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Abstract Evaluation of the impact of climate variability and human activities on

hydrological drought is of great significance for drought mitigation strategies. In this study,

standardized runoff index (SRI) at various time scales is used to characterize hydrological

droughts in the Luanhe River basin, northeast of China, for the period of 1959–2011.

Correlation analysis is conducted to examine the associations between the hydrological

droughts and large-scale oceanic–atmospheric patterns (AMO and ENSO). Climate-

induced and human-induced influence indices are also developed based on standardized

precipitation index and SRI to investigate the possible influences of the climate patterns

and human activities on the hydrological droughts. Results indicate that the significant

influence of AMO on hydrological drought at different time scales is evident among

different months across the Luanhe River basin, with warm (cold) AMO phases favoring

drought (wet) conditions. The direct linkage of ENSO to hydrological drought is relatively

weak in the basin, while the extent of the linkage can be improved with increasing time

lags. Moreover, El Niño phases show a closer relation with the drought events of the region

as compared with La Niña phases. It is also implied that human activities exhibit aggra-

vating effects on hydrological drought at shorter time scales over the basin, whereas they

might show mitigating effects at longer time scales in some areas of the basin. These

findings can be beneficial for better understanding how the hydrological drought responses

to climate changes and human activities, thereby providing valuable references for drought

forecasts and water resources managements in the Luanhe River basin.
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1 Introduction

Drought, as a complex, creeping natural phenomenon, is generally related to a sustained

and spatially extensive occurrence of insufficient water availability for supplying socio-

economic activities and natural ecosystems (Beran and Rodier 1985; Hosseinzadeh Talaee

et al. 2012). When a drought event occurs, moisture deficits are observed in all components

of the water cycle (Dracup et al. 1980; Van Huijgevoort et al. 2012). Hydrological drought

refers to a significant decrease in water resource in all its forms appearing in the land phase

of the hydrological cycle (Nalbantis and Tsakiris 2009). As the high dependence of many

activities (e.g., irrigation and industrial consumption) on surface water and/or groundwater

supply, hydrological drought is considered as the most important one among different

types of droughts (Vasiliades et al. 2011; Li et al. 2013). Considering the varying response

time of water deficit to climatic condition and human exploitation, the hydrological

drought exhibits diverse temporal scales, namely inconsistent drought characteristics may

emerge for the same condition of insufficient moisture at different time scales (Shukla and

Wood 2008; Kao and Govindaraju 2010).

Accordingly, it is important to examine and analyze the multiple status of hydrological

drought over various time scales. Based on the concept of the standardized precipitation

index (SPI), the standardized runoff index (SRI) has been proposed as a useful counterpart

for depicting hydrological aspects of drought (Shukla and Wood 2008). This drought index

not only allows comparisons of hydrological drought severity across time and space, but

also can be calculated at varying time scales according to the needs of water resource

managements (Li et al. 2013; Sol’áková et al. 2013). What is more, the runoff-based SRI

presents a simple and efficient measure for hydrological drought study as its incorporate

information of both meteorological conditions and human activities in a region (Wen et al.

2011).

Under the background of global climate changes and local anthropogenic intensifica-

tion, general consensus support that many regions of the world have suffered from more

frequent and severe drought events in recent decades (Ye et al. 2013; Chen and Yang

2013).

The anomalies of climate can be traced to large-scale oceanic–atmospheric patterns,

such as the Atlantic multidecadal oscillation (AMO) and the El Niño/southern oscillation

(ENSO) (Fraedrich and Müller 1992; Enfield et al. 2001). Many researchers have docu-

mented that the variability of the hydrological drought in both spatial and temporal

dimensions can be explained in terms of climate signals (Stahl and Demuth 1999; Brad-

bury et al. 2002; Özger et al. 2009; Hosseinzadeh Talaee et al. 2012).

The AMO is a recent label for a climate oscillation in the North Atlantic with a period

of 65–80 years (Kerr 2000). Previous studies have revealed that the AMO could exert

direct influences on the regional climate and drought (Sutton and Hodson 2005; Knight

et al. 2006; Mo et al. 2009). It has been reported that the warm-phase AMO favors warmer

winters in much of China, with enhanced precipitation in northern China, while reduced

precipitation in the south, and vice versa (Lu et al. 2006b; Li and Bates 2007; Li et al.

2009; Wang et al. 2009). Nevertheless, there is little evidence on the impact of the AMO

on hydrological drought in China.

ENSO, as the dominant coupled ocean–atmosphere mode of the tropical Pacific, has

significant impacts on the hydrological processes and drought characteristics over China

(Jiang et al. 2006; Wang et al. 2006; Tang and Yuan 2010; Wang et al. 2013). Generally,

the warm phases of ENSO (El Niño) are directly correlated with the major drought events
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in northern China, although the intensity of the correlation varies with the region (Chen

et al. 1995; Su and Li 2012; Ouyang et al. 2014). Lu et al. (2006a) analyzed the association

between the drought severity of different areas in China and ENSO index and found that

the drought condition of North China presents the most sensitive response to the El Niño

events.

In addition to climate change, understanding the effect of human activities on hydro-

logical drought has also drawn considerable concerns with the rapid development of

economics and society. Human activities, mainly including urbanization, agricultural

practices, human-induced land use changes and construction of hydraulic structures, can

lead to changes in hydrological regime, which eventually affect the hydrological drought

(Zhang et al. 2012; Song et al. 2013; Xing et al. 2013). For instance, the increased

concentration of greenhouse gases in the atmosphere due to expanded population can

contribute to global warming, and consequently, result in exacerbating the regional drought

severity (Nicholls 2004; Kirono et al. 2011). The land degradation or deforestation caused

by extensive urbanization, generally leads to reduction in water yield at catchment scale,

thereby elevating the hydrological drought in the related area (Niehoff et al. 2002; Di Rita

and Magri 2009). Although the hydrological project (such as reservoir operation and water

diversion) has capability of reallocating the water storage for a basin to cope with drought

events, it could also be responsible for the aggravation of hydrological drought in the basin

(López-Moreno et al. 2009; Wen et al. 2011; Li et al. 2013). The impact of regional human

Fig. 1 Location of the Luanhe River basin and the selected stations
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activities on hydrology drought obviously varies with time scale, whereas the impacts at

different time scales have received only limited attention.

