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Abstract Quantification of groundwater recharge is of fun-
damental importance for groundwater modeling, planning,
management, and sustainable utilization of limited water re-
sources, especially in arid and semi-arid environments such as
the eastern part of Iran. Numerous techniques are used to
quantify recharge rate based on certain hydro-geological con-
ditions. In this study, based on available hydro-geological
information, cumulative rainfall departure (CRD) and rainfall
infiltration breakthrough (RIB) methods were selected to es-
timate the groundwater recharge. These methods are based on
the water balance principle (rainfall–groundwater level rela-
tionship) and require few non-deterministic data such as
groundwater level measurements, rainfall, aquifer properties,
and groundwater extraction dataset. These methods were
modified to provide the percentage of return flow and rainfall
contributions to natural groundwater recharge. The study area
was split to polygons based on the existing observation wells.
The natural recharge rate was estimated for each Thiessen
polygon on a monthly basis. Utilizing of these two methods,
groundwater levels were simulated, and the optimization tech-
nique was also applied to minimize the root mean square error
between the simulated and observed groundwater levels. The
results were shown that the simulated groundwater levels were
matched well with the observed values. The recharge areas
were then mapped using these two methods. As an average 13
and 27 % of cumulative rainfall departure and return flow
contributed to groundwater recharge for whole study area by
applying CRD model, whereas by RIB these values were 11

and 19 %, respectively. The average annual recharge rate
estimated for Neishaboor Plain, using RIB and CRD were
160 and 164 mm, respectively.
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Introduction

Groundwater use is of fundamental importance to meet the
rapidly expanding urban, industrial, and agricultural water
demands, particularly in (semi-) arid zones (De Vries and
Simmers 2002) such as the eastern part of Iran where aridity
and rainfall deficit is of critical problems. Estimating recharge
is essential in any analysis of groundwater systems and the
impacts of withdrawing native water from them (Sophocleous
2005). The study area of the current research suffers from
inordinate groundwater drawdown due to irregular overuse
and excessive groundwater withdrawal in agriculture sector.
Although withdrawal from this area has officially restricted
since 1987; it has been encountered to severe water crisis and
sustainability of groundwater resources. Hence, to manage the
groundwater resources, the reliable estimation of the ground-
water recharge is very crucial (Ahmadi et al. 2012).
Furthermore, the spatial distribution of recharge rate is pre-
cious in groundwater modeling and management.

Wide variety of methods has been brought to bear on
quantification of groundwater recharge due to broad range
of natural processes influence on groundwater recharge.
Kinzelbach et al. (2002) have categorized techniques to
estimate groundwater recharge as: direct measurement,
water balance (including hydrograph methods), darcyan,
and tracer methods. They also mentioned their advantages
and disadvantages. Cumulative rainfall departure (CRD)
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and rainfall infiltration breakthrough (RIB) are of water
balance approaches which depend on investigating ground-
water level fluctuations in shallow phreatic aquifers as a result
of rainfall.

