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Abstract. A distributed model for simulating the land sur- crease, the soil evaporation may reduce at the same time,
face hydrological processes in the Heihe river basin was detherefore the total evapotranspiration may not increase obvi-
veloped and validated on the basis of considering the physieusly; the measure of changing the farmland to pasture land
cal mechanism of hydrological cycle and the artificial systemin the middle reach basin has obvious effects on decreas-
of water utilization in the basin. Modeling approach of ev- ing evapotranspiration, increasing the discharge at Zhengy-
ery component process was introduced from 2 aspects, i.eixia, and decreasing the storage deficit; reducing the irriga-
water cycle and energy cycle. The hydrological processesion surface water use in the middle reach basin has obvious
include evapotranspiration, infiltration, runoff, groundwater functions on increasing the discharge to downstream but the
flow, interaction between groundwater and river water, over-groundwater exploitation increasing should be restricted to
land flow, river flow and artificial cycle processes of water prevent the groundwater table decline.
utilization. A simulation of 21 years from 1982 to 2002
was carried out after obtaining various input data and model
parameters. The model was validated for both the simu-l Introduction
lation of monthly discharge process and that of daily dis-
charge process. Water budgets and spatial and temporal varhe study on hydrological cycle at the river basin scale is
ations of hydrological cycle components as well as energyof great significance to solve resources and environmental
cycle components in the upper and middle reach Heihe basiissues, which provides an important scientific basis for the
(36 728 kn?) were studied by using the distributed hydrolog- research of water resources, flood forecasting, water envi-
ical model. In addition, the model was further used to pre-ronment, as well as water ecology. With the changes of
dict the water budgets under the future land surface changglobal environment and land surface, the hydrological cy-
scenarios in the basin. The modeling results show: (1) incle has been greatly changed. The traditional hydrological
the upper reach watershed, the annual average evapotransgiatistical methods and lumped hydrological models cannot
ration and runoff account for 63% and 37% of the annualmeet the practical demand (Wang et al., 2003). Physically-
precipitation, respectively, the snow melting runoff accountsbased distributed hydrological simulation could profoundly
for 19% of the total runoff and 41% of the direct runoff, analyze every component of water cycle process and their
and the groundwater storage has no obvious change; (2) imter-relationship in a holistic manner, which can help un-
the middle reach basin, the annual average evapotranspiraerstanding watershed runoff variation and water resources
tion is 52 mm more than the local annual precipitation, andevolution trend in the changing environment, impacts on hy-
the groundwater storage is of an obvious declining trend bedrological cycle from human activities, and hydrological pre-
cause of irrigation water consumption; (3) for the scenariodiction in ungauged basins (PUBs). Therefore, it is of great
of conservation forest construction in the upper reach basinsignificance to research and develop distributed hydrological
although the evapotranspiration from interception may in-models (Abbott et al., 1986).

Most land surface models consider the water and energy
processes only in the vertical direction, whereas many re-
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ticed that it is very important to reflect the effect of horizontal
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redistribution of moisture and water on the partition of land nonlinear theory and conceptual simulation method, which
surface water and energy fluxes. Therefore, the combinatiomvas applied in the upper reach basin (Xia et al., 2003). Dis-
of land surface models and physically-based distributed hytributed hydrological model SWAT was applied to simulate
drological models is a research front in the field, just as thethe runoff by dividing the upper reach main river into 157 hy-
VIC (Variable Infiltration Capacity) model does. The WEP drological response units (HRU) (Huang et al., 2004). Sim-
(Water and Energy transfer Processes) model (Jia et al., 2004)ation of groundwater was conducted in the middle reach
2003) applied in the paper is just one of these kinds of mod-basin (Zhang et al., 2005; Wu et al., 2005). Despite these
els which combine the land surface modeling of vertical wa-researches have already achieved good results, the existed
ter and energy fluxes, and that of the horizontal hydrologicalmodels are commonly conceptual — based or the adopted
processes. Moreover, the modeling of hydrological processespatial and temporal steps are too large. They are difficult
in WEP is physically-based, and it includes not only the over-to give a detailed description on the physical mechanism of
land flow and river flow routings but also the multi-layered hydrological cycle and accompanied processes, and to effec-
groundwater simulation and water utilization to fully reflect tively analyze the role of every hydrological component on
the effect of horizontal redistribution of moisture and wa- the whole water cycle process, e.g. the spatial and temporal
ter on the partition of land surface water and energy fluxesdistributions of rainfall, topography, land surface, soil, geol-
which makes it different from the VIC model. ogy and water consumption, etc. In addition, they are also
Confronting the complexity of land surface hydrology and difficult to predict water resources evolution trend under the
the existing key issues like heterogeneity/scale, our knowlimpacts of future land surface change and human activity.
edge of land surface processes is still very poor, and the case In addition, in high-elevation basins like the Heihe river
study of a specific basin is still meaningful and helpful at basin, the consideration of frozen soil on land surface hy-
present. This paper showing the efforts of a detailed caseirology is quite important, especially on river base flow. Ex-
study in the inland, arid and hilly Heihe river basin is be- periencing the difficulty in reproducing the base flows in the
lieved to be of referential values. hydrographs, we suggested an equation to reflect the temper-
Since 1960s, especially 1980s, high-intensive human acature influence to the saturated hydraulic conductivity in the
tivities have destroyed the natural system in the Heihe riverfrozen soil.
basin, and caused serious ecological and environmental prob-
lems, including reduction of flow discharged to downstream,
gradual disappearance of some seasonal rivers, degradati@an Model development
of forest and grassland, and frequently occurring of dust
storms (Wang et al., 2002). Rational water resources allo2.1 Model structure
cation and effective regulation are urgently needed to real-
ize the harmonization between human and natural systemlhe WEP model (Jia and Tamai, 1998; Jia et al., 2001) and
For the practical demand of water resources assessmerits updated version WEP-L (Water and Energy transfer Pro-
allocation and regulation, it is highly desired to develop cess in Large basins) (Jia et al., 2006) have been successfully
runoff forecasting models and study the hydrological cycleapplied in several watersheds in Japan, Korea and China with
mechanism and water resource evolution rules in the Heihdlifferent climate and geographic conditions (Jia and Tamai,
river basin. Besides inland mountainous hydro-meteorology,1998; Jia et al., 2001, 2002, 2005; Kim et al., 2005; Qiu et
snow melting, soil vegetation and frozen soil, frequent con-al., 2006; Jia et al., 2006; Qin and Jia et al., 2008).
version between river water and groundwater, impacts from The spatial calculation unit of WEP model is a square or
high-intensive human activities in the middle reach basin andectangular grid. The vertical structure within a grid cell is
ecological water demand in lower reach regions are also inshown in Fig. 1a, and the horizontal structure within a wa-
volved in the hydrological system in the Heihe river basin. tershed is shown in Fig. 1b. Each grid cell in the vertical
This is a rather complicated “human-nature” system. direction, from top to bottom, includes nine layers, namely
Meaningful explorations on hydrological simulation in the an interception layer, a depression layer, three upper soil lay-
Heihe river basin have been conducted by many scholars aners, a transition layer, an unconfined aquifer and two con-
institutions (Cao et al., 2000; CAS-CAREERI, 2000; Kang fined aquifers. State variables include depression storage on
etal., 2002; Xia et al., 2003; Huang et al., 2004; Zhang et al. Jand surface and canopies, soil moisture content, land surface
2005; Wu et al., 2005). A conceptual model for monthly temperature, groundwater tables and water stages in rivers,
runoff, HBV(HydrologiskaByrans Vattenbalansavdelning) etc. To consider the subgrid heterogeneity of land use, the
model (Lindstrom et al., 1997) was used to simulate moun-mosaic method (Avissar and Pielke, 1989) is used which re-
tainous runoff process by dividing the upper mountainousflects composition of different land uses within a grid cell.
reaches into two basic landscape zones, including mountainthe areal average of water and heat fluxes from all land uses
ous snow and frozen soil zone, and mountainous vegetatioin a grid cell produces the averaged fluxes in the grid cell.
zone (Kang et al., 2002). Distributed Time Variant Gain Land use is at first divided into three groups, namely a water
Model (DTVGM) was developed according to rainfall-runoff body group, a soil-vegetation group and an impervious area
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Fig. 1. Structure of WEP modelia) vertical structure within a grid cel(p) horizontal structure.

