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ABSTRACT

As an essential source of freshwater river flow comprises;80% of the water consumed in China. Per capita

water resources in China are only a quarter of the global average, and its economy is demanding in water

resources; this creates an urgent need to quantify the factors that contribute to changes in river flow. Here, we

used an offline process-based land surface model (ORCHIDEE) at high spatial resolution (0.18 3 0.18) to
simulate the contributions of climate change, rising atmospheric CO2 concentration, and land-use change to

the change in natural river flow for 10 Chinese basins from 1979 to 2015. We found that climate change,

especially an increase in precipitation, was responsible for more than 90% of the changes in natural river flow,

while the direct effect of rising CO2 concentration and land-use change contributes at most 6.3%. Never-

theless, rising CO2 concentration and land-use change cannot be neglected in most basins as these two factors

significantly change transpiration. From 2003 to 2015, the increase in water consumption offset more than

30%of the increase in natural river flow in northernChina, especially in theYellowRiver basin (;140%), but

it had little effect on observed river flow in southern China. Although the uncertainties of rainfall data and the

statistical water consumption data could propagate the uncertainties in simulated river flow, this study could

be helpful for water planning and management in China under the context of global warming.

1. Introduction

Over the past five decades, significant warming and

changes in the frequency and intensity of precipitation

have been observed in China (Ding et al. 2007; Piao et al.

2010). These changes impact the whole hydrological

cycle. Water use has also increased by 10% during the

last two decades with the rapid growth in China’s GDP

of 6%–18%yr21 [China Water Resources Bulletin

1997–2016 (Ministry of Water Resources 2018a); China

Statistical Yearbook 1997–2016 (National Bureau of

Statistics of China 2018)]. Currently, per capita water re-

sources in China are only a quarter of the global average

(Ge et al. 2011). Further, water resources in China

have a highly uneven spatial distribution, with water

deficits in northern China and flooding from high sum-

mer rainfall common in southern China (Ge et al. 2011;

Piao et al. 2010). Both environmental changes and in-

creased water consumption put stress on the available

water resources (Alcamo et al. 2007; Vörösmarty et al.

2000; Xiong et al. 2010). Meeting the demand for water

for agricultural, domestic, and industrial purposes from

limited water resources is likely to be a challenge for the

future. In China, river flow makes up ;80% of water

consumption and is thus the main water source for hu-

man society. Especially in the context of climate change,

this creates an urgent need to quantify and understand

the factors that contribute to changes in river flow and

allow water planning and management of China to be

underpinned by sound scientific analysis.

Previous studies have detected a variety of trends

in annual river flow among different basins in China
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(Fu et al. 2004; Wang et al. 2006; Xu et al. 2010; S. L.

Yang et al. 2015; Zhang et al. 2006). In northern China,

most basins show a persistent decline in river flow over

the last five decades, such as Yellow, Hai, Liao, and

Songhua Rivers (Piao et al. 2010; Wang et al. 2013;

Zhang et al. 2017; Z. Zhang et al. 2011). In contrast, in

southern China, there has been a significant increase in

river flow in the Pearl, Southeast, and Southwest River

basins, but little change in river flow in the Yangtze

River basin (Piao et al. 2010; Xu et al. 2010; Yang et al.

2009; Ye et al. 2013). Nonparametric Mann–Kendall

trend analysis, Budyko framework, Soil and Water As-

sessment Tool (SWAT), or process-based models [e.g.,

Community Land Model version 4 (CLM4), Variable

Infiltration Capacity (VIC), Organizing Carbon and

Hydrology in Dynamic Ecosystems (ORCHIDEE)]

have already been applied to attribute the changes in

river flow for a single or several basins in China (Jiang

et al. 2011; Lei et al. 2014; Wang et al. 2013; H. Yang

et al. 2015; S. L. Yang et al. 2015; Yin et al. 2017;

Zhang et al. 2017; Z. Zhang et al. 2011). As shown in

these studies, during different periods, the main factors

influencing the river flow are different for different

basins. For example, in the Laohahe and Hai River

catchments and the Jinghe River basin, human activities

accounted for the majority of runoff reduction over the

last three decades (Jiang et al. 2011; Wang et al. 2013;

Yin et al. 2017), while in Yangtze River, 60%–70% of

the decline of mean water discharge from 2003 to 2012

could be attributed to decreased precipitation (S. L.

Yang et al. 2015). Besides climate change and human

activities, much attention has been paid to the effects of

CO2 concentration and land-use and land-cover changes

on river flow (Piao et al. 2007; Yin et al. 2017), in the

context of rising atmosphere CO2 concentration and

intensified land-use and land-cover change during the

past century (Klein Goldewijk et al. 2011). However,

there are few studies that comprehensively analyzed the

impacts of climate change, rising CO2 concentration,

land-use change, and human activities on river flow at

basin scale for China. The quantitative contributions of

these four factors on river flow are still unclear, which

urgently needs to be addressed.