The Luanhe River basin is of great significance for water supply to Tianjin, the largest

opening coastal city of North China. In recent years, the frequent occurrence of drought

events has resulted in serious environmental degradation and water crises in the region. To

date, some studies discussing the response of hydrological variables (such as temperature,

precipitation and runoff) to climatic and human-induced changes have been carried out for

the basin (Wang and Wang 2009; Wang et al. 2013; Zeng et al. 2014); however, infor-

mation about the impacts of these changes on hydrological drought at various time scales is

not available. Evaluation of the possible influence of large-scale climate patterns on

hydrological drought is of great importance for drought forecast and mitigation, by con-

sidering the evolution of the climatic signals. Additionally, in order to ensure sustainable

water resources utilization and development, it is important to understand the response of

hydrological drought to regional human activities at different time scales. The main pur-

pose of this study was to investigate the effects of climate change and regional human

activities on hydrological drought at both shorter and longer time scales, and expect to

provide significant information for drought forecasts and water resources managements in

the Luanhe River basin.

2 Study area and data

2.1 Study area

The Luanhe River basin is located at the northeast part of China (Fig. 1). It extends from

115�300E to 119�150E longitude and 39�100N to 42�300N latitude with a total drainage area

of 33,700 km2. The elevation within the basin ranges from 2 to 2,205 m and averages

766 m. Among the entire area, the topography significantly descends from northwest to

southeast, and mountainous regions account for nearly 98 % of the area, while plains

account for about 2 %. The basin is in a temperate semiarid continental monsoon climate,

with an annual average temperature of -0.3 to 11 �C, an annual average precipitation of

400–700 mm, and an annual average potential evapotranspiration of 950–1,150 mm.

The spatial and temporal distribution of the precipitation within the Luanhe River basin

is uneven, and about 70–80 % of the annual precipitation falls in the rainy months of June

to September. The region receives an average runoff of 4.69 billion cubic meters per year.

Floods in the basin are often caused by rainstorms and occur in July and August. As the

short duration and high intensity of the rainstorms, the flood is of high peak and large

amount and with the duration between 3 and 6 days. Land use types in the area are forest,

grassland, urban land, agricultural and unutilized land. Due to rainfall reduction and soil

and water conservation, the average annual runoff had decreased by 30 % after 1980 (Li

and Feng 2007).

The Luanhe River basin is well known for water supply function for the Tianjin city, an

important metropolis of China. It was planned to introduce water of a billion cubic meters

to Tianjin per year from the basin. However, the actual amount of water transferred to

Tianjin was less than the plan in several years, especially in the last decade. The deficient

water supply to Tianjin is mainly resulted from the consecutive drought in the twenty-first

century. The drought events in the basin mainly occurred in 1961, 1963, 1968, 1972,

1980–1984, 1997–2005, 2007 and 2009, especially more severe during the last decade
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(Ma et al. 2013; Yang et al. 2013).The long-lasting drought aggravated environmental

degradation and water crisis in Tianjin city.

In this study, eight sub-basins (i.e., Luanhe, Wuliehe, Baohe, Xiaoluanhe, Yixunhe,

Laoniuhe, Xingzhouhe and Liuhe) in the Luanhe River basin were selected as the study

area (Fig. 1). The sub-basins range in area from 626 to 17,100 km2, and each with a

hydrological station (Sandaohezi, Chengde, Pingquan, Goutaizi, Xiahenan, Xiabancheng,

Boluonuo and Liying, respectively) at the outlet.

2.2 Data

According to the length and continuity of available records, monthly runoff data of eight

hydrological stations from 1959 to 2011 were prepared, and the same-period time series of

monthly rainfall were obtained from 21 rain gauges distributed in each sub-basin. The

locations of the selected stations are given in Fig. 1. All the data were provided by

Hydrology and Water Resource Survey Bureau of Hebei Province.

Two climatic indices were employed in this study to represent the states of large-scale

climate patterns. The first climatic index is the AMO index (AMOI) which is defined as the

detrended, regionally averaged, summer sea surface temperatures (SSTs) anomalies over

the North Atlantic Ocean (0–60�N, 7.5–75�W) (Enfield et al. 2001). During AMO warm

(cold) phases, the AMOI over the entire North Atlantic show positive (negative) anomalies.

The monthly AMOI is taken from the NOAA Earth System Research Laboratory. The

second climatic index is the SOI which characterizes the interannual ENSO state. The

Troup SOI (Troup 1965) is defined as ten times the standardized anomaly of the mean sea

level pressure (MSLP) difference between Tahiti, Society Island and Darwin, Australia.

Large negative values of the SOI indicate periods of El Niño, while large positive values

indicate periods of La Niña. The monthly Troup SOI series used here was obtained from

the National Climate Centre of the Australian Bureau. Subsequently, only the 1959–2011

period was used in the study to match the runoff data.

3 Method

3.1 Standardized runoff index

This study focused on the hydrological drought defined by standardized runoff index (SRI)

which is statistically similar to the well-known standardized precipitation index (SPI)

(Shukla and Wood 2008). In order to reduce the degree of auto-correlation among samples

and alleviate the effect of seasonal variability in an appropriate manner, the procedure for

calculating the SRI includes the following steps (Kao and Govindaraju 2010).

(1) Let R(t) represent the monthly runoff measured at time t. The average values

YwðtÞ ¼
Pt

i¼t�wþ1 RðiÞ=w indicate the mean discharge for a given w-month time scale with

respect to t. (2) Let m represent the specified month, i.e., January, February,…, November,

October (denoted as Jan, Feb,…, Nov, Oct). The subset Yw-m is defined by grouping Yw

based on its ending month m. In doing so, samples within the same group Yw-m will be

subject to the same seasonal effect. Each of the subsets is fitted to a suitable probability

distribution, then obtaining the cumulative probability uw-m of Yw-m. (3) The cumulative

probability uw-m is converted to a standard normal deviate (with zero mean and unit

variance) by using an equal probability transformation (Bordi and Sutera 2001; Shukla and
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Wood 2008). This value is the SRIw for the particular w-month average runoff. Positive

values of the SRI reflect wet conditions, while negative values indicate dry conditions.

Table 1 shows the range of SRI values along with their classifications.

The SRI has the advantages that it is interpretable for probabilistic analysis and can be

compared easily across space and time. Using the SRI as the indicator, a functional and

quantitative definition of hydrological drought can be established at an arbitrary time scale.

McKee et al. (1993) defined a drought event as a period in which the SPI is continuously

negative and reaches a value of -1.0 or less. In this study, a hydrological drought event

was characterized by drought magnitude and duration simultaneously. Drought duration

denoted by D is the continuously negative SRI periods without any SRI larger than -1.0.

