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Abstract Runoff is a key component of the water cycle over land, with direct impact on
regional ecosystems and water resources. This study investigates historical runoff variability
and change over China in 1951–2008 using the Community LandModel and in situ observations
of atmospheric forcing fields. Model simulations are first evaluated against in situ observations
of streamflow for four major rivers, as well as soil moisture and water table depths, before further
analysis is conducted. Then, quantile regression is used to analyze runoff variability and its
relation to precipitation and temperature. The spatial pattern of monthly climatological runoff
over China is characterized bymaxima in the humid south and a gradual decrease toward the arid
northwest. Runoff increases in the humid south, slightly decreases in the transition zone, and
shows nonsignificant trends in the arid northwest. The footprint of decadal variability can be seen
from 1951 to 2008. The annual precipitation advances the spatiotemporal variability of runoff
despite locally distinct runoff–precipitation responses. The runoff-temperature relationship
shows complex spatiotemporal characteristics that depend on the feedback from precipitation.

1 Introduction

Runoff variability and change have attracted attention because of their impacts on water
resources management and use and the consequent redistribution of economic and environ-
mental benefits (e.g., Oki and Kanae 2006). Such concerns stem from observations that show
significant changes in the Earth’s hydrological cycle in the context of climate change and the
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increased risk for extreme runoff and flooding (Wentz et al. 2007). In the case of China, one of
the most water-scarce countries in the world, water shortage has long been a serious problem.
To address this problem, the government has invested huge resources in water and
ecohydraulic infrastructure. However, such efforts are subject to uncertainty because of the
considerable changes in the runoff regime.

The Fifth Assessment Report of the Inter-Governmental Panel on Climate Change
(IPCC) argues that the global surface air temperature has increased by 0.72–0.85 °C
since the beginning of industrialization, with a particularly steep increase in recent
decades (IPCC 2013). Presumably, because of global warming, the annual maximum
daily precipitation has increased 8.5 % over the last 110 years, resulting in runoff
variability (Asadieh and Krakauer 2015). In China, a large body of work has been
amassed for various watersheds, addressing the runoff variability during recent decades.
For instance, increasing annual mean runoff was observed in the East River and the
Yangtze River basins, South China (Zhang et al. 2015; Zhang et al. 2006). In Northwest
China, runoff also increased during the past 50 years, with a step-like change in
precipitation at approximately 1986 (Chen et al. 2006). In contrast, in the Yellow River
basin, runoff has been decreasing in recent decades (Zhang et al. 2009). The combination
of decreased precipitation and increased human activities is considered to decrease
runoff, as in the Northeast from 1965 to 2005 (Zhang et al. 2012). However, it is yet
unclear whether these changes have any coherent countrywide spatial patterns and what
drives these changes.

Regarding the link of runoff variability to climate change, water balance modeling
suggests that the water-year precipitation accounts for almost all of the runoff varia-
tions. Furthermore, the temperature effect on runoff is small even during the period of
significantly increased temperature (McCabe and Wolock 2011). Observations have
shown that seasonal variations in runoff and summer monsoon precipitation, as well
as pronounced warming and drying (runoff), are strongly correlated on decadal time-
scales (Xue et al. 2005). For example, in the Yangtze River basin, the correlation
coefficient between runoff and precipitation is up to 0.89 (Chen et al. 2014). However,
land use changes (i.e., forestation), glacial melting, and human activities make the
relationship much more complex, especially in recent decades. For instance, Bi et al.
(2009) reported that forestation had reduced the annual streamflow in a watershed in
the Loess Plateau by 49.63 % from 1954 to 2008. Therefore, at a countrywide scale,
the pattern of interaction between runoff variability and climate change remains an
open question.

