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Abstract Reservoir regulation has a significant effect on
streamflow regimes and thus hydrological drought char-
acteristics. The impacts of two or more cascade reservoirs
on upstream and downstream droughts may be different
due to various geographical and topographical character-
istics and water management activities. In this study,
evolution of hydrological drought features, such as dura-
tion and magnitude, under the regulation of two cascade
reservoirs in the Shahe River basin of the Huaihe River of
China is analyzed as an example. The effect of the two
reservoirs regulation on the drought severity is revealed by
correlation analysis and comparisons of the standardized
streamflow indices (SSI) of the reservoir inflow and out-
flow, and the standardized reservoir storage indices (SRSI).
Additionally, the time lags between the standardized pre-
cipitation index and the hydrological drought indices (SSI
and SRSI) are analyzed with the purpose of revealing the
response of hydrological anomalies to meteorological
variations. Results indicate that: (1) the multi-months
dependence of streamflow and storage on climatic condi-
tions causes longlasting hydrological anomalies, which
reduces hydrological drought frequency; (2) the upstream
reservoir leads to a marked decrease in streamflow drought
severity, particularly during the severe drought. Although
the downstream reservoir leads to an overall increase in the
drought severity, it mitigates the severe and extreme
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droughts; (3) the reservoir storage functions to smooth
streamflow variation in that it reduces the drought fre-
quency and extends the duration.
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1 Introduction

Drought is resulted from a long period of precipitation
deficit (Dracup et al. 1980; Tallaksen et al. 1997), which
affects various hydrologic variables including soil moisture
content, groundwater storage, river discharge, reservoir
storage and so on. Normally, based on the affected com-
ponents, droughts are classified into four categories
(meteorological, hydrological, agricultural and socio—eco-
nomic droughts). Hydrological drought is related to a
period of inadequate surface and subsurface water resour-
ces in a given water resources management system (Mishra
and Singh 2011). In view of the close relationship between
streamflow and precipitation, the response of hydrological
droughts to meteorological droughts has attracted consid-
erable attention of hydrologists.

Hydrological droughts are mainly affected by charac-
teristics of watersheds (Zecharias and Brutsaert 1988;
Vogel and Kroll 1992) and hydrological components such
as streamflow, its response to precipitation variation is
delayed due to land surface regulation (Vicente-Serrano
and Loépez-Moreno 2005; Lopez-Moreno et al. 2013).
Additionally, human activities, such as dam and reservoir
constructions, and water diversion alter relationship
between hydrological and meteorological droughts.
Because reservoirs are built to reduce flood discharge in the
flooding season for flood control and to increase water
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supply for irrigation, ecological flow and other demands in
the dry season, reservoir management changes temporal
and spatial patterns of streamflow (Liang et al. 2013;
Zhang et al. 2013, 2014b) and thus its response to pre-
cipitation variation (Lopez-Moreno et al. 2009, 2013;
Lorenzo-Lacruz et al. 2010). This alteration is particularly
significant in the subtropical monsoon climate areas, where
precipitation is characterized by marked seasonality, high
inter-annual variability and periodic floods and droughts
(Wang 2000). Vicente-Serrano and Ldopez-Moreno (2005)
analyzed the relationship between the standardized series
of hydrological variables (river discharge and reservoir
storage) and SPI at different time scales. They found that in
the mountainous Mediterranean basin, the surface runoff
anomalies closely related to the precipitation variations at a
time scale of 1-4 months, whereas the reservoir storages
are at a longer time scale of 7-10 months.

The changes of the temporal and spatial patterns of
streamflow affect hydrological droughts in varying degrees
due to various geographical and topographical character-
istics and water management activities. Lopez-Moreno
et al. (2009) found that under the effect of Alcantara res-
ervoir on the Tagus River, located close to the border
between Spain and Portugal, the Portuguese part of the
basin in the downstream has experienced more severe
droughts than the upstream part in terms of both magnitude
and duration. Li et al. (2011) evaluated the impacts of river
regulation and water diversion on the hydrological char-
acteristics in the Murrumbidgee River, Australia. They
found that the regulation successfully mitigated the mag-
nitude of hydrologic droughts by ensuring a more reliable
water supply for users in downstream of two major dams
but the hydrologic benefits of reservoir regulation pro-
gressively disappeared along the river course due to water
diversion and hydrological drought at regions far from the
foot of the reservoirs were augmented progressively.

