Improvement of Runoff Simulation of the Amur River
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Abstract

Recent studies show that dissolved iron is a factor essential to the biological productivity of the Sea of
Okhotsk. It is also highly probable that wetlands in the Amur River basin play an important role in providing
dissolved iron to the Sea of Okhotsk. During the last century, large areas of wetlands within the Amur River
catchment have been cultivated, which, in turn, may have had a great impact on the production of dissolved
iron. To assess the impact of this conversion of land cover on the production of dissolved iron — and thereby
primary production in the Sea of Okhotsk — we have been constructed a numerical model to simulate
dissolved iron production and transport in the Amur River.

Though the accuracy of hydrological models heavily depends upon the precipitation input, there has
been no observation-based gridded precipitation dataset covering a continental-scale region with high
spatio-temporal resolution. Recently, however, datasets such as APHRODITE have been released. Thus, in
this article we evaluate how hydrological simulation results may be improved by these datasets. By compar-
ing the results from the APHRODITE precipitation dataset with those from the NCEP2 precipitation dataset,
we show that the precipitation amount from NCEP2 around the Amur River basin is overestimated. Moreover,
the closeness of the fit evaluated by the Nash-Sutcliffe criteria indicates that the results from APHRODITE
are significantly better than those from NCEP2. The results indicate that the precipitation of the APHRODITE
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dataset for the Amur River basin has good accuracy.
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1. Introduction

The Amur River, which rises in Mongolia, is one of
the world’s largest rivers, comprising a long stretch of the
boundary between China and Russia. The catchment area
of the river is about 2,100,000 kmz, the ninth largest river
catchment in the world, and the total length of the river is
about 4,400 km. Therefore, a huge quantity of fresh water
is supplied by the Amur River to the Sea of Okhotsk (Ogi
etal., 2001).

The Sea of Okhotsk is one of the most biologically
productive regions of the world; and it supports a highly
productive commercial fishery. Martin and Fitzwater
(1988) found that phytoplankton growth depends on iron
abundance as a limiting factor in the Northeast Pacific
Ocean. Recent studies show that dissolved iron plays an
important role in maintaining the biological productivity
of the Sea of Okhotsk (Boyd ef al., 2004), and it is highly
possible that one of the most important sources of dis-
solved iron is fresh water from the Amur River (Ducklow
et al.,2003).
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Iron is an essential nutrient not only for the biological
productivity of the Sea of Okhotsk but also for most biota.
However, the production and transportation of dissolved
iron through the terrestrial part of this ecosystem is not
well understood. A complicating factor, especially in the
last few decades, has been that extensive regions of agri-
cultural land have been developed through drainage
improvements to wetlands (Wang et al., 2004).

To investigate the mechanism of dissolved iron
production and to evaluate the effect of land cover
change, we have developed a simple hydrological model
incorporating dissolved iron production to simulate dis-
charge and the distribution of dissolved iron in the Amur
River basin. Though the accuracy of hydrological models
heavily depends upon the precipitation input, there has
been no global-scale daily gridded precipitation data set
based on observational data. Thus, global reanalysis data
sets such as National Centers for Environmental Predic-
tions (NCEP) / Department of Energy (DOE) Atmos-
pheric Model Intercomparison Project (AMIP)-II
Reanalysis (Kanamitsu et al., 2002) and European Centre
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for Medium-range Weather Forecasts (ECMWF) reana-
lysis (ERA40) (Kallberg et al., 2004) <http://www.
ecmwf. int/research/era/> have been commonly used
especially for continental scale hydrological simulations.
Since the main objective of constructing reanalysis data
sets is producing a consistent global analysis of the state
of the atmosphere over an extended period of time,
precipitation figures in reanalysis data sets are entirely
computationally reproduced fields through 4-dimension-
al data assimilating processes utilizing historic archives
of observations.