At present, global climate projections suggest that the global water cycle will be
strengthened due to the increased moisture-holding capacity of the atmosphere and the
surface energy supply (Wu et al. 2013; Wu et al. 2010). Land runoff plays a very
important role in the global hydrological cycle. Regionally, runoff is a vital component
of the water cycle of a watershed, and it is critical to ecosystem services and water
resource management, particularly in the arid and semiarid areas of China. Thus, this
study examines countrywide patterns of runoff variability, along with extremes over
critical regions, and the links to climatic covariates by quantile regression. In section
2, we discuss the model development and data. In section 3, we discuss the evaluation of
the modeling, the spatial patterns of runoff variability, the variability over critical
regions, and the relations of runoff to precipitation and temperature. The conclusions
are summarized in section 4.
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2 Model and data

2.1 Experimental design

2.1.1 Model description

The Community Land Model (CLM) is the land model for the Community Earth
System Model. CLM represents several aspects of the land surface, including surface
heterogeneity, and it consists of components or submodels related to the hydrologic
cycle, land biogeophysics, ecosystem dynamics, biogeochemistry, and human
dimensions.

From version 3.5 onward, CLM contains water-related parameterization schemes [for
instance, a simple TOPMODEL-based runoff scheme (SIMTOP) and a simple ground-
water scheme (SIMGM)] along with improvements in soil water availability and resis-
tance terms to reduce the overestimated soil evaporation (Niu et al. 2005; Oleson et al.
2008; Yang and Niu 2003). CLM version 3.5 (CLM 3.5) offers significant improvements
in estimating the subcomponents of the land water cycle (Oleson et al. 2008). Neverthe-
less, CLM 3.5 produces higher soil moisture and lower variability than observations in
the rooting zone. To reduce these biases, Li and Ma (2015) introduced a factor to
describe soil porosity, increase the recharging water from the soil column to the
aquifer, and reduce the flux in the opposite direction, as achieved by Lawrence et al.
(2011) and Niu et al. (2011).

Newer CLM versions (4.0 and 4.5) offer improved solutions related to soil moisture
and biogeochemical processes. However, the soil moisture variability remains low
compared with observations (Lawrence et al. 2011). Based on our assessment of the
applicability of CLM 3.5 across China and the observation-based datasets (Li and Ma
2010; Li et al. 2011), we opted for CLM 3.5 to regenerate the long-term runoff
variability. For a detailed description of CLM 3.5, the readers are referred to Oleson
et al. (2004) and the references therein.

2.1.2 Atmospheric forcing and land data

We constructed an observation-based atmospheric forcing dataset involving four state
variables (air temperature, pressure, wind speed, and specific humidity) and two flux
variables (precipitation and radiation). Historical measurements of precipitation, air
temperature, pressure, and wind speed were taken from the China Meteorological
Administration (CMA), and the specific humidity was calculated from dry- and wet-
bulb temperature observations. We adopted the radiation data of Sheffield et al. (2006)
by bilinear interpolation to compensate for the scarcity of radiative observations. Using
Kriging for spatial and curve fitting for temporal interpolations, the resulting atmospheric
forcing dataset has 0.5° × 0.5° horizontal resolution, a 3-h temporal interval, and a 58-
year time span (1951–2008). As for the details of establishing the forcing field and the
evaluation of the modeling of the land water cycle, the readers are referred to Li and Ma
(2010). The land data used in this study consist of topography, soil attributes, plant
functional types, and physiological parameters of vegetation. We retained the default data
in CLM 3.5, which were mostly taken from the Moderate Resolution Imaging
Spectroradiometer (MODIS) land surface mapping (Lawrence and Chase 2007).
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2.1.3 Simulation configuration

The simulation of runoff was conducted in the off-line mode over China and was driven by the
aforementioned observation-based forcing with the activated river-routing model [RTM
(Branstetter and Erickson 2003)] and the dynamic global vegetation model. To eliminate the
initialization effects and examine the long-term integration ability, considering variable time
scales of land water cycles (soil water and groundwater), we ran CLM continuously for
400 years by cycling the 1951–2000 forcing and then running from 1951 to 2008. The last
58-year run was used to understand the spatiotemporal nature of runoff across China.

