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ABSTRACT

Quetta is an important urban center and administrative capital of the Balochistan province
of Pakistan. Due to its arid climate and absence of reliable surface water resources, the
city heavily relies on groundwater, where rainfall is a prominent source of recharge. As
per the past studies, due to increased population and unregulated extraction, groundwater
levels in Quetta are declining at a rate of 1.5-5.0 m/year, which calls for a detailed
assessment of recharge regime for a sustainable resource protection. Therefore, the
monthly and annual groundwater recharge in Quetta from rainfall was computed in this
research using the Water Balance Approach for the period 1990—-2023. The analysis
showed a significant reliance of groundwater recharge on the climate patterns, with the
highest monthly recharge in January (21.6 mm) due to high rainfall and low ET, while
lowest recharge was found in July (3.31 mm) due to low rainfall and high ET losses, with
the mean annual total recharge as 108.6 mm. Further, the Recharge to Precipitation ratio
estimated from the daily water balance showed that 15% of annual rainfall contributes to
groundwater recharge in Quetta. By evaluating the daily water balance, the study
comprehensively explained the monthly and annual groundwater recharge regime, along
with the rainfall and ET patterns in Quetta. The outcomes of this research would
essentially serve to formulate an effective policy and strategy to optimize the groundwater
extraction in Quetta without encroaching the aquifer’s safe yield and to sustainably
manage the available groundwater resources for the coming years.
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INTRODUCTION

Water is the most abundant and an important state of matter on earth due to its significance
for the existence of living beings, making up nearly 71% of earth surface (Azharuddin et
al., 2022; Kezzar and Souar, 2024; Mechta et al., 2024). Out of the total global water
resources, 97% is brackish (TDS between 3,000 to 10,000 mg/L) to saline (TDS above
10,000 mg/L) and 3% is freshwater (TDS below 3000 mg/L) (Remini, 2021; Musie and
Gonfa, 2023). Based on the natural freshwater distribution, about 68% of global
freshwater is present as glaciers and snowpack, 30% as groundwater, and 2% as surface
water, with nearly 99% of world’s liquid freshwater is present as groundwater (Mishra,
2023; Shah et al., 2024). Groundwater refers to the water available below the earth surface
in the soil pores and fractures of rock formations (Faye et al., 2020; Scanlon et al., 2023).
Groundwater flows serve as an important component of global and regional water balance
and plays a significant role to sustain the streamflows and surface water bodies,
particularly during droughts and low flow periods (Bahir et al., 2015; Lachache et al.,
2023). Based on consumption, about half of the water consumed for drinking, 40% for
irrigation, and 33% for industrial uses worldwide comes from groundwater. Furthermore,
groundwater is the sole source of water for roughly 2.5 billion people worldwide
(Loaiciga and Doh, 2023). Due to the increasing world population and varying
streamflows due to changing climate and land use, the dependence on groundwater has
noticeably increased across the world, where the global groundwater decline has been
estimated to be approximately100—300 km? /year (Costantini et al., 2023). Regionally,
Asia-Pacific is ranked as the largest extractor of groundwater, with seven of the ten
countries in the world that extract most groundwater namely Turkey, Iran, Indonesia,
Pakistan, India, China, and Bangladesh. These countries together account for
approximately 60% of the world’s total groundwater use (Bordbar et al., 2023).

In response to the changing climate and land use coupled with rising population, the
groundwater resources are highly susceptible across the globe (Ouhamdouch et al., 2016;
Verma et al, 2021; Assemian et al., 2021; Chadee et al., 2023). Hydrologically,
groundwater originates through infiltration of precipitation, seepage from reservoirs and
water bodies, and artificial recharge through recharge wells (El Moukhayar et al., 2015;
Remini, 2018; Remini, 2019; Remini and Ouled Belkhir, 2019; Abaidia and Remini,
2020; Remini, 2021; Later and Labadi, 2024). Infiltration is a process in which water
enters the soil and moves vertically in the soil profile under gravity. The principal factors
governing the soil infiltration rate include soil texture, land cover, and the initial soil
moisture levels (Ali Rahmani et al., 2017). The groundwater recharge via precipitation
generally depends on the precipitation characteristics (form and amount), land treatment
and cover, soil texture, topography, location of water table, geological formation, and the
aquifer characteristics. For a sustainable management of groundwater resources, the
assessment of existing recharge regime is essential. The commonly used methods for
groundwater recharge estimation are chloride mass balance, soil physics methods,
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environmental and isotopic tracers, groundwater-level fluctuation methods, water balance
methods, Hydrological based models, and the estimation of baseflow (El Moukhayar et
al., 2015; Chibane and Ali Rahmani, 2015; Bemmoussat et al., 2017; Adhikari et al.,
2022). The Water Table Fluctuation method (WTF) is the widely used field-based
method, according to which the increase in water table is contributed by infiltrated water
depth reaching the water table. In this method, recharge is estimated by computing the
difference between groundwater levels before and after the recharge using the water level
meters and piezometers. Malakar et al. (2022) employed WTF approach for groundwater
recharge assessment in USA. Boumis et al. (2022) used WTF method to compute the
groundwater recharge. Genevieve et al. (2020) also employed WTF method to assess
aquifer recharge in selected states of Canada, with recharge equation shown as under
(Geneviéve et al., 2020):

R = Syt

™ M

Where, R is the recharge (mm/d), Sy is the specific yield, Ah is the change in water table
height (mm), and At is the time interval (day).

