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A distributed biosphere hydrological model, WEB-DHM was developed by embedding SiB2 into the 
geomorphology-based hydrological model (GBHM). Different from GBHM, WEB-DHM physically 
describes evapotranspiration with coupled water and energy budgets in the soil-vegetation-atmosphere 
transfer (SVAT) system. In this study, both WEB-DHM and GBHM have been applied to a small river 
basin from 2001 to 2003 with little anthropogenic effect but large interannual variability. Comparing to 
GBHM, WEB-DHM performs better in predictions of streamflows in terms of different time frequencies, 
especially in low water flow periods. 
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1. INTRODUCTION 
 

In order to meet the increasing societal needs for 
improved hazards prediction under climate changes, 
distributed hydrological models (DHMs) and land 
surface models (LSMs) are extensively used 
throughout the world for better understanding the 
water and energy cycles.  

DHMs give distributed representation of spatial 
variation and physical descriptions of runoff 
generation and routing in river channels from basin 
to continental scales. DHMs have been developing 
rapidly since the original blueprint of Freeze and 
Harlan1) for a physically-based distributed model. 
Over last thirty years, a number of DHMs 
incorporating new techniques appeared such as 
SHE2) and GBHM3)4). However, empirical 
estimation of evapotranspiration (ET) and 
conceptual description of land surface have been 
recognized as the drawbacks in traditional 
water-balance DHMs5), which make it difficult for 
them to correctly simulate low water flows. 

Meanwhile, over last several decades, LSMs 
have evolved from simple bucket models without 
vegetation consideration6) into credible 
representations of water and energy fluxes in the 
soil-vegetation-atmosphere transfer (SVAT) 
systems (e.g., SiB27) and BATS28)). The physical 

basis of LSMs makes them an attractive alternative 
to the conceptual types of ET models that have 
traditionally been applied in hydrological modeling. 

Under this circumstance, the simple biosphere 
model 2 (SiB2)7) with advanced physics, and the 
grid-based GBHM4) with spatially-distributed 
structure and physical runoff and river routing 
schemes, were selected to develop the distributed 
biosphere hydrological model incorporating subgrid 
topography, which is referred to as the water and 
energy budget-based distributed hydrological model 
(WEB-DHM)9)10). The WEB-DHM has embedded 
SiB2 into the grid-based GBHM, replacing the 
original vertical scheme in the GBHM with a 
biophysical scheme to describe the SVAT system. 

This study will focus on the intercomparison of 
WEB-DHM with GBHM4) by using three-year 
(2001-2003) streamflow records with large 
interannual variability having high water flows in 
2001 but very low water flows in 2002 and 2003. 
Analyses are performed in simulated streamflows in 
terms of different time frequencies. 

 

2. WEB-DHM 
 
(1) Model concept 

The structure of WEB-DHM is given in Fig.1.  
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Fig.1 Overall structure of WEB-DHM: (a) division from a basin 
to subbasins, (b) subdivision from a subbasin to flow intervals 
comprising several model grids, (c) discretization from a model 
grid to a number of geometrically symmetrical hillslopes, and 
(d) process descriptions of water moisture transfer from the 
atmosphere to river. Here, SiB2 is used to describe the transfer 
of the turbulent fluxes (energy, water, and CO2 fluxes) between 
the atmosphere and land surface for each model grid, where Rsw 
and Rlw are downward solar radiation and longwave radiation, H 
is the sensible heat flux, and � is the latent heat of vaporization. 
GBHM simulates both surface and subsurface runoff using 
grid-hillslope discretization, and then simulates flow routing in 
the river network. 
 
 

 
Fig.2 The Agatsuma River Basin. 

 

 
Fig.3 Land use (left) and soil type (right) in the Basin. 

 
 

The model concept can be summarized as:  
(i) The distributed structure of grid-based 

GBHM4) has been retained to describe the 
catchment topography. Soil type and land use type 

are assumed homogeneous in each model grid. 
(ii) For each model grid in the target basin, SiB2 

is used to calculate the transfer of the turbulent 
fluxes (energy, water, and CO2) between 
atmosphere and land surface independently. Each 
model grid maintains its own prognostic soil 
moisture contents and temperatures. 

(iii) In the grid-hillslope discretization 
constructed from the geographical information, 
GBHM has been used to simulate both surface and 
subsurface runoff generated from hillslope units and 
flow routing in the river network. 
 