The Huaihe River basin is of particular interest because
of its situation in China’s transition terrain of northern
climate and southern climate. It belongs to the warm
temperate monsoon and sub-humid climate region (Wang
2000). The basin has the highest population density in
China. As one of the major agricultural areas, it consumes
millions of tons of water in each year. In the Huaihe River,
about 5,674 reservoirs and 5,427 sluices have built since
1950s for flood control and water supply (Hu et al. 2008),
which have been recognized as a principal reason for the
changes of streamflow in the Huaihe River basin (Zhang
et al. 2011a; b), particularly in the non-flood season and
during the dry years (Zhang et al. 2010). For effective and
sustainable water management in the basin, how and to
what extent the changes of the streamflow variability due to
reservoir regulations affect hydrological droughts in the
basin needs to be investigated.
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Several drought indices were developed on the basis of
different meteorological and hydrological variables and
parameters (Heim 2002; Mishra and Singh 2011) for
identification of droughts intensity and surface extent (Karl
1986; Heddinghaus and Sabol 1991; Byun and Wilhite
1999; Shukla and Wood 2008). One of the drought indices,
the standardized precipitation index (SPI) (McKee et al.
1993) was commonly used to quantify the meteorological
anomalies based on the probability of precipitation for any
time scales. It can also be used to detect hydrological
droughts in terms of the standardized streamflow index
(SSI) (Shukla and Wood 2008). The index provides great
flexibility for estimating the relationship and effect
between different drought elements.

The objectives of this study were to analyze the impacts
of reservoir operation on monthly streamflow alteration
and drought characteristics, particularly, evolution of the
drought severity affected by two cascade reservoirs with
hydrological connection in the Shahe River, one of the
tributaries in the upstream of the Huaihe River. Such
investigation was executed by the correlation analysis and
comparison of statistical features of the drought indices in
terms of the standardized series of precipitation, and the
inflow, outflow and storage of the two cascade reservoirs.

2 Study area and dataset
2.1 Study area

The Shahe River is one of the tributaries of the Huaihe
River, located about mid-way between the Yellow River
and Yangtze River (Fig. 1). The basin is characteristic of
semi-moist continental warm temperate monsoon climate.
The annual mean temperature is between 14 and 16 °C.
The highest and lowest temperatures are 44 °C in July and
—24 °C in February, respectively. More than 75 % of the
basin is mountainous area with an average elevation of
1,000 m (the highest elevation is 2,153 m). The terrain of
the catchment tilts from northwest to southeast and the
mountainous and hilly areas are located in the western part
and flat plain areas are in the east (Fig. 1).

These geographical and climatic features result in the
extremely uneven distributions of annual and seasonal
rainfall. The annual precipitation is between 650 and
1,400 mm, varying from the largest in the south to the
smallest in the north. The temporal distribution of rainfall
in the watershed is mainly controlled by the monsoonal
cycle. More than half of the annual precipitation falls in
summer (from June to August), and 20, 21 and 5 % of the
annual precipitation appears in spring (March to May),
autumn (September to November) and winter (December
to February), respectively (Fig. 2). The storm center is
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Fig. 1 Location of the study area and spatial distribution of the two reservoirs and gauging stations

located in the upstream of the mountainous area and most
floods occur in the summer months. Similar to the rainfall
regime, the streamflow of the Shahe River basin is uneven
both among months and years. More than half of the annual
discharge occurs in wet season from July to September
(Fig. 2). The average discharge in the wet year is more than
nine times of that in the dry year.

There are two cascade reservoirs located in the main-
stream of the Shahe River, where the downstream

BaiGuiShan (BGS) reservoir is 35 km away from the
upstream ZhaoPingTai (ZPT) reservoir. ZPT and BGS
reservoirs have a gross storage capacity of 713 and 922
million m®> (MCM), and a draining area of 1,430 and
2,740 km?, respectively. Characteristics of the two reser-
voirs are given in Table 1. The two reservoirs play a large
part in the water management for flood control, irrigation,
water supply and hydropower generation. Additionally,
over 80 small dams and sluices have been built since 1960s
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for storing flood flow for irrigation in the Shahe River basin
(Zhang and Zhang 2014a), which significantly influences
streamflow processes and the exchange between surface
water and groundwater (Zhang et al. 2011c).

