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ABSTRACT 
 
Groundwater is the main source of water supply to both urban and rural populations as well as to 
industry and agriculture. Among various water cycle characteristics, groundwater recharge is the 
leading hydrologic parameter determining groundwater resources availability and sustainability. 
Accurate estimation of groundwater recharge is extremely important for proper development and 
management of the resource. Groundwater recharge was estimated under field condition at north-
eastern region (Mymensingh) of Bangladesh using tracer technique as well as water-balance and 
Lysimeter method. Three years average recharge rate was found as 228.7 mm/year under tracer 
technique; and 141.7 mm under water balance method. The lysimeter method showed lower rate, 
may be due to variation of subsoil condition from the field. The results of the study will be helpful for 
planning of sustainable groundwater in the area. 
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1. INTRODUCTION   
 
Among various water cycle characteristics, 
groundwater recharge is the leading hydrologic 
parameter determining groundwater resources 
availability and sustainability. Accurate 
estimation of groundwater recharge is extremely 
important for proper development and 
management of the resource. At present world, 
groundwater is the main source of water supply 
to both urban and rural populations as well as to 
industry and agriculture (Ali et al. [1]). As 
demand for groundwater increases, groundwater 
managers are faced with the difficult task of 
ensuring the future viability of the resource (Al-
Bassam and Al-Rumikhani [2]). With the rise in 
public environmental awareness, groundwater 
managers are also concerned with protecting 
natural environments that are dependent upon 
the ground water, such as stream base-flows, 
riparian vegetation, aquatic ecosystems, and 
wetlands. Sustainable use of groundwater must 
ensure not only that the future resource is not 
threatened by overuse and depletion, but also 
those natural environments that depend on the 
resource (Al-Bassam [3]). Trade-offs between 
groundwater use and potential environmental 
impacts always will exist, and therefore a 
balanced approach to water-use between 
development and environmental requirements 
needs to be adopted (Ali et al. [4]). To properly 
manage groundwater resources, managers need 
accurate information about the inputs (i.e., 
recharge) and outputs (i.e., pumpage and natural 
discharge) within each groundwater basin, so 
that the long-term behavior of the aquifer and its 
sustainable yield can be estimated or reassessed 
(Ali and Abustan [5]; Al-Bassam [3]).   
 
Bangladesh is an agrarian country, and 85% of 
its population depends on agricultural activities, 
whether directly or indirectly. The livelihood of 
the inhabitants and national development 
activities largely depend on the success of 
agricultural production. Agriculture plays a major 
role in the national economy and is the second 
largest sector in gross national product (GDP). 
Groundwater is the main source of water supply 
to both urban and rural populations as well as to 
industry and agriculture.  
 
Quantitative determination of the rate of natural 
groundwater recharge is a pre-requisite for 
efficient groundwater resource management. It is 
particularly important in regions with large 
demands for ground water supplies, where such 
resources are the keys to economic 

development. Recharge is critical in any analysis 
of groundwater systems and the impacts of 
withdrawing native water from them. It is also 
required for robust model predictions as 
groundwater recharge is one of the main drivers 
of the hydrological system (Ali [6]). In water-
resource investigations, groundwater models are 
often used to simulate the flow of water in 
aquifers, and, when calibrated, may be used to 
predict long-term behavior of an aquifer under 
various management schemes. Without a good 
estimate of recharge and its spatio-temporal 
distribution, these models become unreliable.  
 
