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Abstract: As an effective water management method to respond to the increasing severity of drought,
this study proposed a conjunctive operation using a surface reservoir and subsurface dams. The
proposed methodology predicts the probable rainfall according to the drought severity and the water
demand, and uses these as the basis for water allocation. Sokcho City, located in South Korea, was
used as the study case. Sokcho is a tourist city that has suffered from water shortages for many years
due to its excessive dependence on a single groundwater dam. Considering conjunctive operation,
drought frequency, and drought duration, a total of 80 cases under four scenarios were generated
and simulated to determine the water supply capability over the entire year. The results indicate that
domestic water can be supplied throughout the year with appropriate water allocation, even when a
once-in-50-year drought lasts for 120 days. Furthermore, the water supply potential, which is the
additionally available capacity in a reservoir, was used to assess the effects of conjunctive operation.
It was estimated that, for a once-in-10-year drought, up to 318% of the annual water demand was
available in the reservoir. As the proposed methodology is relatively simple, it offers a useful water
resource management tool for sites with similar social and environmental conditions.

Keywords: conjunctive operation; drought severity; water allocation; probable rainfall; water
supply potential

1. Introduction

The severity of drought, in terms of both frequency and duration, is increasing rap-idly
worldwide due to climate change, leading to greater negative economic, environmental,
and social effects. To cope with this, effective water management strategies are required,
particularly for drought-prone areas with a high dependence on one source. The conjunc-
tive use of surface water (e.g., reservoirs, rivers, streams, and canals) and subsurface water
(groundwater dams, aquifer) is considered an effective solution to mitigate water shortage
problems caused by drought [1–3]. The advantages of conjunctive operation are not limited
to avoiding water shortages and enhancing the water use efficiency [1,4]. It is also useful
for stabilizing the water supply by increasing the available water capacity in areas where
new water resource development is limited or where the water supply is unbalanced [5].

Conjunctive operation can be classified into two types, active and passive (Figure 1).
Active operation includes artificial water transport between the surface and subsurface
water, such as aquifer storage and recharge (ASR) [6–8]. Passive operation involves the
independent use of the surface and subsurface water. This is usually employed in water
management systems that have the scalability to utilize water sources through virtual
connections, without restrictions on location, distance, or usage, which are obstacles to
physical links.
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Figure 1. Types of conjunctive operation for surface and subsurface water: (a) active and (b) passive.

Table 1 lists some recent studies on conjunctive operation. Examples can be found
in many countries, including the United States, Germany, Israel, and Japan. The purpose
of conjunctive operation includes stabilizing irrigation [9–19], guaranteeing an efficient
water supply [20–30], improving water quality [12,21,31,32], and preventing saltwater
intrusion [33].

Table 1. Recent works on conjunctive operation.

Objectives Type Region (Country) Details Ref. No.

Securing irrigation water Passive Upland plateau of
Odisha, India

Evaluated the impact of integrated
water resource development and

management strategies on agricultural
production using flow-regulating
devices in a canal-linked service

reservoir and a dug well adjacent to
the canal

[9]

Securing irrigation water Passive Tehran, Iran

Simulated scenarios to determine the
optimal crop pattern considering water
allocation priorities and river water and

groundwater availability

[10]

Securing irrigation water Passive Heihe River Basin,
China

Optimized the conjunctive use of
surface water and groundwater

for irrigation
[11]

Securing irrigation water and
managing water quality Passive Zayanderood River

Basin, Iran

Developed a water allocation model for
the conjunctive use of surface water

and groundwater
[12]

Securing irrigation water Passive Zhangweinan River
Basin, China

Developed a type-2 fuzzy interval
programming method for the

conjunctive use of surface water with
different groundwater utilization ratios

[13]

Securing irrigation water Active Chao Phraya Plain,
Thailand

Suggested a simulation-based tool for
optimal conjunctive use [14]

Securing irrigation water Passive Chitradurga District,
India

Suggested an optimal conjunctive use
policy for irrigation in a

reservoir-canal-aquifer system
[15]

Securing irrigation water Passive Hypothetical domain

Developed a simulation/optimization
model to integrate reservoir rules,

simulations of stream/aquifer flow,
conjunctive use, and delivery via
branching canals to water users

[16]
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Table 1. Cont.

Objectives Type Region (Country) Details Ref. No.

