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ABSTRACT

Hydrological processes in most semiarid regions on Earth have been changing under the impacts of

climate change, human activities, or combinations of the two. This paper first presents a trend analysis of the

spatiotemporal changes in water resources and then diagnoses their underlying atmospheric and socio-

economic causes over 10 catchments in the Laoha basin, a typical semiarid zone of northeast China. The

impacts of climate variability and human activities on streamflow change were quantitatively evaluated by

the VIC (Variable Infiltration Capacity) model. First, results indicate that six out of the 10 studied catch-

ments have statistically significant downward trends in annual streamflow; however, there is no significant

change of annual precipitation for all catchments. Two abrupt changes of annual streamflow at 1979 and

1998 are identified for the four largest catchments. Second, the Laoha basin generally experienced three

evident dry–wet pattern switches during the past 50 years. Furthermore, this basin is currently suffering

from unprecedented water shortages. Large-scale climate variability has affected the local natural hy-

drologic system. Third, quantitative evaluation shows human activities were the main driving factors for

the streamflow reduction with contributions of approximately 90% for the whole basin. A significant in-

crease in irrigated area, which inevitably resulted in tremendous agricultural water consumption, is the

foremost culprit contributing to the dramatic runoff reduction, especially at midstream and downstream of

the Laoha basin. This study is expected to enable policymakers and stakeholders to make well-informed,

short-term practice decisions and better plan long-term water resource and ecoenvironment management

strategies.

1. Introduction

Water resources are widely regarded as the most es-

sential of natural assets for humans, wildlife, and eco-

systems (Oki and Kanae 2006; Zhao and Running 2010).

Presently, themajority of scientists and the international

public find evidence that global mean temperature

changes have increasingly impacted the hydrological

cycle at various spatial and temporal scales (Probst and

Tardy 1987; Labat et al. 2004; Bates et al. 2008). Two of

the most significant potential consequences may be the

increasing risk of floods at the state level (Milly et al. 2002)

and the decrease of water availability (e.g., droughts)

at the local or regional scale (V€or€osmarty et al. 2000;

Sheffield and Wood 2008). A number of studies have

also discussed that global warmingmight accelerate the

global hydrological cycle and further lead to the in-

crease of continental streamflow (Probst and Tardy 1987;

Semenov and Bengtsson 2002; Gedney et al. 2006;

Huntington 2006; Milliman et al. 2008). However, in

practice, there exists a highly heterogeneous pattern of

change in annual streamflow at the regional scale, with

some regions experiencing an increase in runoff (e.g.,

high latitudes and large parts of the United States) and

others (e.g., parts of West Africa, southern Europe,
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and South America) experiencing a decrease in runoff

(Lammers et al. 2001; Nijssen et al. 2001b; Zhang et al.

2001; Peterson et al. 2002; Yang et al. 2002; Milly et al.

2005). Moreover, the changes in precipitation, tempera-

ture, and anthropogenic water abstractions further im-

pact streamflow in the Northern Hemisphere (Lindstrom

and Bergstrom 2004; Bates et al. 2008). During the last

50 years, several of the most important river basins of

northern China, such as the Yellow River, Huai River,

Hai River, and Liao River, have been experiencing water

shortages (Ren et al. 2002; Liu and Zheng 2004; Yong

et al. 2010; Zhang et al. 2011). This problem has become

more severe in the past decade; some segments of the

main river channels (e.g., the channels of the lower

Yellow River) have dried up every year, with the time of

drying up appearing earlier and lasting longer (Liu and

Xia 2004). Water availability is imperative for those

semiarid basins with an annual precipitation range of

300 to 600mm, where the precious surface water re-

sources play a crucial role for local socioeconomic de-

velopment and are more sensitive to variations of

precipitation and the disturbances of human activities

(Fu and De Vries 2006). In semiarid regions, the scarcity

of water resources and growing human demand for water

often result in conflicts between human needs and bio-

diversity vulnerabilities (Warren et al. 1996; V€or€osmarty

et al. 2010).

One of the most important characteristics of the

hydrology in semiarid basins is the extreme spatial and

temporal variability of precipitation that inevitably

gives rise to spatially inhomogeneous runoff genera-

tion (Tooth 2000). An additional characteristic of

semiarid regions is that the decadal and interannual

fluctuations of precipitation greatly affects the avail-

ability of surface water resources for sustaining agri-

cultural irrigation and rural residential consumption,

which becomes particularly prominent during drought

periods (Liu and Xia 2004; Schwinning et al. 2004).

With respect to semiarid regions in northern China,

another major factor that has further altered the re-

gional hydrologic cycles and endangered water vari-

ability is the anthropogenic interventions associated

with increased water diversions for agriculture irriga-

tion, widespread land cover changes, newly built re-

servoirs and dams, and rapid development of water-

consuming industries (Ren et al. 2002; Liu and Xia 2004;

Yong et al. 2010; Zhang et al. 2011). Therefore, a com-

prehensive assessment of spatial and temporal distribu-

tions of water resources within semiarid basins is not only

important to provide insights into how climate variability

and/or human activities impact the hydrological cycle, but

also helpful to develop a holistic strategy for local and

regional water resources management and to confront

the competing needs of human development and eco-

system services.

Among the typical semiarid regions in China, the

Laoha basin, located at the headwaters of theWest Liao

River, has been one of the most important regions for

agricultural production in northern China during the

past half century. The Hongshan reservoir, lying at the

Laoha basin outlet, is the largest reservoir in northeast

China, with a storage capacity of 2.56 3 109m3, and

therefore controls the majority of farm irrigation in the

West Liao River basin. Thus, the Laoha basin, with a

drainage area of 18 112 km2, provides the main water

sources for the middle and downstream regions of the

West Liao River and plays a critical role in meeting the

competing demands of booming social economies and

sustaining ecological environments of the whole basin

(131 891 km2).

Not surprisingly, the Laoha basin has been confronted

with serious problems of water deficits in recent decades,

which have greatly impeded the development of local

agriculture and economy (Yong et al. 2010). Although

large sums of money from the Chinese government were

invested in improving local irrigation systems and re-

inforcing hydraulic engineering, not all of these efforts

have been effective, or positive, leaving local water re-

sources managers and water policymakers wondering

what went wrong. They gradually recognized that the

scientific understanding of water resources variations and

their underlying causes is particularly important for such

drought-prone basins with heterogeneous distributions

of surface water resources. Otherwise, they cannot find

appropriate strategies to sustain the rapid investment-

driven socioeconomic development while simultaneously

protecting local vulnerable ecological environments.

Thus, a series of large projects on climate and hydrology,

such as the 973 National Key Basic Research Program

(2006CB4005) by the Chinese Ministry of Science and

Technology (CMST) and the Science Implementation

Plan of MAIRS (Monsoon Asia Integrated Regional

Study) by the Chinese Academy of Sciences (CAS), were

carried out on this basin in the most recent decade. Sup-

ported by these scientific research projects, many efforts

on this basin over the last 10 years have been made to

compile a great amount of hydrometeorological, ecolog-

ical, and socioeconomic data and to organize field in-

vestigations and monitoring.

In this study, our objectives are threefold: 1) to com-

prehensively investigate the space–time change of 50-yr

historical records of climate and hydrological data on

10 catchments using high-density surface observation

networks in the Laoha basin, 2) to systematically analyze

the large-scale circulation patterns and possible under-

lying socioeconomic causes behind these trends and
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spatiotemporal variations, and 3) to quantitatively esti-

mate the relative contributions of climate variability and

human activities to streamflow change. Ultimately, these

results are expected to enable policymakers and stake-

holders tomake well-informed, short-term decisions and

better plan long-term water resources and ecoenviron-

mental management strategies in this typical northern

China semiarid basin.

