sevenije, 2005), TH model (Tian, 2006), and applied to sim-
ulated hydrological responses to real catchments (Reggiani
and Rientjes, 2005; Lee et al., 2005b; Zhang and Savenije,
2005; Tian, 2006; Mou et al., 2008). Despite all this progress,
these models are performed almost in arid or semi-arid area,
and the performance of REW approach at humid catchment
has not been reported. However, simulation and prediction
of hydrological responses in humid area are crucial impor-
tant for sustainable water management and hazard mitiga-
tion. This paper will serve as an extension to application of
REW approach, and aims to demonstrate the capability of
a generalized REW-based model for long-term streamflow
modelling and for short-term flood predicting in humid re-
gions.

This paper is organized as follows. In Sect. 2 we start with
a brief review of REW approach, including theory and bal-
ance equations based on the previous studies. In Sect. 3, we
will introduce the humid study area, including precipitation,
evapotranspiration, vegetation, land use etc. Following this,
in Sect. 4, after describing the data in this research, the REW
approach will be applied in the humid study area and the re-
sults of simulation will be analysed. This will be followed, in
Sect. 5, by a summary of the main results and conclusions.
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2 Overview of the representative elementary
watershed approach

The REW is defined as the smallest and most elemen-
tary unit into which the watershed can be discretized for
a given time scale of interest, and as the functional unit
representative of other sub-entities of the entire watershed.
Each REW consists of five model zones, i.e. sub-regions,
in which water fluxes are simulated based on a coupling
procedure of mass, momentum, energy and entropy balance
equations. Simulated flows are (1) unsaturated zone flow (u-
zone), (2) saturated zone flow (s-zone), (3) saturation over-
land flow (0-zone), (4) concentrated overland flow (c-zone),
which is commonly known as Hortonian overland flow, and
(5) channel flow (r-zone). The ensemble of REWSs consti-
tuting the catchment communicate with each other by ex-
changing mass, momentum and energy through the inlet and
outlet sections of the associated channel reaches, and later-
ally through the exchange of groundwater and soil moisture
across the soil mantle separating REWSs. In addition, the sub-
regions within each REW also exchange fluxes of mass, mo-
mentum and energy internally within the REW across the
interfaces separating these sub-regions. Figure 1 presents in
more detail the assumed sub-regions making up the spatial
domain of a typical REW, and the various mass exchange
fluxes across sub-region and REW boundaries.

The REW scale balance equations for mass, momentum,
energy and entropy are established. With the aid of the
2nd law of thermodynamics, constitutive relationships are
derived for the exchanges of mass and momentum fluxes
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across these boundaries. Following this, the closure relations
governing the mass and momentum exchange are investi-
gated. By substituting the parameterized mass and momen-
tum exchange terms into the respective conservation equa-
tions, and by projecting the momentum balance equations
along the global reference system, the set of parameterized
balance equations for mass and momentum are obtained. Fol-
lowing simplifying the set of balance equations, the hydro-
logical model based on REW approach is constructed with
9 balance equations for mass and momentum exchange, and
9 independent unknowns. Finally, hydrological responses
will be simulated by solving the set and getting the numerical
solutions.

3 Study area and data collection

3.1 Study area

The Huangnizhuang catchment (31°06'-31°42'’N and
115°21'-115°43' E) has a drainage area of 805km? and
lies within the Shiguan River basin, a first-order southern
tributary of the Huaihe River, Anhui Province, China. There
are four rainfall stations and one discharge station in the
catchment. The mean annual temperature of this catchment
is 11-16° and mean annual precipitation is 1077 mm.
However, the precipitation in the rainy season accounts for
almost 50-80 % of annual total.

The Huangnizhuang catchment contains a range of topo-
graphical settings, including highly mountainous and hilly
areas (with a maximum elevation of 1495 m) where stream
flow velocities are high, as well as low alluvial plains
where the drainage network is well developed. As such the
Shiguan River Basin was selected as the intensified observa-
tion field site for the HUBEX (Huaihe River Basin Experi-
ment) project as a component of GAME (the GEWEX Asian
Monsoon Experiment), a part of the Global Energy and Wa-
ter Cycle Experiment (GEWEX), supported financially by
National Natural Science Foundation of China.

According to the topographic data and the area of Huang-
nizhuang watershed, the case watershed was divided into
9 REWs in this study. Figure 2 presents the study water-
shed, the rainfall/ discharge station in this watershed, and the
REWs.

3.2 Data collection
3.2.1 Topographic data

The digital elevation model (DEM) is one of the most im-
portant data sets required for the REW models. In this
study, the DEM was derived from the GLOBE (Global
Land One-kilometre Base Elevation) data set with a horizon-
tal resolution of 30arcsec (approximately 1 km). Using Ar-
cgis/Arcview pre-process to remove pits, the flow direction
of every grid was identified and the basin was delineated.
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Figure 2. The location of the study area and the rainfall/discharge
station.

