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Abstract: When groundwater drought occurs, baseflow discharges to surface-water bodies will be
reduced and then domestic and agricultural water usage becomes at risk of insufficient supply. Thus,
in this study, several methods for groundwater drought assessment were tested with long-term
monitoring water-level data in the study area to preserve groundwater sustainability from drought,
principally caused by reduced precipitation and propagated through agricultural drought and
groundwater drought. Because of the Monsoon climate on the Korean Peninsula, the groundwater
storage (or water-level) is secured until the end of summer, then falls by natural discharge during the
dry seasons of autumn, winter and the following spring. Thus, the rainfall in the wet season seems to
mainly influence groundwater storage until the spring of the following year. As the groundwater
level (GWL) declines due to natural drainage and the use of agricultural water increases by the end
of the dry season (October–May), the GWL will become lowered below the critical level. Below this
level, sufficient water supply is not secured. Using the Standardized Precipitation Index (SPI),
threshold method and 95% probability occurrence method, drought detection and the frequency of
drought are compared. Groundwater drought using the threshold method results in more frequent
occurrence than using the SPI method. The 95% occurrence method responds to severe drought but it
also has weakness in missing the man-induced GWL decline in every spring season. For groundwater
drought assessment, an appropriate drought index should be utilized according to climatic conditions
and catchment characteristics. In the study area, variations of the both natural and anthropogenic
effects are mixed and the threshold method is more suitable as a measure for preventing water
resources shortage.

Keywords: groundwater drought; long-term monitoring; sustainability; threshold method; baseflow;
water resources

1. Introduction

Drought is a natural hazard that can cause significant environmental (e.g., aquatic ecosystem,
water quantity and quality, wildfire) and socio-economic losses. The phenomenon can be prolonged
and prediction is difficult. Decreasing stream discharge and increasing the levels of sediments and
nutrients can lead to a deterioration of water quality [1,2]. Depending on the drought severity,
changes in discharge and groundwater–surface water interactions may result in stream water quality
changes [3]. A dramatic increase in the demand for water supply has aggravated the impacts of
drought in some developing countries.

Drought can be subdivided into four categories: meteorological drought, agricultural drought,
hydrological drought (i.e., groundwater and surface water including spring, lake, stream flow, etc.)
and socio-economic drought [4,5]. This classification is based on the propagation of the impact of
drought throughout the hydrological cycle. For example, meteorological drought occurs due to low
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precipitation, causing agricultural drought as less water is available to soil and farmland. Subsequently,
the reduced groundwater recharge from the land surface results in a decline in the groundwater head,
eventually causing decreases in baseflow following stream discharges. Decreased or even limited
water supply could have a significant impact on the sustainability of a society in terms of economic
development and social stability. Recently, the eco-drought concept has been proposed as a holistic
approach to assess the impact of water shortages on water resources, natural ecosystems and human
livelihoods (USGS, http://nccwsc.usgs.gov).

Many approaches using indices or indicators have been proposed to estimate and predict the
different types of droughts, including:

• Meteorological drought using the Standardized Precipitation Index (SPI, [6]) and Palmer Drought
Severity Index (PDSI, [7])

• Agricultural drought using the Crop Moisture Index (CMI, [8]) and the Normalized Difference
Vegetation Index (NDVI, [9])

• Hydrological drought including groundwater and surface water using the Surface Water Supply
Index (SWSI, [10])

• Socio-economic/environmental (ecological) drought

The most commonly used SPI is analyzed using only precipitation data as input data and
the index has a variability according to past data [6]. The SWSI is estimated using data including
precipitation, snowmelt amount, stream flow and storage of reservoir but there is a limit in watershed
comparisons [10]. The PDSI method is effective in estimating drought that leads to the decrease of
groundwater recharge because it estimates drought using precipitation, temperature and the available
water capacity of the soil [7,11]. However, the timing of drought may be delayed and accuracy may be
reduced in mountainous areas or extreme climate conditions [7,11].

The reasons for the occurrence of droughts are complex and have yet to be clearly defined.
Meteorological drought is still difficult to predict due to the spatio-temporal irregularities
(non-linearity) of rainfall characteristics. However, unlike meteorological phenomena, which have a
large discontinuity, groundwater acting as an intermediate medium to surface water is relatively slow in
moving and is relatively less sensitive to changes in external factors [12]. Human activities and artificial
construction can affect the groundwater system (e.g., recharge, flow paths, water quality [13–15]);
however, if the anthropogenic influence is not significant, the groundwater level (GWL) displays a
periodicity, such as daily, seasonal, or annual change [16–19], in addition, GWLs can also response
to longer teleconnections and climate variability at multiannual, decadal, or longer time scales [20].
It experiences long-term trends of several hours to several months, depending on the depth and
aquifer characteristics. Therefore, the depletion of groundwater during drought events is slow and
continuous [21].

In addition, the influence or the propagation of a hydrological drought is dependent on the
catchment characteristics [22]. At the watershed scale, the impact of a drought is rapid and easy to
observe in recharge areas (e.g., mountains) but is relatively minimal in discharge areas [12]. Water level
changes due to drought are greater in the recharge/upstream areas than in the discharge/downstream
areas. Zhang et al. [23] conducted an analysis of the upstream and downstream drought impacts
in a regulated river (reservoir regulation) and showed that the effect of drought was small in the
downstream area. In the dry season, most of the river flow depends on the groundwater baseflow [24,25].
Thus, in the long-term, groundwater depletion could decrease the amount of baseflow discharge
to surface water body, agricultural water supply and have a significant influence on the health of
groundwater-dependent ecosystems (GDEs) [26,27].

