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Abstract
Sparse hydrogeological data is a significant 
limitation to the study of groundwater in 
many areas. The objective of this study was 
to assess the hydrogeology in Sukhuma 
District of Champasak Province in Southern 
Laos where such a limitation occurs. The 
connection between surface water and 
groundwater was assessed by comparing 
groundwater levels and river bed elevations. 
Groundwater recharge was estimated by the 
water table fluctuation method. The feasibility 
of remote sensing to address data limitations 
for the future study of groundwater in the 
region was also investigated by comparing the 
Mekong River flow and rainfall data with the 
Equivalent Water Height derived from the 
Gravity Recovery and Climate Experiment; 
soil moisture data obtained from the Global 
Land Data Assimilation System was also 
compared with rainfall and groundwater 
levels in Sukhuma District. The results show 
that some parts of Khamouan River bed are 
disconnected from the water table during 
the dry season, whereas the river bed is fully 
connected to the water table during the wet 
season. However, in the Pheung River, which 
flows into the Khamouan River upstream 
of the river gauge, the groundwater level is 

fully disconnected from the river bed in the 
dry season and partially connected in the wet 
season. Groundwater recharge estimates vary 
according to the specific yield values used 
for the aquifer. The comparison between 
in-situ hydrological measurement and 
remote sensing data provides insights into 
the general hydrogeological conditions. The 
comparison also provides useful information 
for future studies of the hydrogeology in 
Sukhuma District and Southern Laos, where 
field observation data are sparse, to support 
sustainable groundwater development in  
the region.
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Introduction
Groundwater is a vital natural resource 
for socio-economic development and the 
environment. However, in many developing 
nations, there is a lack of data for assessing the 
availability of groundwater and surface water 
resources for determining sustainable water 
use. Laos is a developing country located in 
Southeast Asia. About seventy percent of the 
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population lives in lowland areas, which are at 
risk from floods and droughts. Groundwater 
is the main source of domestic water supply 
for rural households. 

In the Sukhuma District of Southern 
Laos, groundwater abstraction has been 
increasing to enhance the resilience of water 
users to climate variability (Vote et al., 
2015), and there are plans for developing 
groundwater for irrigation and water supply 
to alleviate dry season water shortages. 
However, information on the hydrogeology 
in this region is limited; in particular, data on 
groundwater levels and lithology are sparse. 
An adequate understanding of regional 
hydrogeology is fundamental for assessing 
groundwater availability (Barthel, 2014) 
and the topography and hydrogeology play a 
significant role in defining the surface water 
and groundwater exchanges and estimating 
the total water storage in a basin area (Winter 
et al., 1998). Therefore, the hydrogeological 
conditions in Sukhuma District should be 
clearly understood as a basis for further 
research and management recommendations 

to support the long-term groundwater and 
surface water development in the region.

To date, some studies have been undertaken 
to investigate and assess the characteristics of 
groundwater in Southern Laos (JICA, 1995, 
1997, 2012; Phommavong, 2015; Vote 
et al., 2014, 2015). Most of these studies 
dealt with development of groundwater and 
provision of wells to meet the domestic water 
requirement. However, their contribution to 
understanding hydrogeological conditions 
on a regional scale is not manifested because 
of inadequate data and information. 
Therefore, this study was undertaken to 
assess hydrogeological conditions at the local 
scale based on field data and to provide a 
methodology for ‘up-scaling’ to a regional 
scale through remote sensing. 

Study area 
The Sukhuma District of Champasak 

Province in Southern Laos was selected 
for this study because it is typical of the 
region. The location and physical features of 
Sukhuma District are indicated in Figure 1. 

Figure 1 – Location of 
Sukhuma District of 
Southern Laos, showing 
paired (shallow and 
deep) observation 
bores, domestic bores 
(household bores), rain 
gauges, stream gauge, 
and river networks.
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Groundwater abstraction has been increasing 
as a result of increased access to electricity 
and the low cost of well drilling (Vote et al., 
2015). Sukhuma has more basic geological 
and hydrogeological data than other districts 
in Champasak Province and elsewhere in 
Southern Laos, because it was a focal area 
of a project by the Australian Centre for 
International Agricultural Research (ACIAR) 
(Wade et al., 2015). The study area is located 
in the southwest of Champasak Plain and 
covers a total area of about 1200 km2. 

Within the study area, the stream network 
flows from the west and north to the 
southeast into the Mekong River (Fig. 1). 
Most small streams, the Pheung River, and 
the upper part of Khamouan River are dry 
during the dry season. Therefore, the main 
source of water for residents in Sukhuma 
District is groundwater. 