In contrast to this, several gridded highly-resolved
climate data sets such as the Asian Precipitation - Highly-
Resolved Observational Data Integration Towards
Evaluation of Water Resources (APHRODITE's Water
Resources) (Yatagai et al., 2009) or HO8 (Hirabayashi
et al.,2008) have recently been released. Since these data
sets are basically based on observational data, and have
high spatio-temporal resolution, these data sets should
have a potential to improve the accuracy of hydrological
simulation results. Thus, in this paper, we have attempted
to compare the result of our hydrological model with
different precipitation data sets. In the rest of paper, we
will refer to those datasets as NCEP2, ERAA40,
APHRODITE, and HO8 for brevity.

2. Site Description

The study site is shown in Fig. 1. The amount of
annual fresh water sugplied to the Sea of Okhotsk by the
river is about 300 km”. The average annual precipitation
ranges from 300 mm in the west to more than 700 mm in
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the east. The mean annual temperature also varies from
—7°C in the north to 6°C in the south.

Figure 2 shows the spatial pattern of land use and land
cover (LULC) types of the basin. LULC types of the
basin are categorized into 19 types. The most dominant
LULC type is forest consisting of mixed forest, deci-
duous forest, coniferous forest, shrubs, and sparse growth.
Next, agricultural lands (dryland and paddy fields)
occupy a major part of the land cover. Most of the dryl-
ands are located on the China side and occupy about 40%
of the area of the Songhua River basin. The main crops
are maize, soybeans, wheat and rice (Park et al., 2001).
The rest of the basin mainly consists of grasslands and
wetlands. Grasslands and wetlands occupy 12.2% and
6.9% of the basin, respectively. While most of the grass-
lands cover the upper reaches of the basin, wetlands are
mainly located along the main course of the lower reach
(from the river mouth to Khabarovsk) of the Amur River.
These four different land cover types, i.e., forests,
agricultural lands, grasslands, and wetlands cover more
than 96% of the basin.

3. Materials and Methods

3.1 Model structure

We first divided the whole river basin into
0.5°x0.5°grids. We considered each grid as one
watershed as is usual in LSM. We then routed the dis-
charge from each basin along the river network. A sche-
matic diagram of the model for each divided basin is
shown in Fig. 3. Each grid was again subdivided into
1,000 m x 1,000 m grids and the discharge from each
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Fig. 1 Outline and annual precipitation pattern of the Amur River Basin. Names of main tributaries are

shown. Black circles indicate locations of observation stations the data of which are used in this
paper. For precipitation, a figure in Simonov and Dahmer (2008) was modified.

Original data sources: Atlas of the People's Republic of China, Foreign Language Press,
Beijing, 1989; Carmen Revenga, Siobhan Murray, Janet Abramovitz, and Allen Hammond,
Watersheds of the World: Ecological values and vulnerability, World Resources Institute,
Washington, 1998; Gerhard Heilig, Chinafood: Can China Feed Itself? (CD-ROM), IIASA,
Laxenburg, 1999.
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Fig.2 Land use / land cover type of the Amur River Basin in 2000 (Yermoshin et al., 2007). The map was
constructed by combined utilization of vegetation maps of China, Mongolia and Russia and satellite

imageries.
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Tablel List of external parameters of the model. Parameters are classified into four categories. Phenological parameters and soil
physical parameters are prescribed according to land use/land cover type and soil type prescribed with horizontal distribution.
The number of calibration parameters is also kept to a minimum as much as possible.

