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Abstract Indus basin irrigation system (IBIS) is one of

the largest contiguous irrigation systems of the world. The

surface canal water supplies are far less than the crop water

demands which lead farmers to use groundwater to cope

surface water scarcity. Although many studies in the IBIS

are conducted to analyze the equitable distribution of canal

water, there is hardly any study which comprehensively

analyze the equitable use of canal water and groundwater at

different spatial and temporal scales. One of the main

reasons is lack of reliable information on the volume of

groundwater abstraction. The objective of the current study

is to develop an approach for estimating the equity of canal

water and groundwater use at different spatial (canal

command, distributaries, head, middle and tail end reaches)

and temporal (daily, monthly and seasonal) scales of Hakra

canal command area of IBIS. Results show that canal water

and groundwater use to meet actual evapotranspiration is

34 and 42 %, respectively, which makes groundwater as an

integral part of the large canal irrigation schemes of IBIS.

The canal water and groundwater use varies significantly

during the cropping colander. The maximum groundwater

use is during May (51 mm) whereas the maximum canal

water use is during August (24 mm). Farmers located at the

head end reaches of Hakra canal use 42 % groundwater of

total groundwater use whereas farmers located at the

middle and tail end reaches use only 35 and 23 %,

respectively. The canal water use at the head, middle and

tail end reaches is 40, 34 and 26 %, respectively. These

results show that the farmers located at the head of Hakra

canal command area use more canal water and ground-

water as compared to those located at the middle and tail

end reaches. This methodology can provide guidelines to

water managers in the region for equitable use of both

canal water and groundwater.

Keywords Canal command area � SEBAL � Water

scarcity � Groundwater abstraction � Indus basin

Introduction

The Indus basin irrigation system of Pakistan (IBIS) ‘‘by

design’’ delivers scarce water quantities at all hierarchies.

Historical evidence shows that the widespread irrigation

system was never designed on the irrigation principle of

adequacy and reliability and was part of the British colonial

irrigation era policy. Rather the objective of the colonial

policy was to extend the agriculture to all areas of Indus

basin where agriculture could flourish. This would keep the

rural population engaged in agriculture, avoid conflicts,

protection against drought and famine and hence secure the

colonial rule (Jurriens et al. 1996). Following on from the

green revolution, rice and sugarcane have emerged as

important cash crops (Jurriens et al. 1996; Brewer et al.

1999) and farmers have started looking for more than

growing only wheat and vegetables. Due to the introduc-

tion of high yielding seeds, commercialization of agricul-

ture and the increase in cropping intensities, the colonial

era water allowances have now became inadequate.

Farmers were found to respond to this scarcity by engaging
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in water thefts, tampering the outlets, exchanges in wara-

bandi times, and most importantly supplementing canal

irrigation with tubewell irrigation. Moreover groundwater

assisted poor farmers in the IBIS not only to improve their

livelihoods, but also to reduce their vulnerability against

surface water shortages and droughts. Today, groundwater

not only provides more than 50 % of the total crop water

requirements in the Indus basin (Shah 2007) but has

become an integral part of the irrigated agricultural envi-

ronment in the Indus basin. Unfortunately, the excessive

use of this precious resource with continued mismanage-

ment has led to unsustainability. Today, a major concern is

how to maintain sustainable long-term yields from these

aquifers (Todd and Mays 2005). It is now a well-recog-

nized fact that groundwater is a finite and vulnerable

resource within the irrigated areas of the IBIS and it must

be used in an efficiently manner for present and future

generations.

However, the lack of groundwater management institu-

tions, poor water intuitions, undefined groundwater man-

agement policy and no priority to regulate groundwater

abstraction has brought into question the sustainability of

groundwater use in the IBIS. A significant concern is that

there is scant data and reliable information available on

groundwater abstraction at a high spatial and temporal

resolution. An estimated figure of 50 % groundwater

abstraction for Indus basin is being used by different

researchers. However, groundwater abstraction varies

across the Indus basin depending upon groundwater

salinity, groundwater levels and availability of canal water.