According to the Lao National Landuse 
and Vegetation Cover Map obtained from 
the Ministry of Agriculture and Forestry 
(Mekong River Commission, 2011), about 
62% of Sukhuma is predominantly covered 
by shrub land. Cropland occupies around 
24%, mostly in the eastern part of the 
Khamouan River basin. Deciduous broadleaf 
forest, covering 9%, occurs in upland areas, 

such as the steep-sided ridges in the north 
and along the border with Thailand in the 
west. Only one percent of Sukuma District is 
urban; housing and commercial development 
are heavily concentrated in the lower part and 
lowland area on the eastern side of Khamouan 
River, forming the urban centre of Sukhuma 
District.

Figure 2 is based on the Lao National 
Surface Soil Map (SSLCC, 2000) and shows 
the surface soil types to about 20 cm depth 
in the study area. Sandy loam soil covers 
the largest proportion, about 63%, of the 
Sukhuma District. Loamy sand is found in 
the southeast and the north of the district, 
mainly along the Khamouan River corridor. 
Sandy soil is a very minor component of the 
Sukhuma area (SSLCC, 2000). As shown 
in Figure 2, about half of the monitoring 
wells are located on the sandy loam, one 
well (at Thadarn) is located on loamy sand, 
and the rest are situated on the loam soil. 
The monitoring wells include bores used for 
domestic water supply.

The climate of Sukhuma District is 
tropical monsoon with a distinct wet season 
from May to October and a dry season from 
November to April. The average annual 
rainfall from 1993 to 2015 was 2052 mm 

Figure 2 – Surface soil 
types of Sukhuma 
District
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and the average air temperature is 27°C 
as determined from weather records at the 
Sukhuma District climate station maintained 
by the Sukhuma District Meteorology 
and Hydrological Office. The lowest air 
temperature is about 23°C in January and the 
highest is about 32°C in April. The average 
annual evapotranspiration is 1300 mm with 
the average humidity at 71%.

Overview of previous 
investigations
There have been a few investigations of the 
groundwater hydrology in Southern Laos 
and Sukhuma District. In 1995, Japan 
International Cooperation Agency (JICA) 
conducted a feasibility study on groundwater 
development for domestic water supply 
in Champasak and Salavan provinces in 
Southern Laos. In 1997, JICA continued 
the groundwater development project in 
the same provinces by installing 305 deep 
wells in 189 villages in these two provinces, 
but detailed hydrogeological data from the 
bores are not available. In 2012, JICA drilled 
five more deep wells in Salavan, Attapue, 
and Xekong provinces for further study of 
the hydrogeology in Southern Laos. The 
outcomes from these projects include some 
basic information on the hydrogeology at the 
regional scale. 

Following the JICA project, Vote et al. 
(2014) conducted a study on the interaction 
between the shallow aquifer and rainfall in 
Sukhuma District. Locations of the rain 
gauges and monitoring wells are indicated 
on Figure 1. Five paired observation wells 
(shallow and deep) were constructed 
(Champasak Provincial Health Department, 
2012), and 16 rain gauges were set up in 
16 villages where the groundwater table  
in domestic wells was monitored. The depths 
of the five shallow observation wells, five  
deep observation wells and eleven domestic 
wells range from 25 to 27 m below ground 

level (bgl), 53 to 120 m  bgl and 14 to 
38 m  bgl, respectively. PVC pipes were in-
stalled in these wells to protect them from 
collapsing. The PVC pipes were set at diff-
erent depths, varying from 7 to 9 m  bgl for 
the shallow observation wells, 7 to 24 m  bgl 
for the deep observation wells, and 7 to 
12 m  bgl for the domestic wells, respectively. 
Beneath the PVC pipe, the wells are uncased 
for the remaining depth.

In addition, Vote et al. (2014) estimated 
hydraulic properties from a single-well 
pumping test on each of the five deep 
observation wells and obtained values of 
storativity ranging from 0.01 to 0.58. The 
annual recharge was estimated at about 23% 
of annual rainfall in 2012 based on the water 
table fluctuation and a specific yield (Sy) of 
0.1. This recharge rate was nearly double 
the recharge rate of 12% of annual rainfall 
estimated by JICA (1995) using a water 
balance approach. 

Data collection and analysis
The data used for this research includes in-
situ observation, remote sensing data derived 
from the Gravity Recovery and Climate 
Experiment (GRACE) and the Global Land 
Data Assimilation System (GLDAS). The 
details of these data are provided in the 
following sub-sections.

