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Abstract 

Groundwater monitoring network is essential to monitor 
groundwater levels and usage, however, it requires relatively 
high capital and human resources. Advanced land surface 
modeling and data assimilation techniques using ground based 
observations and satellite products provide complementary 
information concerning space and time for groundwater change 
Global Land Data Assimilation System version 2.2 (GLDA-v2.2) 
provides daily groundwater storage (GWS) products from 2003 
to present for unconfined aquifers. This study aims to analyze 
monthly groundwater storage change over the Greater Chao 
Phraya River basin between 2009 to 2018 using data from the 
monitoring wells with their screen depth less than 30 meters for 
validation. The Mann-Kendall test was used to analyze GWS 
trends. Based on the GWS from GLDAS-v2.2 the GWS in the 
transition zone from the upper to the lower part of the Greater 
Chao Phraya River basin (around Kamphaeng Phet, Phichit, 
Sukhothai, and Nakhon Sawan provinces) is lower compared to 
the GWS in the northern part of the Greater Chao Phraya River 
basin. The estimated GWS from the observed water table level 
is based on the water table fluctuation (WTF) method (GWSWTF). 
The correlation coefficient between GWSGLDAS and GWSWTF is 
greater than 0.7. Overall, GWSGLDAS is underestimated compared 
to GWSWTF. According to the Mann-Kendall Test, the 
groundwater storage has significant change (p < 0.05) in most of 
the Greater Chao Phraya River basin except during the transition 
period (TS). The GWS in the northern part of the Greater Chao 
Phraya River basin around Chiang Mai, Lamphun, Lampang, 
Phrae, and Phayao provinces shows higher depletion compared 
to the lower part of the Greater Chao Phraya River basin. For 
seasonal change, the highest depletion occurred during the 
southwest monsoon (SW) with the depletion rate of 3.4 
mm/month, followed by depletion during Northeast monsoon 
(NE) which is 3.0 mm/month. For the transition period (TS), the 

depletion rate is 2.5 mm/month. The analysis of monthly data 
shows that the highest annual GWS depletion is 1.2 mm/month. 
The increasing trend occurred around Samut Sakhon, Bangkok, 
Pathum Thani, and Nakhon Nayok provinces. The rate of 
increasing trend in those provinces is up to 0.50 mm/month. 

Keywords: groundwater storage, GLDAS, trend analysis, Chao 
Phraya River basin 

1. Introduction 

Groundwater use has become more important, especially in 
the region where water is scarce and unreliable. Over exploitation 
of groundwater leads to storage depletion and water insecurity. 
Groundwater storage fluctuations are generally driven by natural 
factors (rainfall, vegetation, soil types), and anthropogenic 
(socioeconomic concerns, land use/land cover change, damming) 
processes with complex, nonlinear interactions between them 
[1,2]. In the case of Thailand, when surface water supplies 
became insufficient to meet rapidly increasing water demands, a 
number of wells were drilled to supplement the water supply. 
This led to the decline of groundwater level, and it mostly 
happened in the lower Chao Phraya River basin since 1950s [3]. 
After that, groundwater usage has become more strict under the 
Groundwater Act [4] and is regulated only by the Ministry of 
Natural Resources and Environment through the Department of 
Groundwater Resources (DGR). The extensive network of 
monitoring groundwater levels had been established by the DGR. 
However, the monitoring wells with available long term and 
continuous data are still limited. Much progress has been made 
with groundwater storage estimation using remotely sensed data 
[5-8]. Li, et al. [8] reviewed various studies and demonstrated that 
terrestrial water storage anomalies obtained from the Gravity 
Recovery and Climate Experiment (GRACE) mission have shown 
great promises for estimating groundwater storage changes in 
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various regions, but the application of GRACE is also limited by 
its low spatial resolution which is about 150,000 km2. The 
estimated groundwater storage changes derive from GRACE, 
Global Land Data Assimilation System (GLDAS) products are used 
to combine with the terrestrial water storage anomalies from 
GRACE [6,7,9]. The latest GLDAS-v2 has three components: 
GLDAS-v2.0, GLDAS-v2.1, and GLDAS-v2.2 which have been 
developed by the NASA Goddard Space Flight Center (GSFC) 
Hydrological Sciences Laboratory (HSL) and the Goddard Earth 
Sciences Data and Information Services Center (GES DISC) [10].   

