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ABSTRACT

Meteorological and hydrological droughts can bring different socioeconomic impacts. In this study, we

investigated meteorological and hydrological drought characteristics and propagation using the standardized

precipitation index (SPI) and standardized streamflow index (SSI), over the upstream and midstream of the

Heihe River basin (UHRB and MHRB, respectively). The correlation analysis and cross-wavelet transform

were adopted to explore the relationship between meteorological and hydrological droughts in the basin.

Three modeling experiments were performed to quantitatively understand how climate change and human

activities influence hydrological drought and propagation. Results showed that meteorological drought

characteristics presented little difference betweenUHRB andMHRB, while hydrological drought events are

more frequent in the MHRB. In the UHRB, there were positive relationships between meteorological and

hydrological droughts, whereas drought events became less frequent but longer whenmeteorological drought

propagated into hydrological drought. Human activities have obviously changed the positive correlation to

negative in the MHRB, especially during warm and irrigation seasons. The propagation time varied with

seasonal climate characteristics and human activities, showing shorter values due to higher evapotranspira-

tion, reservoir filling, and irrigation. Quantitative evaluation showed that climate change was inclined to

increase streamflow and propagation time, contributing from 257% to 63%. However, more hydrological

droughts and shorter propagation timewere detected in theMHRBbecause human activities play a dominant

role in water consumption with contribution rate greater than (2)89%. This study provides a basis for un-

derstanding the mechanism of hydrological drought and for the development of improved hydrological

drought warning and forecasting system in the HRB.

1. Introduction

Drought is a complex phenomenon, and it originates

from a deficiency of rainfall over a prolonged period

of time, leading to water shortage in soil and hydro-

logical system via hydrological cycle (Mishra and

Singh 2010; Van Loon 2013, 2015; Wilhite 2000). Un-

like other natural disasters, drought develops slowly

and can have long-lasting impacts, which results in

severe economic, environmental, and societal problems

worldwide (Seneviratne et al. 2012). Droughts are classified

into four types, including meteorological (precipitation),

agricultural (soil moisture), hydrological (streamflow

and groundwater), and socioeconomic droughts (Mishra

and Singh 2010; Wilhite 2000). Meteorological droughts

are the origin of other types of droughts and can propa-

gate to agricultural and hydrological droughts, which

may result in socioeconomic losses (socioeconomic

droughts; Eltahir and Yeh 1999; Van Loon 2013; Van

Loon et al. 2014).Corresponding author: Aizhong Ye, azye@bnu.edu.cn
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The drought propagation from meteorology to hy-

drology has significant impacts on water resources man-

agement, which depends strongly on both climate and

catchment characteristics (Van Loon and Van Lanen

2012). Therefore, hydrological drought features may dis-

play huge distinctions in different regions of the world, in

spite of similar meteorological drought characteristics

(e.g., number of events, duration, and severity; Van Loon

et al. 2014). To better manage water resources and reduce

the effects of droughts, understanding drought propaga-

tion and its influence factors is needed in a given region.A

number of studies have investigated drought propagation

at the regional scale (e.g., Barker et al. 2016; Hannaford

et al. 2011;Huang et al. 2017) and focused on the effects of

climate and catchment characteristics on drought propa-

gation. However, the role of human activities on the

propagation of drought has not been well explored, since

human activities largely influence hydrological processes

underlying drought characteristics and propagation, es-

pecially in human-dominated regions (Van Loon et al.

2016). The Heihe River basin, an endorheic river basin in

northwest China, is an important region for agricultural

production that is highly dependent upon irrigationwith a

history of approximately 2000 years (Lu et al. 2015).

Overexploitation of water resources of this basin has

changed the hydrological processes and consequently

impacts the hydrological drought characteristics and

drought propagation, especially in the midstream region.

This study assesses meteorological and hydrological

drought characteristics and the propagation behaviors in

the Heihe River basin using the standardized indicators

(Farahmand and AghaKouchak 2015), that is, the stan-

dardized precipitation index (SPI) and standardized

streamflow index (SSI). The study will address the fol-

lowing key questions:

1) How do meteorological and hydrological drought

characteristics vary across the upstream andmidstream

of the Heihe River basin?

2) How do meteorological droughts propagate into

hydrological droughts, and how is the process differ-

ent between upstream and midstream of the Heihe

River basin?

3) How and to what extent do climate change and

human activities affect hydrological drought charac-

teristics and propagation?

We aim to fill the gaps in quantitative analysis of ef-

fects of climate change and human activities on hydro-

logical drought and drought propagation by addressing

these questions. In section 2, the study area and data

used in this study are described. Section 3 presents the

methods for characterizing droughts and propagation

behaviors and for separating effects of climate change

and human activities. Section 4 presents the results and

discussion. Finally, conclusions are given in section 5.

This work will provide an important foundation for

the development of hydrological drought warning and

forecasting systems based on climate predictions in the

Heihe River basin, allowing for better drought pre-

paredness in advance.