Symbol Description Unit Resolution Value Source
prescribed with horizontal distribution
land use / land cover type - 1000m Yermoshin et al. (2007)
soil type - 1° ISLSCP II°
elevation m 1000m SRTM-3
a/tanf topographic index m 1000m SRTM-3
prescribed with land use / land cover type
. > Li et al. (2003), Liua (2005),
LAI leaf area index m~/m 1000m Scurlock (2001)
8 surface conductance m/s 1000m Kondo (1994)
Za aerodynamic conductance m/s 1000m Kondo (1994)
h canopy height m 1000m Yermoshin et al. (2007)
Si upper limit of canopy storage of snow mm 1000m
k f;gf;g parameter for canopy storage curve of 1/mm 1000m Lundberg and Halldin (2001)
Po fitting parameter for canopy storage curve of mm 1000m
snow
prescirbed with soil type
Ty saturated hydraulic conductivity m/s 1° ISLSCP II'
SR max maximum root zone deficit m 1° - ISLSCP I’
prescirbed as constant
Ts threshold temperature for 100%snow K - 0.0 DeWalle and Rango (2008)
T, threshold temperature for 100%rain K - 4.5 DeWalle and Rango (2008)
F degree-day factor for snow melt cm/K/day - 0.5 Hock (2003)
Tr threshold temperature for snow melt K - 0.0 DeWalle and Rango (2008)
PD. upper limit of ponding depth of paddy fields m - 0.1 -
rm river meandering ratio - - 1.4 Oki and Sud (1998)
calibration parameter (prescribed as constant)
szm scaling parameter for runoff m - - -
ty time constant for recharge to the saturated zone m/h — - —
chy river routing velocity in one grid m/s - - -
rv river routing velocity in river runoff routing m/s - - -
SD, dissolved iron production threshold day - - -

a: Product of Amur-Okhotsk project

b: Hall, Forrest G., G. Collatz, S. Los, E. Brown de Colstoun, D. Landis, eds. ISLSCP Initiative II. NASA. DVD/CD-ROM. NASA, 2005.

watershed was calculated using a runoff module. The
model consists of two parts, in one of which parameters
are determined and runoff is calculated (TOP-RUNOFF),
and in the other, the dissolved iron production process is
calculated (TOP-FE). The calculation time step can be set
at any length, so we executed all calculations at a time
step of one day in the analysis. Detailed explanations of
the calculation algorithm for each process will be given
below in sections 3.1.1 to 3.1.5. All external and input
parameters needed to run the model are summarized in
Table 1.

3.1.1 Precipitation / Interception / Snow melt

Depending on the daily mean air temperature, the
precipitation amount is divided into rainfall or snowfall
in accordance with the following equations.

P.=PT, >T

r a r

T -T.
B=PtR=P-R.I,<I,<T,

r—1s

F.=0,Ph=P,T,<T

(M

Here, P, is rainfall amount [mm day'l], P is snowfall
amount in equivalent water [mm day'l], T, and Ty are
upper and lower temperature threshold values, respec-
tively, of the rainfall/snowfall division [K], and 7, is the
daily mean air temperature [K]. 7, and 7 are prescribed
constant parameters fixed as 4.5 and 0.0 respectively
(Hock, 2003; DeWalle & Rango, 2008).

The interception ratio of land vegetation is prescribed
as a constant value according to the LULC type, except
for foresst. For forests (coniferous forests, deciduous
forests, and mixed forests), the rainfall interception rate
and snowfall interception rate are separately estimated by
the following equations (Lundberg & Halldin, 2001;
Toba & Ohta, 2005).

I, = Pyexp(—0.04P,,), P, <40 ©)
[,=0.2P,, B, >40
S
£ 3)

S e (k(Pg - Ry))
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Here, I, is the interception loss of rainfall [mm], P,, is
the cumulative rainfall in one event, /; is the interception
loss of snow in water equivalent [mm], P, is the cumu-
lative snow fall, S is the upper limit of canopy storage
[mm], % is a fitting parameter [mm'l], and P, is another
fitting parameter [mm]. According to Lundberg and
Halldin (2001), S, k, and Py are given as 4.13, 0.72, and
2.58 respectively.

The snow pack accumulation amount was calculated
by simply summing up daily snowfall amounts. In the
snow pack melting process, our model adopted the sim-
plest form of the degree-day method as shown in the next
equation

M = Fmax(0,T, — Tf) 4)

Here, M is the melt rate as a water equivalent per unit
area [cm day™'], F is the degree-day factor [cm K™ day™],
T, is the mean daily air temperature [K], and T is the
threshold temperature [K]. " and T are prescribed con-
stant parameters fixed at 0.5 and 0.0.

