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Abstract This study intends to disclose orographic effects on climate and climatic
impacts on hydrological regimes in Qinling Mountains under global change back-
ground. We integrate a meteorological model (MM5 model, PSU/NCAR, 2005) and
a hydrological model (SWAT model, 2005) to couple hydrological dynamic with
climate change in Qinling Mountains. Models are calibrated and validated based
on the simulation of different combined schemes. Following findings were achieved.
Firstly, Qinling Mountains dominantly influence climate, and hydrological process in
Weihe River and upper Hanjiang River. Results show that Qinling Mountains lead
to a strong north–south gradient precipitation distribution over Qinling Mountains
due to orographic effects, and it reduces precipitation from 10–25 mm (December)
to 55–80 mm (August) in Weihe River basin, and adds 25–50 mm (December) or 65–
112 mm (August) in upper Hanjiang River basin; evapotranspiration (ET) decrease
of 21% in Weihe River (August) and increase 10.5% in upper Hanjiang River (July).
The Qinling Mountains reduce water yields of 23.5% in Weihe River, and decrease
of 11.3% in upper Hanjiang River. Secondly, climate change is responsible for the
changes of coupling effects of rainfall, land use and cover, river flow and water re-
sources. It shows that average temperature significantly increased, and precipitation
substantially reduced which leads to hydrological process changed greatly from 1950
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to 2005: temperature increased and precipitation decreased, climate became drier in
the past two decades (1980–2005), high levels of precipitation exists in mid-1950, mid-
1970, while other studied periods are in low level states. The inter-annual variation
in water yield correlates with surface runoff with an R2 value of 0.63 (Weihe River)
and 0.87 (upper Hanjiang River). It shows that variation of annual precipitation was
smaller than that of seasonal precipitation.

1 Introduction

Climate changes may have significant impacts on terrestrial hydrological dynamic.
Variations of climate directly alter the hydrological processes, including precipita-
tion, evaporation and land-surface hydrological cycle (Bhatti et al. 2000). Global
change, whether generated from climate or other sources, has great impacts on
water resources at different spatiotemporal scales, especially in geographical regions
of the transition areas (Bootsma 1994; Wang et al. 1998; Najjar 1999; Menzel and
Burger 2002; Raymond and Wolfgang 2005). Water storage in and flow through
mountains are major features of mountain regions linking climate and its change
to the hydrological cycle and human water use (Ren et al. 2002; Zhang et al. 2003).
Understanding of the interactions between hydrological dynamic, climate, and land-
use change is important for both real situation analyses and predicting the potential
hydrological consequences of existing land-use practices and climate trends in the
north and the south of the Qinling Mountains, China.

Studies show that orographic effects have great importance on hydrological
regimes (Osborn and Lane 1969; Wood et al. 1988; Woolhiser 1996; Bi et al. 2005).
Bindlish and Barros (2000) reviewed previous studies of orographic effects on rain-
fall, and concluded that rainfall a governing factor in the temporal and spatial vari-
ability of runoff production and soil moisture dynamic, and thus the entire hydrologic
regime of a river basin (Barros and Lettenmaier 1994; Barros and Kuligowski 1998;
Bindlish and Barros 2000). It is noted that orographic effects are characterized by
an increase of precipitation amount and intensity with elevation up to 300%.on the
upwind slopes of topographic barriers along the storm path, while the intensity and
duration of storms were sharply reduced on the leeward side (Bindlish and Barros
2000). Topographic elevation and aspect, and wind speed and direction were also
key factors in the orographic enhancement of precipitation, and associated spatial
variability. Chen et al. (2005) simulated orographic influences on the development
of two heavy rainfall events over southwestern Taiwan during the Mei-yu season,
and found rain showers were enhanced or triggered in the coastal convergence zone
due to island blocking and enhanced by the interaction between the decelerating
incoming flow and the offshore flow in the early morning.