2. Study area and data

a. The upper andmiddle reaches of Heihe River basin

The Heihe River basin (HRB; 968420–1028E, 378410–
428420N) is the second-largest inland river basin in the

arid zone of northwestern China (Fig. 1). The total

drainage area is 128 900km2, and its mainstream spans

821 km (Ma and Frank 2006). The elevation ranges

between 800 and 5600m, with significant topography

varying from south to north (Wang et al. 2012). The

HRB is divided into upstream (UHRB), midstream

(MHRB), and downstream (DHRB) based on its cli-

mate and ecological characteristics (Liu et al. 2010; Qin

et al. 2010). Among them, the upstream is from the

Qilian Mountains to Yingluoxia Gorge, which is char-

acterized by the mountainous terrains with alpine

meadow. The midstream, from Yingluoxia Gorge to

Zhengyixia Gorge, is characterized by oases with irri-

gated agriculture, and the downstream ismainly covered

by the Gobi Desert with lower precipitation and higher

evaporation (Li et al. 2001). The average annual rainfall

in the UHRB, MHRB, and DHRB is 350–450mm,

80–120mm, and 40–60mm, respectively, and average

annual temperatures are from 23.18 to 3.68C, 78–8.28C,
and 88–108C, respectively (Pan et al. 2014). It should be

emphasized that the midstream is a very important ag-

ricultural production zone, where agriculture plays a

vital role in local economic growth. In this study, we

focus on the UHRB and MHRB, considering agricul-

ture and ecosystem in the midstream place heavy de-

mands on water resources delivered from the upstream

region. Most of the water resources in the HRB are

generated from rainfall and glacier-snow melting in the

UHRB (Wang et al. 2010).

b. Data

Daily precipitation data covering 1961–2015 at a 0.58
resolution were obtained from the National Meteoro-

logical Information Center, China Meteorological Ad-

ministration (CMA; Zhao and Zhu 2015) and were

interpolated from 2472 meteorological stations all over

China using the thin plate spline method (Hutchinson

1998a,b). Daily temperature data were collected from

11 meteorological stations spanning 1961–2013, also
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provided by CMA. Monthly streamflow records of

Yingluoxia (YLX) and Zhengyixia (ZYX) hydrological

stations located at the outlet of the upstream and mid-

stream of the HRB during 1961–2015 were provided by

the Heihe Water Resources Department. In this study,

upstream catchment average rainfall, temperature,

and streamflow at YLX were used to characterize the

climate and hydrology for the upstream; midstream

catchment average rainfall and temperature and the

difference of streamflow between ZYX and YLXwere

used to describe the climate and hydrology for the

midstream. In addition, monthly streamflow data from

Gaoya (GY; 1981–2000) station, which is located in

the MHRB (Fig. 1), were also used to calibrate the

hydrological model [see section 3d(2)].

3. Methodology

a. Drought characteristics analysis

In this study, SPI and SSI were used to characterize

meteorological and hydrological droughts, respectively.

First, a probability distribution was fitted to the historical

monthly precipitation or streamflow data for each month.

Here, we used the empirical Gringorten plotting position

(Farahmand and AghaKouchak 2015; Gringorten 1963)

to generate the nonparametric standardized index:

p(x
i
)5

i2 0:44

m1 0:12
, (1)

where m is the length of time series for each month, i

represents the rank of precipitation or streamflow data

starting from the smallest, and p(xi) is the corresponding

empirical probability. Then, the probability distribution

was transformed to the standard normal distribution,

which makes the standardized index comparable over

time and space.We calculated the SPI and SSI at various

time scales (SPI-n and SSI-n), which correspond to

n-month precipitation and streamflow accumulation

periods.

Drought events were defined as periods when the SPI

(or SSI) value is consecutively below a given threshold

(Fig. 2). If there is only 1 month or less between two

drought events, and the SPI (or SSI) value of that month

was still negative but greater than the given threshold,

then the two events were then merged into one.

Thresholds of 21, 21.5, and 22 were used to identify

moderate, severe, and extreme drought events, re-

spectively. These thresholds represent the probability of

10%, 5%, and 2% for SPI (or SSI) values to be lower

than the corresponding thresholds. The number of

event, duration, and severity were calculated for each

catchment (upstream and midstream) at different ac-

cumulation periods and thresholds. The number of

event was the total amount of all individual drought

events. The duration was the constituent months of each

drought event, and the severity was calculated by di-

viding the summation of SPI (or SSI) values by the du-

ration for each individual event.

b. Drought propagation analysis

In this study, SPI and SSI were used to represent the

meteorological and hydrological conditions, respectively.

Therefore, the linkage between SPI and SSI can provide

some indication of propagation from meteorological

drought to hydrological drought through various hydro-

logical processes. To investigate the appropriate propa-

gation time from meteorological to hydrological drought,

the correlations between SPI-n (n-month SPI) and SSI-1

(1-month SSI) time series were calculated. In the calcula-

tion of correlation coefficient, dry conditions are extracted

from SPI-n and SSI-1 time series with SPI values less than

zero. The period of SPI with the strongest correlation

is considered as the most appropriate propagation time.

FIG. 1. Location of the upstream and midstream of the Heihe

River basin and the geographic distribution of hydrometeorologi-

cal stations.
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The SSI-1 was used considering its good description of

short-term hydrological drought, similar to the 30-day

mean flow (e.g., Gustard et al. 1992), and has been widely

used for the drought propagation (e.g., Barker et al. 2016;

Huang et al. 2017; Wu et al. 2016; Yuan et al. 2017).