(2) Evapotranspiration (ET) 

In WEB-DHM, the ET comes from canopy and 
soil surface. The ET from the canopy comprises: (i) 
Eci evaporation from the canopy interception 
(comprising Mcw for interception water store and Mcs  
for interception snow/ice store), and (ii) Ect 
transpiration of soil water extracted by the root 
system and lost from the dry fraction of canopy. 
Similarly, the bare soil evaporation consists of (i) Egi 
loss from soil surface interception (comprising Mgw 
for interception water store and Mgs for interception 
snow/ice store) and (ii) Egs evaporation of soil 
moisture from within the surface soil layer. 

Details about the formulations of the ET 
components in WEB-DHM can be found in Sellers 
et al.7), which are summarized as follows 
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where λ  is latent heat of vaporization; ( )Te*  is 

saturation vapor pressure at temperature T ; cT  is 

canopy temperature; gT  is soil surface 

temperature; snowx TT =  if 0>gsM , gx TT =  if 

0>gwM ; snowT  is the temperature of snowpack 

and its underlying surface soil layer; ae  is vapor 

pressure in canopy air space; ρ  is air density; pc  

is specific heat of air; γ  is psychrometric constant; 

cW  is canopy wetness-snow cover fraction; gW  is 

soil wetness-snow cover fraction; 1
,

=
gcTκ  when 
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sλ  is heat of sublimation; cg  is canopy 
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pore space, gRTg
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potential of the surface layer, g  acceleration due 

to gravity; R  is gas constant; br  is bulk canopy 

boundary layer resistance; dr  is aerodynamic 

resistance between ground and canopy air space; 
The soil resistance, soilr , is an empirical term that is 

supposed to take into account the impedance of the 
soil pores to exchanges of water vapor between the 
surface soil layer and the immediately overlying air. 
Sun11), followed by Camillo and Gurney12), 
Villalobos and Fereres13), and Sellers et al.14), all 
found it necessary to include this term to prevent the 
simulation of excessive soil evaporation rates. The 
formula for soil resistance used in WEB-DHM was 
derived from analyses of a large number of surface 
flux observations in FIFE14) 

)255.4206.8exp( 1Wrsoil −=    (5) 

where 1W  is surface soil wetness. 
 

3. DATA 
 

A small river basin (Agatsuma; see Fig.2) with 
fine observations was selected to compare the 
performance between GBHM and WEB-DHM.  

The Agatsuma River Basin, a sub-basin of the 
upper Tone River Basin, is located northwest to 
Tokyo. The elevation of this basin varies from about 
200 m to 2500 m. The catchment area lying 
upstream of the Murakami gauge is about 1,300 km2. 
Only a very small reservoir was completed in the 
upstream and thereby not considered in this study. 

The DEM and land use were obtained from the 
Japan Geographical Survey Institute. Subgrid 
topography is described by a 50 m resolution DEM. 
Land use data was reclassified to 3 SiB2 categories 
(Fig.3; left), with broadleaf-deciduous tree as a 
dominant type. The type-dependent vegetation static 
parameters comprising morphological properties, 
optical properties and physiological properties are 
defined following Sellers et al.15). The dynamic 
vegetation parameters are Leaf Area Index (LAI), 
and the Fraction of Photosynthetically Active 
Radiation absorbed by the green vegetation canopy 
(FPAR), which can be obtained from satellite data. 
Global LAI and FPAR MOD15_BU 1 km data 
sets16) were used in this study, which are 8-daily 
composites of MOD15A2 products and were 
provided from EOS Data Gateway of NASA. Soil 

type (Fig.3; right) was processed from a 1:200,000 
scale Gunma Prefecture geological map. This paper 
set related soil static parameters following a 
previous study in the upper Tone River Basin4). 

The hourly precipitation data were obtained from 
the Radar-AMeDAS (Automated Meteorological 
Data Acquisition System) rainfall analysis data, 
which combines both radar and ground observations, 
provided by the Japanese Meteorological Agency 
(JMA). The data are available at 5 km spatial 
resolution until March of 2001 and 2.5 km spatial 
resolution later. The surface meteorological data 
other than precipitation includes air temperature, 
relative humidity, and air pressure, wind speed, as 
well as downward solar and longwave radiation. Air 
temperature, wind speed, and sunshine duration 
were from AMeDAS annual report of JMA. The 
downward solar radiation was estimated from 
sunshine duration, temperature, and humidity, using 
a hybrid model developed by Yang et al.17)18). The 
longwave radiation was then estimated from 
temperature, relative humidity, pressure, and solar 
radiation using the relationship between solar 
radiation and longwave radiation19). All the inputs 
were interpolated to a 500 m grid for model 
simulations. 

