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ARTICLE INFO ABSTRACT

In northern Iran’s Haraz River basin between 1975 and 2010, hydrological sensitivity, double mass curve, and
Soil and Water Assessment Tool (SWAT) methods were applied to monitoring and analysing changes in stream
flow brought on by climatic variability and human activities. Applied to analyse trends in annual and seasonal
runoff over this period, the sequential MK test showed a sudden change point in stream flow in 1994. The study
period was, therefore, divided into two sub-periods: 1975-1994 and 1995-2010. The SWAT model showed
obvious changes in water resource components between the two periods: in comparison to the period of
1975-1994, sub-watershed-scale stream flow and soil moisture decreased during 1995-2010. Changes in eva-
potranspiration were negligible compared to those in stream flow and soil moisture. The hydrological sensitivity
method indicated that climatic variability and human activities contributed to 29.86% and 70.14%, respectively,
of changes in annual stream flow, while the SWAT model placed these contributions at 34.78% and 65.21%,
respectively. The double mass curve method indicated the contribution of climatic variability to stream flow
changes to be 57.5% for the wet season and 22.87% for the dry season, while human activities contributed
42.5% and 77.13%, respectively. Accordingly, in the face of climatic variability, measures should be developed
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and implemented to mitigate its impacts and maintain eco-environmental integrity and water supplies.

1. Introduction

Stream flow is a vital part of the study of water resources. Quality
and quantity of flow is highly affected by climatic variability and
human activities, e.g., land use changes, irrigation, reservoir construc-
tion, etc. (Wu et al., 2013; Pirnia et al., 2014; Darabi et al., 2014: Tan
and Gan, 2015; Ahn and Merwade, 2017; Torabi Haghighi et al., 2018).
Global temperature raised by 0.89°C from 1901 until 2012 and is
predicted to further increase in the 21st century. This increase may lead
to significant changes in precipitation and runoff (IPCC, 2013; Qin
et al., 2014). In addition, increasing population and greater water and
food requirements have led to greater demands on water resources
(Cheng et al., 2016; Tian et al., 2016). Hydrological responses of basins
to climate change and variability differ throughout the world. In some
regions, significant changes in temperature and precipitation have re-
sulted in greater base flow, annual mean discharge and flooding (Ahn
et al., 2016). In other areas, however, base flow has declined along with
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annual mean discharge, and drought conditions have prevailed (Dai,
2013; Zhao et al., 2015; Wang et al., 2016; Sadegh et al., 2018). In
general, over recent years, Iran has seen a decrease in precipitation and
stream flow and an increase in the occurrence of drought (Menberu
et al., 2014; Khoshravesh et al., 2016; Ghasemi and Moogooei, 2017;
Mousavi and Marofi, 2017). Destruction of land cover and decreased
precipitation in northern Iran, have led to flood and drought events,
respectively (Ghanghermeh and Roshan, 2015; Arab Ameri, 2017).
Hydrologists have recently shown increased interest in trend ana-
lysis of river flows and the identification of driving factors. While a few
studies focused specifically on either the contribution of human activ-
ities (Gao et al., 2014) or the impact of climatic factors (Li et al., 2012;
Song et al., 2014) on stream flow changes, many considered both
(Zhang et al., 2012; Cheng et al., 2016; Ashraf et al., 2016; Zhang et al.,
2016a,b, 2017; Torabi Haghighi, and Klgve, 2017; Fazel et al., 2017).
Cheng et al. (2016) reported that changes in precipitation during
1971-1994 and 1995-2008 led, respectively, to 33.3% and 48.9%
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declines in runoff, and 3.8% and 17.1% declines in the river’s sediment
loads within the Yanhe River basin. They concluded that the con-
tribution of human activities exceeded that of climatic variability.
Zhang et al. (2017) concluded that anthropogenic activities (e.g., use of
ground and surface water for urbanization, industrialization and the
creation of reservoirs) contributed 63-65% to recent drought events in
the Haihe River basin.

The extent to which stream flow is driven by climatic variability and
human activities is generally evaluated through time series analysis,
elasticity-based methods or hydrological modelling. Providing useful
options in determining runoff responses to drivers such as climatic
changes and human actions, statistical methods draw on relationships
between hydro-meteorological variables (e.g., stream flow and a cli-
matic variable like precipitation), and identify the contribution of ef-
fective factors to changes in stream flow (Zhang et al., 2014; Torabi
Haghighi et al., 2016). Hydrological data time series (e.g., stream flow
series) show temporal oscillations caused by climate and land use
changes and can serve to identify runoff changes due to either change in
climate or human activities (Zhang et al., 2011). In elasticity-based
methods, stream flow alterations arising from climate variability are
detected on the basis of stream flow sensitivity to precipitation and
potential evapotranspiration (ETpq).

A better understanding of the impacts of effective drivers on stream
flow changes can be achieved through the application of multiple ap-
proaches rather than a single approach. In the present study three
methods were applied: a double mass curve time series analysis
method, a hydrological sensitivity elasticity-based method, and a
comprehensive hydrological model (SWAT). Stream flow is influenced
by both climatic variability and human activities, it is, therefore, es-
sential to separate the influence of these two drivers to allow for sound
policy decisions and proper management of water resources.

