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Abstract
Understanding how climate variability and
human activities interact to affect watershed hydrology is needed for adaptive watershed management. The Mann-Kendall
test and hydrological sensitivity analysis
were coupled in this study to evaluate the
specific impacts of climate variability and
human activities on the change in mean
annual runoff for the Jiulong River Watershed using a long-term hydro-climatic
data during 1961-2013. Based on the results of MK test, the study period was divided into two periods, the baseline period
(1961-1974) and the altered period (19752013). The mean annual runoff during the
altered period increased by 31 mm (3.5%)
and 93 mm (11.6%) for the North and West
Rivers, respectively, compared with that
of baseline period. Climate variability was
identified as the dominant factor controlling the increased annual runoff, accounted
for 58 mm (193%) and 90 mm (97%) of the
changes in the North and West Rivers, respectively. Human activities (e.g. increasing water withdrawal, cascade dams, and
reforestation) played a more important
role in the reduction of annual runoff, particularly in the North River of about 27 mm.
The present study suggests that human ac-

tivities may buffer the severity of hydrological changes associated with climate changes, particularly in Southeast China region
where more intense and extreme weather
events have been experienced.

Introduction
Climate change and human activities are
two factors contributing to watershed hydrology, which greatly influences the local
and regional drinking water security and
aquatic ecosystem health (Huang et al.,
2013; Piao et al., 2010; Zhao et al., 2014).
Understanding how the two factors affect
river runoff dynamics is essential for water
resource management, especially in coastal
watersheds where peoples are heavily concentrated and reliant on water resources
(NOAA, 2013).
Climate change contributes to river runoff dynamics across various physiographic
regions. A general pattern of increasing
runoff has been projected and reported in
high latitudes, East Asia, South Asia, eastern Africa, Canada, and in parts of South
America (Arnell and Gosling, 2013; Huang
et al., 2014; Milly et al., 2005; Moraes et
al., 1998). As most land-based pollutions
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are exported through runoff, the magnified
annual runoff may amplify nutrient and
sediment transports, resulting in more frequent harmful algal bloom and hypoxia in
coastal water (Hägg et al., 2014; Lee et al.,
2015). However, changes in annual runoff cannot be attributed solely to climate
changes because non-climatic factors also
exert substantial impacts on watershed hydrology (Bronstert et al., 2002; Hopkins
et al., 2015; Zhang et al., 2015; Zimmermann et al., 2006). Research suggests that
change in land-use practices affect streamflow regime. Increasing streamflow might
be affected mainly by agricultural activities
rather than climate changes (Zhang and
Schilling, 2006). Changes associated with
urban development include decreased vegetation and increased impervious cover can
contribute to flooding (Martin et al., 2012;
Remondi et al., 2016), whereas reforestation can lead to large decreases of longterm annual runoff (Trabucco et al., 2008).
Increasing water demand for agricultural,
industrial, and domestic purposes has also
been responsible for the decrease of annual
runoff in many rivers (Zhang et al., 2011).
Besides, watershed morphology played an
indirect, but important role in determining how watersheds respond to long-term
changes in climatic variables (Rice et al.,
2016). The complexity of human activities
in a catchment could exert the linear or
non-linear impacts resembling the effects
of climate change on runoff. Therefore,
whether the change in annual runoff is induced by climate changes or human activities is still in question.
In recent years, a number of studies have
been conducted to distinguish effects of
climate change and human activity on watershed hydrology. The research methods
can be divided into four types: simple regression techniques, modeling-based approach, conceptual model, and climate
elasticity model. By using regression techniques, some researchers identified a nonlinear rainfall-runoff relationship and sug-

