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s u m m a r y
China is facing a growing water crisis due to climate and land use change, and rise in human water
demand across this rapidly developing country. Understanding the spatial and temporal ecohydrologic
responses to climate change is critical to sustainable water resource management. We investigated water
yield (WY) responses to historical (1981–2000) and projected potential climate changes across a large
and complex climatic and land cover gradients over the North–South Transect of Eastern China (NSTEC,
a standard terrestrial transect of the International GeoBiological Project, IGBP). After an annual scale
evapotranspiration (ET) model was validated with historical streamﬂow records from ten watersheds,
the model was applied to the NSTEC that encompasses seven climatic zones. We found that (1) The spatial and temporal variations of WY were highly dependent on precipitation (P) patterns during 1981–
2000. Overall, the inﬂuences of signiﬁcant temperature (T) rise on the trend of WY were suppressed by
the insigniﬁcant P change during 1981–2000. (2) The long-term mean WY by climatic zone had a similar
pattern as P. The different climatic zones had differential contributions to the total volumetric WY of the
NSTEC. Within each climatic zone, the volumetric WY for each land cover type was highly dependent on
its area of each land cover. (3) Corresponding to the P pattern, the mean WY decreased from the low
(South) to high latitude (North), but the rates of changes varied along the NSTEC. Along the NSTEC, the
sensitivity of WY to potential T and P changes increased from the high latitude to the low latitude. Future
potential changes in WY are likely to follow changes in P with some modiﬁcation by changes in energy
availability. We conclude that precipitation is a major driver for water resource availability, and reliable
prediction of future precipitation change patterns is critical to hydrologic forecast across the study region.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
Climate change is hydrologic change (IPCC, 2007). How local
water resources will be affected is one of the most important questions in the context of global climate change (Jackson et al., 2001;
Gordon and Famiglietti, 2004; Piao et al., 2010). The sign and magnitude of changes in the climatic variables vary by location and
time as predicted by IPCC and empirical ﬁndings from historical
studies (IPCC, 2007; Dang et al., 2007; Lu et al., 2009). Therefore,
hydrologic change in response to climate change and variability
is expected to be highly variable in space and time, and large
uncertainty exists (Davi et al., 2006; Vicuna and Dracup, 2007;
Barontini et al., 2009; Zhang et al., 2009). Understanding the spatial and temporal ecohydrological responses to global change is
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especially critical to China given the large challenges of water
shortage facing this rapidly developing country (Liu and Xia,
2004; Piao et al., 2010).
Regional water resource availability can be well described by
water yield (WY) deﬁned as the difference between received precipitation (P) and evapotranspiration (ET), which is a function of
many factors including climate, land use and land cover (LULC)
(Sun et al., 2002, 2005, 2006). WY represents the maximum water
availability for natural ecosystems and human society. Due to the
interactions between P and ET and their high spatiotemporal variability, WY is highly variable and likely the most uncertain component in water balance (Barontini et al., 2009). Since P can be
measured relatively easily, recent hydrologic studies have focused
on ET, a ﬂux that is more difﬁcult/costly to quantify at local, regional and global scales (Fernandes et al., 2007; Gao et al., 2007; Jung
et al., 2010; Sun et al., 2011; Bing et al., 2012). According to the
Clausius–Clapeyron relationship that speciﬁc humidity increases
approximately exponentially with temperature, the global water
cycle is accelerating due to the rising temperatures increase ET
rates (Huntington, 2006; Meehl et al., 2007; Zhang et al., 2009).
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(watershed, station, and regional) were based on annual water balance principles. We ﬁrst evaluated the model performance for estimating WY by comparing measured streamﬂow from ten large
watersheds across the NSTEC and modeled WY. The historical
trend of WY was evaluated at both site and regional (or climatic
zonal) scales, where the observed climate data from the 281 meteorological stations and the grid-based spatial extrapolations were
used, respectively. The long-term WY and its sensitivity to deﬁned
climate scenarios were evaluated with the focus of analysis on the
spatial patterns along the latitudinal proﬁle.