Numerous studies have been carried out to estimate
groundwater recharge from rainfall. Wu et al. (1996) ap-
plied numerical simulations to study rainfall–recharge rela-
tionship by infiltration at different groundwater depths. As
reported by Xu and Beekman (2003) in South Africa,
comparisons between groundwater level fluctuations and
rainfall events were often made for recharge estimation
of fractured rock aquifers such as the Karoo (Kirchner et al.
1991) and dolomite aquifers (Bredenkamp et al., 1995) by
using CRD and RIB methods. Xu and Van Tonder (2001)
utilized Revised CRD (R-CRD) to evaluate shallow aqui-
fers recharge and response of groundwater level to rainfall.
Baalousha (2005) used CRD method for estimating annual
amount of groundwater recharge of Gaza strip which was
about 43 million cubic meters (MCM). Using the CRD and
R-CRD methods, Rasoulzadeh and Moosavi (2007) simu-
lated water table fluctuations for 8 years in the vicinity of
Tashk Lake, Shiraz, Iran. They estimated the cumulative
rainfall departure (r) results in recharge from precipitation,
as 33.6 %. To quantify groundwater recharge from rainfall
the CRD model was used in Karvan aquifer in Isfahan, Iran,
where average annual amount of groundwater recharge
was estimated as 48.07 MCM (Soltani Gerdfaramarzi and
Abedi Koupai 2010). Sun et al. (2013) clarified the phys-
ical meaning of parameters in the CRD and previous RIB
models. The RIB model was improved to accommodate
various time scales, namely, daily, monthly, and annual
scales. Recharge estimates on a daily and monthly basis
using the revised RIB approach in two study areas were
presented, followed by sensitivity analysis. Ahmadi et al.
(2012) used the hydrological budget and water table fluc-
tuations (WTF) methods and the inverse modeling tech-
nique to estimate groundwater recharge which originates
from rainfall and return flow in Neishaboor Plain. Stoertz
and Bradbury (1989) mapped recharge and discharge areas
using a model which calculates mass balance equation at
each model cell through specifying water table elevation
data, estimates of hydraulic conductivity, and aquifer thick-
ness data for a groundwater basin in central Wisconsin.
Szilagyi et al. (2011) applied a combination of water balance
approach and remote sensing-derived data to map mean an-
nual groundwater recharge as 73 mm in the semi-arid
Nebraska Sand Hills.

This research was aimed to estimate groundwater re-
charge rate which originates from rainfall and return flow
by using CRD and RIB for each sub-zone in a monthly
scale. Then the methods were evaluated by comparing the
results of each method with regard to its accuracy and ease
of application.

Materials and methods

Description of the study area

The Neishaboor Plain is located between 35°40′N to 36°39′N
latitude and 58°17′ E to 59°30′ E longitude with semi-arid to
arid climate, in the northeast of Iran (Fig. 1). The total geo-
graphical area is 7,350 km2, consisting of 3,160 km2 moun-
tainous terrain and about 4,190 km2 plain. The maximum
elevation belongs to Binalood Mountains (3,300 m above
sea level), and the minimum elevation is at the outlet of the
plain (Hosein Abad Jangal) at 1,050 m above mean sea level.
The average annual precipitation is 234 mm, but this varies
considerably from 1 year to another. The mean annual tem-
peratures at the Bar-Aria station (in the mountainous area) and
Mohammad Abad-Fedisheh station (in the plain area) are 13
and 13.8 °C, respectively. The annual potential evapotranspi-
ration is about 2,335 mm (Velayati and Tavassloi 1991).
According to official reports, about 93.5% of the groundwater
withdrawals in the Neishaboor watershed are consumed in
agriculture, mostly for irrigation. Moreover, the share of
surface-water resources in total consumption is about 4.2 %.
It means that groundwater is a primary source of water
for different purposes, and surface water plays a marginal
role in the water supply of the Neishaboor watershed
(Izady et al. 2012).

Geology of the study area

Neishaboor watershed is located between Binalood and
Central Iran structural zones and is separated into two distinct
parts from a geological viewpoint (Fig. 1). The mountainous
north east part of the watershed consists of Devonian and
Silurian calcareous and dolomitic formations, Jurassic silt-
stone, and calcareous rocks in the vicinity of Eocene and
Neogeneclastic sediments. The second part, which is located
in south-east, south, and west mountainous parts of the study
area, comprises upper cretaceous ophiolites (south-west and
west) and volcanic rocks. The largest riparian trace is located
in Maroosk River approximately 500 m in width. The major
alluvial fans of the study area are located at south of Kharv
(the area is approximately 36 km2). Moreover, there are sev-
eral alluvial fans located inMirabad area (north of Neishaboor
city) with the whole area of about 27 km2. Furthermore,
alluvial fans can be seen in the north of the study area (such
as Bujan, Grineh, Maroosk, etc.) which the area is about 40 to
50 km2. In addition, medium grain size alluviums with fine
matrix cover extensive part of the Neishaboor Plain. Limon
and argil fine-grain size alluviums cover the central parts of
the study plain. These fine-grained alluviums have salinized
near to the plain’s outlet due to evaporation from groundwater
in the past (Velayati and Tavassloi 1991).
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Fig. 1 Geological map along with main aquifer, meteorological stations, and river network of the Neishaboor watershed