Although the destruction of natural resources in northern Iran has
increased considerably in response to population growth and increased
demands for water, soil and food resources over recent decades
(Mirakhorlou and Akhavan, 2016; Darabi et al., 2019), this region still
maintains the densest vegetation cover in the country. As a result of
these challenges, and the sensitivity of Iran’s northern basins to varia-
tions in runoff, the most destructive of Iran's recent floods have oc-
curred in the northern basins (Rahimi, 2016). Accordingly, a complete
study of these basins’ water resource components is necessary to im-
prove management decision-making in this area.

The present study was specifically aimed at: (i) understanding
trends and identifying any sudden change of the annual and seasonal
runoff; (ii) separating climatic variability and human activities con-
tributions in annual and seasonal stream flow changes; and (iii) eval-
uating the spatio-temporal changes of hydrological components in the
basin and sub-basins. This study was unique as it represented an effort
to: (i) identify the individual impacts of climatic change and human
activities to stream flow in both pre- and post-break point periods; and
(ii) detect relevant water resources components before and after the
abrupt change. In order to confirm these results, the SWAT model was
applied under two different scenarios: (a) varying climate under con-
stant land use, and (b) constant climatic conditions under shifting
human activities. Differences in simulated values were deemed a cli-
mate variability effect, whereas the proportion of the difference in
observed values to the difference in the simulated values (climate
variability contribution), was deemed to represent the impacts of
human activities.

2. Study area

Located in northern Iran (39° 23’- 40° 15'N lat., 53° 90- 63° 22'E
long.), the Haraz River basin drains an area of approximately 4,014 km?
and varies in elevation from 300m to 5600 m (Fig. 1). Annual pre-
cipitation ranges from 302 mm in the central region (Panjab station) to
1,069 mm in the eastern region (Ghoran Talar station) with a mean
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annual precipitation of 685 mm across the basin. Annual mean tem-
perature varies from 5 °C in Firouzkouh to 23.1 °C at the Rineh station,
with a basin average of 13°C. Most land cover of the Haraz basin
consists of high-density grassland. The north-eastern part of the basin
has high-density and semi-dense forests. Dominant land use categories
along rivers include irrigated lands and orchards. There are numerous
rivers in the basin, but the Haraz River has the largest water supply in
the north of Iran and the largest river in the Caspian Sea basin, with an
average discharge of 31.1m>s™'.

In the Haraz River some activities including mining, road con-
struction, and expansion of barren and urban lands had huge impacts in
recent years. Zargoosh et al. (2014) found that forest and grassland
areas decreased, and barren lands and orchards increased between
1988 and 2013. Namdar et al. (2013) showed that river flow will likely
decrease considerably in the future as a result of climate change.
However, it remains important to more fully understand the possible
changes in water resources that can be attributed to climate variability
and human activity.

Urbanization and also population growth can affect watershed hy-
drological responses (Lee and Kim, 2017), and currently most water-
sheds in developing countries (especially Iran) are experiencing large
population growth along with the expansion of impervious area. Fig. 2
shows the change in population and impervious area in the Haraz river
basin. Specifically, Fig. 2a shows that the population in the Haraz river
basin increased during 1972-2012 while Fig. 2b shows the dramatic
increase of impervious area caused by urban and rural development
during 1983-2013 in the in the Haraz river basin. Therefore, both cli-
mate and human drivers affect the hydrological responses in the Haraz
river basin.

3. Materials and methods
3.1. Data and study period

3.1.1. Hydro-meteorological data

The monthly runoff data (1975-2010), from the Karesang hydro-
logical station on the Haraz River and monthly precipitation, solar ra-
diation, maximum and minimum temperatures, and humidity data of
1975-2010 period were used from 16 climate stations, within and
around the study basin (Table 1). The ET,, data were estimated by the
Penman-Monteith method (Allen et al., 1998; Huang et al., 2014). As
precipitation varies in intensity and duration throughout the entire
basin, the basin-averaged precipitation and ET,, were computed using
the Thiessen polygon method.

3.1.2. Geospatial data

Spatial data, including a digital elevation model (DEM) along with
land use (produced by Landsat images) and soil map (1:100000), were
used to set up and run the SWAT model, which was then calibrated and
validated for the estimation of the water balance (Table 1). Land use
maps were obtained from 1991, 2006 and 2013 Landsat satellite data
(United States Geological Survey; USGS). The DEM data, at a 30-m
resolution, was used to calculate sub-basin physiographic parameters.

Quantifying and understanding stream flow changes using an intra-
annual scale (i.e., seasonal or monthly) can provide more significant
information than if inter-annual time scales are used (Wang et al.,
2016), the latter, however, is still most commonly used. The analysis of
annual runoff does not reveal the reasons for stream flow change in any
detail. Hence, the assessing the seasonal flows caused by of climate
variability and human activities can represent a more important ana-
lysis in terms of understanding the effective factors contributing to
stream flow changes (Zhang et al., 2016a,b). Changes in stream flow
resulting from climate variability and human activities at a seasonal
scale may be more important than those occurring on an inter-annual
scale. To better understand stream flow changes according to the spe-
cific characteristics of precipitation in the Haraz River basin, annual
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Fig. 1. Location of the Haraz River basin in Mazandaran province, northern Iran.

stream flow was divided into two temporal intervals: May to September
(dry period) and October to April (wet period).