Numerous studies focused on various 
approaches and methods of recharge estimation. 
These range from simple seepage meter method 
to complex numerical modeling and isotropic 
tracer techniques - under different physiographic, 
climatic condition, technology level, and resource 
availability situations. Recharge has been 
estimated by lysimeter (Rushton et al. [7]; Xu and 
Chen [8]), water table fluctuation method 
(Callahan et al. [9]; Ordens et al. [10]), water 
balance method; base-flow /hydrograph-
separation (Risser et al. [11]), soil moisture 
budget (Cuthbert et al. [12]; Bakundukize et al. 
[13]), Darcyan flow-net computation (Yuan et al. 
[14]), empirical methods (Okey et al. [15]), 
radioactive isotopic tracer (Jimenez-Martinez et 
al. [16]), stable isotopes (Yeh et al. [17]; Sukhija 
et al. [18]), and modeling approach (Yidana et al. 
[19]; Githui et al. [20]). Approaches for specific 
local conditions have also been advocated, such 
as for arid and semi-arid regions (Wood and 
Sanford [21]), granitic terrain (Chand et al. [22]), 
land-use change (Walker et al. [23]), etc. Many 
researchers advocated for using multiple 
methods to increase reliability in recharge 
estimate. But it involves huge cost, manpower 
and instruments.   
 
Lin et al. [24] used environmental tracers (Cl, F 
and SO4) to estimate groundwater recharge 
beneath irrigated farmland of North China plain.  
Wang et al. [25] used bromide and tritium tracers 
to estimate recharge in Hebei plain, China          
under varying land use practices. They found 
average recharge rate and recharge coefficient 
as 0.00-1.05 mm/d and 0.0 -42.5%, respectively. 
Sibanda et al. [26] estimated groundwater 
recharge from precipitation for the semi-arid 
Nyaqmandhlovu area, Zimbabwe using chloride 
mass balance, water-table fluctuation, Darcian 
flownet computation, 14C age dating and 
groundwater modeling. The recharge rate found 
were 19-62, 2-50, 16-28, 22-25, and 11-26 
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mm/yr, respectively. They noted that, based on 
the groundwater modeling, a final estimate for 
recharge on the order of 15-20 mm/yr (2.7-3.6% 
of the annual precipitation of 555 mm/yr) is 
believed to be realistic. 
 
Different methods have limiting conditions and 
varying degree of data requirement. The water-
table fluctuation method can be applied only for 
unconfined aquifer. The flownet method needs 
information regarding transmissivity values and 
groundwater level contour lines. The 
groundwater dating method needs estimation of 
porosity of the aquifer and depth of saturation 
zone. Groundwater modeling approach requires 
calibration of the model for the study aquifer – 
which needs good set of data (specially 
permeability values). The accuracy of the water 
balance method depends on the accuracy of the 
other components in the water balance equation, 
specially surface runoff. The conservative tracer, 
like chloride, has advantages over the other 
methods. The applied tracer can be traced from 
sampling, through laboratory technique.   
 
The objective of the present study was to 
estimate the yearly recharge under field condition 
at North-eastern region, Mymensingh District of 
Bangladesh. Based on the technical performance 
and resource availability, we used chloride 
tracer, water balance method, and drainage 
lysimeter.  
 
2. MATERIALS AND METHODS    
 
2.1 Description of the Study Area 
 
2.1.1 Site location   
 
The north-eastern region of Bangladesh is part of 
the Ganges Alluvial Plain, and it covers the 
districts of Mymensingh, Sherpur, Netrakona, 
and Kishorgong (known as the greater 
Mymensingh area). This region is situated 
between 25°33´ to 26°32´ North and 89°55´ to 
90°51´ East, and it covers a geographical area of 
2.0 million hectares. The present study is, how-
ever, based on part of a configuration of 
Mymensingh district (Fig. 1).   
 
2.1.2 Topography and hydro-geological 

conditions  
 
The topography of the study area is plain. The 
surface soils are alluvial in nature, varying from 
sandy loam to clay loams having a deep clay 
profile. The sub-surface aquifers are alluvial in 

nature, and are composed of a heterogeneous 
complex mass of fine sands, coarse sands, and 
gravels. The hydraulic conductivity varies 
between 5–10 m3/m2/day, and produces a 
specific yield between 0.10–0.30 (Mojid [27]).  
 