group. The soil-vegetation group is further classified into2.2 Hydrological processes

bare soil, tall vegetation (forest or urban trees) and short veg-

etation (grass or crops). The impervious area group consist2.2.1 Evapotranspiration

of impervious urban cover and urban canopy. In addition,

for the convenience of describing soil evaporation, grass ofEvapotranspiration in a grid cell consists of interception of

crop root water uptake and tree root water uptake and revegetation canopies, evaporation from water body, soil, ur-

flecting surface soil moisture content change with changingban cover and urban canopy, and transpiration from the dry

root depth, the surface soil of soil-vegetation group is dividedfraction of leaves with the source from the three soil layers.

into 3 layers. Runoff routings on slopes and in rivers are car-The averaged evapotranspiratibris expressed as:

ried out by applying one-dimensional kinematical wave ap-

proach from upstream to downstream. Numerical simulationE = FwEw + Fsy Esy + Fy Ey Q)

of multilayered aquifers is performed for groundwater flows

in mountainous and plain areas separately with the consideMhere Fy, Fsy and Fy are the area fractions of water

ation of groundwater exchange with surface water, soil mois-body, soil-vegetation and impervious area, respectively (%),

ture and stream flow (Jia et al., 2003). Ew, Esy and Ey are the evaporation or evapotranspiration
from them, respectively (mm/day).
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The evaporation from the water body group is calculatedinconsistency of heat flux partition on soil surface because

with the Penman equation: the net radiation and soil heat flux corresponding to the satu-
rated vapour pressure of soil are used in the Penman equation
Ew = (RN — G)A + paCpBe/ra ) while the actual soil may be unsaturated. Based on the energy
AMA+y) balance on the soil surface, aerodynamic diffusion equations

] o . ] of latent and sensible heat fluxes and the wetness function
where RN is the net radiation (MJ/fiday), G is the soil  concept (Lee and Pielke, 1992), we derived the following

heat flux (MJ/né/day), A is the gradient of saturated vapour modified Penman equation to compute actual soil evapora-
pressure to temperature (P&), . is the air vapour pressure  tion directly:

deficit (Pa), is the aerodynamic resistance (st p, is the

air density (kgnT), C,, is the air specific heat Jk§ K1), gy = (RN = G)A + paCpoe/ra (6)
A is the latent heat of vaporization (MJ/kg), apds the psy- MA+vy/B)
chometric constant (PaZ).
The evaporation from the impervious area group is taken 0 0 < Om
as the smaller one of current depression storage and the pdt = | [1— cosw(6 — 6,,)/Oc — Gm))]2/4 On <6 < 0Ofc
tential evaporation. The maximum depression storage of im- 1 O =0 (7)
pervious area is assumed as 2 mm in this study.
The evapotranspiration from the soil-vegetation group is
calculated as follows: where 8 is the wetness functiorq is the moisture volume
content of surface soil§;. is the moisture holding rate of
Esy=Ei1+ E2+ Eir1 + Ev2 + E (3)  surface soil:6,, is the soil moisture volume content corre-

sponding to single molecule suction; and the other notations

WhereE; is the interception of vegetation (mm/day), is are the same as mentioned above.

the transpiration from the dry part of vegetation leaves with
numbers 1 and 2 representing tall vegetation and short vege- o
tation, respectively (mm/day), ari} is the evaporation from 2.2.2 Infiltration
soils (mm/day).

The computation of interception is referred to the Noilhan Considering infiltration into a vertical uniform soil column
and Planton (1989) model that is an interception reservoiwhen the surface is ponded, Green and Ampt proposed an

method, and the transpiration is expressed as: infiltration model by assuming there is a wetting front which
separates saturated soil above from soil below and by us-
E;, =Veg-(1—368)-Epy 4) ing Darcy’s law. Compared with the other infiltration mod-
els, the Green-Ampt model has the advantages of simplicity,
Epy = (RN — G)A + paCPSe/ra (5) physically-based characteristics and measurable parameters.
MA+yQ+re/ra)l Mein and Larson (1973) extended it to model infiltration into

uniform soil during a steady rain and Moore and Eigel (1981)
extended it to model infiltration into two-layered soil profiles
during steady rains.

Where Veg is the fraction of tall (or short) vegetation in
the soil-vegetation groups is the fraction coefficient of
the foliage covered by a water film (Noilhan and Planton, Jia and Tamai (1997) suggested a generalized Green—

1989), Epy is the Penman-Monteith transpiration (Mon- Ampt model for infiltration into multilayered soil pro-

teith, 1973),. is the canopy resistance (s/m), and the Othersfiles during unsteady rains on the basis of Moore and
as denoted above.

The aerodynamic resistance and canopy resistance are t\/\{%?ﬁ[s(i?fdl;' The generalized Green-Ampt model is adopted

important parameters for the evapotranspiration calculation.