2. Study area, data, and methodology

The Laoha basin is located at the junction of the

Hebei and Liaoning provinces and Inner Mongolia

Autonomous Region in northeast China between 418
and 42.758N, 117.258 and 1208E (Fig. 1, top). The Laoha

River originates at Qilaotu Mountain in the northern

part of the Yan Shan mountain chain and flows about

430 km eastward to the West Liao River. The basin el-

evation ranges from 427m above sea level at the channel

outlet of the Xinglongpo hydrological station to over

2000m in the upstream mountainous area with the to-

pography significantly descending fromwest to east. The

climate of this basin is that of a typical semiarid region,

with its average annual temperature, precipitation, and

runoff during the past 50 years being 7.58C, 418.3mm,

and 28.7mm, respectively. Similar to other semiarid ba-

sins, the annual potential evaporation and transpiration

of the Laoha basin exceed annual precipitation. Summer

is the main rainy season, with about 50%–60% of the

annual precipitation occurring in June, July, and August.

In this study, we selected 10 catchments (Fig. 1, bot-

tom) including seven headwater catchments from north

to south (catchments 1–7), two midstream catchments

(catchments 8 and 9, indicated with the dotted boundaries

FIG. 1. (top) Location of the Laoha Basin and (bottom) distribution of hydrological and mete-

orological stations used in this study. Also shown are the 10 selected catchments, stream networks,

and large reservoirs. Note that the red dotted lines in the bottom picture represent the boundaries

of two midstream catchments (catchments 8 and 9). Catchment 10 is the whole Laoha basin.
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in Fig. 1, bottom), and the whole basin (catchment 10).

Table 1 lists the hydrological and geographic character-

istics of these 10 catchments. The range of average annual

precipitation of these catchments is 350–550mm, and the

average annual streamflow is between 20 and 70mm.

Moreover, there is a gradually increasing tendency in

precipitation and streamflow from north to south for

the seven headwater catchments. This pattern is also

evident in the two midstream catchments (catchments

8 and 9), which are mutually adjacent but have distinctive

climate features. Catchment 8 in the north is a typical

semiarid climate with an average annual precipitation

of 383.91mm, while the southern catchment 9 receives

approximately 453mm of rainfall.

The Water Resources Department of the Inner Mon-

golia Autonomous Region provided the main hydrome-

teorological data including precipitation, streamflow, and

pan evaporation. Evenly distributed within the basin,

there are 52 rain gauges and 10 streamflow stations

(Fig. 1, bottom) that have continuously recorded obser-

vations of daily precipitation and streamflow over the

past half century. Local workers at the streamflow sta-

tions were also in charge of taking pan evaporation ob-

servations by using the standard Chinese 20-cm diameter

(D20) pan [a detailed description regarding the D20 pan

is provided in Yang and Yang (2012)]. The daily maxi-

mum, mean, and minimum air temperatures, hours of

sunshine duration, wind speed, and relativemoisture from

1956 to 2010 were gathered from four national standard

meteorological stations (Fig. 1, bottom) operated by the

China Meteorological Administration (CMA). The daily

data were then integrated to obtain the monthly and an-

nual averages used for this study. Land use and cover data

came from the National Land Cover Dataset (NLCD),

developed by CAS. The NLCD, with six main types of

land cover (i.e., cropland, grassland, forest, unused land,

water body, and built-up land), was available from the late

1980s to 2005, with about 5-yr intervals, and was de-

veloped by visual interpretation using Landsat Thematic

Mapper (TM)/Enhanced TM (ETM) images covering

China (Liu et al. 2005a,b). Interpreters utilized Intergraph

Modular GIS Environment (MGE) software (Zhuang

et al. 1999; Liu et al. 2002) to identify land-use types (such

as cropland or grassland) based on the object’s spectral

reflectance, structure, and other information. Then they

drew the boundaries of the objects and added attributes

(labels) of the polygons to produce the digital map. Fi-

nally, a great number of field surveys were conducted to

evaluate the classification accuracy. Taking the validation

of the 1995 datasets as an example, the field surveys in-

clude an accumulated survey length of 75 271km across

China (average 2509km for each province), a total of

13 300 patches, and 8000 photos located with GPS facili-

ties (Liu et al. 2005a). Therefore, the NLCD is recognized

as the most comprehensive and authoritative land cover

dataset in China. More details about NLCD are provided

in Liu et al. (2005a). The four periods of data used in this

study are the late 1980s (interpreted from Landsat TM

images of 1986–89), 1995 (from images of 1995/96), 2000

(from images of 1999/2000), and 2005 (from images of

2004/05). Economic data of the Laoha basin during the

period of 1949–2005 came from the Socioeconomic Da-

tabase of Northern China, which is one of the impor-

tant research results supported by two National Key

Basic Research 973 Programs (No. G1999043406 and

No. 2006CB4005). The information on large reservoirs

was provided by local administrative agencies. Finally,

monthly reanalysis data from 1960 to 2010 (http://www.

esrl.noaa.gov/psd/), produced by theU. S. National Center

for Atmospheric Research (NCAR) and National Centers

TABLE 1. Hydrological stations of the 10 catchments in the Laoha basin and their characteristics. Catchments 1–7 are from headwater

rivers, catchments 8 and 9 from midstream rivers, and catchment 10 is from a downstream river.

Catchment Station River Lat (N) Lon (E) Area (km2)

Average

elevation

(m)

Average

streamflow

(mmyr21)

Average

precipitation

(mmyr21)

Daily

streamflow

records (yr)

1 Xinjing Zhaosu 428210 1188530 994 1012.61 22.76 352.09 1964–2009

2 Chutoulang Yin 428210 1188370 3009 1305.34 30.30 371.43 1964–2009

3 Xingjude Xiluga 428050 1188080 850 1236.44 38.46 421.84 1964–2009

4 Yangshuwanzi Xiluga 428040 1188100 582 1187.66 57.63 396.82 1964–2009

5 Jinshan Xipo 418550 1188410 906 1166.38 54.81 437.06 1964–2009

6 Xiaochengzi Kuntou 418450 1198000 803 1012.15 48.79 533.12 1964–2009

7 Dianzi Heili 418250 1188500 1643 956.87 70.76 442.39 1964–2009

8 Chifeng Yingjin 428170 1188570 8678 1123.52 27.82 383.91 1964–2009

9 Taipingzhuang Laoha 428120 1198150 7720 777.47 36.10 452.65 1964–2009

10 Xinglongpo* Laoha 428190 1198260 18 112 938.70 28.70 418.28 1964–2009

* The streamflow station of Xinglongpo was built in 1976, and the data of streamflow depth before 1976 are substituted by those recorded

at the adjacent station of Xiaoheyan (428190N, 1198260E).
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forEnvironmental Prediction (NCEP), are used to explore

the variability of precipitable water, horizontal wind, and

water vapor mixing ratio from the viewpoint of large-scale

atmospheric circulation.

The approaches and methods used in this paper are

summarized below.

1) In the data analysis section, we adopted the kriging

interpolation to generate continuous surfaces of

precipitation over the entire basin. Based on the

theory of regionalized variables, the method takes

into account the spatial correlation among the data

to be interpolated. Moreover, it can minimize the

prediction errors, which are themselves estimated

(Oliver and Webster 1990). This method works best

for known values that are not evenly scattered,

especially for rain gauge data.

2) To reveal the temporal variations of precipitation

and streamflow series, the cumulative curve method,

originally proposed by Hurst (1951), was then per-

formed. The cumulative curve not only presents the

upward or downward trends of precipitation and

streamflow, but also directly detects abrupt change

points if they exist. If the cumulative curve follows a

relatively straight line over a period, then it suggests

that the data average does not change during this

period. However, the occurrence of a change point

indicates a sudden shift in the average. We also

employed the rank-based Mann–Kendall (MK) trend

test (Mann 1945; Kendall 1975) to quantitatively

analyze the change trend and significance level for

annual precipitation and streamflow. The MK test,

a nonparametric method, is frequently used to assess

the significance of monotonic trends in hydrometeo-

rological time series because it does not need any

assumption about the distribution of the experi-

mental data and has the same power as its parametric

competitors. Therefore, this method has been recom-

mended for general use by the World Meteorological

Organization (Alan et al. 2003). Previous literature has

extensively discussed how to calculate the most crucial

parameter within MK, the standard normal statistic

(Z), which indicates the trend strength (Douglas et al.