2.2 Observational data

Routine in situ observations from CMA [the China Meteorological Data Sharing Service
System (CMDSSS, http://www.cma.gov.cn/2011qxfw/2011qsjgx)] were used for establishing
the aforementioned forcing fields. In addition, gridded monthly precipitation and temperature
by CMA over China were applied to explore the relationship between runoff and climate
change. Compared with the forcing fields, the same in situ observations were largely used, but
they were gridded by independent interpolating algorithms. Merged satellite–ground
observations of monthly precipitation for 1979–2008 from the Global Precipitation
Climatology Project (GPCP) were also used to cross-validate the CMA’s dataset. The monthly
terrestrial water storage (TWS) data from the Gravity Recovery and Climate Experiment
(GRACE) were used to evaluate the groundwater simulation. The arithmetic averages of
TWS were obtained from three datasets by the NASA’s Jet Propulsion Laboratory (JPL), the
University of Texas at Austin Center for Space Research (CSR), and the German Research
Centre for Geosciences Potsdam (GFZ). Release-05 of the GRACE Level-2 data (spatial
resolution of 1°) was used here, which has improved the accuracy over its precursor owing
to new data processing algorithms (Landerer and Swenson 2012).

Monthly streamflow data were measured at the Chiling, Lijin, Datong, and Wuzhou sites
and are used to evaluate the 1960–2000 runoff simulations over four river basins in China from
north to south—the Liao River, the Yellow River, the Yangtze River, and the Xijiang River.
The records from Dai et al. (2009) are referred to as natural streamflow that were taken from
gauged streamflow data by estimating the human-caused upstream water loss.

3 Results

3.1 Evaluation of runoff simulation

Two aspects broadly affect the fidelity of a simulation: input quality and model
adequacy. In this study, the former primarily originates from the atmospheric forcing
fields. Li and Ma (2010) have shown that observation-based forcing has a clear advan-
tage over the widely-used reanalysis data at the watershed scale. As for the latter, the
main three components of the water cycle over land, i.e., soil moisture, runoff, and
groundwater (water table depth), were evaluated. The modeled and observed soil mois-
ture over China agreed well. For instance, the average correlation coefficient is up to
0.83 in Northeast China, where measurements are mostly available for summers during
1990–2000 (statistical details, see Li and Ma 2015).
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Regarding the runoff simulation, Fig. 1 compares simulations and observations for the four
rivers over the period 1960–2000. The comparison shows considerable consistency between
model streamflow (runoff transported by RTM coupled with CLM into the river channel) and
measurements in terms of correlation coefficients and linear trends. For annual averages, the
correlation coefficients for the Chiling, Lijin, Datong, and Wuzhou sites, near the mouths of
the Liao, Yellow, Yangtze, and Xijiang Rivers, are 0.69, 0.79, 0.96, and 0.82, respectively, with
a degree of freedom of 39. Three of the four modeled linear trends are consistent with
observations, except for the opposite trend at the Wuzhou site. A significant decrease is only
observed at Lijin, and the model successfully captured it. The simulations also successfully
captured the pronounced peaks and troughs, such as the high-flow runoffs in 1964 in the Liao
River, 1964 in the Yellow River, and 1994 in the Xijiang River, as well as the low-flow runoffs
of 1982 in the Liao River, and 1963 in the Xijiang River. From a decadal-scale perspective, the
simulated runoff reasonably regenerated the increase-decrease transition from the 1980s to the
1990s in the Liao River, as well as the turning point from the 1980s’ decrease to the 1990s’
increase in the Xijiang River (not shown in the figure).

Fig. 1 Comparison of model and observed streamflow anomalies in 1960–2000, where R is the correlation
coefficient and the dotted lines are linear regressions for the different sites
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Groundwater plays an important role in runoff generation over most areas. Because in situ
observations are presently lacking, satellite-based TWS anomalies from GRACE are used
instead. Area-averaged monthly water table depths from GRACE agree well with the model
data for 2004–2008 over China (Supplementary Fig. S1), with a correlation coefficient of 0.87.
The correlation coefficient between the time series without annual variations is 0.56. The
model annual variation mostly captures the observed behavior, except for one month prior to
the measured peak.