In the evaluation of groundwater drought, a decrease in the GWL caused by both natural and
human-induced processes is basically defined as a groundwater drought, although it is difficult to
estimate the total amount of water available; instead, the concept of storage deficiency has been
adopted [28,29]. Van Loon et al. [30] reported that groundwater drought can be aggravated beyond
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the natural situation by human activities (e.g., irrigation, abstraction, land use and dam building).
Mishra and Singh [31] reported that some groundwater data have been or can be used to define
or calculate groundwater drought, with groundwater storage or recharge [32] or discharge [33].
Several indices for groundwater drought assessment have been proposed, including the standardized
groundwater level index (SGI, [21,34]) and streamflow drought index (SDI, [35,36]), which is based on
the standardized precipitation index (SPI, [6]). However, these methods require long-term data (of at
least 30 years), particularly the SPI method. In this study, the data only covered a period of 10 years
and the SPI was therefore not applied.

There was an extreme drought on the Korean Peninsula in 2008 and droughts have occurred
every year since 2012 (NDIAC, http://drought.kwater.or.kr). Subsequently, there is an urgent need
for measures that can reduce the risk of drought disaster and mitigate the drought impacts on water
resources and the socio-economic conditions. In a groundwater system, although the prediction of
drought may be impossible, the impacts of a drought on groundwater storage and stream discharge can
be estimated from the relationship between precipitation and GWL in a specific area. This relationship
is based on the semi-steady flow characteristics of groundwater. Furthermore, this estimation can
be applied at a regional scale in areas with distributed monitoring wells. Based on the estimation,
various policies for water resource management can be implemented where appropriate, according to
the severity of the likely impact.

Therefore, the purpose of this study was to test a method for evaluating groundwater drought at
the catchment scale in the Mangyeong River Basin, located in the southwestern part of the Korean
peninsula. The river basin covers the Honam Plain, which is the most important agricultural area
in Korea. Of course, forests in the rural area are developed with urban and industrial complexes,
following recent industrialization and developments [37]. This area depends on groundwater resources
as a major water-supply source. Since 2008, however, droughts have occurred and thus sustainable use
of groundwater resources is required. The results of this study will enable better groundwater drought
assessment for water resource management, with consideration of the threshold value and baseflow.

2. Study Area

The Mangyeong River Basin is located within the Geum River Basin in the middle of the Korean
Peninsula (i.e., between 35◦37′ to 36◦6′ N and 126◦48’ to 127◦21′ E). The area of the Mangyeong
River Basin is around 1600.63 km2 and the basin is divided into 13 unit sub-basins ([37], Figure 1).
Four national rivers are included in the catchment and population of the area is approximately 1 million.
Mean annual precipitation for recent 30 years (1985–2014) was about 1275 mm, the average elevation
is 124 (EL, m) with maximum elevation of 1112 m and the average slope is 25% [37].

http://drought.kwater.or.kr
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Figure 1. Catchment boundary and locations of each monitoring station in the Mangyeong River Basin, 
Korea (GIS source from WAMIS, http://www.wamis.go.kr). 
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Figure 1. Catchment boundary and locations of each monitoring station in the Mangyeong River Basin,
Korea (GIS source from WAMIS, http://www.wamis.go.kr).

3. Methods

3.1. Drought Propagation and the Relationship between Precipitation and Water Levels

Meteorological drought caused by a lack of precipitation ultimately affects all elements of the
hydrological cycle, resulting in a reduction of available water resources [38]. Hydrological droughts
include both surface water (e.g., streams, lakes, reservoirs) and groundwater droughts [39]. The
continuous lack of precipitation is propagated to the hydrological system, which affects surface runoff
and soil moisture and the reduced recharge also affects groundwater storage and baseflow [31,40,41].
The propagation of drought has a different time scale for each hydrological factor [22].

Correlation analyses of each factor were conducted to calculate the relationship and lag-time of
hydrological factors. Cross-correlation is commonly used to analyze the relationship between two
time-series of data, x and y. A cross-correlogram indicates the degree and direction of the relationship
between random variables at different times [42,43]. The cross-correlation function is asymmetrical
(rxy(k) 6= ryx(k)). When k > 0 (positive signal) and rxy(k) > 0, the input data affects the output data;
when k < 0 (negative signal) and ryx(k) > 0, the opposite effect occurs. Mayaud et al. [44] used the
correlation analysis of discharge-discharge, rainfall-discharge, or water level-discharge in a karst
area. When the correlation coefficient reaches a maximum, the lag of the cross-correlogram indicates
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a delay corresponding to the time taken for the variable (x) to transfer to the other variable (y).
The cross-correlation function (rxy(k)) can be explained as in Larocque et al. [45]:

rxy(k) =
cxy(k)
σxσy

(1)

cxy(k) =
1
n

n−k

∑
t=1

(xt − x)(yt+k − y) (2)

where cxy(k) is the cross-covariance, k is the time lag, x and y are the average values, n is the total
number of time series, t is the measured time for the variable, σx and σy are the standard deviations of
the two time-series data (x and y; input and output data), respectively.

To estimate the relationship and the lag among the rainfall, stream and groundwater,
cross-correlation analysis was conducted.