2000; Yue and Wang 2002; Zhang et al. 2008; Zhang

et al. 2009). Normally, a positive value of Z represents

an upward trend, while a negative value indicates a

downward trend. The null hypothesis of ‘‘no trend’’

is rejected if jZj . 1.96 at the 5% significance level

and is also rejected if jZj . 2.33 at the 1% signifi-

cance level. Except for the cumulative curve method

mentioned above, the nonparametric Pettitt test

(Pettitt 1979) was also applied to accurately deter-

mine the change points of the annual precipitation

and streamflow series so that more confident results

could be obtained for our analysis.

3) Two types of drought indices, the Standardized Pre-

cipitation Index (SPI) and the Standardized Runoff

Index (SRI), were adopted to compute the duration,

severity, and extent of droughts atmonthly time scales

for the past 50 years. SPI, developed by McKee et al.

(1993), is an indicator of meteorological drought,

which has a close connection to the deficiency of

precipitation. For SPI, data from the long-term record

are first fitted by a probability distribution, namely the

Gamma distribution, as discussed in McKee et al.

(1993). This distribution is then transformed into

a standard normal distribution so that the mean SPI

for the specific location becomes zero, which repre-

sents normal status. After the statistical fitting and

transformation, region-specific deviations can be

largely minimized. SRI, first appearing in Vasiliades

et al. (2011), indicates a hydrological drought, which

can be directly derived frommonthly streamflow data.

For SRI, monthly streamflow data are fitted into

a Pearson type III distribution and then put through

the Box–Cox transformation to remove its skewness.

Both of these two indices have a clear classification of

different drought degrees. When the value of SPI

or SRI ranges from 0 to 21.5, the drought status is

normally considered as slight/moderate. Conse-

quently, if it goes below 21.5, then it is a severe/

extreme drought. These two drought indices are

fairly easy to calculate compared to the other indices

(Alley 1984) and they are efficient and robust for

diagnosing the historic drought events/stages. The

fundamental idea of jointly using these two indices

in our study is to examine and compare the drought

status from two perspectives (i.e., precipitation-

related climatic drought and streamflow-related hy-

drological drought).

4) Finally, the three-layer Variable Infiltration Capac-

ity (VIC-3L) model (Liang et al. 1994; Nijssen et al.

1997) was applied to estimate quantitatively the

relative contributions of climate variability and hu-

man activities to the streamflow change. The VIC-3L

model is a grid-based semidistributed hydrologic

model that parameterizes the dominant hydromete-

orological processes taking place at the land surface–

atmosphere interface. The model considers the

dynamic changes of both water and energy balances

over a grid mesh. One distinguishing characteristic of

the VIC-3L model is that it uses a spatially varying

infiltration capacity originated from the Xinanjiang

model (Zhao et al. 1980) to account for subgrid-scale

heterogeneities in land surface hydrologic processes,

such as moisture storage, evaporation, and runoff
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generation (Yong et al. 2010). To date, the VIC-3L

model has been successfully applied in hydrologic

simulation and prediction over many river basins

(e.g., Nijssen et al. 2001a; Maurer et al. 2002; Su et al.

2005; Wood and Lettenmaier 2006; Yong et al. 2010;

Yong et al. 2012; among many others). For more

details on the VIC-3L model, the interested reader

is referred to the VIC website (http://www.hydro.

washington.edu/Lettenmaier/Models/VIC/). In this

study, the VIC-3L was run at a daily temporal and

0.06258 3 0.06258 spatial resolution. Owing to the

limitation of observed streamflow data at the daily

scale, we selected an overlapping time span of avail-

able hydrometeorological data, from January 1964 to

December 2009, as the simulation period of the hy-

drologic model. Daily precipitation, maximum and

minimum temperature, and daily average wind speed

were used to force the VIC-3L model. Daily stream-

flow observations were gathered from streamflow

stations to calibrate the model. Other data sources

such as a digital elevation model (DEM) and soil

surveys, which are needed to run the VIC-3L model,

were taken from Yong et al. (2010).

3. Spatial–temporal changes of water resources

a. Analysis of the Laoha basin as a whole

Figure 2 shows long-term variations in annual pre-

cipitation (P), streamflow (Q), runoff coefficient (Q/P),

actual evaporation (Ea), ratio of evaporation and pre-

cipitation (Ea/P), and pan evaporation (Ep) for the entire

Laoha basin from 1956 to 2010. It is seen that the annual

precipitation decreased slightly, whereas the regression

line of streamflow has a more significant downward ten-

dency. Accordingly, the runoff coefficient has signifi-

cantly reduced from 0.17 in the 1950s to 0.03 in the

2000s, a282.35% drop (refer to Fig. 2c and Table 2). It

is clear that the reduction of annual streamflow is more

dramatic than that of annual precipitation for the Laoha

basin, although these two variables have a similar decadal

fluctuation. In addition, there is almost the same annual

precipitation (of ;390mm) during the 1980s and 2000s,

while the annual streamflow of these two periods is

16.0mm and 10.5mm, respectively (Table 2). There-

fore, the same amount of precipitation produced much

less measured runoff in the 2000s than in the 1980s.

For a given basin, the water balance equation can be

written as

P2Ea2Q5DS , (1)

where DS is the change in water storage in the basin;

it is often considered as the residual from the other

measured variables. In terms of interannual change, we

can assume that the value of DS in a large basin equals

zero. Using this assumption, Ea can be approximately

estimated from the above water balance equation (Ea5
P 2 Q), which was regarded as the ‘‘measured’’ Ea for

analysis in this study. Figure 2d shows that Ea has a slight

downward trend, similar to the temporal pattern of

P (Fig. 2a). Practically, we are more concerned about

the change of actual evaporation under the same pre-

cipitation conditions, which can directly reflect whether

the natural hydrologic system still maintains stability.

Therefore, we adopted the ratio of actual evaporation

and precipitation as the indicator to detect the changes

of Ea relative to P herein. Figure 2e shows the actual

evaporation per unit precipitation has an evident up-

ward trend during the past 50 years, suggesting that

some climatic or anthropogenic causes might alter the

basin hydrological processes. However, Fig. 2f reveals

an interesting phenomenon that there is a gradually

decreasingEp for this basin, which seems to conflict with

the common understanding that the increase inEa should

correspond with increasing Ep under the same pre-

cipitation conditions. In fact, this feature exactly supports

the viewpoint in the evaporation paradox, proposed by

Brutsaert and Parlange (1998), that the observed pan

FIG. 2. Time series variations of seven annual hydrological var-

iables for the entire Laoha basin during the period 1956–2010:

(a) precipitation (P), (b) streamflow (Q), (c) runoff coefficient

(Q/P), (d) actual evaporation (Ea), (e) ratio of evaporation and

precipitation (Ea/P), and (f) pan evaporation (Ep).
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evaporation (Ep) is not a good measure of Ea for non-

humid regions. Moreover, in many situations, decreasing

Ep actually provides a strong indication of increasing Ea.

This point was also reconciled with the interpretation by

Yang et al. (2006) about the Bouchet complementary

relationship (Bouchet 1963). In nonhumid environments

the change of Ea is dominated by the change in pre-

cipitation rather thanEp. Figure 3 shows that an apparent

negative correlation exists between Ea and Ep along with

the variation of precipitation amounts in the Laoha basin.

A similar phenomenon has been obtained from other

typical catchments in northern China (Yang et al. 2006;

Yu et al. 2009; Wang et al. 2012).

Figures 4a–c and Table 2 show that the maximum,

mean, and minimum temperatures all have significant

upward trends from 1956 to 2010. We believe that the

increase of temperature is one of the primary factors for

the increasing Ea per unit precipitation (Fig. 2e). Due to

the anthropogenic water abstractions, especially for the

agricultural irrigation, vast amounts of water were

drawn from large reservoirs and river channels in the

Laoha basin. Thus, the increase of temperature will in-

evitably result in more evaporation from increasing wet

surfaces with sufficient water supply (e.g., irrigated fields

and water bodies). On the other hand, the decreases of

sunshine duration hours and wind speed (Figs. 4d,e)

should be two contributing factors to the gradual decline

inEp. Moreover, it can be seen that the wind speed has a

more significant declining trend than that of solar radi-

ation in the basin, indicating that wind speed is the

dominant factor causing the decrease in Ep (Fig. 2f).

