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Impacts of the climate change on streamflow have been of great concern over recent decades. The
streamflow from a glacier mountain in an arid or semiarid region, in particular, plays a vital role in
ecological, social and economic developments of the region. In this study, a long-term climate and runoff
data were collected from an upstream glacier mountain area in the Ürümqi River basin, China. An
autoregressive-moving-average model (ARMA) was used to quantitatively analyze the influence of the air
temperature and the precipitation on the streamflow that originated from mountain glaciers. We used
the differences between two consecutive years in the monthly air temperature and the monthly pre-
cipitation over a period of 48 years (from January 1959 to December 2006) as our climate change indexes.
Similarly, the corresponding differences of monthly runoff were treated in the same way to derive the
streamflow response indicator time series. These three new time series (temperature, precipitation, and
runoff) were then transformed by removing their seasonal trends to construct three stationary time
series. The ARMA model was subsequently applied to analyze the transformed time series. Results of this
analysis indicated that the runoff was related to the temperature and the precipitation at any given time
and that the precipitation was more important than the temperature in controlling the streamflow. The
runoff in the upstream of the Ürümqi River increased approximately 1 m3/s every 10 years due to the
climate change.

© 2014 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Glacier meltwater plays an important role in the local ecological
and economic developments (i.e. irrigation, municipal and in-
dustry) of a catchment (Barnett et al., 2005; Stahl et al., 2008; Sorg
et al., 2012; Wang et al., 2013), especially in the arid and semi-arid
regions of central Asia (Li et al., 2012; Sun et al., 2013). Streamflow
in glacier mountain catchments is vulnerable and sensitive to
climate change (Kuhn and Batlogg, 1998; Chen and Xu, 2005; L. Liu
et al., 2011). Streamflow in any given catchment is generally
controlled by air temperature and precipitation. However, the air
temperature can be of significant importance in glacier mountain
catchments because it canmodulate or even control the streamflow
xu.edu.cn (Y. Hao).
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through altering the glacier mass balance (Aizen et al., 2006; Li
et al., 2010). The climate change has accelerated over the last two
to three decades (Motyka et al., 2002; Oerlemans, 2005; Zemp et al.,
2006). A sound knowledge on the response of streamflow to
climate change is crucial to assessing the water resources avail-
ability (Huss et al., 2007; Wang et al., 2012) and also to developing
strategies of sustainable water resources management (Ding and
Xiao, 2013).

In order to quantitatively analyze and predict the impacts of the
climate change on streamflow in a glacier mountain catchment, a
mathematical model is often preferred. Most studies of this type
have relied on either a hydrological physical models or hydrological
mathematical statistical models of glacier mountain catchments
(Schaefli et al., 2005; Kampf and Burges, 2007; Versini et al., 2010).

The hydrological physical models are built according to physical
mechanisms of hydrological processes in a watershed and are
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Table 1
Monthly precipitation, monthly average temperature and monthly average runoff in
different decades.

Average monthly
data

1959e
1968

1969e
1978

1979e
1988

1989e
1998

1999e
2006

Precipitation (mm) 37.07 36.21 33.89 39.72 42.46
Temperature (�C) �5.29 �5.35 �5.39 �4.75 �4.52
Runoff (m3/s) 7.55 7.36 7.33 8.45 7.46

Y. Liu et al. / Quaternary International 358 (2015) 137e145138
considered to be themost adequate tools to explore the hydrological
characteristics of awatershed (Chen et al., 2003; Kampf and Burges,
2007; Rakovec et al., 2012). However, they are rarely applied to
watershed streamflow forecasting (Tesfaye et al., 2006; Anderson
et al., 2013) because they require much more detailed information
of the watershed that is normally available.

On the other hand, the hydrological statistical models well ex-
press the hydrological prototypes by means of statistical relation-
ships between inputs and outputs (Dutta et al., 2012) without
explicit consideration of mechanisms of hydrological processes
(Box and Jenkins, 1976; Castellano-M�endez et al., 2004; Can et al.,
2012). Compared with the physical models, mathematical statisti-
cal models require much less hydrological data and parameters
(Adamowski et al., 2012). In recent years, many studies outlined the
approach of using mathematical statistical models to predict
streamflow (e.g., Box and Jenkins, 1976; Claps et al., 1993; Can et al.,
2012). More recently, Castellano-M�endez et al. (2004) modeled the
daily and the monthly runoff of the Xallas River in Spain using
autoregressive integrated moving average (ARIMA) and ANN
models. Tesfaye et al. (2006) used periodic autoregressive moving
average (PARMA) model to capture the seasonal variations in river
flow statistics. Anderson et al. (2013) developed periodic autore-
gressive moving average (PARMA) models and applied them to
predict the monthly runoff.