In this paper, we used a geo-informatics approach (com-

bining GIS and remote sensing techniques) to estimate the

groundwater abstraction at a range of spatial scales, i.e.,

canal command area, at distributary level and at head,

middle and tail end reaches. The benefits of geo-infor-

matics techniques are the availability of spatial and tem-

poral data and these techniques also have become a very

handy tool in exploring, evaluating, and managing vital

groundwater resources in data sparse regions (Chowdhury

et al. 2003). Moreover, remote sensing has made it possible

to develop a strategic plans for surface and groundwater

resources at a high spatial and temporal resolution (e.g.,

Bastiaanssen et al. 1998; Jha et al. 2006; Meijerink et al.

2007; Muthuwatta et al. 2010; Awan et al. 2011; George

et al. 2002) and at watershed level (Vieceli et al. 2014).

The estimation of groundwater abstraction by geo-infor-

matics approaches is much more accurate than conven-

tional direct and indirect methods (Ahmad et al. 2005). The

methodology used in this paper has already been success-

fully implemented in different parts of the world (e.g.,

Ahmad et al. 2005; Castaño et al. 2010; Le Page et al.

2012). In this methodology, satellite-derived actual evap-

otranspiration (Bastiaanssen et al. 1998) is used as a main

input to estimate net groundwater use. Efficiencies at farm

and network level are then incorporated to estimate total

groundwater abstraction. In current study we are intro-

ducing a new framework of canal water and groundwater

equity. This framework incorporates the spatial and tem-

poral variation of gross and net canal water irrigation and

gross and net groundwater irrigation at detailed spatial and

temporal scales by satellite remote sensing.

Materials and methods

Study area

The Hakra canal command area is situated in the southeast

of Punjab province of Pakistan and has semi-arid climate

(Fig. 1). The long-term annual average reference evapo-

transpiration (ET0) and rainfall from the official climatic

data for the last 20 years in the study region are 1678 and

250 mm, respectively (Fig. 2). The resulting difference

between crop water demand and rainfall is fulfilled by

canal water and groundwater resources. The total irrigated

area of Hakra canal command area is 203,140 ha. There are

17 distributaries which convey water from Hakra canal to

the farmer’s field via a network of water courses and farm

channels. The area irrigated by each distributary is man-

aged by a unit of public–private partnership. Typically,

farmers elect representatives of this unit for tenure of

3 years. The mandate of this unit is to achieve water equity,

improve cost recovery, and encourage farmer participation

for management of their irrigation water. These manage-

ment units are known as farmer organizations leading by a

president who again is elected by farmers through an

election procedure. There are 17 Farmers Organizations

(FO’s) established in Hakra canal command area (Fig. 1)

and are responsible for equity of canal water distribution in

their respective areas.

A framework for canal water and groundwater

equity

A frame work was established to capture the equity of

canal water and groundwater for Hakra the canal command

area, all the distributaries of Hakra canal command area

and head, middle and tail end reaches of the Hakra canal

command area. Moreover, gross and net canal water and

groundwater irrigation was estimated at monthly, seasonal

and yearly time steps (Fig. 3).

Canal water

Gross canal water irrigation (ICWgross) The main source

of surface irrigation to Hakra canal command area is canal

 409 Page 2 of 13 Environ Earth Sci  (2016) 75:409 

123



water irrigation from the Hakra branch canal. Water from

Hakra branch canal is diverted to distributaries by regu-

lating structures. The discharge measurement and regula-

tion remains the responsibility of the Punjab Irrigation

Department (PID). PID uses stream-gauging technique to

measure the discharge in these distributaries. In this

method used by PID, the depth (stage) of water in dis-

tributary is used to determine the discharge. To measure

the water depth at head, staff-gauges are installed in at the

head of these distributaries. For any stage, the corre-

sponding value of discharge is determined from a stage-

discharge rating curve. Typically, discharge is measured

twice a day. The Programme Monitoring and Implemen-

tation Unit (PMIU) of the PID is responsible for measuring

discharges and maintaining an online database of this data.

The discharges at the head of each distributary were col-

lected from PMIU and then aggregated on a daily, monthly,

and then seasonal basis.

Figure 4 shows the off-take point of each distributary

and the area irrigated by that distributary.

Table 1 lists the 17 distributaries of the Hakra Branch

canal. There are also direct watercourses taking water

Fig. 1 Location of distributaries in Hakra canal command area of Punjab province of Pakistan
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Fig. 2 Monthly reference evapotranspiration (ET0) and rainfall data

for the Hakra canal command area
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directly from the Hakra branch canal. Based upon the

reduced distance (RD) concept, three spatial scales along

the Hakra canal are developed e.g., head, middle and tail

reaches of the Hakra canal (Table 1). In Pakistan RD is

used to measure the length of the canal from head of the

canal to downstream and 1 RD is equal to 1000 feet. The

irrigation depth for canal water, groundwater and actual

evapotranspiration is integrated between these spatial units.