This finding can also be confirmed by the study results of

Yang and Yang (2012) across China.

To clearly exhibit the decadal characteristics of pre-

cipitation change, the mean annual precipitation of ev-

ery decade from the 52 rain gauges (only 18 gauges for

the 1950s) during 1956–2010 was interpolated using the

kriging method. In Fig. 5, the 400-mm precipitation

contour, normally regarded as the most important sep-

aration line to differentiate semihumid and semiarid

regions, is highlighted with a dashed line on each decadal

plot over the entire Laoha basin. The spatial distributions

of decadal precipitation show that precipitation tends to

gradually decrease from south to north for all decades.

Interestingly, there is a significant decadal oscillation of

spatial rainfall patterns. For instance, the mean annual

precipitation of the basin is 535.1mm during the 1950s

(Table 2), and the 400-mm precipitation contour is out-

side of the basin to the north (Fig. 5a). However, an ob-

vious dry trend existed for the 1960s, and the 400-mm

precipitation contour moved to the southwest part of the

basin (Fig. 5b). Similar patterns were also found between

the 1970s and 1980s and between the 1990s and 2000sT
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(Figs. 5c–f). During the past six decades, the 400-mm

precipitation contour regularly oscillated in the north–

south direction every decade. Such a decadal dry–wet

status shift is possibly related to the Pacific decadal os-

cillation (PDO;Mantua et al. 1997), which is a long-lived

El Ni~no–like pattern of Pacific climate variability at the

decadal scale (Minobe 1997; Kurtzman and Scanlon

2007). Though the underlying linkage between the shifts

cannot be conclusively revealed owing to complex, non-

linear dynamics of the climate system, current studies

have found that the precipitation variation in northern

China is consistent with the PDO at decadal scale. Ad-

ditionally, the warm phase of the PDOmatches with less

precipitation and the drying trend, while the cold phase

corresponds to more precipitation and the wetting trend

(seeMa 2007 for more details). The relationship between

the PDO and decadal precipitation change should be

studied in detail in the future, as a better understanding of

their linkages will be helpful to analyze, or even predict,

decadal dry–wet changes for similar semiarid basins.

b. Analysis of the 10 catchments

The runoff coefficient, which represents runoff gener-

ation per unit rainfall and is widely used as a diagnostic

variable to depict the changes of the rainfall–runoff

relationship, was computed for the selected 10 catch-

ments from 1960 to 2010 to reveal more details on the

spatial and temporal variations of precipitation and

streamflow (Fig. 2c). Figure 6 indicates that annual

runoff coefficients for most of the catchments have

a downward trend, exclusive of catchments 4 and 5.

The highest values of runoff coefficients for most of

the catchments appear in the early 1960s (except for

catchments 3, 4, and 5 for which the mid-1990s have

the highest values) and then start to gradually decline

until the late 1980s. But, in the mid-1990s, the Laoha

basin seems to enter a relative wet period, and a re-

bound of the runoff coefficient occurs for almost all

catchments. In the most recent decade, the annual runoff

coefficients are seriously reduced to their historical lowest

levels. Taking the three largest catchments (catchments

8–10, see Table 1), for example, all of their mean runoff

coefficients are less than 0.1 during the 2000s.

To further detect deviations between rainfall and

runoff, we plotted the cumulative curve of the annual

streamflow and annual precipitation for the 10 catch-

ments. As shown in Fig. 7, a straight line characterizes

the cumulative annual precipitation, while the cumula-

tive curves of streamflow are quite different from that of

precipitation for all catchments. Generally speaking, the

cumulative streamflow, except for catchments 4 and 5,

deviated from the cumulative precipitation beginning in

the late 1970s. Moreover, two clear change points in the

late 1970s and late 1990s are prominent for those cu-

mulative streamflows in almost all of the catchments

(depicted with arrows in Fig. 7). For the headwater

catchments situated at the northern part of the Laoha

basin (catchments 1 and 2), their first change point ap-

peared earlier than the other catchments (Fig. 7). Curi-

ously, the cumulative streamflow curves of catchments 4

(Yangshuwanzi) and 5 (Jinshan) deviated from the pre-

cipitation curve in a positive direction beginning in the

early 1990s. It is difficult to account for the difference in

these change points. Nonetheless, the divergence of cu-

mulative annual precipitation and streamflow implies that

the rainfall–runoff relationship of these catchments has

been altered during the change points at different extents

throughout the past 50 years.

The results of the MK test and Pettitt test for the

annual precipitation over the 10 catchments during

FIG. 3. Examination of complementary relationship for the entire

Laoha basin: Ep (solid triangles) and Ea (open circles).

FIG. 4. Time series variations of seven annual meteorological

elements for the entire Laoha basin during the past 50 years:

(a) maximum temperature, (b) mean temperature, (c) minimum

temperature, (d) sunshine duration hours, and (e) wind speed.
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1960–2010 are given in Table 3. Among the selected

catchments, there are four small headwater catchments

(catchments 2, 3, 5, and 7) with positive values of the Z

statistic indicating their annual precipitation has slightly

increased during the past 50 years. On the other hand,

negative Z values, indicating decreasing trends, were

detected in the rest of the six catchments. However,

since all the trends of annual precipitation are beyond

the 5% significance level, no statistically significant

trend was identified for any catchment. Accordingly, the

result of the Pettitt test also shows that no change points

existed in the annual precipitation series for any catch-

ment. By using the same methods, the results of annual

streamflowwere calculated and are listed in Table 4. The

Z values of most catchments are negative except for

catchments 4 and 5, meaning that the annual streamflow

in the Laoha basin has had a decreasing trend. These

decreasing trends were statistically significantly greater

than the 5% level for six out of the 10 catchments

(catchments 1, 2, and 7–10). Using the Pettitt test, two

major change points in annual streamflow in 1979 and

1998 were identified for the four largest catchments

(catchments 7–10). As for catchments 1 and 2, their first

change points were identified in 1967 and 1974, re-

spectively. This result is in good agreement with the

findings from the cumulative curve methods illustrated

FIG. 5. Spatial distributions ofmean annual precipitation in the Laoha basin for every decade during the period 1956–2010. In (b)–(f) the

dashed line represents the 400-mm precipitation contour; (a) the dashed line in (a) represents the 430-mm precipitation contour because

the 400-mm contour during 1955–59 is outside of the basin to the north.
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in Fig. 7. Additionally, the streamflow of catchments

4 and 5 show a distinctive increasing trend during the

past 50 years (refer to Fig. 7 and Table 4). Moreover, the

trend of precipitation in catchment 4 (Yangshuwanzi) is

slightly decreasing (see Table 3). We speculate that this

phenomenon might be related to an increase in moun-

tain snowmelt or thawing soils within these two head-

water catchments. In future work, more efforts are needed

to collect and analyze the local snow and frozen soil data

to further address this interesting topic.

Figure 8 shows the spatial distribution of the MK

trends for precipitation and streamflow for the 10

catchments. The photographs surrounding the central

figure show different land cover and surface water re-

sources usages for the catchments. There is a gradual

trend in hydrometeorological elements from the south-

ern semihumid region to the northern semiarid zone.