GLDAS-v2.2 is added to the GES DISC archive, and it includes 
a main product from the Catchment Land Surface Model (CLSM-
F2.5) with Data Assimilation for the Gravity Recovery and Climate 
Experiment (GRACE-DA). There are 24 parameters including 
groundwater storage. The groundwater storage from GLDAS-v2.2 
is daily groundwater storage (GWS) which is available from 2003 
to present for unconfined aquifers. Dubey, et al. [11] used 
groundwater storage from GLDAS-v2.2 products to investigate 
groundwater use in India. 

This study aims to use groundwater storage from GLDAS-v2.2 
to analyze monthly groundwater storage change over the 
Greater Chao Phraya River Basin between 2009 to 2018. The 
validation of groundwater storage from GLDAS-v2.2 was carried 
out using the data from the monitoring wells of the Department 
of Groundwater Resources (DGR). The trend analysis of seasonal 
and annual groundwater storage change was carried out using 
Mann-Kendall test.  

2. Data and Methodology 

2.1 Groundwater storage from GLDAS-v2.2 

NASA Global Land Data Assimilation System Version 2 
(GLDAS-2) has three components including GLDAS-v2.0, GLDAS-
v2.1, and GLDAS-v2.2. The GLDAS-v2.0 is forced entirely with the 
Princeton meteorological forcing input data and provides a 
temporally consistent series from 1948 through 2014. GLDAS-v2.1 
is forced with a combination of model and observation data from 
2000 to present. The GLDAS-v2.2 uses the conditions from the 
GLDAS-v2.0 Daily Catchment model simulation. The GLDAS-v2.2 
is forced with the meteorological analysis fields from the 
operational European Centre for Medium-Range Weather 
Forecasts (ECMWF) Integrated Forecasting System but the total 
terrestrial water anomaly observation from Gravity Recovery and 
Climate Experiment (GRACE) is assimilated [5]. The GLDAS-v2.2 

data product contains 24 land surface fields including 
groundwater storage. More detail about GLDAS-v2.2 and data are 
publicly available from https://disc.gsfc.nasa.gov/datasets/GLDAS 
_CLSM025_DA1_D_2.2/summary. 

In this study, the daily GWS is from GLDAS-v2.2 dataset at the 
spatial resolution of 0.25o from 2009 - 2018. The GWS is estimated 
as water column with a unit of “mm”. For the groundwater 
storage trend analysis over the Greater Chao Phraya River basin, 
Mann-Kendall test was used. The time series of monthly GWS 
was calculated from the daily average of each month and year. 
Seasonal GWS based on Thai Meteorological Department (TMD) 
is shown in Table 1. The trend of seasonal GWS change was 
analyzed by using Mann-Kendal (MK) test. 

Table 1 The season based on TMD [12] 
J F M A M J J A S O N D 

NE TS SW NE 

*NE: Northeast Monsoon, TS: Transition Season, 
 SW: Southwest Monsoon 

  Monthly GWS anomaly is calculated from Eq (1) where i 
denotes month, j denotes year, and length(j) denotes a number 
of years used in the analysis. 

( )
,

,

i j

monthly GLDAS i

GWS
GWSA GWS

length j
= −

  (1) 

Where i = month, j = year   

2.2 Estimation of groundwater storage anomalies based on 
the water table fluctuation (WTF) method 

Estimated groundwater storage from observed water table 
level has been adopted from Chen, et al. [6], Wang, et al. [7] and 
Cao, et al. [13]. The core principle of the WTF method is that the 
groundwater storage anomalies is equal to the recharge of 
groundwater over long-time interval and can be calculated by Eq 
(2). 

 WTF fGWS S h =   (2) 

Where Sf is the specific yield of the aquifer and Δh is the 
groundwater head anomaly within a specific time interval.  The 
monthly Δh of a single monitoring well refers to the anomaly 
between the average water level of each month and the average 
water level of all months of the monitoring well. Because of the 
lack of aquifer- specific yield distribution maps in the study area, 
the specific yield of the aquifer was determined based on the 
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information of aquifer’ s formation where the monitoring well 
locates.  With these two parameters, the estimated groundwater 
storage anomaly can be determined. 