Net canal water irrigation (ICWnet) Irrigation water

available at the root-zone or net canal water irrigation is

calculated using the irrigation efficiency concept i.e., water

available at head of distributary multiplied by the irrigation

efficiency (field and irrigation network efficiency). In order

to incorporate irrigation network and field application

losses, results from a study conducted by Hussain et al.

(2011) were used. According to this study, irrigation

ETa = Actual Evapotranspira�on, SEBAL = Surface Energy Balance Algorithm for Land, PMD = Pakistan 

metrological department
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network efficiency and field application efficiency for the

study region is 48 and 75 %, respectively. This results in an

irrigation efficiency of 36 % for the study region.

Groundwater

Net groundwater irrigation (IGWnet) Geo-informatic

techniques are used to estimate net groundwater use in the

Hakra canal command area. According to this approach,

net groundwater use can be estimated by establishing the

water balance in the unsaturated zone (root-zone).

ETa � ICWnet�P ¼ IGWnet ð1Þ

where Eta = actual evapotranspiration; ICWnet = net

canal water irrigation; P = rainfall; and IGWnet = net

groundwater irrigation. Secondary data is used to estimate

net canal water irrigation at distributary level whereas the

surface energy balance algorithm for land (SEBAL) model

is used to estimate actual evapotranspiration. A detailed

methodology to estimate these parameters is described in

the following sections.

Actual evapotranspiration by surface energy balance

algorithm for land (SEBAL) SEBAL is a satellite-based

remote sensing surface energy balance algorithm for land.

Fig. 4 Location of inlet points of different distributaries in Hakra canal command area

Table 1 Location different distributaries in Hakra canal command

area

Distributary Parent channel GCA (ha) CCA (ha)

Head

Mubarik (1L) Disty Hakra branch 7518 6920

Sundar (1R) Disty Hakra branch 2062 2010

Mianwala (2L) Disty Hakra branch 1964 1770

Dunga Bunga (2R) Disty Hakra branch 2149 2148

Malkir (3L) Disty Hakra branch 722 703

Khatan (3R) Disty Hakra branch 45,945 29,455

Middle

Kamrani (4L) Disty Hakra branch 855 682

Haroonabad (4R) Disty Hakra branch 28,249 17,593

Bhagsen (5R) Disty Hakra branch 4271 3715

Mamun (6R) Disty Hakra branch 49,821 41,222

Khichiwala (7R) Disty Hakra branch 26,770 21,804

Josar (8R) Disty Hakra branch 2912 2574

Tail

Sardrewala (9R) Disty Hakra branch 20,206 19,917

Hakra Left Disty Hakra branch 2457 2419

Hakra Right Disty Hakra branch 45,485 42,911

Flood Channel Disty Hakra branch 9141 6687
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The detailed formulation of this algorithm is presented by

Bastiaanssen et al. (1998). Further, this model is validated

under diverse ago-climatic conditions by Bastiaanssen

et al. (1998). Researchers report that without calibration the

model showed an accuracy of 95 % which can also be an

instrumental error. This model has been consistently used

in several water balance studies across the globe (e.g.,

Awan et al. 2011; Hellegers et al. 2009; Karatas et al. 2009;

Conrad et al. 2007; Hafeez et al. 2007).

The theory of this model is based on a research study

conducted in Pakistan by Bastiaanssen et al. (1998). The

actual evapotranspiration is residual product of surface

energy budget which is given as below:

Rn ¼ G0 þ H þ kE ð2Þ

where Rn = net radiation (W m-2); G0 = soil heat flux

(W m-2); H = sensible heat flux (W m-2); and kE = la-

tent heat flux (W m-2).