2.2 Dataset
Precipitation, reservoir storage and outflow records of the

two reservoirs (ZPT and BGS) covering the period from
1967 to 2010 were obtained from the Department of water
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resources of Henan Province, China. There are 21 rainfall
stations with available daily records in the study area
(Fig. 1). Regional precipitation was estimated by the
weighted average method of Thiessen polygons in terms of
the daily records of all observation stations. Then, monthly
precipitation was calculated from the areal average daily
value. Based on monthly series of Regional areal precipi-
tation, meteorological variability was analyzed.
Hydrological variations were analyzed based on
monthly series of streamflow and reservoir storages. Using
the original records of the reservoir outflow and storage,
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the reservoir inflow was derived according to the following
water balance equations.

(Et,t+Al - @I,I+AI)*AI = Wt+At -W, = AWZ.I+AI
£1,1+At = (IQZ + IQt+At)/2 (1)
OQz,r+At = (OQr + 0Q1+Az)/2

where, IQ; andIQ, A, are the reservoir inflows at time ¢ and
t + At, respectively; OQ, andOQ,.a, are the reservoir
outflows at time ¢ and t+ Azrespectively; Ez,r-mz and
O_Q,J +As are the mean values of the inflow and outflow in
the period from ¢ to t + At, respectively. Because the time
intervals At of the recorded reservoir storage and outflow
were changed from several minutes to several days, the
reservoir storage and outflow records at different time
intervals were all transferred into amount in half an hour
interval using liner interpolation, and then daily data were
further accumulated to monthly scale for inflow derivation
and hydrological drought index calculations.

In the inflow calculation, evaporative loss and precipi-
tation recharge into the reservoirs were neglected because
the net amount between the annual loss and the annual
recharge was only about 0.11 and 0.26 % of the annual
storage, or 0.85 and 0.65 % of annual outflow of ZPT and
BGS reservoirs, respectively. Note that: this amount was
estimated in terms of 1,008 mm of annual potential evap-
oration in the Huaihe River basin (Rong et al. 2011),
902 mm of annual precipitation in the region controlled by
BGS reservoir, and 24 and 70 km? of the maximum areas
impounded by ZPT and BGS reservoirs, respectively.

3 Methods
3.1 Calculation of drought index

In this study, the standardized precipitation index (SPI) was
used to evaluate meteorological variation; the standardized
streamflow index (SSI) of the reservoir inflow and outflow
and the standardized reservoir storage index (SRSI) were
used for hydrological drought detection.

The SPI, SSI and SRSI are the fits of random variables:
precipitation, streamflow and reservoir storage, respec-
tively. Values of these drought indices are influenced by
both types of the distribution function and length of the
analyzed series. There are a great many literatures about
SPI/SSI calculation based on Gamma (McKee et al. 1993;
Paulo et al. 2005), lognormal (Zaidman et al. 2002), and
Pearson Type III distribution (L6pez-Moreno et al. 2009).
In this paper, Gamma distribution was selected for SPI and
SSI calculations using a program developed by the US
National Drought Mitigation Center at the University of
Nebraska-Lincoln (National Drought Mitigation Center

Table 1 Characteristics of the two reservoirs located at the main-
stream of the Shahe River

Features ZPT BGS
Storage capacity (MCM) 713 922
Annual average flow (MCM) 563 858
Annual average precipitation(mm) 955 903
Dam height (m) 35.5 23.6
Draining area (kmz) 1,430 2,740
Year started to operate June, 1959 August, 1966
Number of precipitation gauging 11 21
stations for the reservoir basin
Number of streamflow gauging stations 1 2

for the reservoir basin

UoNL 2000). For SRSI computation, reservoir storage
series were normalized using the Box—Cox transformation
to obtain standardized series (Box and Cox 1964). For
different timescales, moving average series of the analyzed
variables at different window widths were used.

(1) The calculation of SPI and SSI

Following three steps were executed to obtain SPI/SSI:
First, fit a gamma probability density function to a given
frequency distribution of precipitation/streamflow for a
specific station. Parameters of the gamma probability
density function were estimated for each station at each
special time scale of interest and for each month of the
year. The maximum likelihood solutions were used to
optimally estimate parameters (Thom 1966).

Second, use the optimized parameters to find the
cumulative probability of the observed precipitation/
streamflow for the given month and timescale for the sta-
tion in question. Since the gamma function is undefined for
x = 0, when a precipitation or streamflow contains zeros,
the cumulative probability becomes:

H(x) = q+(1-9)G(x) (2)

where ¢ is the probability of a zero. If ng is the number of

zeros in a precipitation/streamflow time series, g = "0/,,.
Third, obtain SPI/SSI by the inverse computation using

the approach provided by Abramowitz and Stegun (1964).