3.2. Trend analysis

Statistical methods designed to analyse trends in time series (para-
metric or non-parametric), with the latter having more extensive ap-
plications (Xu et al., 2015).

3.2.1. Mann-Kendall (MK) trend test

The Mann-Kendall (MK) test (nonparametric methods) are widely
used for hydro-climatological purposes (Zhang et al., 2012; Chen et al.,
2013; Ahn and Palmer, 2015; Pirnia et al., 2018) and t is a distribution-

free method for trend analysis with minimal assumptions for time
series. In the present study MK test was applied to determine the trends
in the observed and modelled hydro-climatological data.

3.2.2. Determination of change point using the sequential MK and Pettitt
tests

A sequential MK test is used to detect an sudden change point. The
test statistic Sy is calculated as (Wang et al., 2016):
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Fig. 2. Population growth and impervious area in the Haraz basin.
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Table 1

Data sources.
Data Parameters Time Source
Climatic data Precipitation, Temperature, Humidity, Sunshine 1975-2010 Islamic Republic of Iran Meteorological Organization (IRIMO)
Land use Land use from satellite data 1988, 2000, 2013 United States Geological Survey (USGS)
Elevation (DEM) ASTER DEM - USGS
Soil Soil - Food and Agriculture Organization of the United Nations (FAO)
Hydrometric data Stream flow data 1975-2010 Ministry of Energy, Islamic Republic of Iran

1Xi>th
o= L<j<i
aij Oxisx-w ere 1<j<i

j 2
The statistical index, UF, is then calculated as (Xu et al., 2015):
UF = %= B0 ek = 1,2,3, -0
JVar(Sy) 3)
where,
k(k—-1
B(s) = =D
yVar (S @
k(k—1)2k=1)
Var(§) = ————=—
ar(Se) 7 ®)

The UF and UB, namely the statistical indices for a forward and
backward sequence, follow a standard normal distribution and are
computed by the same equation, but with their time series running
inversely.

3.3. Impacts of climate variability and human activities on stream flow

3.3.1. Hydrological sensitivity method

Water

Long-term water balance can be assessed the effects of climate
variability on runoff and it can be summarized as follow (Lee and Kim,
2017):

P=E+ Q+AS (6)

where P is the precipitation (mm), Q is the runoff (mm), and AS is the
water storage change in watershed and E, a a function of the dryness
index ¢ = Eo/P, is the actual evapotranspiration (mm). The actual
evaporation (E), was calculated based on six popular Budyko-based
functions (Table 2) and Eq. (7).

E = PF () (7)

A hydrological sensitivity method was applied to determine stream
flow modifications, driven by changes in rainfall and potential evapo-
transpiration, as the climatic variables affecting stream flow (Wang
et al., 2016). According to this method, mean annual stream flow
change was calculated by Eq. (8) (Li et al., 2007; Ahn and Merwade,
2014):

AQY™ = BAP + yAE, ®
where, AQ™ is the stream flow change influenced by climate varia-
bility, and AP and AE) are precipitation and ET,, changes, respectively.

Table 2
Equations for annual actual evapotranspiration.

Name of function Function

Schreibe (1904)
Ol’dekop (1911)

Budyko (1948)

Pike (1964); Turc (1954)
Fu et al. (2007)

Zhang et al. (2001)

F(@)=1-¢9

F (@) = gtanh(1/Q)

F (@) = [@tanh(1/@)(1—e~2]}/2
F(@)=1/J1+ @2
F@)=1+@ -1+ g9/«
F(@) =1+ w@)/(1 + 0@ + 1/2)
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The values of 8 and vy are stream flow sensitivity to precipitation and
ET,, respectively, and are calculated as (Wang et al., 2016; Lee and
Kim, 2017):

5= 1+ 29 + 3wn?
1+ x + wn?)? 9
_ 1+ 2wy
D (10)

where,  and w are the dryness index (equivalent to ET,,/P) and plant-
available water coefficient, respectively. The term w represents the
relative difference in the way plants use soil water for transpiration.

3.3.2. Methodology for hydrological separation

The double mass curve method uses stream flow and cumulative
rainfall values to determine the start time of obvious changes in stream
flow resulting from anthropogenic activities (Searcy and Hardison,
1960). This method has been extensively applied to assess the con-
sistency between hydro-meteorological time series and, in particular, to
detect stream flow changes attributable to the impacts of human ac-
tivity (Wang et al., 2016; Gao et al., 2013). Contribution of these im-
pacts, compared with precipitation as the important climatic factor, is
determined by the double mass curve. The rationale is that digression of
a linear relationship between cumulative stream flow and precipitation
should show the impact of human activities (Wang et al., 2016). Runoff
variation is related to the climate variability impacts and human ac-
tivities. Accordingly, the total variation in runoff, AQ™, is calculated as
(Peng et al., 2016):