3.1.2 Evapotranspiration

The actual evapotranspiration rate was estimated by
the Penman-Monteith (Monteith, 1965) equation as
shown in the following equation:

ZE—A(R +L- G)+pa p ea)ga (5)

' A+;/(1+g/)

Here, E is the evapotranspiration rate [mm d'l], R, is
net shortwave radiation [W m'z], L is net longwave
radiation [W m’ ] Gis 5011 heat flux [W m” ] P, 1s the
density of dry alr [kg m™], ¢, 1s the specific heat capacity
of air [J kg™ K™, e, is the saturated vapor pressure at that
air temperature [Pa], e, is the vapor pressure of air [Pa],
A, is the latent heat of water vaporization [J kg'], Ais the
rate of change of the saturation vapor pressure with air
temperature [Pa K''], v is the psychrometric constant [Pa
K], g, is aerodynamic conductance [m s'], and g, is
surface conductance [m s'l]; with A, set as 2.5 x 10°
[Jkg'], and v set as 0.66.

To realize the simplest model and to reduce the com-
putational burden as much as possible, heat conduction of
soil is not considered in the present version of the model,
i.e., G is assumed to be 0. Since no calculation algorithm
of upward long wave radiation is incorporated in the
model, net long wave radiation is given as forcing data
using NCEP2 data. For the same reason, net short wave
radiation is also given as forcing data using NCEP2 data.
This means that the separation between latent heat flux
and sensible heat flux is calculated by equation (5) under
the assumption that the net heat flux to the ground surface
is appropriately given. Thus, aerodynamic conductance
and surface conductance are unknown parameters in
equation (5). Aerodynamic conductance is determined by
the following equation:

ln{zw —d}h{zh —d}

Z Zr
= (6)
¢ ku

Here, z,, is the wind measurement height [m], z, is the
specific humidity measurement height [m], d is zero
plane displacement [m], z, is surface roughness for wind
[-1, zr is surface roughness for specific humidity [-], & is
the von Karman constant = 0.4 [-], and u is the wind
velocity [m s'l]. Since analytical solutions of zero plane
displacement, surface roughness for wind and surface
roughness for specific humidity are obtained under the
assumption of vertically homogeneous vegetation
(Watanabe & Kondoh, 1990; Watanabe, 1994), we
utilized these formulas to calculate the aerodynamic
conductance of each LULC type.

On the other hand, surface conductance is considered
to be a changing parameter with respect to soil water
content, and determined by the next equation:

S
rz 7
R (7)

max

s = &smax

Here, gsmax 1s maximum surface conductance [m s'l],
S, 1s root zone water content [mm], and SRp.x 1S maxi-
mum root zone water content [mm]. gsmax 1S @ prescribed
constant based on LULC type. S, is a prognostic variable
calculated in the runoff component, and SRy, is a
prescribed constant based on soil type.

3.1.3 Irrigation for paddy fields

Most of the agricultural land in the basin is dry land,
and paddy fields occupy less than 10% of total agricul-
tural lands, which means that less than 4% of the basin is
paddy fields. However, water needed for growing rice is
significantly higher than that needed for dry land fields.
Thus, since irrigation for paddy fields might have a
significant impact on the hydrological cycle of the basin,
an irrigation scheme for paddy fields was incorporated in
the model. Though actual water management by farmers
varies with each farmer, we adopted one presumably
standard water management scheme in the region based
on interviews with farmers. River water and groundwater
are two main sources of irrigation water in the agricul-
tural area of the basin, and the farmer can select which to
use. At the beginning of the irrigation period, 10 mm
water is first provided to the paddies. During the normal
period of the growing season, losses from evapotrans-
piration and infiltration are compensated by irrigation to
maintain the water level of each plot at 10 mm. The levee
height of the plot is uniformly set at 30 cm. When the
ponding depth of the paddy lot exceeds the prescribed
levee height, excess water overflows. All of the over-
flowed water is considered to contribute to river flow
directly without any retarding process by ponding in
canals.
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3.1.4 Runoff