The main purpose of this study is to evaluate the

contributions of environmental factors (climate change,

atmospheric CO2 concentration, and land-use change)

and water consumption by human activities to changes

in annual river flow of large basins in China during the

period 1979–2015. We used the land surface model

ORCHIDEE (Krinner et al. 2005) to simulate the full

hydrological cycle but without human water consump-

tion/management; we term the output ‘‘natural river

flow.’’ Reconstructed natural river flows for each basin

were calculated as the sum of observed river flow mea-

sured at the outlet gauging station and water consump-

tion from water-use statistics. Simulated natural river

flow by the ORCHIDEE model was confronted with

this observation-based natural river flow. The contri-

butions of climate change, atmospheric CO2 concen-

tration, and land-use change on the changes in natural

river flow were then evaluated using factorial simula-

tions with ORCHIDEE. Finally, we discussed the effect

of water consumption on observed river flow and

changes in the main hydrological processes such as

evapotranspiration related to climate change, rising at-

mospheric CO2 concentration, and land-use change.

2. Materials and methods

a. Observation-based natural river flow

At large-basin scale, observed annual river flows at

the outlet gauging stations from 2003 to 2015 were ob-

tained from the statistics of the River Sediment Bulletin

of China (2003–15; Ministry ofWater Resources 2018b).

Annual water consumption data for seven out of the 10

basins were collected from the water resources bulletin

of each basin (2003–15; Table 1). According to the

technical outline of China’s Water Resources Bulletin

compiled by the Ministry of Water Resources (2018a),

the water consumption is defined as the sum of water

loss to the atmosphere, water loss in products, and do-

mestic and livestock drinking water. That is, it is the sum

of several main sectors: irrigation of farmland, forests

and grasslands, industrial and domestic water, and water

consumption for residents and livestock in rural areas.

For each sector, water consumption is estimated as the

difference of water withdrawal and return flow to sur-

face water or groundwater. In these annual bulletins,

mainland China is divided into 10 large river basins

(RBs): Songhua RB, Liao RB, Hai RB, Yellow RB,

Northwest RB, Huai RB, Yangtze RB, Southwest RB,

Southeast RB, and Pearl RB. Figure 1 maps these 10

basins with their corresponding outlet gauging stations.

The sum of observed annual river flow at an outlet

gauging station and the annual water consumption in a

basin is taken as the reconstructed natural river flow for

that basin. Natural river flow in the Hai, Northwest, and

Southwest RBs could not be reconstructed due to the

unavailability of observed river flow and/or water con-

sumption data from the annual bulletins. Thus, only

seven basins were used for model evaluation. The de-

tailed information about the outlet gauging stations with

corresponding water consumption data for the seven

basins can be found in Table 1. Note that we took only

the main subbasin (Minjiang RB) into account for
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Southeast RB, because only one outlet gauging station

(Zhuqi) is reported in the River Sediment Bulletin.

b. ORCHIDEE model

ORCHIDEE (Trunk version r2916) is a process-

based land surface model that simulates the fluxes and

stores of water and carbon through the vegetation–soil–

atmosphere system (Krinner et al. 2005). The model

includes physical (SECHIBA) and carbon (STOMATE)

modules which operate at 30-min and daily time steps,

respectively. Based on prescribed land-cover maps in-

cluding bare soil and 12 plant function types (PFTs;

comprising nine forest types, C3 and C4 grasslands, and

croplands), carbon and water budgets are simulated at

the grid scale. An 11-layer soil hydrology scheme

simulates vertical water flows based on a physical

description of water diffusion and retention in un-

saturated soils (Campoy et al. 2013; De Rosnay et al.

2000, 2002; Guimberteau et al. 2014). Accordingly, soil

moisture is redistributed by solving the Richards equa-

tion for vertical unsaturated flow under the effect of root

uptake and its controls on the evapotranspiration (ET),

the sum of the transpiration, interception loss, bare soil

evaporation, and snow sublimation. The precipitation

rate and the soil hydraulic conductivity govern the par-

titioning between surface runoff and soil infiltration. A

gravitational drainage is prescribed at the bottom of the

soil column. The sum of surface runoff and drainage is

transformed into river discharge by a river routing

module (Guimberteau et al. 2012b), which calculates the

daily continental runoff to the ocean.

In the model, vegetation productivity is calculated

based on a coupled photosynthesis–water balance

scheme. Net plant carbon gain is mainly allocated to

three tissue pools (leaf, root, and wood). Depending on

soil temperature and moisture, the plant changes the

relative investment into above- and below-ground

structures (Friedlingstein et al. 1999). Thus, the ecosys-

tem water balance influences plant carbon gains and

structure. Leaf phenology and decomposition of litter

and soil organic matter depend on temperature and

water stress (Botta et al. 2000). The formulation of

stomatal conductance is modeled following a semi-

empirical approach (Yin et al. 2009), which ensures the

consistency between the treatment of hydrological

processes, especially transpiration, and the treatment of

ecological processes. More detailed descriptions of the

treatment of these processes can be found in Krinner

et al. (2005) and Ducoudré et al. (1993).

The ORCHIDEE model has been widely used to esti-

mate the transient impacts of climate change on the global

or regional hydrological and carbon cycles (Guimberteau

et al. 2013, 2017; Piao et al. 2006; Ringeval et al. 2012;

Traore et al. 2014; Vérant et al. 2004; Zhu et al. 2015).

The seasonal cycles of carbon and water fluxes in

TABLE 1. Outlet stations and water consumption data description of seven river basins in China. All datasets accessed

September 2017.

