
-1- 

 

Kuwait Journal of Science 

Groundwater recharge estimation using groundwater level fluctuation patterns in 

unconfined aquifer of Yogyakarta City, Indonesia  

 

Wahyu Wilopo1,2* and Doni P.E. Putra1,2  

 
1Dept. of Geological Engineering, Faculty of Engineering, Gadjah Mada University, Yogyakarta 

55281, Indonesia  
2Center for Disaster Mitigation and Technological Innovation (GAMA-InaTEK), Gadjah Mada 

University, Yogyakarta 55281, Indonesia 
* Corresponding author: wilopo_w@ugm.ac.id  

 

 

Abstract 

 

Water demand in the world increases rapidly every year, especially in urban areas due to population 

growth and improved economic conditions. The largest freshwater source on earth is groundwater 

that can be utilized and easily obtained. However, the number of groundwater resources is very 

dynamic, depending on the recharge and discharge, including groundwater extraction. Increasing 

groundwater abstraction will cause a decline in groundwater level and seawater intrusion in the 

coastal area. Groundwater level fluctuation trends can be used to estimate groundwater recharge 

for optimum utilization. Therefore, this study aims to find the trend of groundwater level 

fluctuation related to rainfall to estimate the groundwater recharge in Yogyakarta City, Indonesia. 

The study was carried out by measuring the groundwater level of four monitoring wells that spread 

evenly in Yogyakarta City from 2011 to 2017 every month and comparing the result to monthly 

rainfall and annual groundwater abstraction from hotels in Yogyakarta City. The annual trend of 

rainfall and groundwater level fluctuation analysis using the nonparametric Mann-Kendall test and 

analyzing the trend's magnitude using the nonparametric Sen’s method. The groundwater recharge 

was estimated by using the water table fluctuation (WTF) method. The study results showed that 

the trend of rainfall and groundwater level fluctuation is positive in the city's western and eastern 

parts. However, the groundwater level fluctuation in the city's central and southern parts is a 

negative trend due to groundwater over-exploitation by hotels. Groundwater recharge is estimated 

at around 158 up to 538 mm/year based on the WTF method.  Higher groundwater recharge was 

identified in the city's central and eastern parts due to the high contribution from urban wastewater 

recharge.  

 

Keywords: Groundwater fluctuation; groundwater recharge; rainfall trend; monitoring well; WTF 

method. 

 

1. Introduction 

 

Water is the most important natural resource 

used daily for different purposes (Gatto & 

Lanzafame, 2005). Water demand from year 

to year shows a very large increase due to 

population and economic growth. On the 

other hand, there is a decline in water 

resources    and     water    quality    due   to 

 

 

anthropogenic activities. In 2050, it is 

estimated that around 6 billion people will 

have trouble having access to clean water 

sources (WWAP, 2019). Improved clean 

water supply and water management, 

applying appropriate technology for water 

treatment, and water resources conservation 
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may prevent future water shortages (Boretti 

& Rosa, 2019). Many people use 

groundwater resources instead of surface 

water because of various advantages, namely 

better quality and more stable quantity; 

however, the costs for exploration and 

exploitation for groundwater are more 

expensive than surface water (Winter et al., 

1998; Velis et al., 2017).  

     Groundwater level fluctuations vary 

greatly in space and time (Lutz et al., 2015; 

Manna et al., 2019). Several factors, 

including geology, topography, climate, and 

anthropogenic activities, influence the 

fluctuation (Apaydin, 2010; Healy & Cook, 

2012). The rainfall pattern is the most 

contributing factor to groundwater 

fluctuation (Abdullahi & Garba, 2015). The 

long-term Spatio-temporal variation of 

groundwater level is highly influenced by the 

water use and recharge (Zhou et al., 2016). 

The groundwater table analysis in the spatial-

temporal patterns can be used as a 

conjunctive water management tool 

(Vasconcelos et al., 2017). Groundwater 

level fluctuation analysis is also very useful 

for determining the magnitude of long-term 

groundwater recharge changes due to climate 

or land-use change (Healy & Cook, 2002; 

Dinka et al., 2013). 