Correspondingly, the main vegetation types exhibit

a spatial transition from evergreen broadleaf or co-

niferous forests in the south, to natural grassland and

sparsely forested woodland in the middle, to sparse

grassland and shrubs in the northern catchments (refer

to the pictures of the seven headwater catchments in

Fig. 8). As for the trend in precipitation and runoff, the

FIG. 6. Variation and linear trend of runoff coefficient for the

10 catchments during the past 50 years.
FIG. 7. Cumulative curves of annual precipitation and streamflow

in 10 catchments during the past 50 years.
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four headwater catchments located in the middle with

relatively little interference from human activities (i.e.,

catchments 3–6) show no significant variations in either

precipitation or streamflow. However, the streamflow of

the other six catchments has shown significant down-

ward trends. In particular, catchment 8 (i.e., a northern

midstream subbasin with the outlet station at Chifeng)

contains vast irrigated farm areas and two large reser-

voirs (see Fig. 1, bottom) and has the most dramatic

decreases in streamflow. In addition, catchment 9 en-

countered serious water pollution in the recent decade

(Ding et al. 1996) because most industries of the Laoha

basin are concentrated in midstream or downstream of

this catchment (refer to two pictures at the lower right in

Fig. 8).

Drought is a major natural hazard that can have

devastating impacts on regional agriculture, water re-

sources, and the environment, especially for arid and

semiarid regions (Namias 1966; Sheffield et al. 2012).

The continued decline in streamflow of the semiarid

Laoha basin will inevitably lead to the occurrence of

drought events. As seen in Fig. 9a, the SPI shows several

extreme droughts that mainly occurred in the early

1960s, 1980s, 2000s, and after 2009. Compared with SPI,

SRI depicts two major hydrological droughts that ap-

peared during the 1980s and 2000s (Fig. 9b). The basin

was in a wet condition before 1980 and during the 1990s.

The most severe hydrological drought events through-

out the historical records happened in recent years.

Moreover, the present droughts seem to have an in-

tensifying trend. Figure 9c shows us a cruel reality that

the main channel of the Laoha River, adjacent to the

outlet of catchment 9, completely dried up in the rainy

season of the summer of 2008. Figure 9d demonstrates

that SPI and SRI have a positive, but not significant,

linear correlation (correlation coefficient of only 0.17).

This implies that the hydrologic processes of the Laoha

basin were altered by some natural or anthropogenic

causes, which disrupted the correlation between mete-

orological drought and hydrological drought.

4. Possible underlying causes

Several studies have shown that the change of

streamflow is affected by many factors, primarily climate

variability, human activity, or both (Chiew andMcMahon

TABLE 3. Results of trend test and change point analysis of annual precipitation over 10 selected catchments during 1960–2010. The

positive (negative) values represent increasing (decreasing) trends. Dashes indicate that significance level exceeds 5% without change

point. Catchments as in Table 1.

Catchment Station

MK trend test for precipitation Pettitt test for precipitation

Z values Trends Significance level Change point (yr)

1 Xinjing 20.72 Y — —

2 Chutoulang 0.27 [ — —

3 Xingjude 0.28 [ — —

4 Yangshuwanzi 20.02 Y — —

5 Jinshan 0.90 [ — —

6 Xiaochengzi 20.74 Y — —

7 Dianzi 0.13 [ — —

8 Chifeng 20.17 Y — —

9 Taipingzhuang 20.43 Y — —

10 Xinglongpo 20.18 Y — —

TABLE 4. As in Table 3 but for annual streamflow.

Catchment Station

MK trend test for streamflow Pettitt test for streamflow

Z values Trends Significance level Change point (yr)

1 Xinjing 23.24 Y 1% 1967, 1998

2 Chutoulang 22.13 Y 5% 1974, 1998

3 Xingjude 21.19 Y — —

4 Yangshuwanzi 0.39 [ — —

5 Jinshan 0.04 [ — —

6 Xiaochengzi 21.50 Y — —

7 Dianzi 22.49 Y 1% 1979, 1998

8 Chifeng 23.92 Y 0.1% 1979, 1998

9 Taipingzhuang 23.42 Y 1% 1979, 1998

10 Xinglongpo 23.10 Y 1% 1979, 1998
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2002; Brown et al. 2005; Mu et al. 2007; Ma et al. 2008;

Wang et al. 2010; Hang et al. 2011). In this section, we

introduce NCEP–NCAR reanalysis data, historical land

use/cover data, and local economic data to explore the

possible underlying associations between the streamflow

reduction of the Laoha basin and the impacts of climate

variability and human activities.

a. Effects of climate variability

The long-term trend in hydrological processes is po-

tentially affected by the variability of some climatic

factors such as precipitation, air temperature, solar ra-

diation, and wind speed (Shi and Zhang 1995; Yang and

Yang 2012). In this study, climate variability mainly re-

fers to the variation in precipitation, which is normally

recognized as the most crucial meteorological element

to control streamflow in the natural hydrologic cycle.

To reveal the potential linkage between surface water

resources and climate variability, we examine and ana-

lyze the spatiotemporal characteristics of three key

atmospheric variables (i.e., precipitable water, hori-

zontal wind, and water vapor mixing ratio) over China

using the NCEP–NCAR reanalysis dataset. Precipitable

water in the atmosphere is the vertical integral of water

vapor available for precipitation and has been directly

linked to precipitation amounts and patterns (Wang and

Guo 2011). Figure 10 shows the spatial distributions of

the precipitable water anomaly over four different pe-

riods (i.e., 1960–79, 1980–89, 1990–99, and 2000–10).

The anomalies are computed using the period from 1960

to 2010 as reference. These specific periods were grou-

ped because prior results have shown that the change

points of streamflow occurred in 1979 and 1998 (see

Table 4). Furthermore, the analysis of hydrological

drought divided the past 50 years into four distinct pe-

riods: wet before 1980, dry during the 1980s, wet during

the 1990s, and dry after 2000 (see Fig. 9b). Figure 10

shows precipitable water over the Laoha basin (refer to

the research area with a red rectangle) had positive

anomalies before 1980 compared with the other three

FIG. 8. Spatial distribution of changing trends in annual precipitation at rainfall gauges and streamflow streamflow stations depicted in

Fig. 1 for 10 catchments. Pictures taken from two field investigations from 2006–08 exhibit different land cover and surface water resources

exploitation for different catchments.
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periods. Relative to the 1980s, there was a minor in-

crease in precipitable water during the 1990s. Then, the

most serious deficit of precipitable water in the atmo-

sphere occurred after 2000, with most of northern China

seeming to enter a severe dry period. This is especially

the case for the regions including and immediately sur-

rounding the Laoha basin, which appears to be in the

drought’s epicenter (Fig. 10d). Interestingly, the trend in

precipitable water anomalies over the four test periods

remains in rather good agreement with those of the

hydrological drought described in Fig. 9b, and thus,

it can partially explain the dry–wet pattern switch of

the basin from the perspective of large-scale climate

variability.

Next, we examine and compare horizontal wind

anomalies and spatial distributions of water vapor mix-

ing ratio anomaly at 850 hPa over the same four periods.

Figure 11a shows that anomalous northward wind

components, transporting vast amounts of water vapor

from the Pacific and Indian Oceans, entered the Laoha

basin. The stronger East Asian summer monsoons are

the main meteorological driving forces for generating

more precipitation and humidity before the 1980s. How-

ever, after the early1980s, wind anomalies acquired a

strong southward component and water vapor mixing

ratios generally decreased (Figs. 11b–d). This wind trend

reduces the northward extension of the summer mon-

soon into northern China. Figure 11c shows that the

water vapor mixing ratio during the 1990s over the basin

was higher compared with that during the 1980s and

2000s, suggesting an occurrence of a relatively humid

period. Among the four periods discussed earlier, the

strongest southwardwind and lowestwater vapor amounts

appeared after 2000 (Fig. 11d). This anomaly corresponds

to the severe drought that occurred in the most recent

decade from the viewpoint of the large-scale circulation.

Similar variations of thewind field andwater vapormixing

ratio were also found at 500hPa (Fig. 12). Compared with

850hPa, however, the magnitudes of the southward wind

anomaly at 500hPa seem to be larger, and the water vapor

FIG. 9. Time series variation of (a) the standardized precipitation index (SPI) and (b) the standardized runoff

index (SRI) during the past 50 years; (c) an example of extreme drought, that is, the dried-up main channel of the

Laoha River in the summer of 2008 (picture was taken near the outlet of the Taipingzhuang catchment); and

(d) scatterplot of SPI vs SRI.