In-situ data 
The in-situ observation data consists of two 
sets, for the Sukhuma District and for the 
Pakse hydro-met station in Pakse District. 
The first set of in-situ data comprises the 
daily river discharge, daily rainfall, weekly 
groundwater level, and some basic geological 
information for Sukhuma District. The daily 
streamflows measured at the Khamouan 
River gauge (Fig. 1) from June 2015 to May 
2016 were used for this study. The observed 
discharge for this period shows the maximum 
value at 550 GL/month (214 m3/s) with a 
mean value of 54 GL/month (21 m3/s) and a 
median of 2.5 GL/month (1 m3/s).
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The rainfall data for Sukhuma District was 
obtained from the Sukhuma District Natural 
Resources and Environment Office for an 
official rain gauge and the 16 rain gauges that 
were set up by the previous ACIAR project as 
reported in Vote et al. (2014), for the period 
June 2015 to May 2016. The maximum 
rainfall recorded in Sukhuma for this period 
was 389 mm/month in July 2015, with an 
average of 140 mm/month, a median of 
110 mm/month and a standard deviation of 
150 mm/month.

Data on geology and groundwater 
levels are sparse in Sukhuma District. The 
geological information used for this study 
was derived primarily from the lithological 
drilling logs of the five deep observation wells 
in Sukhuma District. Moreover, some basic 
information on geology in Sukhuma District 
and Southern Laos was collected during 
fieldwork for this project from 28 November 
to 4 December 2015. Data from drilling logs 
were integrated with this information and 
previous work by JICA to delineate the local 
hydrostratigraphy. 

The groundwater levels were monitored 
at eleven domestic wells and five paired 
deep and shallow observation wells, drilled 
by ACIAR (Champasak Provincial Health 
Department, 2012), from June 2015 to 
May 2016. The information on depth and 
casing of these wells was also reported by 
Vote et al. (2014). The minimum elevation of 
groundwater monitored from June 2015 to 
May 2016 was 97.13 m above mean sea level 
(amsl) during the dry season (April 2016). 
The highest elevation observed was 100.47 m 
amsl during the late wet season (September 
2015). The mean water table for this period 
was about 98.50 m  amsl with a standard 
deviation of 1.29 m. 

Cross-correlation analysis between weekly 
groundwater levels and weekly rainfall for the 
period June 2015 to May 2016 indicates time 
lags between rainfall and rise in groundwater 
levels at different monitoring points ranging 

from two to six weeks with an average of four 
weeks. The observed water level data from 
these monitoring wells were used to develop 
well hydrographs that explain the temporal 
variation of water level at different locations. 
Temporal and spatial analysis was carried 
out on the distribution of groundwater 
levels fluctuations. A preliminary estimate of 
natural recharge from rainfall was arrived at 
based on the observed water table fluctuation 
and the specific yield of the formation. The 
specific yield of the formation was estimated 
by analysis of the recession limb of the well 
hydrographs. 

The second set of in-situ data was obtained 
from the Department of Meteorology and 
Hydrology in Vientiane Capital, comprising 
daily Mekong River flow and daily rainfall 
for the period of January 2008 to December 
2015 at the Pakse hydro-met station in Pakse 
District, Champasak Province (Fig. 3). The 
lowest observed discharge at the Pakse station 
was 2400 GL/month (910 m3/s), during 
the dry season of 2010 (March 2010), and 
the highest value of observed discharge was 
113400 GL/month (43700 m3/s) during the 
wet season of 2011 (August 2011) when a 
major flood occurred in the Mekong River 
system (Mekong River Commission, 2011). 
The mean flow from 2008 to 2015 was 
24800 GL/month (9500 m3/s) and median 
flow was 12300 GL/month (4700 m3/s).

About 90% of the rainfall measured at 
the Pakse climate station occurred in the 
wet season. The maximum monthly rainfall 
recorded was 932 mm in July 2014. The 
mean monthly rainfall was 176 mm with a 
standard deviation of 210 mm.

GRACE and GLDAS data 
Due to the limited field observation data in 
Sukhuma District, as well as in Southern 
Laos in general, the feasibility of applying 
remotely sensed data on the total water 
storage derived from the Gravity Recovery 
and Climate Experiment (GRACE) (Tapley 
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et al., 2004) and the soil moisture derived 
from the Global Land Data Assimilation 
System (GLDAS) (Rodell et al., 2004) for 
further study of the regional hydrogeology 
was investigated. The total water storage 
(TWS) or the equivalent water height 
(EWH) derived from GRACE consists of 
the combined total storage of groundwater, 
soil moisture and surface water, including 
lakes, reservoirs and rivers (Leblanc et al., 
2009). The monthly EWH data is currently 
available from August 2002 to March 2016 
with a spatial resolution of about 12,000 
km2 (Bourgogne, 2016). For this research, 
the monthly EWH was downloaded for the 
period January 2008 to December 2015 at 
a grid scale of GRACE bounded between 
latitude 14.5 to 15.5° N and longitude 105.5 
to 106.5° E (Fig. 3). The minimum EWH for 
this period was -270 mm and the maximum 
was 427 mm with a standard deviation of 
166 mm and shows a slightly declining trend. 