3.2. Standardized Precipitation Index for Estimating Meteorological Drought

The Standardized Precipitation Index (SPI) is a key index for evaluating meteorological droughts
using precipitation records as input data. It is based on a fitted model to a probability distribution
of long-term cumulative precipitation data over the past 30 years, transforming it into a normal
distribution, so that it can then estimate the severity of a drought [6]. Due to the high spatial and
temporal variability of precipitation, the meteorological drought indices are often calculated using
monthly values [46]. The estimation period can be calculated as the accumulated periods of 3, 6, 9,
12 and 24 months. This method has the advantage of evaluating the drought relatively easily and
quickly because only the precipitation data are utilized [47]. The SPI has been recommended by
the World Meteorological Organization (WMO) as a drought index for estimating meteorological
droughts [48]; however, long-term SPI data are required and the degree of uncertainty is high because
only precipitation is used as input data. In addition, it is difficult to link the SPI with the concept of an
actual lack of available water resources, because it uses a deviation calculated from long-term data in
the selected area. When evaluating the drought index, the characteristics of each region and factor
should be considered. Approaches to estimate the drought severity index for hydrological droughts,
such as the SGI [21] and the SDI [35,36], are also based on the SPI method.

In this study, the SPI-based drought severity index was estimated. However, it was impossible to
apply the method under ideal conditions due to the discontinuity of data and the lack of data for the
required period of at least 30 years. Therefore, this study used a 10-year data set for the Mangyeong
River Basin and compared the results with other groundwater drought indicators.

3.3. Groundwater Drought Analysis

3.3.1. Threshold Level Method

Under natural conditions, groundwater drought is caused by a lack of precipitation followed by
a decrease in recharge, resulting in decreases in GWL and discharge and eventually a decline in the
available groundwater [49]. The “lack of precipitation” is usually determined by a comparison with a
“normal” condition or a mean value from past measurements [49]. As noted by Mishra and Singh [31],
the reason for analyzing the change in GWL rather than groundwater storage is that “defining or
estimating the total available water is difficult and in most groundwater systems, negative impacts of
storage depletion can be felt, long before the total volume of groundwater in storage is decreased” [49,50].
Therefore, most groundwater droughts are defined as water-level declines [28,29].

The threshold method was first developed by Yevjevich [51] in order to calculate hydrological
drought. The threshold value is calculated from groundwater time-series data. From this, the
groundwater drought duration, severity and frequency can be evaluated with respect to the reference
value of the GWL (Figure 2, [52–54]).
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Figure 2. Illustration of the threshold level approach and the definition of the threshold level T(c) for a
time-series of water-level (x) with average of length (M) containing four droughts (modified from [53]).

According to Peters et al. [53], for any hydrologically relevant variable x (e.g., water levels in this
study), the deficit (D) below the threshold level (T) which is the critical value for determining droughts
from time series data and each drought event is estimated as:

D =
∫ te

tb

(T − x(t))dt (3)

where tb and te are the start and end times of the drought, respectively. The threshold level (T) is
derived by relating the total deficit below the mean value to the total deficit below the threshold.

The duration (from tb to te) L is calculated as:

L = te − tb (4)

The threshold function described in Figure 2 is given by:

∫ M

0
(T(c)− x(t))+dt = c

∫ M

0
(x− x(t))+dt (5)

where,
x+ = x, i f x ≥ 0

x+ = 0, i f x < 0

M is the length of the time series and T(c) is the threshold level determined by c value which is
the drought criterion. The c value is the ratio of the deficit below the threshold to the deficit below the
mean value over a particular period of time. At the threshold function, c is a very important parameter
regarding the estimation of groundwater drought conditions. The range of c is from 0 to 1. If c = 0,
the threshold is equal to the minimum value of the variable x. If c = 1 the threshold is equal to the
average value. Peters et al. [53] used a c value that differed between 0.1 and 0.3 in their analysis and
found the difference to be important, as it could affect the results of the drought evaluation.
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3.3.2. The 95% Occurrence Method

There are many groundwater drought estimation methods applicable at the watershed and
various temporal scales. The probability of occurrence method is an easy and universal method that
uses observed water-level fluctuations and has been applied in some areas [55]. According to Van
Lanen and Peters [49], the 95% probability of occurrence lines derived from the statistical analysis of
past observations can be compared with the currently measured GWLs to determine the anomalies for
each year or at specific time points.

4. Data Acquisition

4.1. Groundwater Data

The available groundwater monitoring data for the 11-year period from 2005 to 2015 were
analyzed to calculate the change in the GWL. For the analysis, five groundwater monitoring stations
were selected (Figure 1). The locations and the hydrogeological properties of the groundwater
monitoring stations are described in Tables 1 and 2 and Figure 3. The well screen and perforated
intervals of G-1 to G-5 are as follows: (G-1) 32–36, 40–44 and 48–52 m; (G-2) 7–11 m; (G-3) 11–15 m;
(G-4) 8–12 m; and (G-5) 50–54, 58–62 and 66–70 m.
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Table 1. Summary information for the five groundwater monitoring stations, four gauging stations
and weather station.

Station Name Lat. Lng. Distance from the
Weather Station (km)

Elevation
(m, amsl) Remark

ASOS-146 Jeonju 35.833333 127.116667 0 61.40 Precipitation
G-1 GimjaeYongji 35.858976 126.981332 12.5 15.04 Groundwater
G-2 JeonjuManseong 35.827778 127.076667 3.7 36.31 Groundwater
G-3 WanjuSamrye 35.901069 127.070253 8.6 15.57 Groundwater
G-4 WanjuYongjin 35.871667 127.157778 5.6 28.83 Groundwater
G-5 WanjuGosan 35.985575 127.262606 21.4 73.62 Groundwater

WLS 3301685 * Mokcheon 35.913336 126.931689 18.9 −2.11 Stream
WLS 3301670 * Daecheon 35.898740 127.075324 8.2 2.93 Stream
WLS 3301640 * Soyang 35.877825 127.154989 6.0 21.25 Stream
WLS 3301625 * Gosan 35.973044 127.215364 17.9 43.25 Stream

* Water-level (river stage) and discharge monitoring station.