Ürümqi River, originated from the Tien Shan Glacier No.1 is the
only glacier river which has been systematically monitored for
nearly 50 years (Wang et al., 2012). Over the past decades, many
studies have been conducted to study glacier responses to climate
change (e.g., Shi et al., 1992; Immerzee et al., 2010; Lan et al., 2010;
Li et al., 2010; Kong and Pang, 2012; Sun et al., 2013), but most were
focused on exploring the linear relationships between the climate
factors and hydrological parameters by using relatively simple
statistical methods. Due to data insufficiency at the upstream of
Ürümqi River, physical models are not adequate to analyze and
predict the streamflow. Instead, we employed mathematical sta-
tistical models to study and predict the streamflow (Liu et al., 2013).

The main objectives of this paper are (1) to apply ARMAXmodel
to the Ürümqi River basin to simulate the hydrological processes in
the glacier mountain basin, (2) to quantify the relationships be-
tween runoff, air temperature and precipitation during 1958e2006,
(3) to analyze the river's sensitivity to climate change, and (4) to
predict the runoff in Ürümqi River for the next few years.

2. Data and methods

2.1. Study area

Originating from the Tien ShanMountain in Xinjiang, northwest
China (Liu et al., 2008; Sorg et al., 2012), theÜrümqi River is a typical
inland intermountain river which is recharged by a mixture of
glacier-melt water and precipitation (Metivier et al., 2004; Li et al.,
2010; Liu et al., 2013). In 1958, the Yingxiongqiao Hydrological
Gauging Station (YHGS) was established to gauge the upstream of
Ürümqi River (Y. Liu et al., 2011). The upstream of the Ürümqi River
was sparsely populated and the human impact (i.e., water resources
development) was negligible on the hydrological process prior to
2006. Therefore, we selected the upstream as our study area to
investigate the effects of the climate change on the streamflow. The
data used include the observed monthly hydrometeorological pa-
rameters covering the period from 1959 to 2006.

The source of the Ürümqi River is No.1 Glacier in Tianger Peak II,
the highest peak in the eastern Tien Shan Mountains, with an
elevation of 4484 m above mean sea level (AMSL) (Fig. 1). The river
flows through theWulabo Reservoir, and finally ends in the Junggar
Basin (Shi et al., 1992). The watershed of the Ürümqi River ranges
from 86�450E to 87�560E and 43�000N to 44�070N, with a drainage
area of 4684 km2 (Liu et al., 2008; Lan et al., 2010; Kong and Pang,
2012). The YHGS, located 5 km upstream of the mountain pass, is
the sole hydrological gauging station in the upstream portion of the
Ürümqi River. The length of the river above the YHGS is 62.6 km
with a drainage area of 924 km2 and an average altitude of 3483 m
AMSL (Fig. 1). The study area (i.e., the area above YHGS) can be
divided into three climatic zones: 1) the mountain snow zone (i.e.,
modern glacier area), where the average snow line altitude is
4050 m AMSL, the average annual air temperature is �6 �C, and
more than 75% of annual precipitation occurs in form of snow; 2)
the subalpine permafrost zone, where the average annual air
temperature is �1.86 �C, and the snowfall accounts for 50% of the
annual precipitation; 3) the alpine cold temperature zone, where
the average annual air temperature is 2 �C, and the snowfall ac-
counts for 25% of the annual precipitation (Lan et al., 2009). In the
upstream area, precipitation occurs most frequently from June to
August. The average annual precipitation is 454 mm (from 1958 to
2006) at the Daxigou Meteorological Station (DMS). The observed
maximum annual precipitation in the upstream of the Ürümqi
River is 632 mm (in 1996). The average annual air temperature in
the upstream ranges from �5.2 �C to 0 �C. The average annual
runoff of the upstream is 7.71 m3/s observed in YHGS.