In addition, the cross-wavelet transform (XWT;Grinsted

et al. 2004) was used in this study to reveal the detailed

correlations between SPI and SSI in both time and

frequency domains. It is a new technique based on cross-

spectrum analysis and wavelet transform, which can un-

cover the high common power and phase relationship

between the two series. For two given time series xn and

yn, the XWT is defined asWxy 5WxWy*, where * refers

to complex conjugation. Then the cross-wavelet power

and relative phase are jWxyj and complex argument arg

(Wxy), respectively. Finally, the theoretical distribution

of jWxyj with background power spectra Pk
x and Pk

y are

calculated following Torrence and Compo (1998):

D

"
Wx

n(s)W
y*
n (s)

s
x
s
y

, p

#
5

Z
y
(p)

y

ffiffiffiffiffiffiffiffiffiffiffi
Px
kP

y
k

q
, (2)

where Zy(p) is the confidence level connected with the

probability p for probability distribution function, which

is defined by the square root of two x2 distributions; y is 1

for real and 2 for complex wavelet.

c. Framework for separating effects of climate change
and human activities

In the HRB, changes in hydrological processes are

likely due to both climate change and human activities,

which is reflected in the observed streamflow seriesQobs.

Here, human activities refer to human water manage-

ment including irrigation, reservoir regulation, domestic

water, and industrial water use. The Heihe River basin

has experienced an upward trend in both temperature

and precipitation during 1961–2013 (Figs. 3c,d). We

designed three hydrological modeling experiments to

distinguish contributions to hydrological drought from

climate change and human activities. For this purpose,

the Distributed Time–Variant Gain Hydrological

Model (DTVGM; Xia et al. 2005a,b) was adopted and

has been well calibrated (see section 3d). The first ex-

periment was a control run, where the hydrologicalmodel

was run with human activity modules turned on and

driven by observedmeteorological forcing. The simulated

streamflow series QControl from the control run could

reasonably represent actual hydrological conditions af-

fected by both climate change and human activities, via

model calibration [see section 3d(2)]. In the second ex-

periment, scenario A, the naturalized streamflow series

QA were reconstructed with the hydrological model. The

model configuration is the same as in the control run ex-

cept that the human activities modules were turned off in

scenario A. In the third experiment, scenario B, the hy-

drological model with human activities modules turned

off was driven by trend-removed meteorological forcing

to reconstruct streamflow series QB without effects of

climate change and human activities. In fact, some re-

searchers have used climate model archives to account

for climate change impacts (e.g., Williams et al. 2015).

However, many climate models (e.g., CMIP5) have large

errors in simulating precipitation and temperature (Zhao

et al. 2017). Here, the trend-removed meteorological

forcing was obtained by removing the annual trend from

daily precipitation and temperature time series for each

subbasin (Figs. 3c,d). The exact changes in temperature

and precipitation on a day-to-day basis due to climate

change are hard to quantify and are unlikely to be linear.

To investigate the impact of such long-term trends in

temperature and precipitation, we have to make some

simple assumptions. We assumed that changes in tem-

perature and precipitation could be represented by the

annual trends of precipitation and temperature. There-

fore, the difference between control run and scenarioA is

FIG. 2. Illustration of the identification of drought events and characteristics.
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attributed to the human activities, and the difference be-

tween scenarioAand scenarioB can be attributed to long-

term climate change. The comparison between the three

model experiments could properly reduce some impacts

from hydrological model structural errors.

Finally, the relative contributions of climate change

hC and human activities hh to hydrological changes were

calculated as

DQ
h
5Q

Control
2Q

A
, (3)

DQ
C
5Q

A
2Q

B
, (4)

h
h
5

DQ
h

jDQ
h
j1 jDQ

C
j3 100% ,

h
C
5

DQ
C

jDQ
h
j1 jDQ

C
j3 100%. (5)

d. A brief description of the DTVGM

The DTVGM was chosen for hydrological modeling

and has been applied to many water-resource-related

studies, such as separating naturalized and human-

induced hydrology changes (Ma et al. 2014; Wang

et al. 2009) and drought prediction (Ma et al. 2017). The

runoff model of DTVGM is based on a water balance

function:

P
i
1AW

i
5AW

i11
1 g

1

 
AW

ui

WM
u
C

j

!g2

P
i
1AW

ui
K

r

1EP
i
K

e
1AW

gi
K

g
, (6)

where i is the time period; j is subbasin number; P is pre-

cipitation (mm); AWi and AWi11 are the soil moisture

(mm) at i and i1 1moment; AWu andAWg are the upper

and lower soil moisture (mm);WMu is the upper saturated

soil moisture (mm);C is the land cover parameter; and EP

is potential evapotranspiration, which is calculated using

air temperature based on the Hargreaves–Samani method

(Hargreaves and Samani 1985). Coefficients in Eq. (6) are

model parameters for calibration, including the soil per-

meability coefficient fc (0–30mmh21), the runoff coeffi-

cient when the soil is saturated (0 , g1 , 1), the soil

moisture parameter (g2 . 0), the subsurface runoff co-

efficient (0,Kr, 1), the groundwater runoff coefficient

(0, Kg , 1), and the evapotranspiration coefficient (0 ,
Ke , 1). Another parameter for calibration is the Man-

ning roughness coefficient n (0.001 , n , 0.15; Huggins

andMonke 1966) in a routingmodel based on a kinematic

FIG. 3. The climatology and trend of precipitation, mean temperature, and streamflow in the (a)–(c) UHRB and

(d)–(f) MHRB.
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wave scheme. Considering abundant snow in the UHRB

as a source of streamflow, the snowmelt module is in-

tegrated in the DTVGM. Snowmelt is calculated based

on the degree-day factor (DDF) method (Li and Wang

2008). The detailed snowmelt process in the DTVGM

can be found in Ye et al. (2010) and Ye et al. (2017).