Drought magnitude denoted by M is the cumulative values of the SRI within the drought

duration. For convenience, drought magnitude is taken to be positive and defined by

(Mckee et al. 1993):

M ¼ �
XD

i¼1

SRIwðiÞ ð1Þ

where i starts with the first month of a drought event and continues until the end of the

drought.

3.2 Correlation analysis

There are two tests commonly used to evaluate the strength of the association between two

variables: Kendall’s rank correlation and Spearman’s rank correlation. Both of the tests are

nonparametric, namely they are not necessary to assume that the variables are normally

distributed. However, the Kendall test might be preferable to use rather than the Spearman

test as the ‘‘Kendall correlation measure is more robust and slightly more efficient than the

Spearman’s rank correlation’’ (Croux and Dehon 2010). Based on the consideration,

Kendall’s rank correlation was employed in this study.

Kendall’s rank correlation (also called Kendall’s s) is a nonparametric rank-based test

that measures the strength of monotonic correlation, whether linear or nonlinear, between

two observations xi and yi associated with variables X and Y. Kendall’s rank correlation

coefficient, s, is expressed as:

s ¼
P

i\j ðsignðx½j� � x½i�Þ � signðy½j� � y½i�ÞÞ
nðn� 1Þ=2

ð2Þ

where n is the number of observations in each time series. The Kendall’s s coefficient takes

a value between -1 and ?1. A positive coefficient indicates increasing trend and vice

Table 1 SRI classification
SRI Classification

[2 Extremely wet

1.5–2.0 Very wet

1.0–1.5 Moderately wet

-1.0 to 1.0 Near normal

-1.5 to -1.0 Moderately dry

-2.0 to -1.5 Severely dry

-2.0 and less Extremely dry
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versa. A correlation of ?1 or -1 occurs when each of the variables is a perfect monotone

function of the other, and a correlation close to zero means there is no relationship between

the variables. In addition, the square of the correlation, which is defined as the coefficient

of determination, can be used as a measure of the proportion of variability that two

variables share, or how much one can be explained by the other (Bolboaca and Jäntschi

2006; Hosseinzadeh Talaee et al. 2012).

3.3 Climate-induced influence indices

Kim et al. (2006) proposed conceptual indices based on SPI to quantifying the strength of

linkages between climate patterns and precipitation variability in the Colorado River basin.

The concepts of these conceptual indices were applied in defining climate-induced influ-

ence indices in this study. The climate-induced influence indices were developed based on

SPI to detect the possible influences of climate patterns on regional drought condition. The

indices, including influence frequency (IF) and influence intensity (II), are calculated as

follows:

IF ¼
Nd

Nc

ð3Þ

II ¼
1

Nc

XNc

i¼1

SPIwðiÞ ð4Þ

where Nd is the number of months with the SPIw less than -1.0 during a climate phase, Nc

is the number of months in the climate phase, and SPIw(i) is the value of SPI on w-month

time scale corresponding to month i. A larger IF means a closer relation between the

specified climate phase and drought events. A positive (negative) II indicates that the

climate phase favors wetness (drought).

3.4 Human-induced influence indices

In this study, meteorological drought was derived from the precipitation-based SPI and

hydrological drought was quantified by the runoff-based SRI. The meteorological drought

based on precipitation deficits is purely dependent on climate anomalies (McKee et al.

1993), whereas the hydrological drought related to runoff deficits is the comprehensive

result of climatic anomalies and human activities (Shukla and Wood 2008).

For the river basin that has undergone intensive anthropogenic disturbances, a response

in runoff will occur and the change will be gradual or abrupt (Li et al. 2007; Zhao et al.

2009; Zhang et al. 2013). Consequently, it is reasonable to assume that changes in

hydrological drought might be coincident with those exhibited in runoff. Double cumu-

lative curve (DCC) is frequently used in paired variables to detect hydrological changes

caused by human activities (Searcy and Hardison 1960). In this study, the precipitation-

runoff DCC was adopted to identify the change-point of runoff series; meanwhile, this

change-point was regarded as the approximate time when human activities imposed

influences on hydrological drought. Subsequently, the whole time period was divided into

two periods. The first one is before the change-point, called the ‘‘natural period,’’ which

represents the baseline with no significant human activities. The second one after the

change-point is called the ‘‘impact period,’’ in which there is a notable change associated

with both human activities and climate change in hydrological drought.
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In consideration of the definition of drought event, special attentions were paid on the

drought index less than -0.1, referred to as SPI0 or SRI0 hereinafter. To understand the

changing trend of drought, the change ratios of the meteorological and hydrological

drought, denoted as RP and RR, respectively, are defined by

RP ¼
SPI0I

�
�
�

�
�
�� SPI0N

�
�
�

�
�
�

SPI0N

�
�
�

�
�
�

ð5Þ

RR ¼
SRI0I

�
�
�

�
�
�� SRI0N

�
�
�

�
�
�

SRI0N

�
�
�

�
�
�

ð6Þ

where the SPI0N and SPI0I, SRI0N and SRI0I represent the means of the SPI0 and SRI0 in the

natural and impact period, respectively. RP [ 0 suggests that climate anomalies, mainly

related to precipitation variations, accentuate the severity of droughts. RR [ 0 suggests an

aggravating trend of the hydrological drought, which is a consequence of climate changes

and human activities.

In order to evaluate the effect of human activities on hydrological drought, human-

induced influence index was proposed, based on the assumption that the degree of

hydrological drought change caused by climate anomalies (precipitation variability) is

identical with that of meteorological drought. Accordingly, the noticeable difference

between the RR and RP emerges as a consequence of human-induced impacts. The human-

induced influence index denoted as DR is given by the following expression:

DR ¼ RR � RP ð7Þ

DR [ 0 indicates the aggravating effect of human activities on hydrological drought severity;

DR \ 0 indicates the mitigating effect; the larger the value, the more significant the effect.

4 Results

4.1 Hydrological droughts at various time scales

The monthly runoff records of the hydrological stations were reformatted as different time

scale runoff series to calculate SRI. In this study, 1-, 3-, 6- and 12-month time scales were

selected. Although the two-parameter gamma distribution was suggested by McKee et al.