AUGUST 2013 YONG ET AL . 1021



minimum for all of China is centered over the Laoha

basin during 2000–10 (Fig. 12d).

b. Impacts of human activities

The remarkable decline in streamflow relative to

precipitation (Table 2) and the discrepancy between

cumulative annual precipitation and streamflow (Fig. 7)

both imply that streamflow in most catchments might be

affected by other factors (human activities, such as land

use/cover change, reservoir construction, and industrial

water usage) besides precipitation. The main driving

forces behind land use/cover change were the regional

and national development policies. Largely in response

to food shortages starting in the 1960s, the government

of China encouraged people to develop agriculture and

reclaim land to deal with the food scarcity problem. As

a result, cropland over the plain regions midstream and

downstream of the Laoha basin became the dominant

land use type. Figure 13a shows that the areal coverage

of cropland generally had an upward trend before 2005.

The area of cropland was 6852 km2 before1990, and with

the continuous increase in land reclamation it reached

7369.57 km2 in 2000, accounting for about 40% of the

total basin area. Region A, denoted with an oval in

Figs. 14a and 14b, highlights the area cultivated with the

cash crop flax, which significantly increased in 1995 as

compared to the 1980s. In the late 1990s, people rec-

ognized that intense agriculture could cause many en-

vironmental problems, such as soil erosion, inundation,

and pollution. Therefore, the government then revised

the policy to encourage farmers to transfer the crop-

land into forestland starting from 1999. Consequently,

in 2005, the cropland area reduced by 310 km2, while

the forest area rapidly increased to about 6000 km2

(Fig. 13a). Region B in Figs. 14c and 14d shows that the

reduction of cropland area along the main channel of

the Laoha River made the river’s outline clearer in

2005 compared to 2000.

Interestingly, the areal coverage of grassland presents

a decreasing trend (Figs. 13a and 15). It dropped from

5451 km2 in 2000 to 4629 km2 in 2005. The reason for this

is that the local farmers would get much less fiscal sub-

sidies for cropland abandonment if they returned the

cropland back to grassland (instead of forestland), ac-

cording to the agricultural policy at that time. Thus, the

farmers had to dogmatically carry out this policy of

conversion from cropland to forest even in the northern

or middle parts of the basin where it is fundamentally

unsuited for extensive forestation (Consulting Report of

Chinese Academy of Science 2003).

FIG. 10. Precipitable water (kgm22) anomalies for (a) 1960–79, (b) 1980–89, (c) 1990–99, and (d) 2000–10. Each anomaly is computed

using the entire period (1960–2010) as the reference.

1022 JOURNAL OF HYDROMETEOROLOGY VOLUME 14



In general, the above analyses suggest that the sub-

stantial increase of water-consuming cropland and water-

holding forest and the continuous decrease of grassland

should be the contributing factors causing serious loss

of surface water. In addition, the area of water bodies,

which is mostly composed of reservoirs, dams, and ponds

for agricultural irrigation, has also shown an upward trend

(Fig. 13b). The gradually increasing reservoirs and dams

further aggravated the water consumption for local agri-

cultural irrigation.

Irrigated farmland is the type of cropland with the

largest water consumption. Vast amounts of water are

drawn from river channels or reservoirs for irrigation,

which makes water evaporation and crop transpiration

easier. Table 5 provides some historical records about

the irrigated area and its water diversion for the Laoha

basin in the years of 1949, 1957, 1966, and 1984. There is

a remarkable increasing trend for the total irrigated area

and its water diversions. For example, the volume of

water used for irrigation was 0.23 3 109m3 in 1949. But

in 1984, the total irrigated area of the Laoha basin was

1920 km2 and the corresponding water diversion

reached 5.04 3 109m3, which accounts for 65% of the

natural runoff for that year. The same trend was also

found for different seasonal irrigations. Figure 16a

shows the record of irrigated land area beginning in

1987. The trend of irrigated land area is steeply positive.

Consequently, the increasing water use for irrigated

farmland should be the primary reason for the afore-

mentioned decrease of observed runoff during the last

50 years in the Laoha basin. Moreover, the policy of

returning farmland to forests executed in 1999 does not

seem to affect the growing momentum of irrigated area,

suggesting that local farmers did not transfer the high-

yielding irrigated farmland into forestland. Figure 16

also illustrates that grain yield, gross industrial product

(GIP), gross domestic product (GDP), population, and

livestock have dramatically increased in the basin from

1949 to 2005. For instance, the population increased

nearly linearly until 2000, when it fell slightly and lev-

eled off, while the GIP and GDP exhibited an expo-

nential growth. Interestingly, a social phenomenon can

also be indirectly reflected from these socioeconomic

data. All of the grain yield, GIP, population, and live-

stock had an abrupt drop during the late 1990s to 2000,

which is closely related with the emergence of the tide of

migrant workers in the late 1990s in China. Many young

peasants left their rural residences (as seen in the static

FIG. 11. Horizontal wind (m s21) and water vapormixing ratio (31023 g kg21) anomalies between (a) 1960–79 and 1960–2010, (b) 1980–89

and 1960–2010, (c) 1990–99 and 1960–2010, and (d) 2000–10 and 1960–2010 at 850 hPa.
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trend of population) and went into the larger cities for

work. Despite this dip in production, growth of local

agriculture and industry recovered quickly after 2000.

In addition to increased water diversions for irrigation

and water consumption for economic development,

newly built reservoirs and dams might be another factor

contributing to the dramatic drop in discharge. Table 6

lists the features of the four largest reservoirs and their

construction information for the Laoha basin. Among

them, the San Zuodian reservoir, with a storage capacity

of 3.693 108m3, was built from2003 to 2005, which has an

undeniable association with the sharp drop in observed

streamflow after 2003. Additionally, over 30 small reser-

voirs and 200 water-storing ponds, with a total storage

capacity exceeding 5 3 108m3, have been built since the

late 1950s within the entire basin. These reservoirs, dams,

and ponds will disrupt the natural hydrological cycle of

the drainage basin and provide more water supplies for

irrigation and domestic water usage, consequently further

affecting the natural runoff response.

FIG. 12. As in Fig. 11 but at 500 hPa.

FIG. 13. Area changes of land use and cover for the entire Laoha basin in the 1980s, 1995, 2000, and 2005: (a) cropland,

forest, and grassland and (b) water, built-up, and unused land.
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5. Quantitative analysis of the effects of climate
variability and human activities on streamflow
reduction

Up to this point, we have identified climate variability

(e.g., changes of precipitation and air temperature) and

human activities (e.g., irrigated farmland, reservoirs,

and dams) as the two contributing factors altering the

observed streamflow in the Laoha basin. The purpose of

this section is to quantitatively estimate the relative

contributions of climate variability and human activities

to the streamflow reduction, which is expected to offer

local policymakers a scientific reference for future water

resources planning and management.

a. Conceptual framework for separating effects

Based on the trend test and change point analysis in

section 3, the streamflow series can be divided into

a baseline period and a changed period. For a given

catchment, the total streamflow change can be ex-

pressed as (Ma et al. 2008)

DQtot5 (Q
obs
2 2Q

obs
1 ) , (2)

where DQtot indicates the total change in the observed

streamflow, Q
obs

1 is the observed average annual stream-

flow during the baseline period, and Q
obs

2 represents the

observed average annual streamflow during the changed

period.

In practice, the total change in the observed stream-

flow between baseline period and changed period shows

the combined effects of climate change and human ac-

tivities. On the assumption that the human activities are

independent of the climate factors (Wang et al. 2010;

Wang et al. 2012), DQtot in Eq. (2) can also be stated as

(Zhang et al. 2008; Zheng et al. 2009)

DQtot5DQclim1DQhum , (3)

FIG. 14. Cropland distributions across the Laoha basin in (a) the 1980s, (b) 1995, (c) 2000, and (d) 2005. Valueswithin the legend indicate

the percentage of cropland within a 13 1 km grid cell; darker (lighter) color means more (less) cropland area within the grid cell. (As two

examples of cropland change, region A shows that the area of economical plant flax significantly increased in 1995 compared with that in

the 1980s, and region B shows the cropland reclamation along the main channel of the Laoha River in 2005.)
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where DQclim and DQhum are changes in streamflow due

to climate variability and human activities, respectively.