1) HUMAN ACTIVITIES MODULES

In this study, reservoir module and water-use module

are added into the DTVGM considering the actual hy-

drological processes in the HRB. In the DTVGM, for

simplicity and practicality, one reservoir is constructed in

each subbasin in the model. Its storage capacity is defined

by summing all storage capacity values of all reservoirs in

the actual subbasin. When there is no actual reservoir, the

storage capacity is simply set to zero. Reservoir operation

occurs after the subbasin routing, and the operating rule in

the DTVGM has been described in Mao et al. (2016) and

Xia et al. (2005a). In this study, the flood season refers to

June–September, considering the climate in the UHRB

and MHRB (Figs. 3a,b). The water-use module in the

DTVGM primarily considers three types of water use: ir-

rigation water, industrial water, and domestic water. The

irrigation water is decided by irrigation area and irrigation

quota. The irrigation area was calculated from a land-use

dataset. The calculation of irrigation quota can be found in

Mao et al. (2016). In theDTVGM, the industrial water use

is the function of industrial gross domestic product (GDP),

and the domestic water use is based on the population

distribution. The detailed description and operating rule of

both the reservoir and water-use modules in the DTVGM

have been introduced by Mao et al. (2016), which has

confirmed that the DTVGM could reasonably simulate

water quantity in China. Here, the parameters in reservoir

and water-use modules are estimated according to the

observed datasets (Table 1). For example, in the reservoir

module, the parameters, including dead water level, flood

control water level, flow of full generating electricity, and

minimum flow for ecological needs in both flood season

and nonflood season, are set according to the realistic

reservoir scheduling. In the water-use module, the irriga-

tion quota, industrial water-use quota, and domesticwater-

use quota are determined by irrigation schedule and actual

water use per unit GDP and per person, respectively. In

this study, the reservoir module and water-use module are

collectively known as human activities modules.

2) MODEL SETUP, CALIBRATION, AND

VALIDATION

The upstream and midstream of the Heihe River ba-

sin were divided into 140 subbasins. All datasets for the

model setup and calibration are presented in Tables 1

and 2, including meteorological forcings; GIS, agricultural,
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and eco-economic data; and hydrological data. The daily

precipitation at 0.58 latitude–longitude grids and tempera-

ture at 11 meteorological stations were interpolated into

each subbasin using the inverse distance weighting method,

considering elevation correction for temperature. The GIS,

agricultural, and economic data (e.g., land use, soil, GDP,

population) were calculated for each subbasin based on the

area percentage. The dynamic land use changed mainly in

agricultural land change in the midstream, exhibiting a de-

creasing trend in the 1960s, an increasing trend in the 1970s

(Chang et al. 2005), a decreasing trend during 1981–2006

(Zhang 2009), and an increasing trend during 2005–15

(increased by 3.37%). In this study, to simplify the hydrol-

ogy model, we use a static land use (year of 2000) as the

long-term average value. That may lead to some un-

certainties, which can be reduced by adjusting the irrigation

quota according to observed irrigation water.

First, we calibrated the DTVGM with human activities

modules turned on using observed streamflow at YLX,

GY, and ZYX hydrological stations (Fig. 1). The Nash–

Sutcliffe efficiency coefficient (NSE) and correlation co-

efficient R were used to assess the reliability of the model

simulation. The accuracy measures at the monthly scale

were 0.52 , NSE , 0.91 and 0.8 , R , 0.96 for both

calibration and validation periods (Table 2). The com-

parisons between observation and simulation are also

shown in Fig. 4. At the ZYX station, the mean difference

between control run and scenario A (indicating the impact

of human activities) is 52.29m3 s21, much greater than the

RMSE value (Table 2). The mean difference between

scenarios A and B (indicating the impact of climate

change) is 18.44m3 s21, greater than the RMSE value

(Table 2). Therefore, the human activities modules are

reasonable to separate the influence of climate change

and human activities, in spite of some uncertainties in the

hydrology model. This indicated that the DTVGM per-

formed well in simulating the hydrological processes over

the HRB, especially for the upstream region.

4. Results and discussion

a. Drought characteristics

Time series of SPI and SSI for different time scales in

the upstream and midstream of HRB are shown in

Fig. 5. In general, the climates in the upstream and

midstream of HRB were getting wetter, while the hy-

drological conditions are more complex due to other

factors at play, such as human activities, especially in the

midstream region. As the time-scale increases, the time

series of SPI and SSI become smoother with more pro-

longed wet and dry periods. In the upstream (Figs. 5a,b),

the overall patterns of SPI and SSI time series are sim-

ilar, with more dry episodes before 2007 while more

wet episodes afterward. However, in the midstream

(Figs. 5c,d), SPI and SSI time series appear to be quite

different. For SPI (Fig. 5c), the variations are very

similar to that in the upstream (Fig. 5a). But for SSI,

there are more dry episodes in the later part of the

record, especially after the 1980s (Fig. 5d).

For each catchment, drought events were identified

based on thresholds of 21, 21.5, and 22 for both in-

dices, and were characterized by the number of events,

their duration, and severity. The numbers of meteoro-

logical and hydrological drought events are shown in

Table 3. For shorter time scales (e.g., 1 and 6 months)

and lower thresholds (i.e., 21 and 21.5), the number

of meteorological droughts is far more than that of

hydrological droughts in the upstream. As the accu-

mulation period and threshold increase (i.e., more

negative), the number of both meteorological and

hydrological drought events decrease, which approach

similar amounts of low values. However, in the mid-

stream, there is no significant decrease in the number of

hydrological drought events, compared with that of

meteorological drought.