     Groundwater recharge calculations can be 

performed in several ways using the 

following techniques, namely techniques 

based on an unsaturated-zone study, 

techniques based on the surface-water study, 

water budget, and physical techniques 

(Scanlon et al., 2002). One method of 

physical techniques is the water-table 

fluctuation (WTF) method. The WTF method 

is based on the concept that groundwater 

recharge results from an increase in 

groundwater level due to previous rainfall. 

This method is the most accurate method for 

estimating groundwater recharge compared 

to laboratory tests to determine water 

retention curves and pumping tests (Crosbie 

et al., 2005). This method has been widely 

used in various studies relating to 

groundwater recharge (Sophocleous, 1991; 

Healy & Cook, 2002; Varni et al., 2013; Cai 

& Ofterdinger, 2016). The WTF method is 

suitable for calculating groundwater recharge 

in shallow unconfined aquifers where the 

groundwater level is strongly influenced by 

rainfall.  

     Most Indonesian people use groundwater 

as the primary source for daily needs, such as 

Yogyakarta City. Yogyakarta City is one of 

Indonesia's most populous cities, with a 

population density in 2017 around 13,007 

people/km2 (BPS-Statistics of Yogyakarta 

City, 2018). Yogyakarta City's geology is 

influenced by the subduction of the Indian 

Australian oceanic plates below the Eurasian 

continental plate in the south and active 

volcano in the north. Yogyakarta City is 

composed of sand materials from the Merapi 

volcano eruption, located around 30 km north 

of the city.  Three major rivers, which the 

headwaters are in the Merapi volcano in the 

north of Yogyakarta, divide Yogyakarta City, 

namely the Winongo River, the Code River, 

and the Gajahwong River. These rivers have 

high fluctuation discharges and low water 

quality. Therefore, groundwater is used as the 

main source to support all the daily water 

needs. Most people in Yogyakarta City use 

shallow wells or deep wells for groundwater 

abstractions. This is due to the limited 

network of water from Municipal 

Waterworks (PDAM), which can only supply 

32,500 customers (30.7%) of city residents 

(BPS-Statistics of Yogyakarta City, 2018). 

PDAM in Yogyakarta City relies mainly on 

water sources from drilled wells and springs 

from the Sleman Regency located north of the 

city. Yogyakarta City is an academic city and 

is one of the tourist destinations in Indonesia. 

Many local and international tourists visit this 

city every year. Therefore, in the last five 

years, many infrastructures have been built to 

support public facilities, especially hotels 

(BPS-Statistics of Yogyakarta City, 2018). 

Most of these public facilities also use 
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groundwater from private wells as a water 

supply source due to limited water supply 

from the PDAM. This condition can cause a 

long-term decline in groundwater level and 

water scarcity in the city. Fluctuations can 

also cause a decrease in the groundwater level 

due to seasonal changes. Understanding the 

pattern of groundwater fluctuation in the long 

term, which is influenced by groundwater 

utilization and recharge, is very important for 

managing groundwater resources to guaranty 

sustainable development.   

 

2. Methodology 

 

     The research was conducted in 

Yogyakarta City, Yogyakarta Special Region 

Province, Indonesia, as shown in Figure 1. 

The city has an area of 32.5 km2 or 1.02% of 

the province. This area is located at the foot 

of the southern slope of Merapi volcano, with 

a relatively flat topography. The area is 

composed of sediments resulting from the 

Merapi volcano's eruption with sand 

dominance from the Yogyakarta formation 

(Mac Donald & Partners, 1984). This 

formation extends from the slopes of Merapi 

volcano to the southern area of Bantul. The 

materials are dominated by a boulder, pebble, 

gravel, sand, and lahar deposit in the northern 

area, while its grain size becomes finer in the 

southern area. The thickness of the formation 

is around 150 meters in the city's central part, 

composed of medium sand with a sub-angular 

to rough shape and clay lenses.  The sand 

formation is a good aquifer and consists of 

multilayer aquifers (Mac Donald & Partners, 

1984). This upper aquifer has a hydraulic 

conductivity of 7.8 m/day, storativity 

between 0.03 to 0.20, and a specific yield of 

0.2 (Putra, 2007), whereas the bottom aquifer 

consists of sandy gravel with a high hydraulic 

conductivity value and high productivity. 

     Stratigraphy data determined aquifer 

types. There are 63 well log data from 

Yogyakarta City and its surrounding area to 

develop the research area's stratigraphy 

model. The hydraulic permeability test was 

conducted in the ten wells located in the 

central part of the city. 