AQP = AQhum + Achim 11

where, AQ“™ and AQ"™™ are the runoff changes caused by climate
variability and human activities, respectively. Therefore, the proportion
of AQ™ in AQ™* as well as the proportion of AQ"™™ in AQ"* are equal to
the contribution of climate variability and human activity effects on the
stream flow changes. The total variation in runoff can also be calculated
as:

AQY' = Q; — Q

where, Q, and Q; are the annual mean observed stream flow in the
change and reference periods, respectively. Furthermore, separate
analyses of the impacts of human activities and climate variability on
runoff, C%mandC"", respectively, can be estimated as (Bao et al.,
2012):

(12)

Achim
AQZOI

AQhum
AQZOI

Chum = 100- Ceim = 100-

13)

The double mass curve method is based on the linear regression
evaluation. In the reference period the relationship between cumulative
stream flow and rainfall is accordingly considered as (Peng et al.,
2016):

> Q=k) P+b

where, Q and Pare stream flow and precipitation, respectively, and k
and b are two coefficients. This equation is used to predict stream flow
in the modified period. Considering precipitation, as the climate factor,
is the same for both predicted and observed runoff, during the reference

(14)
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and change periods (in this study precipitation for the reference period
was considered for the change period), the difference between observed
and simulated values of stream flow during the change period is equal
to the values influenced by human activities:

AQM™=Q, — Q, (15)

where, Q,is the annual mean predicted stream flow during the change
period. Thus, the runoff change influenced by climate variability is the
difference between the total runoff change and the runoff change
caused by human activities (Fig. 3).

3.3.3. Hydrologic modelling (SWAT model)

The semi-distributed SWAT model (Neitsch et al, 2011; Ahn and
Merwade, 2014) was used to evaluate water flow components as well as
to detect climate variability and human activity effects. SWAT simu-
lations divide a basin into many hydrological response units (HRUs), all
with uniform cover, soil and management regimes (Neitsch et al.,
2011). Using small units for simulation purposes is very useful in si-
tuations where the basin has widely varying soil types and different
land uses, which each affect basin hydrology differently. The water
balance equation for detection of the hydrological components in SWAT
is expressed as (Arnold et al., 1998; Zhang et al., 2016a,b):

t

SW = S% + z (P, — ET, — Qi,seep - Qi,surf - ngw)

i=1

(16)

where, SW, is soil moisture at time t (mm); SW, is initial soil moisture
(mm); i is the day counter; P, is precipitation (mm); ET, is evapo-
transpiration (mm); Q; ., is percolation through the soil profile (mm);
Qi sy is surface runoff (mm); and Q;4, is ground water return flow
(mm).

In the present study, the first two years (1975-1976) were the
warm-up period, while 1977-1985 and 1986-1994 were the calibration
and validation periods, respectively, when stream flow was less heavily
influenced by human activities.

3.3.4. SWAT model evaluation

The SWAT-CUP and SUFI-2 algorithms (Abbaspour, 2007, 2011;
Abbaspour et al., 2015) were used for calibration, validation, sensitivity
and uncertainty analysis. After the sensitivity analysis, model accuracy
was evaluated using the Nash-Sutcliffe Efficiency (NSE) criterion (Nash
and Sutcliffe, 1970) and the coefficient of determination (R%). The NSE
and R? values range from - to 1 and O to 1, respectively; generally
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Schematic diagram to separate impacts of climate and human factors on stream flow changes.

acceptable values are higher than 0.5 and 0.6, respectively (Zhang
et al., 2016a,b):
n Obs __ )simy2
Ns =1 | D@ -0
Zi:l (Qz - Qobs) (17)
S o Y C e T o) §
T @ = QPR (@ - QM (18)
where, Q% is the observed discharge, Q™is the simulated discharge,

—obs —sim
Q; is the average observed discharge, and Q; is the average simu-

lated discharge (m®s™1).

The SUFI2 algorithm for determining the 95% prediction un-
certainties (95PPU) generates two indices: the p-factor and the r-factor
(Abbaspour, 2008). Defined as the percentage of obtained modelled
data bracketed by the 95 PPU, the p-factor ranges from O to 1. The r-
factor shows the quality of the simulation by expressing the average
thickness of the 95PPU, values range between 0 and . Ideally, both
the p- and r-factors should be close to 1.0.

4. Results and discussion
4.1. Annual stream flow trends and sudden change point

The null hypothesis Hy (no trend) was rejected (p < 0.05) as the
absolute values of all MK test standardized trend statistics exceeded
1.96 (Table 3). This indicates a negative trend for all series.

The results of both MK and Pettitt change point tests indicated a
sudden change in the annual stream flow in 1994 (p < 0.05); as in-
dicated by the intersection of the curves in Fig. 4. Based on this change
point, the 1975-2010 series was divided into two periods: reference
(1975-1994) and change (1995-2010) (Table 4). The negative value of
UF confirmed a downward trend in annual stream flow, reflecting a
considerable (43.4%) drop in mean annual stream flow; 212 mm to

Table 3
Statistical trend analysis results.