Infiltration is the sole process for groundwater recharge. However, not all infiltrated water
or rainfall contributes to water table, as some part of it is stored within the soil pores or
crop root zone as effective or useful rainfall, some contributes to lateral flow in the
aeration zone, and remaining travels further down and becomes a part of water table. This
portion of rainfall which contributes to groundwater recharge is known as the Effective
Infiltration (EI), and the hydrologic process is called deep percolation or deep drainage.
In order to estimate effective infiltration, both direct and indirect methods have been
proposed (Rossi and Donnini, 2018). The direct method involves calculating EI by
dividing the annual average water discharge volume from the springs by the area that
serves as their recharge, and has been used in numerous studies in the past (Kessler, 1957;
Aronis et al., 1961; Kessler, 1965). According to Mastrorillo et al. (2009), the geological
formations may be characterized by deep groundwater circulation with unknown springs
and hydraulic connections with other groundwater bodies. This makes the application of
EI direct estimation challenging and could result in skewed estimates. Due to the
restricted accuracy in determining the borders of aquifer recharge zones and the limited
availability of spring discharge data, the direct technique also has several drawbacks. In
indirect method, a coefficient called Effective Infiltration Coefficient (EIC) is computed,
which is the ratio of volume of spring discharge (effective rainfall) and total rainfall (P)
as shown below (Rossi and Donnini, 2018):

EIC = Po/P )

Where, P, is the effective rainfall. The value of EIC ranges from 0.0—1.0. Due to the
monthly rainfall variability, EIC also varies accordingly and thus, needs to be computed
on monthly as well as on annual scale. After the assessment of EIC, the gross rainfall is
multiplied with the coefficient to obtain the effective infiltration (Rossi & Donnini, 2018).
This approach is employed in different studies to calculate the groundwater recharge from
rainfall. For example, Guo et al. (2022) numerically evaluated the relationship between
infiltration and the groundwater recharge rate via EIC. Bonacci et al. (2015) estimated
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EIC on the monthly and annual scale in Gradole karst spring in Istria for monthly and
annual groundwater recharge computation from rainfall. Alloca et al. (2013) estimated
the mean annual EIC for recharge estimation in the Karst aquifers of southern Apennines

(Italy).

As per the Food and Agriculture Organization (FAO), effective rainfall is the portion of
rainfall which is actually added and stored in the soil and can be subsequently utilized by
the crops and plants for Evapotranspiration (ET). The value of effective rainfall depends
on the rainfall features, land use, initial soil moisture, soil texture, topography, and the
crop characteristics. However, effective rainfall in the sense of hydrologists and hydro
geologists corresponds, in its broadest sense, to the "part of the rainfall that contributes to
runoff". In the broad sense, effective rainfall is the rainfall that gives rise to a flow,
superficial or underground, immediate or delayed (Vittecoq et al., 2010; Kouassi et al.,
2017).

However, rainfall transformed as interception, depression storage, surface runoff, and
deep percolation is not effective. For effective rainfall, numerous field-based and
empirical methods have been proposed in the past studies. The most widely used field-
based method is the lysimetric study. Apart from field measurements, an empirical
method for estimating P, was proposed by the Natural Resource Conservation Services
(NRCS) and the United States Department of Agriculture (USDA) in 1970 as shown
below (Ali and Mubarak, 2017):

Pe=SF (0.70917 P34~ 0.11556) (10%2#5ET) 3)

Where, P. is the mean monthly effective rainfall (in), P is the mean rainfall for a month
(in), SF is the soil storage coefficient, and ET is the mean monthly crop
evapotranspiration (in). As infiltration rate also depends on the prior moisture level, SF
indicates the impact of initial soil moisture on the effective rainfall and is computed using
the following expression (Ali & Mubarak, 2017):

SF = 0.5317 +0.295D — 0.057D? + 0.003D? 4

Where, D is the soil moisture storage taken as 40 to 60 % of the available water capacity
of soil and can be computed using the expression shown below (Ali and Mubarak, 2017):

AWC = (FC-PWP)D/100 )

Where, AWC is the available water capacity (mm or inch), FC is the field capacity of soil
(%), PWP is the soil’s permanent wilting point (%), and D; is the root zone depth (Ali and
Mubarak, 2017). FAO also proposed empirical relationships for P. computations for
different arid and semi-arid climates as shown below (Allen et al., 1998):

For monthly rainfall <70 mm
Pe=0.6P-10 (6)
For monthly rainfall > 70 mm

P. = 0.8P-24 0
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Where, P is the gross rainfall (mm). However, it is important note that the Equations 6
and 7 are used where 80% probability of exceedance is required. The Renfro Equation
for P. computation is shown as under (Ali and Mubarak, 2017):

Pe=(ExP)+1 (®)

Where, E is the ratio of ET to rainfall during the crop growth period, P is the rainfall
during growth period, and I is the average irrigation depth.