gested that human activity, rather than climate change is the major factor of runoff
decline in North China rivers (Yang and
Tian, 2009; Zhang et al., 2011). But this
method could not estimate clearly the individual contribution of these two factors on
the change in runoff. Other studies simulated the response of runoff to different scenarios of land-use or climate changes with
the aid of semi-distributed hydrological
models such as SWAT, PRMS, HEC-HMS,
etc. (Ahn and Merwade, 2014; Ficklin et
al., 2009; Legesse et al., 2003). However,
the interpretation of the results derived
from hydrological models can be difficult
due to uncertainties in parameter calibration and limitations of long-term data. The
third method is a simple conceptual model
proposed by Tomer and Schiling (2009) to
empirically distinguish the relative impact
of climate change and land-use on runoff based on coupled water-energy budget
analysis. However, this method does not
quantitatively estimate contributions of climate and human activity to runoff, so we
cannot fully delineate the interaction between these two factors on river runoff. The
fourth method is using the climate elasticity model to predict the sensitivity of annual
runoff to climate change given the change
in precipitation and potential evapotranspiration (Arora, 2002; Dooge, 1992; Koster
and Suarez, 1999). One framework was established to enlarge the application of the
climate sensitivity model (Li et al., 2007).
By using this framework we can quantify
not only the climate-induced runoff change,
but also the human activities-induced runoff change. The framework named “Hydrological Sensitivity Analysis” has been applicable to various climatic conditions (Tan
and Gan, 2015; Wang and Hejazi, 2011; Ye
et al., 2013).
The Jiulong River watershed is a medium-sized subtropical coastal watershed in
Southeast China, which has experienced
drastic land-use change in the past 30 years
and plays an important role in the region’s
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economic and ecological health. Our previous studies generally detected the hydrologic response to climate change and human activities (Huang et al., 2013) and also
used the ecohydrologic analysis method to
distinguish the relative impact of these two
factors on streamflow in the Jiulong River
Watershed (Zhang et al., 2015). However,
more research is needed to learn how the
interaction of these two factors may affect
the magnitude of runoff changes. In this
article, we aim to elucidate the specific impact of human activities on river runoff dynamics over time in the context of climate
change by using the framework of hydrological sensitivity analysis. The findings of
this study can deepen our understanding of
how the complex interactions between climate and non-climatic factors (e.g. catchment size, increasing water withdrawal,
river regulation, and land-use changes)
may affect the magnitude of runoff change
at watershed scale.

Study Area and Methods

Study Area
The Jiulong River Watershed is the second
largest watershed in the Fujian Province of
Southeast China, residing from 116°46’55”
E to 118°02’17” E and 24°23’53” N to
25°53’38” N (Figure 1). The watershed is
situated in a subtropical zone with a monsoon climate. Annual average temperature
is 19-21oC. Annual precipitation averages
1400-1800 mm, of which 70% occurs between April and September. The watershed
covers 14700 km2 and includes two river
reaches, namely, the North River and the
West River. The river flows into Jiulong
River estuary and Xiamen-Kinmen coast of
which red tide events commonly occurred
(Yan et al., 2012). Figure 1 shows Natural
is the dominant land-cover type in the watershed, accounting for over 73% of the total catchment area, while Agriculture and
Built-up account for about 18% and 9% of
the total catchment area, respectively.
The study area has undergone intensive
land-use changes in the past 30 years,
which was associated with the overall economic growth. About 9% of the natural feaFigure 1. Map of Jiulong River
Watershed and location of
hydro-meteorological stations.
Generally, the North River has a larger
catchment area and steeper slope.
The catchment area of the North River
is 9560 km2 and that of the West River is
3992 km2. The average elevation of the
North River is 613 m and that of the
West River is 402 m. Only half as many
dams were constructed in the West River
compared to the North River. Therefore,
water storage capacity in the North River
is significantly bigger (about 11.4x108 m3,
compared with that in the West River of
about 2.8x108 m3 (Zhang et al., 2015)).
The upstream region of Jiulong River is
mountainous with slope in excess of 18%.
In contrast, the downstream end of
Jiulong River constitutes of Zhangzhou
plain, the largest plain of Fujian province
with highly intensive agricultural
production.
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tures i.e. forests were converted into agricultural land in 1980s, following national
agricultural policy (Huang et al., 2012).
Moreover, the urban area has been growing
significantly in recent decades, especially
in the downstream area of Jiulong River
(e.g. Zhangzhou city). The combination of
watershed characteristics, land-use, and
human activities in the catchments may influence the magnitude of change in runoff
in the context of changing climate variability. Therefore, it is essential to quantify the
sensitivity of river runoff to climate changes and human activities.

2013. Fractal dimension analysis is a wellestablished method for studying geophysical time series dynamics, and has been applied to analyze the climate variability (Xu
et al. 2017; Bodri, 1994). Fractal dimension
D of climate time series can be derived
from Hurst index of meteorological parameters. We estimated Hurst index of climate
time series from R/S (rescaled range analysis). For particular climate factor’s time series t=1, 2, …, n, x(t) indicates the value of
climate factor at time t, and the mean sequence for any integer Ƭ is defined as:
(1)

Data Sources
Long-term record of daily river discharge
data (m3/s) during 1961 to 2013 were collected from two hydrological stations in the
downstream of the North and West Rivers,
namely Punan and Zhendian (see Figure 1).
Data of daily precipitation (P) and temperature (T) recorded at two meteorological
stations, namely Longyan and Zhangzhou,
were used to delineate climate variability
in the North and West Rivers. These data
were obtained from the China Meteorological Administration website (http://www.
cma.gov.cn). Potential evapotranspiration
(PET) was estimated with Hargreaves’s
equation by using daily mean, minimum,
and maximum air temperature as input
(Hargreaves et al., 2003). Annual river
discharge in m3 was divided by watershed
area in km2 to be expressed as an annual
runoff depth (R) equivalent in mm.