Fig. 2 Hydraulic conductivity
contour lines (meter per day) and
spatial distribution of measured
and estimated points
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Hydraulic parameters

The spatial distribution of the hydraulic parameters is one of
the most challenging aspects of hydrogeology modeling.
Usually, the spatial distribution of the measured hydraulic
parameters is not sufficient for the groundwater model cali-
bration. Therefore, appropriate estimation of the hydraulic
conductivity has undeniable role in groundwater modeling.
Izady et al. 2013 provided the hydraulic conductivity and
specific yield mapping for the study area. The estimated
hydraulic conductivity values ranged from 0.12 to 56 m/day.
The greatest values are observed in east, south, and southwest
of the plain and near the plain outlet the conductivity de-
creases due to fine-grained alluviums (Fig. 2).

The north and south of the plain have the greatest specific
yield value (0.17) while the east and west of the plain are
associated with the smallest value (0.05) (Fig. 3).

Groundwater balance

Assuming an aquifer of area A (L2) receiving recharge from
rainfall and other sources (e.g., irrigation return flow)QRi (L

3)
with production boreholes Qpi (L

3) tapping the aquifer, and
with natural outflow Qouti (L

3) and inflow from vicinity fields
Qin (L

3) (Fig. 4), a simple water balance equation for a given
time interval can be written as follows:

Qini þ QRi−Qouti þ Qpi þΔhiASy ð1Þ

Where Δhi and Sy are water table change (L) and
storativity (or specific yield), respectively. If Qpi is
constant, aquifer storage (ΔhiASy) adjusts to accommo-
date for a net balance between QRi, Qini, and Qout. This
adjustment of the storage would be reflected in the
piezometric surface or water table change in boreholes.
The cause–effect relationship between rainfall oscillation
and water table fluctuation is effectively represented by
the correlation between the CRD and water table fluc-
tuation (Xu and Van Tonder 2001).

Theory of CRD method

This method is based on water balance equation and is used
for simulating water level fluctuations. For the first time, it
was defined by Bredenkamp et al. 1995 as follows (Xu and
Van Tonder 2001):

CRDi ¼
Xi
n¼1

Rn−k
Xi
n¼1

Rav i ¼ 1; 2; 3;…;Nð Þ ð2Þ

Where R is rainfall amount with subscript “i” indicating the

i-th month, “av” the average, and k ¼ QoutiþQpi
ASy , k=1 indicates

that pumping does not occur and k>1 if pumping and/or
natural outflow takes place.

It was assumed that a CRD has a linear relationship with a
monthly water level change. Bredenkamp et al. 1995 derived:

Fig. 3 Specific yield contour
lines and spatial distribution of
measured and estimated points
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Δhi ¼ r

s
CRDi ð3Þ

Where r is a percentage of the CRD which results in
recharge from rainfall. Equation 3 may be used to estimate
the ratio of recharge to aquifer storativity through simple
regression between CRD and Δhi (Bredenkamp et al. 1995).
A new CRD has formulated to account for a trend in rainfall
data as:

CRDi ¼
Xi
n¼1

Rn− 2−

Xi
n¼1

Rn

Rav

0
BBBB@

1
CCCCA
Xi
n¼1

Rt i ¼ 1; 2; 3;…;Nð Þ ð4Þ

Where Rt, a threshold value representing aquifer boundary
conditions, is determined during the simulation process. It
may range from 0 to Rav with 0 indicating an aquifer being

Fig. 4 Conceptual model of the study area
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closed and Rav implying that the aquifer system is open,
perhaps being regulated by out flow (pumping or natural
outflows). Note that Eq. 4 reduces to Eq. 2 if rainfall events
Ri do not show a trend (Rt=Rav). In this case, cumulative
rainfall average would conform to Rav.