(1993) for computing SPI, it may be unsuitable for the SRI. In order to test the appro-

priateness of three distributions (two-parameter gamma, generalized extreme value and

Pearson Type III) considered in this study, Kolmogorov–Smirnov test was applied for the

goodness of fit at the 1 % significance level, with the parameters estimated by maximum

likelihood method. The results indicated that the Pearson Type III distribution provides the

best fits for most cases ([90 % for each monthly runoff series). This is in agreement with

the previous studies (Xiong and Guo 2004; Li et al. 2013), which have demonstrated that

the Pearson Type III distribution is the best one for fitting the river discharge series in

China. Therefore, the Pearson Type III distribution was selected for calculating the SRI.

Any assessment of drought and its impacts requires a specific time scale, since drought

initiation, duration, severity and other drought variables are all dependent on time scales

(McKee et al. 1993). The 1- and 12-month SRI series of the period 1959–2011 at Chengde
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station are illustrated in Fig. 2 as an example. Generally, the series of SRI at shorter time

scales have greater fluctuation, resulting in high-frequency drought events with shorter

drought durations. While the SRI12 series exhibited smooth variation, indicating that the

droughts at longer time scales are less frequent, but lasted longer.

Hydrological drought events were then abstracted using the definition mentioned previ-

ously. In addition, the ratio between the number of months with SRI less than -1 and the total

number of months counted for the sample series was represented as arrival rate in this study.

The arrival rates and some basic statistics of the drought events for each hydrological

station and each time scale are given in Table 2.

For all the stations, the drought arrival rates decreased with increasing SRI time scales,

and the station associated with more frequent occurrence of droughts generally had shorter

drought duration and smaller drought magnitude. At shorter time scales, the highest fre-

quent occurrence of drought events was observed at Xiahenan station, and both the mean

drought duration and mean drought magnitude of Pingquan station were greater than those

of other stations. On the other hand, for longer time scales, Xiabancheng station had the

longest mean drought durations and maximum mean drought magnitude, meanwhile the

drought arrival rate of Goutaizi station was ranked first among the eight stations.

On 1-month time scale, the most severe hydrological drought event, which was observed at

Pingquan station, started from February 2007 with a magnitude of 36.14 and a duration of

23 months. Furthermore, the greatest drought magnitude of 83.77 and the longest duration of

57 months occurred simultaneously at Xiabancheng station. The corresponding drought

event defined by the SRI12 spanned the period of September 2006 to May 2011. These results

prove the findings of Li and Feng (2007), which suggested that the drought conditions in the

Luanhe River basin have become more severe during the last decade.

The 1972 drought event was evident in all four sets of the SRI series for most stations.

The extreme hydrological drought events in 2000 and 2009 were validated through the

inspection of SRI1 at all the stations, with the peak intensities averaged over the eight

stations equal to -2.15 and -2.29, respectively. Based on the series of SRI12, a long-term

drought starting in the summer of 2002 was identified at all the stations, of which the

duration ranged from 15 to 37 months and averaged 27 months. Moreover, during

1980–1984, all of the stations experienced at least one severe drought event persisting for

more than 12 months. These results are in agreement with the historical records and

previous studies related to drought events in the Luanhe River basin (Ma et al. 2013; Yang

et al. 2013; Feng et al. 2014).

4.2 Linkage between large-scale climate patterns and hydrological drought

To evaluate the association between climate patterns and hydrological drought in the

Luanhe River basin, Kendall’s s correlation test was performed between the climate

indices and the SRI of the eight hydrological stations at the 5 % significant levels.

(a)

-3

-1

1

3

1959 1969 1979 1989 1999 2009

Year

SR
I 1

(b)

-3

-1

1

3

1959 1969 1979 1989 1999 2009

Year

SR
I 12

Fig. 2 a 1-month and b 12-month SRI series of the period 1959–2011 at Chengde station
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Table 2 Basic statistics of drought events for the selected hydrological stations in the Luanhe River basin

Station Sandaohezi Chengde Pingquan Goutaizi Xiahenan Xiabancheng Boluonuo Liying

1-month

Arrival

rate

0.47 0.49 0.30 0.47 0.58 0.40 0.53 0.49

M

Min 1.03 1.00 1.03 1.01 1.03 1.01 1.00 1.00

Max 19.00 24.63 36.14 10.10 22.12 30.37 22.94 19.73

Mean 3.47 5.00 8.33 2.76 3.27 6.24 4.11 5.11

SD 3.85 6.41 10.55 1.97 3.80 8.68 4.51 5.54

D

Min 1 1 1 1 1 1 1 1

Max 11 16 23 6 11 17 11 12

Mean 2.20 3.50 5.90 1.80 2.12 4.07 2.78 3.42

SD 2.17 4.11 7.14 1.19 2.12 4.91 2.43 3.42

3-month

Arrival

rate

0.38 0.28 0.19 0.38 0.43 0.25 0.36 0.38

M

Min 1.02 1.14 1.02 1.03 1.02 1.00 1.01 1.00

Max 30.52 34.01 36.90 32.83 31.78 47.10 32.09 29.40

Mean 6.08 10.15 14.34 6.39 5.44 13.10 7.54 7.91

SD 6.88 10.27 15.33 7.10 7.03 15.95 7.45 8.11

D

Min 1 1 1 1 1 1 1 1

Max 15 22 24 18 15 28 18 22

Mean 4.00 6.82 9.92 4.08 3.52 8.62 5.09 5.32

SD 3.49 6.25 9.66 3.89 3.78 9.81 4.30 5.45

6-month

Arrival

rate

0.32 0.26 0.15 0.34 0.26 0.11 0.25 0.28

M

Min 1.00 1.02 1.01 1.00 1.03 3.09 1.05 1.03

Max 37.97 35.15 42.39 32.71 48.19 60.88 34.42 35.47

Mean 8.65 13.01 18.95 7.22 9.30 28.64 12.72 11.66

SD 10.32 12.36 17.13 8.54 14.02 22.27 11.12 11.84

D

Min 1 1 1 1 1 3 1 1

Max 19 22 28 16 34 38 20 25

Mean 5.89 8.93 12.67 4.68 6.12 18.83 8.38 8.00

SD 5.85 7.51 10.42 4.67 8.85 13.23 6.05 7.81

12-month

Arrival

rate

0.13 0.15 0.11 0.21 0.17 0.06 0.13 0.15

M

Min 12.18 7.60 3.09 1.00 1.15 35.78 3.41 7.38

Max 53.09 58.84 44.01 44.14 83.41 83.77 60.22 39.01

Mean 25.13 23.44 27.09 11.95 17.25 59.90 23.29 24.11

SD 15.97 17.00 18.44 12.81 26.24 23.82 18.30 12.35
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Corresponding to the time scales selected for the SRI, time series used to represent climatic

patterns were composed based on monthly values and 3-, 6-, 12-month moving averages of

the associated indices, denoted as AMOI1 and SOI1, AMOI3 and SOI3, AMOI6 and SOI6,

AMOI12 and SOI12, respectively. In addition, the lead times of 3, 6 and 12 months were

considered herein to investigate lag correlations between the SRI and the prior climatic

indices.