Water consumption

Basin Outlet station Data source Reference

Songhua Jiamusi Songliao RBWater Resources Bulletin (2003–15) http://www.slwr.gov.cn/szy2011/

Liao Liujianfang

Yellow Lijin Yellow RB Water Resources Bulletin (2003–15) http://www.yellowriver.gov.cn/other/hhgb/

Huai Bengbu Huai RB Water Resources Bulletin (2003–15) http://www.hrc.gov.cn/main/szygb/index.

jhtml

Yangtze Datong Yangtze RB Water Resources Bulletin (2003–15) http://www.cjw.gov.cn/zwzc/bmgb/

Southeast Zhuqi Taihu basin and Southeast River Water Resource

Bulletin (2003–15)

http://www.tba.gov.cn/channels/44.html

Pearl Gaoyao, Shijiao, Boluo Pearl River Water Resource Bulletin (2003–15) http://www.pearlwater.gov.cn/xxcx/szygg/

FIG. 1. Map of large river basins in China. The 10 river basins

include Songhua River basin (SHRB), Liao River basin (LRB),

Hai River basin (HAIRB), Yellow River basin (YLRB), North-

west River basin (NWRB), Huai River basin (HUAIRB), Yangtze

River basin (YZRB), Southwest River basin (SWRB), Southeast

River basin (SERB), and Pearl River basin (PRB). The outlet

gauging stations are marked as red dots and listed in Table 1.

NOVEMBER 2018 X I E T AL . 1901

Unauthenticated | Downloaded 06/11/21 07:33 AM UTC

http://www.slwr.gov.cn/szy2011/
http://www.yellowriver.gov.cn/other/hhgb/
http://www.hrc.gov.cn/main/szygb/index.jhtml
http://www.hrc.gov.cn/main/szygb/index.jhtml
http://www.cjw.gov.cn/zwzc/bmgb/
http://www.tba.gov.cn/channels/44.html
http://www.pearlwater.gov.cn/xxcx/szygg/


ORCHIDEE were compared and validated with

measurement data of eddy covariance sites (Krinner

et al. 2005; Piao et al. 2013). The spatial distributions and

temporal variations in LAI and runoff derived from

satellite observations can be reproduced (Guimberteau

et al. 2018; Krinner et al. 2005; Ringeval et al. 2012). The

effects of rising CO2 concentration on vegetation, in-

cluding increasing the foliage area and partially closing

stomata, were also evaluated at global and regional scale

(Piao et al. 2007, 2013; Traore et al. 2014). The forcing

datasets including climate data, soil and land-cover map,

and simulation protocol are described below.

c. Forcing datasets

We forced ORCHIDEE with the China Meteoro-

logical Forcing Dataset (CMFD), which includes tem-

perature, precipitation rate, pressure, specific humidity,

wind speed, and downward shortwave and longwave

radiation with a 0.18 3 0.18 spatial resolution and 3-h

temporal resolution from 1979 to 2015 (Chen et al.

2011). These climatic data assimilate meteorological

observation data from the Chinese Meteorological Ad-

ministration, Princeton reanalysis climate data, GLDAS

reanalysis climate data, GEWEX-SRB radiation, and

TRMM precipitation (He and Yang 2011). The histori-

cal changes in annual atmospheric CO2 concentration

were taken from the NOAA observations (Rayner et al.

2005). Land-cover maps were constructed by combining

spatial information from the 1:1 000 000 Chinese vege-

tation map (Chinese Academy of Sciences 2001; Peng

et al. 2011) and temporal variations in forest area at

province level from the national forest inventory (Fang

et al. 2014). First, the plant species in the Chinese veg-

etation map were grouped into 13 ORCHIDEE PFTs

according to their climate regions, vegetation phenology

type, and physiognomy based on the knowledge of flora

of China (http://frps.eflora.cn/). Then, changes in every

plant species of the vegetation maps established at

province scale were evenly distributed into all the grid

cells with the corresponding PFTs. The nonforest PFTs

were adjusted proportionally to keep the area con-

served. Because the forest inventory in China was taken

every 5 years (i.e., the second National Forest Resource

Inventory Report covers 1977–81), annual forest area

from 1982 to 2011 was linearly interpolated. The land-

cover maps of 1979–81 and 2012–15 were taken as those

of years 1982 and 2011, respectively. More details about

the algorithm are given in Li et al. (2018). Generally, in

China, forest, cropland, and grassland are mainly dis-

tributed in the south and northeast, middle, and north-

west, respectively (Fig. S1 in the online supplemental

material). During the period 1979–2015, the total area of

forest in China increased by 0.22Mkm2 (9.04%), while

the area of grassland and cropland decreased by 0.08

(2.46%) and 0.15Mkm2 (6.96%), respectively. The soil

map by USDA classification with 50 resolution was from

Reynolds et al. (2000).

