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A distributed runoff model for inland mountainous river basin of
Northwest China
¥ - CHEN Rensheng KANG Ersi
In order to predict the futuristic runoff under global warming, and to approach to the effects of vegetation on the e
cological environment of the inland river mountainous watershed of Northwest China, the authors use the routine hydro
metric data to create a distributed monthly model with some conceptual parameters, coupled with GIS and RS tools and
data. The model takes sub-basin as the minimal confluent unit, divides the main soils of the basin into 3 layers, an
d identifies the vegetation types as forest and pasture. The data used in the model are precipitation, air temperatur
e, runoff, soil weight water content, soil depth, soil bulk density, soil porosity, land cover, etc. The model holds
that if the water amount is greater than the water content capacity, there will be surface runoff. The actual evapora
tion is proportional to the product of the potential evaporation and soil volume water content. The studied basin is
Heihe mainstream mountainous basin, with a drainage area of 10,009 km2. The data used in this simulation are from Ja
n. 1980 to Dec. 1995, and the first 10 years™ data are used to simulate, while the last 5 years” data are used to cal
ibrate. For the simulation process, the Nash-Sutcliffe Equation, Balance Error and Explained Variance is 0.8681, 5.40
08 and 0.8718 respectively, while for the calibration process, 0.8799, -0.5974 and 0.8800 respectively. The model res
ults show that the futuristic runoff of Heihe river basin will increase a little. The snowmelt, glacier meltwater an
d the evaportranspiration will increase. The air temperature increment will make the permanent snow and glacier area
diminish, and the snowline will rise. The vegetation, especially the forest in Heihe mountainous watershed, could lea
d to the evapotranspiration decrease of the watershed, adjust the runoff process, and increase the soil water conten
t.

A distributed runoff model for inland mountainous river basin of Northwest China CHEN Renshengl,2, KANG Ersil, YANG J
ianpingl, ZHANG Jishil (1.Cold and Arid Regions Environmental and Engineering Research Institute, CAS, Lanzhou 73000
0, China; 2_.Remote Sensing and GIS Institute, Peking University, Beijing 100871, China) 1 Introduction The arid area
of Northwest China lies in the inland area of Asia far from oceans. It consists of several large inland river basin
S. Many enormous mountain ranges lie in the area and the uplift air current containing water vapor, making the mounta
inous area receive much more precipitation compared with the lowland area in front of the mountains. Glaciers and sno
w storage develop very well in the mountains. Therefore, in an inland basin of Northwest China, mountainous watershed
s are runoff generation areas, while the lowland plains, basins and deserts in front of the mountains are the areas o
f water resources consumption and runoff scattering. Thus, the runoff amount generated from the mountains, which run
s out of outlets of the mountainous watersheds, basically represents the amount of water resources of the inland ari
d area (Kang et al., 1999). Now the oases in Northwest China are diminishing, while the deserts are expanding (Feng e
al., 2000). Therefore, it is very significant to forecast the runoff amount from mountainous area. For water manage
ment, environmental conservation and other applications, monthly runoff amount forecasting may be more important (Zha
ng et al., 2000). Runoff production is a complicated process that is believed to be nonlinear, time-varying, spatiall
y distributed (Singh, 1964; Beven et al., 1979; Anderson et al., 1990; Peter et al., 1993; Mark et al., 1994; Aronic
a et al., 2000). Three major approaches for runoff estimation have been explored in the literature, namely an empiric
al black box model or a system theoretic model, a deterministic model or a physically based distributed model, and a
lumped conceptual model (Anderson et al., 1985; Dooge, 1979; Woolhiser et al., 1982). The lumped conceptual model ha