Securing irrigation water Passive Sidi Okba, Algeria
Explored the history and problems

associated with community-managed
conjunctive use allocation

[17]

Securing irrigation water Passive Jayakwadi Reservoir,
India

Developed a linear programming model
for the conjunctive use of surface water
and groundwater to obtain the optimal

operating policy for a
multipurpose reservoir

[18]

Securing irrigation water Passive Godavari River, India
Developed an optimal cropping pattern
and optimal pumping strategy for the

operation of a reservoir/aquifer system
[19]

Securing an efficient and
stable water supply Active India

Proposed efficient conjunctive use of
surface and groundwater to prevent the

death of a river using a
conceptual framework

[20]

Securing an efficient and stable
water supply and

improving water quality
Active Tehran Plain, Iran

Developed Bayesian network-based
operating rules for the conjunctive use

of surface water (river and canal)
and groundwater

[21]

Securing an efficient and
stable water supply Passive Urmia Lake Basin, Iran

Proposed a model for water allocation
based on consumption and resource

priorities and groundwater
level constraints

[22]

Securing an efficient and
stable water supply Passive Zayandehrood River

Basin, Iran

Developed a linked
simulation-optimization model for the

conjunctive use of river water
and groundwater

[23]

Securing an efficient and
stable water supply Passive Tsengwen and

Kaopin Rivers, Taiwan

Suggested a novel approach by
integrating tools for the conjunctive use

of a reservoir and wells
[24]

Securing an efficient and
stable water supply Passive Tehran Metropolitan

Area, Iran

Developed a conflict-resolution
methodology for the conjunctive use of

river water and groundwater
[25]

Securing an efficient and
stable water supply Passive Yunnan Province,

China

Suggested a cost-effective water
allocation scheme for the conjunctive
use of surface water and groundwater

[26]

Securing an efficient and
stable water supply Passive Rafsanjan Plain, Iran

Developed a methodology to determine
evolutionary stable equilibrium

strategies for surface and
groundwater allocation

[27]

Securing an efficient and
stable water supply Active Rhode Island, USA

Simulated conjunctive-management
models for the water supply in an

alluvial-valley stream-aquifer system
[28]

Securing an efficient and
stable water supply Passive Chou-Shui Alluvial

Fan, Taiwan

Developed an optimization model for
the large-scale conjunctive use of
surface water and groundwater

resources using linear programming

[29]

Securing an efficient and
stable water supply Passive Andra Pradesh, India

Developed a linear programming-based
optimization model using water

allocation scenarios
[30]
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Table 1. Cont.

Objectives Type Region (Country) Details Ref. No.

Managing water quality Active Zarpa River Basin,
Jordan

Developed a conceptual model of an
aquifer to gain a better understanding of

water dynamics in the basin and to
investigate different management

scenarios using managed
aquifer recharge

[31]

Managing water quality Passive Tehran, Iran
Developed a dynamic programming
model for conjunctive use to manage

river water quality
[32]

Reducing the intrusion of
saline water Passive Yinchuan Plain, China

Determined the optimal conjunctive use
of surface water and groundwater to

alleviate soil salinization
[33]

With limited resources, it is necessary to solve water supply problems by utilizing
water resources and facilities as efficiently as possible. As such, passive conjunctive use
offers an approach for the stable and optimal utilization of surface water and subsurface
water resources. In this study, passive conjunctive operation for practical water manage-
ment is investigated using local underground dams and a reservoir under various drought
conditions. The novelty of the proposed methodology is that it considers the water supply
allocation ratio between the available water resources in relation to the frequency and
duration of drought. The present study develops water allocation scenarios based on
various drought severity levels and evaluates the performance of scenario-based reser-
voir operation. The water supply potential (WSP) of the reservoir is also assessed as an
additional effect of conjunctive operation.

2. Study Area

Sokcho City, located in Gangwon-do Province, South Korea, was selected for the study
case because it frequently experiences water shortage problems. Located 284 km east of
Seoul, the capital of South Korea, Sokcho is a famous tourist city, with numerous tourist
attractions, such as mountains, sea, lakes, hot springs, and beaches. Figure 2 presents
the watershed and water supply sources for the city. Ssangcheon Stream is the main
water source, but its length is short and its slope is steep; consequently, most rainfall
flows directly into the East Sea. The groundwater dam downstream of Ssangcheon Stream
supplies about 90% of the total domestic water and up to 41,000 m3 of water per day
to the city [34]. However, because this groundwater dam is located close to the coast,
continuous large-scale pumping can cause ground subsidence and saltwater intrusion.
Once unbalanced, significant time and money is required to restore the water level and
quality of a groundwater source, and it often cannot be completely recovered [35].