Table 2. Details of the five groundwater monitoring stations in the Mangyeong River Basin (source:
K-Water, http://www.gims.go.kr).

Station Aquifer Well Depth
(m)

Water-Level (EL, m) Mean Depth
to Water (m)

Hydraulic
Conductivity

(m/Day)

Storage
CoefficientMax. Min. Mean

G-1 Biotite granite (Bedrock) 70 14.24 11.58 13.67 0.55 0.34 0.0556
G-2 Gneissic granite (Alluvial) 12 32.07 27.65 29.95 2.75 0.01 -

G-3 Schistose granite
(Alluvial) 15 10.88 8.16 9.45 6.60 0.23 0.0342

G-4 Biotite granite (Alluvial) 12 25.21 23.02 23.79 3.77 0.01 -
G-5 Volcanic rocks (Bedrock) 70 69.74 67.27 68.55 2.62 0.25 -

4.2. Precipitation Data

Precipitation data were collected from the automated synoptic observing system (ASOS) operated
by the Korea Meteorological Administration (KMA: Figure 1; Table 1). Accumulated daily and monthly
precipitation data and the coordinates of the ASOS (Jeonju station) in the Mangyeong River Basin
were used to calculate the distance between the ASOS and the groundwater monitoring wells and
to analyze the corresponding water-level fluctuations (http://data.kma.go.kr/). Precipitation data
was available for the period of 2005–2015. However, to estimate the monthly SPI index, the period of
1986–2015 was analyzed.

4.3. Stream Data (Gauging Station)

Gauging stations have been installed for floods forecasting and warning during the rainy season;
the river stage or discharge in the watershed is measured every hour. In this study, four stations
located in upstream and downstream areas were selected and analyzed for linkages with groundwater
stations (Figure 1; Table 1). Both river stage and discharge were monitored at each gauging station
using an automatic sensor. However, due to the data quality and recording period, only the streamflow
data from WLS 3301670 and WLS 3301625 were analyzed. For these stations, real-time and processed
data were available online (Water Management Information System; http://www.wamis.go.kr/,
River Flood Control Office; http://www.hrfco.go.kr/, www.yeongsanriver.go.kr/). The average daily
and monthly water levels observed from the gauging stations in the Mangyeong River Basin were
used for analysis.

5. Results and Discussion

5.1. Propagation of the Precipitation, Surface Water and Groundwater

As noted by Van Lanen and Peters [49], a groundwater drought only develops if a reduced
recharge coincides with low groundwater storage due to antecedent meteorological conditions.

http://www.gims.go.kr
http://data.kma.go.kr/
http://www.wamis.go.kr/
http://www.hrfco.go.kr/
www.yeongsanriver.go.kr/
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An analysis of the rainfall characteristics of the Mangyeong River Basin was performed first, then the
correlation between rainfall and groundwater was determined. Also, groundwater recharge was
calculated using the modified water-table fluctuation (WTF) method (Figure S1; Table S1) and
compared with air temperature and evaporation (Figure S2). The average annual precipitation in the
Mangyeong River Basin measured at the Jeonju weather station over a 30-year period (1986–2015)
was about 1298.7 mm and the average annual precipitation from 2005 to 2015 (the period for which
groundwater monitoring data was available) was 31.3 mm less than normal. The recorded precipitation
reached a low of about 1000 mm in 2008 but was more than 1600 mm in 2011 (Table S2). However,
since 2012, it has decreased again. In 2015, the annual precipitation was only 813.5 mm, which is about
63% of the average (Figure 4; Table S2).
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Figure 4. Changes in annual precipitation at the Jeonju automated synoptic observing system (ASOS)
station in the Mangyeong River Basin.

The GWL changes did not necessarily coincide with the precipitation trend. Therefore,
a cross-correlation analysis was conducted to estimate the correlation and time lag among the
precipitation, surface water and groundwater. In general, the anomalies caused by the deficit of
precipitation were propagated as follows: precipitation→ runoff→ soil moisture→ surface water
(e.g., streams, rivers, lakes)→ groundwater fluctuation [22].

In the analysis of the variation of each hydrologic factor, water levels but not the flow rate,
were compared to the rainfall and GWLs. It is difficult to compare the anomalies because the discharge
approached zero in spring every year and the flow rate and the river stage were strongly correlated
with each other as shown in Figure 5.
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Figure 6 shows changes in the precipitation measured at the weather station, the water levels at
four stream gauging stations (WLS 3301625, WLS 3301640, WLS 3301670 and WLS 3301685) and the
water-level fluctuations at the five groundwater monitoring stations (two bedrock aquifers: G-1 and
G-5; three alluvial aquifers: G-2, G-3 and G-4). Because Korea is located in the East Asian Monsoon
region, precipitation shows both annual and seasonal cycles with about 67.8% of the total annual
precipitation concentrated in the short wet season (June–September). In 2008 and 2015, when the
amount of precipitation was 267 and 454 mm lower than the normal level (1267 mm) of rainfall,
respectively, the amount of rainfall in the wet season was relatively low (about 192 and 543 mm lower,
respectively). The river stage measured at the downstream station (WLS 3301685) was correlated with
the precipitation and was relatively low as 0.337 due to the decrease in discharge in 2008 and 2015 when
the precipitation was low (Table 3; Figure 6a). However, the water-level at the nearby groundwater
monitoring station G-1 decreased in the spring (March–May) and autumn (October–November)
and increased in summer (June–September). The correlation coefficient for the relationship with
precipitation was low as 0.085 (Table 3; Figure 6a). This was attributed to groundwater abstraction for
agricultural use from nearby wells.

