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In recent years, Taiwan has been facing severe water shortages due to extreme

drought. In addition, changes in rainfall patterns have resulted in an increasingly notable

drought phenomenon, which affects the management and utilization of water resources.

Therefore, this work examines basins in Central Taiwan. Long-term records from 13

rainfall and 17 groundwater stations were selected. The Standardized Precipitation

Index (SPI) and Standardized Groundwater Level Index (SGI) were used to analyze the

drought characteristics of this region. The rainfall and groundwater level data from basins

in Central Taiwan were analyzed in this study. The results show that the year 2015

experienced extreme drought conditions due to a correlation with SPI and SGI signals. In

addition, with regard to groundwater drought, more drought events occurred in the Da’an

River basin; however, the duration and intensity of these events were relatively low, in

contrast to those of the Wu River basin. Finally, the correlation between SPI and SGI was

observed to vary in different basins, but a certain degree of correlation was observed in all

basins. The results show that drought intensity increases with longer drought durations.

Moreover, severe droughts caused by rainfall tend to occur at a greater frequency than

those caused by groundwater.

Keywords: standardized precipitation index, standardized groundwater level index, drought, Central Taiwan,

cross-correlation

INTRODUCTION

Climate abnormalities are regarded as major environmental threats in the twenty-first century.
According to the 2007 report by the Intergovernmental Panel on Climate Change (IPCC), global
surface temperatures have been increasing since the last 157 years with extremely large regional
differences (IPCC Climate Change, 2007). Warming has intensified the global hydrologic cycle
(Milly et al., 2002) and caused average global temperatures to increase, resulting in extreme
hydrological events such as droughts or floods (Huntington, 2006; Jung et al., 2012; Gosling, 2014;
Huang et al., 2017).

In recent years, droughts have been among the most severe environmental disasters. Droughts
are complex and recurring environmental hazards that affect large areas, and have attracted the
attention of scholars in various fields such as environment, ecology, hydrology, meteorology,
geology, and agriculture. The main cause of droughts is a significant reduction in rainfall
over a given period. Therefore, droughts can occur in any climatic region worldwide. Natural
environmental factors, such as temperature, wind, and humidity, have important roles in the
occurrence of droughts. Droughts decrease the supply of surface and groundwater resources, cause
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a degradation of water quality, decrease crop yields, and
impact socioeconomic activities (Mishra and Singh, 2010; Tabari
et al., 2013; Tsakiris, 2017). The environment is continuously
affected by global meteorological and hydrological hazards,
despite an improved understanding of extreme climate events
in recent years and a significant improvement in environmental
management with respect to scientific and technical aspects
(Nafarzadegana et al., 2012; Tao et al., 2013). Because it is difficult
to predict the occurrence of droughts, studies on the occurrence
and development of droughts have important implications.

Wilhite and Glantz (1985) defined four types of droughts:
meteorological, hydrological, agricultural, and socioeconomic.
Among these, the meteorological, hydrological, and agricultural
droughts are physical and result from a deficiency of water
in the hydrological cycle (Bazrafshan et al., 2014). Studies on
meteorological and hydrological droughts have attracted the
most attention. Meteorological drought is the most basic of the
drought types; it initiates the other three drought types, and
is caused by reduced rainfall in a region for a certain period
(Nalbantis and Tsakiris, 2009; Bierkens et al., 2013). Hydrological
drought results from long periods of meteorological drought and
includes groundwater and streamflow droughts.

When monitoring historical drought events, different
methods can be used to analyze drought events and provide
more information for the prediction of future droughts. These
methods include the use of drought indices. To evaluate risk and
formulate of alleviation measures for droughts, it is necessary
to identify the severity of drought events. Therefore, many
drought indicators were developed in the past to describe the
characteristics of different drought types (Palmer, 1965; Shafer
and Dezman, 1982; McKee et al., 1993; Tsakiris and Vangelis,
2005; Nalbantis, 2008; Nalbantis and Tsakiris, 2009; Sharma and
Panu, 2010; Bloomfield and Marchant, 2013; Mu et al., 2013;
Liu et al., 2017). Table 1 compares the most commonly used
drought indices.

Among the various drought indicators that describe
meteorological and hydrological droughts, most indicators
require diverse data and complex calculations. In comparison,
the Standardized Precipitation Index (SPI) and Standardized
Groundwater Level Index (SGI) are effective and easy to manage.
Therefore, these two indicators were selected in this study to
evaluate drought characteristics at the study site.