However, there are no clear signals of global scale WY changes
(IPCC, 2007; Bates et al., 2008) and changes of P at local scale are
even more variable. Previous WY studies have found both increasing and decreasing trends in the 20th century (Wang et al., 2008;
Peng and Xu, 2009; López-Moreno et al., 2011). The inconsistent
ﬁndings among studies may be due to the differences in scale, climate conditions, LULC, study period, analysis methods, and the
magnitude of climate change.
Studies that use a uniform method to detect the potential differences in hydrologic changes across an environmental gradient can
provide insight of climatic change impacts on water resources
(Rosenberg et al., 2003; Serrat-Capdevila et al., 2011). Multi-scale
analysis of hydrologic response to climate change is fundamental
to understanding the mechanisms that drive climate-water resource interactions (Blöschl, 2006; Wagener et al., 2010). In this
study, we examined the potential WY response to climate change
at site and zonal scales along the latitudinal gradient in the
North–South Transect of Eastern China (NSTEC). The NSTEC is
one of the ﬁfteen standard terrestrial transects of IGBP. It is a rare
transect that encompasses a large climate gradient spanning from
temperate to tropical climate that support many unique ecosystems. Thus, the NSTEC is an ideal experimental ﬁeld for studying
hydrological responses under a changing climate. Understanding
the hydrologic cycles and key control factors across a transect gradient is one of the major goals of the IGBP Terrestrial Transects
studies (Koch et al., 1995).
Speciﬁcally, our objectives were: (1) to quantify the historic
trends and its spatial variability of WY at station and climatic zonal
scales across the NSTEC during 1981–2000, (2) to examine the spatial pattern in long-term WY across the climatic zones and among
different LULC types, and (3) to examine the WY sensitivity to temperature and precipitation changes along the latitudinal gradient of
the NSTEC.

2.1. The NSTEC
The NSTEC covers approximately 29% of land area of China with
longitude ranging from 108° to 118°E for latitude less than 40°N,
and ranging from 118° to 128°E for latitude greater than 40°N.
The annual mean air temperature (T) increases gradually along
the latitudinal gradient with the rate of 0.8 °C per 1° latitude
(Fig. 1a). The annual P increases 17 mm per 1° latitude above
40° and 72 mm per 1° latitude below 40° along the latitudinal
gradient. The annual mean potential evapotranspiration (PET) to
P ratio, a dryness index, is generally increasing from the low to
high latitude with the region of latitude 36–40° having the highest
dryness (Fig. 1b). According to the climate classiﬁcation system of
the Climatological Atlas of the People’s Republic of China (1979),
the NSTEC spans over seven major climatic zones from the north
to the south including North Temperate Zone (Ntemp), Middle
Temperate Zone (Mtemp), South Temperate Zone (Stemp), North
Subtropical Zone (Nsubtrop), Middle Subtropical Zone (Msubtrop),
South Subtropical Zone (Ssubtrop), and North Tropic Zone (Ntrop).
Complex natural vegetation develops as a result of the energy
and water distributions across the latitudinal gradient. However,
the natural vegetation has been greatly modiﬁed into other land
use types, particularly to croplands, due to thousands of years of
human inhabitation in eastern China (Fig. 2a). According to the
Chinese Academy of Sciences land use classiﬁcation (CAS1990 system), the LULC data had 6 ﬁrst-class and 25 second-class classiﬁcation types based on Landsat MSS, TM and ETM imageries and

2. Methods
The NSTEC has large climatic variability and complex LULC
characteristics (Figs. 1 and 2). Estimates of annual WY at all scales
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Fig. 1. Latitudinal changes of (a) annual mean temperature (T, red curve), (b) precipitation (P, blue curve) and potential evapotranspiration (PET) to P ratio (PET/P, green
curve) across the NSTEC (1981–2000). The dash lines show the linear ﬁts of T and P with latitude, respectively. y1: T = 0.79  LAT + 39.0 (R2 = 0.989), y2:
P = 17.0  LAT + 1293.2 (R2 = 0.837) (LAT > 40°), y3: P = 72.0  LAT + 3286.8 (R2 = 0.969) (LAT < 40°), p < 0.001. y2 and y3 use the datasets separated at latitude 40°. The
background maps show the spatial distributions of annual mean T, P and the seven climatic zones within the NSTEC, which include North temperate zone (Ntemp), Middle
temperate zone (Mtemp), South temperate zone (Stemp), North subtropical zone (Nsubtrop), Middle subtropical zone (Msubtrop), South subtropical zone (Ssubtrop) and
North tropic zone (Ntrop) in order from north to south. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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Fig. 2. Comparison of land use/cover between 1980 and 2000 based on the CAS1990 land classiﬁcation system: (a) the maps are shown with 1 km spatial resolution and (b)
accumulated area of constant LULC types between 1980 and 2000 in each climatic zone.

expert interpretation (1 km resolution) (Ran et al., 2009). For the
consideration of model application in this study, the second-class
classiﬁcation were re-combined into eight classes including cropland, woodland A (forest cover >30%), woodland B (forest cover
<30%), shrub land, grassland, water body, developed area, and barren land (Fig. 2a). Cropland and woodland were the dominant LULC
types, covering 36.9% and 36.4% of the NSTEC area, respectively.
Grassland was about 15.3% of the NSTEC and other LULC types
were all less than 10%. Different LULC types were unevenly distributed across the NSTEC with cropland mainly covering the Mtemp
and Stemp zones and having the largest fraction in the Stemp zone.
In contrast, woodland had the largest fraction of coverage in the
Ntemp zone and the Msubtrop zone. Grassland had the largest
fraction of coverage in the Mtemp zone (Fig. 2b).
2.2. Water yield (WY) model development
We deﬁne WY as: WY = P – ET with an assumption that the
change in soil water storage is negligible at the annual time scale.
To calculate WY, we used locally measured P, and mathematically

modeled ET as a function of PET, P, and vegetation characteristics
(Zhang et al., 2001). The same water balance equation was used
for estimating WY at watershed, station, and regional scale.
Annual ET was estimated using the empirical model by Zhang
et al. (2001), expressed as