Data Record length MK statistic
Wet period 1975-2010 -2.50
Dry period 1975-2010 -2.18
Annual 1975-2010 -3.67




A. Pirnia, et al.

Journal of Hydro-environment Research 25 (2019) 12-24

3 UF  cevcccces uB
o N
1
2
2 TR
= 0 fF—— e,
-~ | T S L,
s\ T
v .
= LIV T N e,
D |eeecccsccccatcctattttatctttttittatccttttctttitctttttstctctsctttntetataes ...........::'.'.-.-.-.s., ..........
-3
1975 1980 1985 1990 1995 2000 2005 2010
Year

Fig. 4. MK sudden change point detection in time series of annual stream flow.

Table 4
Results of the Pettitt and MK tests under the 5% significance level.
Data Pettitt test MK
p-value Change point p-value Change point
Annual 0.0001 1994 0.0007 1994
Table 5

Annual precipitation (P), temperature (T), potential evapotranspiration (ET,q)
and stream flow (Q) changes between the two periods.

Period P (mm) T (°C) ETpot(mm) Q (mm)
1975-1994 613 12.5 1252 212
1995-2010 531 13.1 1263 120

Change —82 (13.37%) 0.6 (4.8%) 11 (0.878%) —92 (43.4%)

120 mm between the reference and change periods, respectively
(Table 5).

4.2. Impacts of climatic variability and human activity on annual stream

flow

4.2.1. Annual stream flow changes based on the hydrological sensitivity
method

Table 5 also shows changes in ET,,; and precipitation between the
reference and change periods. Annual precipitation decreased by
13.37% and temperature increased by 4.8%, while ET, increased only
very slightly. Changes in climatic variables can have offsetting or sy-
nergistic impacts on water resource components (Shrestha et al., 2017),
and in this case, it seems the changes in precipitation and temperature
had offsetting effects on ETj,. It can be concluded accordingly that the
basin was moving toward drier conditions.

The negligible change in ET,suggested that it had little effect on
changes in runoff. Precipitation, however, had a greater effect on
stream flow change within the Haraz River basin (Table 5) (Wang et al.,

2016). Accordingly, Eq. (16) can be rewritten as:
AQclim = BAP 19)

Sun et al. (2005) showed that in basins with complex land use types,
the runoff sensitivity to changes in precipitation () can be described as:

B=2, B

where, f; includes the area of land use types such as forest, grassland,
farmland, construction and urban lands, etc. The w values for the cal-
culation of B (Egs. (17) and (28)) were set equal to 2, 1, 0.5, 1 and 0.1

(20)

17

for high-density forest (forest cover > 30%), low-density forest (forest
cover < 30%), grassland and farmland, shrub land, urban and barren
lands, respectively (Sun et al., 2006; Wang et al., 2016).

Based on land use maps of the Haraz River basin in 1988, 2000 and
2013, the proportion of total area under different land uses are shown
in Table 6. Using Eq. (17) and Eq. (28), the value of  was found to be
0.335. Based on Eq. (27) and the decrease in stream flow of 92 mm y'1
between reference and change periods, the stream flow change was
29.85% (27.47 mm) by AQm and 70.15% (64.53mm) by AQM"
(Table 7).

4.2.2. Parameter sensitivity, calibration and validation analysis

Analysis of sensitivity is extremely useful for identifying influential
parameters and improving the SWAT model’s simulation performance.
The SUFI-2 algorithm detected 11 parameters that were sensitive to
stream flow in the Haraz basin (Table 8). The most sensitive of these
parameters were CN2, ALPHA BNK and CH_K2, indicating that stream
flow in the Haraz basin was strongly influenced by snow, ground water,
vegetation and soil properties.

The MK test and the identification of a sudden change point (1994),
showed that data for calibration and validation periods were both
drawn from before 1994, when stream flow was minimally influenced
by human activities. The first two years (1975-1976) were considered a
warm-up period, while 1977-1985 and 1986-1994 data served as ca-
libration and validation periods, respectively. Visual and statistical
evaluations of model performance are shown in Fig. 5 and Table 9. The
R? and NSE values for calibration were 0.89 and 0.79, respectively,
while the p-factor and r-factor values were 0.78 and 0.96, respectively.
Although the performance for the calibration period was better than
that for the validation period, based on a sufficiently narrow 95PPU
band, the uncertainty for stream flow simulation in both periods was
deemed relatively small. Thus, model simulation performance was
considered acceptable.

