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Prediction of streamflow of the Yellow River basin was done using downscaled precipitation and
temperature based on outputs of 12 GCMs under RCP2.6 and RCP8.5 scenarios. Streamflow changes of
37 tributaries of the Yellow River basin during 2070–2099 were predicted related to different GCMs
and climatic scenarios using Budyko framework. The results indicated that: (1) When compared to pre-
cipitation and temperature during 1960–1979, increasing precipitation and temperature are dominant
during 2070–2099. Particularly, under RCP8.5, increase of 10% and 30% can be detected for precipitation
and temperature respectively; (2) Precipitation changes have larger fractional contribution to streamflow
changes than temperature changes, being the major driver for spatial and temporal patterns of water
resources across the Yellow River basin; (3) 2070–2099 period will witness increased streamflow depth
and decreased streamflow can be found mainly in the semi-humid regions and headwater regions of the
Yellow River basin, which can be attributed to more significant increase of temperature than precipita-
tion in these regions; (4) Distinctly different picture of streamflow changes can be observed with consid-
eration of different outputs of GCMs which can be attributed to different outputs of GCMs under different
scenarios. Even so, under RCP2.6 and RCP8.5 scenarios, 36.8% and 71.1% of the tributaries of the Yellow
River basin are dominated by increasing streamflow. The results of this study are of theoretical and prac-
tical merits in terms of management of water resources and also irrigated agriculture under influences of
changing climate.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

In the backdrop of global warming, intensifying hydrological
cycle at regional and global scales (IPCC, 2007), water security that
has the potential to result in regional-scale consequences for
economies and vulnerable ecosystems as well (Bates et al., 2008).
Besides, enhancing human impacts on streamflow changes due to
intensifying human activities (Zhang et al., 2015a), and particularly
importance of availability and variability of water resources under-
lined by sustainable development of human society, have aroused
international interests in investigation of effects of climate changes
and human activities on hydrological processes (Arnell and
Gosling, 2013; Li et al., 2013; Zhou et al., 2014; Li et al., 2016;
Kumar et al., 2016). Generally, precipitation was accepted as a
major driver modifying streamflow processes (Novotny and
Stefan, 2007; Zhang et al., 2016) and which was well corroborated
by Ryberg et al. (2013) and Frans et al. (2013) based on their study
on streamflow changes over the U.S. Midwest.

However, human impacts on streamflow changes, such as agri-
cultural irrigation (Li et al., 2017a,b), impoundment effects of
water reservoirs (Yang et al., 2008b), have attracted increasing
human concerns in recent years (Ahn and Merwade, 2014; Zhang
et al., 2015a). Analyzing precipitation vs. streamflow relations
across China, Zhang et al. (2015a) indicated that influences of
human activities and precipitation changes on streamflow were
different for different river basins. Modelling and prediction of
streamflow in a changing environment is hence a critical issue
for basin-scale water resources management.
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Climate elasticity methods were widely used in evaluation of
impacts of climate variability and human activities on streamflow
change (Yang et al., 2008a,b; Yang et al., 2014; Huang et al., 2016;
Kumar et al., 2016; Wang et al., 2016; Liu et al., 2017). Assessing
the rainfall elasticity of streamflow in 219 catchments across Aus-
tralia, Chiew (2006) found that the results from climate elasticity
are in good line with those by hydrological modelling approach.
Teng et al. (2012) further indicated that hydrological modelling
techniques are not necessarily more reliable than those estimated
from the climatic elasticity methods in the projected long-term
streamflow changes. Sankarasubramanian et al. (2001) summa-
rized five categories of approaches for calculation of the climatic
elasticity, and they illustrated that the analytical derivation has a
specific theoretical basis, i.e., analytical derivation based on the
Budyko framework. This constitutes the major motivation of this
current study, i.e. to predict streamflow changes using climatic
elasticity method based on Budyko framework in the Yellow River
basin, being characterized by intensifying human activities and by
serious water shortage.