4.2.1 AMO phenomenon

The results of Kendall’s s test between SRI and AMOI for each month are presented in

Table 3.

AMOI1 and SRI1 As shown in Table 3, six out of the eight stations exhibited significant

negative correlations between their SRI1 and the simultaneous AMOI1 in July, as well as

August. These correlations were in the range of -0.30 to -0.43, indicating that about

9–18 % of variance in these drought severity patterns is associated with the concurrent

AMO forcing. All lag correlations between the SRI1 and the prior AMOI1 were found to be

negative. At both 3- and 6-month lagged stages, the greatest number of significant cor-

relations was observed in July. Furthermore, about 90 % of the SRI1 in August and

September had significant correlations with the 12-month leading AMOI1. In general, the

August SRI1 yielded the greatest correlation with the 12-month prior AMOI1, where the

significant correlations averaged -0.47.

AMOI3 and SRI3 The AMOI3 from August to October had significant negative corre-

lations with the synchronous SRI3 at 75 % of the stations. Among the above correlations,

the greatest one of -0.40 was found in September at Xiahenan station. From July to

September, about 60 % of the SRI3 showed significant negative correlations with both the

3- and 6-month leading AMOI3. Moreover, about 90 % of the stations exhibited significant

correlations between the 12-months leading AMOI3 and the SRI3 from August to

November. As a whole, the strongest correlation was found between the October SRI3 and

the AMOI3 of prior 12 months, where the average of significant correlations reached

-0.47 and the greatest one of -0.56 was found at Xiahenan station.

AMOI6 and SRI6 From August to October, significant concurrent correlations between

SRI6 and AMOI6 were found at 75 % of the stations, of which the greatest one of -0.46

was observed in July at Xiabancheng station. It means that about 21 % of the variance of

the July SRI6 at Xiabancheng station is associated with the simultaneous AMO forcing. In

regard to the time lags of both 3 and 6 months, more than 60 % of the SRI6 from July to

November had significant negative correlations with the prior AMOI6. Additionally, about

90 % of the 12-month lag correlations were observed to be significant negative from

August to December. Among the lag correlations, the strongest correlation of -0.56 was

Table 2 continued

Station Sandaohezi Chengde Pingquan Goutaizi Xiahenan Xiabancheng Boluonuo Liying

D

Min 10 7 3 1 1 25 3 7

Max 37 36 30 25 50 57 37 25

Mean 17.29 16.38 17.50 8.00 11.11 39.67 15.29 16.88

SD 9.69 9.35 11.10 7.14 15.45 16.17 10.48 7.55

The unit of drought duration (D) is 1 month

SD standard deviation, Max maximum, Min minimum
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found between the August SRI6 and the AMOI6 with 12-month lead time at Chengde

station.

AMOI12 and SRI12 From September to December, 75 % of the stations had significant

concurrent correlations between SRI12 and AMOI12 . These significant correlations were in

the range of -0.25 to -0.46, of which the strongest one was found in October at Xiab-

ancheng station, suggesting that roughly 21 % of the variance of October drought severity

in the Laoniuhe sub-basin can be explained by the concurrent AMO anomalies. For all the

considered lead times, more than 60 % of lag correlations were proved to be significant

negative all year around. Additionally, the strongest association occurred between the

September SRI12 and the 12-month leading AMOI12, with significant correlations ranging

from -0.31 to -0.63 and averaging -0.46.

Overall, the results indicate that the significant influence of AMO on hydrological

drought is evident across the Luanhe River basin. With respect to the hydrological droughts

at 1-month time scale, the potential teleconnection of AMO mainly occurs in July and

August. For 3-month time scale, the impact of AMO on the hydrological droughts is

significant in flood season (July through October). As to 6-month time scale, the existence

of AMO teleconnection with the hydrological droughts is revealed in the second half of the

year (July through December). The hydrological droughts at 12-month time scale are

generally affected by the variability of AMO all year around. Moreover, as the time lag

increases, the strength of the relationship between prior AMO signal and hydrological

drought severity becomes greater in the basin.

4.2.2 ENSO phenomenon

Monthly Kendall’s s correlations between SRI and SOI are listed in Table 4.

Table 3 Number of stations with a significant correlation between AMOI and SRI for each time scale and
each lead time

Correlation Lead time Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

AMOI1 and
SRI1

Concurrent 0 -2 -4 0 0 0 -6 -6 -1 -1 -2 -1

3 months -3 -2 -3 0 0 0 -6 -3 -2 -2 -4 -2

6 months -3 -4 -4 -3 0 0 -5 -3 -4 -2 -2 -1

12 months -3 -2 -5 -1 0 -1 -5 -7 -7 -4 -4 -3

AMOI3 and
SRI3

Concurrent -1 -0 -2 -2 0 0 -4 -6 -6 -6 -2 -2

3 months -2 -2 -2 -2 0 0 -5 -5 -6 -4 -2 -2

6 months -1 -2 -2 -2 -2 0 -5 -5 -5 -4 -2 -2

12 months -2 -1 -2 -1 -2 -1 -6 -7 -7 -7 -7 -4

AMOI6 and
SRI6

concurrent -2 -2 -2 -2 0 0 -5 -6 -6 -6 -5 -5

3 months -3 -2 -2 -3 -1 -1 -5 -5 -5 -6 -6 -6

6 months -3 -2 -2 -3 -2 -3 -6 -6 -6 -5 -5 -4

12 months -6 -5 -3 -2 -1 -1 -6 -7 -7 -7 -7 -7

AMOI12 and
SRI12

Concurrent -2 -2 -2 -2 -1 -1 -3 -4 -6 -6 -6 -6

3 months -6 -6 -6 -5 -5 -5 -6 -6 -6 -6 -6 -6

6 months -6 -5 -5 -5 -6 -6 -6 -6 -6 -6 -6 -6

12 months -7 -7 -7 -6 -6 -6 -5 -7 -7 -7 -7 -7

The negative number means the there are the corresponding number of stations exhibited significant neg-
ative correlations, while the positive number means significant positive correlations
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SOI1 and SRI1 All concurrent correlations between the SRI1 and the SOI1 were rela-

tively weak, and only a few number of stations exhibited significant correlations between

the SRI1 and the 3-month prior SOI1. However, at 6-month lagged stage, there is a

significant negative correlation between the August SRI1 and the February SOI1 at seven

stations. For time lags of 12 months, a significant negative correlation was observed

between the October SRI1 and the prior SOI1 at five stations. Among the correlations, the

strongest one of -0.49 was found between the February SRI1 and the 12-month leading

SOI1 at Boluono station.