Methods
Climate Variability
We calculated the fractal dimensions to
evaluate the variability of four climatic factors (temperature, solar radiation, potential evapotranspiration, and precipitation)
in two meteorological stations from 1961-

Cumulative deviation is calculated as:
(2)
Range sequence is calculated as:
R(T)=max X(t,T)–min X(t,T), t=1,2,...,n
(3)
Standard deviation is computed as:

(4)
For the ratio R/S = R(Ƭ)/S(Ƭ), if the following
relationship exists:
(5)
A log transformation is applied to the equation (5), so that log (R/S) has linear relationship with log (T). The slope of this line
is the Hurst index, and can be calculated
using the least square method. Feder et al.
(2013) verified the relationship between
fractal dimension D of a time series and its
Hurst index H, which is represented as:
D=2–H

(6)
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D ranges from 1 to 2. Higher D indicates
higher variability of the climate factor dynamic, which indicates the climate factor
changes with higher frequency and more
uncertainty. Xu et al. (2017) defined the
variability of climate system dynamic as the
multiplication of fractal dimensions of four
climatic factors dynamics:

(10)

The null hypothesis Ho states that x1,.., xn
are samples of n independent and identiDClimateSystem = DTemperature *DSolarRadiation
cally distributed random variables with
*DPET *DPrecipitation
(7)
no temporal change. Positive Z value indicates an increasing trend, while negative Z
value indicates a decreasing trend. The sigTrend Analysis
nificance levels are set at 0.05 with |Za/2|
We applied the non-parametric Mann- of 1.96. The null hypothesis Ho is rejected
Kendall test (MK test) to analyze the an- when |Z|>1.96.
nual trend of hydro-climatic parameters
from 1961 to 2013. This method is widely
Change Point Detection
used to assess change trends in hydrological and meteorological time series world- A sequential Mann-Kendall rank statistic
wide (Moraes et al., 1998; Zhang et al., was applied to identify the starting point
2011). MK test assumes that the time series of runoff changes (Ye et al., 2013; Zhang et
data are independent. The lag-1 serial cor- al., 2011). Letting x1, x2, …, xn be the data
relation was therefore examined prior to values, for each xi, the number ri of xj preanalysis, and the results (not shown here) ceding it (j<i), such that xi>xj were computrevealed that no significant correlation ex- ed. The assumption (null hypothesis) states
isted in the data, thus all variables can be that the sample under investigation did not
subjected to the MK test. The theoretical have a beginning developing trend. The test
frame of the MK test statistic is:
statistic was determined using the following formula:

(8)

(11)

where xi and xj are the sequential data val- The test statistic is normally distributed
ues, and n is the length of the data set. With with a mean and variance given by:
normal distribution, the mean of S will be
zero and variance values are given by:
(9)
A normalized test statistic Z is computed
as:

(12)
The sequential values of the statistic UFk
are calculated as:

(13)

WATER 9, 92-108, JANUARY 30, 2018

96

WATER

where UFk is the forward sequence, and the
backward sequence UBk is calculated using
the same equation but in reverse data series. The null hypothesis (no step change
point) is rejected if any of the points in the
forward sequence (UFk) are outside the
confidence interval. An intersection point
of UFk and UBk within the confidence interval indicates a change point. The parts of
the curves that exceed the confidence lines
represent the time domain of the abrupt
change. Through the change-point analysis, the runoff time series were divided
into two periods, the baseline period (BP),
representing the natural condition of the
catchment with limited human activities;
and the altered period (AP), when intensive
human activities took place.

period; PET is estimated potential evapotranspiration (Hargreaves et al., 2003);
ΔPET is the change of PET between altered
and baseline period; εp is the sensitivity coefficient of runoff to precipitation; εPET is
the sensitivity coefficient of runoff to PET.