The Yellow River (95 �530E-119 �50E; 32 �100N-41 �500N) (Fig. 1)
is the second largest river in China and the fifth largest river in the
world. The length of the Yellow River is 5464 km with drainage
area of 752440 km2, running through the arid and semi-arid region
(Zhang et al., 2009b). The Yellow River basin is the major source for
water supply in the North-western China and Northern China,
however it is also the area of shortage of water resource (Wang
et al., 2001; Zhang et al., 2009b). Since 1986, due to climatic change
and intensifying human activities, particularly increasing human
withdrawal of water because of increasing agriculture irrigation,
the streamflow of the lower Yellow River has significantly
decreased (Xu, 2002). Annual precipitation over the Yellow River
basin has been in decreasing tendency since the 1970s, which
together with increasing abstraction from the Yellow River leads
frequent desiccation (dry up) (Xu, 2001). However, it should be
noted here that the Yellow River basin, with drainage area of
75.3�104 km2, supplies water to 12% of the population of China,
but the significant decreases in its streamflow, particularly since
the 1990s, is now the focus of considerable concern (Zhang et al.,
2009b; Li et al., 2017a,b).
Fig. 1. Locations of the Yellow River basin and
Actually, there are numerous researches addressing streamflow
changes of the Yellow River and related causes behind. Particularly,
more importance has been attached to differentiation of climatic
and human impacts on streamflow changes across the Yellow River
basin. Although there are many researches addressing individual
contributions of climatic changes and human activities to stream-
flow changes (Wang et al., 2012a,b; Tang et al., 2013), a majority of
researches have focused on either the influence of human activi-
ties, such as building of water reservoirs (e.g. Yang et al., 2008a,
b) and soil conservation measures (Liang et al., 2013), or of climatic
changes, e.g. precipitation and temperature, on streamflow
variation (Tang et al., 2013). Liu and Cui (2011) applied climate
elasticity approach to assess impacts of precipitation and potential
evaporation on streamflow change during 1961–2000. Zheng et al.
(2009) found that streamflow changes in the Yellow River based
are more sensitive to precipitation than to potential evapotranspi-
ration during 1960–2000. Li et al. (2017a,b) investigates the
changing properties and underlying causes for the decreased
streamflow by applying streamflow data for the period 1960–
2014 to both the Budyko framework and the hydrological mod-
elling techniques. However, no reports have been found addressing
projection of streamflow in the Yellow River basin although some
standing reports focused on projection of streamflow over China
(e.g. Li et al., 2016; Zhang et al., 2015b). Even so, multiple GCMs
ensemble for comprehensive knowledge of future streamflow
variations at regional scale across the Yellow River basin is still
of theoretical and practical merits and it is particularly true for
policymakers to formulate more reasonable water management
policy for water resource distribution and reservoir regulation
(Naz et al., 2016) in arid and semiarid river basins over the
globe.

Therefore, the objectives of this study are to: (1) evaluate spa-
tiotemporal variations of precipitation and temperature across
the Yellow River basin based on outputs of 12 GCMs under
RCP2.6 and RCP8.5 scenarios; and (2) to project streamflow
changes of 37 tributaries of the Yellow River basin using Budyko
framework. This study can help to provide theoretical and scien-
tific grounds for water resources management in the Yellow River
basin in a changing environment, enhancing human mitigation to
meteorological and hydrological stations.
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climate impacts on water resources in arid and semiarid river
basins over the globe.

2. Data

In this study, monthly streamflow during 1960–2000 were col-
lected from 37 hydrological stations across the Yellow River basin
(Fig. 1). The missing data are less than 1% of the total streamflow
data and were processed using 7-year moving average method.
Meteorological data during 1960–2014 were collected from 77
meteorological stations and the locations of the meteorological
stations can be found in Fig. 1. The data quality was firmly con-
trolled before its release. Prediction of streamflow was done based
on precipitation data, maximum and minimum air temperature
from outputs of 12 CMIP5 GCMs under RCP2.6 and RCP8.5 scenar-
ios (Table 1) (Taylor et al., 2012). RCP2.6 scenario refers to the low
emission of CO2 with temperature increase of 2 �C and solar radia-
tion of 3 W/m2 in 2035–2.6 W/m2 in 2100. RCP8.5 scenario refers
to the high emission of CO2 with increase of solar radiation to
8.5 W/m2 in 2100 (Riahi et al., 2011; van Vuuren et al., 2011). In
this study, downscaling analysis for precipitation, temperature
and streamflow was done using Model Ensemble Medians (MEMs)
(Reichler and Kim, 2008; Zhang et al., 2014; Li et al., 2016). Mean-
while, it has been well corroborated that GCMs can well describe
changing properties of precipitation and temperature (Mehrotra
et al., 2013; Chen et al., 2014; Li et al., 2016) and changes of precip-
itation, temperature and streamflow during 2070–2099 when
compared to that during 1960–1979 were analyzed by taking the
time interval of 1960–1979 as the benchmark period.
3. Methods

3.1. Budyko assumption

Budyko (1974) stated that water balance can be controlled
mainly by available water volume (precipitation), potential
demand of water volume (potential evapotranspiration) and can
be evaluated by a semi-empirical equation as:

E
P
¼ F

E0

P

� �
ð1Þ

where F is assumed as the universal function for all the river basins
Yang and Yang (2011) deduced the hydrothermal coupled bal-

ance equation based on Budyko assumption as:

R ¼ P � PE0

ðPn þ En
0Þ1=n

ð2Þ

where n denotes the parameter reflecting features of the underlying
surface, including vegetation cover and soil and so forth (Yang et al.,
2008a,b; Gao et al., 2016). The n can be calibrated from historical
data by minimizing the least squares errors between the simulated
and observed streamflow in each individual tributary. Therefore,
long-term annual average streamflow can be computed by the fol-
lowing complete differential equation:
Table 1
Details of CMIP5 model simulations used in this study.