ET ¼

1 þ w PET
P
1 þ w PET
þ
P


PET 1
P

P

where annual PET was calculated by summing of monthly PET using
the Hamon method (Federer and Lash, 1978), for which the required
variables include monthly T and daytime length. Daytime length
was calculated as a function of latitude. The values for plantavailable water coefﬁcient, w parameter, were determined by LULC
types. We acquired monthly T and P data from 281 standard meteorological stations that were relatively evenly distributed in the
NSTEC (China Meteorological Data Sharing Service System, http://
www.cdc.cma.gov.cn/). We also acquired regional gridded T and P
data (1 km spatial resolution) from the Chinese Natural Resources
Database (http://www.data.ac.cn/).
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Fig. 3. Model evaluation using long-term measured streamﬂow from ten sub/watersheds: (a) spatial distribution of the selected sub/watersheds (yellow polygons). Blue
curves show the main river systems and (b) comparison between calculated WY and runoff observations. The linear ﬁt (red dashed line) includes all data points of the 10 sub/
watersheds for 5 yr (n = 50). The areas of the sub/watersheds vary from 3.23 to 16.26  104 km2. (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)

Zhang et al. (2001)’s ET model has been used and validated in a
few studies (Sun et al., 2005, 2006; Liu and Yang, 2010), and these
studies suggest the model offers a reliable tool to evaluate regional
water yield over a long time frame. The empirical method is simple
to apply to a large area to quantify the effects of climate change on
ET and thus water yield at varied spatial scales (Liu and Yang,
2010).
According to the published literatures in China (Sun et al., 2002,
2006) and elsewhere (Zhang et al., 2001), the w parameter values
were assigned as 0.5 for cropland, 2.0 for high-cover woodland
(where forest cover >30%), 1.0 for low-cover woodland (where forest cover <30%), 1.0 for shrubland and 0.5 for grassland, 0.1 for
developed and barren land in this study. For water body, ET was
deﬁned as the minimum of P and PET, i.e., ET = Min (P, PET). We assumed that there were no changes in LULC types during the period
of 1980–2000. The areas that had different LULC types between
1980 and 2000 were excluded (<5% of total area) from the analysis
to eliminate the hydrological changes caused by LULC alteration.
The performance of the ET model was evaluated with hydrologic
records from 10 large watersheds across the NSTEC (Fig. 3a) before
it was applied to the study region using a GIS operation. The
streamﬂow data were obtained from the Data Sharing Infrastructure of Earth System Science (DSIESS, http://www.geodata.cn)
(data available for 1981–1985).
2.3. Sensitivity analysis
The sensitivities of WY responses to T or P change were tested
by increasing and decreasing T or P to certain magnitudes. T was
increased or decreased by 1 °C or 2 °C from the baseline, respectively, with no change in P. Similarly, P was increased or decreased
by 10% and 20%, respectively, with no change in T. The 2 °C increase
in T is regarded as the threshold of ‘‘dangerous’’ climate change because many irreversible changes will occur for the earth system
(Todd et al., 2010). These hypothetical scenarios were set to mimic
the mean ranges of climatic change projected in Global Circulation
Models (GCMs) for China. For example, the CGCM3 and HADCM2
projections suggest that, across NSTEC by 2050, T may change 4
to 2 °C and P change 50% to 50% along the latitudinal proﬁle (data
from the DSIESS). We did not use the projections of global scale circulation models (GCMs) due to great uncertainty in future emissions of greenhouse gases, their translation into climate forcing
and changes, and the translation of the climate changes by the

GCMs to our study region (Arnell, 1999). Essentially, we were
interested in the differential sensitivity of WY across the study
region.