In its current state, securing additional water resources for Sokcho is vital to avoid dry
streams due to drought and to conserve groundwater resources. However, the construction
of a new water source is costly and time-consuming, while also being practically limited
by the lack of land and environmental challenges. Therefore, it is necessary to find ways
to increase the utilization efficiency of the current water resources. Near the study area,
Wonam Reservoir supplies agricultural water to surrounding farmland. It is used to provide
irrigation water during the farming season from April to September. If this reservoir
was used effectively to supply both agricultural and domestic water, it would lower the
dependence on the underground dams in the area and guarantee a stable supply of water.
As a result, two groundwater dams (one existing, one currently under construction) and
Wonam Reservoir were selected for analysis (Figure 2). Details of the water facilities in the
study area are provided in Tables 2 and 3.
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Figure 2. Overview of Sokcho City and the available water resources (groundwater dams and reservoir).

Table 2. Details of the groundwater dams in the Sokcho area.

Groundwater Dam #1 Groundwater Dam #2

Purpose Domestic water supply Domestic water supply

Basin area (km3) 65.33 65.33

Length of the wall (m) 830 1107

Design daily maximum
water supply (m3) 43,000 5000

Material of bed rock Banded gneiss Banded gneiss

Material of aquifer Sands and gravels Sands and gravels

Coefficent of permeability
(m/s)

9.71 × 10−4

~1.03 × 10−2
9.71 × 10−4

~1.03 × 10−2

Porosity 0.35 0.35

Completion year 1998 To be completed in 2022

Table 3. Details of Wonam Reservoir

Purpose Agricultural Water Supply

Basin Area (km3) 14.19

Dead level (m) 118.0

Full water level (m) 135.0

Total storage (m3) 1,318,200

Completion year 1963

Historical rainfall data for the area show that, in the last 30 years the annual rainfall
data has fluctuated, with a generally decreasing trend (Figure 3a) [36]. More than 53%
of the annual precipitation occurs during the July–September period, and the average,
maximum, and minimum temperatures have all increased since the 1980s (Figure 3b),
which represents suboptimal conditions for the maintenance of surface water as a stable
water supply resource [37]. In addition, episodes of drought have become more severe in
the area, with the local community suffering from water restrictions once every 1 to 2 years
since 1995.
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Figure 3. Meteorological data over the past thirty years in Sokcho: (a) annual rainfall and trend line,
(b) monthly average precipitation and temperature

3. Preliminary Analysis
3.1. Estimation of Water Demand

In the present study, the population for the target year (2050) was estimated first and
multiplied with the average daily water consumption to determine the water demand
in 2050. The population of Sokcho was 81,786 in 2019, and the number of residents is
de-creasing annually. However, Sokcho’s floating population is more than 12 million a
year, which is twice as many as in the early 2000s, which must be taken into account.

The population was estimated using four common methods: arithmetic series, least
squares, geometric series, and logistic curves. The arithmetic series approach is most
suitable for short-term estimates and large cities in which development is slow or al-
most complete:

Pn = Po + nq (1)

where Pn is the population n years later, Po is the present population, and n is the number
of years from the present to the target year. q is the average population growth rate, which
is estimated as Po−Pt

t , with Pt denoting the population size t years earlier.
The least-squares method is useful when future variables cannot be accurately esti-

mated. It assumes that future changes will follow a linear regression equation:

Pn = aX + b (2)

The constants a and b are obtained as follows.

a =
N ∑ XY − ∑ X ∑ Y
N ∑ X2 − ∑ X ∑ X

, b =
∑ X2 ∑ Y − ∑ X ∑ XY

N ∑ X2 − ∑ X ∑ X
(3)

where N is the number of population data, X is the number of years since the base year,
and Y is the population size.