STUDY SITE

The study site was divided into three regions: the Da’an, Dajia,
and Wu River basins. The Da’an River basin includes Taichung
City and Miaoli County. Its main watercourse has a length of
∼96 km and a drainage area of ∼759 km2. The strata types
downstream of the Da’an River are the Toukoshan Formation,
the conglomerate layer, and the modern alluvium. The
Toukoshan Formation consists of conglomerates and sandstone
layers, while the modern alluvium contains gravel and clay. The
main watercourse of the Dajia River has a length of∼124 km and
a drainage area of 1,236 km2. The geological soil downstream
of the basin mainly consists of alluvium and laterite layers. The

main watercourse of the Wu River has a length of 119 km and
its drainage area is 2,026 km2, which encompasses Taichung
City and the Changhua and Nantou counties. In terms of
geology, the downstream strata are mostly composed of alluvium
consisting of gravel, sand, and mud. Among these regions,
the Dadu Plateau mainly consists of thick sandstone, siltstone,
and mudstone with occasional conglomerates containing the
Toukoshan Formation. The Taichung Basin consists mainly
of sandstone, shale, and the Cholan Formation (interbedded
sandstone, shale, and mudstone).

The study site has a subtropical climate with high
temperatures and humidity. The climate is greatly affected
by the monsoon winds and the terrain. Rainfall mainly occurs
from May to October, resulting in a greater amount of summer
rain as compared to that of winter rain. The spatial distribution
of rainfall is extremely unique due to terrain factors: the rainfall
increases from west to east. The average annual rainfall at the
study site is 1,733 cm (Central Weather Bureau, 2016). In this
study, long-term observation data were collected from 13 rainfall
stations and 17 groundwater stations to examine the drought
characteristics in Central Taiwan. Table 2 shows information
about the stations in various basins, while Figure 1 displays the
spatial layout of various stations.

METHODOLOGY

Standardized Precipitation Index (SPI)
Method
The Standardized Precipitation Index (SPI) evaluation method
was proposed by McKee et al. (1993) to assess the severity
of meteorological drought events. In this method, cumulative
precipitation data over different periods of time are used to
calculate and examine the distribution and changes in drought
severity over these periods. The results of this method can be used
to gain insights into the severity, frequency, and occurrence cycle
of regional drought events.

This analytical approach assumes that the average monthly
rainfall data (Pi) are continuous. Pi accumulates according to
the duration q of the period under analysis. This leads to the
cumulative precipitation Ri,q for the duration q of the ith year,
as expressed in Equation (1):

Ri,q = Pi +

n∑

j=1

Pj i = 1, 2, . . . , n;

j = i− 1, i− 2, . . . , i− (q− 1) (1)

where Ri,q is the cumulative precipitation, q is the cumulative
number of months, Pi is the average monthly precipitation
(mm) for the current month, and Pj is the average monthly
precipitation (mm) for the month projected ahead of Pi.

The statistical characteristics of the data must satisfy normal
or logarithmic-normal (lognormal) distributions; however, actual
precipitation patterns are instead better approximated by the
Gamma distribution. Hence, these patterns must first be
converted before the SPI can be used to analyze the precipitation
data. This study used the two-parameter lognormal distribution
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TABLE 1 | Commonly used drought indices of three types (Yeh, 2019).

Type Index name References

Meteorological

drought

Standardized Precipitation Index

(SPI)

McKee et al., 1993

Reconnaissance Drought Index

(RDI)

Tsakiris and Vangelis, 2005

Hydrological

drought

Palmer Drought Severity Index

(PDSI)

Palmer, 1965

Surface Water Supply Index (SWSI) Shafer and Dezman, 1982

Streamflow Drought Index (SDI) Nalbantis, 2008

Standardized Hydrological Index

(SHI)

Sharma and Panu, 2010

Agricultural

drought

Soil Moisture Deficit Index (SMDI) Narasimhan and Srinivasan,

2005

Agricultural Reference Index for

Drought (ARID)

Woli et al., 2012

TABLE 2 | Information for the 13 rainfall stations and 17 groundwater stations.