The altitude of the riverbed decreases significantly from 3860 m
at the headwater to 1680 m near the mountain pass, over the 68-
km route. The river channel slope varies greatly with the
maximum gradient of 0.5 and the minimum gradient of 0.0158.
Daxigou Reservoir, located 5 km upstream of YHGS, was con-
structed in 2007. Its construction disturbed the natural hydrological
conditions of upstream of the Ürümqi River, and the data of YHGS
after 2006 were thus not used in this study.
2.2. Data acquisition

The monthly average runoff and precipitation data from January
1958 to December 2006 and the air temperature data from January
1959 to December 2006 collected fromYHGS and DMS respectively,
were displayed in Fig. 2 that also included the 12-month running
average curves for the three time series (i.e., air temperature, pre-
cipitation, and runoff). According to Fig. 2, all three series exhibited
a similar pattern.

The data for the average monthly runoff, precipitation and air
temperature in the corresponding time intervals were shown in
Table 1. According to Table 1, the runoff, precipitation and air
temperature series had similar temporal variation patterns with
trends of slight decreases before the 1980s and trends of dramatic
increases after the 1980s.
2.3. The autoregressiveemoving-average model with exogenous
inputs (ARMAX)

2.3.1. The ARMA model
Before the introduction of the autoregressive moving average

(ARMA)model (Hao et al., 2013), we first defined the autoregressive
(AR) and moving average (MA) models.



Fig. 1. The position of hydro-meteorological observation sites and digital elevation map (DEM) of the upstream portion of the Ürümqi River, Tianshan Mountains, China.
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The autoregressive model of order p � 1 (AR(p)), proposed by
Yule (1927), was defined as:

Yt ¼ b1Yt�1 þ b2Yt�2 þ :::þ bpYt�p þ εt (1)

where Yt,Yt�1,…,Yt�p denote the values of the time series (e.g., the
flow of a river) at the moments t, t � 1,…,t � p respectively; b1,…,bp
are parameters to be estimated; εt is the white noise sequence,
denoted as εt~WN(0,s2), satisfying Eεt ¼ 0, Var(εt) ¼ s2, and
Cov(εi,εj) ¼ 0, for all i s j. Equation (1) can also be expressed as:

fðBÞYt ¼ εt (2)
where f(B) ¼ 1 � b1B � / � bpB
p, represents the autoregressive

polynomial of order p, and B denotes the backshift operator.
The moving average process with order q � 1 (MA(q)), first

studied by Slutsky (1937) and Wold (1938), is:

Yt ¼ εt þ a1εt�1 þ a2εt�2 þ/þ aqεt�q (3)

where a1,…,aq are parameters and εt also represents thewhite noise
sequence. Similarly, Equation (3) can be written as:

Yt ¼ qðBÞεt (4)



Fig. 2. The variations of average monthly air temperature (a), monthly precipitation (b) and average monthly runoff (c) from 1959 to 2006.
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where q(B) ¼ 1þ a1Bþ… þ aqB
q is the moving average polynomial

of order q.
Combining the models AR and MA together, we obtained the

autoregressivemoving average (ARMA)model, denoted by ARMA(p,
q), which was written as:

Yt¼b1Yt�1þb2Yt�2þ/þbpYt�pþεtþa1εt�1þa2εt�2þ/

þaqεt�q (5)

or
fðBÞYt ¼ qðBÞεt (6)

where p and q are the orders of the model.
2.3.2. Seasonal difference
The time series required for an ARMAmodel must be stationary.

The stationary condition reflects certain time-invariant properties
of time series and is a necessary condition for making a statistical
inference. However, real time series data often exhibit seasonality
which violates the stationary assumption embedded in ARMA
models. Removing the seasonal difference is a convenient and
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effective way to eliminate the non-stationary. The seasonal differ-
ence is defined as a difference between Yt and Yt-s (where t denotes
any given time, and s is the length of the seasonal period of the
sequence). The seasonal difference can be written as:

VsYt ¼ Yt � Yt�s ¼ ð1� BsÞYt (7)

If the time series (or sequence) presents stationary after
removing the seasonal periodicity, we can use the ARMA model to
simulate it.
2.3.3. The ARMAX model: an autoregressiveemoving-average
model with exogenous inputs

Besides using the past values and residuals of the response
sequence Yt, one can also model Yt through the current and past
values of other series, called input series or exogenous variables,
which were originally introduced in the time series theory by Box
and Jenkins (1976). The ARMA model with input series, call the
ARMAX model, is generally written as:

fðBÞðYt � m�
X
i

ji
�
B
�
Xi;t

� ¼ qðBÞεt (8)

where Yt is the response series or a difference sequence of the
response sequence Yt; m is the mean term; ji(B) is the transfer
function with the form ji(B) ¼ 1 � ci1B � … � cisB

s; Xi,t denotes ith
input series. In this study, the precipitation and air temperaturewill
be the two input series involved in Equation (8) to estimate the flow
rate of Ürümqi River. The forecast of the ARMAX model can be
implemented through the recursive property of Equation (8).
Results of ARMAX Regressions for Ürümqi River flow.