d. Simulation protocol

To isolate the effects of climate change, atmospheric

CO2 concentration, and land-use change on natural

river flow, three simulations were conducted with

ORCHIDEE (see details in Table 2). In simulation S1,

climate, atmospheric CO2 concentration, and land-cover

maps are all varied from 1979 to 2015. In simulation S2,

only climate and atmospheric CO2 concentration varied

from 1979 to 2015, while land cover was held as in 1979. In

simulation S3, only climate varied from 1979 to 2015,

and both atmospheric CO2 concentration and land cover

were held at the level of 1979 (340 ppm). Thus, the dif-

ference between simulations S1 and S2 represents the

effect of the land-use change on the hydrological cycle

(evapotranspiration, runoff, etc.). The difference be-

tween S2 and S3 represents the effect of the atmospheric

CO2 concentration on the hydrological cycle. Given that

the irrigation scheme was deactivated in our simulations

because the irrigation module had not yet been fully

tested with the new 11-layer hydrology scheme, and that

neither industrial nor domestic water consumption were

included in our simulations, river flow from simulation

S1 is only comparable with reconstructed natural river

flow rather than with observed river flow. The spinup

took 150 years of simulation andwas achieved by cycling

the five years of climate forcing from 1979 to 1983 with

constant preindustrial atmospheric CO2 concentration

(280 ppm), and a static land cover prescribed from year

1979. A 78-yr transient simulation from 1901 to 1978

after spinup was done with the cycled five years of

climate forcing from 1979 to 1983, atmospheric CO2

concentration from 1901 to 1978, and a static land cover

prescribed from year of 1979.

e. Evaluation of model performance

To evaluate the accuracy of the simulated results, four

metrics were computed for the simulated river flow by

ORCHIDEE across the seven basins, including the root-

mean-square error (RMSE), goodness of fitR2, the ratio

of RMSE to mean annual reconstructed river flow

(RMSE/Mean), and index of agreement d [Eqs. (1)–(4)].

TABLE 2. Simulation protocol in this study.

Simulation Climate CO2 Land cover

S1 1979–2015 1979–2015 1979–2015

S2 1979–2015 1979–2015 1979

S3 1979–2015 1979 1979
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These evaluation metrics estimate the error of the sim-

ulations and reflect how well the shape of the simulated

natural river flow matches the shape of reconstructed

river flow:

RMSE5
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where Oi and Pi are the reconstructed and simulated

annual natural river flow in the year i (from 2003 to

2015), respectively. Parameter O is the average of Oi

from 2003 to 2015.

3. Results

a. Comparison between simulated and reconstructed
annual river flow

Annual river flow outputs from ORCHIDEE are

compared to reconstructed natural river flow (as de-

scribed in section 2a) for each basin in Figs. 2 and 3. The

simulated river flow agrees well with the reconstructed

natural river flow in the Songhua and LiaoRBswith high

correlation coefficients (.0.67), but underestimates the

reconstructed natural river flow in the Huai, Yangtze, and

Southeast RBs, and overestimates in theYellow and Pearl

RBs. This can reflect model biases and natural river flow

reconstruction biases. However, the ratio of RMSE be-

tween simulated and reconstructed natural river flow to

the mean of reconstructed natural river flow is less than

25% in five out of the seven basins (Songhua, Liao,

Yangtze, Southeast, and Pearl RBs; Table S1). The sim-

ulated river flow does follow the variations of re-

constructed natural river flow in these basins, and the

trends of simulated river flow do also follow the re-

constructed natural river flow, even in the Yellow RB

(Fig. 3), where the correlation coefficient and agreement

index between simulated and reconstructed natural river

flow is the lowest among seven basins (Table S1). This

lower performance of ORCHIDEE in the Yellow RB

(including most of the Loess Plateau) could result from

missing processes in the model and/or from the re-

constructed natural river flow. The latter could be subject

to large errors because of uncertainties in water con-

sumption, which makes the reconstructed natural river

flow differ by up to 60% from the observed river flow

(Fig. S2). Groundwater withdrawal, which is not ac-

counted for, is also considerable in the Yellow RB.

b. Spatial patterns of mean annual precipitation,
evapotranspiration, and runoff

Figure 4 shows the spatial patterns of mean annual pre-

cipitation P, simulated runoff Q, and evapotranspiration

(ET), as well as the ratio of transpiration Et to ET and the

ratio ofQ to P under simulation S1 for China from 1979

to 2015. ET comprises direct evaporation Ed, defined as

the sum of evaporation from the soil, the evaporation of

FIG. 2. (a)–(g) Comparison between annual simulated and reconstructed natural river flow for each basin during the period 2003–15. The

solid and dashed lines are the 1:1 line and regression line, respectively.
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intercepted precipitation and snow sublimation, and Et.

Mean annual P decreases gradually from the southeast

(more than 1000mmyr21) to the inland northwest (less

than 400mmyr21). Mean annual Et follows the spatial

gradient of P (Fig. 4c). Direct evaporation Ed is higher

than Et across the upper reaches of the Yangtze and

Southwest RBs and in small patches of the Songhua and

LiaoRBs and southeasternChina (more than 500mmyr21;

Fig. 4b). In southern China, most of Ed is made up of in-

terception loss, but bare soil evaporation contributes most

of the evaporation in northern China (Fig. S3). Runoff

generally follows the spatial gradient ofP, with large areas

of major runoff in the Southeast and Pearl RBs, and the

lower reaches of the Yangtze RB (Fig. 4d). The spatial

distribution of the ratio of Et to ET shows that transpi-

ration dominates ET in southern China while direct

evaporation dominates ET in northern China (Fig. 4e).