In the model, the aerodynamic resistance under neutral atmo-

spheric conditions is calculated according to turbulent dif-2-2-3  Surface runoff

fusion theory; the Monin-Obukhov similarity theory is used

to modify the computation of aerodynamic resistance undein the water body group, surface runoff is estimated as pre-

unstable and stable atmospheric conditions; the canopy resigipitation minus evaporation. In the impervious area group,

tance is calculated by the Dickinson equation (Dickinson etsurface runoff can be obtained by doing balance analysis of

al., 1984). depression storage, precipitation and evaporation on land sur-
Evaporation from soils is assumed to come only from thefaces.

top layer. It is usually estimated by multiplying the potential  In the soil-vegetation group, surface runoff consists of two

evaporation (based on the Penman equation) with an evapgarts, namely the infiltration excess (Hortantype runoff) dur-

ration coefficient, which is called the potential method here-ing heavy rainfall periods and the saturation excess (Dunne-

after. However, the potential method may cause theoreticatype runoff) during the other periods. A heavy rainfall period
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is defined as a period during which the rainfall intensity is 2.2.7 Snow melting process and frozen soil
larger than the saturated soil hydraulic conductivity. consideration
The infiltration exces®1,;, is solved by applying the gen-
eralized Green-Ampt model to infiltration in three soil layers Although energy balance method provides a good physical
during heavy rainfall periods. The equations to compute thebasis for describing snow melting process, simple and prac-

infiltration excess are as follows: tical Temperature-index approach is used to simulate daily
or monthly snow melting process since too many parameters
9 Hy —P—Eg— f — Rl (8) and data are needed to _solve energy bal_ance equation. In this
ot study, the Temperature-index approach is adopted:
R1., — 0 Hs = Hs max (9) SM = Mf(Ta - TO) (13)
' H; — H;max Hs > Hmax ds
— =SW-SM—E (14)

Where H; is the depression storage on soil surface (mm), dt

H;max is the maximum depression storage (mm)js the ~ Where SM is the melt snow and ice (mm/day)/ is the
rainfall, Eq is the evaporationf is the infiltration rate cal-  degree-day factor (mmC/day),7, is the temperature index
culated with the generalized Green—Ampt model. In Eq. (8),(°C), Ty is the threshold temperature for melC) S is the
Ep equals the potential evaporation and transpiration is newater equivalent of snowpackW is the water equivalent of
glected during heavy rainfall periods. More equations aboutsnowfall, E is the sublimation from the snowpack (mm).

surface runoff are referred to in Jia et al. (2001). The degree-day factor is generally considered as a model
calibration parameter since it changes with elevation and sea-
2.2.4  Subsurface runoff sons as well as land surface conditions changed. The value

) ) is usually =7 mmpFC/day. The value of bare soil is larger
The subsurface runoff is calculated according to the [and,, that of grass land, while the latter is larger than that of
slope and the soil hydraulic conductivity: forest. Daily average temperature is usually selected as the
temperature index. The threshold temperature for melting is
usually—3~0°C. In addition, threshold temperature for dis-

WhereR?2 is the subsurface runoff from the unsaturated soilinguishing rainfall and snowfall is needed (usualty®C).
layers, L is the channel length in the grid, Slope is the land The temperature influence to the saturated hydraulic con-

surface obliquity from a horizontal line and the others as de-ductivity in the frozen soil is computed as:

noted above.

R2 = k(0) sin(slope Ld (20)

kr— ko T, 2 T;
P = koe?Tatd) T, < T,

Wherek is the saturated hydraulic conductivityg is the
Taking account of the recharge from unsaturated soil layersaturated hydraulic conductivity when frozen soil méltjs
and lifted groundwater as source terms, a two-dimensionathe average daily temperaturg; is the threshold tempera-
numerical simulation of multilayered aquifers is performed ture for melting;a, b are constants. Through model calibra-
for groundwater flow to consider the interactions betweention based on the observed river base flow, it is found that
surface water and groundwater by using the following 7,=—5°C, a=0.05, anc=0.25 in the Heihe basin.
Boussinesq equations (Zaradny, 1993). Its expression is re-
ferred to in Jia et al. (2001). 2.2.8 Anthropogenic components

(15)
2.2.5 Groundwater flow and groundwater outflow

226 River flow and overland flow The water use in every grid is deduced by using population
and water use per capita. The water use per capita is decided
The river flow and overland flow are routed by using the kine-according to statistics of water use in a watershed. In addi-

matic wave method: tion, water use leakage is deduced from water use and the
leakage rate of water supply system. The sewerage is equal
0A 00 P
—+ ==gq (11) to water use subtracted by leakage, and it is set as one part of
ot ox the lateral inflow to the channel.
A sl The groundwater lift is divided into the domestic water,
Q= —R77S, (12)  industrial water and the irrigation water. The domestic water
" is calculated according to the annual regional domestic water
WhereA is the area of lateral sectiof, is the discharge;;, lift and the population distribution, and the industrial water

is the lateral inflow of unit channel length,is the Manning is deduced based on the GDP distribution. The irrigation wa-
roughnessR is the hydraulic radius$p is the longitudinal  ter is calculated based on the annual lift, irrigation area and
slope of the river bed. irrigation rule.
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2.3 Energy processes wherep, is the density of the air (kg ), Cp is the specific
_ . heat of the air (Jkgt K1), T is the air temperature’C),
The energy balance equation on land surface is expressed ap; is the surface temperatur&d) andr, is the aerodynamic

RN+ Ae=IE+H+G (16) resistance (smt).
RN = RSN + RLN (17)  2.3.6 Heat flux into soil and surface temperature

Where RN is the net radiation (MJ/fiday), Ac is the an-  Based on the energy balance equation we get the heat flux
thropogenic energy source (MJfday),/ E is the latent heat into soil G

flux (MJ/mé/day), H is the sensible heat flux (MJAtday),

G is the heat flux into soil (MJ/Riday),RSNis the netshort- G = (RN + Ae) — (WE + H) (19)

wave radiation (MJ/f/day), andRLN is the net long-wave

radiation (MJ/n3/day). The force-restore method (FRM) is used to solve the
surface temperature of different land covers. Hu and Is-

2.3.1 Short-wave radiation lam (1995) suggested an optimal parameterwhich not

only ensure minimum distortion of FRM to sinusoidal di-
Because of unavailability of the direct observation data of th9urna| forcing but also makes distortion to higher harmonics

incoming short-wave radiation, it is estimated from the sun-negligible. They are followed in this research with the equa-
shine hours based on Shimazaki (1996). It at first deduceg§gns as follows:

the direct short-wave radiation and the diffusion short-wave

radiation based on the sunshine levels in current and prio&% — 2

hours, and then adds them up to obtain the total short-wave 97 cn - do

radiation after considering the solar zenith angle. The net ,

short-wave radiation on each land use is obtained after con— = — (Ty — Ty) (22)
sidering the albedo and the sheltering factors. Its expression

for each land use is referred to in Jia et al. (2001).