Groundwater level data used in this study are from the 
Department of Groundwater Resources (DGR), Thailand. The 
groundwater level is measured from the ground surface to water 
level of each monitoring well. The information of aquifer’s 
formation was obtained from the Department of Mineral 
Resources (DMR), Thailand as shown in Fig. 1. The different 
materials in the aquifer’s formation shown in Table 2, are used 
to calculate the specific storage of the aquifer where the 
monitoring well located.  For example, the fluvial deposit aquifer 
which is classed by DMR is composed from gravel, sand, silt, and 
clay having the average Sf approximately 23%, 24%, 18%, and 
2% respectively. The specific storage of the fluvial deposit is the 
average Sf of gravel, sand, silt, and clay. 

 

 
Fig. 1 Geology map over the Greater Chao Phraya River basin 

 

Table 2 Specific yields for different formation (source: Johnson [14]) 
Formation Sy (%) Sy.avg (%) 

Clay 0-5 2 

Sandy Clay 3-12 7 

Silt 3-19 18 

Fine sand 10-28 21 

Medium sand 15-32 26 

Coarse sand 20-35 27 

Gravelly sand 20-35 25 

Fine gravel 21-35 25 

Medium gravel 13-26 23 

Coarse gravel 12-26 22 

GWS from GLDAS-v2.2 was validated using the estimated GWS 
from the selected monitoring wells of DGR with screen depth less 
than 30 m, which is assumed to be approximately in unconfined 
aquifers. The red squares in Fig. 1 are the GWSGLDAS grids which 
were selected for the validation. The correlation coefficient was 
calculated using Eq (3) as follows: 

( )( )

( ) ( )
2 2

i i

i i

R
x x y y

x x y y

=
− −

− −



 

 

(3) 

Where xi is the estimated GWSWTF and yi is GWSGLDAS. 

2.3 Groundwater storage trend analysis 

The nonparametric Mann-Kendall (MK) test is a statistical 
significance test that does not require data in a particular 
distribution [11]. 

The statistic of the MK trend test, Z, is expressed as: 
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( ) ( )( )var 1 2 5 /18S n n n= − +  (7) 

Where xk and xi are the sequential data values for 
groundwater storage, and n is the length of the data. 
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The index for measurement of trend, i.e., the inclination is 
expressed as Eq (8) as follows: 

i j
x x

median
i j


−

=
−

 
 
 

 (8) 

β denotes rising trend Where 1 < j < i < n, A positive β denotes 

rising trend, while a negative β denotes decreasing trend. The 

significance level is considered with the alpha α= 0.05. 

3. Results and Discussion 

3.1 Spatial and temporal distribution of GWS 

Fig. 2 illustrates the monthly and seasonal average 
groundwater storage from GLDAS-v2.2 over 10 years (2009-2018) 
over the Chao Phraya River Basin. The highest average GWS is 
observed in September, October, and November and the GWS 
has decreased during the transition period, especially in April and 
May for both upper and lower of the Greater Chao Phraya River 
basin. The groundwater storage in the transition zone from the 
upper to the lower part of the Greater Chao Phraya River basin 
(around Kamphaeng Phet, Phichit, Sukhothai, and Nakhon Sawan 
provinces) is lower compared to the GWS in the northern part of 
the Greater Chao Phraya River basin (Fig. 2). 

3.2 Validation of GWS from GLDAS-v2.2 

GWS from GLDAS-v2.2 was validated using the estimated GWS 
from the selected monitoring wells of DGR with screen depth less 
than 30 m, which is assumed to be approximately in unconfined 
aquifers. The red squares in Fig. 1 are the GWSGLDAS grids that were 
selected for the validation.  

Fig. 3 shows the comparison between the available in situ 
groundwater levels converted to the estimated GWS anomaly 
(GWSWTF) using the water table fluctuation (WTF) method and the 
time series of the GWS from GLDAS-v.2.2 (GWSGLDAS) from 2009 – 
2018. Only the estimated monthly GWSWTF based on the 
available data from the monitoring wells and the corresponding 
GWSGLDAS were used for the validation. The validation shows that 
the correlation coefficient between GWSGLDAS and GWSWTF from 
the selected grids and monitoring wells is greater than 0.7 on 
average. For the interpretation of acceptable range of correlation 
coefficient, it is arbitrary. However, the correlation coefficient in 
the range around 0.7 can be considered moderate to good. While 
the GWSGLDAS has a good relationship with the shallow monitoring 
well, GWSGLDAS is underestimated compared to GWSWTF. 