Modelling studies often provide more insights into the mechanisms of land
surface process while field records and experiments can conclusively demonstrate the
consequences of climate (Whitehead and Robinson 1993). Numerous climate models
have been developed as an increasingly important tool to address scientific issues
associated with climate variability, changes, and impacts at local-regional scales
(Giorgi et al. 1992; Leung et al. 1999). The PSU/NCAR mesoscale model (MM5,
the fifth-generation Pennsylvania State University, National Center for Atmospheric
Research Mesoscale Model) has been broadly used to perform regional weather,
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climate, and water resources forecast and research (Wagner et al. 2006, 2008; Jimenez
et al. 2006; Li et al. 2004). For the meteorological simulations, Bi et al. (2004,
2005) determined an adequate configuration of the available parameterizations for
the Qingling-Daba Mountains. Hydrologic models were regarded as a powerful
tool for predicting climate and land use and cover change impacts on watershed
hydrology (Whitehead and Robinson 1993; He et al. 2008a). In spite of extensive
research on specific impacts of climate change, research and information on the
impacts of climate change to watershed systems remains in its infancy. Evaluation
of climate change on the watershed system is important to develop alternative
strategies and policies to mitigate the impacts of global warming (He et al. 2006,
2008b; Marshall and Randhir 2008). Watershed variables and inputs that may affect
hydrologic responses may vary spatially, as well as temporally. Therefore, accounting
for heterogeneity of environmental variables such as soil types, land uses, topo-
graphic features, and weather parameters is essential in order to properly simulate
the effect of spatially varying properties (Muleta and Nicklow 2005). The SWAT
(Arnold et al. 1998) was reported as a good tool for evaluating hydrologic regimes at
daily/monthly/yearly time scales (Bouraoui et al. 2005; Marshall and Randhir 2008).
The model is capable of describing this spatial and temporal variability though the
number of parameters and variables in this distributed model makes calibration
of such models far more complex (Refsgaard and Knudsen 1996; Refsgaard 1997;
Arnold and Allen 1996; Arnold et al. 1998).

Previous efforts have focused on innovation of coupling simulation of
meteorological–hydrological in field of hydrological research (Westrick et al. 2002;
Jasper et al. 2006; Kunstmann and Stadler 2005). Various models were successfully
applied to perform simulation hydrometeorological forecast system for mountainous
watersheds using MM5 model and distributed hydrological models (Wigmosta et al.
1994; Bacchi and Ranzi 2000; Jasper et al. 2006). Several studies have compared
climate model simulated runoff to observed river runoff in order to validate the
model or to investigate the impact of global warming. Evans (2003) reviewed studies
of integrating climate model and hydrological model to disclose the possibility and
awareness of model applications (Hansen et al. 1983; Kuhl and Miller 1992; Miller
and Russell 1992; Milliman and Meade 1983; Russell and Miller 1990), and pointed
out that model performance is highly subject to the validity of the storage capacity
distribution curve chosen in simulation of global warming impacts on river runoff.

This study aims at evaluating the role of climate change on watershed systems at
a regional scale under global change. Abovementioned studies provide substantial
ways in further research work. However, little work has been done to investigate
interaction between meteorological and hydrological regimes at various spatial–
temporal scales under global change. We assess this exemplary problem for Weihe
River and upper Hanjiang River since seldom work has been completed with oro-
graphic effects in Weihe River and Hanjiang River in China. Compared to the studies
mentioned above, our work focuses on the performance of coupled meteorological–
hydrological simulations focus on various time scales (daily, monthly, and yearly),
and apply the meteorological model for driving hydrological models. Based on the
comprehensive hydrometeorological data and modeling, we target these issues as
to provide a physical basis for assumption of topographic influence on climate,
and global change impacts on prediction of hydrological parameters at different
timescale. Firstly, we employ the PSU/NCAR mesoscale model (MM5) to simulate
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the topographic influences on climate based on the assumption of two different
terrain combinations. Secondly, we use SWAT model to disclose climate impact on
hydrologic regime using three different time periods of climate schemes (1954, 1982
and 2003).

1.1 Study area

Our study area is focused on two representative river basins (Weihe River and
Hanjiang River, 31◦–38◦N, 104◦–112◦E, Fig. 1) around the Qinling Mountains. The
west–east Qinling Mountains reach as high as 3,900 m in central China (Liu 1983),
and form an important geographical boundary between Weihe River (the largest
tributary of the Yellow River) and Hanjiang River (the largest tributary of the
Yangtze River).