Figure 6 shows the preferred times for drought ini-

tiation and end (Figs. 6a,d), duration (Figs. 6e,f), and

severity (Figs. 6g,h) for both meteorological and hy-

drological droughts and for both the UHRB and

MHRB, at 1- and 6-month time scales using two drought

thresholds. We examine the 1-month time scale (Fig. 6,

top row) first. In the UHRB, for the lower threshold

level (i.e., 21), the onset and end of drought mainly

occurred between May and September (Figs. 6a,c),

when more precipitation occurred but higher tempera-

ture, and therefore higher evapotranspiration, existed.

The duration for hydrological droughts is longer than

that for meteorological droughts (Fig. 6e). The drought

TABLE 2. Performance of the DTVGM during calibration and validation periods at monthly scale.

Calibration period Validation period

Calibration period Validation period

NSE R Bias RMSE NSE R Bias RMSE

YLX 1990–95 1996–2000 0.86 0.93 0.64 15.15 0.91 0.96 0.90 14.08

GY 1981–90 1991–2000 0.70 0.89 2.62 14.99 0.52 0.80 6.22 14.82

ZYX 1981–90 1991–2000 0.81 0.90 1.22 12.14 0.62 0.80 1.95 13.32
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severity shows no significant variations between mete-

orological and hydrological droughts (Fig. 6g). For the

greater threshold (i.e., 21.5), the differences between

meteorological and hydrological characteristics (i.e.,

timing, duration, and severity) are similar as that for the

lower threshold.

In the MHRB, little difference exists between me-

teorological and hydrological drought characteristics.

For the lower threshold, more droughts always happen

between May and September (Figs. 6a,c), which are

more likely due to lots of irrigation water in the mid-

stream being needed during this period, in addition to

higher evapotranspiration. In fact, the irrigation water

requirements and evaporation presented a significant

increasing trend from mid-May and peaked in late

August and then decreased since early September

(Tan and Zheng 2017). The duration of hydrological

droughts shows little difference compared with that of

meteorological droughts (Fig. 6e). Similarly, the me-

teorological and hydrological drought severity also

shows little difference. In addition, the difference

between meteorological and hydrological drought

characteristics basically stays the same for the two dif-

ferent thresholds.

For the 6-month time scale (Fig. 6, bottom row), most

differences between meteorological and hydrological

drought characteristics are similar to those at the

1-month scale. However, as the threshold level increases

(i.e., from 21 to 21.5), the differences between dura-

tions for meteorological and hydrological droughts are

more pronounced in the upstream. In themidstream, the

hydrological drought durations are slightly longer than

meteorological droughts, less than the difference in the

upstream (Fig. 6f). For the greater threshold, the hy-

drological drought severity is more concentrated than

meteorological droughts (Fig. 6h). That is likely due to

human activities that play a more important role in

water resource use in the midstream of HRB (Deng and

Zhao 2015; Sun et al. 2016).

b. Drought propagation

The correlations between SSI-1 and SPI-n (1–12months)

on dry conditions for each catchment are shown in

Fig. 7. The relationship between meteorological and

FIG. 4. Streamflow curve of the three hydrological stations during the (a)–(c) calibration period and

(d)–(f) validation period.
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hydrological droughts and propagation behaviors

shows significant seasonal variations and regional dif-

ferences. In the upstream (Fig. 7a), the correlations are

higher in May–October than in cold seasons, when

stronger correlations exist at longer SPI accumulation

periods. The propagation time (i.e., the strongest correla-

tion) frommeteorological drought to hydrological drought

was the shortest in February–March and September–

October (1–3 months), followed by April–June, August,

andNovember–December (6–10months), andwas longest

in January and July (11–12 months). The shortest

propagation time in February–March is likely related to

less antecedent precipitation, most of which are landing

as snow during the cold season. During September–

October, strong evapotranspiration due to higher tem-

peratures during the antecedent warm season (e.g.,

July–August) that tightly links rainfall and streamflow

variations, combined with less precipitation, lead to less

streamflow storage and thus short propagation time

from precipitation deficit to hydrological drought. Longer

propagation time in April–June is probably associated

with the melting of snow and glaciers in the Qilian

Mountains when temperature is rising, which disconnects

the precipitation variation with streamflow variation as

melting contributes water in the streams. In July–August,

most precipitation occurs (Fig. 3a) and abundant

streamflow storage has been generated by snowmelt,

leading to longer propagation time. During the cold

seasons (e.g., November–January), weak evapotranspi-

ration due to lower temperature results in longer

FIG. 5. Time series ofmonthly SPI andSSI at different accumulation periods in the (a),(b)UHRB

and (c),(d) MHRB. For each panel, the y axis represents the different accumulation periods

(1–24 months), and the x axis is the time in months (1961–2015).

TABLE 3. Number of meteorological and hydrological drought

events identified by SPI and SSI series during 1961–2015.

No. of events

Threshold Time scales (months) UHRB MHRB

SPI 21 1 80 78

6 38 36

18 12 19

21.5 1 40 41

6 18 20

18 9 11

22 1 11 11

6 9 9

18 2 5

SSI 21 1 44 72

6 22 24

18 9 9

21.5 1 21 38

6 8 13

18 6 3

22 1 9 11

6 2 3

18 2 3
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propagation time from meteorological drought to hy-

drological drought.