It is assumed that CRD is the driving force behind a
monthly water level change if the other stresses are relatively
constant. The groundwater level will rise if the cumulative
departure is positive, and it will decline if the cumulative
departure is negative.

Since CRD∝(Δh+(Qp+Qout)/(ASy)), then rCRD=Sy(Δh+
(Qp+Qout)/(ASy)). After rearrangement, one obtains the following:

Δhi ¼ r

Sy
CRDi− Qpi þ Qouti

� �
=ðASyÞ

� �
ð5Þ

Term ((Qpi+Qouti)/(ASy)) in Eq. 5 is necessary only if a
pumping hole and/or outflow have influence over the study area
where water levels were collected. This model will be referred to
as the R-CRDmodel. Both CRD and R-CRD fail to interpret the
situation which the groundwater level raises while the consecu-
tive cumulative departures are negative (Sun et al. 2013).

The study area is connected to other fields and inflow/
outflows as well as withdrawal through pumping holes are
influenced water level fluctuations. Furthermore, due to low

Table 1 The fraction of return
flow (λ), cumulative rainfall de-
parture (r), length of rainfall time
series which contribute to
groundwater recharge, Rt, and
root mean square error (RMSE)
for each sub-zone

Observation well ID r (%) λ (%) Rt (mm) Length (month) RMSE

OW1 5.17 45.00 0.0 18 0.27

OW2 34.66 3.65 0.0 4 0.52

OW3 6.76 45.00 0.0 10 0.16

OW4 1.94 39.94 0.0 7 0.10

OW5 10.47 14.53 0.0 10 0.50

OW6 1.01 15.46 0.0 6 0.07

OW7 1.66 44.51 0.0 2 0.13

OW8 8.12 1.33 0.0 2 0.07

OW9 4.50 13.28 0.0 10 0.21

OW10 2.60 38.13 5.0 18 0.14

OW11 26.18 36.07 0.0 1 0.12

OW12 20.69 32.62 0.0 3 0.28

OW13 29.22 27.21 0.0 2 0.26

OW14 25.04 45.00 0.0 3 0.40

OW15 38.73 12.20 0.0 3 0.39

OW16 0.94 45.00 0.0 9 0.11

OW17 1.98 0.00 0.0 1 0.08

OW18 19.86 0.00 0.0 2 0.14

OW19 11.28 5.13 0.0 3 0.15

OW20 2.31 19.97 8.1 2 0.10

OW21 0.01 7.14 24.0 1 0.04

OW22 3.09 48.62 0.0 10 0.08

OW23 13.10 21.18 0.0 2 0.20

OW24 2.90 41.18 0.0 8 0.13

OW25 1.92 19.31 5.1 7 0.07

OW26 8.23 1.58 0.0 2 0.06

OW27 8.58 31.26 0.0 2 0.12

OW28 8.58 45.00 0.0 16 0.12

OW29 22.79 36.37 0.0 2 0.18

OW30 13.47 18.30 0.0 3 0.24

OW31 1.88 45.00 0.0 8 0.11

OW32 0.23 6.93 0.0 4 0.06

OW33 3.00 40.96 0.0 11 0.16

OW34 7.00 45.00 0.0 10 0.13

OW35 2.20 23.28 0.0 7 0.20
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irrigation efficiency fraction of withdrawal through abstrac-
tion, wells return to the aquifer, therefore, a coefficient of λ
was defined to consider the return flow. Hence, the Eq. 3 with
regard to water balance (Eq. 1) rearranged as follows:

Δhi ¼ r

sy
CRDi− 1−λð ÞQpi−Qini þ Qouti

� �
=ðASyÞ

� �
ð6Þ

This equation is used to estimate the ratio of recharge to
aquifer storativity through minimizing the difference between
calculated and measured Δhi series.