Basin Groundwater station Rainfall station Record periods

Da’an River 1Hua Lung-1 18Zhuo Lan-2 2007–2016

2San Kuang-1 19Dajia

Dajia River 3Da Shiou-1 20Shigang Dam 2011–2016

4Feng Chou 21Shigang

Wu River 5Tan Tzu 22Tou Bian Keng 2006–2016

6Ssu Chang Li-1 23Wu Chi

7Ssu Chang Li-2 24Dadu

8Chi Tsung-1 25Heng Shan

9Chi Tsung-2 26Taichung

10Dung Shan 27Da Keng

11Wuri-1 28Chung Chu Lin

12Wuri-2 29Tung Lin

13Chung Shan-1 30Ching Shui Lin

14Chung Shan-2

15Dali-1

16Dali-2

17Wan Feng

function for conversion and for obtaining the natural logarithm
of the flow data (Yeh, 2019). SPI can be defined as given in
Equation (2):

SPIq =
wi,q − wi,q

Sw,q
(2)

wi,q = ln(Ri,q) (3)

where SPIq is the SPI value for precipitation over the cumulative
duration q, Wi,q is the cumulative precipitation after the natural

logarithm is obtained, Wi,q is the mean, and Sw,q is the standard
deviation. After the SPI value for each year is calculated, these
values can be categorized to define the range of severity for the
various drought events (Table 2).

Standardized Groundwater Level Index
(SGI) Method
The Standardized Groundwater Level Index (SGI), developed
by Bloomfield and Marchant (2013), describes the severity and
characteristics of hydrological droughts. It can be applied to
any timescale and can easily fulfill regional and application
requirements. Therefore, SGI has been widely employed in
hydrological drought research in recent years (Kumar et al.,
2016; Loon et al., 2017; Rust et al., 2018; Hellwig et al., 2020)
to analyze drought characteristics in many countries (Lorenzo-
Lacruz et al., 2017). The SGI method is used to assess the severity
of groundwater drought events. Specifically, continuous changes
in the groundwater level are used for calculations to determine
the distribution of drought severity and changes in the same.
This provides insight into the severity, frequency, and occurrence
cycle of regional drought events. In this study, calculations were
performed using cumulative groundwater levels over different
durations. Before the SGI value is assessed, the characteristics
of its groundwater level data must be well-described by a
normal distribution. Because the pattern of groundwater level
data might have a Gamma distribution or be offset by extreme
values (with the type of offset further divided into left or right
categories), conversion of the statistical distribution patterns
must be performed before the SGI can be used to analyze
the groundwater level data. For this method, unlike the SPI
method, it is not necessary to obtain the natural logarithm of
the groundwater level data. The SGI is defined as given in
Equation (4):

SGIq =
Li,q − Li,q

Sq
(4)

where SGIq is the SGI value for the groundwater level over the
cumulative duration q, Li is the monthly average groundwater
level, Li is the mean, and Sq is the standard deviation.

After the SGI value for each year was calculated, the SPI
classification method presented in Table 2 was similarly used to
define drought events with varying SGI degrees. The results of
the SGI and SPI analyses of the study area were then compared
to understand the drought characteristics. This comparison was
then used to define the severity and duration of drought events
that occurred within the study area.

Drought Identification Characteristics
The procedure described in sections Standardized Precipitation
Index (SPI) method and Standardized Groundwater Level Index
(SGI) method are used for generating drought index values.
A drought event is defined as a period in which the index
is continuously negative and reaches a given threshold (<-1).
Drought classification is presented in Table 3. Usually, there
are three drought characteristics to describe the drought event,
namely the frequency (or number of drought events) (N),
duration (D), and magnitude (M). The duration of a drought
event is the number of months in which the index is below
the threshold (−1). The magnitude of the drought event is the
absolute value of the sum of index values during the event.
The mean duration and mean magnitude were calculated to
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FIGURE 1 | Topography of study site and location of the rainfall stations and groundwater stations used in the study.

TABLE 3 | Drought intensity according to SPI/SGI (McKee et al., 1993; Bloomfield

and Marchant, 2013).

Drought intensity SPI/SGI

Near normal −1.0 < SPI/SGI ≤ 1.0

Moderate drought −1.5 < SPI/SGI ≤ −1.0

Severe drought −2.0 < SPI/SGI ≤ −1.5

Extreme drought SPI/SGI ≤ −2.0

compare drought characteristics in the regional analysis. The
mean duration was calculated as the duration divided by the
number of drought events, and the mean magnitude is calculated
as the magnitude divided by the number of drought events, as
expressed in Equation (5):

D =
D

N
; M =

M

N
(5)

where D is the mean duration of drought [T], andM is the mean
magnitude of the drought [-].