Table 3. Relationship among rainfall, surface water and groundwater.

Station Rainfall WLS
3301685

WLS
3301670

WLS
3301640

WLS
3301625 G-1 G-2 G-3 G-4 G-5

Rainfall 1.000

WLS
3301685 0.337 * 1.000

WLS
3301670 0.746 ** 0.396 ** 1.000

WLS
3301640 0.600 ** 0.355 ** 0.555 ** 1.000

WLS
3301625 0.502 ** 0.512 ** 0.728 ** 0.587 ** 1.000

G-1 0.085 0.092 0.182 * 0.075 0.136 1.000

G-2 −0.035 −0.560 ** 0.038 −0.042 −0.004 0.180 * 1.000

G-3 0.454 ** 0.079 0.443 ** 0.483 ** 0.399 ** 0.006 0.392 ** 1.000

G-4 0.749 ** 0.450 ** 0.744 ** 0.759 ** 0.583 ** 0.194 * 0.012 0.508 ** 1.000

G-5 0.600 ** 0.566 ** 0.540 ** 0.576 ** 0.519 ** 0.094 −0.250 ** 0.248 ** 0.604 ** 1.000

* Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level.
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The river stage in WLS 3301670 was generally well correlated with precipitation (low water-level
in 2008) but on one occasion in 2006 an anomalous level was apparent and the river stage in 2015
(i.e., a drought year) did not match the precipitation. The GWLs of the nearby gauging stations,
G-2 and G-3 also displayed seasonally fluctuating characteristics, with a low peak in the drought
periods of 2008 and 2015, although the overall tendency was for an increase in G-2 (Figure 6b).
However, the WLS3301685 and WLS3301670 gauging stations recorded sewage discharges of 100,000
and 403,000 m3/d from the adjacent public sewage facilities, respectively (Figure 1). This may have
affected the correlation among precipitation, stream and groundwater using the data observed at the
two points.

At WLS 3301640, there was a relatively low river stage variation of 0.5 m; however, the river stage
was lower during drought periods. The lowest GWL fluctuation was observed at G-4, where there was
an overall declining trend in 2015 when extreme drought occurred (Figure 6c). The water levels of the
WLS 3301625 and G-5 wells, which were located at high altitude in the upstream area, displayed a
decreasing trend (Figure 6d). Figure 5 shows that during precipitation events, the stream discharge
increased rapidly due to precipitation and direct runoff and there was an almost simultaneous
fluctuation with the water-level of the river. As in a general hydrograph, after the stream flow
increased, the GWL also rose. The decrease in water-level during the drought season was affected
by spring precipitation but was more significantly influenced by precipitation in the rainy season of
the previous year (Figure 7). The monthly average GWLs of G-4 and G-5 were 23.56 and 68.07 m in
January 2009 and the lowest river stages of WLS3301640 and WLS3301625 in 2008–2009 were 21.37 and
43.50 m, respectively. The effects of the precipitation anomaly transferred to the soil moisture content,
runoff, stream discharge and groundwater depletion processes. Although the precipitation was less
than the mean value in the Mangyeong River Basin during the drought period, the droughts did not
lead to serious or prolonged water deficits. In addition, due to the seasonal rainfall cycle, the shortage
of rainfall in spring was the main cause of the decrease in water storage in the following year.
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Figure 7. Time series anomalies of the precipitation, groundwater and streamflow with the propagation
paths of (a) G-4 and WLS3301640; and (b) G-5 and WLS3301625 (Anomaly means a deviation from
the mean value of each time series and the yellow lines are assumed to be the propagation of
drought events).

In G-4 (alluvial aquifer) and G-5 (bedrock aquifer), located in the upstream area of the watershed,
the water-level tended to decrease with decreasing precipitation. On the other hand, we considered
that the impact of recharge would be low at the G-2 (alluvial) with an altitude of 36.31 m and a depth
to water of 2.75 m, because the correlation coefficient for the relationship with rainfall was less than
0.1; however, the water-level displayed an increasing trend (Tables 2 and 3).

G-1 (bedrock) and G-3 (alluvial), which were located at a relatively low altitude of about 15 m,
displayed different GWL fluctuations (Table 1). Although the average thickness of the unsaturated
zone of G-1 was thin at only 0.55 m, the correlation coefficient for its relationship with precipitation
was as low as 0.1. In the spring and autumn, the GWL dropped rapidly and a recovery pattern then
appeared during the summer seasons. This was probably due to the influence of artificial water
use (e.g., groundwater abstraction). The mean depth to water at G-3 was 6.60 m but the correlation
coefficient for the relationship with precipitation was 0.454 (Tables 2 and 3) and the peak GWL was
low when the precipitation was low. However, it is difficult to use this relationship to estimate drought
severity, because the GWL did not reach the lowest point during 2015 when the lowest precipitation
was recorded.