Bastiaanssen et al. (2002) introduced the evaporative

fraction concept according to which Eq. (2) can be

expressed as a latent heat flux by considering evaporative

fraction and net available energy (Rn - G0):

kE ¼ DðRn � G0Þ ð3Þ

where D is evaporative fraction and can be described as:

D ¼ kE
Rn � G0

¼ kE
kE þ H

ð4Þ

The net available energy (Rn - G0) can be estimated

from instantaneous timescale to daily or to monthly time-

scale. For timescales of 1 day, soil heat flux can be ignored

and net available energy reduces to net radiation (Rn) by

which actual evapotranspiration on daily basis can be cal-

culated as:

ET24 ¼
86400� 103

k� qw
� D� Rn24 ð5Þ

where Rn24 = 24 h averaged net radiation; k = latent heat

of vaporization; and qw = density of water.

Satellite data Land cover, land surface temperature, land

surface albedo are essential variables in estimation of

actual evapotranspiration (Bandara 2006). Recent devel-

opment in remote sensing makes it possible to estimate

these parameters for different satellite sensors (Hafeez

et al. 2007). In current study, we used MODIS (Moderate-

resolution Imaging Spectroradiometer) data for its optimal

spectral bands, high temporal resolution (8 days) and data

products required for SEBAL. Table 2 shows MODIS

standard products which are used in current study and can

be downloaded free from the MODIS data distribution

website (https://lpdaac.usgs.gov/get_data/data_pool). A

total of 69 images were downloaded for land surface

temperature (MOD11A2), land surface reflectance

(MOD09Q1) and normalized daily vegetation index

(NDVI) (MOD13A2). These products are the main input

required by SEBAL model to estimate other variables of

energy budget and eventually actual evapotranspiration.

Climatic data Climatic data needed for this study were

collated from Punjab Metrological Department (PMD).

The data includes rainfall, wind speed, mean and maximum

air temperature, relative humidity, and solar radiation. The

long-term annual average reference evapotranspiration

(ET0) for the study area was calculated by the Hargreaves

method (Hargreaves and Samani 1985) is 1678 mm

whereas crop specific evapotranspiration is 1313 mm.

Gross groundwater irrigation (IGWgross) The gross water

irrigation is the total amount of groundwater abstracted by

the farmers for irrigating their specific crops. It is calcu-

lated by dividing the net groundwater use with irrigation

efficiency. Irrigation efficiency is losses in the field chan-

nels while conveying water from the tubewells to the

farmer fields and losses during field applications. For cur-

rent study, we used the conveyance losses of 16 %

described by Hussain et al. (2011).

Results and discussion

Actual evapotranspiration

The annual actual evapotranspiration (ETa) in the Hakra

canal command area varies significantly within all the

distributaries with a maximum and minimum values of 939

and 460 mm, respectively, with an average of 676 mm

(±124 mm) (Fig. 5). The maximum ETa is for 1R dis-

tributary which is located at the head of the Hakra canal

whereas the minimum value is for Hakra left which is

located at the tail of the Hakra canal. The monthly values

of ETa not only varies significantly between different dis-

tributaries but also within the months. The maximum

monthly average ETa values are during the month of July

Table 2 MODIS data used for

SEBAL algorithm
Product name Dataset Spatial resolution (m) Sensor

MOD09Q1 Land surface reflectance (band 1 and band 2) 250 TERRA

MOD11A2 Land surface temperature and emissivity 1000 TERRA

MOD13A2 NDVI 1000 TERRA
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(78 mm) and August (78 mm) which is peak irrigation

season with highest crop water demands. The minimum

ETa values are during the month of December (31 mm) and

January (27 mm) due to closure of canals and lowest crop

water requirements (Fig. 5).

Figure 6 is showing the spatial distribution of annual

actual evapotranspiration in different distributaries of

Hakra canal command area. The ETa map shows the sig-

nificant variation of ETa especially at head and tail end

reaches of the Hakra canal. The ETa is high at the north–

east side from where the Hakra canal originates and low at

the south–west side which is the tail of Hakra canal.

Gross and net canal water irrigation

The annual gross canal water irrigation (ICWgross) varies

significantly in different distributaries of Hakra canal. The
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Fig. 5 Actual

evapotranspiration on monthly

(a) and annual (b) basis in
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Fig. 6 Spatial distribution of actual evapotranspiration in Hakra

canal command area
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maximum and the minimum ICWgross are 833 and 434 mm

for 3L and Hakra left distributaries, respectively with an

annual average of 649 mm (±129) for Hakra canal com-

mand area (Fig. 7). There is no ICWgross during the month

of January due to closure of Hakra canal. The peak irri-

gation season is from June to September with highest

ICWgross during August (67 mm) and September (68 mm).