Cross-Correlation Function of SPI and SGI
The time scale for studying SPI was q = 1, 2,. . . , 12. Cross-
correlation analysis was performed for the SGI while varying the
duration from q = 1 to the SPI at different time scales. This
cross-correlation requires the calculation of the convolution of
two different variables X and Y to examine the degree of their

similarity at different locations. The larger the cross-correlation
coefficient obtained after calculations, the higher the degree of
similarity between the variables. The calculation was based on
Equation (6):

Rq = corr(X, Y) =
cov(X, Y)

σXσY
=

E [(X − µX) (Y − µY)]

σXσY
(6)

Here, cov(X, Y) and E[(X - µx)(Y-µy)] represent the covariance
of the data at locations X and Y, σx and σy represent the standard
deviations for the data from location X and Y, respectively. After
calculation of the cross-correlation coefficient Rq between the
SGI and the SPI, correlation analysis was performed between Rq
and the duration q. From the calculation results, the maximum
value qmax (time) of the correlation coefficient was obtained.
qmax signifies that the trends of droughts and their severity,
as represented by the SGI and SPI, were most correlated for
the cumulative duration q. Next, the SPI and SGI for the same
cumulative duration were used to analyze the duration of drought
events at the individual measuring stations.

RESULTS AND DISCUSSIONS

SPI and SGI Analysis Results
This study utilized the SPI and SGI at different durations (q
= 1, 2, . . . , 12) to analyze the characteristics and intensity of
drought events in basins in Central Taiwan. The study area was
divided into three river basins for the examination of drought
characteristics (from north to south), namely, the Da’an, Dajia,
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and Wu River basins. Long-term observation data from two
rainfall stations and two groundwater stations were used for the
Da’an and Dajia Rivers, while long-term observation data from
nine rainfall stations and 13 groundwater stations were used for
theWu River to examine the drought characteristics of the basins
in Central Taiwan.

The results show that SPI and SGI evaluated with a short
accumulation periods exhibit cyclical fluctuations and cannot
be used to effectively evaluate and predict the occurrence of
drought events. However, the SPI and SGI evaluated for a
longer accumulation period can be easily used to evaluate
drought events at the study site. For example, significant cyclical
changes were observed when the accumulation period q at the
Da’an River rainfall stations was 1, 6, and 9 months (Figure 2).
However, when the accumulation period was extended to 12
months, the characteristics of the drought events could be
demonstrated. Therefore, long-term cumulative rainfall and
cumulative groundwater levels (q = 12) were used in this study
to analyze the characteristics of drought events in the basins.

First, the Da’an River basin was subject to SPI analysis with
an accumulation period of q = 12. The analyzed period ranged
from 2008 to 2016. The results show that two extreme drought
events occurred previously in the Da’an River basin, in June
2011 and July 2015. The SPI values were −2.19 and −2.32,
respectively. The periods from July 2011 to January 2012 and
from May 2015 to August 2015 were relatively dry and droughts
with moderate intensity and above occurred (Figure 3A). SPI
analysis of the Dajia River basin with an accumulation period
of q = 12 was performed for the years 2012 to 2016. Extreme
drought events occurred in June and July 2015, with SPI
values of −2.14 and −2.32, respectively. May to December
2015 were relatively dry months, with a mean SPI of −1.50
(Figure 4A). The SPI analysis of the Wu River basin with an
accumulation period of q = 12 covers contains data from 2007
to 2016. The results show that extreme drought events occurred
from July to September 2015. The SPI values were −1.61,
−1.93, and −1.58, respectively. The periods from June 2011 to
January 2012 and from February 2015 to December 2015 were
relatively dry and droughts with moderate intensity and above
occurred (Figure 5A).