 
Fig. 2 Map of average (a) monthly (b) seasonal average of GWS in 

mm from GLDAS-v2.2 from 2009-2018 
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Fig. 3 Time series of GWSGLDAS and available data of GWSWTF 

3.3 Groundwater storage change 

Based on the significance test from the Mann- Kendall test 
with α=0.05, the storage changes were determined and 
demonstrated as the spatial depletion map in Fig. 4. The annual 
and seasonal changes are shown in Fig.  5.  The groundwater 
storage in the Northern part of the Greater Chao Phraya River 
basin around Chiang Mai, Lamphun, Lampang, Phrae, and Phayao 
provinces shows higher depletion trend compared to the lower 
part of the Greater Chao Phraya River basin. For seasonal change, 
the highest depletion occurred during the Southwest Monsoon 

( SW)  with a depletion rate of 3.4 mm/month, followed by the 
Northeast Monsoon (NE) with a depletion rate of 3.0 mm/month. 
For the transition period (TS) , the depletion rate is 2. 5 
mm/month.  

The analysis of monthly data shows that the highest annual 
groundwater storage depletion is 1.2 mm/month. The increasing 
trend occurred around Samut Sakhon, Bangkok, Pathum Thani, 
and Nakhon Nayok provinces.  The rate of increasing trend in 
those provinces is up to 0.50 mm/month. 

According to the Mann-Kendall test, the groundwater storage 
has significant change ( p < 0. 05)  in most of the Greater Chao 
Phraya River basin except during the transition period (TS) .  The 
map of the p-value is shown in Fig. 6.  

 
Fig. 4 Map of average groundwater storage change (mm/month) 

during 2009-2018 
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Fig. 5 Average groundwater storage change during 2009-2018 

 
Fig. 6 P-value of groundwater storage change 

4. Conclusions 

Groundwater monitoring network is essential to monitor 
groundwater levels and usage.  However, the monitoring wells 
with available long-term and continuous data are still limited. 
Advanced land surface modeling and data assimilation 
techniques using ground based observations and satellite 

products provide complementary information concerning space 
and time for groundwater change.  This study uses groundwater 
storage from GLDAS-v2.2 to analyze monthly groundwater 
storage change over the Greater Chao Phraya River Basin between 
2009 to 2018. The correlation coefficient between GWSGLDAS and 
GWSWTF is greater than 0.7.  Overall, GWSGLDAS is underestimated 
compared to GWSWTF.  Based on the GWS from GLDAS-v2.2, the 
groundwater storage in the transition zone is lower compared to 
the GWS in the northern part of the Greater Chao Phraya River 
basin.  It was found that groundwater storage has a significant 
trend ( p<0.05)  in most of the Greater Chao Phraya River basin 
except during the transition period (TS). The groundwater storage 
in the northern part of the Greater Chao Phraya River basin shows 
higher depletion compared to the lower part.  For seasonal 
change, the depletion rate during the Southwest Monsoon (SW) 
is slightly higher than the Northeast Monsoon (NE). The increasing 
trend occurred around Samut Sakhon, Bangkok, Pathum Thani, 
and Nakhon Nayok provinces.  Groundwater storage depends on 
both natural and anthropogenic processes. The results from this 
study only provide the spatial distribution of groundwater storage 
change in unconfined aquifers based on GLDAS data. Further 
study to analyze the relative impact of each natural and 
anthropogenic factor needs to be carried out to identify key 
factors impacting groundwater storage change in each area. 

There are several limitations and uncertainties in GLDAS data. 
The GWSGLDAS can only capture groundwater storage in shallow 
aquifer.  The anthropogenic processes are not considered in the 
model yet. For groundwater monitoring networks, available data 
are limited and not continuous.  In the process of estimating 
groundwater storage from groundwater level, there is uncertainty 
in parameter range based on the geology.  The applicability of 
GLDAS-v2.2 is shown in this study and further validation needs to 
be carried out where groundwater monitoring network data are 
available. 
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