The sensitivity coefficient can be computed
with Eqs. (16) and (17) under the assumption that storage changes during baseline
and altered periods are zero over a long period of time. In fact, we have no data supporting this assumption. There is a lack of
information of the groundwater storage
change and surface water storage change
for the Jiulong River Watershed. However,
some other applications of hydrological
sensitivity analysis were generally based on
the water balance equation. These studies
recognized that averaging hydrologic budHydrological Sensitivity Analysis
gets among multiple years would minimize
ΔS. Therefore, it is reasonable to assume
The difference between the mean annual ΔS is zero over a long period of time (i.e. 10
and
runoff during the altered period
years) (Li et al. 2007; Zhang et al. 2011; Ye
the mean annual runoff during the baseline
et al. 2013; Li et al. 2014).
can represent the total runoff
period
change as combination of climate change
and human activity (Li et al., 2007; Wang,
(16)
2014):
(14)
(17)
where ΔRC represents the changes of annual runoff induced by climatic change only;
ΔRH is the change of annual runoff caused
is the aridity index for
by human activity only. ΔRC indicates the where
changes observed in the mean annual run- baseline period; ω is a plant-available water capacity parameter that is related to
off between altered and baseline period.
the vegetation type, soil hydraulic propAccording to the climate elasticity model, erty, and topography (Zhang et al., 2001).
ΔRC is defined as the change in mean annu- ω can be estimated using long-term annual runoff in response to the change in mean al hydro-climatic data using the following
annual precipitation and potential evapo- equation:
transpiration (Arora, 2002; Dooge, 1992;
Koster and Suarez, 1999):
(18)
(15)
where P is precipitation; ΔP is the change of
precipitation between altered and baseline

where ET is the actual evapotranspiration.
Averaged over many years, ET is equal to
the difference between precipitation and
runoff (Milly et al., 2005).
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The model parameter ω needs to be calibrated by comparing the observed annual
runoff with the predicted annual runoff
(RP) during the baseline period:
(19)

_

ω is the mean model parameter during the

baseline period computed using Equation
18.

in the North River, with fractal dimensions
within the interval 3.0-5.5. As for climate
factors, potential evapotranspiration had
the highest variability, while precipitation had the lowest variability (Table 1).
The mean value of the fractal dimension of
potential evapotranspiration, solar radiation, temperature, and precipitation in the
Jiulong River Watershed are 1.502, 1.484,
1.483, and 1.482, respectively.

Variability and Trend in
Hydro-climatic Variables

Table 2 shows a long-term trend of hydro-climatic variables for both the North
and West Rivers during 1961-2013. The annual runoff showed an increasing trend for
both the North and West Rivers with positive Z-value. The positive trends were also
observed in climate variables. Among the
four climatic factors, temperature presents
the most significant increasing trend, while
solar radiation decreased significantly. Precipitation and runoff did not show significant trends. However, the synchronized
trends among them suggests the increased
annual runoff observed in two river reaches
of Jiulong River Watershed would be largely related to the increased precipitation and
potential evapotranspiration.

The variability of climate system dynamics
in the West River is generally larger than

Table 2 shows the changes of annual runoff and climatic variables were stronger in

The individual contribution of climate variability and human activities on runoff can
be expressed as follows:

(20)
where ηC is the contribution of climate variability to runoff change; ηH is the contribution of human activities to runoff change.

Results

Fractal
Dimension (D)*

Temperature

Solar
Radiation

PET

Precipitation

Climate
Dynamics**

North River

1.47

1.48

1.49

1.46

4.75

West River

1.49

1.48

1.52

1.50

5.04

*Higher fractal dimension indicates higher variability (D ranges from 1 to 2).
**Variability of climate system dynamics is quantified by multiplying fractal
dimensions of four climate factors.

Z Value

Runoff

Temperature

Solar
Radiation

PET

Precipitation

North River

0.18

5.09*

-4.16*

1.37

0.65

West River

1.34

6.07*

-3.61*

2.03*

0.96

The positive Z value in the table indicates an upward trend
* significant at p<0.05

Table 1.
Variability of
climatic system
dynamics in the
North River and
the West River
from 1961 to
2013.

Table 2.
Results of
MK test for
annual trend of
hydro-climatic
variables in the
North and West
Rivers during
1961-2013.
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the West River. The Z-value for runoff is
greater in the West River, compared with
those in the North River. The Z-values for
climatic variables (i.e. P and PET) are also
higher. The Z-value for runoff is relatively
higher than those for climates, indicating
the catchment of the West River tended to
generate more runoff under the increased
precipitation. In contrast to the West River,
the observed increasing trend of precipitation in the North River is greater than those
trends in runoff, likely due to the fact that
the larger catchment area of the North River tended to store more surface water for a
relatively similar change in precipitation.
The different responses to climate change
might be affected by watershed morphology, such as catchment size, storage capacity, etc.