A longer accumulation period of q = 12 was also used for the
SGI analysis in this study to effectively analyze the characteristics
of groundwater drought. The SGI analysis of the Da’an River
basin with an accumulation period of q= 12 was carried out from
2008 to 2016. Severe drought events occurred from August 2011
to March 2013. The average SGI value was −1.78. In this period,
December 2011 showed the lowest SGI value of −1.91. Long
periods of severe drought events also occurred from May 2015
to November 2015; the mean SGI value is−1.72 (Figure 3B). SPI
analysis of the Dajia River basin with an accumulation period of
q = 12 was performed from 2012 to 2016. From April 2015 to
January 2016, drought events withmoderate and greater intensity
occurred. The SPI value is−1.62, as shown in Figure 4B. The SPI
analysis of the Wu River basin with an accumulation period of q
= 12 is based on the period from 2007 to 2016. A long period of
drought events with moderate intensity and above occurred from
February 2015 to February 2016. In addition, moderate droughts

occurred from November 2011 to May 2012, with a mean SPI of
−1.15 (Figure 5B).

Overall, the SPI and SGI trends of the various basins are
generally consistent. The lowest SPI value of−2.32 was obtained
in July 2015 in the Da’an River basin indicating extreme drought
had occurred. The corresponding SGI value for the same period
also indicates a severe drought event. The SPI values for the
Dajia River basin indicate extreme droughts in June and July
2015. The corresponding SGI value for the same period also
reaches the threshold of severe drought. Similarly, the SPI values
for the Wu River Basin show severe droughts from July to
September 2017. The corresponding SGI value for the same
period is <-1.50, which implies that a severe drought event
had occurred. Based on the above-mentioned results, SPI and
SGI are correlated. Therefore, when examining drought events,
rainfall and groundwater data should be integrated to accurately
determine the time of occurrence and intensity of droughts.

Evaluation of the Groundwater Drought
Characteristics
Drought Frequency Analysis Results

The frequency of occurrence for moderate droughts in the Dajia
River basin is the lowest among the three basins by a factor of<2.
The Wu River basin has the highest frequency, with more than
half of the groundwater stations experiencing more than four
moderate drought events. The average occurrence of moderate
droughts in the Wu River Basin is 3.6, with the most events
occurring at the Chung Shan-1 and Dali-2 groundwater stations
(>5 moderate droughts). In addition, the average occurrence
of moderate droughts in the Da’an River basin is four times.
Figure 6A shows the spatial distribution of the frequency of
occurrence of moderate droughts.

In terms of severe drought analysis, 1–2 severe droughts
occurred in the Dajia River basin, which is the lowest number
among the three basins. The average number of occurrences is
1.5. The average number of occurrences in the Da’an River basin
is three, which is the most frequent among the three basins. The
frequency of occurrence of severe droughts in theWu River basin
is between the two, with an average occurrence of 1.9. Figure 6B
shows the spatial distribution of the frequency of occurrence of
severe droughts.

Analysis Results for the Average Drought Duration

Figure 7 shows the spatial distribution of the average duration
of moderate and severe droughts in basins in Central Taiwan.
The study site includes four stations with an average moderate
drought duration of <2 months and two stations with an average
moderate drought duration of more than 5 months. The longest
average duration (8months) was obtained at the Chi Tsung-2 and
Wuri-2 stations (Figure 7A).

The average duration of moderate droughts in the Da’an River
basin is <2 months, with an average of 1.8 months. The average
duration of moderate droughts at the two groundwater stations
in the Dajia River basin is 1 month. The average duration of
moderate droughts in the Wu River Basin ranges from 1.5 to 8
months, with an average of 3.9 months.
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FIGURE 2 | Cumulative rainfall (SPI) at different time scales (using the Da’an River as an example).

FIGURE 3 | (A,B) Long-term (q = 12) SPI and SGI analysis results for the Da’an River Basin.

The study site includes six stations with an average severe
drought duration of <3 months and two stations with an average
severe drought duration of more than 6months; all of them being
in the Wu River basin. Among these stations, the longest severe
drought occurred at the Tan Tzu and Wuri-2 stations in the Wu
River Basin, with an average duration of 9 months (Figure 7B).

The average severe drought duration in the Da’an River basin
is lower than 3.5 months, with an average of 3.2 months. The

average severe drought duration in the Dajia River basin is 2–
3 months, with an average of 2.5 months. The average severe
drought duration in the Wu River Basin shows drastic changes,
ranging from 1 to 9 months, with an average of 5.1 months.

Analysis Results for the Mean Drought Intensity

Figure 8 shows the spatial distribution of moderate and severe
droughts. The study site includes five stations with a mean
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FIGURE 4 | (A,B) Long-term (q = 12) SPI and SGI analysis results for the Dajia River Basin.