G —w(T; —Ta) (20)

2 3 4
2.3.2 Long-wave radiation a=1+ 0.943((1%) + 0.223<d%) + 0.0618(%) - 0.00527((1%) (22)
The long-wave radiation is calculated by following g, — /2%, / (chw) (23)

Kondo (1994) who separately deduce the downward long-

wave radiation from atmosphere to landsurface and the upwhereg is the heat flux into soil (MJ/Riday), T} is the sur-
ward long-wave radiation from landsurface to atmosphereface temperature®C), 7, is the deep soil temperature (ap-
based on the air temperature and the landsurface temperatugroximated as the daily average®f unit: °C), § is the con-

Net long-wave radiation is equal to the downward long-wavesidered soil depth (selected as the thickness of top soil layer,
radiation subtracted by the upward one. Its expression founit: m), dg is the damping depth of the diurnal temperature

each land use is referred to in Jia et al. (2001). wave (M), k;, is the soil heat conductivity (m/s)y, is the
_ _ soil volumetric heat capacity (MJm°C1), w=27/7, and
2.3.3 Anthropogenic energy consumption 7=86400. The soil thermal properties depend on the water

- L . content and the mineral composition of the soil. The soil heat
Statistic energy consumption indices on various types of ur-

X . . capacityc, and the soil heat conductivit, are referred to
ban land use are used to consider the impact of human activ- bactyc W

o . In Kondo (1994).

ities on energy balance in an urban area (Kawamata, 1994).

Half of the energy consumption is assumed to emit to land

surfaces and the other half to the air. 3 Model calibration and validation
2.3.4 Latent heat flux 3.1 Input data preparation

In the hydrological processes part, the computation of evapThe distribution of the rivers and main hydro-meteorological
otranspiration has been described in detail. The latent headtations in upper and middle reaches of the Heihe river basin
flux A E can be obtained by multiplying the evapotranspira- is shown in Fig. 2. The rivers in the basin include mainstream
tion with the latent heat of the water of the Heihe river, east branch Babao river in the upper reach,
Liyuan river in the middle reach and several small rivers in
mountainous areas. For model validation, geographic data
including geological features, soil vegetation, hydrological
and meteorological data and land use data as well as rel-
H=p,Cp(Ts —T)/r,4 (18) evant socio-economic data (population and GDP for every

2.3.5 Sensible heat flux

The sensible heat fluk can be expressed as:

Hydrol. Earth Syst. Sci., 13, 1842866 2009 www.hydrol-earth-syst-sci.net/13/1849/2009/
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county in 1981-2002) and water use data (in 1981-2002 foniugou, Qilian, Shandan, Tuole, Jinta, Dingxin and Jiuquan.
every county and irrigation area) in the basin are collectedThe hydrological data used in the model include precipita-
and packed up in the GIS platform for use. tion, water level and discharge at 11 hydrological stations,
Based on the DEM of 1:25 000, basic geographic informa-among which five stations, Zhamashike, Qilian, Yingluoxia,
tion such as e|evati0n/t0pography (F|g 3)' S|ope and Overﬁaoya and Zhenginia, are located at the main river of the
land flow direction are obtained, and the basin is further di-Heihe river, two stations, Liyuanbao and Gangoumen, are
vided into sub-basins on the basis of stream links deducedpcated at Liyuan river. Monthly discharge data from 1981
from the DEM and observed river information. On the basisto 2002 as well as daily discharge data from 1990 to 2002
of the aforementioned geographic information, flow accumu-are collected. The Thiessen method is used to estimate the
lation is calculated for flow routing calculation. The river meteorological data for each grid, however, the elevation ef-
section is divided combining with water diversion channels fects on rainfall and air temperature are considered. Based on
and control stations, and basic information including river the correlation analysis of the elevation and the annual aver-
length, gradient, top width and bottom width can be obtained.age daily values (1981-2002) of meteorological factors, it is
The upper and middle reaches of the Heihe river basin ardound that air temperature and rainfall have close correlations
divided into 6 sub-basins (as shown in Fig. 2) and 70 riverwith the elevation £2=0.983 and 0.850, respectively) while
sections. Limited to the river channel data, in this study, thesunshine hours, wind speed and relative humidity have low
river flow routings are only performed for the Heihe main- correlation coefficients§?=0.586, 0.002 and 0.381, respec-
stream, Babao river and Liyuan river while the river flow tively). Therefore, for every grid cell in the Thiessen poly-
routings for other tributaries and mountainous rivers are apgon controlled by a meteorology gauge station, its air tem-
proximated as overland flow routings in the upper reach wa-erature is revised based on a lapse rate-©00546C/m
tershed. It is noticed that in the flat middle reach basin downand the difference of its elevation from the gauge station el-
Ying|uoxial due to less precipitation’ stronger evaporationevation. The rainfall is also revised in a similar way thOUgh
capacity and soil infiltration capacity, there is little surface it increases with the elevation increase (Eq. 24), while the
runoff generated_ Moreover, most river channels disappear i,qelevation effects on the remaining meteorological factors are
lower reaches due to irrigation water withdraw in the middle neglected. Figure 4 shows the distribution of total precipita-
reach. Therefore, to simplify the calculation, except keepingtion in 2000 in the upper and middle reach basin deduced in
the flow routing calculation for the Heihe river mainstream, the aforementioned approach.
overland flow routing calculation for the flat middle reaches
is omitted in the study, but the cumulative surface runoff is? = 0.0042¢—2.9922 (24)
considered as a lateral inflow of the mainstream. Wherex is the elevation (m), and is the daily average rain-
The meteorological data used in the model include dailyfall (0.1 mm).
rainfall (snowfall), temperature, wind speed, sun shine, hu- The land use data are based on the TM image data for
midity and maximum evaporation from 1981 to 2002 at 9 1985, 1995 and 2000, and further merged to 8 categories, wa-
meteorological stations within or near the upper and mid-ter body, tall vegetation (forests and shrubs), short vegetation
dle reaches of the Heihe river basin: Gaotai, Zhangye, Ye{grass and crops), bare land, impervious area and buildings,
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Fig. 4. Distribution of total precipitation in 2000 in the upper and Fig. 5. Land use (2000) distribution in the upper and middle reach
middle reach basin. basin.

taking grid as basic units and the area percentage of eaclp" Several important parameters including saturated soil hy-
category in each grid is calculated. Figure 5 shows the landiraulic conductivity, groundwater aquifer hydraulic conduc-
use distribution in 2000 as an example. The area percentt-'V'ty and specific yield, infiltration coefficient and thickness
age of each category in each grid in other years from 198°f river bed as well as the Manning roughness, some adjust-
to 2002 is obtained by linear interpolation method based orM€nts are conducted comparing simulated discharge with ob-
that of 1985, 1995 and 2000. The soil type is generalized>®rved values during selected calibration period.

into 3 types, sand, loam and clay. The aquifer thickness of

Zhangye Basin in the middle reach is deduced from the ge—?"z'1 Soil

ological survey data. The thickness of soil layer in the UP-The relation of soil moisture conteéitand suctions (nega-

per mquntainous regches of Yingluo_xia as well as L_iyga_mhetive pressure head) is expressed as (Haverkamp et al., 1977):
Baisn is calculated in accordance with the law of diminish-

ing exponentially with the distance from the valley, and the 6 — 9, o

thickness of soil layer in the other regions is set as 2 m. 6, —6, a+ (In S)8
For 37 irrigation areas having detailed annual water use

data (1981-2002), the spatial interpolation of water use (in_wheree s=saturated moisture conteftr=residual moisture

cluding woodland and grassland irrigation water use) is con-cONntént, f=constants.