Rice, wheat, and pulses are the principal crops, 
with some areas also used for horticultural crops. 
The cropping intensity of the area is 
approximately 175%, with rice in common for 
cropping patterns both of the kharif (summer) 
and rabi (winter) seasons. Approximately 5% of 
the area of this zone is severely affected by soil 
and water erosion due to steep slopes and high 
rainfall. In most parts, the depth to the water-
table is approximately 20 - 30 m, but in some 
places (especially in deep alluvial deposits), the 
underground reservoirs are deep (80 – 100 m), 
with water quality ranging from good to excellent 
in most of the region. 
 
2.1.3 Rainfall pattern of the area  
 
The annual rainfall at the study site varies from 
1,600 mm to 3,400 mm. Approximately 70% of 
this rainfall occurs during the months of May – 
August, which is noted as monsoon season (Fig. 
2). The yearly rainfall fluctuates considerably. 
 
2.2 Tracer Application and Principle of 

the Technique  
 
Before the beginning of rainy season (in March), 
a rice field (medium land) was selected for tracer 
application. To prepare the ‘Test tracer plot’, a 
square of 1.5 m × 1.5 m was first selected and 
marked. At the outer edge, a 0.6 m deep small 
hole (6 inch wide) was dugged. A continuous 
polythene sheet was placed in the hole, and then 
the soil was covered. This was done to eliminate 
the lateral flow of water and chloride from the 
‘Test’ unit. Wthin the test plot, chloride ion 
solution [prepared by dissolving analytical grade 
KCL in distilled water, with sufficient 
concentration, about 250 ppm, so that it can be 
traced easily] was applied/pushed at 20 cm soil 
depth by ‘siring/hand-pump’, at the centre and 
four mid-corner (Fig. 3). At each point, the 
amount was about 25 ml. The tracer was applied 
at 20 cm soil depth to avoid surface runoff of the 
applied tracer. 
 
Infiltration of precipitation/rainfall transports the 
tracer downward. At the end of rainy season (in 
October), a trench was dugged at the centre of 
the ‘test plot’ and samples were collected up to 
200 cm, at 10 cm interval. The Cl concentration 
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of the collected samples were determined by 
Mohr method (Doughty [28]; Harris [29]), using 
micro-burette having 0.01 mm readable facility. 

The subsurface distribution of applied tracer was 
determined from the concentration graph of 
chloride. 

 

 
 

Fig. 1. Map of Bangladesh showing study area ( 0000 Black Mark) 
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Fig. 2. Long-term monthly average rainfall in the s tudy area 

 
Fig. 3. Schematic of tracer test unit (indicating t racer application point) 

 
The vertical distribution of the tracer was used to 
estimate the velocity (v), and the recharge rate 
(R) was calculated as (Chand et al. [22]; Scanlon 
et al. [30): 
 

R =   vθ   =    
∆�

∆�
�                                        (1) 

 

Where, ∆z is the depth of the tracer peak, ∆t is 
the time between tracer application and 
sampling, and θ is the average volumetric water 
content. 

2.3 Lysimeter Method  
 
In two series, 10 Lysimeter boxes (5 in each 
series, 2 m × 1 m × 1.5 m each) were used in 
this study. Drainage was collected and the 
volume was measured from each Lysimeter box, 
on the next day of each heavy rainfall events (to 
avoid restriction on bottom boundary layer), and 
7 days interval for the remaining days (including 
moderate rainy days). The volume was 
converted to depth of water (mm) by dividing the 
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area of the lysimeter box. The collected drainage 
was considered as equivalent of recharge. 
 
The depth to the water-table was recorded in 
observation well using Water-level indicator.  
 
2.4 Water Balance Method  
 
A simplified form of water balance equation (Yin 
et al. [31]) was used to estimate recharge: 
 

P = R0 + R + ETa + ∆SM                          (2.1) 
 

where: P = rainfall (mm), R0= surface runoff 
(mm), R = recharge, ETa = actual evapo-
transpiration (mm), and ∆SM= change in soil 
moisture (mm) for the specified time interval. 
Neglecting the change in soil moisture, and re-
arranging, the recharge (R) can be expressed as: 
 

R = P – R0 – ETa 
 
2.4.1 Runoff estimation – a modified SCS 

method   
 
The USDA-SCS runoff equation is (USDA-SCS 
[32]): 
 

  
SP

SP
Q

8.0

)2.0( 2

+
−=                                      (2.2) 

 
Where: Q= runoff (mm), P = rainfall (mm), S= 
potential maximum retention after runoff begins 
(mm). The potential retention (S) can range from 
zero on smooth, impervious surface to infinity in 
deep gravel. 
 