The monthly GLDAS-derived soil 
moisture of four soil layers at depths 0-10, 
10-40, 40-100, and 100-200 cm, respectively, 
were downloaded from the NASA’s Earth 
Science Data System website [https://
earthdata.nasa.gov/]. This information 
has a spatial resolution of about 800 km2  

(0.25 degree × 0.25 degree) and is derived 
from the Noah land surface model (Ek et al., 
2003). It is available from January 2000 to 
the present in units of kg/m2 or mm. The 
GLDAS-derived soil moisture at the GRACE 
footprint from January 2000 to May 2016 
show the minimum total soil moisture was 
about 369 mm in February 2005 and the 
maximum soil moisture was about 814 mm 
in July 2000. The average value of total 
soil moisture was approximately 616 mm/
month with a standard deviation of about 
137 mm. During the period January 2000 
to May 2016, the total soil moisture in the 
study area was declining. For this study, the 
GLDAS-derived soil moisture data for grid 
13 of GLDAS (Fig. 3) were obtained for the 
period June 2015 to May 2016. The different 
scales of GRACE and GLDAS footprints 
are indicated in Figure 3, along with the 
locations of rain gauges, stream gauges and 
monitoring wells.

Hydrogeological conditions
Hydrostratigraphy
The geological cross-section in Figure 4  
is derived mainly from the lithological 
drill logs as reported by Champasak 
Provincial Health Department (2012) and 

Figure 3 – Locations of 
stream gauges and 
rainfall stations in the 
study area, indicating 
the GRACE and 
GLDAS footprint scales.
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Vote et al. (2014), which indicate topsoil 
to approximately 2 m depth consisting 
of silty clay, sand and sandy loam. This 
sequence overlies a layered stratigraphy of 
fractured laterite and fractured sandy shale, 
mudstone and shale above sandstone with 
prominent fracture zones. The depth to the 
topmost fracture zone in the sandstone is in 
the range of 20 to 30 metres below ground 
level (bgl), but reported casing depths 
vary between 7 and 16 m  bgl, so that the 
measuring points of the groundwater 
levels may include formations above the 
sandstone.

The complete thickness of the fractured 
sandstone was not penetrated by the drilled 
bores and the detailed interconnection of 
the fracture zones is unknown. The fractured 
rocks are considered to be part of the Mz1 
sandstone formation (United Nations, 1990), 
which is the equivalent of the Phu Kradung 
Formation in northeast Thailand described 
by Sattayarak (1983) and Racey et al. (1996). 
According to Racey et al. (1996) the thickness 
of the Phu Kradung Formation is greater 
than 1000 m at various locations in northeast 
Thailand. These formations comprise the 
deep aquifer system in the region.

Figure 4 – Sukhuma District geological cross-section developed from drilling logs
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Stream-aquifer interaction 
The seasonal connection between water table 
and river beds in Sukhuma District was assessed 
by comparing the water table elevations from 
19 monitoring wells to the elevations along 
the river beds of the Khamouan and Pheung 
rivers, for the dry and wet seasons of 2015. 
The assessment was processed with the 
Xacto Section Tools as developed by Carrell 
(2014) and which are implemented in the 
GIS (Geographic Information System) to 
create a 2-dimensional or a 3-dimensional 
cross-section. For this research, a cross-
section of comparison between groundwater 
level and river bed elevations was generated  
(Fig. 5). The partial connection is demon-
strated clearly on the cross-section. 
Within most parts of Khamouan River the 
groundwater table is always above the river 
bed, indicating that the stream and aquifer 
are hydraulically connected. Figure 5 also  
illustrates that only a few parts of the 
Khamouan River were disconnected from the 
river bed during the dry season 2015.

Along the Pheung River, which is 
located on the upper part of the Khamouan 
River catchment, groundwater is partially 
connected to the river bed during the 
wet season. In contrast, in the dry season, 

groundwater level is below the river bed 
and this portion of the river is disconnected  
(Fig. 5). However, this result is highly 
uncertain due to the lack of observation wells 
along this reach of Pheung River.

Figure 6 illustrates the correlation between 
monthly flow in the Khamouan River at 
the river gauge and the monthly water table 
elevation at the Phone Pheung domestic 
well for the wet season of 2015. Phone 
Pheung domestic well is located about 1 km 
north of the river gauge and about 0.5 km 
from the east bank of the Khamouan River  

Figure 5 – Connection 
between water table 
(WT) and river bed 
elevations during the 
dry season and the wet 
season of 2015.