3. Results
3.1. Model validation
The modeled WY compared well to measured streamﬂow
(modeled WY = 0.79  Measured, n = 50, R2 = 0.96, p < 0.0001,
RMSE = 104 mm/yr). The annual variations of WY were generally
synchronous in the ten selected watersheds (Fig. 3b). Underestimations of WY were found in the southern region (G, H, I, and J), indicating an overestimation of ET in the southern region. Overall, the
modeling accuracy was somewhat higher than similar studies at
the national scale (Sun et al., 2006). The 5-yr mean measured
streamﬂow ranged from 91 to 939 mm and the mean simulated
WY ranged from 119 to 693 mm across the ten watersheds. The ratio of WY/P ranged from 0.28 to 0.42 across the ten watersheds.
3.2. Historical changes in WY at site and zonal scales
3.2.1. Site scale
At the site scale, temporal trends in the climatic and hydrological variables including annual mean T, annual P, PET, ET, and WY
were quantiﬁed at the 281 meteorological stations within the seven climatic zones in the NSTEC from 1981 to 2000. The results
showed that T had increasing trends at 276 stations (98.2%) across
the NSTEC, and 232 (77.9%) of them were statistically signiﬁcant
with the magnitudes of trends varying from 0.026 to 0.260 °C/yr
(p < 0.05). Similarly, most of the stations (93.8%) showed increasing
trend in annual PET, and 63% of them were statistically signiﬁcant.
In terms of P, 133 (47.3%) of the sites had increasing trends and 148
(52.7%) of the sites had decreasing trends in the same period. However, the P trends were signiﬁcant at only 19 sites with 7 increasing
and 12 decreasing trends, respectively. In other words, P had no
signiﬁcant changes in most of the station sites during 1981–
2000. The trend of modeled ET was similar to P. During 1981–
2000, 141 stations (53%) had increasing and 140 stations (47%)
had decreasing trends in annual ET, and only 23 of them were signiﬁcant, with 16 increasing and 7 decreasing ones (range from
8.3 to 8.6 mm/yr, p < 0.05), respectively.
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Table 1
Trends of annual mean temperature (T, °C/yr), annual precipitation (P, mm/yr), potential evapotranspiration (PET, mm/yr), actual evapotranspiration (ET, mm/yr) and water yield
(WY, mm/yr) from 1981 to 2000 at site scale. The table only showed the 23 sites where had signiﬁcant trends (p < 0.05) for WY. NS: not signiﬁcant.
Zone

ID

PPT

T

PET

ET

WY

Zone

ID

PPT

T

PET

ET

WY

Mtemp

1
2
3
4
5
6
7
8
9
10
11
12

11.0
NS
NS
13.9
13.3
9.8
8.8
8.8
NS
NS
NS
NS

0.051
0.060
0.066
0.065
0.069
0.091
0.060
0.059
0.256
0.073
0.044
0.053

2.9
3.7
4.3
3.4
6.6
6.3
4.9
4.6
9.6
4.9
5.1
4.5

NS
NS
NS
NS
7.7
5.5
5.7
6.2
3.0
NS
NS
NS

8.0
3.1
1.2
11.2
5.6
4.2
3.2
2.6
14.1
6.4
4.4
3.1

Nsubtrop

13
14
15
16
17
18
19
20
21
22
23

20.3
15.0
12.0
23.1
23.8
24.5
28.6
16.9
21.5
29.9
NS

0.078
0.050
0.046
0.043
NS
0.011
0.036
NS
0.055
0.044
0.042

6.2
6.6
5.1
3.4
NS
1.2
2.1
NS
3.4
2.5
4.6

8.3
NS
6.4
8.5
8.6
6.2
NS
7.0
7.3
7.7
NS

12.0
9.6
5.6
14.6
15.2
18.4
27.8
9.9
14.2
22.1
11.7
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Fig. 4. Time series of (a) annual mean T, (b) annual PET, (c) P, (d) ET, (e) WY, and (f) WY/P ratio in the seven climatic zones from 1981–2000. The areas with changed LULC
during this period were removed from analysis. The dot lines are linear ﬁts for each series of data. From Ntrop to Ntemp (south to north), the trend of T (°C/yr) in order was:
0.042, 0.036, 0.052, 0.058 , 0.040, 0.093, 0.135, respectively. The trend of PET (mm/yr) was 6.5, 4.8, 5.0, 4.9, 4.1, 5.0, and 7.0 (p < 0.05, p < 0.01),
respectively. The trend of P (mm/yr) was: 6.4, 4.5, 0.7, 1.6, 1.0, 2.3, and 1.7, respectively. The trend of ET (mm/yr) was: 4.1, 2.9, 1.7, 1.9, 0.6, 1.3, and 0.8, respectively. The
trend of WY (mm/yr) was: 5.8, 4.4, 1.5, 0.07, 0.10, 0.4, and 0.09, respectively. All the trends for P, ET, WY and WY/P ratio were insigniﬁcant at p level of 0.05.

Regarding WY, we found that 109 stations (42.3%) and 172 stations (57.7%) had increasing and decreasing trends, respectively.
Only 7 increasing and 16 decreasing trends were signiﬁcant
(p < 0.05). The sites with signiﬁcant changes reﬂected the maximum WY change (27.8 to 22.1 mm/yr) during the 20-yr period.
It is worthy to note that the 17 sites with signiﬁcant P trends accounted for 69.6% and 56.5% of the stations where ET or WY had
signiﬁcant trends, respectively (Table 1). This suggested that when
P increased, increases in WY occurred even though ET increased as
well, and vice versa. The consistent smaller changes in WY compared to P reﬂected the modiﬁcation of ET. T may only signiﬁcantly
inﬂuence WY trends at few sites. Besides, the trends of WY of the
individual stations were signiﬁcantly correlated with the P trends
(R2 = 0.82, p < 0.01, n = 281) but not correlating with the trends of
T. These ﬁndings revealed that the variations of WY were mainly
dependent on P, and the potential effects of T were mostly masked
by P during the study period.
3.2.2. Zonal scale
The zonal scale analysis was based on grid cell calculations for
the seven climatic zones within the NSTEC. During the period of
1981–2000, both the zonal mean T and PET increased signiﬁcantly
in all of the climatic zones (p < 0.05, Fig. 4a and b). The zonal mean