Change Point Detection
in Annual Runoff
Figure 2 visualizes the period of change in
annual runoff using the sequential MannKendall rank statistic. The intersection of
UFk and UBk was detected for the year
1974 at 0.05 significant levels for both the
North and West Rivers. The annual runoff
showed the increasing trends from 1961 to
2001, while the opposite trend was found
in the years from 2001 to 2013. An obvious
increasing trend was evident in the West
River, which is significant during the period 2000-2001 as the values of UFk are
above the critical limit. Based on the result
of the sequential MK test, the 53-year study
period was divided into two periods, the
baseline period (1961-1974), representing

Figure 2. Results of sequential MK test for changes point detection of annual runoff during 1961-2013
in the (a) North River and (b) West River with forward (UFk, black line) and backward (UBk, grey line)
sequences. The horizontal dashed lines represent the 0.05 significance level.

Figure 3. Changes of annual and seasonal runoff between two periods in the (a) North River and (b)
West River. The blue and red boxes represent the mean runoff during the baseline and altered period,
respectively.
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the natural condition of the catchment with
limited human activities; and the altered
period (1975-2013) when intensive human
activities took place.

The Relative Impact of
Climate Change and
Human Activities on Runoff

Both the climate and human activity played
important roles in watershed hydrology,
yet the individual impacts of these two factors on runoff changes are difficult to separate. The hydrological sensitivity analyses
were carried out to estimate the individual
contribution of climate changes on runoff,
given the changes in precipitation and potential evapotranspiration using Equations
8-10. The ω as the model parameter represents the plant-available water coefficient
and was estimated to be 0.45 and 0.38 for
the North and West Rivers, respectively.
Figure 5 presents the plots between the
Figure 4 shows the correlation between an- observed annual runoff against the prenual precipitation and runoff in the North dicted annual runoff during the baseline
and West Rivers for the two periods. Runoff period (1961-1974) with R2 values of 0.703
exhibited a positive linear correlation with and 0.757 for the North and West Rivers,
precipitation with r-values greater than respectively. The R2 values are greater than
0.80. The relationship between precipita- 0.70 indicating that the simulated results
tion and runoff during the baseline period are acceptable. According to the estimated
was relatively stronger than that during the ω values, the sensitivity coefficient of runaltered period. This suggests that annual off to precipitation (ε ) was 0.80 and 0.78
p
runoff dynamic during the altered period for the North and West Rivers, respectively.
was affected not only by climate variability. The sensitivity coefficient of runoff to PET
(εPET) was -0.57 and -0.36 for the North
and West Rivers, respectively. The greater
Figure 3 shows the changes of annual and
seasonal runoff between two periods. The
mean annual runoff during the altered period increased by 31 mm (3.5%) and 93 mm
(11.6%) for the North and West Rivers, respectively, compared to baseline period.
Hydrological regime also increased seasonality. Mean monthly runoff increased
in nearly all seasons, especially in spring
(February-April) by 34-38%. However,
mean monthly runoff of the North River
during summer decreased up to 13%.

Figure 4. Correlations between annual precipitation and annual runoff during the two periods in the
(a) North River and (b) West River.
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values of εp revealed that the changes in
runoff were more sensitive to precipitation
than to potential evapotranspiration.
Table 3 shows the relative impact of climate
change and human activities on annual
runoff for the North and West Rivers. The
specific impact of climate change on runoff
was generally positive, i.e. climate change
resulted in increased mean annual runoff
during the altered period for about 58 mm
and 90 mm for the North and West Rivers,
respectively. The proportional change in
annual runoff due to climate change (ηC)
ranges from 97 to 193%. The impact of climate change was greater for the West River, compared with that of the North River.

North River, accounting for about 27 mm
of the decline in runoff during the altered
period, whereas the slight increase in mean
annual runoff by 3 mm was found in the
West River attributed to human activity.
The proportional change in annual runoff
due to human activities (ηH) ranges from
-93 to 3%. Human activity tend to exert
more impacts on the North River. Climate
changes alone would have increased annual
runoff by 58 mm, which was much higher
than the observed change in the North River of about 31 mm. In general, the impact
of climate change on annual runoff was
estimated to be higher than that of human
activity.

As shown in Table 3, the impact of human
activities on runoff was negative in the

Figure 5. Correlations between observed and predicted annual runoff during the baseline period
(1961-1974) in the (a) North River and (b) West River.