In the midstream (Fig. 7b), the correlations between

SSI-1 and SPI-n are lower than those in the upstream,

indicating a weaker relationship between meteorologi-

cal and hydrological drought and suggesting that other

factors are at play shaping the hydrological processes

in the midstream. During the warm seasons (April–

August), the correlation even turns negative. The mid-

stream has the major urban area and large farmlands

with irrigated agriculture. Even in years with above-

normal precipitation in the region, streamflow can still

be low as water is used for irrigation in the semiarid

region and for filling the surface reservoirs in addition to

the strong loss to evapotranspiration. The negative

correlation between precipitation and streamflow is

evidence of how human water use and management can

disrupt the natural hydrological cycle. Under such an in-

fluence, the propagation time from meteorological to hy-

drological drought can vary substantially between seasons

and differ from that in the upstream. The shortest propa-

gation time happens in October–January (1–4 months),

which may be attributed to the reservoir filling during

flood season (June–September), vast irrigation water

for crops during irrigation season (April–September;

Akiyama 2009; Tan and Zheng 2017), and less pre-

cipitation and less inflow from theUHRBdue to freezing

in October–January, which leads to low flow. In addition,

the correlations between longer time scales of SSI-n (e.g.,

SSI-3, SSI-6, and SSI-12) and SPI-n are shown in the

appendix (Fig. A1).

Furthermore, to investigate the detailed linkage be-

tween meteorological and hydrological drought, the

XWTwas applied in this study. Figure 8 shows the XWT

FIG. 6. Box plots showing meteorological and hydrological drought characteristics based on SPI-1, SPI-6, SSI-1, and SSI-6 using

thresholds of 21 and 21.5 for the UHRB and MHRB. The blue boxes represent characteristics in the upstream, and the red boxes

represent characteristics in the midstream. The boxes without and with black oblique lines are characteristics using thresholds of 21

and 21.5, respectively. The black rhombus in each box represents the mean value.
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results for the SPI-1 and SSI-1 time series in October–

February (dry seasons), March–May (snowmelt sea-

sons), and June–September (rainy seasons) in the

upstream and midstream. Note that in Fig. 8, the color

refers to cross-wavelet power at that time–frequency

space. Higher values represent higher common power

between two variables, which is exhibited as a thick

contour using the 5% confidence level against red noise.

The arrows in Fig. 8 denote the relative phase relation-

ship, with positive correlations pointing to the right, and

negative associations pointing to the left. The relation-

ships between SPI-1 and SSI-1 in the upstream are

mainly positive (Figs. 8a–c). The correlations are more

apparent during rainy seasons, and less significant dur-

ing snowmelt seasons. In the midstream (Figs. 8d–f),

there are no significant positive correlations between

meteorological and hydrological droughts, especially

during snowmelt and rainy seasons (i.e., irrigation sea-

sons). The analysis has further confirmed the relation-

ship between meteorological drought and hydrological

drought in the upstream and midstream presented in

earlier sections.

c. Separating natural and human-induced
hydrological droughts

Besides climate, human activities can also modify the

hydrological processes underlying drought propagation

(Van Loon et al. 2016). Figure 9 displays the differences

between simulated SSI-1 time series from the control

run and scenarios A and B in the upstream and mid-

stream of HRB. It can be observed that climate change,

especially the long-term upward trends in precipitation,

helps to increasing SSI values, thus reducing hydrolog-

ical drought (Figs. 9c,d). In the upstream (Fig. 9a),

human activities have little effect on hydrological

drought alleviation and aggravation. In the midstream

(Fig. 9b), human activities have substantially alternated

hydrological drought throughout the entire study pe-

riod, and aggravated more hydrological droughts since

2000s, due to more water consumption for agricultural

purposes (Fig. 3f; Lu et al. 2015; Li et al. 2017).

Tables 4 and 5 summarize the hydrological drought

characteristics in the upstream and midstream from

observation and different scenarios. The DTVGM un-

derestimated the number of hydrological drought events

and overestimated the mean duration and severity. In

the upstream (Table 4), the differences in the number of

drought events, mean duration, and severity between

the control run and scenarios A and B are small, in-

dicating that both climate change and human activities

have little impact on hydrological drought characteris-

tics. In the midstream (Table 5), there are larger dif-

ferences of number of events and duration between the

control run and scenario A, indicating that human

activities have greater impacts on hydrological drought.

Human activities have increased the number of hydro-

logical drought events and mean severity, but have re-

duced drought duration. In fact, human activities, such as

reservoir operations and artificial channels for water de-

livery, could also play an active role in drought alleviation

(Lu et al. 2015; Xi et al. 2010).

Figure 10 displays the correlations between SPI-n and

SSI-1 on dry conditions for control run and scenarios A

and B. In the upstream (Figs. 10a,c,e), the impacts of

climate change and human activities on the correlation

and drought propagation behaviors are small. Climate

change has slightly increased propagation time in

September and decreased propagation time in January

and August (Figs. 10c,e). Climate warming has led to in-

creasing temperature and precipitation (Fig. 3d) and more

snowmelt for easing hydrological dry conditions.However,

higher temperature also caused stronger evapotranspira-

tion, which accelerates hydrological drought much easier.

Human activities have increased the propagation time in

January–February but decreased propagation time in

FIG. 7. The correlation coefficients between SSI-1 and SPI-n on

dry conditions for observation, in the (a) UHRB and (b) MHRB.

Here, dry conditions are extracted from SPI-n and SSI-1 series with

SPI values less than zero. The x axis is the various time scales of SPI

(1, . . . , 12 months), and the y axis is the different months at the

intra-annual scale. The color represents the correlation coefficients

between SSI-1 and SPI-n series, with deep red and blue colors

denoting high and low correlation coefficients, respectively. Sig-

nificant correlations (p , 0.05) correspond to correlation co-

efficient values larger than 0.37. Note that the black dot denotes the

strongest correlation for the period of 1961–2015.
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September (Figs. 10a,c). That may be attributed to the

reservoir operation. In the MHRB (Figs. 10b,d,f), hu-

man activities have a greater effect than climate change,

which has slightly increased the propagation time in cold

seasons (March and October–December) but decreased

propagation time in January, June, and September. It

can be observed that the correlations were significantly

increased when human activities were removed, especially

during April–November in the midstream (Figs. 10b,d).