Figure 6 – Correlation between water table 
(WT) elevation at the Phone Pheung 
domestic well and Khamouan River flow at 
the river gauge during the wet season of 2015 
(June–October).
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Figure 7 – Water table 
elevation contours for 
the wet season of 2015

(Fig. 7). The coefficient of determination, 
R2, value of the two components is 0.82 with 
a significant value of P < 0.01, demonstrating 
good correlation between groundwater level 
and surface water in Khamouan River in this 
reach. During the dry season of 2015-16, 
surface water flow in Khamouan River was 
very low and could not be measured by the 
staff gauges. 

The connection between surface water 
and groundwater can also be inferred from 
springs that occur along the river bank 
(White et al., 2016). During the first field 
observation, on 3 December 2015, a spring 
close to the gauge station was observed. The 
observed flow of the spring was sufficient 
for villagers to collect enough water for their 
household use. The spring was flowing from 
fractures in mudstone, shale and laterite 
exposed at the base of the sandy alluvial 
material of the Khamouan River valley. These 
fractured formations are exposed elsewhere 
in river sections in southeast Sukhuma, 
suggesting a hydraulic connection between 
the surface drainage and the groundwater 
system. Therefore, the information from 

the field survey corresponds relatively well  
with Figure 5.

For this study, it was not possible to 
investigate the connection between the water 
table and surface water for the entire Sukhuma 
District due to the lack of groundwater 
level monitoring points and river gauges. 
Therefore, setting up more observation wells 
and river gauges should be considered for 
future studies on the interaction between 
surface water and groundwater in Sukhuma 
District.

Groundwater flow pattern
The groundwater flow directions and 
hydraulic gradients were determined using 
an Excel spreadsheet method (Devlin, 
2003) and water table contour maps 
created in ArcGIS10.1. The results from 
the Excel spreadsheet method show that the 
groundwater in Sukhuma District flows from 
northwest and north to south and southeast, 
then finally draining to the Mekong River 
in the east. The monthly groundwater level 
elevation contours generated in ArcGIS show 
similar groundwater flow directions (Fig. 7), 
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and previous studies by JICA (1995) reported 
similar results. 

Figure 7 illustrates that the water table 
elevation is relatively high in the west and 
the north and low in the southeastern area 
of the Sukhuma District. According to 
field observation data during this study, 
the population density and number of 
groundwater wells in the western area were 
lower than in the southeastern area. The 
groundwater level in the western area, 
at Hieng well, is always higher than the 
groundwater levels at other monitoring 
points. Additionally, the groundwater level 
at the Sarmkha domestic well is higher than 
levels in the southern area. 

The high population density and 
groundwater use is expected to have caused 
local groundwater level depletion. The 
groundwater level contours near the None 
Yang and Sukhuma monitoring wells show 
groundwater flow into the area, creating a 
sink, as shown in Figure 7. A large bottled 
water factory has been set up close to the 
None Yang domestic well and the potentially 
high pumping rate from this factory could 
be a reason for the sink in the None Yang 
area. However, information on the volume 
of groundwater pumped by the factory is 
not available for this research. The Sukhuma 
monitoring well used in this study is close to 
the urban centre of Sukhuma District. The 
area has a higher population density than 
other areas and has many groundwater users 
such as bottled water factories, guest houses 
and restaurants. These factors are likely to 
contribute to lower groundwater levels in the 
vicinity of the Sukhuma monitoring well.

Furthermore, Figure 7 also depicts that 
the groundwater level at the Phone Pheung 
well, located close to Sukhuma well, shows 
groundwater mounding. The groundwater 
levels in the Phone Pheung well could be 
affected by water leaking from a large reservoir 
(approximately 1 km × 1 km) that is located 

about 500 m away from the Phone Pheung 
well. For future studies, the interaction 
between groundwater level fluctuation at this 
well and water level changes in the reservoir 
should be considered. 

Preliminary estimate of 
groundwater recharge 
Groundwater recharge in the study area was 
estimated by the water table fluctuation 
(WTF) method (Healy and Cook, 2002) 
with the following equation: 

R = Δh
Δ t × Sy  (1)

where R is the groundwater recharge (mm), 
Dh is the water table rise over a time interval 
(Dt), and Sy is the specific yield. To estimate 
groundwater recharge using the WTF 
method, the values of Sy at the monitoring 
points are required. 

Specific yield estimation
A reliable estimate of Sy is commonly 
determined from the analysis of pumping 
tests with observation wells, but no such 
pumping test data were available for southern 
Laos. For this research, Sy was estimated from 
the analysis of well hydrograph recession 
curves, based on the concept that the total 
drawdown during the dry periods equals 
the total withdrawal of water from the well 
during the same period, as expressed by 
Udayakumar et al. (2015):

Sy =
α×t
d  (2)

where a is the recession constant (m/day), t 
is the duration of the recession period (days) 
and d is the drawdown during the recession 
period (m). The values of a and t are 
determined from the exponential recession 
equation of the well water level decline curve, 
as follows:

h  =  h0   ×   e–∝t (3)
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where h is the water table elevation at time 
t, and h 0 is the initial water table elevation  
(m  amsl). 