The geometric series method estimates the population under the assumption that the
population growth rate is almost constant every year:

Pn = Po(1 + r)n (4)

where r is the average annual population growth rate, calculated as
(

Po
Pt

) 1
t , and Pt is the

population t years earlier.
The logistic curve method is useful to estimate the change in the urban population:

Pn =
K

1 + eα−βn (5)
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where K is the saturated population. The constants α and β are obtained from Equation (6).

α =
1

log e
× ∑ X ∑ XY − ∑ X2 ∑ Y

N ∑ X2 − ∑ X ∑ X
, β =

N ∑ XY − ∑ X ∑ Y
N ∑ X2 − ∑ X ∑ X

(6)

The calculation results are shown in Table 4. The arithmetic series and geometric series
methods produced similar estimates, while the least-squares method predicted the lowest
population. The logistic curve method has the largest estimate, and this was used for this
study because there is expected to be an increase in the number of visitors as Sokcho grows
rapidly as a tourist city. Based on this figure and the average daily water supply per person
of 500 `, the required water supply in 2050 was estimated to be about 50,000 m3/day,
approximately 44% higher than the current water supply.

Table 4. Prediction of the domestic water demand for Sokcho according to the estimated popula-
tion size

Population Projection
Method

Estimated Population Size
in 2050 Water Demand (m3/day)

Arithmetic series 68,332 40,713
Least-squares 64,703 39,219

Geometric series 69,922 40,739
Logistic curve 98,844 50,883

3.2. Drought Analysis

Drought is a natural hazard that makes water resource planning more difficult due to
its long-lasting effects [38]. The drought frequency for this study was determined based on
drought indicators, which allow the severity and duration of droughts to be determined
and provide important information that can be used in establishing future drought-related
plans. The most common drought indices are the standardized precipitation index (SPI),
the Palmer drought severity index (PDSI), the US drought monitor (USDM), and the
normalized difference vegetation index (NDVI) [39]. The SPI is a meteorological drought
index that has been widely adopted in research, while the PDSI is more comprehensive
than precipitation-only indices. The USDM is a composite drought index that integrates
multiple indices such as the SPI and PDSI. The NDVI uses remote sensing to monitor
vegetation conditions. These drought indices can be used to identify trends and establish a
minimum and maximum drought frequency.

The SPI was used for the drought analysis in the present study. The drought analysis
classifications for this index are presented in Table 5 [40]. The SPI for three months of
accumulated precipitation data (SPI-3) was used to assess short-term drought, and the SPI
for 12 months of accumulated data (SPI-12) was used to assess long-term drought.

Table 5. The standard precipitation index (SPI) classifications.

SPI Range Drought Severity

−1.0 < SPI ≤ 0 Near normal
−1.5 < SPI ≤ −1.0 Moderate drought
−2.0 < SPI ≤ −1.5 Severe drought

SPI ≤ −2 Extreme drought

The SPI-3 and SPI-12 were calculated using a total of 360 months of precipitation
data (from December 1990 to November 2020). Future rainfall data (2021–2050) were
simulated using the HadGEM3-RA regional climate model, under the RCP4.5 scenario [41].
Figure 4 presents the change in SPI-3 and SPI-12 over the past 30 years and the estimates
for 30 years into the future. In both the past and future periods, the SPI-3 results show
that moderate droughts occur almost every year (Figure 4a,b), while extreme droughts
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occur approximately once every 10 years (Figure 4c,d). It is thus necessary to prepare for
once-in-10-year droughts by identifying the frequency of extreme droughts using SPI-12.
Currently, Korean government water resource plans consider severe droughts that occur
once every 30 years. However, once-in-50-year droughts were also included in the present
study to account for the possibility of more severe droughts. Consequently, this study
attempted to establish water allocation scenarios based on three drought severity cases:
once-in-10, -30-, and -50-year droughts. In Section 3.3, the annual rainfall for once-in-10-,
30-, and -50-year droughts is converted to monthly data and then used for the reservoir
simulations in Section 4.2.

Figure 4. Change in the SPI in the past (a,c) and future (b,d) for moderate to extreme droughts (<−1).