(2) Calculation of SRSI
The Box—Cox transformation takes the form:

Xt —1
Y= P
In(2),

70 (3)
A=0

where X are the values of the original time series of the
reservoir storage, Y are the values of the transformed time
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Table 2 Classification of meteorological/hydrological wet and
drought states based on SPI/SRI/SRSI interval and the corresponding
cumulative probability

State SPI/SSI/SRSI interval ~ Cumulative probability
Wet >1.0 [0.841,1.0)

Normal (~1.0, 1.0) (0.159,0.841)
Moderate drought (—1.5, — 1.0] (0.067,0.159]

Severe drought (=2.0, —1.5] (0.023,0.067)

Extreme drought  <-2.0 (0,0.023]

series, A is a parameter for the values of the transformed
time series.
The transformed values of Eq. (3) were standardized
using:
Y-Y
Oy

7 =

(4)

where Z is the values of the standardized time series, Y is
the mean value of the transformed time series, and oy is the
standard deviation of the transformed time series. The
transformation and the standardization of reservoir storage
series in each month were performed. The optimal values
of A for Box—Cox transformation were estimated using the
maximum likelihood approach (Press 2007).

3.2 Analysis of drought events

Following the theory of runs, droughts are defined as
periods when the drought indices are below a certain
threshold (Yevjevich et al. 1967). Each drought event is
characterized by its duration, magnitude, time of occur-
rence and spatial extent. The drought duration (run-length)
is the time when the drought index is below the truncation
level; drought magnitude (run sum) is the cumulative
deviation below the truncation level during that period; the
time of drought occurrence is defined as the mean of the
onset and the termination date of the drought; the spatial
extent is the region suffering from the drought event
(Tallaksen et al. 1997; Tallaksen and Van Lanen 2004). For
streamflow drought, Zelenhasi¢ and Salvai (1987) defined
the truncation level as a certain percentile of the flow
duration curve, e.g., 5, 10, or 20 %. McKee et al. (1993)
defined the drought triggered by the zero SPI as threshold.

In this paper, two main drought components (drought
duration and magnitude) were investigated for measuring
drought. Given the objective of the paper, three drought
states were defined following Mckee et al. (1995), and the
thresholds for each meteorological/hydrological drought
category and the corresponding cumulative probability
were illustrated in Table 2.
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Compared with marked variation of meteorological
drought, hydrological drought features, particularly after
regulation of the reservoirs, show a long and smooth
characteristic. Minor droughts with short duration and low
magnitude are of little hydrological importance but may
disturb the analysis (Fleig et al. 2006). In this paper, SSI
and SRSI at a timescale of 6 months were selected for
drought event detection. The six months of streamflow and
reservoir storage can capture the seasonality variation
features well and eliminate the disturbance from the short
duration and low magnitude minor droughts.

3.3 Correlation analysis

The outflow series of the two reservoirs represent stream-
flow regimes after reservoir regulation. The inflow series of
the upstream ZPT reservoir represents the natural stream-
flow regime at the upstream of ZPT reservoir while the
inflow of the downstream BGS represents the streamflow
regulated by both the upstream reservoir and the local area
between the two reservoirs. In this study, the relationship
between the standardized reservoir inflow series and out-
flow series was analyzed by Pearson’s correlation coeffi-
cient. The correlation coefficient between the continuous
monthly series of the standardized inflow and outflow
reflects the average impacts of the reservoir operation, and
the correlation coefficient between the monthly series of
the inflow and outflow at each month reflects the regulation
degree in different months.

A high level of correlation (approaching 1) indicates that
downstream streamflow at the foot of the dam was very
similar to that at the reservoir entrance. It implies that the
reservoir management did not have a major impact on the
river regime. In contrast, a low level of correlation
(approaching 0) indicates that the outflow of the reservoir
was substantially altered. A negative coefficient indicates
an inversion of downstream flow of the reservoir, which is
equivalent to a reversal of the natural seasonality of the
river (Batalla et al. 2004). Since streamflow variations are
related to climate variability, the standardized precipitation
series was correlated with the standardized inflow and
outflow series to assess response of hydrological variations
to meteorological conditions.