ducted according to irrigation area distribution and the wa- The relation of unsaturated hydraulic conductivityo)

ter use data and is further distributed to the time scale of 1¢2nd Soil moisture contentis expressed as (Mualem, 1978):

days according to precipitation, cropping pattern and irriga- 0_o

tion rules. For the other irrigation areas, the irrigation quotak(0) = k( Ty (26)

is set as 7500 Atha. The domestic water use in every grid 05 — 0

is deduced from the distribution of population and daily wa- \wherek,=saturated hydraulic conductivity.

ter use capita. Urban domestic water use quota for current |n this study, soil moisture characteristics parameters are

levelis 140 L/D, while rural is 50 L/D. The population in ev- calculated (Table 1) based on following soil moisture move-

ery grid is deduced from the county population in the GIS ment experimental research results in the Heihe river basin

(25)

platform. and adjacent regions: soil moisture movement in the irri-
o gated areas has been studied in the middle reaches of the
3.2 Parameter estimation Heihe river basin (Cao et al., 2000); the soil moisture param-

) ) ) _ eters have been studied in the diversifolia area in the lower
The main parameters in the model include soil parameyeaches of the Heihe river basin (Zhu et al., 2002); the soil
ters, groundwater aquifer hydraulic conductivity and specific mojsture movement parameters have been studied in the Qin-

yield, Vegetation pal’ametel’s, roughness Of OVerIand and rivqfvangchuan irrigated area (Wang et al', 2002)
channel, and infiltration coefficient of river bed. Most pa-

rameters in the model are not needed to be calibrated, but
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Table 1. Soil moisture characteristics parameters. Table 2. Thermodynamic properties parameters of soil and other
mediums.

Parameters Sand Loam Clay
Saturated moisture contefit 0.4 0.422 0.394 Type CHS?:,C; Eicll;y H?V?/tn?‘j? (}:i(ujl)vky Dam dpl?rg)depth
Residual moisture conteft 0.077 0104 0.120 h 0
Single molecule moisture contef)} 0.015 0.05 0.111 Water 4.18E6 0.57 0.061
Field capacityd s 0.174 0.321 0.374 Dry soil 1.3E6 0.3 0.08
Saturated hydraulic conductivity Km/s) 2.5E-5 7E-6 2E-6 Saturated soil 3.0E6 2.0 0.135
Parametew for Havercamp equation 1.7E10 6451 6.58E6 Asphalt 1.4E6 0.7 0.117
Parametep for Havercamp equation 16.95 5.56 9.00 Concrete 2.1E6 1.7 0.149
Parameten for Mualem equation 3.37 3.97 4.38

routing calculation is deduced from the Manning roughness

In addition, according to the soil composition and soil . g .
" o : postt ! ? every land use in the grid. After model adjustment, the

moisture content, soil thermodynamic properties parameter
under different soil moisture conditions are established base
on empirical formula as shown in Egs. (27), (28) and Table 2

The soil heat capacity, (106 IJm-3K-1) (Kondo, 1994)
and the soil heat conductivityy,(WnT 1K ~1) (Chung and
Horton, 1987) can be expressed as:

anning roughness of woodland, grassland, farmland, bare
and and urban surface, water body is set as 0.3, 0.1, 0.05,
'0.02 and 0.01, respectively. The exchange amount between
surface river and groundwater is closely related to riverbed
material properties. In this study, hydraulic conductivity di-
vided by riverbed material thickness is established as the
n = cnm(L—04) + Ci 27) model calibratio_n parameter. The final value is sgt as 1.0E-
05/s for mountainous rivers and 2.5 E-05/s for plain rivers.
ky = 0.243+ 0.3939 + 1.5346°° (28)
3.2.5 Snow melting parameters
In the above two equationsy,, is the heat capacity of min-
eral compositesy,,, the water heat capacit§,the soil mois-  The degree-day factor and the threshold temperature for melt

ture content and, the saturated moisture content. are also model calibration parameters. After model ad-
. justment, the degree-day factor is set as 1d@fday for
3.2.2  Groundwater aquifer woodland, 2 mnf/C/day for grassland, 2 ma/day for bare

i ) o . land, 5mmyC/day for urban land use and 1 nfi@/day for
Groundwater aquifer hydraulic conductivity and specific gjacier, respectively; the threshold temperature for melting is

yield in the Zhangye Basin are deduced from groundwaterge 55 oC; the threshold temperature for distinguishing rain-
simulation and geological exploration data. The saturated,| and snowfall is set as°C.

soil layer parameters in mountainous areas are deduced from
runoff simulation process, hydraulic conductivity is set as
65.5 m/month, and specific yield is set as 0.05.

Model calibration and validation For model calibration,
the calibration period is 1996 to 2000, the upper and mid-
dle reaches are divided into 36 728 units by the square grid
cell of 1kmx1km, and a simulation from 1981 to 2002 is
performed with a time step of 1 day. The model is calibrated

Vegetation parameters change with seasons. Main parantiSing daily and monthly discharge processes observed at the
eters of four vegetation types including vegetation cover-Yingluoxia hydrological station, and the main calibration pa-
age rate (veg), leaf area index (LAI), vegetation heigh},(h fameters include satgrated soil moisture hydraullc conduqlv—
root depth {r) and minimum stomatal resistanogi) are % gro_ur_1dwe_1ter aqun‘_er hydrau_hc conductlwty and specific
shown in Table 3. Aerodynamic parameters for vegetationYield, infiltration coefficient of riverbed material as well as
and other surface covers are shown in Table 4 whefez,, the Manning roughness. There are three calibration rules:
z,, are the roughness heights of momentum, vapor and heatl) Minimizing the average annual discharge error during the
respectively, d is the display height, angd is the canopy s!mulatlon pe.rlod; (2) maximizing the Nash-_Sutchffe. gfn-
height. These vegetation and aerodynamic parameters afd€ncy coe_fﬁment; (3)_maX|m|2|ng the correlation coefficient
used to compute the canopy resistance and the aerodynamli@tween simulated discharge and observed values. The pa-

3.2.3 \Vegetation

resistance in Eq. (5). rameters were adjusted using the “trial and error” method
according to the above three rules: firstly, determine the ini-
3.2.4 Flow routing parameters tial value according to physical properties, experimental data

and reference data; then adjust the parameters. Specifically,
Manning roughness used in river flow routing calculation is saturated soil moisture hydraulic conductivity, groundwater
deduced according to the National Hydrological Yearbook ofaquifer hydraulic conductivity and specific yield as well as
China, while the Manning roughness used in overland flowriverbed infiltration coefficient were adjusted according to
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Table 3. Vegetation parameters.