More than 50% of the precipitation goes directly into

runoff in southern China, but less than 20% of the pre-

cipitation goes into runoff in northern China (Figs. 4f

and S4).

c. Covariations of annual runoff, precipitation, direct
evaporation, and transpiration at basin scale

Figure 5 shows the interannual variations in P, Ed, Et,

andQ for each basin without human activities (simulation

S1) from 1979 to 2015. The correlation coefficients be-

tween detrended Q and P are significant (R 5 0.75–0.95,

p, 0.001) andmuch higher than those between detrended

Q and bothEd andEt in all basins (Table S2). This suggests

that precipitation is the dominant driver for the inter-

annual variability of runoff. Annual precipitation also

significantly and positively correlates with Ed in most

basins except in the Yangtze and Southeast, while the

correlation coefficient between annual Ed and potential

evaporation (PET) is negative in most basins (except

Northwest RB), indicating that interannual variability

of Ed is mainly related to the water supply for soil

moisture and interception in most basins. In dryland

regions such as the Northwest RB, the interannual var-

iability ofP drives interannual variability ofEd andQ, as

well as Et (Fig. 5e).

d. Attribution of trends in annual evaporation,
transpiration, and runoff at basin scale

Figure 6 shows the attribution of the trends in simu-

lated annualEd,Et, andQ across the 10 basins to climate

change (CLIM), atmospheric CO2 concentration (CO2),

and land-use change (LUC). Annual precipitation has

positive trends in all 10 basins with significant positive

trends in the Southeast, Northwest, Southwest, Song-

hua, and Yellow RBs (Fig. 6a). This increasing trend

of annual P and changes in other climatic variables

(Table S3) causes the increasing trends in Et (Fig. 6c)

and runoff (Fig. 6d) in all basins except the Northwest

RB. In the Northwest RB, ;70% of the increased P is

lost by Ed, while in other basins, 80%–90% of increased

P is lost byQ, and the other 10%–20% of increased P is

lost by Et.

The trends of annual Ed across the 10 basins are

mainly driven by climate change (Fig. 6b). Annual Ed

exhibits decreases in 9 out of the 10 basins in simulation

S3, while there is a large increase by 2.3mm yr22 in the

Northwest RB (Fig. 6b). The decreasing Ed in the nine

basins results from both decreasing bare soil evapora-

tion and decreasing interception loss, but the increasing

Ed in the Northwest RB is mainly contributed by the

increasing evaporation from bare soil. The annual PET

decreases in the Songhua, Liao, Huai, and Southeast

RBs, resulting from decreasing net radiation and/or

decreasing wind speed and/or increasing air humidity

(Table S3). The decreasing net radiation and/or de-

creasing wind speed can partly explain the decreasingEd

in these basins. The increasing Ed in the Northwest RB

FIG. 3. (a)–(g) Temporal variations in annual observed river flow (gray line), natural river flow (red line), and river flow simulated by the

ORCHIDEE model (blue line) in the seven basins of China from 2003 to 2015.
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can be attributed to greater evaporation from the soil

due to increased soil water supply from increased

precipitation (Fig. 6a), because the increase in PET

(0.5mmyr22; Table S3) is nonsignificant and small.

LUC and the rising atmospheric CO2 concentration

have little effect on the trends of Ed.

Climate change contributes to significant positive trends

in annual Et in the Southeast (1.4mmyr22), Southwest

(0.8mmyr22), and Northwest (0.2mmyr22) RBs. The

rising atmospheric CO2 concentration decreases Et

across the 10 basins except for the Northwest RB, and

significantly decreases Et by ;0.3mmyr22 in the South-

east, Huai, and Pearl RBs. Annual Et in the Pearl,

Southwest, Songhua, Yangtze, and Southeast RBs sig-

nificantly increased due to LUC. The contributions of

LUC on trends of Et reach 0.3–0.4mmyr22 in the Pearl

and Southwest RBs. This could be related to the large

area of afforestation and reforestation in these regions

as discussed in section 4a.

Figure 6d and Table 3 summarize the contributions

of the trends in simulated annual runoff across the 10

basins. Climate change resulted in significantly in-

creased annual natural runoff (1–13mmyr22) during the

past 37 years, which contributes more than 90% to the

trends of simulated runoff in all 10 basins. LUC and

rising atmospheric CO2 concentration have a very small

influence on trends of annual runoff (,6.3%) compared

with climate change.

Furthermore, we assessed the contribution of water

consumption to the trends of reconstructed natural river

flow in the seven basins with sufficient observa-

tion and statistics from 2003 to 2015. In Table 4, water

FIG. 4. Spatial patterns of mean annual (a) precipitation, (b) direct evaporation, (c) transpiration, (d) runoff,

(e) ratio of transpirationEt to evapotranspirationEd1Et, and (f) ratio of runoffQ to precipitationP in China from

1979 to 2015 under simulation S1 by ORCHIDEE.
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consumption by human activities can offset more than

30% of the increase in annual natural river flow across

the four basins in northern China, especially in the

Yellow RB (;140%). Less than 10% of the trends of

reconstructed natural river flow can be attributed to

water consumption across the three basins in southern

China because climate change has more influence on the

variation in simulated natural river flow.