4 Results

4.1 Impacts of reservoir operation on monthly average
streamflow variations

Since one of the major functions of the reservoirs in the
study catchment is flood control, the reservoirs generally
diminish the natural seasonal variability of the hydrological
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regime, leading to a reduction in the high flows in the flood
season and an increase in the discharge in the dry season.

Figure 2 shows the average monthly regional precipi-
tation of the basin, and the average monthly inflow, outflow
and water storages of ZPT and BGS reservoirs during the
period from 1967 to 2010. Generally, the outflow follows
the inflow pattern in the seasonal variation, but the outflow
is significantly attenuated due to the reservoir regulation.
For the upstream ZPT reservoir (Fig. 2b) in months from
July to September, the multiyear average monthly inflows
exceed outflows, with a 108.3 MCM increase in the res-
ervoir storage from 137.8 MCM at the end of June to 246.1
MCM in October. For the dry and early flood periods from
November to next June, outflow exceeds inflow due to
release of the storage for irrigation, industrial, ecological
and flood control purposes, which leads to decline in res-
ervoir storage.

For BGS reservoir (Fig. 2¢), the management pattern is
similar to ZPT reservoir but the disparity between inflow
and outflow become much smaller, particularly for the
flood period during July—September. BGS reservoir refills
the storage of 68.9 MCM from 191.6 MCM in July to 260.5
MCM in November, and it is released during the period
from December to next June (Fig. 2c). On average, the
peak storage of BGS reservoir appears in November, which
is delayed for 1 month compared with that of ZPT reser-
voir. It can be also found that the storage variations of ZPT
reservoir are much larger than those of BGS reservoir in

10 12 14 16 18 20 22 24
Time scale (month)

26 28 30 32 34 36

most months of the year except in June, which indicates
that the effect of the upstream ZPT reservoir on reducing
the natural seasonal variability is more significant than that
of the downstream BGS reservoir.

4.2 Response of hydrological anomalies
to meteorological variability

A precipitation-based drought index (SPI) was calculated
from a regional series of precipitation. The standardized
precipitation index (SPI), as well as the standardized
streamflow index (SSI) and reservoir storage (SRSI) were
commonly used to quantify the meteorological and
hydrological anomalies at any time scales. Because
monthly streamflow and reservoir storage are commonly
related to multi-months precipitation due to catchment
regulations and reservoir operations, correlation analysis
between monthly SSI/SRSI and SPI at different timescales
(from 1 to 36 months) is executed in this study (Fig. 3).
Figure 3 demonstrates the dependence of monthly
streamflow and storage on multi-months climatic condi-
tions that may cause longlasting hydrological anomalies.
This longlasting effect can be distinguished by the time lag
of streamflow anomalies in response to meteorological
variability, which is represented by the time scale with the
largest correlation coefficient R in Fig. 3. It can be seen
that the time lag generally becomes longer for the inflow,
outflow and storage series at the downstream BGS in
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Fig. 4 Evolution of the standardized series of a inflow and outflow of
ZPT reservoir, b outflow of ZPT reservoir and inflow and outflow of
BGS reservoir, ¢ reservoir storage of ZPT and BGS reservoir, d areal

comparison with those of the upstream ZPT (Fig. 3a vs. b).
It is also found that the reservoir regulation extends the time
lag of the outflows, compared with the time lag of the
inflows (inflow vs. outflow in Fig. 3). For the upstream ZPT
reservoir, the highest correlation coefficient (R = 0.55) is
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precipitation of the basin controlled by BGS reservoir at a 6-month
time scale during 1967-2010

found at a short timescale of 1 month while the highest
correlation coefficients of 0.35 are obtained at a longer
timescale of 7-8 months for the outflow (Fig. 3a). The
6—7 months of the outflow lagging behind the inflow SSI
are resulted from the ZPT reservoir regulation on significant
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attenuation of the streamflow variations in that it raises the
low inflow in the drought period and decreases the high
inflow in the wet period (Fig. 2b). However, this longlasting
effect is not significant for the downstream BGS reservoir
where the monthly inflow and outflow (SSI) are highly
correlated with precipitation at time scales at 8 and
8-9 months, respectively (Fig. 3b). The similar pattern of
the correlation coefficients for the inflow and outflow SSIs
indicates that the regulation of the downstream BGS has
little effect on the inflow variations (Fig. 2c) because a large
portion of the BGS inflow comes from the regulated outflow
by the upstream ZPT reservoir.