River

Period

R
(mm)

P
(mm)

PET
(mm)

Contrbution
Ratio (%)

Changes (mm)

ΔR

ΔR ΔR
C

H

η

η

C

H

North
River

1961-1974
1975-2013

851
882

1689
1756

1303
1292

31

58

-27

193

-93

West
River

1961-1974
1975-2013

708
801

1472
1586

1250
1245

93

90

3

97

3

Table 3. Contributions of climate variability and human activities on changes in mean annual runoff
during the altered period in the North and West Rivers.
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Discussion

in the JRW that precipitation did not show
significant trends, but also in most regions
Contribution of Climate Variability
of China over half a century (Xu et al. 2017).
to Annual Runoff Changes
The previous study suggested that the preClimate change is one of the most impor- cipitation variability in the JRW may be attant factors driving the change in the global tributed to global climate change (Huang et
hydrological cycle through the changes of al. 2013). Xu et al. (2017) also emphasized
precipitaton and potential evapotranspi- that the variability of precipitation in Chiration pattern (Arnell and Gosling, 2013; na is potentially influenced by some factors
Milly et al., 2005). This study shows that outside of China on a larger scale, such as
the variability of climate system dynamics the East Asian monsoon, El Nino phenomin the West River is generally larger than in enon, and sunspot activity.
the North River. Geographically, the weath- The present study attempted to investigate
er station of the West River is located in the the impact of climate change on runoff at
higher longitude, relatively closed to the es- watershed scale, particularly the humantuary. Huang et al. (2013) noted that an in- disturbed watershed of Jiulong River. The
creasing tendency of precipitation is stron- observed increased annual runoff in the
ger from inland to estuary. Furthermore, North and West Rivers were synchronized
Xu et al. (2017) observed the distinct spa- with those trends in climatic variables.
tial pattern of climate variability between More specifically, runoff change was more
the north and the south of China. Our study sensitive to changes in precipitation than
found that the Jiulong River Watershed to potential evapotranspiration (ε > ε ).
p
PET
has less complex climate system dynamics, The magnified annual runoff in the present
compared with some regions in north China study confirms the finding of other stud(e.g., Inner Mongolia, northeast Xinjiang, ies in the Southeast China region, such as
and northwest Heilongjiang) with fractal Poyang Lake Catchment, Dongjiang Basin,
dimensions within interval 5.50-8.00 (Xu and downstream of Yangtze River, where
et al., 2017),
the increased precipitation has been expeAverage annual precipitation in the JRW rienced (He et al., 2013; Piao et al., 2010;
showed an increasing trend over the period Ye et al., 2013). Our attempt to separate
1961-2013, resulting in the increased annu- the individual impact of climate changes
al runoff in the North and West Rivers. Both on runoff from that of human activities was
river reaches indicate no significant trends, carried out through hydrological sensitivity
neither in precipitation nor in runoff. A analysis. Generally, climate variability was
weak statistical significance, however, does identified as the dominant factor driving
not necessarily indicate that variables are the increased annual runoff in the two river
intrinsically unimportant in understanding reaches of Jiulong River Watershed, while
the climate change impact on hydrologi- human activities played a secondary role.
cal cycle. Several possible statistical factors Climate change induced runoff was estimay explain the occurrence of statistically mated to be 58-90 mm. The finding is cominsignificant coefficients, such as the num- parable with other long-term observations
ber of observations and the level of collin- in Southern China watershed (i.e. Poyang
ear variability in the explanatory factors. Lake) of which climate change resulted in
Since the runoff generation process can be an increased annual runoff of 75.3-261.7
considered as the conversion of precipita- mm (Ye et al., 2013). In contrast, the clition to runoff (Chen et al. 2007), insignifi- mate change resulted on the reduction of
cant trends in precipitation will likely affect annual runoff in Northeast China (i.e. Hunthe trends in annual runoff. It was not only Tai River) by 15-34 mm (Zhang et al., 2011).
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An increased annual runoff induced by climate change was more pronounced in the
West River. For one thing, it was strongly
related to the stronger signal of climate
changes. Our previous study revealed that
the annual frequency of rainstorm events
in the West River has increased from 5.1
days to 5.6 days over the past five decades
(Huang et al., 2013). Another factor that
could trigger the catchment of the West
River to be more affected by climate change
is the watershed characteristic, given the
increasing tendency in annual runoff was
relatively higher than that in annual precipitation. The West River has smaller catchment size, smaller storage capacity, and
only half as many dams were constructed
in the West River compared to the North
River. This suggests that smaller catchment
would be quicker to reach saturation under
more intense precipitation, hence higher
runoff.
Human Activities Contribution on
Annual Runoff Changes
In addition to climate variability, watershed hydrology is also affected by land-use
practices, vegetation cover, soil permeability, river regulation, etc. Changes in these
factors are mostly attributed to human
activity (Tomer and Schiling, 2009). The
present study found that human activity
in Jiulong River Watershed played a more