 

4. RESULTS AND DISCUSSIONS 
 

Both GBHM and WEB-DHM were fed with the 
same forcing data, soil and vegetation parameters 
including LAI. For GBHM, potential ET ( PE ) was 
estimated with the same meteorological data using 
the Priestley-Taylor's method20) 
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where α  is set to 1.26 for the basin (humid 
climate); s  is the slope of the saturation specific 
humidity-temperature curve at air temperature; nR  

is the net radiation, and G  is the soil heat flux. ET 
estimation by GBHM can be found in Appendix A. 

Surface layer was defined as 0.05 m, and top soil 
depth 2 m with the type-dependent root depth 
defined by Sellers et al.15). Initial soil and 
groundwater conditions were obtained by running 
WEB-DHM with the forcing data of year 2000. 
Simulations were performed from 2001 to 2003 
with the same initial conditions by using GBHM 
and WEB-DHM in hourly time step and 500 m 
spatial resolution. 

 
(1) Evaluation criterion 

Both Nash-Sutcliffe model efficiency coefficient 
(NS)21) and Bias Error (BIAS) are used to evaluate 
the models’ performance. The NS is defined as 
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Where, oiQ  is observed discharge; siQ  is 
simulated discharge; n is the total number of time 

series; oQ  is the mean observed discharge over the 
simulation period. The BIAS is defined as 
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(2) Results and discussions 

Table 1 showed the annual water budget 
simulated by the two models. WEB-DHM 
represented the interannual variation much better 
than GBHM, with smaller BIAS in simulated runoff 
for most years, although the three-year total runoff 
was well estimated by both of them.  

Fig.4 gave the monthly discharge at Murakami 
from 2001 to 2003. In 2001, GBHM showed 
comparable performance to WEB-DHM. But in 
2002 and 2003 with annual runoff less than 50% of 
that in year 2001, WEB-DHM with NS equal to 
0.768 performed much better than GBHM with NS   

 
 
 Table 1 Comparison of annual water budgets from 2001 

to 2003 simulated by GBHM and WEB-DHM. 

Runoff 

BIAS Model Year 
Prep. 
(mm) 

ET 
(mm) Rsim 

(mm) 
Robs 

(mm) (%) 

2001 1285 570 787 818 -4 

2002 1083 577 514 408 26 GBHM 

2003 962 537 353 404 -13 

 Total 3329 1684 1655 1630 1.54 

2001 1285 580 759 818 -7 

2002 1083 589 485 408 19 
WEB- 
DHM 

2003 962 511 409 404 1 

 Total 3329 1681 1654 1630 1.48 
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Fig.4 Simulated and observed monthly discharge at Murakami 
from 2001 to 2003. 

equal to 0.394. For daily discharges given in Fig.5, 
WEB-DHM also got a higher NS (0.829) than that 
of GBHM (0.789). The logarithmic daily 
hydrographs clearly showed that WEB-DHM 
reproduced the streamflows in low flow periods 
(2002-2003) much better than GBHM. The 
scatterplots in Fig.6 confirmed the better 
performance of WEB-DHM. 
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Fig.5 Logarithmic daily hydrographs at Murakami from 2001 to 
2003 simulated with GBHM (upper) and WEB-DHM (lower). 
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Fig.6 Scatterplots of hourly discharges at Murakami from 2001 
to 2003 simulated with GBHM (left) and WEB-DHM (right). In 
each plot, the best fit line (solid) and a 1:1 line (dotted) are 
included for comparison. 
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Fig.7 Observed and simulated hourly annual largest flood peaks 
at Murakami from 2001 to 2003 with GBHM and WEB-DHM. 
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Fig.8 Accumulated bare soil evaporation (left) and transpiration 
(right) averaged at the upper area of Murakami. 
 

 
The simulated hourly annual largest flood peaks 

during the long-term continuous simulation from 
2001 to 2003 were compared with hourly ground 
observations in Fig.7. In 2001, there were two 
continuous large flood peaks with the former 
occurring 21-23 August and the latter 10-12 
September. Generally, hourly annual largest flood 
peaks at Murakami were well reproduced by 
WEB-DHM with most NS greater than 0.8 (see 
Fig.7). In most cases, the differences between 
simulated and observed annual largest flood peaks 
were less than 20%. The flood peak time were well 
reproduced with most of the time differences less 
than 2 hours. For GBHM, the simulated hourly 
annual largest flood peaks agreed well with 
observations in 2001 and 2002, but had large 
discrepancy in the flood peak of 2003. Consequently, 
GBHM got a much lower NS (0.381) than that from 
WEB-DHM (0.986). 