Parameter Model 1
(ARMA)

Model 2 (ARMAX) Model 3 (ARMAX)

b1 0.28343**
(0.04006)

0.24131*** (0.0413) 0.20309*** (0.04222)

b2 0.14910*** (0.0419)
a12 0.91227***

(0.0176)
0.87828*** (0.02256) 0.88141*** (0.02235)

c2 0.20218*** (0.06182) 0.19069*** (0.06041)
c3 0.09121*** (0.00463) 0.09255*** (0.00449)
Akaike

Information
Criterion

2856.967 2514.545 2504.054

Schwarz
Bayesian
Criterion

2865.679 2531.885 2525.729

***Significant at the 0.01 level.
**Significant at the 0.05 level.
*Significant at the 0.10 level.
3. Results and discussion

The average monthly runoff, air temperature, and precipita-
tion of the upstream of the Ürümqi River exhibited obvious
seasonality (Fig. 2), which indicated non-stationary. The data
seasonality was removed by taking difference in the average
monthly runoff, air temperature, and precipitation between two
consecutive years over a period of 48 years (i.e., January, 1959 to
December, 2006).

V12Qt ¼ Qt � Qt�12 ¼
�
1� B12

�
Qt

V12Tt ¼ Tt � Tt�12 ¼
�
1� B12

�
Tt

V12Pt ¼ Pt � Pt�12 ¼
�
1� B12

�
Pt

(10)

where Qt, Tt, and Pt are the tth month's river flow, air temperature
and precipitation respectively; Qt�12, Tt�12, and Pt�12 are (t � 12)th
month's river flow, air temperature and precipitation respectively
(i.e., the corresponding monthly runoff, air temperature, and pre-
cipitation of last year respectively); V12Qt, V12Tt, and V12Pt are the
difference in monthly runoff, air temperature, and precipitation
between two consecutive years.

The data of the runoff, air temperature, and precipitation after
removing the seasonality were presented in Fig. 3. The 12-month
increments of air temperature (i.e., V12Tt) and precipitation (i.e.,
V12Pt) were used as indicators for climate change; while the 12
month increments of runoff (i.e., V12Qt) were considered as the
streamflow response indicator to climate change. The trans-
formed resultant time series are assumed to be stationary to
satisfy the condition of ARMA method. Then the resultant time
series were analyzed by ARMA method (SAS Institute Inc., 2008)
to acquire effects of climate change on streamflow based on the
observed data from January 1959 to December 2006.
It was shown in Fig. 3 that the data exhibited stationary after
deseasonalization. Then we used the AR, MA, ARMA, ARMAX
models to fit the increment sequence in the runoff rate of 12
months (i.e., V12Qt) based on the corresponding increment se-
quences of air temperature and precipitation (i.e., V12Tt, and V12Pt).

In the process of searching for the optimal model of V12Qt,
first the AR and MA models were tried. Because both normality
tests of residuals showed that the p-values were less than 0.05
(i.e., the general significance level), the AR and MA models were
thus rejected. Then the ARMA and ARMAX models were tried.
Table 2 showed that the coefficient estimates of model 1 (i.e., the
ARMA model) were significant. An autocorrelation check of re-
siduals of model 1 indicated that the residuals were white noise,
because the p-value was not small enough to reject the null
hypothesis that the series was white noise (Table 3). Based on
model 1, an ARMAX model was set up (i.e., model 2), using the
air temperature and precipitation data in the ARMA model to
find the best forecasting model (Table 2). The values of Akaike
Information Criterion (AIC) and Schwarz Bayesian Criterion
(SBC) of model 2 were less than those in model 1. The smaller
values of AIC and BIC mean that model 2 was a better model
(Wooldridge, 2003). However, an autocorrelation check of re-
siduals of model 2 indicated that the residuals were not white
noise, because most of the p-values were less than 0.1 (Table 3).
Accordingly, we improved model 2 by introducing a 2nd-order
autoregressive polynomial f(B) ¼ 1 � b1B � b2B

2 in Equation (8)
and denoted the improved model 2 as the model 3. The auto-
correlation check of residuals of model 3 indicated that the re-
siduals were white noise, because all of the p-values were larger
than 0.1 (Table 3). From Table 2 illustrated that the coefficients of
AIC and SBC of model 3 were the smallest among the three
models, which meant that model 3 was the best choice for the
series. Model 3 can be expressed by the following equation:

�
1� 0:203B� 0:149B2

��
V12Qt � 0:191V12Tt � 0:093V12Pt

�

¼
�
1� 0:881B12

�
εt

(11)

where εt~N(0,4.92). The accuracy of Equation (11) can be
described by the coefficients' standard errors, which was listed in
Table 4. According to Table 4, each coefficient in (11) had very small
standard error compared with the value itself, meaning that the
model was accurate and the forecast values via this model would
not have larger errors.