By comparing the three major reservoirs of the land water cycle (soil water, runoff, and
groundwater) to the corresponding observations, we validated the land water cycle simulations
on various time scales. The results demonstrated that the land model (CLM version 3.5) with
observation-based forcing largely captured the spatial patterns and long-term trends in the
major land water cycles, especially of runoff, which supports the following analysis of runoff.
Nevertheless, it is noteworthy that, between the model and observed variables, discrepancies
appeared in varying regions and periods, for which no reasonable interpretation presently
exists.

3.2 Spatial runoff pattern

The climatological patterns for 1951–2008 (Fig. 2) suggest that the averaged total runoff
(surface and subsurface runoff) gradually decreased from southeast to northwest, as well as
from humid to arid areas in China, with a maximum near 200 mm per month and a minimum
near zero. Surface runoff is a significant contributor to total runoff in the humid south, whereas
the amount of surface runoff decreases remarkably from southeast to northwest with the
climate transition to aridness. Furthermore, subsurface runoff is the major contributor, espe-
cially in the humid climates. The analogous spatial structure is also observed in the patterns of
the ratios of runoff to precipitation (Supplementary Fig. S2). Regarding the surface–subsurface
runoff partitioning (Supplementary Fig. S3), from CLM 4.0 onward, CLM shifts the ratios of
surface to subsurface runoff from 30:70 % to 55:45 % in light of sensitivity experiments by
changing the solutions of the saturation excess terms and subsurface runoff (Lawrence et al.
2011). In this study, the default values are retained for these parameters because no gauge data
are available for China to confirm this modification. We will address such issues in future
studies.

Regarding the linear trends of runoff variations from 1951 to 2008 (Fig. 2, Supplementary
Fig. S3), distinct characteristics were manifested as significant decreases over the wet–dry
transition zone and significant increases over humid regions, with extremes of −0.3 and
1.0 mm per month, respectively. Over northwestern China, arid regions showed slightly
increasing trends. The surface runoff contributed to the critical trends mainly over the
mountains and plateaus, such as the Tian Shan Mountains, the rim of the Tibetan Plateau,
and the Yuannan–Guizhou Plateau, where the melted glaciers added to the runoff. In addition,
opposite trends in the surface and subsurface runoff appeared in the north of the Tian Shan
Mountains, the Northeast Plain, and in the lower reaches of the Yangtze River (Supplementary
Fig. S3).

The linear trends discussed above are calculated using ordinary least squares regres-
sion, and they show the rate of change in the mean of the runoff distribution as a
function of time. Extreme changes, however, were identified as an important aspect of
the runoff response to climate change and the variability due to global warming.
Therefore, we calculated the slopes of the 0.1 and 0.9 quantiles that correspond to the
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lower 10 % (minima) and upper 90 % (maxima) of the sorted runoff series for each grid
cell to address the extreme changes in runoff in 1951–2008 (Fig. 2). The trends for the
0.1 and 0.9 quantiles show increasing runoff over humid southeastern China and large-
area decreasing runoff over semiarid and semihumid regions. Nevertheless, discrepancies
appeared mainly over parts of northeastern China, northwestern China, the Tibetan
Plateau, and other areas. Over most of these regions, the upper quantile (extreme) trends
are characterized by increases, whereas the lower quantile (extreme) trends show de-
creases or small increases. In addition, where trends were statistically significant at the
0.05 level, the upper quantile trends were generally much steeper than the lower quantile
trends. The transition of quantile trends from 0.1 to 0.9 is provided in the Supplementary
Materials (Supplementary Fig. S4). These differences indicate that the change in extreme
runoff generally intensified from 1951 to 2008, associating directly with the increased
extreme precipitation (Zhai et al. 2005). Spatially, the trend patterns for the frequency of
days and amounts of extreme precipitation are in good agreement with the extreme
runoff variations (Zhai et al. 2005). Moreover, the interdecadal oscillations, i.e., two
abrupt changing points in 1978 and 1992, were associated with the weakening of the
East Asian summer monsoon (Ding et al. 2008).