important role in the reduction of annual
runoff. A similar observation was found in
Songhua river basin where human activities were the main cause for the decrease
of annual runoff for about 18-88 mm (Li et
al., 2014). Another study highlighted that
industrial and domestic water use in China
has increased dramatically from 7 billion
m3 in 1980s to 21 billion m3 in 2005 (Zhang
et al., 2011). Increasing water demand often reflects high population density and
industrial development. As for the Jiulong
River Watershed, statistical data shows the
population has increased from 2.5 million
in 1981 to 3.5 million in 2014; GDP has increased more significantly from 2.1 billion
RMB in 1981 to 253.4 billion RMB in 2014;
and the water withdrawal consequently increased from 144 million m3 in 1999 to 388
million m3 in 2015 (Figure 6). Like many
regions in China, the increasing water withdrawal from rivers and reservoirs would be
the main factor for the decreased annual
runoff, especially in the North River.
Another factor with considerable impacts
on catchment hydrology is flow regulation,
i.e., dam constructions which may influence seasonal runoff and alter the annual
runoff dynamic. This study found the mean
monthly runoff increased in nearly all seasons, except the decrease of summer high
flow of North River up to 13%. Dams have
Figure 6. Trends in
population, GDP, and
water withdrawal
in the Jiulong River
Watershed over the
period of 1981 to 2014.
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changed streamflow characteristics of Jiulong River through homogenizing high
flow events and increasing the monthly
low flow (Zhang et al., 2015). This is understandable because dams aimed not only
for hydroelectric power but also for flood
control, particularly in North River where
almost twice as many dams have been constructed compared to the West River. Besides altering the seasonal runoff, dams
have decreased the annual discharge of Yellow River by 2.3%, corresponding to the increased evaporation by approximately 68%
(He et al., 2013).

streamflow variation by magnifying the
peak flow during flood events rather than
the annual runoff (Du et al., 2012; Martin
et al., 2012; Remondi et al., 2016). However, since the evapotranspiration is significantly controlled by vegetation, the increased impervious cover associated with
urbanization would consequently lower the
evapotranspiration and hence cause higher
annual runoff. This may explain the small
increase in annual runoff in the West River
attributed to human activities.

Land-use change is another non-neglectable aspect that could affect runoff reduction. Huang et al. (2012) observed the agricultural area in Jiulong River Watershed
has been shrinking since 1996, following
the gradual increase of natural vegetation.
Land conservation practices (i.e. reforestation) will lead to large and spatially extensive decreases of long-term mean annual
runoff (Trabucco et al., 2008). For example, in Hun-Tai river basin, increased vegetation and soil conservation contributed
largely to the declined annual runoff by 2044 mm, higher than that of climate change
(Zhang et al., 2011). More specifically, increasing evapotranspiration of 5-15% which
was related to conversion of cropland into
forest resulted in a 10-30% decrease in total
runoff of the Great Lake region (Mao and
Cherkauer, 2009). Reforestation which can
result in increased infiltration and evapotranspiration would have a probability to
lower runoff generation.

Conclusion

On the other hand, urbanization might
also have affected the watershed hydrology towards the increasing annual runoff.
Rapid economic development in coastal
regions including the Jiulong River Watershed have caused dramatic changes in land
use, especially the built-up areas (Huang
et al., 2012; Zhou et al., 2014). A number
of studies pointed out that the impacts of
urbanization were more likely to affect the