4.2.3. Investigation of flow component changes
Based on observed and SWAT-simulated stream flow values, stream

Table 6

The proportion of total land area (%) under various land uses in different years.
Land use 1988 2000 2013 Average
Grassland 80.95 80.29 75.857 79.032
Forest 10.284 8.752 6.084 8.373
Farmland 5.287 6.461 6.851 6.2
Barren land 2.33 4.55 8.957 5.279
Construction land 0.874 1.669 2.161 1.568
Water 0.275 0.108 0.09 0.157
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Table 7 Table 9
Climate and human factors impacts on annual stream flow. SWAT model performance in calibration and validation periods.
AQ AQCm AQMm Period P-factor R-factor NSE R?
Quantity/mm -92 —-29.63 -62.37 Calibration (1977-1985) 0.78 0.96 0.79 0.89
Contribution rate (%) 100% 32.2% 67.8% Validation (1986-1994) 0.85 0.82 0.77 0.84
Table 8 flow amounts decreased by 92 mm and 32 mm, respectively, between
Sensitivity analysis of SWAT model parameters. the reference and change periods (Table 10). Climatic variability and
. human activities contributed 34.78% and 65.22%, respectively, to these
Rank Name Description t-value p-value R X 0
changes. This indicates a greater importance of human activities. The
1 r CN2.mgt SCS runoff curve number for 17.6 0.00 results of hydrological sensitivity method and the SWAT model were
moisture condition II similar, confirming the fact that human activities contributed more to
2 v_ALPHA BNK.rte Base flow alpha factor for bank 8.4 0.00 . . . . 1e1s
storage changes in stream flow than climatic variability. These results are
3 v_CH_K2.rte Effective hydraulic conductivity 3.9 0.007 consistent with a number of other studies (Ahn and Merwade, 2014;
(mm/h) Wang et al., 2016; Yan et al., 2017).
4 r_SOL_BD().sol Soil bulk density 32 0.009 Runoff, ET, ground water and soil moisture were evaluated in the
5 V-SMTMP.bsn Snow melt base temperature (oC) 2.7 0.01 1975-1994 and 1995-2010 periods to identify climate variability and
6 v_SMFMX.bsn Melt factor for snow on June 21 2.6 0.01 land h e a i in fl
(mm water/oC-day) and use change effects on flow components. Differences in flow com-
7 Vv_ALPHA BF.gw  Base flow alpha factor 2.35 0.02 ponents between the two periods were rather minor under land use
8 v.GW DELAY.gw  Groundwater delay time (days) 2.17 0.03 change and constant precipitation and temperature conditions
9 V—SURLA(;"S“ S“rfaieu“m‘)ff lag ‘im‘z (days) 2 0.04 (Table 11). Runoff increased by 4.98%, and ET, ground water and soil
10 v_SFTMP.bsn Snowfall temperature (oC) 1.92 0.057 . o o 0, . ~
1 v CANMX hru Maximum canopy storage (mm) 179 0.063 moisture decreased by 0.93%, 2.7% .a.nd 7.14./0 respectllve.ly.l. In con
trast, under constant land use conditions, climate variability had a
much greater effect on flow components, such that ET, runoff, ground
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Fig. 5. Comparison of observed and simulated stream flow at a monthly timescale during the periods of calibration (1977-1985) and validation (1986-1994).
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Human activities and climate variability impacts on the annual stream flow decrease (mm).

Period Observed Simulated Total runoff changes Contribution of climate variability Contribution of human activities
1975-1994 212 188
1995-2010 120 156 —-92 -32 (34.78%) —60 (65.22%)

Table 11

Changes in water resources components (mm) caused by climate variability and land use change.
Period Precipitation ET Stream flow Ground water Soil water
Land use change
1975-1994 568 321 182 37 28
1995-2010 568 318 188 36 26
Change —3(0.93%) 6 (3.29%) -1 (2.7%) —2(7.14%)
Climate variability
1975-1994 613 328 205 46 34
1995-2010 531 315 147 39 30
Change —82 (13.37%) —13 (3.96%) —58 (28.29%) -7 (15.2%) —4 (11.76%)

water and soil moisture values decreased by 3.96%, 28.29%, 15.2% and
11.76%, respectively, between reference and change periods.

A comparison of the results of the hydrological sensitivity method
and SWAT model (Table 10) with the present (Table 11) confirms that
land use change has a minimal effect on runoff. Human activities, ex-
cluding land use change, clearly had a considerable influence on the
decrease in runoff in the Haraz River basin. Some studies, for example,
reported the important role of regulative reservoirs on stream flow
change (Song et al., 2015; Wang et al., 2016).

4.2.4. Spatial distribution of water resource components

The SWAT model was run with the basin divided into 19 sub-wa-
tersheds. Spatial distribution of runoff, ET and soil moisture are shown
in Fig. 6 for the 1975-1994 and 1995-2010 periods.

4.2.4.1. Spatial distribution of stream flow. The highest stream flows
occurred in the downstream sub-watersheds, and the lowest in the
central regions of the basin (Fig. 6). Although downstream areas of the
basin included dense and semi-dense forest, high runoff values still
occurred in these regions due to high precipitation compared to other
regions, and strong stream flow recharge by groundwater driven by
snowmelt in the central and southern sub-watersheds.

The stream flow for the 1995-2010 period was considerably re-
duced in most sub watersheds, especially in the northern and down-
stream areas. This illustrated the importance of climate variability
compared with land use change. The decreased runoff caused by lower
precipitation overcame the increased runoff caused by less forest and
rangeland and more barren and urban areas.