FIG. 5. (a)–(j) Temporal variation in annual P (displayed on the left axis) and Ed, Et, and natural runoff (Runoff;

displayed on the right axis) in the 10 basins of China from 1979 to 2015 under simulation S1 by ORCHIDEE.
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4. Discussion

a. Contributions of climate change, rising
atmospheric CO2 concentration, and land-use
change to the change in river flow

The ORCHIDEE simulations isolate the impacts of

climate change, rising atmospheric CO2 concentration,

and land-use change on annual natural river flow.

Climate change, mainly changes in precipitation,

drives the trends of annual natural river flow across the

basins in China during the period 1979–2015. Besides

precipitation, changes in short radiation, air temper-

ature, air humidity, and wind speed could also

contribute to changes in direct evaporation and tran-

spiration (Table S3, Fig. S5). Furthermore, the attri-

bution analysis for the variation in the transpiration

and direct evaporation also suggests that the roles of

CO2 and land-use change should not be neglected in

some basins.

Over the last four decades, climate change is the main

explanatory factor for the changes of direct evaporation,

transpiration, and runoff in all basins, which accounts for

more than 90% of the changes in simulated natural river

flow in all basins. Interannual variability of natural

runoff in all basins is driven by precipitation (R 5 0.75–

0.95; Fig. 6, Table S2). This is consistent with previous

studies (Fu et al. 2004; Wang et al. 2013; Q. Zhang et al.

2011). For instance, in the Poyang Lake catchment (in

the middle reaches of the Yangtze River), climate change

resulted in an increased annual runoff of 75.3–261.7mm

from the 1970s to 2000s, accounting for 105.0%–212.1% of

runoff changes relative to 1960s (Ye et al. 2013). In Pearl

RB, the runoff has increased by 12% since the 1960s,

owing to an increase in precipitation (Piao et al. 2010).

However, a decrease in annual precipitation is detected in

most basins over northernChina such as the Songhuajiang,

Liaohe, and Huai River basins during the period from the

TABLE 3. The relative contribution of CLIM, CO2, and LUC to

the trend of annual natural river flow for the 10 basins in Fig. 1

simulated by ORCHIDEE from 1979 to 2015. Note: the minus sign

indicates the effect is negative.

Basin LUC CO2 CLIM

Songhua 3.6% 0.9% 95.5%

Liao 21.2% 1.5% 99.7%

Hai 21.4% 0.0% 101.4%

Yellow 20.5% 0.4% 100.1%

Northwest 0.0% 20.1% 100.1%

Huai 21.5% 4.6% 96.8%

Yangtze 25.6% 3.8% 101.8%

Southwest 23.3% 3.4% 99.8%

Southeast 21.4% 3.6% 97.8%

Pearl 26.3% 4.1% 102.2%

FIG. 6. Trend in (a) precipitation and attribution of trends in (b) direct evaporation, (c) transpiration, and

(d) runoff in the 10 basins from 1979 to 2015 under simulation S1 by ORCHIDEE. The gray bars, red bars, green

bars, and blue dots indicate trends driven by CLIM, rising CO2, LUC, and all of them, respectively. Bars denoted by

two asterisks indicate that the trends are statistically significant at the 95% (p , 0.05) level.
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1950s to the 1980s/1990s, resulting in decrease in river flow

(Liu and Du 2017). In the Jinghe River basin, climate

change (decreased precipitation and increased tempera-

ture) contributed to 88% of the runoff decrease between

1970s and the 1980s (Yin et al. 2017). InHaiRB, impacts of

climate variation were accountable for the runoff decrease

by 26.9% during the past 50 years (1956–2005; Xu et al.

2014). In this study, the positive trends of natural river flow

from 1979 to 2015 in both northern and southern China

could be mainly ascribed to the recent decadal increased

precipitation (Fig. 6). To evaluated the accuracy of the

results, we compared the precipitation data used in this

study (CMFD) with Multi-Source Weighted-Ensemble

Precipitation (MSWEP; Beck et al. 2017), Climatic Re-

search Unit (CRU), and ERA-Interim (Dee et al. 2011;

see details in section S1 in the supplemental material).

From 1979 to 2015, there are also increasing precipitation

trends in at least one other dataset in four RBs (Yellow,

Northwest, Southwest, and Southwest RBs) where signif-

icant positive trends are shown in CMFD. In other RBs,

there are some divergences in the trend in annual pre-

cipitation among different datasets, but most of them are

not significant. Limited by the number and spatial cover-

age of surface stations and/or different satellite retrieved

algorithms and/or different data assimilation models used

in different precipitation datasets, there are large dis-

crepancies in both the magnitude and variability in

precipitation estimates (Sun et al. 2018), which could

definitely result in large uncertainty in simulated river

flow. Besides precipitation, increased temperature and

decreased wind speed and net radiation can also signif-

icantly influence river flow by changing ET (Table S3).

The decrease in the interception loss also contributes to

the decrease in Ed simulated by ORCHIDEE in south-

ern China, but this needs further observational data to

verify (Fig. S3).

The possible effects of rising atmospheric CO2 con-

centration on river flow have been the subject of in-

ternational debate for more than a decade (Gedney

et al. 2006; Piao et al. 2007; Trancoso et al. 2017). On the

one hand, elevated CO2 can enhance LAI, and conse-

quently evapotranspiration, which would result in re-

duced river flow (Cowling and Field 2003; Zhu et al.