s a conceptual framework, requires a few variables and a little computational time. The system theoretic model has si



mple structure, requires a few variables, and often produces favored results (Hsu et al., 1995; Gautam et al., 2000;
Ratkovich et al., 1999; Ratkovich, 2000). However, both the 2 kinds of models are not spatially distributed, they cou
Id not analyze the effects of underlying surface, such as soil type, land use, human activity, vegetation, etc. Never
theless, in a large basin, the huge data that the physically based distributed model requires are often not feasibl
e, and the results that the distributed model produces are often unfavorable (Dooge, 1979; Peter et al., 1993; Mark e
t al., 1994). In order to approach to the effects of vegetation on runoff production processes of a large basin in No
rthwest China, only the normal data from several hydrometric stations are used can a conceptual distributed paramete
r runoff model be selected. 2 Study area Heihe river, originating from the Qilian Mountains, running through Hexi Cor
ridor and scattering in the deserts, is one of the largest inland rivers in Northwest China, with a drainage area of
130,000 km2. The water vapor current comes mainly from the summer southeast monsoon from the Pacific Ocean and the su
mmer southwest monsoon from the Indian Ocean (Zhou, 1983; Sun, 1977), next from the western air current (Yang, 199
2). In winter, it is extremely cold and dry because of the dominant control over the area by the Mongolia and Siberi
a High. Therefore, the Heihe river basin is climatically dry and short of water resources. Heihe river basin, like ot
her inland river basins in Northwest China, possesses distinctive vertical zonality of landscape, i.e., the mountaino
us area and the area in front of the mountains. The former can be divided into the high mountain ice, snow and permaf
rost zone and the mountain vegetation zone, while the latter can be divided into oases zone and desert zone (Kang et
al., 1999). As a case study, we take the Heihe mainstream mountainous watershed as an example. The mountainous catchm
ent of Heihe mainstream, ranging from 1,674 m to 4,823 m in altitude, has a drainage area of 10,009 km2. The runoff g
enerated from this watershed is controlled by Yingluoxia hydrometric station (38048°N, 100011°E), which controls abou
t 55% of the total runoff in Heihe river basin. In or near the watershed, there are 6 other hydrometric stations, nam
ed Qilian (38012°N, 100014°E), Tuole (38049°N, 98025°E), Sunan (38050°N, 99037°E), Minle (38027 N, 100049°E), Zhamash
ike (38059°N, 99014°E) and Yeniugou (38025°N, 99035 E) respectively (Figure 1 and Table 1). In Heihe mainstream mount
ainous region, there is little cropland and population, no reservoirs. 3 Model description As there are only 7 hydrom
etric stations in or near the watershed, and the time step is a month, the model use sub-basin as the minimal unit. T
he input data are meteorological data, soil data, vegetation data, land use data etc. Based on the 1:100,000 digital
geographic map and GIS tools, the entire study area is divided into 103 sub-basins, and the area, perimeter, average
altitude, average slope, and the center coordinate (Gauss projection) of each sub-basin are calculated. 3.1 Input dat
a 3.1.1 Hydrometric data Monthly precipitation data come from all the 7 stations (Figure 1). The average monthly air
temperature data and the ?#20 evaporation pan data are observed at Minle, Sunan, Qilian, Yeniugou and Tuole. The sim
ulated monthly runoff is the observed runoff at Yingluoxia hydrometric station. All the data are ranging from Januar
y 1980 to December 1994. 3.1.2 Soil data Figure 2 is the soil type image, which comes from actual investigation. The
model simplifies that each sub-basin has only one type of soil. At last 7 main types of soils are chosen. According t
o investigation results, all the soils are divided into 3 layers, i.e., H-layer, transitional layer and parent laye
r. The soil depth, bulk density, voidage and soil weight water content of each soil layer are surveyed (Table 2).