 
Fig. 1. The location of monitoring wells 

(purple square signs) in Yogyakarta City, 

Indonesia. 

 

     Groundwater level measurements were 

carried out in four monitoring wells spread 

evenly in the Yogyakarta Special Region 

Province Government's study area, as seen in 

Figure 1. SP-YK3 monitoring well is located 

in Gondomanan Sub-district (central part), 

SP-YK5 monitoring well in Umbulharjo Sub-

district (eastern part), SP-YK6 monitoring 

well in Tegalrejo Sub-district (western part), 

and SP-YK7 monitoring well in Mantrijeron 

Sub-district (southern part). The monitoring 

well has an average depth of 50 meters, with 

a screen's installation starting at a depth of 20 

meters to 40 meters.  

     Measurements were conducted every 

month on the 1st of every month for seven 

years from 2011 to 2017. The groundwater in 
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the monitoring wells was measured by an 

automatic water level recorder (AWLR). The 

monthly rainfall data from 2011 to 2017 is 

obtained from the Meteorological, 

Climatological, and Geophysical Agency of 

Indonesia (BMKG, 2018).  

     The analysis of rainfall data patterns and 

groundwater level fluctuations used the non-

parametric Mann-Kendall test, and the 

analysis of the magnitude patterns used Sen's 

nonparametric method (Gilbert, 1987; 

Pohlert, 2016). The method has been widely 

used to analyze hydrological data consisting 

of time series data (Salmi et al., 2002; Ahmad 

et al., 2015). The amount of annual values in 

the research data series is symbolized by n. 

The Mann-Kendall S statistical test is 

calculated using the following formula 

(Gilbert, 1987): 

 

𝑆 = ∑ ∑ 𝑠𝑔𝑛(𝑥𝑗 − 𝑥𝑘)

𝑛

𝑗=𝑘+1

𝑛−1

𝑘=1

            (1) 

                                                                                

where xj and xk are the annual values in years’ 

j and k, j is higher than k, respectively, and  

 

𝑠𝑔𝑛(𝑥𝑗 − 𝑥𝑘) =   {

1,   𝑖𝑓 𝑥𝑗 − 𝑥𝑘 > 0

0, 𝑖𝑓 𝑥𝑗 − 𝑥𝑘 = 0 

−1,   𝑖𝑓 𝑥𝑗 − 𝑥𝑘 < 0

 (2) 

 

If the data (n) is equal or less than 9, S's 

absolute value is then directly compared to 

the theoretical distribution of S derived by 

Mann and Kendall (Gilbert, 1987; Salmi et 

al., 2002). A positive S value indicates an 

upward pattern (positive) while a negative 

value indicates a downward. Sen's 

nonparametric method is used to estimate the 

exact slope of the existing pattern, assuming 

that the pattern follows a linear regression. 

The Sen's (f (t)) equation is as follows: 

 

𝑓(𝑡) = 𝑄𝑡 + 𝐵                                        (3)                                                      

 

Where Q is the slope and B is a constant 

value. To obtain the estimated slope (Q) in 

equation (3), the slope for all paired data is 

calculated with the following equation 

 

𝑄𝑖 =
𝑥𝑗−𝑥𝑘 

𝑗−𝑘
                                               (4)                                           

where j value is higher than k. 

         The groundwater intake is calculated 

using the following formula (Healy and 

Cook, 2002): 

𝑅 = 𝑆𝑦

𝑑ℎ

𝑑𝑡
= 𝑆𝑦

∆ℎ

∆𝑡
                                   (5) 

 

Where h is water-table height, t is time, and 

Sy is a specific yield. The WTF method is 

used in this research because groundwater 

levels are carried out regularly and over a 

long period in the monitoring wells. This 

method is also beneficial to learn about 

groundwater recharge variations temporally 

and spatially. 