The time lags of the storage SRSI in response to mete-
orological SPI are longest in comparison with the inflow
and outflow series. The time lags correspond to the highest
correlation coefficient at the time scale of 8—10 months for
the storage of ZPT and 11-12 months for the storage of
BGS (Fig. 3b). The longest lags relate to anomalies of the
monthly distribution between precipitation and the storage
(Fig. 2), e.g., storage decrease versus precipitation increase
from November to June of next year for ZPT reservoir, and
the similar pattern of the monthly distribution between
precipitation and the storage for BGS reservoir.

4.3 Effects of reservoir regulation on hydrological
drought evolution

The above analysis indicates the multi-months dependence
of streamflow on precipitation variability. The evolution of
the variations of SPI/SSI/SRSI for the monthly successive
series using moving average in 6 months during
1967-2010 is shown in Fig. 4. It indicates that variation of
the meteorological drought index (SPI) is most intensive
and SRSI is relatively stable among all the drought indices.
Additionally, the inflow SSI varies more frequently than
the outflow SSI does. Variations of the inflow/outflow SSI

and SRSI for the downstream BGS are reduced, compared
to those of the upstream ZPT.

Correlation between the inflow and outflow series is
executed to quantify effects of the reservoir regulation on
the evolution of hydrological drought indices (Fig. 5). For
the upstream ZPT reservoir, the correlation coefficient
between the successive series of inflow and outflow (SSI)
during 1967-2010 is 0.70 for the mean value (the line of
ZPT in Fig. 5). It is lower in the pre-flood and flood period
from May to September (Fig. 5) when ZPT reservoir
begins operation for flood prevention (Fig.2). For the
downstream BGS reservoir, the evolution pattern of out-
flow SSI matches that of inflow very well during
1967-2010 (Fig. 4b). The correlation coefficient between
the inflow and outflow SSI series is as high as 0.95 and
remains relative steady among months (Fig. 5). It indicates
that regulation of BGS reservoir has less effect on the
inflow processes and the drought evolution. However, for
the local area between the two reservoirs, anomalies
between the outflow SSI of ZPT and the inflow SSI of BGS
reservoir are marked (Fig. 4b), particularly during the
successive drought period of 1979-1987 and the successive
wet period of 2000-2010. The correlation coefficient
between the ZPT outflow and BGS inflow SSI reduces to
0.14 for the monthly mean and 0.26 for the highest in
December (Fig. 5). It means that the upstream outflow
from ZPT reservoir has been dramatically altered
throughout the year as it enters the local area, possibly by
numerous small dams and sluice gates, and water con-
sumption for irrigation.

4.4 Effects of reservoir regulation on drought duration
and magnitude

Following the status category criteria shown in Table 2,

drought events can be detected by the threshold of SSI and
SRSI less than —1.0 (including moderate, severe and
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Table 3 Statistics of drought events during the period from 1967 to 2010

Drought element Fre. Total dur. Mean dur. Max. dur. Total mag. Mean mag. Max. mag.
(months) (months) (month)
Precipitation 34 71 2.09 7 —108.78 -3.20 —12.29
Inflow of ZPT reservoir 23 60 2.61 —87.81 —3.82 —16.21
Outflow of ZPT reservoir 18 48 2.67 7 —65.17 -3.62 —-12.97
Inflow of BGS reservoir 17 59 3.47 11 —82.00 —4.82 —20.51
Outflow of BGS reservoir 15 68 4.53 14 —93.51 —6.23 —23.60
Storage of ZPT reservoir 13 80 6.15 20 —119.50 —9.19 —42.50
Storage of BGS reservoir 13 110 8.46 21 —155.66 —-11.97 —29.09

Fre. drought frequency, Total dur. total drought duration, Mean dur. mean drought duration, Max. dur. the maximum drought duration, Total
mag. total drought magnitude, Mean mag. mean drought magnitude, Max. Mag. the maximum drought magnitude

extreme drought categories). Table 3 lists the statistics of
the drought indices during the period from 1967 to 2010:
frequency, total duration (number of months of drought
events), mean duration (total duration divided by fre-
quency), maximum duration (the maximum duration of
drought events), total magnitude (accumulated deficit
below the threshold of —1.0), mean magnitude (total
magnitude divided by total duration), and maximum
magnitude (the maximum magnitude of drought events).