In addition, some direct methods for groundwater recharge from rainfall namely
Chaturvedi formula (1973), Rao (1970), Sehgal (1973), Kirchner (1991), Bredenkamp
(1995), Kumar and Seethapati (2002), and Maxey and Eakin (1949) have also been
suggested in previous studies as shown in the Table 1. The Chaturvedi formula (1973)
was proposed for the tropical climate, with the mean annual precipitation above 400 mm.
Similarly, Rao (1970) also proposed an empirical relationship for the areas having scarce
climate data, which yields reliable estimates for the semi-arid to humid regions. Sehgal
Equation, also known as Amritsar Equation (1973) was developed using the regression
analysis for different doabs in Punjab (India) and is reliable for the areas with mean annual
precipitation ranging from 600—700 mm. Kirchner (1991) proposed a relation for
groundwater recharge by focusing on the saturated volume fluctuations and the soil cover
thickness and established that the recharge amount noticeably varies with the soil cover
characteristics (Ali et al., 2017).

Table 1: Different empirical methods for rainfall-groundwater recharge estimation.
Source: (Ali et al., 2017)

Method Mathematical Expression
Chaturvedi (1973) R=2(P-15)%3
Where R is the net annual groundwater recharge (in) and P
is the annual precipitation (in).

Modified Chaturvedi (2002) R =1.35 (P-14)°5
Sehgal (1973) R=2.5 (P-0.6)"°
Krishna (1970) For 400 <P<600 mm
R =0.2(P-400)
For 600<P<1000 mm

R =0.25(P-400)
For P>1000 mm
R=0.35 (P-600)
Kirchner (1991) For Alluvial Cover
R=10.12 (P-20)
Where P is the mean annual rainfall in mm.
For Thin Soil Cover
R=0.06 (P-120)
For Thick Soil Cover
R=0.023(P-51)
Bredenkamp (1995) R = 0.32 (P-360)
Where P is the mean annual precipitation in mm.

Kumar and Seethapati (2002) R =0.63 (P-15.28)"7°
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Where P is the annual precipitation (inch)

Maxey and Eakin (1949) R=Pxa
Where P is the annual rainfall (mm), and a is the recharge
coefficient.

Nevertheless, the major limitations of these methods is that they may not always fit on
the climate and geological conditions other than those under which they were developed.
Secondly, the temporal variation of rainfall was ignored in these methods. Therefore, the
water balance approach is more reliable to estimate the groundwater recharge.
Theoretically, water balance refers to the balance between the incoming and outgoing
water from a system (river, lake, or an aquifer). The law of water balance states that the
amount of incoming water to a system (I) equals the amount leaving it (O) plus the change
in storage (AS) over a certain period of time (t) as shown below:

I=0+AS O]
P = ET+ R + DP+AS (10)

Where P is the precipitation, ET is the evapotranspiration, R is the surface runoff, DP is
the groundwater recharge (or Deep Percolation) and AS is the soil moisture storage. The
idea of mass conservation in a closed system is the foundation of the water balance
equation, where water entering a system as precipitation (P) is quantitatively distributed
into the major components of water balance as ET, soil moisture storage, deep
percolation, and runoff (Fig.1), where the quantity of precipitation transformed in each of
these components depends on the precipitation and watershed characteristics. Water
balance is the quantitative representation of hydrological cycle, which is the continuous
exchange of water between the earth surface and atmosphere (Kamagate et al., 2017;
Qureshi et al., 2023). The hydrological cycle begins with ET, where the warm air carrying
moisture from soil, water bodies, and vegetation rises into the air, cools and condenses,
form clouds, and then falls as precipitation (Dhiwar et al., 2022).
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Figure 1: Visual representation of water balance equation. Source: (Neitsch et al.,
2011)

In hydrology, evaporation refers to the transport of water from soil and water bodies into
the air, whereas transpiration is a process in which plants extract water via roots,
consumes through photosynthesis and then release remaining water back into the air. ET
is the combined transportation of water from earth surface into the air as evaporation and
transpiration. ET is an important part of hydrological cycle and significantly impacts the
water balance of a region. Apart from the weather conditions, ET also relies on the land
cover, soil texture and vegetation type and growing phase. Reference evapotranspiration
(ET,) is a parameter which shows ET from a reference crop surface (grass or alfalfa), and
indicates the evaporative demand of atmosphere at a location. For water balance
evaluation, the computation of ET, is essential. The commonly used methods for ET,
computation are Blaney-Criddle Equation (1950), FAO Modified Blaney-Criddle
Equation (1977), Pan Evaporation Method, Penman Method (1948), FAO Modified
Penman Method, and FAO Penman-Monteith (FAO PM) Equation (Aschale et al., 2022).