3.2.2 Land cover data

The land cover, another important input data category, was
downloaded from United States Geological Survey (USGS),
using the IGBP (International Geosphere Biosphere Pro-
gramme) classification scheme which classifies the global
land cover into 17 types with 1km spatial resolution. In the
Huangnizhuang catchment, there are only six categories. The
land cover with the largest area is woodland, which accounts
for 81.038 %, followed by wooded grassland, accounting for
9.207 %. The deciduous broadleaf forest and mixed forest ac-
count for 3.920 and 2.826 %, respectively, with crop land and
Evergreen needleleaf forest comprising 3.009 %.

3.2.3 Soil type data

The Food and Agriculture Organization (FAO) soil map was
also used in this study. The Huangnizhuang catchment is
composed of two categories of soil, which are represented
as the content percentage of sand, silt and clay. Using the
USDA (United States Department of Agriculture) soil trian-
gle, the categories were transferred into USDA soil classifi-
cations which can assess field capacity and moisture content
at wilting point for each soil type.

3.2.4 NDVI data

The NOAA/AVHRR (National Oceanic and Atmospheric
Administration/Advanced Very High Resolution Radiome-
ter) NDVI data set for monthly temporal resolutions
with 8km spatial resolution were publicly available from
Pathfinder AVHRR Land Data. The subsets were then trans-
ferred into Lat/Lon projection and subdivided into 30 arcsec
grid spacing without interpolation to match the spatial reso-
lution of DEM.
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Table 1. Results of daily runoff simulation using the REW approach.
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Parameters Number of REW
1 2 3 4 5 6 7 8 9

alts 6.54 654 654 654 638 577 654 6.02 6.54

ot 100 100 1.00 100 096 082 100 094 1.00

al‘j)g 152 152 152 152 138 121 144 129 152

a’r 155 146 138 131 128 126 133 126 131

a? 130 131 132 135 142 145 137 145 135

ai" 0.03 04 004 008 012 014 0.09 0.12 o0.08

ai" 083 087 088 100 133 152 09 133 1.00

aéo 0.08 0.12 0.10 0.13 056 066 013 056 0.13

ﬂi"o 820 880 895 105 105 105 932 105 105

ﬁé‘)o 180 196 212 234 234 234 227 234 234

/Sgi 158 159 159 16.0 16.0 16.0 16.0 160 16.0

g 033 033 033 033 053 062 033 046 0.33
3.2.5 Meteorological data 160.0
In the REW model, meteorological data such as mean daily A + Data
temperature, mean diurnal temperature range, cloud cover, = X
vapour pressure and wind speed were required. The IPCC g e
(Intergovernmental Panel on Climate Change) Data Distri- '2 .
bution Centre provides the monthly time series data of mean E o 2 | [Rug1o8y

. . * ! =
daily temperature, mean diurnal temperature range, cloud L) "'/.,. :
cover and vapor pressure at 0.5° x 0.5° grids, and the CRU = . ” FXPRTIT
CL (Climate Research Unit/Climatology) 2.0 dataset pro- E oo
vides the wind speed at 10 min grids, which was measured g 3‘-”"
at majority of 10 m height. ER o**
= 0‘43 .
£ .
4 Results and analysis © /'/
00 £ :
0.0 40.0 80.0 120.0 160.0

4.1 Model establishment at the case watershed

The case watershed was divided into 9 REWSs, and the data
for model running, including precepitation, initial state of
watershed, model prameters etc. were discreted into 9 REWSs.
There are 12 pameters for each REW in this model, which
can be analyzed and calculated theoretically from the con-
tent and velocity of gravity water and capillary water, hy-
draulic conductivity in unsaturated zone, etc. However, some
of the data can not be observed in fact. In this paper, these
12 parameters were determined by calibration using a part
of data series. The meaning and value of the parameters are
presented in Table 1.

4.2 Calculation of the potential evapotranspiration

The actual evapotranspiration, i.e. ey, in Fig. 1, an important
role in hydrological simulation, is defined as the less value
of the potential evapotranspiration and transpiration by root
uptake in the REW approach. Therefore, the potential evap-
otranspiration is calculated as an intermediate variable in the
REW approach. So, the module of potential evapotranspi-
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Obs Pan Evaporation (mm)

Figure 3. Comparison of the calculated results and observed evap-
oration.

ration in REW approach can be validated by compared the
calculated results of the potential evapotranspiration in study
catchment with the observed evaporation from water surface
in the evaporation station.