No. GCM Modelling Centre Resolution (Lon � Lat)

1 BCC-CSM1.1 (m) BCC 320 � 160
2 BNU-ESM GCESS 128 � 64
3 CanESM2 CCCma 128 � 64
4 CCSM4 NCAR 288 � 192
5 CESM1 (CAM5) NSF-DOE-NCAR(1) 288 � 128
6 CNRM-CM5 CNRM-CERFACS 256 � 96
dR
R

¼ eP
dP
P

þ eE0
dE0

E0
þ en

dn
n

ð3Þ

where eP ¼ @f
@P

P
R, eE0 ¼ @f

@E0
E0
R , en ¼ @f

@n
n
R, eP , eE0 , and en are respectively

the elasticity coefficients of precipitation (P), potential evaporation
(Eo) and underlying parameter, n, to streamflow.

Impacts of climatic changes (precipitation and potential evapo-
ration) on streamflow changes can be quantified by the following
equation without considering impacts of land use and land cover
changes (Yang and Yang, 2011):

dR
R

¼ eP
dP
P

þ eE0
dE0

E0
ð4Þ

Eq. (4) can be used to quantify impacts of future precipitation
and potential evaporation changes on streamflow variations.
However, Liu and Sun (2016) indicated massive uncertainty and
even error in GCMs outputs of potential evaporation. Meanwhile,
to fully understand influences of temperature on streamflow
changes in the backdrop of warming climate, we attempted to
deduce elasticity of temperature changes to streamflow varia-
tions based on functions relations between potential evaporation
and temperature. In this case, the key step is to select a model
that has the good modelling performance and can also fully
reflect controlling role of temperature for potential evaporation
changes.

3.2. Model selection for analysis of potential evaporation

Actually, there are numerous models for estimation of potential
evaporation such as FAO Penman-Montieth, Thornthwaite,
Priestley-Taylor, Hargreaves, Turc and Makkink. Wherein FAO
Penman-Montieth equation was widely used in evaluation of
potential evaporation. However, FAO Penman-Montieth needs
more variables than expected such as relative humidity, solar radi-
ation, and wind speed and so on. For estimation of future potential
evaporation, more variables from GCMs outputs will definitely
introduce more uncertainty (e.g. Wang et al., 2015). The Makkink
equation stems from Penman model and only needs the tempera-
ture and solar radiation data, which is a widely-used method for
estimation of potential evaporation and has advantage over several
other evaporation equations (Makkink, 1957). Comparisons
between different equations for evaluations of potential evapora-
tion indicated that evaluation performance of the Makkink equa-
tion is close to FAO Penman-Montieth equation, and performs
better than Hargreaves and Turc equations (Xu and Singh, 2000,
2002). Moreover, Xu and Chen (2005) also indicated that Makkink
equation performs better than Thornthwaite, Priestley-Taylor, and
Hargreaves equations in evaluation of potential evaporation.
Meanwhile, Makkink equation has been widely used in evaluations
of potential evaporation in different regions over the globe with
acceptable modelling performance (e.g. Winter et al., 1995; De
Bruin and Lablans, 1998; Boczon et al., 2015). Thus, Makkink equa-
tion was accepted in this study for evaluation of relations between
potential evaporation and temperature. The Makkink equation
was:
No. GCM Modelling Centre Resolution (Lon � Lat)

7 CSIRO-Mk3.6.0 CSIRO-QCCCE 192 � 90
8 GFDL-CM3 NOAA GFDL 144 � 143
9 IPSL-CM5A-MR IPSL 144 � 128
10 MIROC5 TUT NIES 256 � 128
11 MPI-ESM-MR MPI-M 192 � 96
12 MRI-CGCM3 MRI 320 � 160
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E0 ¼ 0:61
D

Dþ c
Rs

k
� 0:12 ð5Þ

where k is latent heat (kJ kg�1), D is the slope of the saturation
vapour pressures curve (kPa �C�1), c is psychrometric constant
(kPa �C�1), Rs is the total solar radiation (MJ m�2 day�1). These vari-
ables can be computed by equations in Allen et al. (1998):

RS ¼ KtRa

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tmax � Tmin

p
ð6Þ

where Tmax and Tmin are the maximum and minimum air tempera-
ture (�C). Kt is the adjustment coefficient, Kt = 0.16, Ra is the
extraterrestrial radiation (MJ m�2 day�1) (Allen et al., 1998).