The basic concept of the TOP-Runoff module is based
on TOPMODEL (Beven & Kirkby, 1979). Though the
TOPMODEL concept was originally derived from small-
scale catchments, the same concept is now used in
global-scale land surface models (LSM) such as
MATSIRO (Takata, 2003), which is coupled with an
atmospheric general circulation model developed at the
Center for Climate System Research, the University of
Tokyo, and the National Institute for Environmental
Studies, CCSR/NIES AGCM (Numaguti et al., 1997).
While many variations of the original version of
TOPMODEL have been developed, the basic
TOPMODEL concept is adopted in our model.

3.1.5 River runoff routing

Calculated runoff and dissolved iron flux are routed
along the river network. The TRIP data set for LSM as a
GCM component (Oki & Sud, 1998) was used as the
river network. Since some part of the TRIP data set did
not follow the actual river course, the data set was modi-
fied according to another detailed river network data set,
which was constructed based on topographical maps
(Yermoshin et al., 2007). In the schematic diagram of the
hydrological model shown in Fig. 3, the river network of
the basin is also shown. River runoff velocity is one of
the calibration variables, and prescribed as a constant
value. In addition, a river meandering coefficient was
prescribed with a constant value of 1.4.

We did not consider the freezing of river water. In
reality, the major part of the river water in the Amur
River basin is partly frozen during the period from the
end of November to the middle of April. However,
requiring a precise prediction of the discharge during the
period of river water freezing is not important from the
viewpoint of assessing the total amount of dissolved iron,
since the total amount of dissolved iron during the freez-
ing season is much less than that during the non-freezing
season.

3.2 Data and parameter setting

An NCEP2 data set with a spatial resolution of about
2.0°%2.0° was utilized as climate forcing data. These data
included short wave radiation, long wave radiation,
specific humidity, wind speed, and air temperature.
The daily precipitation rate was obtained from the
APHRODITE dataset (Yatagai et al., 2009) at a spatial
resolution of 0.5°%0.5°.

As for the validation of the results of the hydrological
model, river discharge was utilized. The observation
points for river discharge are shown in Fig. 1. We
obtained observed discharge data from the main course
(stations 1, 2, 8, 9, 10) and at several large tributaries
(stations 3-7). The discharge data were provided by the
Federal Service for Hydrometeorology and Environmen-
tal Monitoring (ROSHYDROMET) and the Global
Runoff Data Center (GRDC) in Koblenz, Germany
<http://grdc.bafg.de>. The time resolution was daily at
stations 8 to 10, and monthly at other stations.

Spatially distributed data are LULC, soil properties
and DEM. Since the LULC map shown in Fig. 2 was
originally in a vector format, the data were converted to a
raster format with spatial resolution of 1,000 m. SRTM3
data derived from the Shuttle Radar Topography Mission
of NASA were used for DEM. A coarser DEM data set
with a grid size of 1,000 m was produced by averaging
SRTM3 for the analysis. Soil properties such as hydraulic
conductivity, and field capacity were obtained from the
ISLSCP2 data set (Hall ef al., 2005) with a spatial
resolution of 0.5°. According to these spatially distri-
buted data, parameters needed to run the model were
assigned.

4. Results and Discussion

4.1 Comparison of spatial distribution of
precipitation

We compared the spatial distribution of average
annual precipitation during the period from 1981 to 1990
between NCEP2 data and APHRODITE data. The results
are shown in Fig. 4. NCEP2 data were interpolated to
match the spatial resolution of the APHRODITE data
set.The results show clearly that the NCEP2 data set
gives a significantly larger amount of precipitation com-
pared with APHRODITE. The aerial average value from
NCEP2 data and APHRODITE data is 70lmm and
535mm, respectively. Figure 4 also shows the spatial
distribution of precipitation amount differences between
the two data sets. Within most of the eastern part of the
basin, the precipitation amount of the NCEP2 data is
larger than that of the APHRODITE data. Though it is
very difficult to acquire a reliable actual precipitation
data set, we can refer to one figure from Simonov and
Dahmer (2008) as a reference of the actual precipitation
distribution in the basin, shown with a red line in Fig. 1.
Compared with Fig. 4, the spatial distribution pattern and
absolute value from the APHRODITE data seem more
similar to Fig. 1. This suggests that the APHRODITE
data could have a potential to improve the results of
hydrological simulation.