This means that human activities have distinctly modi-

fied the relationship between precipitation and stream-

flow, whichmade the hydrological processesmore complex.

The effects of human activities are more pronounced in

April–November, where crop growth and more irriga-

tion happened. The propagation time was significantly

reduced in September–November (Figs. 10b,d) due to

larger water consumption for antecedent irrigation,

which leads to less water storage in river channels.

In other seasons, for example, January, longer propa-

gation time was detected likely due to regulated dis-

charge in dry seasons.

To quantify the effects of climate change and human

activities on hydrological processes, their contributions

were estimated. Figure 11 shows the relative contribu-

tions of climate change and human activities on the

mean state and variability of streamflow for the up-

stream and midstream of HRB. In the upstream, as

mentioned above, the impacts of both climate change

and human activities were small. Among them, climate

change acts to decrease streamflow (Fig. 11a) and hy-

drological variability (Fig. 11c) before the 1980s, but has

reversed since the 1990s. Human activities invariably

play a role in decreasing streamflow (Fig. 11a), with the

strongest effects during the 1980s and 1990s. In addition,

human activities have increased hydrological variability

in the upstream (Fig. 11c) by transporting more and

FIG. 8. Cross-wavelet transform for SPI-1 and SSI-1 in October–February, March–May, and June–September in

the (a)–(c) UHRB and (d)–(f) MHRB. Note that thick contours denote 5% significance levels against red noise.

The relative phase relationship is denoted as arrows (positive correlation, arrows point right; negative correlation,

arrows point left). The ‘‘U’’ shaped line refers to the cone of influence.
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more water into the midstream. In the midstream, the

contributions of climate change and human activities on

streamflow (Fig. 11b) were both negative, indicating a

higher probability of hydrological droughts. Human

activities were the predominant factor for hydrological

drought, accounting for between 289% and 299%,

while climate change only contributed less than 11%

(less negative) during 1961–2013. Climate change has

decreased the hydrological variability, while human

activities play a more important role in increasing hy-

drological variability before the 2000s (Fig. 11d). How-

ever, hydrological variability has decreased since the

2000s (Fig. 11d), more likely due to human activities,

such as more reservoirs, irrigation infrastructure, and

water transfer projects (Lu et al. 2015). In general, cli-

mate change tended to increase the water resources,

while hydrological droughts were more likely to occur

because human activities were the major contribution

factor for water consumption in the HRB.

d. Discussion

Human activities play both active and passive roles in

hydrological processes in the HRB, via a large number

of water conservancy projects, for example, reservoirs,

FIG. 9. (a),(b) The difference between simulated SSI-1 time series of control run and scenario A during

1961–2013 representing the impact of human activities on hydrological drought, and (c),(d) the difference between

scenario A and scenario B representing the impact of climate change on hydrological drought, in the (top) UHRB

and (bottom) MHRB.

TABLE 4. Hydrological drought characteristics for the observa-

tion and three scenarios using a threshold of 21 during 1961–2013

in the UHRB.

Period No. of events

Duration

(months) Severity

Mean Max Mean Max

Observation 44 2.55 17 21.34 21.91

Control run 34 3.03 15 21.44 22.31

Scenario A 37 2.70 15 21.44 22.31

Scenario B 35 2.86 11 21.42 22.31
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irrigation infrastructure, and water transfer projects.

Water resources exploitation of the HRB is primarily

developed for agricultural irrigation in the midstream

region through artificial canals and reservoir construc-

tion (Liu and Shen 2018;Wang andGao 2002). Land use

and land cover have changed dramatically since the

1950s, with increased farmland and water requirement

amount, especially in the last 30 years (Hu et al. 2015; Lu

et al. 2015; Liu and Shen 2018). However, the stream-

flow supplied to the downstream also showed a signifi-

cant decrease since 1990 (Jia et al. 2011), with an

increase of reservoirs (Wu et al. 2005). These increased

the water resource stress and accelerated the occurrence

of hydrological droughts. On the other hand, reservoir

construction also altered the hydrological processes and

the relationship between meteorological and hydrolog-

ical droughts in the HRB. By 1994, 98 reservoirs were

built, most of which were located in the midstream

FIG. 10. The correlation coefficients between SSI-1 and SPI-n on dry conditions for (a),(b) the control run;

(c),(d) scenario A; and (e),(f) scenario B in the (left) UHRB and (right) MHRB. Here, dry conditions are extracted

from SPI-n and SSI-1 series with SPI values less than zero. The x axis is the various time scales of SPI (1, . . . , 12

months), and the y axis is the differentmonths at the intra-annual scale. The color represents the correlation coefficients

between SSI-1 and SPI-n series, with deep red and blue colors denoting high and low correlation coefficients, re-

spectively. Significant correlations (p, 0.05) correspond to correlation coefficient values larger than 0.37.Note that the

black dot denotes the strongest correlation for the period of 1961–2013.

TABLE 5. Hydrological drought characteristics for the observa-

tion and three scenarios using a threshold of 21 during 1961–2013

in the MHRB.