These results show that the average annual ICWgross

(649 mm) is 49 % less than the average annual crop water

requirements, i.e., crop evapotranspiration (1313 mm).

The maximum and minimum annual average canal

water irrigation (ICWnet) is 283 and 156 mm, respectively,

for 2R and Hakra left distributaries (Fig. 8). Average

annual ICWnet which reaches the crop root-zone is only

227 mm (±45) which is 17 % of the crop evapotranspi-

ration and 34 % of the actual evapotranspiration (676 mm),

respectively. The lowest ICWnet is in January due to clo-

sure of canal whereas maximum is from June (21 mm) to

September (24 mm).

Gross and net groundwater irrigation

ICWnet and ICWgross results show that canal water supplies

in Hakra canal command areas are much lower than the

crop water demand which necessitates the use of ground-

water. Gross groundwater irrigation (IGWgross) results

show that groundwater is an integral part to meet the crop

water requirements. IGWgross is maximum (676 mm) for

1R distributary which is located at the head of the Hakra

canal command area. The IGWgross was also on the higher

side for 1R distributary. The minimum IGWgross was for

Hakra left (295 mm) which is located at very tail end
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reaches of the Hakra canal (Fig. 9). This shows that head

distributaries are using more canal water and groundwater

as compare to tail end distributaries.

Total average annual net groundwater irrigation

(IGWnet) is 283 mm which is 44 % of the average annual

canal water supplies (Fig. 10). However average annual

groundwater contribution to actual evapotranspiration is

42 %. The maximum monthly average IGWnet is during the

month of May whereas the minimum ETa values are during

the month of February.

Comparison of canal water and groundwater

irrigation

A comparison of the spatial distribution of the net irrigation

supply between head, middle and tail end reaches is

presented in Fig. 11. This analysis reveals that farmers

located at the head end reaches receive 40 % of the total

net irrigation supply by Hakra canal whereas farmers

located at the middle and tail end reaches receives only 34

and 26 % net irrigation supplies, respectively.

A comparison of spatial distribution of actual evapo-

transpiration at the head, middle and tail end reaches is

presented in Fig. 11. Results show that 40 % of the total

actual evapotranspiration is from head end reaches which

reduces to 35 and 25 % only for middle and tail end

reaches. The difference between actual evapotranspiration

at head and middle reaches is only 10 %. However, actual

evapotranspiration at tail end reaches is 13 % lower than at

head end reaches.

A comparison of spatial distribution of net groundwater

irrigation at head, middle and tail end reaches is presented
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in Fig. 11. The results show that farmers located at the

head end reaches uses 42 % groundwater whereas farmer

located at the middle and tail end reaches use only 35 and

23 %, respectively. This indicates that farmers at the

middle and tail end reaches of the Hakra canal command

area uses 8 and 27 % less water than farmers at the head-

end reaches of Hakra canal.

Discussion

Water allowances and water duties for irrigation water use

in the Indus basin have been developed during colonial

times. It is a well-recognized fact that current water sup-

plies are scarce especially after the green revolution (Jur-

riens et al. 1996; Brewer et al. 1999). Ullah et al. (2001)

reported that canal water supplies are only one third of the

crop water requirements. In current study we estimated this

canal water scarcity at two levels, i.e., at the head of dis-

tributary and at the root-zone. We found that only 649 mm

water is available at the head of canal against demand of

1313 mm at field level. This shows that canal water sup-

plies at the head of distributaries are only 51 % of the

actual crop water requirements. This means that even if

irrigation network efficiency is increased to 100 % (no

losses during field application and during irrigation net-

work), still there is 49 % deficiency of canal water sup-

plies. Estimates of water scarcity at root-zone depicts even

worse situation. Results show that canal water supply (net

irrigation) at the root zone is only 234 mm against demand

of 1313 mm. This means that irrigation system is providing

only 18 % canal water of the crop water requirements.

Crop water demands depend upon agro-climatic condi-

tions. Ullah et al. (2001) reported that crop water demand is
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irrigation on monthly (a) and
annual (b) basis in different

distributaries of Hakra canal
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different for different canal command areas in Indus basin.