3.3. Rainfall Estimates according to Drought Severity

Rainfall is very difficult to accurately predict because it varies due to weather and
environmental factors. Thus, hydrological rainfall analysis uses statistical techniques
based on past observational data. In this study, rainfall was estimated using the frequency
analysis process shown in Figure 5. In general, hydrological frequency analysis uses
annual maximums to predict flooding and estimates the upper quantile of the probability
distribution (i.e., the right tail) corresponding to the extended reproduction period. In
contrast, the lower quantile of the probability distribution (i.e., the left tail) for each
extended reproduction period was estimated in the present study; as the reproduction
period increases, a quantile is interpreted as a smaller value, and this is regarded as the
rainfall during drought [42].

The rainfall was calculated to be 998.8 mm, 897 mm, and 864.1 mm per year for a
once-in-10-year, 30-year, and 50-year drought, respectively. As these figures represented
annual rainfall, they were transformed into monthly rainfall by employing the distribution
trends of the average precipitation for the last three years to determine the total monthly
rainfall according to drought severity (Figure 6). The estimated monthly rainfall was then
used as a component of the inflow data when assessing reservoir performance.
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Figure 5. Drought frequency analysis process

Figure 6. Estimated monthly rainfall according to drought severity.

4. Water Allocation
4.1. Scenarios for Conjunctive Operation

Various conjunctive operation scenarios were created based on the available water
sources. Depending on the environmental conditions, active or passive conjunctive opera-
tion can be considered (Figure 1). This study considered practical aspects such as geological
location, physical connectivity, and hydro-meteorological characteristics. As a result, two
groundwater dams and Wonam Reservoir were selected for water allocation (Figure 2),
and based on the passive conjunctive operation of the subsurface and surface water. As
the distance between the reservoir and the existing groundwater dam was around 10 km,
their hydro-meteorological characteristics were similar. In addition, there is a national park
between the existing dam and the reservoir, preventing the construction of waterways or
pipelines. Even if it were allowed, it would be unlikely to be cost-effective. The second
groundwater dam under construction on Ssangcheon Stream is located 4 km upstream
of the existing groundwater dam and will provide 5000 tons of water a day once it is
completed in 2022.



Water 2021, 13, 847 10 of 18

To prevent the depletion of the reservoir and to operate flexibly in response to in-
creasing demand for water, conjunctive operation should be in place for both normal
and emergency situations. As such, the scenarios investigated in the present study were
generated based on the severity and duration of drought. Since surface water is more
sensitive to drought than subsurface water, the proportion of the water supply coming
from the reservoir becomes lower and that from the groundwater dams becomes higher as
a drought intensifies. This hydrological situation was considered when establishing the
four scenarios used to identify the optimal water allocation in the present study for passive
conjunctive operation of the three water resources.

As estimated in Section 3.1, the water management plan for Sokcho should prepare
for a maximum 44% increase in the water demand by 2050. Currently, the dependence on
the existing underground dam is very high; the second underground dam is still under
construction, and Wonam Reservoir is used only for agriculture. By combining these three
water resources, scenarios were set up to allocate the water supply to the study area.

Table 6 presents the four scenarios based on the daily allocation of domestic water
needed in 2050. The main scenarios were classified by their allocation ratio (i.e., the
proportion of the water supply coming from each water source) and subdivided into four
drought severity levels (normal, once-in-10-year drought, once-in-30-year drought, and
once-in-50-year drought). For each drought severity level, five drought periods were
considered (one to five months). This is because when the rainfall data for the last 30 years
were listed by month, the values below the average lasted up to 5 months. Thus, a total of
80 subscenarios were assessed for water supply availability.

Table 6. Water supply ratio under the various drought conditions.

Scenario
Drought

Condition
(Frequency)

Water Supply Ratio (%)