Theory of RIB method (Xu and Beekman 2003)

The RIB method shows resemblance to the CRD method in
that it also simulates groundwater levels but differs from the
CRD method in that it accounts for the manner in which
recharge occurs. It therefore provides a better opportunity
for explaining the occurrence of recharge under different

Table 2 The average annual groundwater recharge estimated via CRD
method for a 10-year period from 2000/2001 to 2009/2010

Time
period
(years)

Withdrawal
from
abstraction
wells (MCM)

Total
recharge
(MCM)

Recharge
from return
flow (MCM)

Recharge
from
cumulative
rainfall
departure
(MCM)

2000–2001 690 190 101 89

2001–2002 679 393 177 215

2002–2003 671 486 178 307

2003–2004 663 482 177 305

2004–2005 654 513 175 338

2005–2006 643 408 173 235

2006–2007 633 506 170 336

2007–2008 623 364 168 197

2008–2009 616 456 167 289

2009–2010 616 471 167 304

Mean 649 427 165 261

Fig. 5 The results of CRDmethod for each sub-zone, the brown and dark blue colored numbers are the fraction of return flow and rainfall, respectively
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conditions. The arrival time of this water at the water table is
delayed due to the three-dimensional spreading of moisture.
The duration of the recharge event is prolonged with increas-
ing thickness of the unsaturated zone.

If records of rainfall events are expressed as a time series:
P1, P2, P3 … Pn, a RIB(i) (the cumulative recharge from
rainfall event of m to n) can be defined as:

RIBðiÞnm ¼ r
Xn
i¼m

Pi− 2−
1

Pav n−mð Þ
Xn
i¼m

Pi

 !Xn
i¼m

Pt

 !

i ¼ 1; 2; 3;…Nð Þ
n ¼ i; i−1; i−2;…Nð Þ
m ¼ i; i−1; i−2;…Mð Þ; M < N < I

ð7Þ

Fig. 6 Contour lines of alluvium thickness (September 2010)

Fig. 7 Comparison of observed
and simulated water level
fluctuations with the R-CRD
model for whole study area
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Where r is that fraction of the abovementioned CRDwhich
contributes to the RIB; Pav is the mean precipitation of the
whole time series; Pt is a threshold value representing aquifer
boundary conditions, ranging from 0 to Pav. The symbol i

represents a sequential number of a rainfall record, while
parametersm and n, introduced as memory markers, represent
the start and end of a time series length, during which period
rainfall events contribute to the breakthrough RIB(i).

Fig. 9 Comparison of observed
and simulated water level
fluctuations with R-CRD model
for OW17

Fig. 8 Comparison of observed
and simulated water level
fluctuations with the R-CRD
model for OW2

Fig. 10 Comparison of observed
and simulated water level
fluctuations with R-CRD model
for OW26
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Relationship between RIB and groundwater level fluctuation

The relationship between the RIB model and water level
fluctuations can be expressed as (Sun et al. 2013):

Δhi ¼ 1= Sy
� �

⋅ RIBðiÞnm−
Qp þ Qout þ Qoth

ASy

� ��
ð8Þ

Where A is area of the catchment, Qp, Qout, and Qoth

represent groundwater abstraction, outflow, and groundwater
volume changes resulting from other activities, respectively.

As mentioned before, for our study area, we should apply
the modified form of Eq. 8 as follows:

Δhi¼ 1=Sy
� �

RIBðiÞnm
� �

− 1−λð ÞQpi þ Qouti þ Qothi

� �
=ðASyÞ

� �
i ¼ 0; 1; 2; 3;…Ið Þ

ð9Þ

Equation 9 can also be used to estimate the ratio of recharge
to aquifer storativity byminimizing the difference between the
calculated and measured Δhi series.

