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Abstract. Groundwater recharge estimation is a fundamental part of groundwater resources 
management and may need to be estimated at a variety of spatial and temporal scales. Recharge 
is variable in time, responding to changes in land use and subsurface infrastructure as well as to 
climatic changes. Howevera, estimating recharge in urban environments is more complex than 
rural environments as it has many sources and pathways for recharge. Buildings, roads, land 
cover permeability, and other surface infrastructure combine with man-made drainage networks 
to influence recharge.  Thus, this study is trying out an existing GIS-based system (ArcSWAT) 
to model and estimate urban recharge. The unconfined Triassic sandstone aquifer that underlies 
part of the city of Birmingham, United Kingdom (UK) was used as the study area for this project 
(occupies around 94.2km2 area).  The results from this study show that SWAT model correlates 
better with 4RH (RMSE=17.78) as compared to UGif (RMSE=38.89) and 4ReH (RMSE=28.08). 
This is due to the reason that mains leakage factor has been included in 4RH and SWAT model.  
In summary, SWAT model produced a satisfactory result of urban precipitation recharge to the 
previous study that includes mains leakage factor during the modelling process.  

1. Introduction 
One of the essential parts in groundwater resource management is estimating groundwater recharge and 
may need to be estimated spatially and temporally. Recharge is usually changeable in time in response 
to climate, landuse and subsurface infrastructure. [1]. More than 50% of world's population now lives 
in cities. As urban water demand is huge, many cities are struggling to get enough water.  Recharge is a 
critical determining factor for management of urban water supplies for cities overlying aquifers. 

However, estimating recharge in urban environments is more complex than rural environments as 
there are many sources and pathways for recharge. Buildings, roads, land cover permeability (paved & 
unpaved), and other surface infrastructure combine with man-made drainage networks to influence 
recharge [2]. No generally accepted method is available for estimating urban recharge.  Since spatial 
heterogeneity is a signifiacnt feature of urban areas, a GIS approach is attractive.   

Thus, this study is trying out an existing GIS-based system, ArcSWAT, that has been used mainly on 
non-urban areas to estimate urban recharge. The objective of this study is to develop an ArcSWAT 
surface runoff model to estimate urban direct recharge and compare the output with the results from 
other recharge models of the same area. 

2. Materials and approach 

2.1 ArcSWAT ArcGIS extension 
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The ArcSWAT ArcGIS extension is a graphical user interface for the SWAT model. The ArcSWAT 
ArcGIS extension requires data on land use, soils, weather, water use, management, surface water, and 
stream data. This extension can be used to simulate a single watershed or a system of multiple 
hydrologically-connected watersheds. Each watershed is first divided into sub-basins and then into 
‘hydrologic response units’ (HRUs) based on the land use, slope and soil distributions [3]. SWAT model 
uses water balance to simulate water routing through the system (Figure 1). 

 
Figure 1. SWAT water routing [4] 

2.2 Study Area 
The unconfined part of the Triassic sandstone aquifer in Birmingham, United Kingdom (UK) has been 
chosen to trial ArcSWAT due to data availability. Birmingham broadly represents many long-
established industrialised cities in Europe (Figure 2). The sandstone is covered by thin (0-40m) 
Quaternary deposits comprising clays, sands, and peat. The sandstone dips to the southeast from 0m 
thickness at its western feather-edge to about 150m at the Birmingham fault. The latter being the roughly 
northeast/southwest feature on the east of the yellow area of Figure 3. The aquifer continues beyond the 
Birmingham fault to the southeast, but now confined by Triassic mudstones. The whole of the 
unconfined region is urbanised. The time period for this study is from 1990 to 1999. 

2.3 Research Approach  
This study uses the runoff estimation code ArcSWAT, in ArcGIS version 10.2, as a tool to estimate 
recharge. Data used included: digital terrain model; soil type distribution; landcover distribution; and 
daily rainfall and potential evapotranspiration (PET). From landuse, soil, and topographic distributions, 
SWAT defined 367 HRUs and linked these into the 59 ‘sub-basins’ depicted in Figure 3. 
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Figure 2. Study area: Unconfined sandstone aquifer in Birmingham, United Kingdom [9] 

 

 
Figure 3. Watershed/catchment, rivers and sub-basins of the study area 

 

2.4 Surface Runoff Model 
Very briefly, surface runoff is calculated within SWAT at daily time steps by a modified Soil 
Conservation Service (SCS) curve number method or the Green & Ampt infiltration method. The curve 
number (CN), which is a measure of the amount of runoff, is modified in SWAT depending on 
antecedent soil moisture content as well as landcover[11]. The SCS curve number equation is [5]: 

	

𝑄!"#$ =
$𝑅%&'	 −	𝐼&(

)
	

$𝑅%&'	 −	𝐼& + 𝑆(
 

 
where 𝑄!"#$ is the collected runoff or rainfall excess (mm H2O), 𝑅%&'	 is the rainfall depth for the 

day (mm H2O), 𝐼& is the initial abstractions which include surface storage, interception and infiltration 
prior to runoff (mm H2O), and 𝑆 is the retention parameter (mm H2O).  
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The retention parameter varies spatially and temporally in SWAT [11] due soil water content changes 

in soil, land use, management and slope. The retention parameter is defined as: 
	

S = 	 ,
1000
𝐶𝑁

− 101	
 
where 𝐶𝑁 is the curve number of the day. The initial abstraction, 𝐼&, is normally estimated as 0.2𝑆. 
Thus, 𝑄!"#$ is: 

𝑄!"#$ =
$𝑅%&'	 − 	0.2𝑆(

)
	

$𝑅%&'	 − 	0.8𝑆(
 

Runoff will only occur when 𝑅%&'	 > 𝐼&. 