An example of the recession curve and 
the exponential recession equation for the 
Sukhuma domestic well is presented in 
Figures 8a and 8b, respectively. Figure 8a 
illustrates that the water table recession 
at this monitoring well occurred from 11 
October 2015 to 1 May 2016. From this 
recession period, an exponential equation can 
be generated as presented in Figure 8b. The  
value of the recession constant (a) for the 
Sukhuma domestic well was found to be 
0.0002 m/day with a t value of 202 days and 
a d value of 3.28 m. The values of a from 
all monitoring wells in Sukhuma District, 
including domestic, shallow and deep 
observation wells, were estimated in the same 
way as for the Sukhuma domestic well and 
ranged from 0.0001 m/day to 0.0003 m/day; 
these were then used to estimate Sy using 
Equation 2. Udayakumar et al. (2015) noted 
that using the Sy value from the recession 
hydrograph method will produce the 
minimum possible recharge. 

The analysis gave values of Sy in Sukhuma 
District between 0.001 and 0.01 with an 
average value of 0.0096 and a standard 
deviation of 0.0021. This value of the 
standard deviation of Sy

 was used to deter- 
mine the uncertainty in estimating ground-
water recharge using the WTF method 
as indicated in Lucas et al. (2015). The 
uncertainty, given herein, is defined as the 
standard error divided by the mean. The total 
uncertainty associated with the WTF method 
was estimated at 21%. In comparison, 
analysis of data of a pumping test of the 
Parkxang deep well with an observation 
well in December 2015 (in connection with 
this study) indicated Sy to be 0.013. The 
pumping test data analysis was based on the 
Hantush method for partially-penetrating 
wells as given in Kruseman and de Ridder 
(1979). The value of Sy from the pumping 
test analysis falls in the range of estimates of 
Sy derived using the hydrograph recession 
method.

The average value of Sy from this research 
is similar to previous studies in the Lower 
Mekong River region and other countries with 

Figure 8 – (a) Recession curve and (b) exponential recession equation for the Sukhuma domestic well, 
11 October 2015 to 1 May 2016.

(a) (b)
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similar groundwater aquifers. Vouillamoz et 
al. (2016) estimated Sy for the Phu Kradung 
sandstone aquifer in northwest Cambodia, 
which is located about 150 km southwest of 
Sukhuma District. They conducted pumping 
tests at nine sites and calculated Sy

 values 
ranging from 0.002 to 0.024. Erban and 
Gorelick (2016) estimated Sy using pumping 
test data for the sandstone aquifer in the 
transboundary area between Cambodia 
and Vietnam. They found Sy values ranging 
between 0.005 and 0.2.

Kuo (2014) indicated that the specific 
yield of unconfined aquifers generally ranges 
between 0.1 and 0.3; for confined aquifers 
the equivalent parameter, storage coefficient 
(S), typically ranges between 10-4 and 10-5, 
and for leaky confined aquifers S is in the 
order of 0.001. Gburek and Folmar (1999) 
determined Sy for a fractured sandstone, 
siltstone, and shale system in east-central 
Pennsylvania, USA by applying a water 
balance method. They measured water 
level fluctuations in wells and recorded the 
recharge from the rainfall infiltration by 
installing pan lysimeters at depths of 1 to 
2 m near to the monitoring wells, and then 
calculated Sy using the WTF method. Their 
results showed an average Sy value of 0.009. 
Maréchal et al. (2006) calculated the average 
Sy for the fractured rock aquifer system in the 
Maheshwaram pilot watershed in India to be 
0.014 by using the water balance method. 
Similarly, a range of Sy values from 0.005 to 
0.01 was selected for quantifying groundwater 
recharge for the hard bedrock aquifer in 
northwest Ireland (Cai and Ofterdinger, 
2016). Generally, the estimated values of 
Sy (0.001 to 0.01) in Sukhuma District are 
similar to those in regions with fractured 
bedrock aquifers. However, it should be 
noted that Sy results may be highly uncertain 
because of the way in which the monitoring 
wells were completed, as discussed above. 

A previous study of groundwater recharge 
in Sukhuma District using the WTF method 

assumed a Sy value of 0.1 (Vote et al., 
2014). Applying this value for estimating 
the recharge to the deep aquifer may not be 
appropriate. According to Healy and Cook 
(2002) the Sy is not constant but changes 
as a function of depth to the water table. 
Johnson (1966) also noted that Sy values vary 
according to soil type. For example, Sy of silty 
sand and sandy silt vary from 0.05 to 0.3 
(Johnson, 1966). 