The underestimations of flood peaks were 
possibly attributed to the different ET schemes used 
in GBHM and WEB-DHM. Although the ET 
estimated by the two models appeared very similar 
in terms of total amount (Table 1), bare soil 
evaporations and transpirations simulated by them 
were very different. In this study, the simulated bare 
soil evaporation from WEB-DHM was consistently 
lower than the result from GBHM (Fig.8; left), with 
35% lower with respect to the total bare soil 
evaporation. This is mainly because that 
WEB-DHM incorporating SiB2 specifies a soil 
resistance term to take into account the impedance 
of the soil pores to exchanges of water vapor 
between the surface soil layer and the immediately 
overlying air, while GBHM does not22).  

As a result, GBHM obtained a much lower 
transpiration than WEB-DHM (Fig.8; right), due to 
the water budget constraint. The different ET 
estimations by the two models thus contributed to 
the different simulated discharges by them at 
Murakami from 2001 to 2003. The lower 
transpiration from the root zone simulated by 
GBHM resulted in the overestimation of the 
subsurface runoff (see Fig.5). On the other hand, the 
excessive bare soil evaporation calculated by 
GBHM caused more infiltration and thus the 
underestimation of the surface runoff (see Fig.7). Of 
course, it is possible to increase the transpiration 

rate of GBHM to reduce the subsurface runoff 
through tuning the crop coefficient (Kc; see 
Appendix A). However, that will result in the 
overestimation of the total ET by GBHM, 
corrupting the simulation of water budget. 

 

5. CONCLUDING REMARKS 
 

In this study, GBHM and WEB-DHM were 
compared in the Agatsuma River Basin using 
three-year (2001-2003) streamflow records at the 
Murakami gauge, which has a large interannual 
variability. Results showed that the new coupled 
model (WEB-DHM) incorporating SiB2 generally 
gave better performance than GBHM in predictions 
of the streamflows with different time frequencies, 
especially in low water flow periods (2002 and 
2003). 

This study has shown the improvements of 
WEB-DHM over GBHM, a traditional water 
balance model. Generally speaking, in a basin-scale 
hydrological simulation, ET plays an important role 
in determining both long-term water budgets and 
short-term flood events. First, ET determines the 
partition from precipitation to runoff and ET from 
monthly to longer timescales. Second, the accurate 
estimation of ET in an earlier simulation is crucial 
to obtain initial soil moisture conditions for flood 
event simulation, especially in low water flow 
conditions. Therefore, to improve both water budget 
studies and flood predictions for a region, it is 
important that the energy budget be investigated to 
improve our understanding of the water and energy 
cycles that are coupled in a basin. 

Meanwhile, the introduction of SiB2 to simulate 
the land-atmosphere interactions increases the 
model complexity and computation cost. In this 
study, the computation time for one-year simulation 
of the Agatsuma River Basin (5399 model grids) in 
Red Hat Linux release 8.0 workstation (CPU: 3.0 
GHz) were 0.2 h and 0.75 h spent by GBHM and 
WEB-DHM, respectively. Further efforts including 
the adoption of parallel computing23) are expected to 
improve the efficiency of WEB-DHM.    

From the view of hydrological applications, 
GBHM and WEB-DHM can contribute to different 
purposes. GBHM is suitable for hydrological 
simulations in relatively high-flow conditions; while 
WEB-DHM can be used for the investigation of 
water and energy cycles of a basin in both high- and 
low-flow conditions.  
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APPENDIX A ET Estimation by GBHM 
 
In GBHM, the four ET components are 

estimated as follows3)22) 
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where vK  is the vegetation coverage; cK  is the 

crop coefficient; )(1 zf  is the root distribution 
function which is treated as linear function, and z  
is the average depth of this layer; )(2 θf  is soil 
moisture function which is treated as linear 
decreasing from field capacity to wilting point, and 
θ  is the soil moisture content; LAI  is the 
leaf-area-index; 0LAI  is the maximum 

leaf-area-index of the vegetation in a year; tΔ  is 
time interval; cM  is the canopy interception; gM  

is the soil surface interception. 
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