Being similar to the deduction of Hargreaves equation
(Hargreaves and Samani, 1985), the simplified Makkink equation
can be obtained by putting Eq. (8) into Eq. (4):

E0 ¼ 0:61Kt � Ra � D
Dþ c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tmax � Tmin

p
k

� 0:12 ð7Þ

Then the potential evaporation by the maximum and minimum
temperature can be obtained by:

dE0 � @g
@Tmax

dTmax þ @g
@Tmin

dTmin ð8Þ
3.3. Quantification of impacts of precipitation and temperature on
streamflow changes

The above-mentioned equations and also Eq. (4), the stream-
flow changes can be quantified by precipitation, maximum tem-
perature (Tmax) and minimum temperature (Tmin) as:

dR
R

¼ eP
dP
P

þ eTmax

dTmax

Tmax
þ eTmin

dTmin

Tmin
ð9Þ

where eTmax ¼ eE0
Tmax
E0

@E0
@Tmax

, eTmin
¼ eE0

Tmin
E0

@E0
@Tmin

. eTmax , eTmin
are the elas-

ticity coefficients of the maximum, minimum temperature to
streamflow changes.

Fractional contribution of precipitation and temperature to
streamflow changes can be quantified by:

DRP ¼ ePR
dP

P
;DRT ¼ eTmaxRdTmax þ eTmin

RdTmin ð10Þ

where DRP and DRT are respectively precipitation- and temperature-
induced streamflow changes with unit of mm. dP and dTmax, dTmin

denoted relative changes of long-term annual average precipitation
(mm), maximum and minimum temperature (�C) during 2070–
2099 when compared to those during 1960–1979. Meanwhile,
fractional contribution rate of precipitation and temperature to
streamflow changes can be computed by:

dRP ¼ DRP

jDRP j þ jDRT j � 100%; dRT ¼ DRT

jDRP j þ jDRT j � 100% ð11Þ

Three methods were applied to evaluate the effects of climate
elasticities, they are Nash-Sutcliffe Efficiency (NSE), mean absolute
error (MAE) and bias (Zhou et al., 2012). The indices can be
obtained by:

NSE ¼ 1�
XN

i¼1
ðQobs;i � Qsim;iÞ2XN

i¼1
ðQobs;i � QobsÞ

2 ð12Þ

MAE ¼
XN

i¼1
jQsim;i � Qobs;ij

m
ð13Þ
bias ¼
XN

i¼1
ðQsim;i�Qobs;iÞXN

i¼1
Qobs;i

� 100% ð14Þ

where Qobs;i is the observed long-term mean streamflow change for
the ith catchment, Qsim;i is the simulated long-term mean for the ith

catchment, Qobs is the average of observed streamflow change for all
catchments, N is all the 37 tributaries across the Yellow River basin.
4. Results

4.1. Climatic elasticity to streamflow changes

Fig. 2 illustrates sensitivity of hydrological changes in Budyko
framework. It can be seen from Fig. 2a that relations between the
long-term annual average evaporation and the aridity index within
37 tributaries of the Yellow River follow the Budyko hydrothermal
balance equation, i.e. Eq. (2). Under the condition of the fixed fea-
ture parameter, n, of a river basin, evaporation usually increases
with increase of aridity index. In this sense, Budyko framework
can be used in evaluation of impacts of climate change and human
activities on streamflow changes, and also investigation of stream-
flow variations under future climatic scenarios. Fig. 2b shows spa-
tial distribution of climatic elasticity of streamflow to precipitation
and temperature, which can be calculated by Eqs. (3) and (9).
Climatic elasticity reflects how sensitive of streamflow changes
to external influencing factors. Spatial heterogeneity of elasticity
index can be found in Fig. 2b. In general, climatic elasticity of
streamflow changes in the middle and lower Yellow River basin
is generally larger than that in the upper Yellow River basin. Specif-
ically, climatic elasticity of streamflow changes in the Loess Plateau
is larger than that in other regions of the Yellow River basin, imply-
ing the highest sensitivity of streamflow changes to climatic
changes in the Loess Plateau. In the middle and lower Yellow River
basin, the climatic elasticity of streamflow to precipitation ranges
from 2 to 5, indicating that increase of 1% in precipitation can
result in increase of 2–5% in streamflow. Meanwhile, climatic elas-
ticity of streamflow to temperature in the middle and lower Yellow
River basin lies between �5 and �1, showing that increase of 1 �C
in temperature can result in decrease of 1–5% in streamflow. These
results are in good line with those by Huang et al. (2016) and Yang
et al. (2014). Similarly, Silberstein et al. (2012) indicated that
increase of 1% in precipitation can cause increase of 2.9–3.5% in
streamflow in river basins in southern Australia. Ma et al. (2010)
also found that increase of 1 �C in temperature can lead to decrease
of 4% in streamflow. Therefore, impacts of precipitation and
temperature on streamflow changes are spatially similar to a
large degree over the globe without consideration of human
interferences.