Table 2



Table 3
Diagnosis of Residuals for Model 1e3.

Autocorrelation check of residuals

To Lag c2 DF p > c2 Autocorrelations

Model 1 6 1.05 4 0.9028 �0.006 0.012 0.019 0.026 0.021 0.012
12 6.46 10 0.7752 0.01 0.02 0.022 0.073 0.051 �0.016
18 8.26 16 0.9408 �0.026 0.039 0.026 �0.001 �0.011 �0.007
24 14.64 22 0.8771 0.007 0.007 �0.021 0.067 �0.043 0.061

Model 2 6 14.41 4 0.0061 �0.035 0.146 �0.009 0.048 0.018 0.008
12 24.19 10 0.0071 0.036 �0.025 0.025 0.091 0.079 0.001
18 24.78 16 0.0737 0.009 �0.012 0.019 �0.009 �0.018 �0.006
24 28.66 22 0.1549 0.012 �0.014 �0.025 �0.049 0.044 �0.036

Model 3 6 1.01 3 0.7997 0.004 0.002 �0.035 0.019 0.012 0.004
12 12.3 9 0.1971 0.024 �0.041 0.011 0.102 0.082 �0.005
18 12.96 15 0.6053 �0.006 �0.013 0.019 �0.007 �0.023 �0.004
24 16.32 21 0.7516 0.02 �0.008 �0.036 �0.049 0.032 �0.024

Table 4
The standard errors and P values of the coefficients in Eq. (11).

Coefficient 0.881 0.203 0.149 0.191 0.093
Standard error 0.024 0.043 0.042 0.061 0.004
P value <0.0001 <0.0001 0.0003 0.0057 <0.0001
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By expanding Equation (11), we acquired the following form:

V12Qt ¼ 0:203V12Qt�1 þ 0:149V12Qt�2 þ 0:191V12Tt

� 0:039V12Tt�1 � 0:028V12Tt�2 þ 0:093V12Pt

� 0:019V12Pt�1 � 0:014V12Pt�2 þ εt � 0:881εt�12

(12)

Because the dimensions of the runoff, the air temperature and
the precipitation were different, the coefficients were not compa-
rable in Equation (12). To eliminate the dimensions of Equation
(12), we conducted standardized transformations to the series.

Qt ¼ SQtsQ þ mQ
Tt ¼ STtsT þ mT
Pt ¼ SPtsP þ mP

(13)

where SQt, STt, and SPt denote the standardized sequences of Qt, Tt,
and Pt respectively; sQ, sT, and sP represent the standard derivations
of Qt, Tt, and Pt respectively; mQ, mT, and mQ are the mean values of Qt,
Tt, and Pt respectively. The standard derivations and the mean
values of Qt, Tt, and Pt were listed in Table 5.
Table 5
The standard derivations and the mean values of Qt, Tt, and Pt.

Average monthly data Runoff (m3/s) Temperature (�C) Precipitation (mm)

Mean value 7.635 �5.107 37.798
Standard derivation 8.742 7.446 44.711
Based on the study results, we obtained the follow equation.

V12SQt ¼ 0:203V12SQt�1 þ 0:149V12SQt�2 þ 0:163V12STt

� 0:033V12STt�1 � 0:024V12STt�2 þ 0:476V12SPt

� 0:097V12SPt�1 � 0:072V12SPt�2 þ εt � 0:881εt�12

(14)

Equation (14) showed that the tth deseasonalized, stan-
dardized runoff rate (DSQ) was positively related to (t � 1)th and
DSQ, the tth deseasonalized standardized temperatures (DST)
and precipitations (DSP), while it had a negative correlation with
the (t � 1)th, (t � 2)th DST and DSP. Moreover, the tth DSQ
greatly depended on the tth DSP since the coefficient was 0.476,
the largest among all coefficients. Equation (14) quantitatively
demonstrated the relation between runoff rate and climate in-
dicators, i.e., air temperature and precipitation.