Hydrologically, when rainfall occurs, some part of it is intercepted by the building
structures and vegetation before reaching the ground surface. This fraction is known as
interception. The remaining rainfall when reaches the ground surface, some portion of it
is detained in the natural depressions and low-lying areas as depression storage, some
infiltrates into the soil, and the rest flows over the land surface as runoff. When rainfall
ends, ET proceeds and most of the intercepted rainfall eventually evaporates back into
the air. Similarly, the rainwater stagnated on the soil surface and depressions goes to
evaporation or infiltration. It is important to note that the infiltration rate of soil decreases
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with time as the rainfall continues and the process ceases once the soil pores are
completely saturated with water. Once the soil pores and surface depressions are
completely filled with water, surface runoff commences. Thus, before runoff, rainfall is
required to satisfy the demands of interception, evaporation, depression storage and
infiltration, collectively known as the hydrologic losses (or initial abstraction). The
fraction of rainfall left after these losses contributes to runoff and is known as the excess
rainfall (Neitsch et al., 2011).

The water balance approach has been used in different studies to estimate the groundwater
recharge. For instance, Hossain et al. (2022) used the water balance approach to estimate
groundwater recharge at the Barind area in Bangladesh. Kisiki et al. (2022) employed the
water balance approach to estimate the groundwater recharge in the Makutupora Basin in
the semi-arid region of Central Tanzania. Yun et al. (2023) also used the water balance
approach to estimate the groundwater replenishment in the Nakdong River Watershed in
South Korea, which shows that reliable groundwater recharge estimates can be obtained
by using water balance approach.

Pakistan is among the largest users of groundwater globally for drinking, industrial
production, and agriculture. For agriculture, Pakistan is the 3™ largest user of
groundwater, where about 73% of its irrigated land is watered using groundwater
(Qureshi, 2020). As per the Water and Power Development Authority (WAPDA) of
Pakistan, the mean annual groundwater recharge from the Indus Basin is about 55 MAF,
with the country extracts nearly 50 MAF every year (Ahmad et al., 2023). As per the
World Bank, groundwater in Pakistan supplies nearly 90% of domestic water in the rural
areas, 70% of domestic water, and over 50% of agricultural water (Ling et al., 2022).
Quetta city is among the major and densely populated urban centers of Pakistan and relies
heavily on groundwater for its water use due to the scarce water resources. The major
source of groundwater recharge in Quetta is precipitation. In Quetta, groundwater decline
was first noticed by WAPDA in 1989 at a rate of 0.25 m/year. Later, a decline of 0.23-
1.09 m/year was noticed during 1990s by the same authority. As per the Balochistan
Irrigation Department, the annual groundwater replenishment in Quetta valley was
estimated to be 61.15 Million Cubic Meter (MCM), whereas the discharge is 97.65 MCM,
with a yearly deficit of 36.5 MCM (Ghani et al., 2019).

As per Hagq et al. (2024), in Balochistan, the number of tube wells increased from about
5,000 in 1980 to over 40,000 in 2015, where in Quetta, the tube wells increased from 880
to above 2000 during the period. At present, there are 20 tube wells in per km? of the city
(Kakar et al., 2019). The presence of illegal tube wells has also emerged to be an acute
menace in the city, where as per Khan and Malik (2023), nearly 24,000 illegal tube wells
have been drilled in and around Quetta, thereby stressing the available groundwater
resources. As per the Pakistan Bureau of Statistics (PBS), Quetta’s population has
ascended from 0.26 million in 1975 to approximately 2.5 million in 2023. In response to
the increasing population and groundwater extraction, the groundwater level in Quetta
has declined from 91 m (300 ft) in 2010 to 180 m (600 ft) in 2021 at a rate of 7.62 m/year
(25 ft/year) (Khan and Malik, 2023). Apart from the population rise and climate change,
the land use changes also impact the groundwater replenishment, where the increasing
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imperviousness and high impact development hydrologically hampers the groundwater
recharge process.