4.2. Scenarios-based temperature and precipitation changes

Based on observed precipitation and temperature changes dur-
ing 1960–2000, downscaling practice was done on outputs of 12
GCMs under RCP2.6 and RCP8.5 scenarios for a period of 2070–
2099. Then Inverse Distance Weight spatial interpolation method
was used to analyze spatial patterns of precipitation and tempera-
ture changes across the Yellow River basin (Fig. 3). It can be
depicted from Fig. 3a that, under RCP2.6 scenario, increasing pre-
cipitation is dominant across the Yellow River basin. However, evi-
dent decrease of precipitation can be identified in the Hetao Plain
with decreasing rate of 0%–20%. It should be noted here that Hetao
Plain is the major agricultural zone, acting as the major supplier of
agricultural products. Hence, predicted decreasing precipitation in



Fig. 3. Model ensemble median changes in precipitation (%) under (a) RCP2.6 and (b) RCP8.5, temperature (�C) under (c) RCP2.6 and (d) RCP8.5 during 2070–2099 relative to
1960–1979.

Fig. 2. Influence of climate variation on hydrological changes. (a) Relationship between evaporation ratio (E/P) and arid index (E0/P)/catchment parameter n. The Budyko
curves calculated by Eq. (2) are plotted as solid lines with different specific catchment parameter. Each point represents one catchment in the 37 catchments, the colour of the
points corresponding to the colour bar refers to the value of n for each catchment. (b) Maps showing the climatic elasticity of streamflow to the changing precipitation and
temperature in the 37 catchments. The streamflow elasticity to temperature is shown by the mean of eTmax and eTmin.
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the Hetao Plain may have negative impacts on agricultural produc-
tion. Under RCP8.5 scenario, however, larger areas of the Yellow
River basin are characterized by increasing precipitation except
some sporadic regions in the Yellow River basin (Fig. 3b). Besides,
larger increasing magnitude of precipitation can be found under
RCP8.5 when compared to that under RCP2.5 and most regions of
the Yellow River basin under RCP8.5 are dominated by increasing
magnitude of precipitation of 10–20%.

It can be seen from Fig. 3c and d that increasing temperature is
obvious under different climatic scenarios. Under RCP2.6, increas-
ing magnitude of temperature ranges between 1 and 3 �C and the
increasing magnitude of global temperature is �2 �C. Meanwhile,
similar spatial patterns of temperature changes under RCP8.5
when compared to those under RCP2.6 but with larger increasing
magnitude of temperature under RCP8.5 than that under RCP2.6.
Increase of 4–6 �C in temperature can be identified under RCP8.5
and it is particularly the case for temperature changes in the head-
water region of the Yellow River basin with increase of tempera-
ture of above 6 �C. These results are in good agreement with
those by Sun et al. (2015) that increasing magnitude of tempera-
ture in most regions of the Yellow River basin under RCP8.5 will
be above 4 �C.

4.3. Predicted streamflow under climatic scenarios

Downscaled precipitation and temperature were analyzed
based on outputs of 12 GCMs under RCP2.6 and RCP8.5 scenarios,
and predicted streamflow changes during 2070–2099 when com-
pared to 1960–1979 period were obtained. Fig. 4 illustrates spatial
pattern of median of predicted streamflow during 2070–2099
under RCP2.6 and RCP8.5 scenarios, which is obtained by Eq. (9).
Under RCP2.6, increasing streamflow is dominant and streamflow
in 26 out of 37 tributaries is increased with increase of <30 mm
in streamflow depth and increasing magnitude of 0–20%
(Fig. 4a, c). Increasing streamflow is found mainly in semi-humid
Fig. 4. Model ensemble median change (mm) of streamflow under (a) RCP2.6 and (b) RCP
2070–2099 relative to during 1960–1979. The colourful dots indicate the changing signifi
one standard deviation.
and headwater regions of the Yellow River basin. Not significant
increase of temperature but larger increasing magnitude of tem-
perature combined to cause decreased streamflow in the Yellow
River basin. Xu et al. (2009) evaluated streamflow changes during
2010–2099 using SWAT model, indicating that 2010–2099 period
witnessed not evident increase of precipitation but significant
increase of temperature and which is the major cause behind
decreased streamflow in the headwater region of the Yellow River
basin. Therefore, different researches are supposed to point to sim-
ilar results concerning streamflow changes in the headwater
region and related causes.