4.2.4.2. Spatial distribution of evapotranspiration. The highest ET values
occurred in downstream and northern sub-watersheds, while the lowest
ET occurred in the central and western sub-watersheds (Fig. 6). Forest
and rangeland land use types in downstream sub-watersheds along with
high temperatures and precipitation in these regions were major
contributors to the high ET values. Decreased temperature and
reduced vegetation cover area in the central and western sub-
watersheds, compared with other sub-watersheds, resulted in a
decrease in ET.

Fig. 6 shows that ET in the 1995-2010 period was not significantly
different than that in the 1975-1994 period. This indicates the im-
portance of the temperature increase in contrast with decreases in
precipitation and land cover. The highest ET occurred in sub-water-
sheds 1, 2, 8, 6 and 5 in the downstream and northern areas, while the
lowest ET occurred in sub watersheds 11, 13, 16 and 17 in the centre
and south portions of the basin.

19

4.2.4.3. Spatial distribution of soil water. Similar to runoff and ET, in the
northern, downstream and north-western sub-watersheds, soil moisture
was higher in the 1975-1994 period than in the 1995-2010 period
(Fig. 6). Land cover including forest and rangeland and high
precipitation values were the most important reasons for high soil
moisture values in these sub-watersheds. Soil moisture was
considerably reduced due to decreased precipitation, land cover and
increased barren and urban lands during the 1995-2010 period.
Generally, flow component changes between the two periods showed
that the role of climate variability outstripped that of land use change in
decreasing runoff, ground water, soil moisture and ET.

4.3. Seasonal stream flow trends and sudden change point

The results of both sequential MK and Pettitt tests also indicated a
sudden change in seasonal stream flow in 1994 (p < 0.05) (Fig. 7 and
Table 12), a result consistent with the change point detected in annual
stream flow. Thus, the study period (1975-2010) was also divided into
reference (1975-1994) and change (1995-2010) periods for seasonal
stream flow.

The changes in runoff and precipitation for wet and dry seasons
between the reference and change periods (Table 13) show that the
decline in stream flow was considerable in both wet (34.37%) and dry
(71.15%) seasons. Precipitation in the wet and dry seasons decreased
by 15.27% and 6.66%, respectively.

4.4. Impacts of climate variability and human activity on seasonal stream

flow

A straight-line plot of cumulative values of seasonal stream flow and
precipitation from 1975 to 1994 (Fig. 8), shows the observed lines of
cumulative runoff in both wet and dry seasons diverge from the pre-
dicted line in 1995, indicating that thereafter observed stream flow
values were less than those predicted. These differences between cu-
mulative values of observed and predicted runoff were likely related to
the impacts of human activities. The results indicated that the stream
flow changes affected by human activities in the wet and dry seasons
were —23.38 mm (contribution of 42.5%) and —28.54 mm (contribu-
tion of 77.13%), respectively.

Total stream flow changes between reference and change periods
for the wet and dry seasons were —55 mm and — 37 mm, respectively
(Table 14). These changes were influenced by the climatic variability to
the extent of —31.62 mm (contribution of 57.5%) in the wet season and
—8.46 mm (contribution of 22.87%) in the dry season. Importantly, in
the dry season, stream flow changes influenced by anthropogenic ac-
tivities may be considerably more important than those attributable to
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Fig. 6. Changes in stream flow, evapotranspiration and soil water (soil moisture) between the reference (1975-1994) and change (1995-2010) periods.

climatic variability. In a related study by Pirnia et al. (2014) in the

Tajan River basin (near the Haraz basin and with similar climatic

characteristics), increasing water transfer from river to riverside crop-
lands was found to be the main reason for stream flow changes during

the dry season.

4.5. Attribution of human activities and climatic variability

Based on the land use maps of 1988, 2000 and 2013 (Table 6), the
largest land use remained grassland despite a decreasing trend. Farm-

land and forest areas increased and decreased by 1.5% and 4%, re-
spectively. Barren lands showed the most change among land use types

20
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Fig. 7. Seasonal stream flow and MK sudden change point.

Table 12
Results of change point detection by the Pettitt and MK tests under the 5%
significance level.

Data Pettitt test MK
p-value Change point p-value Change point
Dry season 0.0023 1994 0.008 1994
Wet season 0.0004 1994 0.003 1994
Table 13

Seasonal precipitation and stream flow changes between the reference and
change periods.

Period Precipitation Stream flow
Wet season Dry season Wet season (Q,) Dry season (Qq)
(mm) (mm) (mm) (mm)
1975-1994 478 135 260 102
1995-2010 405 126 205 65
Change -73 -9 -55 -37
(15.27%) (6.66%) (21.15%) (36.27%)

with an increase of 6.5% (Table 6). Although, a decrease of forest and
rangeland and an increase of barren lands could potentially lead to
increases in stream flow, the offsetting effects of climate and human
drivers led to a decrease of 43.4% in annual stream flow. In contrast,
some human activities including the construction of regulative re-
servoirs could contribute considerably to decreases in stream flow.
Although stream flow changes were influenced by a combination of
climate and human factors, the present study shows that changes were

21

generally influenced more by the latter. The effect of human activities
on seasonal stream flow changes in the dry season was greater than in
the wet season. In other words, during seasons when agriculture was
carried out, land use changes due to increasing croplands seemed to
have had a larger effect than other drivers.