     

3. Results and Discussion 

 

The fence diagram stratigraphy shows that 

the Merapi sand deposit thickness in the study 

area reaches more than 100 meters and has a 

dominant particle size of sand, as shown in 

Figure 2. In the upper layer, up to 15 meters 

depth is dominated by sand with silt lenses in 

some areas in which the groundwater level is 

located in this layer.  There are some lenses 

of clay and breccia found in the central and 

southern parts of the city.  A deeper layer of 

more than 50 meters was mostly dominated 

by sand interbedded with clay. By looking at 

the stratigraphic data, it can be concluded that 

the aquifers in the upper layer of Yogyakarta 

City are unconfined. The hydraulic 

permeability of aquifer layers ranges from 

2.46 × 10-2 m/day to 3.08 ×10-3 m/day. 
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Fig. 2. The stratigraphic fence diagram of 

Yogyakarta City. 

 

3.1. Rainfall and groundwater level 

fluctuation pattern 

The rainfall pattern from 2011 to 2017 

produces the S value of the Mann-Kendall 

nonparametric method of 3 by using equation 

(1) and (2) while the slope of the linear 

regression equation with the nonparametric 

Sen’s method (equation 3 and 4) obtains a Q 

value of 9.63 and a constant (B) of 123.82 as 

shown in Table 1. According to the results of 

nonparametric Mann-Kendall and Sen’s 

methods, the city's rainfall patterns have a 

positive trend with increasing intensity from 

year to year, as shown in Figure 3. The 

average of increasing rainfall intensity is 8.25 

mm/year. 

     The monthly groundwater level 

fluctuation in the city shows different 

patterns.  The Mann-Kendall nonparametric 

method's S-value shows the negative value 

for groundwater level fluctuation at SP-YK3 

and SP-YK7 monitoring wells, while SP-

YK5 and SP-YK6 monitoring wells show a 

positive trend as summarized in Table 1. 

Increasing groundwater levels in SP-YK5 

and SP-YK6 are 0.27 m/year and 0.21 

m/year, respectively. However, SP-YK3 and 

SP-YK7 monitoring wells have a decreasing 

groundwater level of 0.11 m/year and 0.26 

m/year, respectively. The groundwater level 

response due to rainfall shows a similar 

pattern in all monitoring wells, as shown in 

Figure 3. The response to the decrease in 

groundwater level due to the absence of 

rainfall is much faster to reach its peak with 

the time ranging from 1 to 2 months, while 

the response to the increase in groundwater 

level due to rainfall ranges from 2 to 4 months 

to reach its peak. For example, in the SP-YK5 

well, the rain stopped in September 2014, but 

the deepest groundwater level was reached in 

November 2014. Conversely, when it rained 

with the highest intensity in January 2015, the 

shallow groundwater level peak was May 

2015. The most significant fluctuations 

occurred at the end of 2014 to early 2015 at 

the SP-YK3, SP-YK5, and SP-YK7 

monitoring wells, while at the SP-YK6 well, 

it occurred in late 2012 to early 2013. 

 

3.2. Groundwater recharge 

The groundwater recharge in the study area is 

divided into four zones based on the locations 

monitoring wells. The groundwater recharge 

estimation was determined from the peak data 

of the highest groundwater level with the 

extrapolation line of the previous 

groundwater level decrease in each well 

occurring in the same period. Therefore, the 

data was used to calculate Δh from April 1, 

2014, to May 1, 2015, as shown in Figure 4. 

The Δh values obtained from the monitoring 

graph well SP-YK3, SP- YK5, SP-YK6, and 

SP-YK7 are 13.47 m, 7.7 m, 3.95 m, and 4.72 

m, respectively. With a specific yield value of 

0.2 (Putra, 2007) and by using equation 4, the 

groundwater recharge at each monitoring 

well of SP-YK3, SP- YK5, SP-YK6, and SP-

YK7 are estimated at 538.8 mm/year, 308 

mm/year, 158 mm/year, and 188.8 mm/year, 

respectively. 
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Table 1. Mann- Kendall Nonparametric Test and Sen’s Slope for rainfall and groundwater level fluctuation data. 