2.5 Recharge mechanism in SWAT model 
The principal aim of SWAT is in calculating the water balance, meanwhile recharge is one of the 

components. Recharge is estimated through a soil moisture balance in a series of soil layers, taking into 
account evapotranspiration and runoff, the residue passing downwards as recharge (Figure 1). Potential 
evapotranspiration values in the present study were estimated using the Penman-Monteith equation.  

It was assumed that water leaving the soil zone, the zone subject to evapotranspiration, then reached 
the water table, i.e. there was no interflow. Flow then occurred through the aquifer eventually to 
discharge in the ‘main channel’ in each sub-basin. Clearly this may not be the case in the real system, 
but the only alternative available is that water is transferred to a deeper aquifer that discharges outside 
the catchment. 

The recharge on a given day is calculated using: 
 

𝑤#*+#,,./012345621/8!"9:. 𝑤!335;345621/8!"9. 𝑤#*+#,,.21 
 
where 𝑤#*+#,,. is the amount of recharge entering the aquifers on day i, 𝛿,< is the delay time or 

drainage time of the overlying geological units (days), 𝑤!335 is the total amount of water that exits the 
bottom of the soil profile on day i (mm H2O), and 𝑤#*+#,,.21 is the amount of recharge that enters the 
aquifer on day i-1(mm H2O).  

3. Results 
The predicted SWAT model recharge to the study area was compared with the results from three 
previous modelling studies (Figure 4).  

 

 
 

Figure 4. Comparisons of recharge estimations by three different modelling studies. 
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UGif 1 is a bespoke ArcView GIS based model that was developed for estimating recharge and 
pollutant fluxes in urban areas [9]. With this model, using land use and geological maps together with 
attribute tables covering meteorological data, infrastructure characteristics, chemical characteristics, and 
reaction constraints, surface water runoff, groundwater recharge and chemical fluxes in recharge waters 
were calculated.  

4RH and 4ReH result from the code 4R (Rainfall, Runoff and Recharge Routing) [10] applied during 
the development of a regional groundwater flow model [12].  4R estimates recharge for rural and urban 
areas using a soil moisture balance approach, simulating runoff, and undertaking calculations across a 
gridded region. It is intended to produce recharge data for regional groundwater flow models. 4RH 
represents recharge for historic runoff-recharge 4R model; 4ReH represents recharge for early historic 
runoff-recharge 4R model. 

The highest average calculated recharge rate for 1990-1999 was 116 mm/y (4RH) with mains leakage. 
UGif recharge rates were estimated to be the lowest at 86 mm/y on average excluding leakage from 
water supply pipes. The SWAT model estimated the average recharge rate to be 115 mm/y meanwhile 
4ReH has estimated the recharge rate as 94 mm/y. Both SWAT model and 4RH include mains leakage 
in recharge estimation meanwhile UGif and 4ReH exclude the mains leakage factor. 

Figures 5 to 7 plot the correlation of recharge for each models (UGif, 4RH and 4 ReH) against the 
SWAT model. The results show that SWAT model has strong positive relationship between 4RH 
(R2=0.75) and 4ReH (R2=0.77). However, UGif (R2= 0.54) gives a moderate positive relationship with 
SWAT model. The Root Mean Square of Error (RMSE) among the recharge models are presented in 
Table 1. A low value of RMSE indicates a better fitting model. The results show that 4RH with mains 
leakage factor has the lowest RMSE (17.78) than other models. Meanwhile UGif and 4ReH without 
mains leakage factor gives RMSE values of 38.89 and 28.08 respectively. 

Table1: Comparison of model fit 

Model RMSE Mains leakage factor 
UGif 38.89 No 
4RH 17.78 Yes 
4ReH 28.08 No 

 
 
 

 
Figure 5. Correlation between SWAT model 

and UGif  
 

 
Figure 6. Correlation between SWAT model 

and 4RH 
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Figure 7. Correlation between SWAT model and 4ReH 

 

4. Discussion and conclusions 
Urban direct recharge, i.e. that including mains leakage (SWAT model), has been estimated using 
ArcSWAT ArcGIS extension, indicating that a surface water runoff model can be utilised to estimate 
recharge in an urban setting. The results are broadly similar to the total recharge predicted by previous 
models of the area, but with significant differences in some cases such as mains leakage factor. 

Detailed information on groundwater recharge in space and time provide basic data for management 
of urban aquifers. One of the questions in this case remains: is the differences between the recharge 
estimates significant in terms of groundwater resources? Therefore, a future additional research would 
be suggested in order to understand the remaining case. 
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