Weihe River lies in the north of Qinling Mountains, and is dominated by semi-
arid hydrologic characteristics. Weihe River has main channel length of 818 km, and
its basin covers 135000 km2. The whole basin can be divided into three types, the
north subbasins (upper Weihe River, Jinghe River, and Beiluohe River), the middle
subbasins (Qishuihe River and Shichuanhe River), and the south subbasins (Shitohe

Fig. 1 Location of study area in the middle Qinling Mountains
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River, Heihe River, Fenghe River and Bahe River). Weihe River basin locates in
temperate continental monsoon climate region, and both precipitation and runoff
vary greatly at inter-annual and intra-annual timescales. The average temperature is
7.8–13.5◦C (decrease from the main channel toward the north and south tributaries),
and annual precipitation of 400 mm–800 mm (decrease from the south to the north).
The average runoff is 195 m3/s, and runoff coefficient of variation falls within 0.1–0.2.
About 80% precipitations happen during July to September, and 65–80% river flow
falls within July to September. The long tributaries in the north run through the arid
Loess Plateau, accounting for 80% basin area with only 30–40% runoff. The south
tributaries originate from the Qinling Mountains, contributing to 60–70% runoff with
20% basin area (Liu 1983).

The Hanjiang River is in the south of the Qinling Mountains, and is controlled by
humid hydrologic characteristics. The river’s length is 1,570 km and the basin area
is 170,400 km2. Our study area focuses on upper Hanjiang River (channel length is
925 km, basin area is 95,000 km2). From the northwest to the southeast, the basin
can be divided into the north alpine subbasins (55% of the whole basin area), the
middle hilly subbasins (21% of the whole), and the south plain subbasins (24% of
the whole). Hanjiang River basin is in subtropical monsoon climate region, and both
climate and runoff have strong inter-annual and intra-annual variabilities. It has an
average temperature of 13.6–18.3◦C (decrease from upper north to the lower south),
and annual precipitation of 800–1,200 mm (increase from upper north to the lower
south). About 80% precipitations happen during May and October, and 65% river
flow concentrate between July and October. The average runoff is 585 m3/s, and
runoff coefficient of variation falls within 0.3–0.6 (Liu 1983).

2 Materials and methods

2.1 Data collection

In this study, to address climate change impacts on hydrologic dynamic regimes,
we employ various data for model simulation purpose, such data including Digital
Elevation Model (DEM), meteorological, hydraulic, and hydrometric data, land use
cover data and soil data. To describe the climate situation, meteorological data,
such as precipitation, temperature, wind velocity, and net radiation were used.
Meteorological data from 1953 to 2003 are acquired 54 stations (Fig. 1) from the
National Climatic Centre of China. Hydrometric data includes daily runoff depth,
runoff velocity and river water level from 1950 to 2005. We collected data from
117 hydrological gauges covering the whole watershed (Fig. 1) from Yellow River
Conservancy Commission and Changjiang River Water Resources Commission
(YRCC-MWR 2005, Yellow River Conservancy Commission, Ministry of Water
Resources; CRWRC-MWR 2005, Changjiang River Water Resources Commission).
Topographic data, such as river channel roughness, river bed slope, and distance
between particular cross-sections, are extracted from the 90-m digital elevation
model (DEM, from IRSA-CAS 2007, Institute of Remote Sensing Application,
Chinese Academy of Sciences). To identify land use cover changes occurred between
1950 and 2005, we determine vegetation dynamic from land cover maps (IGSNRR-
CAS, 1980, Institute of Geographic Sciences and Natural Resources Research,



Climatic Change

Chinese Academy of Sciences) and remote-sensing satellite images (LANDSAT5
TM, June 29th 2003), and combine this information with a land use map at scale
of 1:100,000. Soil map (at scale of 1:100,000) is employed (from IGSNRR-CAS,
2005, Institute of Geographic Sciences and Natural Resources Research, Chinese
Academy of Sciences). These variables reflect environmental change of two different
time periods, and we used these data sets to deal with rainfall-runoff and water
balance simulation.