2016). On the other hand, elevated CO2 also reduces

transpiration per unit leaf area because plants react by

partially closing their stomata, a process which can in-

crease river flow (Field et al. 1995). At continental scale,

simulation of river runoff based on ORCHIDEE in-

dicates that these two opposite effects of elevated CO2

might offset each other (Piao et al. 2007). However, el-

evated CO2 could have substantial and drastically dif-

ferent effects on river flow at local level. Shi et al. (2011)

found that rising CO2 accounts for an upward trend in

river flow in the Amazon River and Yangtze RB from

1948 to 2004 (0.0274km3 yr22), while Ukkola et al.

(2016) and Trancoso et al. (2017) found that rising CO2

concentration leads to significant reductions in streamflow

in semiarid Australian regions and eastern Australia over

the last three decades. The regionally heterogeneous ef-

fects of CO2 on river flow could be related to different

responses of vegetation to elevated CO2 (enhanced LAI

versus stomata closure) in specific catchments.

In our simulation, rising atmospheric CO2 concen-

tration significantly increases annual mean LAI from

1979 to 2015 (difference in LAI between simulations S2

and S3; Fig. 7a), with larger positive trends of LAI in

southern China (0.004m2m22 yr21). However, with

;60ppm increase in atmospheric CO2 concentration

from 1979 to 2015, the sensitivity of transpiration rate to

CO2 is estimated to be from 20.4 to 20.2mmppm21

across the 10 basins (Fig. 7b). This suggests that decrease

in transpiration due to stomatal closure is larger than

TABLE 4. The trends of observed river flow, water consumption, reconstructed and simulated natural river flow, and the contribution

of water consumption to the trend of natural river flow in the seven basins from 2003 to 2015. The bold italic values and the bold values

show p , 0.001 and p , 0.01, respectively, and the italic values show p , 0.05. The contributions of water consumption to the trend of

reconstructed natural river flow (the sixth column) are the ratios of water consumption (the third column) and the reconstructed natural

river flow (the fourth column), and the contributions of water consumption to the trend of simulated natural river flow (the last column)

are the ratios of water consumption (the third column) and the reconstructed natural river flow (the fifth column).

Basin

Trend from 2003 to 2015 (km3 yr22) Contribution of water

consumption to the trend

of reconstructed natural

river flow

Contribution of water

consumption to the

trend of simulated

natural river flow

Observed

river flow

Water

consumption

Reconstructed

natural river flow

Simulated natural

river flow

Songhua 2.30 1.16 3.46 2.81 33.5% 41.3%

Liao 0.15 0.14 0.29 0.46 48.3% 30.4%

Yellow 20.21 0.74 0.53 0.59 139.6% 125.4%

Huai -2.63 1.11 21.52 21.86 273.0% 259.7%

Yangtze 5.07 0.34 5.41 12.82 6.3% 2.7%

Southeast 1.36 0.14 1.50 2.44 9.3% 5.7%

Pearl 3.95 20.17 3.78 8.42 24.5% 22.0%
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increase in transpiration due to increased LAI at basin

scale. However, this decrease in transpiration caused by

rising atmospheric CO2 concentration is much smaller

than the increased precipitation in most basins, so the

contribution of rising atmospheric CO2 concentration

on the trend of runoff is masked by the change in pre-

cipitation across the 10 basins, which is consistent with

the previous studies. In Hai RB, using another land

surface model (CLM4), Lei et al. (2014) found that ris-

ing atmospheric CO2 concentration only contributes

1.6%of the trend of annual runoff. Our analysis suggests

the historically rising atmospheric CO2 concentration

during the last five decades had limited effect on runoff

at the large basin scale, but the analysis does not allow us

to look at the possible effect of the large increases in

atmospheric CO2 concentration specified under the fu-

ture scenarios of the IPCC (IPCC 2013). The perfor-

mance of the model to rising CO2 concentration was

evaluated in supplemental section S2.

Land-use change generally accounts for less than 6%

of trends of natural runoff in China (Fig. 6d, Table 3),

most notably in the Pearl, Yangtze, Southwest, and

Songhua RBs. This could be related to the large area of

afforestation and reforestation in the Pearl, Yangtze,

and Southwest RBs (Fig. 8). The spatial distribution of

the trend in forest area during the period 1982–2011

shows that southern China experienced the largest in-

crease of forest area. This can explain the effects of LUC

on transpiration across the 10 basins in Fig. 6c. Note that

forest cover slightly decreases in SonghuaRBbecause of

FIG. 7. Spatial patterns of the trends in (a) LAI and (b) sensitivity of transpiration per LAI

(Et/LAI) to atmospheric CO2 concentration in China from 1979 to 2015 as simulated by

ORCHIDEE. The blue dots indicate that the trends are statistically significant (p, 0.05). The

two insets show the trends of LAI and sensitivity of the transpiration rate to atmospheric CO2

concentration in the 10 basins of China from 1979 to 2015, respectively.
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deforestation and cropland expansion in this region

(Deng et al. 2010; Ye et al. 2009) during the last three

decades, but LUC slightly increases simulated transpi-

ration in the SonghuaRB (Fig. 6c). This could be related

to slightly increased LAI after the replacement of nee-

dleleaf forest with broadleaf forest and croplands, which

has larger or similar LAI than needleleaf forest in the

Songhua RB. The effects of LUC on runoff depend on

climate and catchment characteristics (Zhou et al. 2015).