FIGURE 5 | (A,B) Long-term (q = 12) SPI and SGI analysis results for the Wu River Basin.

FIGURE 6 | Occurrence frequency of (A) moderate groundwater drought and (B) severe groundwater drought.
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FIGURE 7 | Mean duration of (A) moderate groundwater drought and (B) severe groundwater drought.

moderate drought intensity of<3 and 2 stations with an intensity
greater than eight. Among these stations, the mean moderate

drought intensity at the Wuri-2 Station in the Wu River Basin
was 10.1, while the intensity at the Chi Tsung-2 Station was

9.6 (Figure 8A).
The mean moderate drought intensity in the Da’an River

basin ranges from 1.8 to 2.6. with an average of 2.2. The mean
moderate drought intensity in the Dajia River basin is 1.3. The

mean moderate drought intensity in the Wu River Basin ranges

from 1.8 to 10.1, with an average of 4.7. In addition, there are
two stations in the Wu River basin with a mean severe drought

intensity of<4 and 3 stations with a mean intensity>12. Among
these stations, the station with the highest intensity is the Tan

Tzu Station in the Wu River basin, with an average intensity of
15.6 (Figure 8B).

The mean severe drought intensity in the Da’an River basin

ranges from 1.8 to 6, with an average of 5.4. The mean moderate
drought intensity in the Dajia River basin ranges from 3.5 to 5.5,
with an average of 4.4. The mean moderate drought intensity in
theWuRiver Basin ranges from 1.8 to 15.6, with an average of 8.7.

Based on the above analysis, the results of the groundwater
drought characteristics show that the duration and intensity
of drought in the Da’an and Dajia River basins are smaller
than those in the Wu River basin. The Wu River Basin covers
a densely populated area in the lower reaches of Taichung
City and some specific agricultural areas, and the hillside
conservation area is close to the upstream. Because of human
activities and industrial activities, the groundwater may be
extracted downstream, causing the groundwater level in the
area to drop. In such cases, the drought characteristics are
analyzed by comparing them with those of basins that have
a more serious groundwater drought situation. In the upper
and middle areas of the region, due to sufficient rainfall and
less human activities, the groundwater level is less susceptible
to impact; thus, there is a wider range of drought intensity.
Human and industrial activities can be incorporated for
further analysis.

Cross-Correlation Function of
Groundwater and Meteorological Droughts
The study site was divided into three subbasins in this study for
cross-correlation analysis: the Da’an, Dajia, andWu River basins.
The drought indicators of the various rainfall and groundwater
stations were separately calculated before being averaged to
obtain the SPI and SGI. Finally, the correlation coefficient (Rq)
between the SPI and SGI and different accumulation periods
(q) was used for cross-correlation analysis. Figure 9 shows the
results. The largest SPI and SGI cross-correlation coefficient
varies from 0.83 to 0.91, while the corresponding accumulation
period of the greatest cross-correlation coefficient in the various
basins is qmax. qmax shows the SPIqmax for the accumulation
period of qmax and that SGI contains the most similar trend.
The maximum cross-correlation coefficient at a qmax of 8 months
is 0.91 in the Dajia River basin, which is the highest cross-
correlation coefficient among the three basins. The qmax of the
Wu River basin is 5 months and the greatest cross-correlation
coefficient is 0.83, which is the lowestmaximum cross-correlation
coefficient of the three basins. The qmax of the Da’an River
is 5 months, and the maximum cross-correlation coefficient
falls between that of the other two basins at 0.85. In addition,
when the cross-correlation coefficient reaches its maximum
value (q = 5) in the Da’an and Wu River basins, it gradually
decreases when the accumulation period continues to increase.
This phenomenon was not observed in the Dajia River basin; the
cross-correlation coefficient was maintained between 0.8 to and
0.92 for accumulation periods greater than q= 6.

The analysis results show that the SPIqmax of the Da’an
River and Wu River basins is 5 months. This indicates that the
accumulated rainfall after 5months has the responsemost similar
to that of the groundwater level. It also indicates that it will take 5
months for rainfall to have a significant impact. For groundwater,
5 months is the propagation time. Similarly, the propagation time
in the Dajiaxi Basin was 8 months.

Figure 10 shows the time series for SPIqmax and SGI in
various basins. The time series of SPIqmax can be roughly
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FIGURE 8 | Mean drought intensity of (A) moderate groundwater drought and (B) severe groundwater drought.