Under RCP8.5 scenario, more tributaries are dominated by
increased streamflow with larger increasing magnitude of the
streamflow depth between 10 and 40 mm. The increasing rate of
streamflow ranges between 20 and 30% (Fig. 4b, d). Streamflow
changes shift from decrease under RCP2.6 to increase under
RCP8.5, and which can be attributed to more significant increase
of precipitation under RCP8.5 than that under RCP2.6. Besides,
there are 8 tributaries dominated by decreased streamflow under
RCP8.5 and these tributaries mainly concentrate in the middle
Yellow River basin. It should be noted here that 40% of the cropland
within the Yellow River basin is heavily dependent on irrigation
and hence decreased streamflow may have negative implications
for development of irrigated agriculture. Above-mentioned results
imply that higher emission of greenhouse gas can cause larger
climatic impacts, precipitation in this study, on streamflow
changes and this viewpoint was well corroborated by results by
Teng et al. (2012) in Australia.

Fig. 5 shows spatial distribution of fractional contribution rate
of precipitation and temperature (calculated by Eq. (10)) to
changes of predicted streamflow across the Yellow River basin. In
general, precipitation tends to increase streamflow and tempera-
ture tends to decrease streamflow of the Yellow River basin. Mean-
while, fractional contribution of precipitation to streamflow
changes is generally larger than that of temperature to streamflow
8.5 and percentage change in streamflow (%) under (c) RCP2.6 and (d) RCP8.5 during
cance, the ‘significant’ change is determined by the changing magnitude larger than



Fig. 5. Contribution of precipitation change to streamflow change by multi-model ensemble median under (a) RCP2.6 and (b) RCP8.5, as well as annual temperature change
under (c) RCP2.6 and (d) RCP8.5 during 2070–2099 relative to 1960–1979.
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changes. Under RCP8.5 and RCP2.6 scenarios, fractional contribu-
tion rates of precipitation to streamflow changes are respectively
64.8% and 68.4%. However, spatial patterns of fractional contribu-
tion rate of temperature and precipitation to streamflow changes
are similar in general. Moreover, fractional contribution of temper-
ature to streamflow changes under RCP8.5 is larger than that under
RCP2.6. In addition, under RCP8.5, fractional contribution rate of
temperature to streamflow changes in the middle Yellow River
basin is larger than precipitation, causing decreasing streamflow
in these tributaries of the middle Yellow River basin.

4.4. Uncertainty evaluation

Uncertainty due to outputs of GCMs is usually larger than that
stemmed from hydrological modelling procedure (e.g. Li et al.,
2016). Hawkins and Sutton (2009) showed that uncertainty related
to GCMs includes climatic models, climatic scenarios and ensem-
ble, and uncertainty related to climatic models is the most signifi-
cant one. Therefore, this study attempted to address uncertainty
evaluation via comparison of streamflow changes based on outputs
of different GCMs. Fig. 6 demonstrated spatial distribution of
changing rate of streamflow during 2070–2099 relative to during
1960–1979 based on outputs of 12 GCMs under RCP2.6 and
RCP8.5 scenarios. It can be well discerned from Fig. 6 that
scenario-based climatic changes have remarkable impacts on
streamflow changes in the future, a period of 2070–2099 in this
study. However, discernable differences can be expected for cli-
matic impacts on streamflow changes based on different GCMs.
Under RCP2.6, decreased streamflow is dominant within the
Yellow River basin based on outputs of these five GCMs, i.e. BCC-
CSM1.1 (m), CCSM4, CSIRO-Mk3.6.0, IPSL-CM5A-MR, MPI-ESM-M
and MRI-CGCM3. However, increased streamflow is dominant
within the Yellow River basin based on outputs of the rest 7 GCMs.
Under RCP8.5 however, except CSIRO-Mk3.6.0, IPSL-CM5A-MR and
MPI-ESM-M, outputs of other 9 GCMs can cause increased stream-
flow of the Yellow River basin. Specifically, based on outputs of
BNU-ESM and MIROC5, streamflow of all tributaries of the Yellow
River basin is increasing.
Fig. 7 presented change rates of precipitation, temperature and
streamflow as well based 12 GCMs under RCP2.6 during
2070–2099 relative to 1960–1979 period. It can be seen from
Fig. 7 that smaller difference can be observed for average temper-
ature changes based on GCMs in the Yellow River basin, and the
changing magnitude of temperature is 1.4–6.8%. However, remark-
able difference of precipitation changes based on different GCMs
can be identified. Specifically, increase of 20% of the long-term
annual average precipitation can be observed based on outputs
of CanESM2 and CNRM-CM5 models. However, based on outputs
of CSIRO-Mk3.6.0 model, decrease of streamflow of 4% can be
observed. In this sense, uncertainty in evaluation of climatic
impacts on streamflow changes can be attributed mainly to precip-
itation changes modelled by GCMs. Though standing uncertainty in
evaluation of climatic impacts on streamflow changes, changing
properties of streamflow in different tributaries of the Yellow River
basin are similar. Fig. 8 showed spatial distribution of the number
of models that have the outputs causing increased streamflow in
tributaries of the Yellow River basin. It can be depicted from
Fig. 8 that similar streamflow changes can be obtained based on
outputs of above 2/3 of the GCMs and in this case confirmed results
can be expected (Arnell and Gosling, 2013). Under RCP2.6,
increased streamflow can be detected in 36.8% of the tributaries
considered in this study and decreased streamflow can be observed
in 7.9% of the tributaries considered in this study. Comparatively,
under RCP8.5, 71.1% of the tributaries of the Yellow River basin
are dominated by increased streamflow.