In the present study, a modified form of USDA-
SCS method is used [subtracting the ‘actual 
evapotranspiration (ETa)’ from ‘Rainfall (P)’ in 
equation (2.1)]: 
 

SETaP

SETaP
Q

8.0)(

]2.0)[( 2

+−
−−=                            (2.3) 

 
Based on the field condition during the monsoon 
rainfall (i.e. grassy/cropped), the ‘S’ value is 
considered as 3.0 cm; and monthly values of 
runoff (and hence monthly recharge) was 
calculated. 
 
2.4.2 ETa calculation  
 
Daily reference crop evapotranspiration (ET0) 
was calculated using ‘ET0 Calculator’ software of 

FAO (FAO [33]). Traditionally, actual crop 
evapotranspiration (ETa) is calculated as: 
 

ETa = ET0×Kc ×Ks = (ET0×Kc)×Ks = ETp × Ks 
 

where: ET0  is the reference crop 
evapotranspiration (mm), Kc is the crop 
coefficient, Ks is the soil moisture stress factor (or 
dryness factor), ETp is the potential crop 
evapotranspiration.  
 
From daily values, monthly values of ETa were 
calculated. Based on the ‘dryness (or water 
deficit)’ and ‘wetness (or water surplus)’ condition 
(i.e. P - ETp, P is the rainfal), the monthly actual 
crop evapotranspiration (ETam) was calculated 
as:  
 

ETam =  ETmp  ,     If Pm > ETmp       (i.e. Ks =1) 
                 =  Pm    ,     If Pm < ETmp                (2.4) 
 
where: Pm is the monthly rainfall,  ETmp is the 
monthly potential evapotranspiration.  
        
2.5 Lysimeter Method 
 
In two series, 10 Lysimeter boxes (5 in each 
series, 2 m × 1 m × 1.5 m each) were used in 
this study. Drainage was collected and the 
volume was measured from each Lysimeter box, 
on the next day of each heavy rainfall events (to 
avoid restriction on bottom boundary layer), and 
7 days interval for the remaining days (including 
moderate rainy days). The volume was 
converted to depth of water (mm) by dividing the 
area of the lysimeter box. The collected drainage 
was considered as equivalent of recharge. 
 
The depth to the water-table was recorded in 
observation well using Water-level indicator.  
 

3. RESULTS AND DISCUSSION 
 
3.1 Rainfall, ET0 and Groundwater Level 

Fluctuation Pattern during the Study 
Period 

 
The yearly total rainfall during 2014, 2015 and 
2016 were 1916 mm, 2077 mm and 1934 mm, 
respectively. The distribution of rainfall 
throughout the year varied considerably (Fig. 4). 
The atmospheric water demand, that is, 
reference crop evapotranspiration (ET0) during 
the years are depicted in Fig. 5.  
 
The perched/artician water-table near the study 
field, in response to recharge from rainfall, is 
depicted in Fig. 6.  
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Fig. 4. Monthly total rainfall during the study per iod 
 

 

 
 

Fig. 5. Monthly total ET0 pattern during the study period 
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3.2 Recharge from Lysimeter Study 
 

3.2.1 Year 2014 
 

The annual recharge pattern is depicted in Fig. 7. 
The mean value is 37.8 mm (with SD 21.5 mm 
and CV 57%), which is 1.97% of yearly rainfall.  
In this method, the mean annual recharge was 
estimated as 39 mm, which is about 2% of yearly 
rainfall. 
 

3.3 Recharge from Water-balance Method 
and Tracer Technique 

 
The tracer concentration profile at the sampled 
sites is depicted in Fig. 8. The recharge rate 
found using tracer and water balance method for 
the year 2014, 2015, and 2016 are summarized 
in Table 1. 
 