Fig. 2 Spatial patterns for the means of runoff (mm mo−1) and linear trends (mm mo−1), as well as the quantile
trends (mmmo−1) for the 0.1 and 0.9 quantiles, over China for 1951–2008. The black lines denote significance at
the 0.05 level
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3.3 Temporal variability over critical regions

For the spatial similarity of the runoff trends (surface, subsurface, and total runoff), we focus
on the temporal variations where their trends are statistically significant (negative/positive
trends responding to Region A/B, respectively, in Fig. 3a). Over the typical wet–dry climate
transition zone (Region A), an averaged decreasing trend is observed for 1951–2008. Over the
humid climate (Region B), an increasing trend is observed for the same period. The increasing
trend is steeper than the decreasing one, with regression slopes of 0.35 and −0.19 mm per
month, respectively (Supplementary Fig. S5).

For each region, the regression lines for the 0.1, 0.3, 0.5, 0.7, and 0.9 quantile along with
the quantile slopes and corresponding standard errors (Tab. S1) suggest that the highest
quantile (0.9) shows the fastest increase in the positive trend region, and the lowest quantile
(0.1) has the slowest increase. Moreover, in the negative trend region, the highest quantile
shows the slowest decrease, whereas the lowest quantile shows the fastest decrease in 1951–
2008. In other words, the amount of extreme runoff increased with an increase in runoff
amount. Even in the case of decreased runoff amount, the upper quantile (0.9) decreased by

Fig. 3 Summer (JJA) monthly runoff as a function of time in two critical regions. Regression lines are for the
quantiles 0.1, 0.3, 0.5, 0.7, and 0.9. The dashed line represents the mean (0.5) and is obtained from ordinary least
squares regression
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39 % relative to the lower quantile (0.1) slope. Such variability in the extreme runoff agrees
well with the extreme precipitation over East China (Lu et al. 2014; Zhai et al. 2005).

3.4 Relation to precipitation and temperature

Between summer runoff and precipitation, the correlations coefficients of 0.65 and 0.64 for
Regions A and B, respectively, suggest that precipitation is critical to the runoff variations
(Supplementary Fig. S6), whereas the correlation coefficients for temperature are more
complex, i.e., −0.22 and 0.10 for Regions A and B for the summers of 1961–2008. Further-
more, for both Regions A and B (Fig. 4), the covariations between precipitation and runoff
show consistently positive correlations in the quantiles from 0.1 to 0.9, with slopes signifi-
cantly different from zero (no trend) at the 95 % confidence interval (Supplementary Fig. S7).
This verifies the dominant control of precipitation on the summer runoff variations. As for the
coupling between runoff and temperature, the two variables have identical signs at lower
quantiles but opposite signs at the upper quantiles, switching at approximately the median
quantile (Supplementary Fig. S7). Quantile regressions suggest that, with regional warming,

Fig. 4 Summer (JJA) monthly runoff as a function of monthly precipitation and temperature for two critical
regions. Regression lines are at quantiles 0.1, 0.3, 0.5, 0.7, and 0.9. The dashed line represents the mean (0.5) and
is obtained using ordinary least squares regression. The 95 % confidence intervals of the slopes are shown in
Supplementary Fig. S5
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the lower end of the runoff decreased but the upper end of the runoff increased. Accordingly,
the runoff–temperature covariations can be affected by the variability in precipitation with
rising temperature. Commonly, in the areas where the precipitation remains unchanged, the
higher temperature causes an enhancement of the evapotranspiration, contributing to the
decline in runoff. However, the precipitation change, accompanying that of cloud coverage,
makes the nonlinear response of runoff to temperature more complex, especially when
combined with the resulting changes in glacier, permafrost, wetland, lake, groundwater level,
and vegetation cover (McCabe and Wolock 2011; Xu 2015).