Month
Type Parameter 1 2 3 4 5 6 7 8 9 10 11 12
Veg 0.2 02 03 04 0.6 0.7 0.8 0.8 07 05 03 0.2
LAI 2.0 20 25 35 5.0 55 6.0 6.0 55 45 35 2.0
Wood  h(m) 10.0 100 100 100 100 10.0 100 100 100 100 10.0 10.0
Ir(m) 2.0 20 20 20 20 2.0 2.0 2.0 20 20 20 20 2.0
rsmin(s/m) 250
Veg 0.1 01 0.2 03 05 0.7 0.8 0.8 06 04 02 01
LAI 0.5 05 06 1.0 15 1.8 2.0 2.0 1.6 1.2 06 0.5
Grass h(m) 0.1 01 01 0.2 0.2 0.2 02 0.2 02 02 0.1 0.1
Ir(m) 0.5 05 05 05 05 05 05 05 05 05 05 05
rsmin(s/m) 250
Veg 0.2 02 03 04 0.6 0.7 0.8 0.8 07 05 03 02
LAI 2.0 20 25 35 5.0 55 6.0 6.0 55 45 35 2.0
Shrub  h(m) 5.0 50 5.0 50 5.0 50 5.0 5.0 50 5.0 50 5.0
Ir(m) 15 15 15 15 15 15 15 15 15 15 15 15
rsmin(s/m) 250
Veg 0 0 0.1 0.6 07 0.8 09 038 06 01 0 0
LAI 0 0 0.1 0.5 20 4.0 6.0 6.0 5.0 1.0 0 0
Crop  h(m) 0 0 01 05 0.5 1.0 1.0 1.0 1.0 1.0 0 0
Ir(m) 0 0 01 05 0.5 1.0 1.0 1.0 1.0 1.0 0 0
rsmin(S/m) 150

Table 4. Aerodynamic parameters for surface covers. 3.2.6  Monthly discharge process

The monthly discharge process at the Yingluoxia hydrolog-

Type Zm(m)  Zov Zohm) A (M) ical station in the upper reaches of the Heihe river basin is
Wood 0.123h 0.1Z, 0.67h well simulated with a high accuracy (Fig. 6). The simulation
Grass 0.123h 0.17m 0.67h results are shown in Table 5. It can be found that the model is
Shrub 0.123h 0.1%m 0.67h well validated in the two validation periods based on the rel-
Crop 0123  0.1zm 0.67h ative error of annual average discharge, the Nash -Sutcliffe
Water body 0.001 0.001 0 efficiency coefficient and the correlation coefficient.

3(;t')|an surtace o'%of 0'%Of 00 Although the monthly dischargeT processes at other hydro—
Building 0.30h 01z, 0.30, logical stations such as Zhamashike are not used to calibrate

the model, the comparison of simulated results with observed
values is conducted, which shows that the simulation results

] ] ) _are close to the observed values (Fig. 7).
soil types; the Manning roughness was adjusted according

to different land use types; snow melting coefficient, melt- 3.2.7 Daily average discharge process
ing critical temperature and frozen soil hydraulic conductiv-
ity were adjusted according to discharge hydrograph. The comparison of simulated daily discharge processes with
After model calibration, keeping all model parameters un-observed values at the Yingluoxia hydrological station is
changed, model validation for monthly discharge processshown in Fig. 8, the simulation results are shown in Table 6.
was conducted in two periods, Period 1: 1982 to 1995, and-rom Fig. 8 and Table 6 we can find that the model is well
Period 2: 2001 to 2002. In other words, there are two vali-validated in the two validation periods. Meanwhile, it is also
dation periods due to the lack of observed monthly data befound that the simulation accuracy of daily discharge process
tween them. Similarly, due to the lack of observed daily datais lower than that of monthly discharge process. This is be-
during 1982 to 1989, the two validation periods for daily dis- cause: (1) the precipitation data at the daily scale are more
charges process were, Period 1: 1990 to 1995, which is difspatial-temporally variable than those at the monthly scale,
ferent from that of monthly discharge process, and Period 2so the shorter time scale, the more obvious deviation between
2001 to 2002. the spatial precipitation data obtained by spatial interpolation
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method and the actual observed values. This deviation willneed of predicting daily discharge process, but also for the
be possibly passed to the simulation of discharge processieed of predicting future land surface and climate change
thus the simulation accuracy at daily scale will be lower thanimpacts, which is determined by the dynamic mechanism of

that at monthly scale; (2) the actual dynamic mechanism otydrological cycle and
basin hydrological cycle is very complex, the mathematics

description of the mechanism and method dissolving the spa-

tial variety of land surface and soil properties value in the

model could be further improved. However, it is necessary to

perform long time series of hydrological simulation at daily

or even shorter time scale, the reasons are not only for the

www.hydrol-earth-syst-sci.net/13/1849/2009/ Hydrol
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Validation period 2.

Table 5. Simulation results of monthly discharge at Yingluoxia station.

Observed annual Simulated Relative  Nash-Sutcliffe  Correlation
average discharge annual average error efficiency coefficient
(168 md) discharge coefficient
Calibration period
(1996-2000) 16.85 16.82 —-0.2% 0.85 0.96
Validation period 1
(1982-1995) 16.19 16.21 0.1% 0.89 0.96
Validation period 2
(2001-2002) 14.61 14.10 —3.5% 0.91 0.95

Hydrol. Earth Syst. Sci., 13, 1842866 2009
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Table 6. Simulation results of daily discharge process at Yingluoxia station.

Observed annual Simulated Nash-Sutcliffe
average discharge annual average Relative efficiency Correlation
18 ms3 discharge error coefficient  coefficient
Calibration period
(1996—-2000) 16.85 16.82 —-0.2% 0.60 0.88
Validation period 1
(1990-1995) 14.77 14.72 —0.4% 0.65 0.89
Validation period 2
(1990-2002) 14.61 14.10 —-3.5% 0.78 0.89
4 Model application @ T —
258 28 Local river water taken DIt =
4.1 Water and energy budgets and spatial and temporal o~ I mmyear
variations > Dralusge

P
Pervious area
Surface runoff’

A continuous simulation from 1981 to 2002 is performed
with a grid size of 1km and a time step of 1 day using the
distributed hydrological model WEP-HeiHe to study detailed
processes of water budgets and hydrological cycle compo- =
nents. As an example, the water budget of 1999 in the up-
per reach watershed (with an area of 999%kis shown in

Fig. 9. From the figure we can see that the average evapora
tionin 1999 in the region is 258 mm, of which 123 mm comes

°
3
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from land surface and vegetation interception, and 135 mm ] 48| | Recharge uin |00
comes from soil evaporation and vegetation transpiration; i Uiﬂgdw” ' >
among the total 156 mm runoff, surface runoff, subsurface _mu ﬂL — T &
runoff and groundwater flow accounts for 70 mm, 24 mm and : -

62 mm, respectively, and about 2 mm of the total runoff is (Fowin JC i aned souadwater cautter !
taken by farmland irrigation. According to the observed data * ' T e
at the Yingluoxia hydrological station, the runoff amount in

1999 is 1610 million r, which amounts to 161 mm runoff ~Fig. 9. Water budgets in the upper reach basin in 1999.

depth, while the simulated annual runoff depth is 154 mm,

the relative error is 4.4%.