 
 

Fig. 6. Water-table patter near the study field 
 

 
 

Fig. 7. Pattern of recharge amount under different lysimeter boxes 
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Fig. 8. Concentration profile of chloride in differ ent years 
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Table 1. Recharge rates under different methods and  years 
 
Year  Rainfall, 

mm 
Recharge rate, mm/yr  Recharge rate, % of 

rainfall 
Average recharge rate, 

mm/yr 
Tracer  Water  

balance 
Tracer  Water balance  Tracer  Water balance  

2014 1916 196 139 10.2 7.3 228.7 141.7 
2015 2068 257 156 12.4 7.5 
2016 1934 233 130 11.0 6.7 

 
The recharge rate found using tracer technique 
ranged from 196 mm to 257 mm under the 
rainfall range of 1916 mm to 2068 mm, which in 
terms of percentage of rainfall, ranged from 
10.2% to 12.4%. 
 
The recharge rate found using water balance 
method ranged from 130 mm to 156 mm under 
the rainfall range of 1916 mm to 2068 mm, which 
in terms of percentage of rainfall, ranged from 
6.7% to 7.5%. 
 
When averaged over years, the recharge rate 
under tracer technique was found as 228.7 
mm/year; and 141.7 mm under water balance 
method. The recharge rate found from Lysimeter 
was much lower than those of water balance and 
tracer technique. This may be due to 
compaction, or not representative of field 
condition. Lysimeter soils cannot represent 
spatial variability produced by natural and 
human-induced changes in surface- and 
subsurface-flow pathways. 
 
When compared the ‘Water Balance’ and ‘Tracer 
technique’, the differences are reasonable. In 
terms of accuracy, the tracer technique can be 
considered more reliable than the ‘Water 
Balance’ method. It is to be mention here that, in 
water balance method, the runoff equation of 
USDA-SCS has been modified by incorporation 
(substraction) of actual ET. Accuracy of recharge 
estimates using this approach depends on 
accuracy of other components. It is not easy to 
measure all the components with sufficient 
accurately. Water budget method yields 
reasonable estimates of recharge when the 
precipitation exceeds actual evapotranspiration 
(ETa). However, if the ETa is similar magnitude 
to precipitation (such as under semi-arid 
conditions), the recharge estimated by this 
approach must be treated with caution (Sharma 
1986; Lerner et al. 1990). But in our study area, 
the ETa was much lower than precipitation. As a 
result, the modified equation yielded better 
results. 

The tracer technique is based on the 
conservation of mass of the tracer, and the 
assumption that the tracers moves freely with 
water, no other sources of the tracer nor no 
absorption or uptake by the soil/rock or by 
vegetation. Applied tracers give more accurate 
recharge estimates because it is driven by 
recharge component (i.e. independent of runoff). 
The main advantages of the applied tracers are 
that the investigators have control over the 
timing, placement, and amount of tracer (Wang 
et al. [25]). In addition, the complexities of the top 
meter of soil (action of roots, and cultural 
disturbances) can be avoided if tracers are 
injected below disturbance layer (runoff or root).  
  
4. CONCLUSION 
 
Recharge is a major component of the 
groundwater system, and has important 
implications for shallow groundwater quality. 
Quantitative determination of the rate of natural 
groundwater recharge is a pre-requisite for 
efficient groundwater resource management. 
Applied tracer technique gives more accurate 
recharge estimates under both conditions of 
ET>rainfall and ET<rainfall. The three years 
average of recharge rate at Mymensingh location 
was found as 228.7 mm/year under tracer 
technique; and 141.7 mm under water balance 
method. 
 
Accuracy of recharge estimates using water 
balance approach depends on the accuracy of 
other components. Water balance method yields 
reasonable estimates of recharge when the 
precipitation exceeds actual evapotranspiration 
(ETa). Thus, among the methods, I recommend 
the tracer technique as first option. The second 
option is ‘Water balance method’ subject to 
accurate estimation of the water balance 
components. 
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