The spatial patterns of the correlation between runoff and precipitation for the summers in
1961–2008 (Fig. 5) show that the correlation is positive countrywide, except for the nonsig-
nificant negative relation in the dry–wet transition zone. The linking of temperature with runoff
suggests a more mixed spatial structure, with significantly negative correlation over South
China, North China, and most arid regions and positive correlation over most of the Tibetan
Plateau, Sichuan Basin, and northern coastal areas. Such correlation changes reflect the evident
seasonal and regional characteristics of the interactions between runoff and climate covariates.
In contrast, the correlation pattern between the annual means of runoff and precipitation
(Supplementary Fig. S8) is similar to the spatial structure of the precipitation climate. In

Fig. 5 Spatial patterns of the correlation coefficients (R) for runoff and precipitation, temperature, and response
sensitivity (quantile slopes, S) at the 0.9 quantile for the summers (JJA) in 1961–2008. Black lines indicate
significance at the 0.05 level
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particular, negative or weakly positive correlation dominates the arid regions. Regarding
temperature, the spatial characteristics resemble that of runoff as a function of precipitation,
with negative correlation over arid regions and positive over humid regions.

As an index reflecting the sensitivity of runoff to climatic covariates, the slope patterns of
the regressions for quantiles 0.1 to 0.9 show weak spatial changes compared with magnitude.
For example, the spatial structures of the lower and upper quantiles at 0.1 and 0.9 (Fig. 5,
Supplementary Fig. S9) show that the summer runoff is most sensitive to the precipitation
variations at the lower quantiles over areas where the absolute precipitation is relatively high,
such as the Yangtze River basin and its south regions and parts of Northeast China. As the
quantiles shift to the upper end (0.9), the runoff response to precipitation increases and extends
northwards. For the link between runoff and temperature, the most sensitive coupling is mainly
seen southward of the Yangtze River, with negative slopes up to −75 mm K−1. At the 0.9
quantile, the strongly negative slopes remained over the regions south of the Yangtze River,
with values exceeding −100 mm K−1. The negative slopes imply that the decreases in runoff
are due to high temperatures and low precipitation. The positive slopes are mainly distributed
over the Tibetan Plateau, Sichuan Basin, and northern coastal areas, where the rising temper-
ature in the summer favors convection that leads to precipitation and then increases in runoff.
Alternatively, temperatures and precipitation decreased in the Sichuan Basin in 1961–2008 (Lu
et al. 2014). These findings highlight the differentiation of the response of runoff to climatic
covariates with variable magnitudes of variation.

4 Summary

This study aimed to investigate the long-term variability of runoff and its links to climate
variables (precipitation and temperature herein) over China using land processes modeling,
observational datasets, and the quantile regression method. Compared with in situ measure-
ments of soil moisture, streamflow, and GRACE terrestrial water storage, the evaluation
demonstrated that CLM 3.5 could simulate the regional land water cycle reasonably well.
Accordingly, the long-term runoff variability and its links to local climate were investigated
using quantile regression.

Over China, the climatological runoff distribution is characterized by maxima in the
humid southeast and minima in the arid northwest. There is a strong increasing trend in
the humid regions (0.35 mm mo−1 on average) but a decreasing trend in the transition
zone (−0.19 mm mo−1), with nonsignificant trends in the arid northwest. The quantile
slopes consistently decreased or increased in the critical regions, with the fastest increase
over the positive trends region and the slowest decrease in the negative trends region,
both at the 0.9 quantile.

Precipitation is critical to the summer runoff variations. The maximum correlation is seen in
the humid regions for both summer and annual time means. Decreased positive correlation is
consistently seen in the wet–dry transition zone. Over the arid regions, however, the correlation
for the summer and annual means shows the opposite sign. The sensitivity of the runoff to
climatic covariates is spatially stable but with significant degree changes. The response
between runoff and temperature shows that the effect of increasing temperature on runoff is
complex at the various spatiotemporal scales. With increasing temperature, the lower quantile
of runoff decreased, whereas the upper quantile increased in the sorted summer runoff series.
Spatially, the most sensitive coupling covers the region south of the Yangtze River.
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The aforementioned findings regarding the spatiotemporal variability of runoff over China
will improve our understanding of the historical variability of runoff and its links to climate
change and water resources countrywide. Nevertheless, the interpretation of the interactions
between runoff and temperature requires more observations and model improvements in the
future.
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