The daily simulation results show that, in the upper reach Table 7 gives the annual simulation results of water bud-
watershed, the annual average evapotranspiration and runo#ets in the lower plain area from Yingluoxia to Zhengyixia,
during the period from 1982 to 2002 accounts for 63% andi-€- the middle reach basin with an area of 19 014 Knot
37% of the annual precipitation (428 mm), respectively. 47%including the Liyuan river watershed) from 1982 to 2002. It
of mountainous runoff directly comes from surface runoff, c@n be seen that the annual average precipitation is 240 mm,
and the other 53% comes from mountainous subsurfac@6% of that in upper reach basin; the annual average runoff
runoff and groundwater flow. The snow melting runoff ac- 1S 76 mm, 47% of that in upper reach basin; and the annual
counts for 19% of the total runoff and 41% of the direct average evapotranspiration is 292 mm, 108% of that in upper
runoff. It should be noted that the snow melting runoff here 'éach basin. For the annual average runoff, 30% is from sur-
include all the surface runoff when rain falls as snow, notface runoffand 70% is from groundwater and spring. The an-
only glacier melting runoff. nual average irrigation water is 145 mm (i.e. 2.75 billiofym

From the view of annual variation, the evaporation and@nd 10% is from groundwater), mainly utilized in the middle
runoff in upper reaches increases as precipitation increase§¢ach Zhangye Basin and Shandan-Minle Plain. Although
but the increase rate of evaporation is less than that of runofthe great amount of irrigation water use has a contribution
storage change reflects the objective laws of water storin the local runoff generation, it leads to the annual average
age in flood years and water consumption in drought yeargevapotranspiration 52mm more than the local annual pre-

(Fig. 10). cipitation (240 mm). The deficit generally equals to the dif-
ference between the upper reach inflows and the outflow at
Zhengyixia.
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Table 7. Simulation results of water budgets in the middle reach Table 8. Simulation results of energy budgets in the upper and

basin from 1982 to 2002 (Unit: mm). middle reach basins from 1982 to 2002 (Unit: M3/year).
Year P Qin E Qout DS Irr R Rs Rg the upper reach basin the middle reach basin
1982 245 94 265 47 27 148 70 22 48 Year RN IE H G RN IE H G
1983 332 138 303 86 81 144 109 47 63
1986 201 93 263 38 6 144 59 13 45 1984 2503 632 1871 0 2559 649 1910 0
1987 242 97 301 46 9 136 75 24 51 1985 2516 677 1840 —2 2571 660 1911 1
1988 318 108 309 57 61 135 93 33 61 1986 2508 669 1838 1 2570 675 1895 0
1989 226 140 292 80 6 141 77 24 53 1987 2410 663 1746 1 2517 774 1743 1
1990 264 104 305 54 8 137 78 24 54 1988 2482 704 1781 —3 2550 793 1759 -1
1991 198 59 280 16 —48 144 59 13 46 1989 2482 747 1736 —1 2555 749 1806 0
1992 225 63 286 20 —17 138 61 12 50 1990 2517 688 1829 0 2594 784 1811 0
1993 307 123 314 71 44 134 101 39 62 1991 2492 622 1872 -2 2579 742 1839 -1
1994 244 88 298 41 -7 138 75 20 55 1992 2485 645 1840 0 2590 733 1856 1
1995 254 90 299 48 -2 137 82 31 51 1993 2422 675 1747 0 2543 808 1735 0
1996 259 114 294 62 16 146 90 32 59 1994 2465 668 1799 —1 2578 765 1814 -1
1997 175 67 284 21 —64 156 60 13 47 1995 2512 610 1903 -1 2606 767 1839 0
1998 316 155 326 99 47 145 104 40 65 1996 2478 655 1821 2 2561 754 1805 1
1999 193 91 283 41 —-40 154 70 19 51 1997 2535 666 1871 —2 2609 730 1880 -1
2000 234 73 296 27 —-17 150 70 16 54 1998 2441 814 1629 —1 2532 836 1698 -1
2001 211 77 285 36 —-34 150 64 21 43 1999 2415 640 1773 2 2582 725 1856 2
2002 257 91 323 41 -15 150 84 25 59 2000 2523 651 1874 —2 2636 758 1880 -2
Average 239 97 292 47 _3 145 76 23 53 2001 2476 634 1843 -1 2603 732 1871 0

2002 2429 672 1758 —1 2534 828 1707 -1

(Notations: P=Precipitation, Qin=River inflows from Yinglu- Average 2481 670 1812 0 2569 749 1821 O

oxia and Liyuanpu,E=EvapotranspirationQout=River outflow

at Zhengyixia,DS=Storage changd,r=Irrigation waterR=Total (Notations: RN=net radiation,/E =latent heat flux,H=sensible

runoff, Rs=Surface runoff Rg=Groundwater runoff and spring out- heat flux, andz=soil heat flux.)
flow, andDS=P+Qin-E-Qout)

Limited to data obtained, the distributions of soil moisture
Table 8 gives the annual simulation results of energy bud-content, groundwater level and snow simulated by the model

gets in the upper and middle reach basins from 1982 to 20021ave not been validated yet. In the future, ground and remote
It can be seen that the annual average net radiation in the micE€Nsing observed data will be used to validate the simula-
dle reach basin is slightly larger than that in the upper reaction results in order to support basin water resources man-
basin because of the topography influence, the sensible hedgement.
flux is similar, and the latent heat qu>§ is also a little larger 4.2 Water budgets prediction under the future land sur-
because of a large amount water use in the agricultural land. face change

The distribution of actual evapotranspiration, surface

runoff, groundwater outflow and sensible heat flux in the up-Thg gistributed hydrological model developed in the study
per and middle reach basin in 2000 is shown in Fig. 11. Fromg haseqd on the hydrological mechanism of the Northwest
the figure we can see that, surface runoff mainly generates ifhand basin of China. The model parameters can be de-
upper mountainous reaches, runoff in valleys and low-lyingq,,ced from the physical properties of land surface and do
areas mostly come from the groundwater outflow from soil ,ot change with the changing precipitation. Therefore, the
layers in mountainous areas. There is nearly no runoff genz,qe| may be used to predict the water budgets and water

erated in the lower reach basin except Linze low-lying areagegoyrces under the future land surface change, and to con-
and bare rock regions. Groundwater is recharged by river wag,ct scenario analysis under continuous deteriorated condi-
ter seepage from Yingluoxia to Zhangye, while groundwateryjong and estimate the effects of adopting countermeasures.
overflows to river from Zhangye to Zhengyixia. In addition,
the distribution of evapotranspiration shows that the Zhangye4.2.1  Impacts of conservation forest construction in the
Basin, the Minle-Shandan irrigation areas as well as artificial upper reach basin
oases are the main evapotranspiration zones.
Assuming that the land covered with sparse forest in the
upper reach basin with an area of 249.6kmnwhich ac-
counts for 2.5% of the entire area of the upper reach basin,
is changed to forest, using the conditions of precipitation and
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Table 9. Impacts of conservation forest construction on water budgets in the upper reach basin (Unit: mm/year).