In Sukhuma District, the monitoring 
wells are located in different surface soil 
types, as shown in Figure 2, with silty sand 
and sandy silt recorded in the topsoil layers 
of the well logs. Therefore, the Sy of 0.1 
may be applicable to the topsoil layer up to 
2 m depth but not to the deep groundwater 
aquifers. In order to assess the availability 
of long-term groundwater resources, the 
estimation of appropriate values of Sy

 for 
the deep aquifers and the overlying variably 
saturated zones will be necessary. The analysis 
of the hydraulic connection between these 
two systems in Sukhuma District is, however, 
outside the scope of this paper.

Estimate of groundwater recharge
Equation 1 was used to estimate annual 
groundwater recharge at the monitoring 
wells. Groundwater recharge varies across 
Sukhuma District. The highest recharge was 
calculated at the Donghouabarn monitoring 
point, at about 4.3% of the total annual 
rainfall (1203 mm). The next highest values 
were at Parkor and Parkxang, at ~4% and 
~3.5% of total rainfall, respectively. The 
lowest recharge rate was found at the Phone 
Pheung observation point, at approximately 
1.5% of total rainfall. Note that the recharge 
estimates, given herein, refer to the portion of 
rainfall that enters the deep fractured bedrock 
aquifer system.

The results of area-averaged monthly 
recharge in Sukhuma District varied in each 
month during the wet season of 2015. The 
mean estimate of monthly recharge was close 
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to 7.6 mm with a standard error of 1.6 mm 
(equivalent to 21% of uncertainty in the 
recharge estimation). The minimum and 
maximum monthly recharge estimates for 
the wet season 2015 were 0 and 14.1 mm/
month, respectively. The maximum recharge 
occurred in August and then declined until 
the end of the wet season in October. From 
November 2015 to May 2016 the monthly 
recharge rates were less than zero (negative 
values) indicating declining recharge from 
rainfall to the deep aquifer as this was the 
period of groundwater recession or discharge. 
As mentioned above, the estimated recharge 
from the current study is to be interpreted as 
the recharge to the deep fractured bedrock 
aquifer. The uncertainty in the direct recharge 
corresponds to a value of 21% of the recharge 
in Sukhuma District and is consistent with 
other studies at the watershed scale. Maréchal 
et al. (2006) calculated the uncertainty for 
the components of the water balance at the 
watershed scale, and they indicated a relative 
error of 22–24% in the natural recharge 
estimation.

The recharge rates estimated for the 
Sukhuma District in the present study are 
lower than the values reported in the previous 
studies (JICA, 1995; Vote et al., 2014). The 
resulting recharge rate was approximately 
12% of annual rainfall, and is about 3 to 6 
times higher than our results (around 2 to 4% 
of rainfall). The higher recharge rate obtained 
with the water balance can be explained by 
the fact that the upper part of the fractured 
laterite soil cover may be partially saturated 
in some areas of Sukhuma District during the 
wet season, which increases the groundwater 
storage. Chilton and Foster (1995) pointed 
out that laterite soil has much higher recharge 
rates (or higher specific yield) than fractured 
bedrock aquifers. The recharge rate estimated 
by JICA (1995) can be interpreted as the 
combined value of recharge into the shallow 
fractured laterite soil and the deep fractured 

bedrock aquifer. Vote et al. (2014) estimated 
groundwater recharge using the WTF 
method for the same monitoring network 
utilised in the present study. The estimated 
recharge rates were around 23% of the rainfall 
in the wet season (28 April to 12 October 
2012), much higher than the estimates of 
the present study. This can be attributed to 
using a higher value of specific yield (Sy = 
0.1) than in the present study, which may be 
not appropriate for estimating the recharge 
to the deep fractured bedrock aquifer, as 
previously discussed. Many researchers have 
noted that selecting an appropriate value 
of Sy for estimating the recharge using the 
WTF method is challenging and Sy is a very 
sensitive parameter in the WTF equation 
(Crosbie et al., 2005; Cuthbert, 2010; 
Cuthbert, 2014; Healy and Cook, 2002; 
Scanlon et al., 2002). However, the recharge 
rates estimated from the current study 
show the same range as the groundwater 
recharge rates were calculated in Northwest 
Cambodia (Vouillamoz et al., 2016), where 
the geological characteristics are similar to 
Sukhuma District. The recharge rates in 
Northwest Cambodia were estimated at 0.5 
– 4% of annual rainfall (1754 mm) by using 
the WTF method (Vouillamoz et al. 2016). 
Based on these inferences from published 
literature, the estimates of recharge rates 
and values of Sy derived in the present study 
are considered to be reasonable considering 
the limited data relating to geological 
conditions, groundwater level variations and 
hydrogeological characteristics.