Groundwater
Dam #1

Groundwater
Dam #2

Wonam
Reservoir

1

a. Normal

70 0 30
b. 10 year

c. 30 year

d. 50 year

2

a. Normal

70 10 20
b. 10 year

c. 30 year

d. 50 year

3

a. Normal 70

0

30

b. 10 year 75 25

c. 30 year 80 20

d. 50 year 85 15

4

a. Normal 70

10

20

b. 10 year 75 15

c. 30 year 80 10

d. 50 year 85 5

Scenario 1 involved the use of the first groundwater dam and Wonam Reservoir to
supply 70% (35,000 m3/day) and 30% (15,000 m3/day) of the domestic water needed in
Sokcho, respectively. It represented the simplest conjunctive operation scenario. In Scenario
2, the second groundwater dam supplied 10% of domestic water, the first underground dam
70%, and the reservoir 20% (10,000 m3/day). In this scenario, the second underground dam
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was added to reduce the burden on the existing groundwater dam. Scenario 3 utilized only
the first underground dam and reservoir as in Scenario 1, but flexible operation allowed for
the water supply allocation ratio for the two sources to be adjusted. For example, during a
once-in-10-year drought, 75% (37,500 m3/day) of the water supply would come from the
groundwater dam and 25% (12,500 m3/day) from the reservoir (Scenario 3b). For a more
severe drought (once-in-50-year), the amount of water available from the reservoir would
fall to 15% (7500 m3/day) of the total (Scenario 3d). Scenario 4 was based on the conjunctive
operation of all three water sources with flexible operation. Given the maximum water
supply capacity of the second underground dam, its allocation ratio was fixed at 10%
(5000 m3/day) of the total supply, while that for the first underground dam ranged from
70% to 85% (42,500m3/day), and that for the reservoir ranged from 5% to 20%, depending
on the drought severity.

In all scenarios, it was assumed that the underground dams were capable of supplying
the allocated daily water supply. Therefore, the reservoir simulation results were an
indicator of the performance of the proposed conjunctive operation system. If the water
supply was available all year round in the reservoir, it meant that the conjunctive operation
was effective. However, if the water supply was not available for several months, it meant
that the operation was only partially effective and, if water was not available most of the
year from the reservoir, the operation design needed to be modified.

4.2. Reservoir Simulation

Owing to the focus on the effects of drought in this study, the water supply from
the reservoir was simulated from the perspective of long-term operation. Due to the
characteristics of drought, the drought duration was considered, because it is not known
exactly when they will occur. Based on the simulation of the reservoir water supply
using the flexible water supply scenarios for multiple water resources in Table 6, it was
determined whether the agricultural reservoir was able to supply agricultural, domestic,
and environmental water, and how long it could supply that water according to the severity
of the drought.

Figure 7 presents the components of the reservoir simulation employed in this study.
To simulate the time-varying storage levels, the reservoir simulation model was formulated
as follows:

RSt,s = RSt−1,12 + It,s − WSt,s − EVt,s − SPt,s when s = 1
RSt,s = RSt,s−1 + It,s − WSt,s − EVt,s − SPt,s otherwise

(7)

where RSt,s is the reservoir storage in year t and month s, I is the dam inflow in year t
and month s, WSt,s is the total water supply in year t and month s, EVt,s is the average
evaporation loss in year t and month s, and SPt,s is the overflow at the spillway in year t
and month s. Many monthly water balance models have been presented for It,s, but the
Kajiyama formula was used in this study due to the limitations of data accessibility [43,44].

It,s = R × A (8)

Here R is the depth of the runoff and A is the basin area. However, because the
available runoff data were insufficient, an appropriate method was needed to calculate
the inflow to the reservoir. If the relationship between rainfall and runoff depth can be
established, the inflow can be calculated based on the runoff depth and the catchment area.
For this, the Kajiyama formula, which is widely used for the calculation of monthly runoff
depth in Korea, was employed:

R =

√
P2 + (138.6 f + 10.2)2 − 138.6 f + E (9)

where R represents the runoff depth in mm, P is the monthly rainfall, f is the runoff
coefficient, and E is the coefficient for monthly rainfall depth. Here, the monthly rainfall
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was applied to the probability rainfall distribution for drought severity calculated in
Section 3.3 to simulate a normal year, and once in 10-, 30-, and 50-year drought.

Figure 7. Reservoir simulation components for passive conjunctive operation.

In Equation (7), the water supply consists of domestic, agricultural, and environmental
maintenance uses. Domestic water was calculated as the proportion of the daily water that
the reservoir needed to supply for each scenario. Wonam Reservoir is mainly employed
to supply agricultural water to farms from April to September, and the water supply was
available for domestic use if the reservoir did not fall below the dead storage level. The
storage rate curves for each elevation of the reservoir were used. The environmental water
use for the reservoir was estimated by multiplying the minimum number of days required
for the maintenance of the stream by 2700 m3 per day. As the water level data for the
reservoir were not accurate, real-time reservoir data were collected and used to create
elevation–surface area–storage curves (Figure 8) [45]. The average evaporation loss was
obtained from the closest measurements to the reservoir.