 Test Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

Rainfall 

S 3 -11 1 7 1 -3 8 8 4 5 0 5 3 

Q 8.00 -28.00 8.00 25.50 10.00 -10.00 1.84 6.35 0.00 0.00 0.00 52.58 9.63 

B 393.00 424.00 270.00 121.50 176.00 118.00 0.00 0.00 0.00 0.00 36.00 117.42 123.82 

Monitoring 

Well 

SP-YK3 

(Central) 

 

S -13 -7 -3 -12 -11 -9 -7 -7 -5 -5 1 1 -5 

Q -0.49 -0.22 -0.24 -0.33 -0.27 -0.22 -0.13 -0.10 -0.13 -0.12 0.02 0.10 -0.13 

B -7.99 -8.68 -8.63 -7.13 -7.90 -8.45 -9.42 -9.66 -9.90 -9.78 -9.82 -9.70 -9.33 

Monitoring 

Well 

SP-YK5 

(Eastern) 

S 1 4 12 13 6 5 11 9 11 13 13 15 5 

Q 0.03 0.19 0.32 0.38 0.26 0.20 0.29 0.27 0.38 0.42 0.46 0.47 0.31 

B -7.03 -7.19 -7.19 -7.48 -7.23 -7.40 -8.09 -7.93 -8.46 -8.81 -8.88 -8.60 -7.93 

Monitoring 

Well 

SP-YK6 

(Western) 

S 7 3 5 8 9 3 7 9 13 15 13 17 13 

Q 0.37 0.16 0.16 0.24 0.19 0.07 0.12 0.19 0.36 0.40 0.49 0.59 0.22 

B -6.82 -6.82 -7.03 -7.34 -6.72 -6.91 -7.37 -7.67 -8.46 -8.53 -8.59 -8.45 -7.22 

Monitoring 

Well 

SP-YK7 

(Southern) 

S -19 -15 -15 -13 -13 -19 -13 -15 -9 -11 3 5 -13 

Q -0.61 -0.45 -0.41 -0.22 -0.32 -0.44 -0.36 -0.37 -0.14 -0.23 0.03 0.12 -0.30 

B -1.74 -2.10 -2.08 -2.48 -2.09 -2.16 -2.79 -3.32 -4.21 -4.28 -4.33 -4.23 -2.85 

Note: - S: Mann-Kendall value; Q: the slope Sen’s regression; B: Constanta value of Sen’s regression 

- The significance level (α) of S is 0.2 

 

4. Discussion 

The monthly rainfall data from 2011 to 2017 

shows a positive trend. Increasing monthly 

rainfall is possible due to the impact of global 

climate change, where several regions in 

Southeast Asia show a pattern of increasing 

precipitation from year to year (Endo et al., 

2019). An increase also followed the increase 

in monthly rainfall from 2011 to 2017 in the 

groundwater level in the eastern and western 

parts of Yogyakarta city. Increased 

groundwater recharge due to higher rainfall 

and constant groundwater abstraction will 

result in a higher groundwater level. This is 

following previous studies which showed an 

increase in the groundwater level rise an 

average of about 3 meters in the Yogyakarta 

City area from the comparison of 

groundwater levels in 1985 and 2015, 

although some places had a decrease in the 

groundwater levels, such as in the southern 

part of the city (Manny et al., 2016). 

Meanwhile, in the city's central and southern 

parts, groundwater level shows a reversal of 

rainfall patterns. The trend of decreasing 

groundwater level patterns in this area is 

probably due to the increase of groundwater 

extraction being higher than groundwater 

recharge. The number of hotels in the city's 

central and southern parts is more than 100 

hotels in 2011 in each area. There was a rapid 

development until 2017, reaching more than 

150 hotels, which are more numerous than the 

eastern and western regions, as shown in 

Table 2. Therefore, it needs to increase 

groundwater recharge by providing 

renewable groundwater resources in this area 

(Mohammad et al., 2016). Yogyakarta City 

has a small area with similar rainfall 

characteristics, the same type of rock with 

sand dominance (Figure 2), similar land use 

as an urban area with relatively flat 

topography.  
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Fig. 3. Monthly rainfall versus groundwater level 

fluctuation in Yogyakarta City. (A) central part; 

(B) eastern part; (C) western part, and (D) 

southern part. 

 
 

 
 

 
 

 
 

Fig. 4. The estimation of Δh for each monitoring 

well. (A) central part; (B) eastern part; (C) 

western part, and (D) southern part. 
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Table 2. Hotel data in each area from 2011 to 2017 in Yogyakarta City. 
 