Different studies have been conducted in the past to investigate the groundwater recharge
and extraction in Quetta employing various approaches. Ghani et al. (2019) employed a
hydrogeological model named MODFLOW to assess the behavior of underlying aquifers
under stress in Quetta during 1995-2014. As per the study, the groundwater extraction in
Quetta increased from 0.146 MCM to 0.26 MCM during the study period, with the water
table dropped by 0.91 m/year. According to the MODFLOW s water budget calculations,
there was an annual deficit of 0.21 MCM during the research period, since the average
yearly recharge was 0.168 MCM and the annual extraction was 0.382 MCM. Further, it
was found that 20% of total precipitation contributes to groundwater in Quetta. Aftab et
al. (2018) also investigated the groundwater recharge and extraction in the major river
basins and valleys of Balochistan and found that the water table in Quetta valley is
declining at a rate of 1 to 4 m/year. Alam (2010) used Visual MODFLOW to assess the
groundwater recharge and extraction in Quetta. He concluded that 13% of annual
precipitation reaches to groundwater. Further, the annual groundwater abstraction in
Quetta rose from about 0.87 MCM in 1964 to 3.25 MCM in 2007 and is expected to reach
6.54 MCM by 2030.

In contrast to the application of computer models used in previous studies for groundwater
recharge assessment, which requires large hydrogeological data for the model calibration
and validation which might not be available for all locales and time periods. Therefore,
in such cases, the simple hydrologic water balance may get the job done by a detailed
quantitative assessment of water balance of the study area. This study was conducted to
evaluate the long-term monthly and annual groundwater recharge from rainfall in Quetta
using the Water Balance Approach. For this purpose, the daily climate data comprising
of rainfall, temperature, relative humidity, and wind speed was acquired from the Pakistan
Meteorological Department (PMD) for the period 1990—2023. The outcomes of this study
are expected to help in understanding the overall monthly and annual water balance of
Quetta city and to capture the monthly and yearly groundwater recharge dynamics that
would serve to devise a well-integrated groundwater management strategy and to
optimize the groundwater extraction for a long-term and sustainable management of water
resources.

STUDY AREA

Quetta (Fig. 2) is the capital of Balochistan province of Pakistan, with the total area of
approximately 2,674 km? and population of about 2.5 million. Based on the areal
coverage, it is the 10" largest city of Pakistan. Geographically, the Quetta Valley, which
is an elongated depression is situated between the Murdar Ghar Mountain on the east and
Chiltan Mountain on the west. In the north, the Takatu mountain peak overshadows the
area, while in the south, it is divided into two narrow valleys by the intervening hillocks
of Landi. Its eastern branch taking a slight eastward bend joins in the south with the
Spezand-Ismail Khan valley. The western branch terminates at Lak Pass. In the west of
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Quetta town, the valley has a gap extending from Samungli to Balleli through which it
joins the Karanga Lora valley in the west. The valley has been carved along a down fold
into the softer sediment of Ghazij and Siwaliks.
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Figure 2: Description of study area

Climatologically, based on the Koeppan climate classification system, Quetta has a cold
semi-arid climate with significant air temperature fluctuations round the year, where the
mean monthly temperature ranges from lowest in January (4.8 °C) to highest in July (29.2
°C), with the mean annual temperature as 17.2 °C. In summer, the maximum temperature
in Quetta often climbs to 37 °C in July, whereas in winter, the minimum temperature
normally drops to below -1°C in December and January. For precipitation, Quetta
receives approximately 65-70% of its annual precipitation from the Western
Disturbances during December to March, while meager precipitation is received in
summer due to the weak intrusion of Southwest Monsoon system into northeastern
Balochistan, with the mean annual precipitation of city as 300.2 mm. Due to high altitude
and low air temperature in winter, Quetta receives generous snowfall during late
November to early March (as shown in the Fig. 3), which also contributes to groundwater
replenishment. Based on the Sentinel LULC classification, 0.05% of Quetta’s land area
comprises of waterbodies, 1.8 % as cropland, 8% as built area, 7.5% as barren land, and
82.5% as Rangeland as shown in the Fig. 4. Based on the FAO Soil classification, the
study area was classified into two dominant soil textures as [-Rc-Y-kc and Yk36-2/3a as
shown in the Fig. 5.

36



Hydrologic evaluation of monthly and annual groundwater recharge dynamics for a
sustainable groundwater resources management in Quetta city, Pakistan

250
220
200
g
= 150 140
&
z
=
& 100
50 % 30
= = 0 0 0 0 0 0 0
0 = =
Feb March Apr May June July Aug Sept Oct

Month

Figure 3: Mean monthly snowfall (mm) in Quetta.