annual P showed increasing trends in the three subtropical zones
and the Ntrop zone and decreasing trends in the three temperate
zones, but the trends in P were not signiﬁcant in any of the zones
(Fig. 4c).
The trend of WY at the climate zone scale had a different pattern. The zonal mean annual WY showed increasing trends in
Mtemp, Msubtrop, Ssubtrop and Ntrop zones, and decreasing
trends in Ntemp, Stemp, Nsubtrop zones, respectively (Fig. 4e).
However, none of the WY trends were statistically signiﬁcant,
and the same to the WY/P ratio (Fig. 4f). The effects of T on WY
were suppressed by the insigniﬁcant annual P trends because the
unchanged P restricted the increase of ET (Fig. 4d). The magnitude
of signiﬁcant trends at the zonal scale for WY (0.1 to 5.8 mm/yr)
were much lower than those at the site level, reﬂecting the masking effects of larger over smaller scale variations of climatic
variables.
3.3. Spatial viability in long-term mean WY: among climatic zones and
LULC types
The estimated mean annual ET for the NSTEC region was
588 mm. The mean annual WY during 1981–2000 across the
NSTEC was 344 mm, ranging from 132 mm in Ntemp to 711 mm
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Along the latitudinal gradient, the long-term WY showed a general decreasing trend from the south to the north (Fig. 7a). However, there appeared two remarkable breaking points along the
curve. The turning points were caused by the westwards shift or
retraction of the right boundary of the NSTEC at 40° (due to the
transect deﬁnition) and 20.75° (the location of the Taiwan Island), respectively. The rates of change in WY with latitude were
not identical but decreased from 34.6 mm to 7.6 mm above and below 40° (5 times of difference). This may be caused by the 10°
shift of the transect boundary away from the sea at 40° caused a
decreasing P. When regressing the latitudinal gradient into P
and T gradients, we found that WY was linearly correlated with P
with the rate of 0.43 mm per mm P (R2 = 0.99, p < 0.001); but
it was correlated with T in a signiﬁcantly nonlinear fashion

LULC category
Fig. 5. Comparison of long-term mean (a) ET, (b) WY, (c) P and elevation (ELE)
among climatic zones for difﬁdent LULC types from 1981 to 2000. The black dots
represent the mean ET or WY for each LULC type across the climatic zones. The blue
squares represent the mean P. WoodlandA: woodland with forest cover >30%,
woodlandB: woodland with forest cover <30%. Error bars are standard deviations.
(For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

in Ntrop. As expected, ET increased from the high latitude to the
low latitude corresponding to the general climatic gradients
(Fig. 5a). Generally, WY also increased from the Ntemp to the Ntrop
zone regardless of LULC types (Fig. 5b). Thus, the spatial WY patterns of increasing from Ntemp to Ntrop were mostly a result of
overwhelming inﬂuences of P over ET.
We found that the mean ET was highest in high-cover woodland
(733 mm), followed by low-cover woodland (708 mm), shrubland
(597 mm), cropland (527 mm) and grassland (382 mm) in the vegetated LULC types in the NSTEC (Fig. 5a). At the same time, the
mean P was highest in high-covered woodland, and then lowcovered woodland, followed by shrubland, cropland and grassland
(Fig. 5c). As the outcome of the interactions between P and ET, the
mean WY was highest in low-covered woodland (478 mm), and
then shrub land (380 mm), high-covered woodland (370 mm),
cropland (349 mm) and grassland (240 mm). Water body had the
lowest WY value (105 mm) among all LULC types due to highest
ET (891 mm) but moderate P (Fig. 5b).
In order to quantify the differences in water supply among different LULC types and climatic conditions, the volumetric WY for
each LULC type and climate zone was calculated. The long-term
mean volumetric WY was 926  109 m3 in the entire NSTEC area
(accounting for 34.1% of total surface water in China). Notably, different climatic zones had varied contributions to the total water

(a) 350
300
250

WY (109 m3)

ET (mm)