2.2 MM5 model for numerical simulation on precipitation schemes

The PSU/NCAR mesoscale model (MM5) has been broadly used to perform regional
weather, climate, and water resources forecast and research. For climate simulation
in Qinling Mountains, we propose an adequate configuration of the available para-
meterizations on basin of previous research work implemented by Bi et al. (2004,
2005) and Wagner et al. (2006, 2008). Cloud cover, precipitation and sunshine are
the major parameters of model simulation. For this study, MM5 is applied in non-
hydrostatic mode to dynamically downscale the global atmospheric fields stepwise
using three domains with horizontal resolutions of 45 × 45 km2 (95 × 61 gridpoints),
15 × 15 km2 (82 × 91 gridpoints) and 5 × 5 km2 (82 × 91 gridpoints; Fig. 2). For
the vertical resolution, 24 layers from the surface up to an atmospheric pressure
of 30 mbar were chosen. The required global analysis fields are obtained from the
National Centers for Environmental Prediction (NCEP, USA), and used to construct
the initial and boundary conditions with a temporal resolution of 6 h. Later the simu-
lation uses the remote sensing for model initialization and run. The simulation period
was the rainy season (summer, August) and drought season (winter, December)
in 1954, 1982 and 2003. A sensitivity experiment (TER) is designed which lowers
Qinling Mountains to 1,000 m above sea level (a.s.l.). By comparing with controlled
experiment (CTRL), we can readily identify orographic effects of Qinling Mountains
on precipitation in Weihe River basin and upper Hanjiang River basin.

Fig. 2 Simulation on monthly precipitations (average of 1954, 1982 and 2003) for schemes of MM5
model
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2.3 SWAT model for rainfall–runoff process

SWAT (Arnold et al. 1998) is a spatially distributed, physically based hydrological
model, which can operate from a daily time step to annual steps for long-term
simulations. The model is physically based, uses readily available inputs, is computa-
tionally efficient for use in large watersheds, and is capable of simulating long-term
yields for determining the impact of land management practices (Arnold and Allen
1996). Components of SWAT include: hydrology, weather, sedimentation/erosion,
soil temperature, plant growth, nutrients, pesticides, and agricultural management.
In this model, potential evapotranspiration is estimated using either the Priestley–
Taylor or Penman–Monteith methods. The soil profile is represented by up to ten soil
layers, a shallow aquifer and a deep aquifer. When the field capacity in one layer is
exceeded, the water is routed to the lower soil layer. If this layer is already saturated,
a lateral flow occurs from the bottom soil layer, percolation goes into the shallow
and deep aquifers. Water reaching the deep aquifer is lost, but a return flow from
the shallow aquifer due to deep aquifer saturation is added directly to the subbasin
channel. Surface runoff is computed by the SCS curve number method (Arnold
et al. 1998), and is therefore a non-linear function of precipitation and a retention
coefficient. Spatially distributed input parameters datasets such as elevation, soil and
land use data were implemented in the SWAT model. Relational databases such as
soil, weather and original crop databases were replaced with regional datasets. The
SWAT model was calibrated and validated by adjusting the SCS curve numbers that
were realistic for the watershed, and was evaluated through the statistical analysis
methods of the root mean square error (RMSE), and Nash–Sutcliffe coefficient
(Nash and Sutcliffe 1970).

3 Results

3.1 Simulation of orographic effects on climate in middle Qinling Mountains

For the comparison it has to be considered that a point measurement (observation)
is compared here with a result of the meteorological model which is only able
to simulate precipitation averages on a scale that is two to four times the model
resolution. This is especially relevant for regions with a high spatial variability.