Stratigraphically, the rocks of Quetta valley belongs to the Shirinab formation of Permian
to early Jurassic age, with the Chiltan limestone being very thick bedded and massive
influenced the formation of flexures and fractures in the area. Geologically, the major
geologic formations in Quetta are Jurassic and Triassic rock, Jurassic metamorphic and
sedimentary rock, Cretaceous sedimentary rock, Neogene sedimentary rock, Paleogene
sedimentary rock, and Quantenary sediments as shown in the Fig. 6.
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Figure 4: LULC Description of Quetta.
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METHODOLOGY
Water Balance Equation

The water balance equation was employed to estimate the monthly and annual
groundwater recharge in Quetta. By assuming AS=0, Equation 10 was modified as:

P=ET+R+DP (11)
DP = P-ET-R (12)

The above Equation 12 was used for groundwater recharge calculation by solving the
daily precipitation, runoff, and ET of the study area for the period 1990—2023.

Reference Evapotranspiration

To compute ET, for water balance evaluation, the FAO PM equation was used. This
method is suggested to be the most reliable method and has been used in numerous past
studies. The FAO PM Equation is shown as under (Ma et al., 2023):

900
0.408A(R—S)+]/T+273v(es—ea)

A+y(140.34v)

ETo = (13)

To compute ET, using FAO PM Equation, a computer model CROPWAT 8.0 was used
in this study.

Runoff Computation

As discussed earlier, excess rainfall is the fraction of gross rainfall (P) left after initial
abstraction and is quantitatively equivalent to the direct runoff (surface runoff). In this
research, to calculate overland flow from rainfall for the water balance evaluation, the
Natural Resource Conservation Services (NRCS, 1972) Curve Number method was
employed.

NRCS CN Method

NRCS proposed the CN approach in 1972 using records of rainfall and runoff spanning
many years for agricultural watersheds across USA. It is used to analyze rainfall and
runoff on a daily scale. The NRCS states that surface runoff is produced when the initial
abstraction (I,) is less than the gross rainfall depth (P), as described below (Moglen et al.,
2022).

ForP<I,
R=0 (14)
ForP>1,

39



Qureshi HU. & al. / Larhyss Journal, 60 (2024), 27-53

— (P_la)z
R = Tuts (15)

Where R is the runoff depth (mm or inch), P is the total rainfall (mm or inch), and S is
the maximum potential soil water retention (mm or inch).

Initial Abstraction (1)

NRCS relates I, as a percent of Maximum Potential Retention (S) due to its hydrologic
correlation with the watershed’s soil and land cover characteristics. By using regression
analysis based on observed rainfall and runoff data from smaller drainage basins in USA,
the following average approximate relationship was proposed by NRCS for I, (Moglen et
al., 2022):

L.=02S (16)

and

25,400
CN

S (mm) = — 254 (17)

Where CN is the curve number.
Curve Number (CN)

A watershed's potential for runoff is indicated by the empirical hydrologic parameter
known as CN, which takes into account the watershed's hydrologic characteristics,
antecedent moisture condition, hydrologic soil group, location of the water table, and land
use and treatment practices. A greater CN value denotes limited infiltration and strong
runoff potential. The value of CN normally varies from 30 to 100, where a higher CN
shows higher runoff potential of watershed. Since CN is an event-based parameter, it
cannot be utilized for a single annual rainfall value, as doing so would ignore the
importance of an initial abstraction threshold and the influence of inital soil moisture
(Wang & Chu, 2023).

Antecedent Moisture Condition (AMC)

AMC is the soil moisture prior to the given rainfall and it significantly impacts the
watershed’s response to rainfall. For instance, a wet soil generates higher runoff than dry
soil from the same rainfall depth. Based on the initial soil moisture content, NRCS defined
three (03) antecedent moisture conditions as AMC-I, which indicates dry soil having low
initial moisture content before rainfall. AMC-II depicts fair moisture condition, while
AMC-III shows high soil moisture or heavy precipitation in preceding days prior to the
given rainfall. In addition, high water table (i.e., waterlogged conditions) also create
AMC-III and results in higher runoff. CN significantly varies with AMC apart from the
other watershed characteristics, with higher CN for wet soil and lower CN for dry soil.
To select the true representative AMC for a watershed, NRCS considers 5-day prior
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rainfall (i.e. cumulative rainfall of preceding 5 days before given rainfall) as described in
Table 2 below (Sharma et al., 2022):

Table 2: Description of NRCS AMCs. Source: (Schwab et al., 1992)

AMC Description 5-Day Prior Rainfall (mm)
Dormant Growing
Season Season
I Optimum soil conditions range from wilting Less than 13 Less than 36
point to the lower plastic limit.
II Moderate soil moisture. 13-28 36—53
111 Five days before the specific storm, there may Above 28 Above 53

have been low temperatures and either heavy
or little rainfall.