3.1.3 Land cover data Figure 3 shows the land cover types of the studied watershed, which are generated from the subs
cene acquired in 1995 by Landsat TM4. Based on the field investigation, the author gets the coverage of each main lan
d cover (Table 3). From Figure 3 and the investigated coverage data, we can get the snow and glacier area, bare land
area, and vegetation coverage area. The model divided each sub-basin into 3 kinds of land cover, that is bare land, v
egetation region and snow and glacier area, and simplifies all the vegetation that are classified into 2 types, fores
t and pasture. Each subarea of a sub-basin has its own hydrological processes. 3.2 Model mechanism The meteorologica
I variables and soil data are arbitrarily uniform in a sub-basin, that is, in bare land region, in forest region, in
pasture region or in glacier region of a sub-basin, the precipitation for example, is equal. 3.2.1 Sub-basin meteorol
ogical data In an inland river basin of Northwest China, the monthly precipitation has high linear relationship with
altitude, longitude and latitude, so does the average air temperature and evaporation capacity (Kang et al., 1999). I
n the model, the authors obtain the relationship of each month”s data, using the algorithm described by Levenberg (19
44), and calculate the monthly precipitation, average monthly air temperature and monthly evaporation capacity of eac
h sub-basin in January 1980 to December 1994. 3.2.2 Solid and liquid precipitation separation Use critical air temper
atures Tl and Ts to separate the monthly precipitation into snowfall and rainfall (Kang et al., 1999): TO < Ts Ps =
PTO>TIPI=PTs<TO<TIPs = (TO-Ts)*P / (TI -Ts) (1) where TO is the averaged monthly air temperature, Ts is
the critical air temperature for snowfall, Tl is the the critical air temperature for rainfall, Ps is snowfall, Pl i
s the rainfall, and P is total precipitation. 3.2.3 Precipitation correctness The observed precipitation has systemat
ic error (Yang, 1999), and should be corrected. The model gives 2 corrective parameters for snowfall and rainfall res



pectively. 3.2.4 Canopy interception Table 4 shows the average canopy interception ratio of forests and pasture obser
ved in the watershed in 1985-1995. The model set 4 adjusts parameters to correct the data for different vegetation ty
pes and different precipitations (snowfall or rainfall). 3.2.5 Seasonal snowmelt Seasonal snowmelt is also calculate
d according to critical air temperature (Kang, 1999). The methods are, if the average maximal monthly air temperatur
e is lower than the critical value, there will be no snowmelt, the snowfall in this month will be accumulated. If th
e average minimal monthly air temperature is higher than the critical value, the seasonal snowfall in and before the
month will be melted completely. Otherwise, there will be part snowmelt water. 3.2.6 Glacier meltwater The glacier i
n Northwest China is continental glacier (Wang, 1981), therefore, the meltwater comes mainly from the surface of the
glacier. The critical air temperature method for glacier melt is similar to seasonal snowmelt. Considering the glacie
r has a different surface emissivity versus seasonal snowfall, the glacier meltwater is given an adjusting parameter
GGF. 3.2.7 Actual evapotranspiration The actual evapotranspiration is proportional to the product of the potential ev
aporation and soil volume water content. To different soil types, different land covers, the model gives a parameter
to control. 3.2.8 Sub-basin runoff production In a sub-basin, if any, there are 4 sub-regions, that is, bare land, fo
rests, pasture and glaciers. Each sub region has its own hydrological processes. 1) Some concepts Introduce and defin
e some concepts that will be used in the following parts: Soil volume water content Wv (%), water retaining capacity
W (mm), storage capacity Wc (mm) and storage coefficient Wratio. where s is soil bulk density (g/cm3), Wg is soil wei
ght water content (%), H is soil height (cm), and ?%% is soil voidage (%). 2) Bare land runoff production H-layer whe
re Rsl is runoff from H-layer (mm), Sinput is the net liquid water to the H-layer (mm), that is liquid precipitation
and seasonal snowmelt, W1 is the initial water retaining capacity for H-layer (mm), and Wcl is the Wc for H-layer (m
m). If Rsl is greater than 0, there will be surface runoff in H-layer, and at this time W1’ =Wcl, where W1' is the ne
w W for H-layer. Otherwise, there is no surface runoff and W1’ = Sinput+Wl. Some of the W1’ will evaporate, some wil
I leak to the transitional layer, and of course, the rest will store up in H-layer. The model arbitrarily considers t