Based on ground measurements and remotely sensed

vegetation growth and evapotranspiration, Feng et al.

(2016) show that 100% revegetation under the ‘‘Grain to

Green’’ program can decrease runoff by about 20%–

40% in catchments over the Loess Plateau during the

2000s. In southern China, however, forest recovery has

little effect on river discharge during the past 50 years in

Guangdong Province, where the forest area almost

doubled (Zhou et al. 2010). Currently, China has the

largest planted forest area in the world, and it is set to

keep on increasing in the coming decades (FAO 2010;

Peng et al. 2014). How and where afforestation and re-

forestation will impact river flow is still an open question

(Cao 2011; Chen et al. 2015). This question calls for

more observational data and paired catchment experi-

ments and modeling studies in the future.

In addition, nitrogendepositionexceeds 20kgNha21yr21

and fertilizer addition in croplands reaches 200kgNha21yr21

in southern China (China Statistical Yearbook 2003–15;

National Bureau of Statistics of China 2018; Liu et al.

2013). Nitrogen deposition and fertilizer addition as

part of cropland management are not included in

the ORCHIDEE model used in this study. Thus, our

simulation S1 may have underestimated the increasing

trends of LAI as well as trends of transpiration in for-

ests, grasslands, and croplands in southern China (see

detailed evaluation in supplemental section S3). This

underestimation of the trend in transpiration could ex-

plain the overestimated trends of natural river flow in

simulation S1 when compared with the reconstructed

natural river flow in these three southern basins of China

(Table 4). Since satellite LAI products have large un-

certainty for mean, trends, and variability (Jiang et al.

2017), long-term ground-based LAI observations are

needed for further model validation.

b. Contribution of water consumption and
management by humans

The water consumption significantly increased by 0.1–

1.2 km3 yr22 from 2003 to 2015 across the six basins,

except for the Pearl RB (Table 4). The increase in water

consumption by human activities results in decreases in

observed river flow in these RBs. In the Yellow RB,

although natural river flow increased by 0.5 km3 yr22,

observed river flow still decreased by 0.2km3yr22 because

of the increase in water consumption by 0.7km3yr22.

In northern basins of China, increased water consump-

tion significantly contributes to reconstructed river flow,

but it contributes little to reconstructed river flow in

southern basins of China (Table 4). This difference is

closely related to the fraction of water consumption in

natural river flow (Fig. S2). In previous studies, water

consumption has been confirmed to dominate the de-

crease of river flow in most catchments in northern

China (Fu et al. 2004; Jiang et al. 2011;Wang et al. 2009),

FIG. 8. Spatial pattern of the trend in forest area in China from 1982 to 2011. The blue dots

indicate that the trends are statistically significant (p , 0.05). The inset shows the trends of

forest cover fraction in the 10 basins of China from 1982 to 2011.
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as well as for basins in eastern China (Zhang et al. 2014).

The decline in annual river flow from theYellowRBdue

to human activities ranged from 59% to 77% during the

period 1993–2007 (Guo et al. 2014). Water consumption

in Jingjinji Metropolitan Region (Beijing–Tianjin–

Hebei) results in a 50% runoff reduction in the Hai RB

from 1957 to 2000 (Wang et al. 2013). Water demand

keeps increasing, and the pressure of water consumption

on river flow could be enhanced. Besides the effects of

water consumptions on river flow, water management

such as transbasin diversion of water can significantly

impact river flow (H. Yang et al. 2015). However, nei-

ther water consumption normanagement are commonly

represented in processed-based land surface models,

although irrigation may be. It is important to include

water consumption such as irrigation and dams/

reservoirs in Earth system models to predict future wa-

ter resources, as irrigation could have climate feedbacks

and consequent impacts on river flow (Guimberteau

et al. 2012a;Müller Schmied et al. 2016). In addition, any

uncertainty of the statistical water consumption data will

contribute to the uncertainty in reconstructed natural

river flow, especially in some northern basins, where

water consumption contributes 35%–80% to reconstructed

natural river flow (Fig. S2).

5. Conclusions

In this study, we quantified the contributions of cli-

mate change, rising atmospheric CO2 concentration,

and land-use change on natural river flow in 10 Chinese

basins by model simulations from 1979 to 2015. During

this period, climate change can explain most of the in-

creased natural river flow (more than 90%) across these

10 basins, of which precipitation is the main factor

driving the interannual variability of natural river flow.

Rising atmospheric CO2 concentration can slightly (less

than 5%) increase natural river flow, and land-use

change (mainly by afforestation and reforestation) can

slightly (less than 6%) decrease natural river flow across

the basins in China. For the observed river flows, climate

change controls their changes across the basins in

southern China, while water consumption controls those

in northern China from 2003 to 2015. However, the ac-

curacy of observed river flow and water consumption

data still needs to be quantified. Besides water con-

sumption, water management such as transbasin di-

version of water also impacts river flow, but this is not

represented either in models or in statistics. Parameteri-

zation of nitrogen deposition, nitrogen fertilizer in crop-

lands and cropland management, groundwater exchange,

and dams are all ongoing developments of ORCHIDEE.

For future water planning and management under the

context of global warming, it is necessary to incorporate

these natural and human-activity processes into the

processed-based land surface models that are used in

Earth system modeling.
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