Precipitation shows a strong north–south gradient distribution and reduction in
Weihe River basin, and augment in upper Hanjiang River basin due to orographic
effects of Qinling Mountains. Figures 2 and 3 are simulated average values of pre-
cipitation in 1954, 1982 and 2003 using MM5 model. Figure 2 is a comparison of the
available observed and simulated monthly precipitation sums for the average values
of 1954, 1982, and 2003. The differences in slopes (around 1.0) of both simulated
and measured curves indicate that the lowering Qinling Mountains will increase
precipitation in the north (slopes are above 1.0 of Zhangjiashan, Heiyukou and
Tongguan), and reduce in the south (slopes are below 1.0 of Hanzhong, Ankang and
Laohekou). Figure 3 shows comparison of the spatial distribution of the simulated
precipitation for domain2 (15 × 15 km2). Values range from 40 mm (north) to
150 mm (south) in August (wet summer), and vary from 400 mm (north) to 1500 mm
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Fig. 3 Simulation of orographic effects on precipitations in (wet) and droughty seasons (December)
(Values of precipitation distribution are average of 1954, 1982 and 2003)

(south) for the whole year. The coefficient of variation of the intra 15 × 15 km2-scale
rainfall variability ranges between 0.38 and 0.47. The coefficient of determination R2

varies between 0.78 and 0.87. Precipitation reduces from 10–25 mm (December) to
55–80 mm (August) in the north slope of Qinling Mountains and north Weihe River
basin, and adds 25–50 mm (December) or 65–112 mm (August) in the south slope of
Qinling Mountains and valleys of upper Hanjiang River basin.

Simulation results indicate that Qinling Mountains have great orographic effects
on climate situations. Firstly, it shows that mesoscale climate situations depends
mainly on the topography and the macro-scale conditions, positive perturbation of
potential vorticity in the lower layers is one of the important factors for the formation
and development of torrential rain, and the cold masses invade into the middle level
of the eastern part of northwest area and result in strong instability which is favorable
for convective rainfall. Secondly, orographic effects on precipitation of Qinling
Mountains have different behaviors. Qinling Mountains increase precipitation in
the area of Hajiang River valley and the southern slope of Qinling Mountains, and
decrease in itself and the northern part of Shaanxi Province. The effect is result of
vertical circulation from orographic mechanism and thermal forcing. The overall
orographic effects on precipitation of Qinling Mountains result in the southern
Shaanxi as the center of extremely heavy rainfall, and dried Weihe River basin.
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3.2 Simulation of hydrological process in Weihe River and the Hanjinag River

3.2.1 Hydrological model setup

Presumably, the designed orographic scheme (lowering Qinling Mountains to
1,000 m) would likely lead to changes in hydrologic dynamic according to MM5
simulation. For study purposes, we need to describe relationships between the
decreased Qinling Mountains and the possibly changed hydrology processes. The
SWAT model is adapted for the application in rainfall–runoff simulations at time
scales of daily (August of 1954, 1982 and 2003) monthly (1954, 1982 and 2003), and
yearly (1950–2005) to disclose climatic change impacts on hydrologic dynamic in
basins of Weihe River and upper Hanjiang River. The study area is divided into
44 subbasins (18 of Weihe River basin, and 26 of upper Hanjiang River basin).
The SWAT model is calibrated and validated (with datasets of 1978) by adjusting
the SCS curve numbers that are realistic for the basins, and is evaluated through
the statistical analysis methods of the root mean square error (RMSE), and Nash–
Sutcliffe coefficient (Table 1). It can be seen that the general discharge hydrograph
could be simulated fairly well with Nash–Sutcliff model efficiencies of 0.67 (average
for Weihe River) and 0.71 (average for upper Hanjiang River) for daily discharges in
August 1–31 of 1954, 1982, 2003.

3.2.2 Evapotranspiration

Orographic effects on evapotranspiration (ET) caused by Qinling Mountains result
in increased values in Weihe River and decreased values in upper Hanjiang River.
Simulation under designed scheme (lowering Qinling Mountains to 1000 m) shows
that changes in average ET rates under designed scheme range from a decrease
of 21% (August in Weihe River) to an increase of 10.5% (July in upper Hanjiang
River) compared with conditions of observation (Fig. 4). Evapotranspiration is a
major source of loss in the water balance for the study watershed. An examination
of changes in monthly evapotranspiration rates provides an insight into hydrologic
changes in river basin system under two climate change scenarios. Simulation based
on observation show that the actual evapotranspiration (AET) and potential evap-
otranspiration (PET) vary monthly through complete year. The highest simulated
AET occurs in March, June to September in Weihe River, and May to September

Table 1 Model efficiency analysis of surface rainfall–runoff simulation

Timescale Year Nash–Sutcliffe coefficient RMSE (m3/s)