hat the leakage process takes place firstly, while the evaporation process secondly. The leakage process can be descr
ibed as: where Wratiol and Wratio2 is the Wratio for H-layer and transitional layer respectively, 0 < flgra< 1, is a
parameter about gravity leakage from H-layer to transitional layer, Winfl is the seepage amount from H-layer to trans
itional layer (mm), W2 and Wc2 is the W and Wc for transitional layer (mm) respectively. From Eqgn. 8: where W for H-I
ayer and transitional layer is W1 -Winfl and W2+Winfl. The model assumes that only the moisture in H-layer could be e
vaporated. The soil evaporation Es (mm) for bare land region is: where EO is ?#20 evaporation pan data (mm), H1 is s
oil height of H-layer (cm), while Efs is the parameter that adjusts the soil evaporation for different soil types. A
t this time, the W of H-layer is W1 -Winfl-Es. Transitional layer Rs2=W2+Winfl-Wc2 (11) where Rs2 is runoff from tra
nsitional layer (mm). If Rs2 >0, there will be interflow in transitional layer, and at this time W2"=Wc2, where W2’
is the new W for transitional layer. Otherwise, there is no runoff, and W2 =W2+Winfl. Now Wratio2” =W2"/Wc2, Wratio3
=W3/Wc3, the leakage amount from transitional layer to parent layer Winf2 (mm) is: Winf2= (Wc3>=<W2"-f2gra>Wc2><W
3) / (f2gra>=<Wc2-Wc3) (12) where Wc3 and W3 is the Wc and W of parent layer (mm), f2gra is the parameter about gravit
y leakage from transitional layer to parent layer. At this time, the W of transitional layer is W2"-Winf2, of parent
layer is W3+Winf2. Parent layer Rs3=W3+Winf2-Wc3 (13) where Rs3 is runoff from parent layer (mm). If Rs3 > 0, there
will be interflow in parent layer, and at this time W3"=Wc3, where W3’ is the new W for parent layer. Otherwise, the
re is no runoff, and W3"=W3+Winf2. The model supposes that the water leak from parent layer would directly to ground
water. The leakage amount Winf3 (mm) can be defined as: Winf3=FfInf><W3" (14) where fInf is a parameter. Now the W o
f parent layer is W3"-Winf3. 3) Forest and pasture region runoff production In forest and pasture region, the net liqg
uid input water is intercepted liquid precipitation and seasonal snowmelt water. Of course the evapotranspiration is
different from the bare land region. Other hydrological processes are the same as those of the bare land region. 4) G
lacier region runoff production Rg=GRF>(Ginput+ Gd) (15) where Rg is the runoff from glacier surface (mm), Ginput i
s the net liquid water to the glacier surface (mm), Gd is the glacier melt water (mm), and GRF is a parameter. 3.2.9
Base flow Q _base i = k_r>=Pi (16) where Q _base_i and Pi is the base flow and precipitation in sub-basin i (mm), k_ r i
s a parameter. 3.2.10 Runoff accumulation Q = Qi + Q_c(17) Qi=(Rsi><Sareai+Rmui><muareai+Rcaoi ><caoareai+Rgi><Gareai+
Q_base_i>=B_areai)/(day><86400>=<1000) (18) where Qmod is runoff of the total studied watershed (m3/s), Qi is the runo
ff produced in sub-basin i (m3/s), Q c is the base flow constant (m3/s), Rmui, Rcaoi, Rsi and Rgi is runoff from fore
st region (if any), pasture region, bare land region and glacier region (if any) in sub-basin i (mm) respectively, Sa
reai, muareai, caoareai and Gareai is the area of forest region, pasture region, bare land region and glacier region
in sub-basin i (m2) respectively, B_areai is the area of sub-basin i (m2) and day is the number of days in each mont
h. 3.3 Model evaluation criteria Three evaluation functions are selected as evaluation criteria. One is the famous Na



sh-Sutcliffe Equation NSE (Nash et al., 1970): NSE = 1 - (19) where Qiobs is the observed hydrological series for tim
e i, Qimod is the calculated hydrological series for time i, is mean observed hydrological series, and n is the lengt
h of the series. A model is more efficient when NSE is closer to 1 (Loumagne et al., 1996). The second criterion is t
he balance error B over whole record (Loumagne et al., 1996): B = 100 % (20) B may be positive or negative, and if B
is close to zero, there will be little balance error. Explained variance EV is also a performance criterion (Marco e
t al., 1991), where EV = 1 - (21) with is mean of the (Qobs-Qmod). If EV is close to 1, the model error is very littl
e (Marco et al., 1991). EV may be a large positive value. 4 Results and discussion 4.1 Results As described in sectio
n 3.2.1, all the hydrometric data are ranging from January 1980 to December 1994. The data obtained from January 198
0 to December 1989 are used for the simulation process, while those from January 1990 to December 1994 are for model
validation (Figures 4 and 5). The simulation results are very well, with NSE = 0.8681, B = 5.4008 and EV = 0.8718. Th
e validation results are also very well, NSE = 0.8799, B = -0.5974 and EV = 0.8800. Therefore, the model structure i