5. Discussions

To further verify applicability of Budyko assumption in mod-
elling streamflow changes as results of precipitation and tempera-
ture, observed streamflow changes were used to evaluate
modelling performance of Budyko framework in simulation of
streamflow changes of the Yellow River basin. Fig. 9 showed rela-
tions between modelled streamflow (DRP + DRn + DRT) and
observed streamflow during 1980–2000 relative to 1960–1979.
Pretty good match of modelled to observed streamflow can be



Fig. 6. Percentage change of projected future runoff across China by 12 GCMs under RCP26 and RCP8.5. BCC, BNU, Can, CCS, CES, CNR, CSI, GFD, IPS, MIR, MPI and MRI denote
BCC-CSM1.1 (m), BNU-ESM, CanESM2, CCSM4, CESM1 (CAM5), CNRM-CM5, CSIRO-Mk3.6.0, GFDL-CM3, IPSL-CM5A-MR, MIROC5, MPI-ESM-M and MRI-CGCM3, respectively.

Fig. 7. Uncertainty in the proportion of station with increased runoff by 12 GCMs under RCP2.6 in the 10 rivers basin.
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Fig. 10. Comparison of the PnT four-parameter elasticity method with (a) the Pn5 seven
simulating runoff change during 1980–2000 related to 1960–1979 in 37 catchments acr

Fig. 8. Numbers of ensemble members out of 12 climate models showing an increase in future annual runoff under (a) RCP2.6 and (b) RCP8.5.

Fig. 9. The cross comparison of simulated runoff change (DRP + DRn + DRT) and
observed ones in during 1980–2000 related to during 1960–1979, the red line is a
1:1 straight line. It is worth noting that the goodness-of-fit indices, i.e., NSE and
MAE are used to assess the performance of long-term mean simulated streamflow
change for 37 tributaries across Yellow river, which is calculated by Eqs. (12-14).

Q. Zhang et al. / Journal of Hydrology 554 (2017) 635–645 643
observed from Fig. 9 with correlation coefficient of 0.998 and mean
error of 1.61 mm, implying that Budyko framework can be well
used in modelling streamflow changes in the Yellow River basin.
Wang et al. (2016), based on Budyko framework and FAO56 Pen-
man equation, deduced climatic elasticity method with 7 parame-
ters such as precipitation, underlying surface parameter and also
other 5 evaporation factors including solar radiation, wind speed,
relative humidity, maximum and minimum temperature, or
simply Pn5 in this study. Li et al. (2017a,b) used the Budyko frame-
work in differentiating influencing factors for observed streamflow
changes of the Yellow River basin, showing that Budyko framework
performs well in modelling observed streamflow changes and
related influencing factors. To further clarify modelling perfor-
mance of the Budyko-based model developed in this study, or sim-
ply PnT in this current study, comparison was done between
results of this current study and those by Wang et al. (2016)
(Fig. 10a). Besides, the original Budyko framework was denoted
simply as PnE. It can be seen from Fig. 10 that the modelling error
of streamflow by PnT in 25 out of 37 tributaries of the Yellow River
basin is smaller than that by Pn5. In addition, PnT and Pn5 gener-
ally stemmed from PnE (Yang et al., 2008a,b; Xu et al., 2014), and
hence comparison was also done on results by PnT and those by
PnE (Fig. 10b). It can be seen from Fig. 10b that modelling error
of streamflow by PnT is mostly larger than that by PnE in most
tributaries of the Yellow River basin. Therefore, from a perspective
of absolute error, PnT performs better than Pn5 does. Based on
deviation coefficient, PnT has similar performance with PnE.
-parameter elasticity method and (b) the PnE0 three-parameter elasticity method in
oss China.



Table 2
Summary of model performance for the PnT four-parameter elasticity method, the
Pn5 even-parameter elasticity method and the PnE three-parameter elasticity
method. The assessment methods of NSE, MAE and bias are applied to evaluate the
predicted effect of long-term mean simulated streamflow change for different
catchments, which are calculated by Eqs. (12-14).