1200

resources of the NSTEC not solely depending on the sizes of the
zones (Figs. 6a and 2b). The Msubtrop had the highest WY followed
by the Nsubtrop and the Ssubtrop, and the Stemp and the Mtemp
had similar contributions. The magnitude of P among the climatic
zones should be the main cause of the differences in total volumetric water. Whereas, the small volumetric WY in Ntemp and Ntrop
were indeed due to small areas.
However, within each climatic zone, the contribution of each
LULC type to the zonal total WY was highly dependent on its fractional area (Fig. 6b). This suggested that at large scales the differences in volumetric WY among LULC types were mainly caused
by the area of coverage, and the effect of the differences in WY
per unit area among LULC types was relatively small in the NSTEC.
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Fig. 6. Volumetric WY of different LULC types: (a) accumulated volumetric WY of
different LULC types in each of the climatic zones and (b) linear correlation of the
percent of water volume with the percent of area for different LULC types.
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Fig. 7. Spatial patterns of long-term (a) WY and (b) WY/P ratio and their responses to speciﬁed precipitation and temperature changes (T ± 1 °C, T ± 2 °C, P ± 10%, P ± 20%)
along the latitudinal NSTEC. The red curves (baseline) mean long-term averages from 1981 to 2000 for climate and constant LULC types during this period. The dash lines are
linear ﬁts of long-term WY or WY/P with latitude (LAT), separated at 40° and 20.75°, respectively. y1: WY = 7.6  LAT + 511.1 (R2 = 0.822) (LAT > 40°), y2:
WY = 34.6  LAT + 1471.7 (R2 = 0.954) (20.75° < LAT < 40°), y3: WY = 28.4  LAT + 157.3 (R2 = 0.374) (LAT < 20.75°), y4: WY = 0.005  LAT + 0.533 (R2 = 0.54), y5:
WY = 0.008  LAT + 0.601 (R2 = 0.68), y6: WY = 0.029  LAT - 0.157 (R2 = 0.66), p < 0.001. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

Table 2
Changes in WY responding to T or P projections in the entire NSTEC.

DWY (mm)
DWY/WYbaseline (%)
WYbaseline = 343.7 mm

T  1 °C

T  2 °C

T + 1 °C

T + 2 °C

P  10%

P  20%

P + 10%

P + 20%

15.6
4.5

34.5
10.0

23.1
6.7

41.9
12.2

60.7
17.7

119.4
34.7

69.2
20.1

139.9
40.7

(a) 400

(b)
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200
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Fig. 8. The trends of (a) WY and (b) WY/P ratio in response to T and P changes along the latitude gradient. The dash lines are linear ﬁts. The trends are signiﬁcant for all the
scenarios for the response of WY (DWY), but only signiﬁcant for (P + 10%) and (P + 20%) scenarios for the response of WY/P ratio (DWY/P) at p level of 0.05.

(WY = 0.98T2 + 4.25T + 117.15, R2 = 0.99, p < 0.001). Similarly, the
long-term WY/P ratio showed the same decreasing pattern as that
of WY from the south to the north along the transect (Fig. 7b).
However, the differences between the rates of change in different
geographical areas were smaller than those of absolute WY.
For the entire NSTEC, WY decreased by 6.7% and increased by
4.5% compared to the baseline when increasing and decreasing
1 °C, respectively (Table 2). The percent changes of WY caused by
the deﬁned P variations (10% and 20%) were much higher than
those caused by T, indicating high sensitivity of WY to P variations.
Along the latitudinal gradient, WY changes (DWY, mm) due to T or
P changes tended to decrease from lower (south) to higher (north)
latitudes (Fig. 8a). This means that when changing T by the same
magnitude or P by the same fraction, the dry northern part of the
NSTEC tended to have smaller absolute changes in WY than the humid southern part. Similarly, the change of WY/P ratio had significantly negative correlation with latitude when increasing P for
10% or 20%. Whereas, the change of WY/P ratio due to P decrease

or T variations (increase or decrease) was not signiﬁcantly correlated with latitude (Fig. 8b).