FIGURE 9 | Cross-correlation function of SPI and SGI for various basins.

divided into two types. The SPI-5 time series of the Da’an River
(Figure 10A) andWuRiver basins (Figure 10C) show a relatively
similar distribution of drought events. The time of occurrence
of droughts is generally similar. Continuous drought events
occurred in the Da’an River basin in January 2011. At the same
time, the SPI values of the Wu River Basin are relatively smaller.
In addition, the fluctuations of the indicator values are smaller in

2012 and 2013. The shape of the SPIqmax time series (Figure 10B)
of the Dajia River basin indicates a non-up–down fluctuation
type. Extreme drought occurred in April 2014, while a prolonged
period of drought events occurred in January 2015; beyond 2016.
The drought events gradually alleviated.

In the SGI time series, the graph shapes of the Da’an
and Wu River basins are relatively similar, that is, both are
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FIGURE 10 | (A–F) SPIqmax and SGI time series for various basins.

up–down fluctuation types. The Da’an River basin, in which
eight moderate and two severe droughts previously occurred, has
more apparent groundwater drought events (Figure 10D). The
drought events in the Wu River basin are not apparent; only five
moderate droughts and one severe one occurred (Figure 10F)
with maximum impacts lasting from December 2014 to April
2015. The SGI time series of the Da’an River basin (Figure 10E) is
relatively irregular. An extreme drought occurred in March 2015,
while three moderate droughts and one severe drought occurred
during the study period.

The relationship between groundwater drought (SGI) and
its corresponding meteorological drought (SPI) varies across
different regions. The study site generally shows that the time
series differences between SPIqmax and SGI in various basins
are insignificant. However, the SPI and SGI of the Dajia River
basin show a stronger correlation than the same measures for
the Da’an or Wu River basins. Table 4 shows the drought
frequency, mean drought duration, and mean drought intensity
based on the analysis of the SGI and SPIqmax results for
various basins.

Frontiers in Water | www.frontiersin.org 10 February 2021 | Volume 3 | Article 636792

https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles


Yeh Spatiotemporal Variation of the Meteorological and Groundwater Droughts

TABLE 4 | Drought characteristics for moderate and severe drought of

each basin.

Basin Drought index Number of

drought

events

Mean

drought

duration

Mean

drought

magnitude

M S M S M S

Da’an River SPI-5 6 4 1.2 2 1.4 3.5

SGI-1 8 0 1.5 3.5 1.8 6.2

Dajia River SPI-8 4 1 1 1 1.3 1.9

SGI-1 3 2 1.7 1 2.1 1.8

Wu River SPI-5 7 5 1.4 1.6 1.7 2.9

SGI-1 3 1 1.7 1 2.1 1.5

M means the moderate drought; S means the Severe drought.

CONCLUSIONS

The SPI and SGI were used in this study to investigate
the drought characteristics of basins in Central Taiwan by
applying different time scales to evaluate drought characteristics
(such as drought frequency, duration, and intensity). In
addition, a correlation analysis between meteorological and
groundwater droughts was performed. Drought events can be
better determined based on the analysis of long-term data. The
SPI analysis results show that in 2015 the basins of Central
Taiwan experienced drought events with moderate and greater
intensity. In addition, based on the SGI analysis, the threshold
for drought events was satisfied in 2015. This shows that SPI and
SGI are correlated. In addition, the characteristics of groundwater
droughts were examined in this study. The results show that
the drought frequency in the Da’an River basin is relatively
high, but the drought duration and intensity are relatively low.
In contrast, the number of drought events is relatively smaller

in the Wu River Basin, but its drought duration and intensity
are greater compared to those of other basins. The correlation
analysis results show that the relationship between groundwater
drought (SGI) and its corresponding meteorological drought
(SPI) varies in different basins. Compared with the other basins,
meteorological and groundwater droughts in the Dajia River
basin show a greater correlation. Finally, the analysis results
of the SGI and SPIqmax drought events show that the drought
duration is longer when the drought intensity is high. During
severe droughts, droughts caused by low rainfall occur at a
higher frequency than those caused by groundwater. This study
quantifies the characteristics of drought in central Taiwan and
displays it in a spatial distribution. Therefore, using long-term
monitoring data and the methods of this research can effectively
grasp the drought situation in various regions of Taiwan and
provide references for the deployment and management of
water resources.
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