Some previous studies demonstrated that a hydrolog-

ical model can simulate the natural rainfall–runoff pro-

cesses that only consider the influences of a changing

regional climate regime (e.g., reduced precipitation and

warmer temperatures in this case) but exclude the human

activities (Ma et al. 2010; Wang et al. 2010; Wang et al.

2012). Consequently, the effects of climate variability on

streamflow can be calculated according to Liu et al. (2010)

and Wang et al. (2010) as

DQclim5 (Q
sim
2 2Q

sim
1 ) , (4)

where Q
sim

1 is the model-simulated average annual

streamflow for the baseline period and Q
sim

2 is the

model-simulated average annual streamflow for the

changed period.

Thus, the streamflow change caused by human activ-

ities can be subsequently estimated as

DQhum5 (Q
obs
2 2Q

obs
1 )2 (Q

sim
2 2Q

sim
1 ) . (5)

From Eqs. (4) and (5) we can separate their relative

effects in percentage of climate variability (Iclim) and

human activities (Ihum) on streamflow as follows:

Iclim5
DQclim

jDQclimj1 jDQhumj
3 100%, (6)

Ihum5
DQhum

jDQclimj1 jDQhumj
3 100%. (7)

FIG. 15. As in Fig. 14 but for grassland distribution.

TABLE 5. Irrigated area and its water diversion for the Laoha

basin in 1949, 1957, 1966, and 1984. The irrigated data came from

the historical paper documents of the Chifeng Hydrology Bureau.

Year

Total

irrigated area

(103 km2)

Water

diversion for

irrigation

(109m3)

Irrigated area

during

spring

(103 km2)

during

summer

(103 km2)

during

autumn

(103 km2)

1949 — 0.23 0.09 — —

1957 0.49 1.37 0.33 0.10 0.06

1966 1.38 3.60 0.72 0.49 0.17

1984 1.92 5.04 0.95 0.78 0.19
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b. Streamflow reconstruction

Significant downward trends in streamflow can be

found in six catchments, that is, catchments 1, 2, and

7–10 (refer to Table 4). Therefore, the following quan-

titative analyses were focused on these six catchments.

For most catchments (catchments 7–10), the change

points identified for annual streamflow occurred in 1979,

which reflects the start for impacts of human activities

on streamflow. Catchments 1 (Xinjing) and 2 (Chutou-

lang) are, however, conspicuous for their relatively early

annual streamflow change points in 1967 and 1974,

respectively. Thus, the hydrologic simulation period of

1964–2009 (mentioned in the ‘‘item of methodology’’ of

section 2) can be divided into two periods (namely,

baseline period and changed period) by the change points:

FIG. 16. Changes of various socioeconomic data in the Laoha basin during 1949–2005:

(a) irrigated area, (b) grain yield, (c) gross industrial product, (d) gross domestic product,

(e) population, and (f) livestock. (Note that the data came from the Socioeconomic Database

of Northern China, supported by two National Key Basic Research 973 Programs

(No. G1999043406 and No. 2006CB4005.)
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1964–67 and 1968–2009 for catchment 1, 1964–74 and

1975–2009 for catchment 2, and 1964–79 and 1980–2009

for catchments 7–10.

The VIC-3L hydrologic model was first calibrated by

using the daily climatic data during the baseline period.

The left column plots in Fig. 17 show the VIC-simulated

and the observed streamflow of the above six catch-

ments for the calibration period (i.e., baseline period),

with outputs shown at monthly scale. It can be seen that

the model calibration performed well for almost all se-

lected catchments. The optimized parameter values and

statistic indices for evaluating the model calibration are

summarized in Table 7. During the calibration period,

the Nash–Sutcliffe Coefficient of Efficiency (NSCE)

varies between 0.72 and 0.88, the CC (correlation co-

efficient) values ranges from 0.86 to 0.93, and all abso-

lute values of bias are lower than 5%. In general, the

model calibration demonstrated that VIC-3L was capa-

ble of capturing natural variability of the observed hy-

drograph (e.g., peakmagnitude, recession, and base flow)

quite well when forced by the climatic data of the baseline

period.

After the model was benchmarked with the hydro-

meteorological conditions of the baseline period, we

kept the calibrated parameters unchanged and used the

meteorological data (daily precipitation, wind speed,

and maximum/minimum temperatures) of the changed

period to force the VIC-3L model for the natural runoff

simulation (i.e., streamflow reconstruction) without con-

sideration of human activities. Thus, the natural stream-

flow series for the catchments were reconstructed (see

right column plots in Fig. 17). Compared with the base-

line period, the obvious difference between reconstructed

and observed streamflow was found, suggesting that the

additional streamflow reduction can be explained by local

human activities.

c. Quantitative evaluation

Given the observed streamflow and reconstructed

natural streamflow, the effects of climate variability and

human activities can be quantitatively separated on the

basis of the conceptual framework presented in section

5a. The results of quantitative estimation for the whole

changed period are shown in Table 8. It is found that the

impact due to human activities on streamflow change

(Ihum) is evidently greater than the effect due to climate

variability (Iclim) for all the catchments. Taking the

whole Laoha basin (catchment 10) as an example, hu-

man activity appears to be responsible for approxi-

mately 90% of the streamflow reduction (corresponding

to the changed runoff of about21847.423 104m3 yr21),

whereas the percentage due to climate variability is only

about 10% (2217.343 104m3 yr21). With regard to two

large midstream catchments, human activities have

larger impacts on streamflow in the northern catch-

ment 8 with a drier climate condition than in the south-

ern catchment 9 with a relatively humid climate (i.e.,

approximately 91% streamflow decrease caused by hu-

man activities for catchment 8 versus 81% for catch-

ment 9). Moreover, the climate variability in catchment 8

actually produced a positive effect on streamflow change

(i.e., 86.78 3 104m3yr21), suggesting that climate change

during 1980–2009 led to an increase of approximately 9%

in streamflow for this catchment. A similar positive effect

caused by the climate variability can also be found in

catchment 2.

To further detect decadal variations of the quantified

impacts, the relative contributions of climate variability

and human activities on streamflow change were calcu-

lated at different decades during the changed period.

Table 9 shows that the effects of climate variability and

human activities varied for the consecutive decades

studied. It can be seen that human activities have greater

contributions to the streamflow reduction in the drier

periods than in the wetter periods. Taking catchment 8,

for example, the percentage due to human activities is

found to decrease from 66.46% in the drier 1980s to

43.86% in the wetter 1990s and finally reaches 87.99%

in the driest 2000s. This result indicates that when pre-

cipitation becomes scarce, more water will be drawn

from river channels for agricultural irrigation and in-

dustrial production, and human activities would bemore

responsible for the decline of streamflow. In contrast,

the relative contribution of human activities will obvi-

ously decrease in the wetter years. Additionally, a posi-

tive effect of climate variability on streamflow can be

found for all of the catchments during the wetter period

of 1990–99. But this phenomenon rarely occurred in the

TABLE 6. Information on the construction of large reservoirs in the Laoha basin.

Reservoir Lat/lon of the reservoirs dam River Building time (yr) Storage capacity (108m3) Class

San Zuodian (428140N, 1188540E) Yin 2003–05 3.69 II

Erdao Hezi (428180N, 1198000E) Xiluga 1968–71 0.8 III

Da Hushi (418250N, 1188410E) Heili 1968–70 1.2 II

Hongshan* (428190N, 1198260E) Laoha 1958–65 25.6 I

* Hongshan reservoir is located downstream of Xinglongpo, the outlet station of Laoha basin.
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FIG. 17. Comparison between VIC-simulated and observed monthly streamflow for baseline period and changed period over six catchments

with significant streamflow reduction (i.e., catchments 1, 2, 7–10).
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drier decades with less precipitation. For instance, the

annual streamflow change (DQclim) of catchment 10

caused by climate variability is 1611.97 3 104m3 yr21 in

the rainy 1990s, whereas the DQclim value is negative in

the drier 1990s and 2000s (accounting for 21141.06 3
104m3 yr21 and 21104.83 3 104m3 yr21, respectively).