Figure 8. Schematic side view of Wonam Reservoir and its elevation–surface area–storage curves.

4.3. Conjunctive Operation Effects

The effect of the conjunctive operation can be quantitatively assessed based on two
fictive capacities. The first is the groundwater preservation capacity, which represents the
amount that can be preserved by conjunctive operation that utilizes other water sources
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compared to doing nothing. In the groundwater dam, it was assumed that the underground
water is preserved due to the reduction of the underground dam burden. In particular, the
damage caused by the continuous and excessive use of one resource (i.e., the groundwater
dam), water shortages due to depletion, and the impact on the natural environment can be
reduced by conjunctive operation, and water resources can be conserved through the use
of other water sources (i.e., the other groundwater dam and the reservoir in the present
study). Therefore, the domestic water allocated to other sources can be considered part of
the conjunctive operation effect.

WSP = S + O − M (10)

The second measure is the water supply potential (WSP) for the agricultural reservoir.
The WSP was introduced by Chilton et al. (1995) as the supply “availability” related to
transmissivity in an aquifer [46], while Jemcov (2007) assessed the WSP as based on the
groundwater budget and that it expressed the available “loan capacity” of deep-stored
water [47]. Accordingly, in this study, the WSP was based on the reserve of the total input
in the reservoir. In other words, the sum of the monthly storage (S) and overflow (O) minus
the minimum storage needed to maintain the water supply (M) was used to calculate
the WSP (Equation (10)). M was determined based on practical considerations because
supplying water is impossible if the water falls below a critical level. Thus, the WSP was
calculated by excluding the storage of the critical zone. In this study, the ratio of the WSP
to the total water demand was assessed for each scenario.

5. Results and Discussion
5.1. Performance of Scenario-Based Operation

In all cases, the groundwater dams were assumed to be capable of supplying the
amount allocated in each scenario. Accordingly, if the amount remaining after subtracting
the allocation from the underground dams from the total supply of domestic water required
each month can be supplied by the reservoir, then conjunctive operation can be considered
feasible. In Scenarios 1 and 2, the reservoir operated under a fixed water allocation ratio
for all drought severity levels. In the other scenarios, the water allocation ratio varied
according to the drought severity.

The simulated results for the reservoir were assessed according to the changes in the
water level with the storage amount over time. In some cases, the amount of water flowing
out of the reservoir (through the water supply) was significantly higher than the amount
flowing into the reservoir through rainfall. In these cases, if the water level fell below the
dead storage level, it was impossible to use the reservoir to supply the water supply. Thus,
it would be necessary to reduce the amount of water allocated to the reservoir and make
up the deficit using another water source or a water tank.

A total 80 cases were analyzed based on the different scenarios, drought severities, and
drought durations (Table 7). The probability of a continuous supply of water throughout
the year was expressed as the number of months that had a consistent supply of water out
of 12. Cases with a high probability of a continuous supply of water are marked in dark
grey, and it can be seen that Scenarios 4 had the highest water supply probabilities.

In Scenario 1, water shortages in the reservoirs occurred for at least two months (i.e.,
an 83% probability of continuous water supply) and up to six months (50%) for both normal
and drought-affected years. Under Scenario 2, some cases had a 100% probability of a
continuous supply of water, but when a drought was long-lasting, water shortages occurred
for 1–2 months during summer. In Scenario 3, when a once-in-10-year drought lasted for
30 days, the water level fell below the dead storage level from May to June (i.e., 83%) and
when it lasted for more than 60 days, water shortages occurred for 3–4 months (i.e., 67–75%).
For once-in-30-year and -50-year droughts, water shortages lasted for 2–3 months until
early summer, depending on the duration (i.e., 75–83%). Under Scenario 4, water could
be supplied throughout the year until a drought duration of 30 days for a once-in-10-year
drought, with 1 month of insufficient water up to a duration of 120 days and 2 months up
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to a duration of 150 days (i.e., 83–92%). However, for more severe and longer droughts, the
water shortages did not last for more than two months. For example, for a once-in-50-year
drought that lasts for 150 days, the reservoir fell below the critical water level only in June
(i.e., 92%).

Table 7. Operation performance for the four scenarios, depending on drought severity and duration. Darker cells represent
a higher probability of continuous water supply.