As noted by Sun et al. (2013), the difference of departures
should be regarded as recharge instead of using the departure
from average. The groundwater level will rise if the difference
is positive and vice versa; recharge at the ith time scale can be
calculated as:

Table 3 The fraction of return
flow (λ), cumulative rainfall de-
parture (r), length of rainfall time
series which contribute to
groundwater recharge (length), Rt,
lag time, and RMSE for each sub-
zone

Observation well ID r (%) λ (%) Rt (mm) Lag time (month) Length (month) RMSE

OW1 9.11 45.00 0.0 8 10 0.29

OW2 43.26 3.45 0.0 11 4 0.46

OW3 7.50 45.00 0.0 14 9 0.15

OW4 3.28 17.18 0.0 10 11 0.10

OW5 10.47 14.53 0.0 0 10 0.50

OW6 0.66 15.40 0.0 10 11 0.07

OW7 1.21 34.91 0.0 15 9 0.10

OW8 12.21 3.13 0.0 1 1 0.07

OW9 12.84 20.99 0.0 8 4 0.20

OW10 2.86 22.69 0.4 3 15 0.14

OW11 9.22 22.04 0.0 8 5 0.11

OW12 20.56 16.93 0.0 8 4 0.27

OW13 22.34 15.11 0.0 8 3 0.27

OW14 12.44 24.40 0.0 6 11 0.35

OW15 15.00 24.64 0.0 7 5 0.38

OW16 3.81 21.93 3.1 11 9 0.11

OW17 1.98 0.00 0.0 0 1 0.08

OW18 13.88 0.00 0.2 9 4 0.12

OW19 9.71 3.52 0.0 9 4 0.15

OW20 2.31 19.97 8.1 0 2 0.10

OW21 0.71 1.79 8.9 7 3 0.04

OW22 3.18 46.36 0.0 1 10 0.08

OW23 13.10 21.18 0.0 0 2 0.20

OW24 2.90 41.18 0.0 0 8 0.13

OW25 3.03 22.90 9.2 1 4 0.07

OW26 8.23 1.58 0.0 0 2 0.06

OW27 7.46 26.55 0.0 8 3 0.12

OW28 11.71 45.00 0.0 3 12 0.12

OW29 14.41 28.82 0.0 9 5 0.16

OW30 15.78 12.05 0.0 9 4 0.22

OW31 4.22 45.00 0.0 4 3 0.11

OW32 0.65 6.05 0.0 2 2 0.06

OW33 3.48 38.65 0.0 1 10 0.16

OW34 6.33 50.00 0.0 1 10 0.13

OW35 1.45 24.75 0.0 1 9 0.20
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ReðiÞ¼ RIBðiÞnm
� �

−RIB i−1ð Þn′m′−ΔQ=A¼ ΔhðiÞ−Δh i−1ð Þ½ �⋅Sy
− Qp þ Qout þ Qoth− Qp′ þ Qout′ þ Qoth′

� �� �
= A

� �
i ¼ 2; 3;…I ;m < n < I ;m′ < n′ < I ; n−mþ 1 ¼ n′−m′ þ 1:ReðiÞ > 0
� �

ð10Þ
Reð1Þ ¼ Δhð1Þ⋅Sy− Qp1 þ Qout1 þ Qoth1

� �
=A ð11Þ

TRe ¼ Reð1Þ þ
Xn
i¼2

ReðiÞ i ¼ 2; 3;…Ið Þ ð12Þ

Where Re(1) is the recharge for the first time step, and Re(i)
represents the recharge estimate at the ith time, which could be
daily, monthly, or annually. TRe is the sum of the recharge in
mm for the whole time series. If the value of Re(i) becomes
negative in Eqs. 10 and 11, no recharge on the ith time scale is
assumed.

The optimization process of both CRD and RIB models is
implemented in a user-friendly Excel program called REME
which was produced by Xu and Van Tonder (2001). This
program was also modified to consider λ coefficient.