4.2 Simulation results

Figure 5 shows the calculated discharges by using
two different precipitation data sets (NCEP2 and
APHRODITE) and observed discharges along the main
course and several tributaries of the Amur River. Though
no parameter calibration was executed, we obtained a
fairly good result when we used the APHRODITE
precipitation dataset. In contrast, when we used the
NCEP2 precipitation dataset, the obtained discharges
were significantly overestimated at most points. Espe-
cially at observation stations 8 to 10, calculated dis-
charges using the NCEP2 dataset were almost double the
observed discharges in the annual base. On the other
hand, the differences between the observed and calcu-
lated discharge at observation points 1 and 2 were
comparably small. This overall trend of calculated dis-
charge differences coincides with the spatial pattern
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Fig. 4 Comparison of spatial distribution patterns of average annual precipitation between NCEP2 data and
APHRODITE data. The period averaged is from 1981 to 1990. Discharge observation stations are also

indicated by black-filled circles in each figure.

difference between NCEP2 and APHRODITE; i.e., the
spatial pattern of discrepancy between the NCEP2 and
APHRODITE data sets is largest in the middle to lower
part of the basin and smallest in the upper part of the
basin as shown in the bottom figure of Fig. 5. This
indicates that the NCEP2 data set might give an over-
estimation of precipitation, especially in the middle to
lower parts of the Amur River basin. Our results are also
consistent with the results of Betts et al. (2006), whose
study showed that the NCEP2 precipitation of this region
is much higher than the Global Precipitation Climatology
Project (GPCP) data set.

We evaluated the accuracy of each simulated result
using Nash and Sutcliffe (1970) criteria (Table 2). Since a
Nash and Sutcliffe criteria value larger than 0.5 means
moderately good or good agreement with observed

values, it can be said that the results simulated using
APHRODITE data give relatively good results compared
with those using the NCEP2 data set. Of course, after
executing parameter calibrations, the results calculated
using NCEP2 reanalysis can also give good agreement
with observed data. The calibrated parameter sets, how-
ever, were not within the physically valid ranges of each
parameter. Thus, considering that calculated discharge
data can be a gross hydrological index of a basin, we can
conclude that the APHRODITE precipitation dataset is
more accurate than the NCEP2 dataset, especially in
the Amur River basin. It has also been proven that
APHRODITE can give better results in discharge
simulation of the Amur River basin.
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Table 2 Values of Nash-Sutcliffe criteria at each observation

point.
Station =~ APHRODITE NCEP2 Catchment area
(x10°km?)
1 0.5 0.5 175
2 0.7 0.4 200
3 0.2 -7.5 391
4 0.1 2.4 44
5 0.7 -4.9 400
6 0.9 04 67
7 0.5 0.5 24
8 0.8 -1.8 1,600
9 0.7 1.1 1,730
10 0.6 -1.2 1,790

5. Conclusion

We constructed a hydrological model of the Amur
River basin to evaluate dissolved iron production
amounts. Since the accuracy of hydrological models is
significantly related to precipitation input, results simu-
lated using two different precipitation data sets were
examined. For precipitation data, NCEP2 and
APHRODITE were used. We confirmed that the NCEP2
dataset might give overestimated precipitation, espe-
cially in the middle to lower part of the Amur River basin.
It was also suggested that APHRODITE data have a
potential to give better results compared with NCEP2
data for the Amur River basin.
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