Scenario Drought Frequency
Probability of Continuous Supply Throughout the Year (%)

30 Days 60 Days 90 Days 120 Days 150 Days Average

1

a. Normal 50 83 83 83 83

65
b. 10 year 83 58 58 58 58

c. 30 year 75 58 58 50 58

d. 50 year 75 58 58 50 58

2

a. Normal 50 100 100 100 100

90b. 10 year 100 92 92 92 83

c. 30 year 100 92 92 83 83

d. 50 year 100 92 92 83 83

3

a. Normal 50 83 83 83 83

78b. 10 year 83 75 75 67 67

c. 30 year 83 75 75 75 75

d. 50 year 83 83 83 83 83

4

a. Normal 50 100 100 100 100

94b. 10 year 100 92 92 92 83

c. 30 year 100 100 100 100 83

d. 50 year 100 100 100 100 92

Overall, as shown by the results for Scenarios 1 and 3, water supply operation using
only the first underground dam and the reservoir is not sufficient to prepare for future
droughts. On the other hand, continuous water supply over the entire year is possible
in some cases under Scenarios 2 and 4. In particular, when the three water sources are
operated flexibly according to the drought severity, the system can even handle a once-in-
50-year drought that lasts for up to 4 months.
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5.2. Assessment of the Conjunctive Operation Effect

The WSP of Scenario 4, evaluated as the most effective, was calculated. Figure 9a–c
presents the monthly ratio of the WSP to the water demand for Scenario 4, according to
the drought severity. The WSP ratio for the reservoir was 318% in November during a
once-in-10-year drought that lasted 150 days. For a once-in-30-year drought, a maximum
WSP ratio was 296%, while 290% was produced for a once-in-50-year drought. The decrease
in the WSP ratio from March to July was a result of the start of the farming season and
the decrease in autumn–spring rainfall. After July, the rainfall increased sharply and the
agricultural season ended, meaning that the WSP ratio increased significantly from fall to
winter. Furthermore, the WSP ratio did not decrease significantly according to drought
severity because there was no significant difference in the estimated rainfall (Figure 6). On
the other hand, as the duration of the drought increased, the WSP ratio to water demand
increased, because the amount of domestic water required during that period was lower
than in a normal year, increasing the reservoir’s storage and overflow.

Figure 9. Ratio of the water supply potential (WSP) to water demand over time for Scenario 4.

6. Conclusions

The conjunctive operation of a surface reservoir and subsurface dams for effective
water resource management was proposed in the present study. A study area using a
single water source that has long suffered from water shortages was selected for analysis.
The demand for domestic water was predicted, and then three levels of drought severity
were set and the corresponding annual rainfall estimated. Operational scenarios were then
developed, in which the proportion of water allocation to the water sources differed for
conjunctive operation.
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Based on a simulation of the water supplied in these scenarios, the most effective
operating conditions were selected. The most effective set-up was found to be the use
of two subsurface dams and one surface reservoir, in which the first dam provided 70 to
85% of the average daily domestic water in 2050, while the second dam supplied 10%,
and the remainder came from the agricultural reservoir. It was assumed that the dams
were always capable of meeting their required allocations, thus the supply of domestic
water allocated to the reservoir was used to determine the effectiveness of the conjunctive
operation. Simulations revealed that a continuous water supply was possible throughout
the year, even during once-in-30-year and -50-year droughts that lasted up to 120 days. This
means that the proposed conjunctive operation scenario represents an effective alternative
strategy for supplying water during times of drought.

In addition, the effect of conjunctive operation was quantified using the WSP of the
reservoir. This fictive capacity represents the surplus water that can be supplied to the
study area. Regardless of the severity of the drought, a higher WSP was observed from
autumn to early winter than from spring to summer. Over the course of a year, the ratio of
the WSP to the total water demand could reach 318% and 296% under a once-in-10-year
and once-in-50-year drought, respectively. Unexpectedly, there was no significant change
in the WSP according to the drought severity, and it was found that the longer the duration
of the drought, the higher the WSP, due to differences in water allocation.

The conjunctive operation scheme presented in this work allocates water from surface
and subsurface facilities in a flexible way, and according to the drought severity. We believe
that it can be effective for the planning and operation of water management in areas where
new development of water resources is difficult, and the capability to adapt to the drought
situations can be significantly enhanced.
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