Data required

Regarding Eqs. 6 and 9, a few non-deterministic data such as
groundwater level measurements, rainfall, aquifer properties
including specific yield, transmissivity, unsaturated thickness,
lateral inflow and outflow, and groundwater extraction dataset
were required to implement the CRD and RIB models. The

study area was subdivided based on observation well (35
OWs) with the help of ARCGIS products and Thiessen meth-
od, then, transmissivity, specific yield, monthly records of
rainfall, abstraction wells, lateral groundwater inflow and
outflow data were provided for each sub-zone. Complete
procedures for preparation these datasets can be found in
Ahmadi et al. (2012).

Fig. 11 The results of RIB
method for each sub-zone, the
brown and dark blue colored
numbers are fraction of return
flow and rainfall, respectively

Table 4 The average annual groundwater recharge estimated using RIB
method for a 10-year period from 2000/2001 to 2009/2010

Time
period

Withdrawal
from
abstraction
wells
(MCM)

Total
recharge
(MCM)

Recharge
from return
flow (MCM)

Recharge
from
precipitation
(MCM)

2000–2001 690 66 40 26

2001–2002 679 276 110 166

2002–2003 671 450 159 291

2003–2004 663 513 157 355

2004–2005 654 518 156 363

2005–2006 643 497 153 344

2006–2007 633 443 151 292

2007–2008 623 492 149 344

2008–2009 616 378 149 229

2009–2010 616 515 149 366

Mean 649 415 137 278
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Results and discussion

The CRD and RIB models were applied in 35 Thiessen
polygons created based on existing observation wells. The
monthly recharge as a percentage of monthly rainfall and
monthly exploited water amount (return flow) as well as lag
time were calculated for each polygon from October 2000 to
September 2010. The CRD results for each sub-zone are
summarized in Table 1 and illustrated in Fig. 5.

The average fraction of return flow (λ) and cumulative
rainfall departure (r) which contribute to groundwater re-
charge were obtained 27 % and 13 % for the study area,
respectively. The depth of water table in the study area ranges
from 11 to 150 m (Fig. 6). Therefore, the simulation of water
levels based on the CRD method due to lag time occurs in the
thick unsaturated zone could be accompanied with low accu-
racy. The simulated and observed water level fluctuations did
not match well for a couple of sub-zones such as OW3,
OW22, OW28, OW33, and OW34 where deep water table
exists. In the literature, 0 to 5 % of rainfall (Gieske 1992;

Wheater 2010) and 10 to 24 % of groundwater extraction
(Dewandel et al. 2008) were reported for an aquifer recharge.
Hence, the fraction of return flow which contribute to ground-
water recharge for some sub-zones including OW1, OW3,
OW4, OW7, OW16, OW22, OW24, OW31, OW33, and
OW34 seems to be overestimated. These discrepancies could
be due to the over-/under-estimated lateral groundwater
inflow/outflows or not considering delay effect of rainfall
and return flow. The high correlation between the coefficients
in these observation wells could be another reason for the
discrepancies. Table 2 shows the annual average groundwater
recharge estimated through the CRD method for a period of
10 years from 2000/2001 to 2009/2010. These values are the
sum of annual recharge estimated for each polygon.

The results showed that the groundwater recharge from
precipitation varied from 197 MCM to 338 MCM. This part
of recharge has decreased drastically for the annual rainfall
less than 300 mm while the recharge from the return flow
remained unchanged during this period. Since the period of
estimating recharge for each sub-zone has been reduced due to

Fig. 12 Comparison of observed
and simulated water level
fluctuations with the RIB model
for whole study area

Fig. 13 Comparison of observed
and simulated water level
fluctuations with RIB model for
OW4

Arab J Geosci



the length of rainfall time series which contribute to ground-
water recharge, the minimum values of recharge pertained to
the first year of 2000–2001. Therefore, the result of the model
for this year was not taken in to consideration.

Figures 7, 8, 9, and 10 show the goodness of fit of the
simulated groundwater level fluctuations based on the revised
recharge cumulative rainfall departure (R-CRD)model (Eq. 6)
for a couple of observation wells.