No. Area Sub-District 
Number of Hotel Population 

in 2017 

Area 

(km2) 

Population 
density 

(/km2) 

Annual 
Recharge 

(mm) 2011 2012 2013 2014 2015 2016 2017 

1 

South 

(SP-
YK7) 

Mantrijeron 41 44 46 47 46 * 61 33,406 2.61 

12,919 188.80 Kraton 0 0 0 0 0 * 11 17,575 1.40 

Mergangsan 59 61 61 67 65 * 83 30,666 2.31 

  Total 100 105 107 114 111  155 81,647 6.32   

              

2 
Central 

(SP-

YK3) 

Danurejan 23 22 27 30 30 * 42 19,128 1.10 

26,502 538.80 

Gondomanan 7 7 7 6 6 * 16 13,697 1.12 

Ngampilan 7 7 7 9 9 * 20 17,031 0.82 

Gedongtengen 137 136 123 121 116 * 161 18,388 0.96 

Jetis 14 17 19 21 21 * 31 23,983 1.70 

  Total 188 189 183 187 182  270 92,227 3.48   

              

3 

Eastern 

(SP-

YK5) 

Umbulharjo 38 40 41 45 44 * 55 90,775 8.13 

24,009 308 
Kotagede 7 7 6 6 6 * 9 37,055 3.07 

Gondokusuman 19 20 25 29 31 * 45 47,461 3.99 

Pakualaman 13 13 13 13 14 * 16 9,341 0.63 

  Total 77 80 85 93 95  125 184,632 7.69   

              

4 

Western 

(SP-
YK6) 

Tegalrejo 7 7 10 10 10 * 11 38,234 2.91 
13,782 158 

Wirobrajan 15 15 15 15 15 * 19 25,992 1.75 

  Total 22 22 25 25 25  30 64,226 4.66   

 Note: *= data is not available 

 

     However, the value of groundwater 

recharge in each area is different based on the 

WTF method. The central part has the most 

significant groundwater recharge of 538.80 

mm/year, followed by the eastern part of 308 

mm/year, the southern part of 188.80 

mm/year, and the western part 158 mm/year, 

as shown in Table 2. 

     The results are not much different from the 

previous studies, which stated that the 

groundwater recharge in Yogyakarta City is 

151 mm/year (Wilopo et al., 2020). However, 

the central and eastern parts have a much 

higher value compared to the western and 

southern parts; this is probably due to the 

presence of an additional supply of infiltrated 

household wastewater into the ground. 

Almost all residents of the city use onsite 

wastewater treatment by septic tanks. The 

city's central and eastern parts' population 

density is more than 24,000 people/km2, 

almost two times the western and southern 

population density.  Therefore, the 

wastewater generated in the central and 

eastern parts will be much higher than in 

other areas. 

     The utilization of water from PDAM 

networks is only concentrated in the city's 

central and eastern parts (BPS-Statistics of 

Yogyakarta City, 2018), which provides 

additional water in the area. The volume of 

wastewater from households in the city is 

estimated at 59,182.48 m³/day, considered an 

urban recharge to groundwater (Wilopo et al., 

2021). Groundwater recharge from urban 

wastewater is also indicated by the high 

content of nitrate and E Coli bacteria in 
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groundwater in the city, which shows 

pollution from the existing septic tanks 

(Putra, 2007; Fathmawati et al., 2018). 

 

5. Conclusions 

The rainfall pattern in Yogyakarta City had a 

positive trend from 2011 to 2017. The 

increase in rainfall is followed by a similar 

trend in groundwater level patterns in the 

western and eastern parts, whereas the city's 

central and southern parts show the opposite 

pattern. Decreasing groundwater level pattern 

in the central and southern parts is due to 

many groundwater extractions carried out by 

hotels. Therefore, it is necessary to have the 

policy limit groundwater extraction and 

develop artificial groundwater recharge to 

support the sustainable use of groundwater in 

this area. The estimated groundwater 

recharge by the WTF method shows results 

that are not much different from the previous 

researchers; however, the city's central and 

eastern parts have a higher groundwater 

recharge value than other areas. The 

infiltration of household wastewater causes 

higher groundwater recharge in this area from 

the onsite treatment system using a septic 

tank. Groundwater recharge from household 

waste is indicated by the high content of 

nitrate and E Coli bacteria in groundwater. 

The use of PDAM water networks in the 

central and eastern parts also contributes to 

groundwater recharge. 
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