4. Discussion
4.1. Historical trends of ET, PET, and WY
A comprehensive interpretation of WY depends on good understandings in all components of the hydrologic cycle and their interactions. Herein, P is directly measured and has least uncertainty,
while ET and its relationship with PET are less conﬁned and quantifying the trends of these two variables can be problematic and
confusing sometimes. For example, there are many methods that
can estimate PET either based on temperature or many other climatic variables (Lu et al., 2003). For convenience, Pan evaporation
(Pan E) is often used to represent PET. However, recent studies suggest that Pan E can have opposite trend to actual ET and PET that
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are estimated based on climatic data. The relationship between
decreasing trend of Pan E and increasing trend of temperature
(or PET), the so called ‘‘pan evaporation paradox’’, is not contradictory but actually complementary (Brutsaert and Parlange, 1998;
Hobbins et al., 2004). The decreasing trend of Pan E found in most
areas of China and many other countries worldwide in past decades conﬁrmed this theory (Peterson et al., 1995; Qiu et al.,
2003; Ren and Guo, 2006). Pan E may have been used in climate
change studies incorrectly since it can be regarded as a good proxy
of PET only in humid environments.
Our ﬁnding for site scale ET trend was comparable to the ﬁndings from Zhou et al. (2009). They reported that 40% area of China
showed a decreasing trend in ET with the magnitude range from
5 to 10 mm/yr in the majority of areas, and the increasing trend
was up to 20 mm/yr from 1991 to 2000. However, our study suggested that the ET change rates were higher than another study
by Gao et al. (2007) which reported that the ET trends varied from
3 to 2 mm/yr at 686 meteorological stations across entire China
during 1961–2002. The differences in the sign and magnitude of
trends among studies are partly related to the different time
window.
The results of insigniﬁcant WY trends at most of the stations
(92%) and all the climatic zones were consistent with other studies
that the past magnitude of variations in annual mean T were not
high enough to cause signiﬁcant change in annual streamﬂow
(Gordon and Famiglietti, 2004; Vicuna and Dracup, 2007; Wang
et al., 2008; Peng and Xu, 2009). However, since the ecosystems
particularly in the water-limited regions have high dependency
on water, any slight changes in WY (e.g., statistically insigniﬁcant
changes) could have substantial inﬂuences on water resources
and cause high pressure to ecosystems (McCabe and Wolock,
1997). In addition, the consistency of the trends of WY and P also
depended on the magnitude of WY. In arid areas where WY is negligible, the trend of WY may not follow that of P given the balance
between low P and relatively high ET (Alkama et al., 2011).
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the U.S. where forest lands are widely distributed in the remote
mountain areas, the NSTEC has been involved with intensive human disturbances and it has very complex LULC patterns. Thus
WY of woodlands was not markedly different from other land uses.
4.4. Sensitivity of WY to P and T changes along the latitudinal proﬁle
Labat et al. (2004) reported a 4% increase of global runoff in response to global T increase per °C. This is the ﬁrst report on the test
of global runoff trend using data-based evidence but it is questioned by other scholars (Legates et al., 2005). Preston and Jones
(2008)’s study in Australia found that warming would reduce runoff with the magnitude up to 20%. The signs of mean annual WY
changes at the NSTEC in our study were also negative in the warming period from 1981 to 2000 but in a much lower rate of change.
The higher sensitivity of WY to P compared to T variations reﬂected
that WY or streamﬂow may respond to changes in P in a highly
nonlinear way, i.e., slight changes in P might generate much greater changes in WY, double or even higher in some cases (Karl and
Riebsame, 1989). For example, a 10% change in P may result in a
change of 20% in annual streamﬂow and 20% change in P may result in a change of 45% in annual streamﬂow in a coastal watershed
in North Carolina (Qi et al., 2009). They also found that streamﬂow
was more sensitive to prescribed changes in P than T in this humid
coastal watershed.
Along the latitudinal proﬁle of the NSTEC, the sensitivity of WY
to T or P change was negatively correlated with latitude. This result
was in agreement with a theoretical study in the northwestern region of China by Ma et al. (2007) that WY responds more strongly
to changes in P and PET in the humid than the arid areas. One
would expect that the differences in WY between the south and
north of the NSTEC would be larger if future climate becomes
colder and wetter. On the contrary, the differences in WY would
be smaller if it becomes warmer and drier.
4.5. Hydrological studies on terrestrial transects

4.2. Spatial viability in long-term mean WY
The estimated mean annual ET of the various ecosystem types
across the NSTEC (588 mm) was comparable to the global average
reported by other studies. For example, Mueller et al. (2011) and
Zeng et al. (2012) reported global average ET for terrestrial ecosystems as 580–604 mm during similar time period as our study. The
magnitude and spatial pattern of WY was also consistent with the
basin-based streamﬂow measurements in the same region from
1971–1998 as reported by Milly et al. (2005). The increasing trends
for both ET and WY from Ntemp to Ntrop reﬂected the dominant
effect of P over ET on the spatial pattern of WY (Zhang et al., 2009).
4.3. Volumetric WY and land cover type
It is well known that ET rates varied among vegetation types. ET
of forests and wetlands can be as much as twice compared to other
types of vegetation covers (Ellison et al., 2012). Our study predicted different ET rates and WY among LULC types. Our study also
showed that the total volumetric WY for different LULC type was
highly dependent on the area of its coverage. This somewhat contrasted to studies in the United States where 23% forest land provided 43% WY (2002–2007 mean) (Dr. Ge Sun, unpublished data,
USDA Forest Service). The reason for the high WY in forest area
of the U.S. was that the forests were mainly distributed in high altitude regions characterized with high P but low T. Consequently,
the relatively low ET compared to P caused high WY. However,
the NSTEC had an mean elevation lower than 500 m (469.9 ±
431.0 m) and the mean elevation of the woodland areas in the
NSTEC was not the highest among the LULC types (Fig. 5c). Unlike