Period No. of events

Duration

(months) Severity

Mean Max Mean Max

Observation 66 1.61 7 21.43 22.32

Control run 58 1.79 6 21.50 22.31

Scenario A 42 2.45 20 21.49 22.31

Scenario B 46 2.24 9 21.47 22.31
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region, and water storage capacity increased quickly

(Wang and Gao 2002). The reservoirs can alleviate the

severe and extreme droughts by releasing water that has

been stored during the flood seasons to the streams

during low-flow periods (Wan et al. 2017).

In this study, we designed threemodeling experiments

to distinguish the effects of climate change and human

activities based on the assumption that model errors were

small enough to simulate actual and natural streamflow

series. The control run was performed with human activi-

ties modules turned on to obtain streamflow series similar

to observations. Therefore, comparison between simula-

tions could appropriately reduce some impacts frommodel

structural errors. However, no model is perfect, and the

findings here may have some model dependency. There-

fore, there is a need to apply multiple hydrological models

to reduce the uncertainties and verify the results of sepa-

ration in a future study. Owing to the fact that natural

runoff free of human impact does not exist in this basin, the

hydrological model was first calibrated using observed

streamflow, and then run with removed human activities

modules to simulate the naturalized streamflow series. In

fact, there is much room for improvement. For instance,

the human activities modules can be improved further. To

better simulate human water management, the scheme

involving irrigationwater canbe improved, considering the

actual irrigation technology (e.g., sprinkler irrigation or

flood irrigation, drawwater from channel or groundwater).

Higher-precision data involved in anthropogenic water

withdrawal and use (e.g., irrigation amount related to the

crop) should be continually developed.

5. Conclusions

This study analyzed themeteorological and hydrological

drought characteristics and propagation behaviors in the

FIG. 11. Relative contributions of climate change and human activities on (a),(b) streamflow and (c),(d) hydrological

variability in the UHRB and MHRB. Note that positive contribution means climate change or human activities lead to

increasing streamflowor hydrologic variability, while negative contribution refers to decreasing streamflow or hydrologic

variability.
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upstream and midstream of the Heihe River basin (HRB)

using SPI and SSI at various time scales. The effects of

climate change and human activities on hydrological

drought were also explored. In the upstream, the overall

dry/wet patterns of SPI and SSI series are similar, showing

high positive correlations between meteorological and

hydrological droughts, especially during warm and rainy

seasons. Droughts were more likely to occur and ter-

minate inMay–August, where high evaporation but also

more snowmelt and precipitation existed. When using a

given threshold to identify drought, meteorological and

hydrological drought characteristics show some differ-

ences. Drought events became much fewer and longer

when moving from precipitation to streamflow storage.

The propagation behaviors show significant seasonal var-

iations, with shortest propagation time in February–March

and September–October (1–3 months). Both the impacts

of climate change and human activities on hydrological

droughts were relatively small, with more negative

impacts from human activities especially during the

1980s and 1990s.

In the midstream, climate conditions showed a wet-

ting trend, while hydrology conditions were more com-

plex and showed a drying trend due to human activities.

The meteorological drought characteristics are similar

to those in the upstream, while more hydrological

drought events were detected in the midstream. This is

attributable to more human water management occur-

ring in the midstream oases regions than in the upstream

mountainous region (Qi and Luo 2005). The dura-

tions for meteorological and hydrological droughts are

similar, with slightly longer durations for hydrological

FIG. A1. The correlation coefficients between (a),(b) SSI-3; (c),(d) SSI-6; and (e),(f) SSI-12 and SPI-n on dry

conditions for observation, in the (left) UHRB and (right) MHRB. Here, dry conditions are extracted from SPI-n

and SSI-n series with SPI values less than zero. The x axis is the various time scales of SPI (1, . . . , 12 months), and

the y axis is the different months at the intra-annual scale. The color represents the correlation coefficients between

SSI-n and SPI-n series, with deep red and blue colors denoting high and low correlation coefficients, respectively.

Significant correlations (p, 0.05) correspond to correlation coefficient values larger than 0.37. Note that the black

dot denotes the strongest correlation for the period of 1961–2015.
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droughts at longer time scales. The correlations between

meteorological and hydrological droughts are lower and

even negative in warm and irrigation seasons, due to vast

water management systems (e.g., irrigation, reservoir

regulation). Short propagation time was detected in

October–January due to antecedent irrigation and less

precipitation.

Compared with the effects from climate change, hu-

man activities play a dominant role in the occurrence of

hydrological drought in the midstream, contributing

between 289% and 299%. In addition, more hydro-

logical drought events were extracted while drought

duration and severity were decreased when human ac-

tivities affected the hydrological cycle. It is not surpris-

ing to see that more human activities have reduced the

propagation time from meteorological drought to

hydrological drought, especially in the crop-growing

seasons. Meanwhile, human activities have increased hy-

drological variability bywater regulation via artificial canals

and reservoir construction. These operations couldwork on

relieving severe and extreme hydrological droughts, and

thus shorten their durations.

In general, the understanding of drought characteris-

tics and propagation processes provided by this study

can be helpful for future development of drought

warning systems for better drought preparedness.
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APPENDIX

The Relationship between SSI-n and SPI-n

Figure A1 shows the correlations between SSI-n at

longer time scales (e.g., SSI-3, SSI-6, and SSI-12) and

SPI-n (1–12 months). In the upstream (Figs. A1a,c,e), as

the time scale of SSI increases, higher correlation is

detected in longer accumulated periods of SPI. The

propagation time increases when meteorological drought

propagates into longer-term hydrological drought. How-

ever, in the midstream (Figs. A1b,d,f), few differences

are found between different time scales of SSI because

human activities play an important role on drought

propagation.
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