Using the RIB model (Eq. 9), the average groundwater
recharge as a percentage of rainfall and return flow in the
entire area of the Neishaboor Plain was calculated as 11 and
19 %, respectively. Table 3 summarized the result of RIB
model for each polygon. Figure 11 depicted the results of
RIB method for each sub-zone.

Table 4 listed the average annual groundwater recharge
estimated through RIB method for a period of 10 years from
2000/2001 to 2009/2010. These values are the sum of esti-
mated annual recharge within each polygon. The results
showed that groundwater recharge from precipitation ranges
from 166 MCM to 366 MCM (first year is exception due to

length of time series considered in calculation). The volume of
the return flow remained about 149 MCM for this period.
Figures 12, 13, 14, and 15 show the goodness of fit of the
simulated groundwater level fluctuations based on the re-
charge RIBmodel (Eq. 9). In these OWs, the lag time between
observed and simulated extremums has been improved.

The length of rainfall time series which contribute to
groundwater recharge and lag time for these polygons ranges
from 0 to 15 months. These showed good agreement with
physiological conditions of each sub-zone based on water
table depth.

As depicted in Fig. 11, applying RIB model, the fraction of
rainfall and return flow seem more reasonable. However,
considering lag time, unmatched observed and simulated wa-
ter level fluctuations within those five OWs (e.g., OW3,
OW22, OW28, OW33, and OW34) did not improved. These
OWs located close to the boundary and they probably are
under the influency of other sources of inflow and outflow.

The longest lag time (15 months) belonged to OW7 poly-
gon in the aquifer outlet. It means that rainfall occurred during

Fig. 14 Comparison of observed
and simulated water level
fluctuations with RIB model for
OW8

Fig. 15 Comparison of observed
and simulated water level
fluctuations with RIB model for
OW32
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9 months reaches after 15 months to the water table at this
point. As expected, the lag times enhanced by increasing
depth to groundwater.

Figures 16 and 17 illustrate zoning of groundwater
recharge estimated using CRD and RIB models,
respectively.

Fig. 16 Zoning of groundwater
recharge estimated through the
CRDmethod as an average of 10-
year time period from 2000 to
2010 (in millimeters)

Fig. 17 Zoning of groundwater
recharge estimated through the
RIB method as an average of 10-
year time period from 2000 to
2010 (in millimeters)
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Conclusion

In this research, the CRD and RIB methods were applied to
estimate the distribution of natural groundwater recharge in
Neishaboor plain. These methods are simple, cost effective,
and easy to be utilized as well as efficient tools to estimate
groundwater recharge. They require a few non-deterministic
data including groundwater level measurements, rainfall,
aquifer properties, and groundwater extraction dataset.
Accuracy and reliability of groundwater recharge estimated
with these methods depend on those of the input datasets and
their assumptions. Themore accurate measured data provided,
the more reliable results obtained with these methods.

CRD and RIB in contrast to other water balance ap-
proaches such as hydrological budget and WTF are more
accurate as there would be thought over actual mechanism
of rainfall water to reach the groundwater table and scrutinized
sources of recharge. As CRD and RIB are lumped parameter
approaches, hence, these methods were implemented to esti-
mate groundwater recharge in each Thiessen polygon. This
approach gave us spatial distribution of the recharge which
could be used as a good initial guess for numerical ground-
water modeling. These values which are based on nature of
surface/ground water interaction will facilitate the calibration
process of groundwater modeling. Furthermore, the recharge
source (e. g., rainfall or return flow) was separated which aids
to better groundwater management.

The estimated groundwater recharge by the RIB method
was comparable to the results of the other methods (i.e.,
hydrological budget, WTF, and CRD) and provided effective
rainfall duration and lag time. Sensitivity analysis showed that
lateral flow and transmissivity have the most impact on the
recharge estimated through these methods. Applying these
two methods revealed that the average groundwater recharge
as a percentage of cumulative rainfall departure and return
flow in the study area are 11 and 19 %, respectively.
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