In this paper, the average monthly leaf area index (LAI)
is retrieved from NDVI data and the average potential evap-
otranspiration in study catchment from January 1982 to De-
cember 1987 are calculated. Figure 3 shows the comparison.
There are 9 points deviate to the line y = x obviously. The
deviation of points all happened in July, August and Septem-
ber and the calculated results are all less than observed data.
The average elevation of Huangnizhuang watershed is 479 m
and the elevation of evaporation station, 35 km downstream
of Huangnizhuang station, is 93 m. The average temperature
of the catchment is lower than the evaporation station, espe-
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Figure 4. Comparison of the calculated results and observed soil water content.
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Figure 5. Comparison of the calculated results and observed daily hydrological processes.

cially in July, August and September. However the tempera-
ture is one of the most important factors to the evaporation.
Meanwhile, the evaporation station is built in Jinzhai county
town and the evaporation in city is impacted by human activ-
ity intensively. These two reasons mainly cause the deviation
of these 9 points. The other 63 points lies two sides of the
line y =x uniformly. It illustrates that simulation based on
REW approach performs well to calculate potential evapo-
transpiration in the humid watershed and the potential evapo-
transpiration module can provide precise input for the whole
hydrological model.

4.3 Calculation of the soil water content

Soil water content, is another important role in hydrological
simulation. Soil water saturation, s“, is also calculated as an
intermediate variable in the REW approach and soil porosity
at Huangnizhuang station is 0.46. So, soil water content, as
another index, can be validated by compared the calculated
results at Huangnizhuang station with the observed data.
Figure 4 presents the calculated results and observed soil
water content at ground surface (0cm), 15cm underground
and 30cm underground respectively. Calculated results of
soil water content are more similar to the data observed
form ground surface than others observed from 15 cm under-
ground and 30 cm underground. Calculated results are almost
less than observed data at 15 cm underground and 30 cm un-
derground. The elevation of Huangnizhuang station is 170 m
and the elevation of soil water content station, also in Jinzhai
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county town, is 93 m. Soil water content station lies on the
outlet of the whole basin, as the nearest evaporation and soil
water content station to the study catchment, and the soil wa-
ter content at this location is one of the maximum values
in the whole basin theoretically in non-rainfall period. From
21 May 1998 to 23 May 1998, 28 June 1998 to 4 July 1998,
15 August 1998 to 18 August 1998, and 27 June 1999 to
30 June 1999, there are four rainfall events happened and
the calculated results are more similar to observed data than
it in other periods. With the whole trend calculated by the
model illustrated in Fig. 4, it is indicated that hydrological
model based on REW approach performs well in simulating
soil water content in the humid area.

4.4 Simulation of daily hydrological processes

Data from 1980 to 1990, which includes precipitation, dis-
charge, etc. are employed to calibrate the model, and data
from 2001 to 2005 are employed to validate the model in sim-
ulating daily hydrological processes. Table 2 presents results
of calibration and validation. Figure 5 shows the results of
calibration and validation in the year 1983 and 2001. Nash,
the Nash-Sutcliffe efficiency, reflects the accuracy of flood
peak simulation, and Re, the relative error of simulated value
to observed runoff depth, reflects the simulation performance
of water quantity.

In calibration, the average Nash of the model is 0.758 and
all the Re are in £20 %. In validation, these two indices are
0.751 and £20 %, respectivly. The average of Nash and Re
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Table 2. Results of daily runoff simulation using the REW ap-
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proach.
Year Nash Reof Year Nash Re of
Runoff Runoff
(%) (%)
1980 0.817 —-25 1986 0.795 —6.8
1981 0.629 19.6 1987 0.810 -6.1
cal 1982 0.810 —8.2 1988 0.718 7.5
" 1983 0.879 -7.9 1989 0.738 —6.2
1984 0.720 149 1990 0.724 9.7
1985 0.701 —4.7
2001 0.538 18.0 2004 0.853 8.5
Val. 2002 0.829 —6.4 2005 0.775 —-4.8
2003 0.762 —10.0
Avg 0.756 0.9

Table 3. Results of hourly flood simulation at the Huangnizhuang
station by REW approach.

are 0.756 and 0.9 %. In general, better model validation per-
formance means that the corresponding parameter sets are
well calibrated, and vice versa. Therefore, it indicates that
not only a rigour structure is in REW model, but also hy-
drological model based on REW approach can be applied to
simulate daily hydrologcial process in the humid or semi-
humid area. The model performed worse to the daily hydro-
logical processes of year 2001 than it to the other years in
validation. The calculated result is larger than observed data
18 %, and it is analysed as folloings. One hand, in calibration
period (the year 1980 to 1990, 11 years totally), the rainfall
value are more than 1400 mm in 8 years, especially 2136 mm
in 1987. The parameters of the model, calibrated from these
data, reflect the situation of hydrologcial process in the wet
years. However, the rainfall value in the year 2001 is only
907.0 mm, that is to say a dry year. The same situation hap-
pens to the calculation of the year 1981. On the other hand, in
a dry year, the natural runoff process are interfered by human
activity intensively for taking water from the river. These two
reasons mainly cause the significant relative error of runoff
value in year 2001 and 1981.