Statistical results in Table 3 show the characteristics of
drought elements in terms of precipitation, inflow and
outflow and storage. The drought frequencies become
lower and lower for the elements in the order of precipi-
tation, inflow and outflow, and reservoir storage (Table 3)
because of attenuation effects of the catchment regulation
on precipitation and reservoir regulation on streamflow
(Fig. 4). However, the regulations significantly extent the
mean and maximum drought durations since the reservoirs
are maintained at the low flow in a long time period, with a
reduction in or even elimination of winter and spring high
outflows (Lopez-Moreno et al. 2009) (Fig. 4). In terms of
the total durations and the total magnitudes, the precipita-
tion droughts are longer and stronger than the inflow and
outflow droughts, but they are shorter and weaker than
those of reservoir storage.

For the upstream ZPT reservoir, the droughts for the
outflow after the reservoir regulation are significantly
mitigated in terms of most statistical values, e.g., lower
frequency, shorter (total and maximum) duration, and
smaller (total, mean and maximum) magnitude of the
outflow than those of the inflow. However, different results
are obtained for the downstream BGS reservoir regulation
on drought features by comparisons of the BGS inflow and
outflow droughts (Table 3). Although the changes between
the inflow and outflow are not marked and the frequency of
the outflow droughts after the BGS reservoir regulation
decreases a little, the outflow drought duration is still
extended and the drought magnitude is amplified compared
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with drought statistics of BGS inflow. As the reservoir
inflow shifts to the outflow, the total drought duration is
extended from 59 to 68 months, the mean from 3.47 to
4.53 months and the maximum duration from 11 to
14 months. Meanwhile, the absolute value of the total
drought magnitude is amplified from 82.00 to 93.51, the
mean from 4.82 to 6.23 and the maximum value from
20.51 to 23.6.

The different behaviors of the drought evolution from
the input to the output of the two reservoirs indicate
whether the reservoirs mitigate or amplify the drought
conditions depends on the extent of the low flow alterations
by the reservoir regulation, e.g., mitigating droughts by the
upstream ZPT reservoir as it markedly raises the low flow
(Fig. 2b) and amplifying droughts by the downstream BGS
reservoir as it raises low flow a little (Fig. 2c).

The regulation of the local area between the two cascade
reservoirs on drought events are estimated by comparing
the drought indices of the ZPT outflow (the third row in
Table 3) and the BGS inflow (the fourth row in Table 3). It
shows that the drought becomes severe in that the local
area regulation extends the drought duration and amplifies
the magnitude. The enhanced drought corresponds to a
reduction in high flow, particularly after 1990 (Fig. 4b) due
to the strong regulation in the local area in which a large
portion is occupied by the cultivated plain area and
numerical dams have been built for irrigation.

The characteristics of storage drought events are sum-
marized as the sixth and seventh row for the upstream ZPT
and the downstream BGS reservoirs, respectively, in
Table 3. Both reservoirs in terms of SRSI have suffered
from droughts at the same frequency (13 times) in the study
period, but droughts of BGS reservoir may be more serious
with longer duration and larger magnitude.

According to the classification thresholds in Table 2,
moderate, severe and extreme droughts are further detected
and total durations of each drought category are shown in
Table 4. As the total duration of drought events of the
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Table 4 Total duration of each drought category (unit: months) and
its proportion to the total duration of drought events (in the brackets)
for each drought element during 1967-2010

Drought element Moderate Severe Extreme
drought (%) drought (%) drought (%)
Precipitation 40 (56) 24 (34) 7 (10)
Inflow of ZPT reservoir 34 (57) 20 (33) 6 (10)
Outflow of ZPT reservoir 38 (79) 5 (10) 5 (10)
Inflow of BGS reservoir 40 (68) 15 (25) 4 (7)
Outflow of BGS reservoir 54 (79) 11 (16) 34
Storage of ZPT reservoir 54 (68) 10 (13) 16 (20)
Storage of BGS reservoir 65 (59) 42 (38) 33

meteorological and hydrological elements are not consis-
tent (Table 3), proportions of each drought category to the
total duration for the drought elements are also shown in
Table 4 (in the brackets after the drought duration).

Table 4 shows that the catchment and reservoir regula-
tions on precipitation and streamflow alter the drought
compositions. Compared with precipitation droughts, the
severe and extreme droughts of streamflow (inflows and
outflows of the two reservoirs) are reduced, with shorter
durations and smaller proportions to the total durations.
Compared with the drought duration of the inflow in
Table 4, the severe and extreme droughts of the outflow are
shortened but the moderate drought is extended after the
reservoir regulation. Moreover, regulation of the upstream
ZPT reservoir on the reduction of the severe drought is
much more significant than that of the downstream BGS
reservoir.