A complete set of hydrological processes includes streamflow
generation, confluence, discharge, and regression. Equation (14)
suggested that current streamflow was related to the air temper-
ature and the precipitation of the two previous months in the
upstream of the Ürümqi River. Because the time step of our
observed data was a month, the relations at shorter time scales
(i.e. day or hour) cannot be detected by Equation (14). At the time
scale of month, the regression streamflow that originated from
hydrological events within the two prior months were a part of
the subsequent month's runoff in the upstream of the Ürümqi
River. The streamflow was definitely dominated by both the air
temperature and the precipitation in the upstream, but the land-
form and topography regulated the convergence process and
complicated the influence of the climate on the streamflow. The
drainage area in the upstream of the Ürümqi River is the mountain
terrain and the slopes are steep. The mountainous drainage area
with the slope of larger than 60% is 15%; the area with the slope of
60%e30% is 75%; and the area with the slope less than 30% is 10%
(Wu, 1992). Due to steep slopes, the streamflow convergence time
is short and the storage capacity of floodwater in the catchment is
low.

Equation (14) also illustrated that the contribution coefficient
of the air temperature was 0.163 while the contribution coeffi-
cient of precipitation was 0.476, revealing that the contribution
of the precipitation to streamflow was larger than the
temperature-dictated glacier melting. This result was consistent
with that by Li (Li et al., 2010). In Equation (14), the coefficients
of the air temperature and the precipitation in the previous two
months (i.e., the coefficients of V12Tt�1, V12Tt�2, V12Pt�1, and
V12Pt�2) were very small and negligible, because the main
contribution of the air temperature and the precipitation to the
streamflow occurred in the same month.

Equation (12) performed well under the AIC and SBC
criteria, so it can be used to forecast the subsequent flow.
However, Equation (12) involved the input series V12Tt and V12Pt,
which should be modeled first. Through analyzing the functions
of autocorrelation and partial autocorrelation, the following
model was selected to fit and predict the air temperature
sequence:



Fig. 3. The 12-month increments of average monthly air temperature (a), monthly precipitation (b) and average monthly runoff (c) between two consecutive years from 1959 to
2006.
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�
1� 0:092B

�
V12Tt ¼

�
1� 0:846B12

�
εt (15)

Similarly, the model:

�
1þ 0:117B2

�
V12Pt ¼

�
1� 0:913B12

�
εt (16)

was used to forecast the future precipitation.
Introducing the Equations (15) and (16) into Equation (12), we

obtained the improved Equation (12) to predict the runoff rate at
time t in future. Fig. 4a shows the observed river flow rates and the
fitted values, which coincided well with each other (Fig. 4a), 95%
confidence intervals were narrow (Fig. 4b), and the residuals were
small (Fig. 4c), which meant the improved Equation (12) properly
describes the runoff rate. Then, we used it to predict the monthly
runoff rates from January 2007 to December 2017. Besides the
observed, fitted, and predicted data, Fig. 4b also showed the cor-
responding 95% confidence intervals of predicted streamflow. The
obtained results suggested that the effects of the climate change on
the streamflow can be well simulated by the ARMA model. Equa-
tion (12) also revealed that monthly runoff was slowly increasing at
a rate of approximately 1m3/s every 10 years, being consistent with
Li's result (Li et al., 2010). In Fig. 4b, the confidence interval became
wider in the predicted stage (i.e., after 2006) because the longer the
time elapsed from the data-covering period, the less observed data
could be used.

4. Conclusions

The differences between two consecutive years in the runoff, the
air temperature, and the precipitation data were calculated to
remove the seasonality of the data to satisfy the expected station-
ary status of the data for running the models. The differences of the
air temperature and the precipitation were taken as the climate
change indicators and the differences of runoff as the hydrological
response indicator to model the effects of climate change on hy-
drological processes.

An ARMA model was then used to investigate the effects of the
climate change on the streamflow in a glacier mountain catchment.
The ARMAmodel was applied to the upstream of the Ürümqi River.
The results showed that the current streamflow response indicator
was closely related to the climate change indicator of the previous
two months. The regression coefficients of the air temperature and
the precipitation to steamflow rate were 0.163 and 0.476, respec-
tively. Therefore, the precipitation contributed more to the
streamflow than did the air temperature.



Fig. 4. Change of upstream discharge in the Ürümqi River with different scenarios in 21st century: (a) average annual runoff, (b) average annual runoff growth rate.
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