Transect survey is a common tool to study the spatial variation
of water regime, such as soil moisture and water ﬂux, but usually
in small spatial scales, e.g., plot or local scale. Globally, studies on
spatial variability of hydrological balance and its sensitivity to climate changes in large-scale terrestrial transects are still lacking,
although transect method has advantages to resolve some particular questions such as examination of long-term equilibration or
stationarity, identiﬁcation of thresholds along a continuum and
uniﬁcation of ecological, atmospheric and climatic change models
(Koch et al., 1995). Lare and Nicholson (1991) conducted an analysis of the mean surface hydrological balance for a latitudinal transect in West Africa. They found a substantial higher surface runoff
in the wetter section of the transect due to excess precipitation,
which is in agreement with the pattern of WY in the NSTEC. In China, there are two IGBP terrestrial transect including the NSTEC and
the NECT (Northeast China Transact). Most previous studies conducted on these two transects are mainly on the spatial patterns
of vegetation structure, primary productivity, carbon balance,
nitrogen deposition, water/nutrient use efﬁciency and their relationships with the climate pattern (Zhou et al., 2002; Zhu et al.,
2006; Zhang and Zhou, 2008; Sheng et al., 2011, 2012). This study
represents the ﬁrst effort to evaluate the spatial variability of
hydrological balances and its response to climate change along
the NSTEC proﬁle.
4.6. Uncertainties and limitations of this study
Because our study is based on empirical modeling of ET and WY,
uncertainties relating to input parameters exist. First of all, the
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accuracy of LULC classiﬁcation could lead to inaccurate estimation
of ET and WY. Although the CAS1990 production was the best in
classiﬁcation accuracy in a 1 km spatial resolution for China compared to the other popular LULC products such as GLC2000,
IGBP-Discover and UMd (Ran et al., 2009), all these databases suffer varied problems and need improvements. Secondly, the temperature-based Hamon’s PET equation calibrated for the early
20th century could be invalid in future climate conditions (Shaw
and Riha, 2011). Thirdly, since the interactions between P and ET
may affect regional climate (Ellison et al., 2012), separating the effects of land cover change from climate change on the alterations
of regional WY remains challenging (Feng et al., 2012). In our
study, the spatial variability in WY across the NSTEC reﬂected
the combined effects of P and ET, the vegetation cover heterogeneity and associated changes in P–ET interactions in the scope of
atmospheric circulation was not considered in the modeling
approach.
The use of a constant w value for each LULC type without considering vegetation evolution and its regional differences among
years and across the entire region may also cause estimation errors
for ET, and thus WY (Farley et al., 2005). The estimation of WY may
have bias by using the un-calibrated w factor. We did not recalibrate w factor for all LULC types across the study region because:
(1) The previous studies in China and the US (Sun et al., 2002,
2005, 2006) suggest that the selected w values were reasonable
for regional mapping of water yield and detecting hydrological response to climate variability and land cover change. (2) The available 5-yr hydrological data for only ten basins were not sufﬁcient
to calibrate the model since these watersheds were large in size
and had mixed land covers. Therefore, we focused on the evaluation of the model performance with hope that future small watershed or ﬁeld scale studies can provide more reliable
parameters. (3) Since our ultimate goal of this paper was to examine the trends and relative changes of WY as inﬂuenced by climate,
systematic errors in w may not severely affect the ﬁnal conclusions. Our statistical analysis indeed found such assumptiondeviation of w factor values from the default values caused small
change in the trend and sensitivity of WY. (4) The hydrological
trends detected by this study were affected by many factors other
than LULC such as engineering dams, and human water
consumption.
In this study, we used relatively short time series due to the
availability of LULC data. The trend of WY may be different in prolonged period or shifted time windows as found for ET (Zeng et al.,
2012). In addition, we considered only the effects of T and P. Even
they are two important aspects of climate, considering only these
two factors is limited in understanding the future climate effects
on hydrological processes (Rosenberg et al., 2003; Liu et al.,
2012). For example, a recent modeling study in eastern China by
Liu et al. (2012) suggests irrigation and other human-induced environmental stressors could have large impacts on the general
hydrologic patterns regulated by the physical climate.

5. Conclusions
We examined water yield responses to climate change and variability at multiple scales across a large climatic gradient in eastern
China. We conclude that the changes of the hydrologic regimes in
the NSTEC in the past 20 yr were dominated by precipitation, not
by air temperature. Changes in precipitation masked the effects
of climate warming. Water yield in Southern China is expected to
be more responsive to climate change and variability, but any decline in water resources due to climate change in northern China
can aggravate the current water crisis. Future distribution of water
resources and their temporal changes would likely be inﬂuenced

by the projected large variations in precipitation that is highly affected by the monsoon climate in China. Therefore, reliable projection of precipitation for eastern China is critical to hydrologic
predictions and water resource planning.
This study represents the ﬁrst effort to fully examine the current and future hydrologic balances across the large climatic gradient of the NSTEC by employing a modeling approach. Future
studies need to examine the effects of other climatic variables,
such as relative humidity, solar radiation and increased CO2 concentration as well as vegetation feedbacks on hydrological cycles.
Models with a ﬁner temporal scale (i.e., daily to monthly) are also
desirable to capture the wide temporal dynamics of climate across
the region.
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