For the storage droughts of the two reservoirs (the sixth
and seventh rows in Table 4), proportions of extreme
droughts are 20 and 3 % for the upstream and downstream
reservoir, respectively. Among all these extreme droughts
proportions for different drought elements, the upstream
reservoir is the highest but the downstream reservoir is the
lowest. In the study period (1967-2010), the storage
droughts of the upstream reservoir concentrates on the
moderate and extreme droughts while the droughts of the
downstream reservoir concentrates on the moderate and
severe droughts.

5 Conclusions

Reservoir functions generally include flood control, electric
power generation and water supply, etc. In the subtropical
monsoon climate areas, reservoirs reduce or even eliminate
high flows by storing water in reservoir in the flood season,
and increase low flows by releasing the stored water for
water supply. Such streamflow regulation changes
streamflow and thus hydrological drought characteristics.

However, in the case of cascade reservoirs, the impacts of
each reservoir may be different due to various geographical
and topographical characteristics and water management
activities. In this study, two reservoirs in the upper and
lower areas of the Shahe River basin, one of the tributaries
in the headwaters of the Huaihe River basin, were selected
for the investigation. Based on standardized series of
regional precipitation, inflow/outflow of the reservoirs and
reservoir storage, correlation analysis and comparison of
statistical features of the drought indices were conducted.

Relationships between hydrological and meteorological
anomalies reflect the response of hydrological variables to
climatic variations due to catchment and reservoir regula-
tions. As expected, the reservoir regulation attenuates the
outflow and extends the time lags between the hydrological
and meteorological anomalies. These effects are particu-
larly more marked for the upstream ZPT reservoir than the
downstream ZPT. The results indicate that for the upstream
reservoir, the time lag of less than a month between the
inflow and the meteorological variability extends to
6-7 months after the reservoir regulation. For the down-
stream BGS reservoir, the time lag extends to 7 and
7-8 months for the inflow and outflow correlated with
precipitation, respectively. Therefore, the longlasting effect
of the downstream reservoir regulation on the inflow is not
so significant as the upstream reservoir.

The attenuation of the streamflow by the reservoirs
significantly reduces drought frequency. However, differ-
ent extents of the streamflow altered by the upstream and
downstream reservoirs behave differently in mitigating or
amplifying the drought conditions in terms of index value
below —1.0. Under the regulation of the upstream reser-
voir, the streamflow drought severity was significantly
decreased, with lower frequency, shorter duration and
smaller magnitude of the outflow, compared with inflow
droughts. On the contrary, the overall drought severity of
the streamflow of the downstream reservoir was increased,
with extension of the duration and amplification of the
magnitude of the outflow. Moreover, regulation of the local
area between the two reservoirs significantly increases
drought severity, which is indicated by the extended
duration and amplified magnitude of the downstream res-
ervoir inflow droughts, compared with the outflow released
from the upstream reservoir.

The mitigation/amplification of the overall drought
features by the upstream/downstream reservoir does not
mean the reservoirs influence drought severity in varying
patterns. The results show that the two reservoirs have the
same regulation functions in shortening the severe and
extreme droughts and expanding the moderate drought.
The mitigation of the overall drought features by the
upstream reservoir primarily concentrates on reduction in
the severe drought while amplification of the overall
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drought features by the downstream reservoir concentrates
on increase in moderate drought.

Compared with precipitation and streamflow drought
indices, reservoir storage droughts show less frequent,
longer duration and larger magnitude. These features cor-
respond to the reservoir regulation functions in the seasonal
scale, increasing storage in the dry period and decreasing
storage in the flood period. However, the varying degrees of
the regulation of the two reservoirs lead to different drought
features of the storages as well. The stronger regulation of
the upstream reservoir on the inflow means larger variations
of the storage series, which increases the extreme drought
magnitude and duration. On the contrary, the weaker reg-
ulation of the downstream reservoir with less variations of
the storage decreases the extreme drought and increases the
moderate and severe droughts in the meantime.

These analysis results will benefit understanding of the
behavior of river flow variability and its effect on hydro-
logical drought severity due to reservoir regulation, par-
ticularly for the cascade reservoirs with hydrological
connection. They help us make reservoir management
strategies in an effective and sustainable view, which will
be beneficial for water utilization and flood and drought
mitigation in the basin.
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