Weihe River Upper Hanjiang Weihe River Upper Hanjiang
River River

Daily August 1–31, 1954 0.62 0.74 14 23
August 1–31, 1982 0.68 0.70 25 29
August 1–31, 2003 0.71 0.69 15 27

Monthly August, 1954 0.81 0.72 33 23
August, 1982 0.77 0.87 37 39
August, 2003 0.67 0.77 28 37

Yearly 1950–2005 0.81 0.71 45 58
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Fig. 4 Simulated evapotranspiration (actual evapotranspiration and potential evapotranspiration)
in Weihe River and upper Hanjiang River basins

in upper Hanjiang River. The PET averages 600 mm/year (Weihe River) and
720 mm/year (upper Hanjiang River) with the highest values in June and July (Weihe
River), and July and August (upper Hanjiang River). Average AET values are
35 mm/month (Weihe River) and 87 mm/month (upper Hanjiang River) less than
PET values. From September to April, it exhibits low variation in monthly PET and
AET. The coefficients of variation (defined as the variability of model output data
series around the mean) for PET are 0.68 (Weihe River) and 0.74 (upper Hanjiang
River), AET are 0.72 (Weihe River) and 0.82 (upper Hanjiang River) respectively.
Average annual PET rates increase 17%(in Weihe River) and 11.3% (in upper
Hanjinag River) from 1950 to 2005. Simulation shows that changes in average ET
rates between observation and designed scheme (lowering Qinling Mountains to
1000 m) range from a decrease of 21% (August in Weihe River) to an increase of
10.5% (July in upper Hanjiang River). Changes in evapotranspiration rates under
different schemes were driven by temperature.

3.2.3 Rainfall–runoff process

Analysis of rainfall–runoff process discloses that flow discharge in valleys watersheds
of Qinling Mountains correspond to high values. Figures 5 and 6 are simulations on
daily runoff discharge in August (1954, 1982, and 2003) in Weihe River and upper
Hanjiang River. We investigate different types of watersheds for further analysis in
Weihe River basin (Jinghe River–Zhangjiashan of north tributaries, Qishuihe River–
Wugong of middle tributaries, Heihe River–Heiyukou of south tributary, and Baoji
and Tongguan of the main channel) and upper Hanjiang River basin (Baohe River–
Jiangkou of north tributary, Duhe River–Duhekou of southwest tributary, Danjiang
River–Xichuan of northeast tributary, and Hanzhong, Ankang, and Laohekou of
main channel).

�Fig. 5 Simulation on daily runoff discharge in August (1954, 1982, and 2003) in Weihe River (Jinghe
River and Qishuihe River of north tributaries; Heihe River of south tributary; Baoji and Tongguan
of the main channel in Weihe River basin)
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Fig. 5 (continued)

For Weihe River basin, simulation based on observation shows that daily hydro-
graphs of peak flow at Tongguar are much more similar with to that of Heiyukou
(Heihe River) than that of others. This can be explained that average flow discharge
of south tributaries of Weihe River in north Qinling Mountains accounts for 60–
80% for the whole Weihe River basin, and flow discharge of the upper Weihe River
(300 m3/s at Baoji) possesses less than 18% of Tongguan (1,300 m3/s). Although the
basin area of Jinghe River is 30 times of Heihe River, average base flow discharges
are almost the same (80 m3/s). Velocity of flood wave propagation in south tributary
is faster than the north. Considering ground situations (land use cover, soil and
terrain), tributaries can generate the highest flow discharge in the south (Heiyukou),
followed by the middle (Wugong) and the north (Zhangjiashang) under the same
precipitation. Simulation under designed scheme (lowering Qinling Mountains to
1,000 m), flow discharge increases of twice (150 m3/s at Zhangjiashang) of the north
tributaries, and 21% (92 m3/s at Wugong) of the middle, and 16% (110 m3/s at
Heiyukou). However, daily base flow of the observed and the simulated decrease
from 1954 to 2003.