This study applied hydrological sensitivity analysis to estimate and distinguish the
individual contribution of climate change
on annual runoff changes in Jiulong River watershed from that of human activity
over the past five decades. Climate change
was identified as the main factor controlling the increase in mean annual runoff during the altered period in the North
and West Rivers. The impacts of climate
change were greater than that of human
activity. In addition to climate changes, the
watershed characteristics of the West River were partly responsible for the higher
magnitude of increased annual runoff. The
smaller catchment of the West River would
be quicker to reach saturation under more
intense precipitation, resulting in higher
runoff. Meanwhile, the combined effects
of climate and human activity were identified to contribute to annual runoff change
in the North River. Human activities (e.g.
increasing water withdrawal, constructions
of dams, and reforestation) were responsible for annual runoff reduction in the North
River. The impacts of human activities on
annual runoff were likely to counteract
those impacts of climate change, leading to
a small increase in observed annual runoff
in the North River during altered period. It
is evident that human activities may buffer
the severity of hydrological changes associ-
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ated with climate changes, particularly in
Southeast China region where more intense
and extreme weather events have been experienced. The present study suggests the
smaller catchments should receive more attention in terms of mitigation or adaption
to hydrological hazards associated with climate changes.
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Discussion with Reviewers
Reviewer A: The model parameter ω was
calibrated by comparing the observed annual runoff with the predicted annual runoff during the baseline period, and then
the calibrated ω value was used to represent the plan-available water capacity parameter related to the vegetation type, soil
hydraulic property and topography for the
entire study area over both the baseline and
altered periods. But the author also mentioned that the watershed has experienced
dramatic land-use change in the past 30
years. So since land use and vegetation have
undergone significant change, whether the
assumption that parameter ω is a constant
value is suitable for this study?
Response: Firstly, the model parameter
ω was calibrated during the baseline period in order to calculate the sensitivity
coefficients of runoff to precipitation and
potential evapotranspiration. By using the
constant value for ω, we could estimate
the runoff change in the altered period results from climate changes only. Human
activities induced runoff changes were estimated using Equation 14. It is true that
the watershed has experienced dramatic
land-changes, particularly from agriculture
to built-up. However, natural forest area
remained the dominant land-cover type in
the watershed, accounting for 80% of the
total watershed area. Comparatively, the
urbanization was more likely to affect the
seasonal flow rather than the annual runoff. For this reason, using a constant value
for parameter ω is suitable for this study.

Reviewer A: What does a greater Z-value
mean? It seems that the authors assume
that a greater Z-value represents a stronger
increasing trend?
Response: The test statistic Z is used a
measure of significance of trend. The greater Z-value means a greater Mann Kendall
S statistic where a positive value of S indicates an upward trend.
Reviewer A: In Figure 2, it seems that
only the increasing trend in West River
during the period 2000-2001 is statistically significant. If this is the case, I wonder
whether the relative conclusion stated in
the nearby paragraph is valid?
Response: We understand the reviewer’s
comment. Firstly, the sequential MK test
was applied to detect the change point of
annual runoff over the past 53 years. An
intersection point within the confidence interval indicates a change point (Morases et
al. 1998). The change point was detected in
the year of 1974 for both North and West
Rivers. For this reason, we divided a 53year study period into two periods, namely,
the baseline and altered periods.
Reviewer B: I suspect that the effect of
the actual climate variability is hard to be
captured in the mean annual runoff. The
signatures of the effects of variability of
precipitation and temperature may be significantly weakened at the annual scale.
Response: We agree with the reviewer’s
comments that climate variability is lower
at the annual scale. However, the main objective of this study was to distinguish the
relative impact of climate change and human activities on runoff using widely adopted framework named Hydrological Sensitivity Analysis. The framework is based
on annual water balance for a catchment,
considering the functional relationships
exist between annual precipitation, PET,
actual ET, and runoff, thus perturbations
in both precipitation and potential evapo-
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transpiration can lead to change in water
balance. Nevertheless, we found that runoff
in Jiulong River Watershed exhibit an increasing trend not only in annual scale but
in nearly all seasons, especially in spring
(Figure 3). The result indicated that the
seasonal changes in runoff have incorporated into the annual runoff changes. Besides, analysis the long-term record of annual hydro-climatic condition will give us a
general understanding how the state of current conditions fit into the bigger picture,
compared with the baseline condition.

Reviewer B: It is interesting to see that
the ET is not a function of PET, even when
PET is available. How big is the difference
between the ET estimated by precipitation
and runoff and the ET estimated by PET?

Response: We appreciate the reviewer’s
question. The quantitative assessment of
climate change impact on runoff using hydrologic sensitivity analysis is mainly based
on water balance equation where the actual
ET is equal to the difference between precipitation and runoff, assuming the ΔS is
zero over a long period of time (i.e. 10 years).
Reviewer B: Why did you choose 1961- We could not estimate ET by PET because
1974 as the baseline years? It is 13 years. the model parameter ω was unavailable.
Do you have any reason for choosing the 13 However, some other applications of hyyears, not 10, 15 or 20 years?
drological sensitivity analysis did also use
the same approach on estimating the actual
Response: We applied the sequential MK ET (Ye et al., 2013; Li et al., 2007; Zhang et
test to identify the change point of annual al., 2011; Tan and Gan, 2015).
runoff using. An intersection point within
the confidence interval indicates a change
point. The change point was detected in the
year of 1974 for both North and West Rivers. For this reason, we divided a 53-year
study period into two periods namely the
baseline (1961-1974) and altered periods
(1975-2013).
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