As shown in Table 3, the correlation coefficients between precipitation and the water-level at WLS
3301685 (0.337) and groundwater (G-1: 0.085, G-2: −0.035) were low. The low correlation between
precipitation and the river stage (WLS3301685) was attributed to the floodgate being located in the
downstream area and tidal effects creating a noise signal within the water-level changes. In addition,
the weak correlation between precipitation and GWL (G-1 and G-2) could have been caused by the
effect of water abstraction due to agricultural activities in the region [56]. The water levels measured
at each point along the river (upstream to downstream) were well correlated (correlation coefficient:
0.454–0.749). The correlation coefficients for the relationships between the hydrological elements,
except for WLS 3301685, G-1 and G-2, were in the range of 0.399–0.749.
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A cross-correlation analysis was conducted to estimate the direction and lag time of the
propagation between precipitation, surface water and groundwater (Table 4). A correlation analysis
using daily data is difficult because precipitation has a large temporal deviation. For this reason,
we used monthly data for the cross-correlation analysis. The time lag between the monthly mean GWL
of G-3 and the monthly cumulative precipitation was calculated to be one month. The GWLs of the
other stations had zero time lag (maybe less than one month). Because the monitoring well of G-3,
adjacent to the river has a silt and clay on top layer and the depth to water is deep as 6.60 m. The lag time
calculated in this study was similar to the values obtained by Bloomfield and Marchant [21], where were
mostly zero months. This can be explained by the fact that the rainfall anomaly propagates to the
groundwater within one month due to the rapid drainage or high permeability of the hydrogeology.
On the other hand, when monthly data are used, short-term drought events (weeks or days) may not
be detected by the groundwater drought method.

Table 4. Summary of the aquifer type, threshold value, correlation coefficient for the relationship with
rainfall, lag-time and the results of the duration and frequency estimated by the threshold method for
groundwater drought in each monitoring well.

Station
Aquifer
Type a

Elevation
(m)

Threshold
(m) Cross

Correlation b
Lag-Time
(Month)

Drought (c 0.3) Drought (c 0.1)

c 0.3 c 0.1 Duration (L) c Frequency Duration (L) c Frequency

G-1 SC 15.04 13.19 12.85 0.26 0 23 22 19 14
G-2 UC 36.31 29.39 28.96 - - 83 10 51 6
G-3 ND 15.57 9.08 8.87 0.72 1 125 9 81 7
G-4 SC 28.79 23.65 23.56 0.75 0 75 16 51 12
G-5 UC 73.62 68.32 68.19 0.60 0 63 14 49 11

a Aquifer type determined by Lee et al. [57] (UC: unconfined aquifer/SC: semi-confined aquifer/C: confined
aquifer/ND: not determined); b Cross-Correlation: correlated with monthly precipitation; c Average duration for
each drought event (unit: day).

5.2. Estimated SPI and the Correlation between the SPI and Groundwater Drought

Annual cumulative precipitation was compared for different time periods, while the
meteorological drought indices for 3, 6 and 12 months were calculated using 30-year rainfall data
from 1986 to 2015 and the SPI (Figure 8). SPI values of less than −1 (black dotted line) indicate a
moderate-to-severe drought; an extreme drought is indicated for SPI values below −2 (red double
dotted line) [6]. The SPI results for the 2005–2015 period, which can be compared with the water-level
data, showed that weak droughts over SPI accumulation periods of 3 and 6 months have occurred
every year and extreme drought events occurred in 2008–2010 and 2015 for SPI accumulation periods
of 12 months. The WMO [48] reported that the 12-month scale is adequate for assessing long-term
variability of surface water or groundwater. The SPI results for accumulation periods of 12 months in
the Mangyeong River Basin were in good agreement with the drought assessment report (Table 5).

Table 5. Summary of the main drought events that have occurred in the areas around the Geum River
Basin after 2000 (modified from K-Water).

Drought Periods Impact or Management Drought Condition

2006 October Action 30% of normal rainfall (August–October)
67% reservoir storage (8% higher than normal)

2008~2009 September~February Local damage 46.4% of annual mean rainfall (southern area: 34%)
58% of mean reservoir storage (25% higher than normal)

2012 May~June

Action 32% of annual mean rainfall

No damage Rainfall: Gyeonggi-do 15%, Chungcheongnam-do 19%,
Jeollabuk-do 21%, Jeollanam-do 23%

- Reservoir storage: 40% (47% higher than normal)

2014 July Restrictions on water supply for
domestic water

50–61% of normal rainfall
(Seoul, Gyeonggi-do, Chungcheong-do)

2015 August~November Restrictions on water supply for
industrial and domestic water

Eight metropolitan areas in Chungcheongnam-do and
most areas in Gyeonggi-do at a ‘severe’ level

Low reservoir storage level
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5.3. The Threshold and Occurrence of Groundwater Drought

As shown in Figure 4, the annual precipitation began to decrease compared with the long-term
average after 2011, with the amount of 814 mm in 2015 being the lowest value during the 2005–2015
period. The SPI index indicated a severe drought in 2015 (Figure 8). This corresponds to a precipitation
deficit, according to the definition of meteorological drought but does not mean a deficit of available
water. Therefore, we attempted to evaluate groundwater drought in the study area using the threshold
method and the 95% occurrence method.
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5.3.1. Threshold Level Method

Based on the mean value and the threshold level of the time series data for the period of interest,
a groundwater drought can be considered to occur when the water-level is below the reference value.
In this study, the assessment of groundwater drought was conducted using GWL data from 2005 to
2015 at five stations in the Mangyeong River Basin (Figure 9).
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Figure 9. Threshold level (red dotted line) and average level (blue dotted line) for the time series
variables of groundwater-level (blue line) and precipitation (light blue bar) during 2005–2015 at
(a) G-1; GimjaeYongji; (b) G-2, JeonjuManseong; (c) G-3, WanjuSamrye; (d) G-4, WanjuYongjin;
and (e) G-5, WanjuGosan.