Inference from remote  
sensing data
Comparison between the observed rainfall, 
Mekong River discharge at Pakse station 
and the EWH derived from GRACE shows 
that the GRACE satellite signal detected the  
flood event at Pakse station in 2011  
(Fig. 9). Figure 9 also illustrates that the in-
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situ observation data at Pakse station and 
EWH from GRACE show similar seasonal 
dynamic patterns. Previously, many studies 
have used the EWH derived from GRACE 
to estimate the variations in hydrological 
processes. These include changes in 
groundwater storage (Rodell et al., 2007; 
Shamsudduha et al., 2012) and correlations 
with the peak observed water level during 
the flood season (Steckler et al., 2010). 
Therefore, there is good potential for further 
investigation of GRACE data application to 
the region of Southern Laos.

The comparison between soil moisture 
from four soil layers (about 2 m deep) 
derived from grid 13 of GLDAS and the 
observed groundwater levels and rainfall 
data in Sukhuma District also shows a good 
correlation (Fig. 10). The GLDAS-estimated 
soil moisture in different soil layers shows 
different responses to rainfall. Figure 10 
depicts that soil moisture in deeper soil layers 
has a longer time lag to rainfall. Furthermore, 
the correlation between the total soil 

Figure 9 – Comparison 
between the Equivalent 
Water Height (EWH) 
derived from GRACE 
and observed monthly 
rainfall and monthly 
discharge in the Mekong 
River at Pakse.

moisture of four layers from GLDAS and 
water table rise in 19 observation wells in 
Sukhuma District shows an R2 value of 0.91 
with a significant P < 0.01 (Fig. 11). The 
comparison shows the feasibility of applying 
the GLDAS-derived soil moisture data  
to future studies of the hydrogeology in  
the region. 

Figure 10 – Comparison between soil moisture 
(SM) derived from grid 13 of GLDAS and 
observed rainfall and water table (WT) in 
Sukhuma District.
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The initial results using GRACE EWH 
data and GLDAS soil moisture data show 
good correspondence with field observations 
at both scales for Sukhuma District and 
Southern Laos. However, further analysis 
and refinement are needed to improve the 
reliability and enhance the certainty of 
derived data as representative at the regional 
scale.

Conclusion
A summary of hydrological data avail-
ability and improved understanding of 
hydrogeological conditions in Sukhuma 
District is presented in this study. In-situ 
observation data on geology, groundwater 
levels and stream flow in the region is sparse. 
Investigation of the interaction between 
surface water and groundwater along the 
Khamouan and Pheung rivers found that 
groundwater levels and surface water in the 
study area are partially connected. During 
the wet season, along the studied part of the 
Khamouan River, the river bed is connected 
with the water table. However, some parts 
of this reach of the Khamouan River are 
disconnected from the water table during 
the dry season. Along the Pheung River, 
groundwater is also disconnected from the 

Figure 11 – Correlation between the water 
table rise (DWT) and the total soil moisture 
anomalies derived from GLDAS (GLDAS-
TSMA) at grid 13 for the period June 2015 to 
March 2016.

river bed during the dry season. In the wet 
season, only the lower part of Pheung River 
shows a connection between groundwater 
and the river bed. It is important to note 
that the findings relating to surface water 
and groundwater interaction contain high 
uncertainty due to the limited groundwater 
monitoring points and river gauges in the 
study area.

Values of Sy to estimate groundwater 
recharge using the WTF method (Healy 
and Cook, 2002) were derived. The values 
of Sy estimated from well hydrographs and 
one pumping test fit within the same range 
(10-2 – 10-3) and are similar to the results 
of previous studies in locations nearby. 
Regarding the estimated Sy values from this 
study indicate that the groundwater aquifer 
in Sukhuma District can be identified as a 
fractured hard rock aquifer. This study also 
shows the estimate of groundwater recharge 
in Sukhuma District can range from about 2 
to 23% of annual rainfall. It can be inferred 
from the wide range of recharge estimates 
that the challenges of selecting an appropriate 
method and value of Sy in the WTF method 
remain. Further information on geology and 
groundwater level and pumping test data 
should be obtained for future studies.

This research found good correlation 
between in-situ data (groundwater level and 
stream flow) and remote sensing data (total 
water storage derived from GRACE and soil 
moisture derived from GLDAS). Therefore, 
further investigation and analysis should 
be carried out in order to make sure that 
the data from GRACE and GLDAS can be 
applied validly in hydrogeological studies and 
to support sustainable groundwater resource 
management in Sukhuma District and 
Southern Laos.
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