PnT Pn5 PnE

Nash-Sutcliffe efficiency efficient 0.997 0.997 0.998
Mean absolute error (mm) 1.162 1.401 0.703
Bias (%) �1.53 �4.6 �1.4
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However, the deviation coefficient of the modelled streamflow by
Pn5 is relatively larger (Table 2). Moreover, Nash results for PnE,
PnT and Pn5 are all larger than 0.9, showing acceptable modelling
results.

However, it should be noted here that this current study aims to
addressing prediction of streamflow changes of the Yellow River
basin. Liu and Sun (2016) indicated that potential evaporation
results by GCMs contains remarkable uncertainty. Outputs of
GCMs usually underestimate solar radiation and overestimate
wind speed, vapor pressure deficit and also temperature, and
hence underestimated potential evaporation. However, potential
evaporation is one of the critical parameters for PnE. Pn5 contains
7 parameters and 6 meteorological variables are needed in mod-
elling, which implies extra error and uncertainty. In addition, more
inputs of GCMs outputs also have the potential to introduce more
uncertainty (Wang et al., 2015, 2016). Comparatively, PnT method
developed in this study need less inputs of meteorological vari-
ables, i.e. precipitation, maximum and minimum temperature
only. Moreover, temperature by GCMs contains the least uncer-
tainty and plays a most important role in the increase of evapora-
tion in the Yellow River basin (Wang et al., 2012a,b). In this sense,
PnT developed in this study is the right choice for the research
objectives of this current study. However, it should be clarified
here that only climatic changes under climatic scenarios were
taken into account in hydrological modelling. Changes of underly-
ing surface properties and also human activities were not included.
Zhang et al. (2009a) indicated that vegetation changes also impact
fluvial hydrological cycle and hence have impacts on streamflow
changes. Therefore, predicted streamflow changes in this current
study are the results mainly by climatic changes. Human impacts
and changes of underlying surface properties are hard to be
evaluated and predicted. Inclusion of these factors has the poten-
tial to introduce more uncertainty (Davie et al., 2013; Kumar
et al., 2016).

6. Conclusions

This study attempted to address prediction of streamflow
changes during 2070–2099 relative to 1960–1979 in the Yellow
River basin under RCP8.5 and RCP2.6 scenarios using Budyko
framework and outputs of 12 GCMs were analyzed. Some impor-
tant and interesting conclusions can be obtained as follows:

(1) During 2070–2099, long-term annual average precipitation
is in evident variations. Under RCP2.6, increased precipita-
tion can be detected in most regions of the Yellow River
basin. Furthermore, larger increasing magnitude of precipi-
tation can be found in more regions under RCP8.5 than those
under RCP2.6. Specifically, increase of 10% in precipitation
amount can be detected in most regions of the Yellow River
basin under RCP8.5. Therefore, increased precipitation can
be expected during 2070–2099 and it is particularly true
under influences of larger human emission of greenhouse
gas such as RCP8.5 in this study. Similarly, increased
temperature can be identified under RCP2.6 and RCP8.5 sce-
narios. Particularly, increase of >3 �C of temperature can be
detected under RCP8.5.

(2) Climatic elasticity method developed in this study using
Budyko framework performs well in modelling and predic-
tion of streamflow changes in the Yellow River basin. The
modelled streamflow match well the observed streamflow
changes. The climatic elasticity of the streamflow to climatic
changes in the Loess Plateau is higher than other regions of
the Yellow River basin, showing higher sensitivity of stream-
flow changes to climate changes in the Loess Plateau. In
general, increase of 1% in precipitation amount can cause
increase of 2–5% in streamflow; meanwhile, increase of
1 �C in temperature can result in decrease of 1–5% of the
streamflow.

(3) Increasing streamflow during 2070–2099 can be expected
and number of tributaries with increasing streamflow and
also increasing magnitude of streamflow are larger under
RCP8.5 than those under RCP2.6. In semi-humid regions
and the headwater region as well of the Yellow River basin,
significant increase of temperature but slight increase of
precipitation cause decreased streamflow. Fractional contri-
bution rate of temperature to streamflow changes in these
two regions is >50%.

(4) Results of this study showed distinct different pictures for
streamflow changes considering outputs of different GCMs.
The uncertainty in predicted streamflow changes can be
attributed mainly to different precipitation outputs from dif-
ferent GCMs. Even so, majority outputs of GCMs indicated
increasing streamflow under RCP2.6 and RCP8.5 with differ-
ent increasing magnitude. Under RCP2.6, 36.8% of the tribu-
taries of the Yellow River are characterized by persistently
increasing streamflow; Under RCP8.5 however, 71.1% of
the tributaries of the Yellow River basin are dominated by
increasing streamflow with larger increasing magnitude.
The results of this stud are of theoretical and practical merits
in terms of management of water resources and also
irrigated agriculture under influences of changing climate.
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