In the threshold equation, when the c value (threshold criterion) was applied as 0.3, the results
showed that seasonal groundwater droughts occurred almost every year at all monitoring wells (G-1 to
G-5). There was a much lower GWL at G-1, which was assumed to be caused by water abstraction for
agricultural use in spring and fall (Figure 9a) during the drought period (2009 and 2012), as determined
by the drought report (Table 5). It is likely that the use of groundwater increased due to the decrease
in both reservoir storage and surface water during the drought period. If anthropogenic factors
influence the lack of water, drought can be aggravated with respect to the natural situation [30,58].
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Seasonal groundwater droughts appeared at well G-2 every year until 2011 but since 2012 the
overall GWL increased and the lowest GWL settled near the average GWL (Figure 9b). In G-3,
seasonal groundwater droughts occurred repeatedly and GWLs declined most severely during the
2008–2009 drought. Since 2012, the range of the water-level fluctuation and the height of the GWL
have decreased. A severe drought occurred in 2015 but the lowest GWL was above the threshold level
(Figure 9c). There were seasonal groundwater droughts at G-4 and G-5 but the groundwater drought
frequency and severity were not substantially below the thresholds and the droughts of 2008–2009
and 2015 were reflected in the data (Figure 9d,e). If the GWLs were below the threshold level during
2015 and there is insufficient amount of rainfall to recover during the next spring season, the severe
groundwater drought also might be occurred toward 2016.

The drought severity (difference between the threshold value and minimum GWL), duration and
frequency at which the GWL fell below the threshold value are shown in Table 5. The frequency of
drought was strongly correlated with the 3- and 6-month SPI values and the duration and severity of
drought were strongly correlated with the 12-month SPI. In Korea, if the value of 0.3 is applied as the c
parameter in the threshold equation, the threshold value is set at a high level, with increasing drought
frequency. However, if the value of 0.1 is applied as c in the threshold equation, the threshold value
may be too low to accurately detect the drought situation.

5.3.2. The 95% Occurrence Method

Groundwater drought was evaluated by calculating the 95% probability occurrence line for
11 years from 2005 to 2015. Such evaluations of water levels of groundwater monitoring can quickly
detect when a time series reaches the critical level [49]. Groundwater droughts can be determined if
the observed GWL is below the 95% occurrence line. In G-1, groundwater droughts occurred in early
2009, 2012 and from 2013 to 2015 (Figure 10a). The hydrograph for G-2 showed that a water deficit
continued because the GWL was below the 95% occurrence line in 2005, 2007 and June 2008 to April
2010. However, because the GWL was above the 95% occurrence level after 2012, it is likely that water
resources were abundant during the period (Figure 10b). In G-3, the groundwater time series was
located below the 95% occurrence line from September 2008 to June 2009 and this was determined to
be a drought period. It recovered temporarily during the wet season but the water-level declined again
from September to December 2009. The hydrograph of G-3 was similar to that of G-2 and since 2012,
water resources have been abundant (Figure 10c). In G-4, the GWL dropped temporarily to below the
95% occurrence line in 2007 and in May 2012; since June 2013, the water level has been continuously
below the 95% occurrence line (Figure 10d). In G-5, there was a clear pattern of seasonal water-level
fluctuations but there were temporary declines in the GWL. The hydrograph was continually at the
bottom of the 95% occurrence line from August 2008 to February 2009; in 2015, the GWL decreased to
below the 95% occurrence line many times (Figure 10e).
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Figure 10. Groundwater fluctuation, the 95% probability of occurrence line and average
groundwater-level (red line) from 2005 to 2015 at (a) G-1, GimjaeYongji; (b) G-2, JeonjuManseong;
(c) G-3, WanjuSamrye; (d) G-4, WanjuYongjin; and (e) G-5, WanjuGosan.

There are various drought definitions, drought calculation methods and indices; however, there is
no absolute method. It is important to apply appropriate estimation methods, depending on the
purpose and area. We attempted to estimate the groundwater drought caused by a lack of precipitation
by analyzing the relatively slow groundwater fluctuation among the elements of the hydrological
cyclic. Precipitation in Korea has an annual and seasonal cycle, with most of the annual precipitation
concentrated in the short, wet season. When the threshold method was used to evaluate groundwater
drought, it was difficult to determine if the decrease in the GWL in spring was correlated with the
drought event. This was because the threshold level was high due to the rising average GWL during
the wet season. The GWL in spring was repeatedly lower due to the seasonal effect.

When a comparison was made with the Korea drought report (Table 5), it was considered that the
estimation of drought by assessing the variation of a groundwater hydrograph (i.e., the 95% occurrence
line), including the annual precipitation cycle, produced the best match with actual drought records.

As reported by the Ministry of Construction and Transportation [59], the monthly agricultural
water use and monthly rainfall distribution indicate that the use of agricultural water for paddy
farming is the highest in May and June (Figure 11a). From October to May, the GWL declines in spring
because it is a dry season, with little rainfall. The range of variation in the annual precipitation cycle
was estimated by analyzing the pattern of water-level fluctuations for 11 years in the five monitoring
wells of the Mangyeong River Basin (Figure 11).
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of annual variation and the probability distribution of each groundwater hydrograph for the period
of 2005–2015.

The period of GWL decline is consistent with the period of agricultural water use. However,
the water-level in the G-3 well varied irrespective of the water-level fluctuations during the farming
season. The well is located in the downstream area of the Mangyeong River and had the lowest altitude
of wells used in this study. There was no evidence of a declining GWL due to water abstraction for
agriculture in this area and the well data indicated a continuous rise in the GWL due to cumulative
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rainfall. Thus, the frequency of occurrence of groundwater drought was the lowest among the five
stations studied.