SOI3 and SRI3 In regards to all the SRI3 series, none of the selected stations presented a

significant correlation with the synchronous SOI3, and scarcely any stations showed sig-

nificant relationships with the prior 3-month SOI3. In addition, 75 % of the October SRI3

yielded significant negative correlations with the May SOI3. From November to February,

the SRI3 were significantly correlated with the 12-month leading SOI3 at 75 % of the

stations, with the correlation coefficients in the range of -0.27 to -0.46.

SOI6 and SRI6 The Kendall’s s test did not identify any significant associations between

SRI6 and concurrent SOI6. For the time lags of both 3 and 6 months, just a few stations

exhibited significant lag correlations. Additionally, about 90 % of the SRI6 in January and

February had significant correlations with the 12-month leading SOI6. At the 12-month

lagged stage, the strongest relationship was found in February, where the correlation

averaged over the eight stations was about -0.35 and the highest one of -0.46 was found

at Boluono station.

SOI12 and SRI12 As shown in Table 4, the amount of significant correlations between

SRI12 and SOI12 was relatively low, for all the concurrent and lag correlations. However,

Table 4 Number of stations with a significant correlation between SOI and SRI for each time scale and
each lead time

Correlation Lead time Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

SOI1 and SRI1 Concurrent 0 0 0 0 0 ?1 0 0 0 0 0 0

3 months ?1 0 0 0 0 0 -1 0 ?1 0 0 0

6 months ?1 0 0 0 0 0 0 -7 0 -1 0 ?1

12 months -2 -3 0 0 0 0 0 -1 -4 -5 -2 -3

SOI3 and SRI3 Concurrent 0 0 0 0 0 0 0 0 0 0 0 0

3 months 0 0 0 0 0 0 -1 0 0 0 0 0

6 months 0 ?1 0 0 0 0 0 -2 -1 -6 0 0

12 months -6 -6 -1 -1 0 0 0 0 0 -4 -6 -6

SOI6 and SRI6 Concurrent 0 0 0 0 0 0 0 0 0 0 0 0

3 months 0 0 0 0 0 0 0 -2 0 0 0 0

6 months 0 0 0 0 0 0 0 -1 -1 -2 -2 0

12 months -7 -7 -4 -1 -1 0 0 0 0 0 0 -1

SOI12 and
SRI12

concurrent 0 0 0 0 0 0 0 0 -1 0 0 0

3 months 0 0 0 0 0 0 0 0 -1 -1 -1 0

6 months -2 -2 0 0 0 0 0 0 0 -1 -1 -1

12 months 0 0 0 -1 -2 0 -1 0 -1 -1 -1 -1

The negative number means that there are the corresponding number of stations exhibited significant
negative correlations, while the positive number means significant positive correlations
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the number of stations exhibited significant correlations increased with the increase in time

lag.

On the whole, the results indicate that the direct linkage between SRI and SOI is

generally weaker than the corresponding associations with AMOI in the Luanhe River

basin, whereas increasing time lags can improve the extent of the linkage. Especially for

the time lag of 12 months, the possible influences of ENSO on the drought severity in the

basin are evident in winter and spring (September through February).

These findings are consistent with previous researches that have demonstrated the great

associations between ENSO events and hydrological variables (temperature and precipi-

tation) in North China at 1- to 6-month lagged stage (Wang 2013), as well as the high

correlations between 12-month leading SOI and drought indices of North China (Su and

Wang 2007).

4.3 Climate-induced influences

The climate-induced influence indices were calculated for each rain gauge and each time

scale (Figs. 3, 4). For all the time scales, the influence frequencies (IF) averaged over the

21 stations in El Niño and La Niña periods were approximately 50 and 20 %, respectively.

Moreover, the influence intensity (II) at every station was negative during El Niño phases,

while the corresponding one was positive during La Niña phases. The results reveal that El

Niño is more strongly correlated with the drought than La Niña, namely El Niño phase

might make the drought events prevalent in the study area. For example, most considered

stations faced the prolonged droughts at the years during 1982–1983 and 2002–2004

corresponding to the El Niño years. Additionally other extreme and severe droughts (e.g.,

droughts in 1968, 1972 and 2009) mostly occurred in El Niño phases. Similar associations

are found by Chen et al. (1995) and Xia (2003) who indicated that the El Niño phases favor

drought conditions in North China.

During the warm phase of AMO, the IF ranging from 60 to 100 % and the negative II

were observed at all the stations and all the time scales (Figs. 3, 4). In addition, all the

influence indices in warm AMO phases were greater than those in El Niño phases. It is

indicated that in the Luanhe River basin, warm AMO episodes are in closer relation with

drier conditions, while cold AMO episodes are in closer relation with wetter conditions.

Moreover, the results also demonstrate that the potential influence of AMO on the drought

(b) 3-month time scale

0
20
40
60
80

100

-ENSO +ENSO +AMO -AMO

IF
  (%

)

Max Mean Min

(c) 6-month time scale

0
20
40
60
80

100

-ENSO +ENSO +AMO -AMO

IF
  (%

)

Max Mean Min

(d) 12-month time scale

0
20
40
60
80

100

-ENSO +ENSO +AMO -AMO

IF
  (%

)

Max Mean Min

(a) 1-month time scale

0
20
40
60
80

100

-ENSO +ENSO +AMO -AMO

IF
   
(%

)

Max Mean Min

Fig. 3 Maximum, minimum and mean of the influence frequencies (IF) for all the stations. Note -ENSO:
El Niño phases; ?ENSO: La Niña phases; ?AMO: warm AMO phases; -AMO: cold AMO phases
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is greater than that of ENSO. Therefore, if AMO is to evolve and persist in its positive

phase, then the drought in this basin might be enhanced, in terms of both severity and

frequency. For instance, the AMO index during 1995 to 2011 exhibited warm anomalies,

and the drought events occurred in this period were both large in scale and severe. Previous

studies also revealed that the warm phase of AMO acts as a forcing on the substantial East

Asian warming in the recent two decades (Li et al. 2009; Wang et al. 2009), which is

responsible in part for the dry trend in North China (Ma and Ren 2007; Wang et al. 2010).