4.5 Simulation of flood events

As the simulation of daily hydrological processes, data of
12 flood events are employed to validate the model. Besides
the Nash and Re indices, the Td index, time difference of
peak, is employed to assess the performance of REW model.
Negative Td means happen time of simulated peak is ahead
of observed data and positive Td means happen time of sim-
ulated peak is lagged to observed data. Table 3 presents these
evaluating indicators and Fig. 6 shows the observed and sim-
ulated graphs of the No. 860715 flood.

The Nash of simulations of the 12 flood events are all be-
yond 0.70, 8 values among them are beyond 0.80 and 1 of
them is beyond 0.90. The Re of flood peak discharge simula-
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Floodno. Re%of Td Re%of Nash
flood (h) runoff
peak depth

800716 -3.7 4 9.7 0.857
1.2 -1

800719 -1.2 1 —-0.6 0.804
2.2 0

800824 5.4 3 -13.4 0.707

820717 -53 -2 3.5 0.864

820819 —-4.3 5 46 0.761
35 0

830624 5.9 0 24 0814
-0.2 0

830703 1.8 3 —-2.2 0814
12.6 0

830722 4.6 0 76 0.879
125 5

850705 —14.2 1 —6.9 0.749

860715 —-4.9 2 4.7 0.901
-2.3 0
2.1 0
—2.6 0

870820 —4.4 2 —-0.9 0.810
-22 -1
-0.6 1

870828 -5.8 2 -10.6 0.730

Notes: No. 800824, 820717, 850705, 870828 floods are single
peak flood, and the other floods are compound peak flood.

3000 0

zsool || | | | — p »
noa --=-Cal :

2000

iy

1500 -

D (m¥s)

1000

\ o \
500 {1 AN \ 80

" Time (W)

Figure 6. Comparison of the calculated results and observed flood
No. 860715.

tion are all in £20 %, and 9 of them are in +10 %. The Re of
runoff depth simulation are all in +-20 %, and 10 of them are
in £10%. The Td of 9 flood events simulation are in £3h.
The calculated results of 4 flood events, No. 800824, 820819,
850705, and 870828 do not accord with the observed data
well. No. 800824, 820819, and 870828 floods happened al-
most at the end of flood season in the year 1980, 1982 and
1987. In China, data of the cross section are updated before
and after the flood season annually, and in the flood season,
the cross section is changed intensively by the flood events.
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However, data of cross section, which are employed to cal-
culate flood events happening at the end of the flood season,
are measured before the flood season. This is the direct cause
of error production. Through investigation, the cross section
data are not updated before the flood season in the year 1985.
So, the cross section data of the year 1984 are employed to
simulate the No. 850705 flood events. Essentially, cause of
error production of No. 850705 flood simulation is same to
the other three flood events. Overall these results show the
hydrological model based on REW approach performs well
in simulation of flood events in a humid watershed.

5 Conclusions

Although great progress has been made in theoretical and
applied aspects of the REW approach in recent years, ap-
plication in humid or semi-humid area have been excluded
in these applications. In this paper, the REW approach and
REW-based model are overviewed. Subsequent model ap-
plication to the Huangnizhuang watershed, a humid region
in south-east China, showed very promising results, and
demonstrated its utility for use in distributed hydrological
modelling in humid or semi-humid area. In this paper, ap-
plied domain of REW approach is expanded significantly.

As stated by many researchers, the closure problem is one
of the most crucial issues standing in the way of the REW ap-
proach becoming an alternative blueprint for distributed hy-
drological modelling. Consequently, future research in mod-
elling can be better targeted towards both theoretical and ex-
perimental studies devoted to developing closure relations
that parameterize the effects of sub-grid and sub-time vari-
abilities. More and more parameters in REW approach will
be determined by field experiments, not by calibrations.
Since the links between landscape properties, process un-
derstanding, and model parameterizations are explicit in this
framework, the REW approach is highly amenable to esti-
mation of predictive uncertainty, and to efforts towards re-
duction of predictive uncertainty through targeted efforts to
reduce model structure and parameter uncertainties. At the
same time, the REW approach needs to apply in much more
hydrological research domain, so that it can be validated and
spread in the future.
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