s suitable to the study basin, and the parameters of the model also fit in the study region (Table 5). 4.2 Vegetatio
n effects From the above description, the model results are well. Thus, the authors set some scenes to approach the e
ffects of vegetation to hydrological processes. The scenes are that, the entire watershed is covered with forests, wi
th pasture or with no vegetation. According to these scenes, the authors use the model to calculate the evapotranipir
ation, runoff and the watershed water content (Figures 6-8). The watershed evapotranspiration will be the most if th
e watershed is covered with no vegetation; it will be larger if covered with pasture completely; and it will be the I
east if covered with forests. The watershed runoff amount and peak flood will be the most if there is no vegetation i
n the watershed (Figure 7), but both will be the least if covered with forests. The watershed water content will be t
he most if the watershed is covered with forests completely, and it will be the least if there is no vegetation (Figu
re 9). 4.3 Effects of global warming The global warming will overall cause the increase of the evaporation and transp
iration from the earth surface; therefore the precipitation will increase as a whole (Kang et al., 1999). The simulat
ion with the present climate models indicates that the averaged increase of air temperature of the earth”s surface b
y 1.5-4.50C will cause an increase of global averaged precipitation by 3-15% (Amell et al., 1996). Nevertheless, the
spatial and temporal distribution of precipitation on the earth’s surface is extremely uneven, when precipitation inc
reases in some regions, it may decrease in other regions (Amell et al., 1996). Shi et al. (1995) state that the avera
ged air temperature may increase 1.5+10C to the year 2030, while increase 1+0.50C in mountain area of Northwest Chi
na. Based on the results of glacier analysis, Shi et al. (2000) also pointed out that the averaged air temperature i
n mountainous area might increase 0.4-1.2 to 2030 in Northwest China. Therefore, the authors assume several scenario
s that may happen to 2030 to predict the monthly runoff changes, based on the averaged data in 1957-1995. The climati
c scenarios are: the precipitation does not change, the air temperature increases 0.50C, 1.00C and 2.00C; the air tem
perature does not change, the precipitation increases 10% and 20%; the air temperature increases 0.50C and the precip
itation increases 10%. Firstly, simulate the mean monthly runoff of 1957-1995 at Yingluoxia station, using mean hydro
metric data in 1957-1995 with runoff model and parameters in Table 5. The simulation results are very well, NSE = 0.9
556, B = 2.8803 and EV = 0.9569. Then calculate the error between the simulated and the observed runoff. Finally, cal
culate the futuristic runoff in different scenes. In this case, the predicted results should minus the above simulati
ng error (Figure 9). From Figure 9, if the air temperature increases a little while the precipitation does not chang
e, the runoff in April and May will increase, because of the increased snowmelt and glacier-melt. However, the runof
f in June to September will decrease because of the increasing evapotranspiration. In winter, if the air temperature
increases less than 1oC, the runoff will not change. Otherwise, the winter runoff will increase a little. The yearly
runoff will decrease a little if just the air temperature increases. If futuristic precipitation increases a little w
hile the air temperature does not change, the yearly runoff will increase, especially in summer. 5 Conclusions In ord
er to simulate monthly runoff from mountainous region of Northwest China, and to research effects of some hydrologica
I processes to the environments, the authors give a distributed parameter runoff model. The simulation and calibratio
n processes of the model are very well when it is used in Heihe mainstream mountainous watershed. Under the global wa
rming scenes, the futuristic runoff of Heihe river basin will increase a little. The snowmelt and glacier meltwater w
ill increase, and the evaportranspiration will also increase. For the air temperature increment, the permanent snow a
nd glacier area will diminish, and the snowline will rise. The model results show that the vegetation in mountainous
basin of Northwest China, especially the forests, could lead to the actual evapotranspiration decrease, peak flood ad
justment, runoff amount decrease and the water content of the basin increase.

A1 :  inland river; mountainous basin; distributed runoff model; vegetation; Heihe River
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