4.4 Human-induced influences

Owing to the rapid socioeconomic development and climate change, runoff in the Luanhe

River basin has dramatically decreased since the 1980s, along with the frequent occurrence

of extreme drought events (Ma et al. 2010; Wang et al. 2013). Human activities, including

agricultural irrigation, soil and water conservation works, hydraulic projects and land cover

and land use changes, have direct or indirect influences on hydrological drought in the

basin. In order to identify the change-point reflecting the influences of human activities,

DCC method was conducted between annual precipitation and runoff over eight selected

sub-basins. The double cumulative curves of Luanhe and Liuhe sub-basins are shown in

Fig. 5 as examples. The results indicate that the original relationship between precipitation

and runoff for the basin was broken obviously in 1979. This finding is consistent with

previous studies in which (Liu et al. 2013; Wang et al. 2013) demonstrated that 1979 is the

abrupt change-point reflecting the impact of human activities on runoff in the Luanhe River

basin. Hence, the change-point associated with significant human activities was identified

as 1979 in this study, and then the whole study period was divided into two parts: natural

period (1958–1979) and impact period (1980–2011).

Corresponding to the hydrological drought index (SRI), the SPI was constructed using

the gamma distribution to quantify the status of meteorological drought. The change ratios

of meteorological and hydrological drought (RP and RR) were calculated over various time

scales for each sub-basin, as well as the human-induced influence index (DR) (listed in

Table 5).

The positive RP and RR observed in all the sub-basins, mean that meteorological drought

in the Luanhe River basin during the impact period was aggravated compared with that
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Fig. 4 Maximum, minimum and mean of the influence intensities (II) for all the stations. Note -ENSO: El
Niño phases; ?ENSO: La Niña phases; ?AMO: warm AMO phases; -AMO: cold AMO phases
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during the natural period, and the same trend was seen for the hydrological drought of the

basin. This aggravation trend of drought condition is in agreement with those obtained in

previous studies (Yin 2013; Shi 2013). The results also indicate that climate anomalies

(mainly precipitation change) exert aggravating effects on the drought conditions; thereby,

it can be reasonably inferred that the hydrological droughts in the Luanhe River basin

would still have become more severe even without the intensive human activities from

1980 to 2011.

The maximum mean RP was found at 12-month time scale. It means that changes in the

meteorological drought at 12-month time scale seem to be more sensitive to the precipi-

tation variability, as compared with other considered time scales. Moreover, the maximum

mean RR occurred at the time scale of 6 months, suggesting that the combined influence of

climate changes and human activities might be more significant on the hydrological

drought at 6-month time scale.

For 1- and 3-month time scales, a positive DR was evident at all the stations, whereas,

for the time scale of 6 and 12 months, a negative DR was observed at three and five

stations, respectively. It implies that the hydrological drought at shorter time scales might

be aggravated by other factors (anthropogenic activities) besides the climate change during

the period of 1980–2011. However, in respect to the hydrological drought at longer time

scales, human activities might have mitigating effects in some areas of the basin.

In order to elucidate these anthropogenic effects in detail, the results in Table 4 were

explained and verified with the previous references and past human activities occurred in

the basin as follows.

The northwest of Luanhe sub-basin and the entire Xiaoluanhe sub-basin is located at the

upper reaches of the study area, where a major population growth occurred during the

impact period, along with a conversion of natural grass land to forest land in its northern

part (Xu 2009; Shi 2013; Lu 2010). It could be inferred that the increase in water con-

sumption, caused by population expansion, generates the aggravating effect on hydro-

logical drought for all the time scales in Xiaoluanhe sub-basin. Owing to the increased

forest cover, the runoff reduction on monthly or seasonal time scale is particularly strong

through the increase in evapotranspiration and interception, but runoff increase at annual

even longer time scale has been primarily resulted from the increased groundwater con-

tribution (Iroumé et al. 2005; Shao et al. 2009; Ye et al. 2013; Zhang et al. 2014).

Therefore, the human activities showing the mitigating effect at 12-month time scale in

Luanhe sub-basin is mainly associated with the afforestation in northern Luanhe sub-basin.
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Fig. 5 Double cumulative curves of annual precipitation and runoff for a Luanhe and b Liuhe sub-basins
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The middle part of the study area, including Yimatuhe, Xingzhouhe, Wuliehe and the

southeast of Luanhe sub-basins, has a significant change in land use, namely large expanses

of natural forest were transformed into grassland and urban area after 1980 (Shi 2013;

Dong 2013; Bao et al. 2012). The deforestation could have the potential to enhance the

magnitude of drought on seasonal time scale (Snyder 2010; Bagley et al. 2011, 2014),

corresponding to the human-induced aggravating effects observed in this region at shorter

time scales. The development of economy, industry and urbanization in this region

accelerated at the start of the 1980s, which coincided with China’s reform and opening-up

policy occurred in 1979 (Ren et al. 2002; Yuan et al. 2005). Accordingly, the increase in

water demand for industrial production, daily life and municipal engineering during the

impact period, directly led to a rapid increase in the amount of surface water withdrawal

and groundwater exploitation (Ma et al. 2010; Wang et al. 2013). The related water use

was capable of exacerbating the hydrological droughts at various time scales in the region.

Furthermore, a lot of mini dams have been constructed since 1980s over the region to

control the soil erosion (Gao et al. 2002; Wang and Wang 2009). That would enhance

infiltration and limit direct runoff, consequently leading to a decrease in the peak discharge

and an increase in the amount of base flow (Maidment 1993; Bao et al. 2012). This

diminished variability of runoff emerges as the possible explanation for the human-induced

mitigation of hydrological drought at longer time scales in the Yimatuhe and Xingzhouhe

sub-basins.

In the downstream region, consisting of Liuhe, Laoniuhe and Baohe sub-basins,

there is extensive evidence for the increased agricultural activity resulted from the

China’s land reform policy in 1978 (Yang and Tian 2009; Bao et al. 2012). The

expansion of agricultural land and increased agricultural water use consequently hap-

pened in this region during the impact period (Shi 2013; Dong 2013; Wang et al.