Hydrologic Soil Group

The Hydrologic Soil Group defines the infiltration capability of a soil texture.
Hydrologically, the soil having high infiltration rate will tend to take large rainwater into
storage and thus produce smaller runoff. NRCS defines four (04) hydrologic soil groups
as described in the Table 3 below (Ramadan et al., 2020):

Table 3: Description of NRCS Hydrologic Soil Groups. Source: (Schwab et al., 1992)

Hydrologic Rate of
Sgl'l Grog Description Infiltration
1 Hroup (mm/h)

A Lowest Runoff: Sand, loamy sand or sandy loam types of soils. 8.0-12.0
B Moderately Low Runoff: Silt loam or loam. 4.0-8.0
C Moderately High Runoff: Sandy clay loam. 1.0-4.0
D Highest Runoff: Clay loam, silty clay loam, sandy clay, silty 0.0-1.0

clay or clay.

Hydrologic Condition

The watershed’s hydrologic condition significantly affects runoff. As per NRCS,
hydrologic condition accounts the factors that govern infiltration and runoff including
vegetation density, amount of year-round vegetal cover, amount of grass or closed-seeded
legumes in rotations, percent of residue cover on the land surface, and degree of surface
roughness. As per NRCS, the watershed hydrologic condition is classed as “good”, “fair”,
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or “poor”, where a “good” hydrologic condition will allow more infiltration to occur and
thus less runoff. A well-established root system, large surface covered areas, long stand
of vegetation, large quantities of organic matter, humus and peat soil, presence of
wetlands, swamps, small ponds, etc. make the conditions very conductive for infiltration.
On the contrary, “poor” hydrologic condition results in meagre infiltration and higher
runoff. For example, lack of vegetative cover, soil compaction, and urbanization results
in poor hydrologic condition.

The NRCS defines "Fair" hydrologic condition as 50-75% of ground cover and not
heavily grazed, while "Good" hydrologic condition is greater than 75% of ground cover
and little or only seldom grazed. Conversely, a "poor" hydrologic situation is defined as
having less than 50% of the ground covered or being severely grazed without any mulch
(Eslami et al., 2023).

Land Treatment or Conservation Practice

Land treatment, commonly referred to as conservation practice, is mostly applied to
agricultural land uses and comprises management methods like crop rotation or grazing
control as well as structural techniques like vegetative measures and contouring or
terracing. Land treatment defines the way the watershed surface is used with
consideration to the soil and water conservation practices, i.e., to what extent any
generated runoff may be enhanced or conserved within the area. The practice also helps
to maintain soil structure at the surface, which enhances infiltration and reduces runoff.
The CN values suggested by NRCS for average moisture condition are shown in the Table
4 as under (Mehta et al., 2023):

Table 4: Runoff CN values for Hydrologic Soil-Cover Complexes for AMC-II and
1.=0.2S. Source: (Schwab et al., 1992)

Land Use Land Treatment Hydrologic . .
Description or Practice C}(I)nditi(%n Hydrologic Soil Group
A B C D
Fallow Straight rows Poor 77 86 91 94
Row Crops Straight rows Poor 72 81 88 91
Straight rows Good 67 78 85 89
Contoured Poor 70 79 81 88
Contoured Good 65 75 82 86
Contoured and Poor 66 74 80 82
terraced
Contoured and Good 62 71 78 81
terraced
Small grains Straight rows Poor 65 76 84 88
Straight rows Good 63 75 83 87
Contoured Good 61 73 81 84
Contoured and Poor 61 72 79 82
terraced
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Contoured and Good 59 70 78 81
terraced
Close seeded legumes ~ Straight rows Poor 66 77 85 89
or rotational meadows Good 58 72 81 85
Contoured Poor 64 75 83 85
Good 55 69 78 83
Contoured and Poor 63 73 80 83
terraced
Contoured and Good 51 67 76 80
terraced
Pasture or range Terraced Poor 68 79 86 89
Fair 49 69 79 84
Good 39 61 74 80
Contoured Poor 47 67 81 88
Fair 25 59 75 83
Good 06 35 70 79
Non- cultivated No treatment Poor 68 79 86 89
agricultural land Fair 49 69 79 84
pasture or range Good 39 61 74 80
Contoured Poor 47 67 81 88
Fair 25 59 75 83
Good 06 35 70 79
Forestland-grass or Poor 55 73 82 86
orchards -evergreen Fair 44 65 76 82
or deciduous brush Good 32 58 72 79
Commercial, built-up, 89 92 94 95
and industrial areas
(85% impervious)
Streets and Roads
a) Paved with curbs 98 98 98 98
and storm sewers 76 85 89 91
b)  Gravel 83 89 92 93
¢)  Paved with open
ditches

For dry or wet soil conditions, CN can be computed using the following relationships:

4.2CN(II)

CN(D = 15 ossevan)

(18)

and

23CN(ID)

CNUID = o menan

(19)
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Weighted-Area CN

Due to different land use in the study area, a weighted-area CN was estimated by
considering “Fair” hydrologic condition for assessment of runoff and the daily water
balance. The equation used for CN is shown as under:

_ YHAXCN)
C]Vweighted — z:?ll'—A (20)
RESULTS AND DISCUSSION

Weighted-Area CN

On the basis of land use and hydrologic soil group of the study area, the weighted CN (II)
was found to be 82, whereas under AMC-I and AMC-III conditions, CN was found to be
63 and 94 respectively as shown in the Table 5 below:

Table 5: Computed Weighted-area CN for Quetta under different hydrologic

conditions.
LULC Areal Percent Hydrologic CN Weighted-Area
Coverage Coverage  Soil Group € CN
(km?) (“)
AMC AMC AMC
I I I
Barren Land 263.30 7.52 D (Clay 85 63 82 94
Built Area 280.10 8.0 Loam) 95
Crops 65.80 1.90 77
Rangeland 2890.1 82.55 80
Water 1.81 0.05 100

Daily Water Balance Evaluation of Quetta
Water balance equation was applied to evaluate the daily water balance of Quetta and

subsequently the monthly and annual groundwater recharge for the period 1990-2023.
The results obtained from the analysis are shown in the Table 6 as under:
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Table 6: Computed mean monthly water balance of Quetta for the period 1990-2023.

= > @ - Yearl
Month s 2 = B & = —: ¥ = 8 & 8 y
- S < 5 B 2 <4 & o z a Total/Mean
mo® 5 a8 S g — % @ —
N (=2} ) o0 el el o~ o w oo} — —
o N o o — — — — —
o on v o ()} oo} o~ o v < o
Runoff (mm) " O 72 o> ~ < " o =) — o 5838
® ) < — x© ~ — =N g Q ©n o
: wv et} et} < wv — o — o o o
Groundwater o = v o o @ —~ v =~ o o o 108.66
o © — < oY o on v = v o a
Recharge (mm) = = E = v 8 @ M @ ¥ no

The results obtained from the daily water balance evaluation of Quetta showed a
significant contribution of rainfall to groundwater recharge in the city, with the recharge
regime closely following the rainfall and ET patterns. On the monthly scale, the analysis
revealed that Quetta receives its highest rainfall in January (39.54 mm on average) due to
the incursion of Western Disturbances into the region, which brings good amount of snow
and rainfall in the city, while lowest rainfall is received in September (5.89 mm on
average). Due to high rainfall and low ET, the monthly groundwater recharge was found
to be highest in January (21.6 mm on average), while lowest recharge was found in July
(3.31 mm on average) due to low rainfall and high ET losses. To assess the percent of
rainfall contributing to groundwater recharge, a hydrogeological parameter called
Recharge to Precipitation ratio (DP/P) was also estimated. The value of DP/P indicates
the relationship between rainfall and groundwater recharge and depends on the climate,
soil, land use, and the geologic characteristics of the region. In this study, DP/P was found
to have significant monthly variations, ranging from highest in January (0.29) to lowest
in September (0.03) as shown in the Fig. 7, with the average DP/P as 0.15.
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Figure 7: Monthly recharge to precipitation (DP/P) ratio for Quetta.

The computed annual groundwater recharge using the water balance method are shown
in the Fig. 8 as under:
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Figure 8: Annual groundwater recharge (mm) in Quetta during 1990-2023.

Based on the analysis, the mean annual groundwater recharge from rainfall was found to
be 108.6 mm. Conclusively, rainfall plays a significant role in the groundwater
replenishment. Quetta being climatologically located in the arid climatic zone with no
reliable surface water resources critically relies on the groundwater resources. The
estimates obtained from the above analysis may greatly serve to sustainably manage the
available groundwater resources and to optimize the extraction-recharge scenario in the
city.
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CONCLUSION

This research was conducted to determine the monthly and annual groundwater recharge
in Quetta using the water balance approach. On the basis of analysis, the following
conclusions were reached:

e The reference evapotranspiration linearly follows the air temperature profile of
the city and varies significantly throughout the year, ranging from 2.8 mm/day
in January to 9.1 mm/day in July, with the mean daily ET as 5.97 mm/day.

e Like temperature and ET, rainfall also varies throughout the year in Quetta, with
highest monthly rainfall occurs in January (39.54 mm), whereas lowest rainfall
is received in September (5.89 mm).

e The monthly and annual groundwater recharge assessment showed that the
recharge regime in Quetta keenly follows the rainfall and ET trends, with highest
monthly recharge was found in January (21.6 mm) due to high precipitation and
low evaporation and transpiration losses. In contrast, the lowest monthly
groundwater recharge was found in July (3.31 mm) due to low precipitation and
high ET, with mean annual groundwater recharge in the city was found to be
108.6 mm.

e The Recharge to Precipitation ratio well indicated the fraction of rainfall
contributing to the groundwater recharge. On monthly scale, R/P was found to
be ranging from highest 0.29 in January to lowest 0.03 in September.
Conclusively, the long-term daily water balance evaluation showed that 15% of
rainfall was contributing to the groundwater recharge in Quetta.
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