Of great interest to researchers (e.g., Yuan et al., 2015), climatic
variability generally would alter stream flow through a variation in
meteorological variables; especially precipitation or ET,, (Green et al.,
2013; Tan and Gan, 2015). Hydrological changes resulting from climate
variability may affect the performance and biodiversity of river eco-
systems (Pall et al., 2011). The results of the present study indicate that
climate variability contributed more than human activities to stream
flow changes during the wet season. ET,, effects on stream flow
changes were negligible since there was little difference between re-
ference and change periods. Thus, among meteorological variables,
precipitation made a more important contribution to stream flow
changes of the Haraz River basin than did ET,. Changes in precipita-
tion were considerable in the wet season, when the stream flow changes
were influenced more by climate variability.

Similar results were obtained for the hydrological sensitivity
method and hydrological modelling (SWAT) when separating climate
variability and human activity effects on annual stream flow. However,
we believe the results of the SWAT model to be more useful given the
numerous parameters it employs: climate variables (precipitation,
temperature, relative humidity, wind speed, radiation) and terrestrial
variables (land use, soil, DEM, slope). In contrast, the hydrological
sensitivity and double mass curve methods consider only climate vari-
ables, especially precipitation. Because human impact is a gradual and
continuous process and changes over time, consideration of water re-
source components, especially stream flow, by the SWAT model in the
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Table 14 analysed, and the following major conclusions were reached:
Impacts of climate variability and human activities on seasonal stream flow.
A0 AQEtim AQHum (i) MK test results showed sudden change points in both annual and
seasonal stream flows in 1994, along with a significant (p < 0.05)
Wet season Quantity/mm -55 —31.62 -23.38 decreasing trend. Accordingly, the stream flow record
Contribution rate (%) 100% 57.5% 42.5% (1975-2010) was divided into reference (1975-1994) and change
Dry season Quantity/mm -37 —8.46 28.54 . .
Contribution rate (%) 100% 22.87% 77.13% (1995-2010) periods.

periods before and after the sudden change may better reveal the effects
of human activities. Comparatively, the hydrological sensitivity method
does not consider the impacts of human activities as a gradual and
continuous process.

In this study, we carried out stream flow trend analysis and eval-
uated the separate of the impacts of human and climate factors to
stream flow changes; however, we did not consider the effects of re-
servoir construction as a factor effecting stream flow (Zhang et al.,
2011; Wang et al., 2016). Future studies should consider the con-
tribution of this factor on stream flow alterations.

5. Conclusions

The aim of the present study was to analyse the impacts of climatic
and human factors on water resource components, especially stream
flow, for the Haraz River basin between 1975 and 2010. For this pur-
pose, temporal trends of annual and seasonal stream flow along with
separation of climate variability and human activities effects were

(ii) The hydrological process was mainly influenced by climatic
variability and human activities which annual stream flow changes
were driven more by human activities than shifts in climate. Based
on both the hydrological sensitivity method and the SWAT model,
human activities contributed 70.15% and 65.22%, respectively, to
changes in annual stream flows, while climate variability con-
tributed the remaining 29.85% and 34.78%.

(iii) To develop greater confidence and less uncertainty in the results,
individual impacts of land use changes were considered as being
among the most important human activities. We also evaluated the
effects of climatic variability on stream flow and other water re-
source components including ET, soil moisture and ground water.
The effect of shifting climate was considerably greater than that of
changing land use. Other human activities such as regulative re-
servoirs can have significant impacts on water resources compo-
nents, especially changes in stream flow.

(iv) Changes to the spatial distribution of water resources components
(soil water, stream flow and ET) showed that climate (increased
temperature and decreased precipitation) had considerably more
effect than land use changes, particularly to stream flow. The
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changes in water resource components in sub-watersheds 1, 2, 8,
10 and 12 with greater density of forest lands revealed the more
important contribution of climate compared to land use change.
Stream flow in these sub watersheds decreased as a result of lower
precipitation and higher temperatures, despite a decrease in
forested lands and an increase in barren and urban lands. Thus,
climate variability effects dominated over those brought on by
land use changes. Negligible changes in ET, especially in sub wa-
tersheds 1, 2, 8 and 10 with high forest cover showed the offsetting
effects of temperature increases (ET increase) and decreases in
precipitation and land cover (ET decrease).

The variability of climatic factors and human activities contributed
57.5% and 42.5% to seasonal runoff changes in the wet season,
respectively, and 22.87% and 77.13% in the dry season. Stream
flow in the dry season was evidently mainly affected by human
activities.

(v

-

The results of this study can better inform water resources man-
agement practices throughout the basin and also at the sub-watershed
scale. Investigation of climate variability and land use change effects on
stream flow by the SWAT model in dry and wet seasons could reveal
seasonal effects of land use change, especially under constant climatic
conditions and individual land use. Many studies have assessed the
combined and separated impacts of human activities and climate
change on stream flow in large rivers. The contribution of storage and
regulative dams as a part of human activities, however, also has an
important role on the magnitude, frequency and duration of flows on
the river downstream. This could be considered separately from other
human activities (such land use change) and should be investigated in
future studies.
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