This implies that the effect attributed to climate vari-

ability is sensitive to the precipitation amounts.

6. Conclusions

In this study, the temporal variations of hydromete-

orological variables in the Laoha basin during 1956–

2010 were investigated at annual and decadal scales. The

spatial distributions of decadal precipitation were ex-

amined in detail over the entire basin. Significant trends

and change points in the annual streamflow time series

of 10 selected catchments were detected using the Mann–

Kendall and Pettitt tests. Two types of drought indices,

precipitation-related SPI and streamflow-related SRI,

were applied to reveal and analyze the historical dry–wet

pattern switch for the past 50 years. To explore human

impacts on streamflow, we conducted a comprehensive

survey of land use and cover change due to intense agri-

cultural activities, such as increased water diversion for

irrigation. Socioeconomic data and information on large

reservoirs were used to further understand those im-

pacts. Additionally, NCEP–NCAR reanalysis data were

employed to analyze precipitable water, horizontal

wind, and water vapor in the atmosphere to reveal the

potential links between depleting surface water resources

and climate variability. Using daily hydrometeorological

data from 1964 to 2009, we calibrated the VIC-3L model

to the baseline period and then reconstructed the basin

natural streamflow excluding local human activities for

the changed period. Finally, the climate and human ac-

tivity impacts were separated by the conceptual frame-

work based on the assumption that climate and human

activities are two dominant factors for streamflow change.

The principal findings of this study are summarized as

follows.

1) In terms of the entire Laoha basin, there is a sig-

nificant decreasing trend in the observed annual

streamflow during the past 50 years. However, there

is only a slightly downward trend in observed annual

precipitation, which indicates the streamflow was

affected by other factors (human activities) rather

than precipitation. In addition, a significant upward

trend was found for the change of actual evaporation

per unit precipitation. Yet, the observed pan evapo-

ration has a strong downward trend. This result from

a typical semiarid basin in northern China further

TABLE 7. Calibrated model parameters and performance assessment of the VIC-3L model during the baseline period.

Catchment

Parameter*

Baseline period NSCE** Bias (%)** CC**b d2 Ds Dm Ws d1 d3

1. Xinjing 0.24 0.61 0.039 9.0 0.75 0.08 2.0 1964–67 0.76 24.55 0.89

2. Chutoulang 0.23 0.62 0.025 8.0 0.80 0.05 1.5 1964–74 0.72 21.33 0.88

7. Dianzi 0.30 0.25 0.015 8.0 0.86 0.05 1.5 1964–79 0.80 20.11 0.89

8. Chifeng 0.25 0.55 0.025 8.0 0.88 0.05 1.5 1964–79 0.75 0.52 0.86

9. Taipingzhuang 0.30 0.57 0.020 8.0 0.86 0.05 1.5 1964–79 0.88 0.09 0.93

10. Xinglongpo 0.29 0.56 0.017 8.0 0.83 0.05 1.5 1964–79 0.82 1.87 0.90

* The calibrated parameters in theVIC-3Lmodel are 1) the infiltration parameter (b) that controls the amount of water that can infiltrate

into the soil; 2) the three soil layer thicknesses (d1, d2, d3) that affect themaximum storage available in the soil layers and, consequently,

the water available for transpiration; and 3) three base flow parameters including the maximum velocity of base flow (Dm), the fraction

of maximum base flow (Ds), and the fraction of maximum soil moisture (Ws), which jointly determine how quickly the water stored in

the third layer is withdrawn. Among them, the most intensive parameters are the infiltration parameter (b) and the second soil layer

thicknesses (d2).With regard to theVICmodel parameters, interested readers can refer to Yong et al. (2010) for a detailed explanation.

** The formulae and meaning of all statistical indices (i.e., NSCE, bias, and CC) are provided in Table 1 of Yong et al. (2010).

TABLE 8. Quantitative effects of climate variability and human activities on average annual streamflow for the whole changed period.

Catchment Changed period DQclim (104m3 yr21) DQhum (104m3 yr21) Iclim (%) Ihum (%)

1. Xinjing 1968–2009 27.95 236.78 217.94 282.06

2. Chutoulang 1975–2009 39.12 2135.41 18.05 281.95

7. Dianzi 1980–2009 2103.51 2499.47 217.11 282.89

8. Chifeng 1980–2009 86.78 2911.19 9.06 290.94

9. Taipingzhuang 1980–2009 2277.92 21158.00 219.46 280.54

10. Xinglongpo 1980–2009 2217.34 21847.42 210.47 289.53
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confirms the viewpoint of the evaporation paradox

and Bouchet complementary relationship. Declining

wind speed should be the dominant factor leading to

the decrease in pan evaporation over the basin.

2) Variations of spatial precipitation patterns during

1956–2010 illustrate that the 400-mm precipitation

contour regularly oscillated in the north–south di-

rection over the Laoha basin every decade, which

might be attributed to the PDO.

3) A trend analysis performed on 10 selected catch-

ments indicated that no significant change of annual

precipitation occurred throughout the study period.

But for streamflow, six out of the 10 catchments

revealed a statistically significant decreasing trend.

This result implies that anthropogenic interferences

have had strong impacts on the natural streamflow in

these catchments. Change points in the annual

streamflow were identified in 1979 and 1998 for the

three largest subbasins (catchments 7–9) and for the

entire Laoha basin. Following the change points,

streamflow had a significant decline.

4) Investigation of meteorological and hydrological

drought suggests that the Laoha basin experienced

three evident dry–wet pattern switches during the

past 50 years. Extreme drought events mainly ap-

peared in the 1980s and after 2000. It is particularly

worth noting that the basin is currently experiencing

the worst drought during the study period, and we

believe water resource scarcity will be the greatest

challenge for local socioeconomic development in

the near future.

5) Analysis of large-scale circulation patterns indicates

that the behaviors of precipitable water, horizontal

wind, and water vapor were in good agreement with

the dry–wet pattern switch of the Laoha basin. A

southward wind anomaly results in negative atmo-

spheric moisture anomalies and has been prevalent

over China after the early 1980s. This wind anomaly

limits the northward extension of the summer mon-

soon and, thus, hinders the moisture and precipita-

tion from reaching northern China. Such a situation

appeared to be much more aggravated after 2000.

The altered Southeast Asian monsoon, atmospheric

moisture, and precipitation intensity have collec-

tively affected the natural hydrologic system, sug-

gesting that climate variability has been identified as

a contributing factor to the runoff reduction in the

basin.

6) The equivalent quantity of precipitation produced

much less streamflow during different historical

periods (refer to Table 2). Also, the meteorological

drought and the hydrological drought do not display

a good correlation (see Fig. 9d). All this implies that
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the natural causes (such as reduced precipitation and

increased temperatures) alone are not sufficient to

explain the patterns of water resources in the Laoha

basin, and the anthropogenic activities should be

responsible for the streamflow reduction. For the

basin, vast amounts of water were drawn from river

channels and newly built reservoirs to satisfy the

continuous expansion of irrigated farmland, and it

then evaporated into the atmosphere. Therefore,

irrigation-based human activities were identified as

the dominant factors causing the significant stream-

flow reduction. Additionally, local industrial pro-

duction and municipal development increased the

demand on surface water and groundwater usage.

7) The results of the quantitative evaluation show that

approximately 90% of streamflow reduction during

the changed period of 1980–2009 can be attributed

to human activities for the whole Laoha basin,

whereas the percentage owing to the climate vari-

ability was only 10%. Furthermore, human activi-

ties have larger impacts during the drier years than

in the wetter years. In terms of anthropogenic

factors, widespread agriculture irrigation, especially

at the midstream and downstream, should bemainly

responsible for the serious reduction in streamflow

over the basin.
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