As to upper Hanjiang River basin, simulation based on observation shows that
spatial distribution flow discharge varies greatly. Average base flow discharge of
north tributary (85 m3/s at Jiangkou) is higher than southwest tributary (63 m3/s
at Duhekou) and northeast tributary (76 m3/s at Xichuan), and the upper reach
(discharge at Ankang accounts for 38% discharge of the total basin) contribute
much more than the lower reaches). Also, velocity of flood wave propagation in
upper tributaries is faster than the lower reaches. Simulation under designed scheme
(lowering Qinling Mountains to 1,000 m), flow discharge decreases by 83% at
Jiangkou in the north, 87% at Ankang in the middle, 89% at Xichuna in northeast,
and 93% at Duhekou in southeast. However, daily base flow of the observed and the
simulated decrease from 1954 to 2003.

�Fig. 6 Simulation on daily runoff discharge in August (1954, 1982, and 2003) in Hanjiang River
(Baohe River of northwestern tributary; Duhe River of southwestern tributary; Danjiang River
River of northeastern tributaries; Hanzhong, Ankang, and Laohekou of the main channel in
Hanjiang River basin)
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Fig. 6 (continued)

Monthly rainfall–runoff process shows strong seasonal variation in a complete
year (Fig. 7). Simulation results based on observation shows that seasonal cycle
of flow discharge is obvious both in Weihe River (Tongguan) and upper Hanjiang
River (Laohekou). Peak discharge at Tongguan (August) and Laohekou (May, July
and September) is caused by summer monsoon activity which brings large vapours
though it shows different behaviours in 1954 1982 and 2003. Simulation under
designed scheme (lowering Qinling Mountains to 1,000 m) shows that flow discharge
in Weihe River (Tongguan) increases 72% in summer (June to September), 43% in
winter (December to February) and 27% in spring and autumn. On the contrary, flow
discharge in upper Hanjinag River (Laohekou) decreases 12% in summer (June to
September), 27% in winter (December to February) and 21% in spring and autumn.
Overall monthly flow discharge decreases from 1954 to 2003.

Yearly water yields of Qinling Mountains reduce in Weihe River, and increase
in upper Hanjiang River for a long run (1950–2005). Duration of yearly hydrographs
quantifies the water balance during the past 50 years (1950 to 2005, Fig. 8). Simulation
based on observation shows that average water yield varies from 420 mm/year
(Weihe River) to 850 mm/year (upper Hanjiang River), and both river basins present
drought trends from 1950 to 2005. The inter-annual variation in water yield correlates
with surface runoff with an R2 value of 0.63 (Weihe River) and 0.87 (upper Hanjiang
River). Analysis from climate data showed that variation of annual precipitation
was smaller than that of seasonal precipitation, drier years corresponded to lower
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Fig. 7 Simulation on monthly runoff discharge in Weihe River (Tongguan) and Hanjiang River
(Laohekou)

precipitation years but not to higher temperature years, higher temperature and
stronger wind velocity corresponded to higher evapotranspiration, the interactive
effect between temperature and precipitation resulted in increasing arid in the Weihe
River and upper Hanjiang River. The phenomenon that drier year corresponded
to lower precipitation year could be explained by duration of summer monsoon
current in this region: summer monsoon air current brought more precipitation when
it stayed for long time, and brought less precipitation when it stayed for a short time.
Simulation results of hydrologic process showed that total water resource decreased
12.7% (upper Hanjiang River) and 21.3% (Weihe River) in 2003 compared to that
of 1954. Simulation under designed scheme (lowering Qinling Mountains to 1,000 m)
shows that water yields increase 23.5% in Weihe River, and decrease 11.3% in upper
Hanjiang River during 1950–2005.
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Fig. 8 Simulation on annual runoff discharge in Weihe River (Tongguan) and Hanjiang River
(Laohekou)
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3.3 Decoupling water balance response to environmental changes

Analysis reveals that climate change leads to the changes of coupling effects of
rainfall, land use and cover, river flow and water resources on basis of computational
results of model simulations. Observed data shows that the annual temperature
changes from 1954 to 2005 in Weihe River and upper Hanjiang River cause changes
in the annual evapotranspiration, precipitation reduced the coupling of river flow
on seasonal time scales, and river flow was monotonically related to water storage.
Figure 4 shows that variation of annual evapotranspiration was much smaller than
variation in precipitation and river flow and had strong positive correlation with
annual mean temperature in accordance with potential evapotranspiration formulae.
River flow was monotonically related to diagnosed storage of water in Weihe River
and upper Hanjiang River from June through September. The flow in Weihe River
has a strong mean annual cycle with a peak near the middle of August and a minimum
near early March, and with peak value in July and September in upper Hanjiang
River. Precipitation also had a strong mean annual cycle with higher values in the
middle of the summer and lower in the winter for both Weihe River and upper
Hajiang River.