Land surface Evapotranspiration Total Runoff ~ Storage
Precipitation Soil evaporation

condition from interception evapotranspiration outflow change

Current level 397.6 122.9 135.4 258.3 153.7 —14.4

Conservation forest 397.6 129.6 129.5 259.1 152.2-13.7

construction

Table 10. Impacts of changing farmland to pasture land on water budgets in the middle reach basin (Unit: mm/year).

Land surface Inflow Outflow Storage
Precipitation Evapotranspiration

condition (Yingluoxia and Liyuanbu) (Zhengyixia) change

Current level 193.4 92.1 282.7 41.3 —38.5

Changing farmland to 193.4 92.1 240.1 52.8 —-7.4

animal husbandry land

700 = Precipitation —— Fvaporation —=Runoff - 50 4.2.2 Impacts of changing farmland to pasture land in
% a0 \—*Iﬂ‘lgaﬁonwmcrusc —Smr;agechm}ge 40 3 the middle reach basin
E 500 20 ‘EJ
E 20 & Assuming that 20% of the farmland with an area of 0.37 mil-
g i dz % lion hectares in the middle reach in current level is changed
E 300 b @ to pasture land, using the conditions of precipitation and me-
2 200 =10 8 teorology in 1999, the effects on water budgets in the middle
-é 100 -20 § reach basin simulated by the model are shown in Table 10.
E =30 é It can be seen that, due to the measure of changing the farm-

o -40

— R e land to pasture land in the middle reach basin, irrigation wa-
1982 1986 1950 1994 1998 2002 . . . .
Year ter consumption is greatly reduced, evapotranspiration and
the storage change deficit decreases obviously, while the dis-
Fig. 10. Annual variations of hydrological cycle components in the charge at Zhengyixia increases obviously. Therefore, the
upper basin during 1982-2002. measure is urgently needed in the inland basin with serious
water shortage problems.

4.2.3 Impacts of reducing irrigation surface water con-

meteorology in 1999, the effects on water budgets in the up- sumption in the middle reach basin

per reach basin simulated by the model are shown in Table 9.

The simulation results show that, due to the construction ofTo guarantee the water demand of downstream oases and
conservation forest in the upper reach basin, although thdakes, the Heihe river administrative bureau began to con-
evapotranspiration from interception increases, the soil evaptrol the water diversion from the Heihe river in the middle
oration reduces at the same time, therefore the total evapaeach basin in recent years. Compared with that in 1990s, the
transpiration does not increase obviously; the runoff outflowgroundwater table in the middle reach basin in 2004—2005
slightly decreases, while the storage change of soil moistureleclined because of the reduced water diversion from the
and groundwater slightly increase mitigating the deficit of Heihe river and the increased groundwater exploitation, and
storage change in drought years such as 1999. It should btéhe decreased amount of groundwater directly transformed
noted that the more important effects of conservation foresfrom the diverted surface water was estimated to account
construction are to preserve the soil and water, decrease sdibr 45% of the total groundwater decrease, thus readjusting
erosion in the upper reach and avoid sand sedimentation ithe industrial structure and saving the agricultural water con-
the lower reach, thus improve the ecological environment insumption are significant measures to hold all environments
the basin. stably (Wei et al., 2008).
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Table 11. Conditions in 2002 (Unit: 1#s).
Condition ~ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

History 1299 126.7 119.2 514 355 2509 5126 397.6 156.2 1115 1029 124.0
Scenario 129.9 126.7 1356 111.5 1313 4717 7284 588.3 260.5 201.7 151.2 134.2

| T
B 3500 - 3981
[ No Data

Fig. 11. Spatial variations of hydrological processes and sensible heat flux in the upper and middle reaches basiifahR2agfotranspi-
ration, (b) Surface runoff(c) Groundwater outflon(d) Sensible heat flux.

In this study, we set a scenario of reducing the irrigationvalidation results show that the model has high simulation
surface water use by 50% in 2002 while keeping other con-accuracy. The characteristics of the model are listed as fol-
ditions including the groundwater exploitation unchanged tolowing: (1) different from the existing methods of runoff
study the hydrological impacts. The average irrigation quotasimulating and flow routing, the model simulates all the pro-
in the middle reach basin is as high as 802#ma and about  cesses of hydrological cycle, and couples the simulation of
90% is from surface water diversion according to statistics,hydrological cycle process with energy cycle process; (2) to
a reduction of 50% is assumed as an ideal scenario, which isonsider the subgrid heterogeneity of land use within a cal-
very strict but still possible considering the case in some irri-culation unit, the mosaic method is used by dividing the land
gation districts of high efficient water use in Zhangye city in use into 8 categories, and water and heat fluxes for each land
the basin. The comparison of monthly discharge at Zhengyuse is calculated separately, thus greatly improve the calcu-
ixia under history and scenario conditions in 2002 is shownlation accuracy using large grids in large basin, while only
in Table 11. The results show that reducing the irrigation sur-one dominant type of land use is considered in most of the
face water use in the middle reach basin has obvious funcexisting models; (3) the model developed in the study has a
tions on increasing the discharge at the Zhengyixia. How-quick calculation speed (the calculation time is about 15 min
ever, it should be mentioned that strict water-saving measurefor 1-year simulation of 36 728 grid units in the upper and
should be pursued so as not to cause the increase of groundiiddle reach of the Heihe river basin using a PC computer
water exploitation, otherwise the groundwater table declinewith CPU2.2GHz). In addition, the parameters in the model
issue will be sharpened as pointed out by Wei et al. (2008). are all physically-based and can be measured or deduced, and

the model was well validated. Therefore, the model has the

potential to be applied to PUBs.
5 Conclusions The results of applying the distributed hydrological model

to the upper and middle reach of the Heihe river basin show
In this study, a physically and GIS based distributed hydro-that, the model can be used to effectively reveal the temporal
logical model was developed in the Heihe river basin. A sim-and spatial variations of hydrological cycle and water bud-
ulation of 22 years was carried out with a grid size of 1 km gets components as well as energy cycle components. The
and a time step of 1 day in the upper and middle reach basimesults of applying the model to predict the water budgets
and the model was validated using observed runoff data. Thender the future land surface change show that, due to the
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