Ullah et al. (2001) further reported that variation in demand

between different agro-climatic conditions is due to change

in cropping patterns and variation in reference evapotran-

spiration. Although Hakra canal command area is repre-

sentative of the climatic conditions of the Punjab province

but still comparison between water scarcities at different

canal command area is suggested. Nevertheless results in

case canal command area of Hakra canal shows that canal

water scarcity at the head of Hakra canal and at the root

zone is alarming.

Access to groundwater by tubewell irrigation has assisted

poor farmers in Pakistan not only to improve their liveli-

hoods, but also to reduce their vulnerability against surface

water shortages and droughts. There are studies which

describes the inequity of canal water use in the region

(Alexandridis et al. 1999; Ahmad et al. 2009). However,

there are very few studies which reported the volume of

groundwater abstraction (e.g., Ahmad et al. 2005).

Groundwater abstraction is never part of irrigation water

policy in Pakistan. Like canal water which is being managed

by the PID, there is no institution monitoring and regulating

the groundwater abstraction. Latif and Ahmad (2008)

reported that injudicious use of groundwater in Pakistan is

degrading lands, lowering groundwater levels and eventu-

ally deteriorating livelihood standards in rural areas of

Pakistan. Moreover, Siebert et al. (2010) and Wada et al.

(2010) indicated independently that the Indus basin has one

of the most overexploited groundwater systems worldwide.

It is therefore of paramount importance to monitor and reg-

ulate groundwater levels for sustainable groundwater man-

agement policy. Missimer et al. (2015) reported that dams

coupled with aquifer storage and recovery wells can enhance

the groundwater recharge which, however, need research in

the IBIS. Based upon the principle that one cannot manage

what one does notmeasure, we quantified groundwater use in

Hakra canal command area. Groundwater contribution to

crop water requirements was estimated at different levels.

The groundwater abstraction is 47 % of the actual evapo-

transpiration. The net ground water use is 32 % of the actual

evapotranspiration which is almost same to the net irrigation

by canal water. The groundwater abstraction is 47 % of the

gross canal water supply. These results are in-line with other

studies conducted in Indus basin. Shah (2007) reported that

the groundwater is providing more than 50 % of the total

crop water requirements in the Indus basin. Shah (2007)

reported that in both India and Pakistan, surface water long

dominated irrigated agriculture is now overtaken by

groundwater with groundwater now serving 60 %ormore of

irrigated lands (Shah et al. 2007). Erenstein et al. (2007) did

not quantify the groundwater abstraction but reported that

groundwater provides themajor share of total water supply at

the farm gate in Punjab province of Pakistan. Results of this

study although did not provide direct comparison but shows

the intensity of groundwater use in Indus basin. We further

scaled down our results to Farmer organizations (one farmer

organization controls one distributary) which are main

management unit in Indus basin. Results show that farmer

abstract 40 % more groundwater from head end distribu-

taries than from tail end distributaries. As there is no litera-

ture found on the quantification of groundwater use at head,

middle and tail end reaches, discussion with farmers are

conducted to understand the reasons. Farmers reported two

main reasons for low groundwater abstraction at tail end

reaches, i.e., (1) groundwater is much deeper in the tail end

reaches as compared to head end reaches. Farmers have to

install centrifugal pumps in deeper pits or replacing cen-

trifugal pumpswith submersible pumps (Ambast et al. 2006).

Groundwater at tail end reaches is often saline. Latif and

Ahmad (2008) also reported the same that groundwater

quality deteriorates along the canal reaches and is worse at

the tail end reaches. Therefore, farmers use less groundwater

as compared to farmers located at the head of distributaries.

Artificial channels have also strong influence on the source

and extent of saline water intrusion (Manda et al. 2014)

which in turn can cause the degradation of the irrigation

schemes.

Conclusions

Surface water resources are notably scarce in the Hakra canal

command area which even combined with groundwater do

not fulfill crop water requirements. Groundwater resource is

vulnerable to human induced activities and therefore require

proper management. Benefit of geo-informatics techniques is

to capture the spatial distribution of groundwater use at high

temporal resolution in a given canal command area.

Groundwater quantification at head, middle and tail end

reaches of Hakra canal command area provides information

which can easily be interpreted in water management

framework for efficient and optimal use of groundwater

resource. Comparison of canal water irrigation and ground-

water irrigation at different spatial and temporal scales is

another proxy which can assist water managers for con-

junctive use of surface and groundwater resources.
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