It shows that high levels of precipitation exist in mid-1950, mid-1970, while other
studied periods are in low level states (Fig. 8). The temperatures generally decrease
from 1956 to the 1960s followed by a decrease in mid-1970 and mid-1980, after which
there was a long-term increase from early in1990 to the end of the record. Strong
negative correlation (−9.1 of Weihe River and −8.7 in upper Hanjiang River) exists
between annual precipitation and temperature. We computed annual average values
(January–December, February–May, June–September, and October–February) to
determine the relationship between river flow discharge and precipitation. Twelve
least-squares linear regressions were performed, one for each 12-month period
(n=51, from 1950 to 2005). It revealed that river flow was highly correlated with
annual precipitation (r2 = 0.93 in Weihe River, and 0.83 in Hanjiang River) and
changes in annual river flow were about 1.6 times (Weihe River) and 1.3 times
(upper Hanjiang River) greater than changes in annual precipitation. The highest
correlation between river flow discharge and precipitation was in summer time
(July to September), r2 = 0.97 (Weihe River) and 0.91 (upper Hanjiang River).
A significantly lower correlation existed in springtime (from February to May),
r2 = 0.57 (Weihe river) and 0.52 (upper Hanjiang River). Two possible causes could
be explained for these behaviours. Firstly, vegetation plant and soils may normally
be saturated during summer time. While in spring time, vegetation was in great
need of water, and soils could not be saturated or even became completely dry.
Temporal evapotranspiration showed strong variability as temperature, humidity,
solar radiation, and wind speed were factors that affect evapotranspiration. Secondly,
vegetation was sensitive to soil moisture and evapotranspiration. Analysis revealed
that water storage and evapotranspiration were responsible for the decoupling
of precipitation and river flow. This can be explained by two causes. Firstly, in
spite of strong seasonal cycle of maximum potential evapotranspiration, maximum
precipitation caused maximal river flow in summer. Secondly, water storage as snow
during winter and melting during the spring helped to contribute to the river flow,
when precipitation was near the minimum.
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4 Conclusions and discussions

The overall investigation of this study provides several important insights into
disclosing the dynamic relationship between environment change and hydrologic
regimes at different time scales in the Wei River and upper Hanjiang River.

Firstly, Qinling Mountains dominantly influence climate, and hydrological process
in Weihe River and upper Hanjiang River. Simulation results indicate that mesoscale
meteorological situations depends mainly on the topography and the macro-scale
conditions, positive perturbation of potential vorticity in the lower layers is one
of the important factors for the formation and development of torrential rain, and
the cold masses invade into the middle level of the eastern part of the northwest
district and result in strong instability which is favorable for convective rainfall. The
Qinling Mountains increase precipitation in valleys of the upper Hanjiang River and
the southern slopes of Qinling Mountains, and decrease in itself and the northern
part of Shaanxi Province. Mountainous effect on precipitation is realized by vertical
circulation caused by mechanical topography and thermal forcing. The overall
topographic effects on precipitation of Qinling Mountains result in the southern
Shaanxi as the center of extremely heavy rainfall.

Secondly, climate change is responsible for the changes of coupling effects of
rainfall, land use and cover, river flow and water resources. Results show that the
average temperature significantly increased, and precipitation substantially de-
creased from 1950 to 2005 in Weihe River and upper Hanjiang River, and climate
became drier in the past two decades (1980–2005). Meanwhile, retrogressed land
cover made it more difficult for water storage. As human activities intensify, more
water supplies will be needed, thus aggravating the water shortage situation in this
area. Therefore, it is necessary to become more aware of water-based ecological
protection.
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