In the G-1 and G-2 monitoring wells, GWL drawdown due to groundwater abstraction was
apparent in the spring and the GWLs increased in the rainy season. Because the data acquisition
period for groundwater statistics was not long enough, it was impossible to simulate groundwater
level fluctuations due to natural discharges through a comparison with nearby stream discharge.
In addition, the correlation coefficient for the relationship between precipitation and GWL was not
significant and groundwater drought could not be determined due to the lack of rainfall. However,
the frequency of occurrence of groundwater drought was 22 and 10 days in G-1 and G-2, respectively
and the drought severity was about 1.5 m lower than the threshold value. The groundwater drought
in this area was aggravated by anthropogenic influences. The increased GWL during the rainy season
produced an exponential function for the natural discharge after the monsoon period and the slope of
the decreasing curve increased sharply due to the effect of groundwater abstraction for agriculture
(Figure 12). The greater frequency of droughts compared to the upstream G-4 and G-5 sites indicated
that anthropogenic factors could enhance drought and increase the need for water management.
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Although 2008 and 2014–2015 were reported as severe drought seasons, the river did not dry out.
Streamflow was retained in most periods because of the baseflow discharge. The Baseflow Index (BFI)
determined by the PART method (using the groundwater toolbox developed by Barlow et al. [60])
indicated that the streamflow was largely caused by groundwater baseflow in most cases, except for
high rainfall during the wet season. When the threshold level was reached (when the c value is 0.3) in
the groundwater drought assessment, the streamflow approached 0 and the BFI reached almost 100%
(Figure 13). This means that the groundwater drought assessment using the threshold method was
appropriate and management was required when the GWL reached a threshold level (critical point).
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6. Conclusions

To evaluate the groundwater drought in the Mangyeong River Basin, precipitation, surface water
(river stage and streamflow at four gauging stations) and groundwater (GWL at five monitoring
stations) data for 11 years (2005 to 2015) were analyzed. Correlations were analyzed between rainfall,
surface water and groundwater. The SPI index (a commonly used meteorological drought index)
was applied to assess groundwater drought using the threshold and the 95% probability occurrence
line methods.

As noted in the drought report, in addition to the weak droughts that occurred every year during
the study period, severe droughts occurred in 2008–2009 and 2015, which was consistent with SPI index
results. The groundwater drought assessment also indicated that weak droughts occurred annually
and a severe drought occurred in 2009; however, in 2015, groundwater drought was only identified in
two monitoring wells (G-4 and G-5) located in the upstream area of the study catchment. Due to the
monsoon climate, most of the annual rainfall was concentrated in the annual wet season. The GWL
decline below the threshold level in June was attributed to the use of agricultural water for farming.

Using the SPI method, threshold method and 95% probability occurrence line method,
each drought detection method and the frequency of drought were compared, as shown in Table 6.
SPI results, which is the most common meteorological drought index for calculating rainfall deviations
(in the most recent 30 years), were consistent with the reporting of drought in the study period.
When we evaluated the groundwater drought using the threshold method, it was found that drought
occurred more frequently than when the SPI method was used. Groundwater droughts were expected
to be more sensitive in upstream areas due to hydrogeological features but were more frequent in
the downstream. This is evidence that anthropogenic factors can aggravate groundwater droughts.
However, when the c (drought criterion) value was applied as 0.1, droughts were estimated to have a
lower frequency than when using the SPI and the results may not be useful for drought prevention.
The 95% occurrence method responds to severe drought but also has a significant disadvantage.
The ranges of the 95% occurrence line calculated from the hydrograph of groundwater level fluctuation
cannot be used to evaluate human-induced decreases in the GWL in spring every year due to the deficit
of groundwater storage (i.e., groundwater drought). Because it also calculates periodic variations
as a probability occurrence range, the drawdown patterns occur repeatedly at the same time every
year. Although the groundwater drought index using the threshold method (c = 0.3) is not an absolute
method, it can include variations of both natural and anthropogenic factors. The threshold method
is considered to be a suitable method for predicting severe groundwater drought and for managing
water resources in the Mangyeong River Basin.

Table 6. Comparison of the drought events calculated by the standardized precipitation index
(SPI) (a meteorological drought index) and the threshold and 95% probability occurrence methods
(groundwater drought indices) for 11 years (2005–2015).

Year Month
SPI

(6-M)

Groundwater Drought Methods

Threshold (c 0.3) Threshold (c 0.1) 95% Occurrence

G-1 G-2 G-3 G-4 G-5 G-1 G-2 G-3 G-4 G-5 G-1 G-2 G-3 G-4 G-5

2006 October O O O O O O O O O X O X X X O O
2009 September–February O O O O O O O O O O O O O O O O
2012 May–June O O X O O O O X X O X O X X O O
2014 July O O X X O O O X X O X X X X O O
2015 August–November O O X X O O X X X O O O X X O O

Estimated overall frequency
of drought 11 22 10 9 16 14 14 6 7 12 11 5 4 2 6 7

Groundwater droughts—defined as storage (or water-level) decreases due to both a deficit of
precipitation and human impacts—vary depending on the well location, depth, aquifer characteristics
and period of time. The GWL data of the G-4 and G-5 wells and the streamflow data of the adjacent
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gauging stations were used to analyze and compare the streamflow, baseflow and the BFI. When we
assessed the groundwater drought, if the GWL reached the threshold level (when the c value = 0.3),
the streamflow approached zero and the BFI was almost 100%. This means that the streamflow depends
on the baseflow during the dry season in the study catchment. It was concluded that the threshold
method can provide groundwater drought information and can be used to indicate that management
is required when the GWL reaches a threshold level.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/10/3/831/
s1. Figure S1: Graphical method for recharge using the modified water-table fluctuation method, Figure S2:
monitoring data of air temperature and evaporation, Tables S1 and S2: Results of recharge analyses and monitoring
data of precipitation.
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