2013), which were considered as the most probable driving factors for the human-

induced aggravation of hydrological drought at short time scales. However, the

dynamics of low-flow regimes were altered by the enhanced farmland irrigation, since

most irrigation water seeped into the ground and ultimately contributed to base flow

(Schilling 2004; Tomer et al. 2005; Zhang et al. 2011). This alteration could be

responsible for the increased streamflow during the dry season (Ye et al. 2013; Wang

and Cai 2009), and partially explain the mitigating effect on hydrological drought at

longer time scales observed in Liuhe and Baohe sub-basins.

The DR of the Laoniuhe sub-basin was greater than that of other sub-basins over all

the time scales. It indicates that the aggravation of hydrological drought in this sub-

basin is mainly governed by human activities. Especially the extensive urbanization,

which causes a large increase in water withdrawal and high percent urban area within

the sub-basin, might be regarded as the major driving factor exacerbating the regional

drought condition. It agrees with the conclusions of Wang et al. (2013) and Shi (2013),

who found that the runoff reduction, as well as the drought aggravation during the

impact period, was primarily attributed to the anthropogenic forces in the Luanhe River

basin.

In addition, the Liuhe sub-basin with the smallest 3-month DR suggested that, the

associated human activities of this sub-basin indeed made a relatively small contribution to

the aggravation of hydrological droughts at 3-month time scale. This slight contribution is

inconsistent with the fact that the regional agricultural expansion occurred intensely during

the impact period (Li et al. 2014). It might be explained by the diverse human-induced

effects which counteract each other concurrently at seasonal time scale.
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5 Discussions and conclusions

This study analyzed hydrological droughts in the Luanhe River basin and their associations

with large-scale climate patterns (ENSO and AMO) during 1959–2011, then developed

influence indices based on SRI and SPI to detect the possible influences of climate

anomalies and human activities on the hydrological droughts at various time scales. Some

conclusions and associated discussions are as follows.

1. The SRI is found to be a useful tool for monitoring hydrological drought events, and

analysis results based on the SRI are in good agreement with the previously published

descriptions of droughts in the Luanhe River basin. The results in this study also

demonstrate that the drought conditions of the basin have become more severe during

the last decade.

Due to its flexibility to observe different time scales and its standardization, the SRI is

capable of capturing both short- and long-term droughts. As a runoff-based index, the SRI

on various time scales can not only represent the deficits in different water sources (e.g.,

soil moisture, reservoir and groundwater), but also express the status of water utilization

over the related time period in a region. The SRI at shorter time scale changes sensitively

in response to emerging hydrological droughts, and thus is important to agricultural

interests. In addition, the efficacy of the SRI at longer time scale for reflecting a prolonged

hydrological drought may be of significant interests to water supply managers. Therefore,

the examination of multiple SRIs with various time scales can provide valid information of

the overall drought status and valuable references for drought monitor and assessment.

2. The results of correlation analyses indicate that the significant influence of AMO on

hydrological drought is evident across the Luanhe River basin. As for the hydrological

drought at different time scales, the potential teleconnection of AMO occurs among

different months, especially in July and August. In response to ENSO, the direct

linkage between the SRI and SOI during the study period is generally weaker than the

corresponding association with AMOI, while the extent of the linkage can be improved

with increasing time lags. These findings can provide opportunities for improving

predictability of drought in the basin by taking into account changes of large climate

patterns.

Nevertheless, the weak SRI-SOI correlation discovered in this study does not mean that

ENSO has a slight effect on the hydrological drought of the basin, because Kendall’s s test

just evaluates the strength of monotonic correlation between two variables. Namely, sig-

nificant correlations do not imply the existence of a causal dependency, only providing a

measure of the association between the variables over time. So the weak correlation might

suggest that the SRI-SOI relationship is likely to be non-monotonic. Moreover, many

former researchers indicated that ENSO exerts different impacts on drought conditions in

different regions of China (Yin et al. 2009; Jiang et al. 2006). Ropelewski and Halpert

(1986) pointed out that the regions without consistent ENSO-related signals might indi-

rectly feel the effects of the ENSO cycle through the position of other ENSO-related

phenomenon. Therefore, further examination of other factors is needed to explain the

relationship between the ENSO and hydrological drought in the Luanhe River basin.

3. Based on the climate-induced influence indices, the effects of climate phases on

regional drought condition were examined with respect to the intensity and frequency.

The analyses conducted in this study reveal that warm AMO phases favor drought
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conditions and El Niño phases show a close relation with drought events in the Luanhe

River basin. This conclusion agrees with the previous studies which indicated that

during the typical warm phase of ENSO, surface conditions are drier in most regions

of China, especially in North China (Su and Wang 2007; Ouyang et al. 2014).

More attention should be paid on the weaker teleconnection of ENSO obtained in this

study as compared with that of AMO. Yin et al. (2009) also found the weakening linkage

between ENSO and flood/drought change of the Taihu Lake basin in China during recent

decades, and it is speculated that this weakening association might relate to the cold and

warm inter-decadal background (Chang et al. 2001; Gao and Wang 2007). What’s more,

the warm AMO phase may have been responsible in part for the substantial East Asian

warming in the recent two decades (Wang et al. 2009). It is well known that Eastern Asian

summer and winter monsoons are influenced by El Niño and La niña, meanwhile warm-

phase AMO intensifies the East Asian summer monsoon but weakens the winter monsoon.

Thus, AMO to some extent can modulate the influence of ENSO on regional drought

condition, and the effects of combining different phases of AMO and ENSO need to be

further studied.

4. The human-induced influence index developed in this study provides a way to identify

the impacts of human activities on drought. It is implied that at shorter time scales,

human activities make a contribution to the aggravation of hydrological droughts over

the Luanhe River basin. However, at longer time scales, human activities might show

mitigating effects on hydrological droughts in some areas of the basin.

As mentioned earlier, different economic and social sectors pay attention to the

hydrological drought at different time scales. The results related to human-induced effects

over various time scales could provide valuable references for future water resources

planning and management decisions to support sustainable water resources development at

catchment scale.

Human activities, including agricultural irrigation, soil and water conservation works

and land cover and land use changes, have direct or indirect influences on the hydrological

drought of the basin. The effects of the various forms of human activity might accumulate

or counteract each other simultaneously. So the human-induced mitigating or aggravating

effect assessed in this study is a comprehensive response to the hydrological drought. In

reality, there were still some anthropogenic disturbances (such as farmland irrigation and

land cover changes) even during the natural period. Additionally, it should be noted that

the climate-induced effect defined in this study is purely related to precipitation variations,

ignoring the impacts from other climate variables such as evaporation. Therefore, this

study just did some rough estimations, and quantitative analyses should be investigated in

future studies.
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