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Abstract: The managed aquifer recharge (MAR) of excess monsoonal runoff to mitigate downstream
flooding and enhance groundwater storage has received limited attention across the Indo-Gangetic
Plain of the Indian subcontinent. Here, we assess the performance of a pilot MAR trial carried
out in the Ramganga basin in India. The pilot consisted of a battery of 10 recharge wells, each 24
to 30 m deep, installed in a formerly unused village pond situated adjacent to an irrigation canal
that provided river water during the monsoon season. Over three years of pilot testing, volumes
ranging from 26,000 to 62,000 m3 were recharged each year over durations ranging from 62 to 85 days.
These volumes are equivalent to 1.3–3.6% of the total recharge in the village, and would be sufficient
to irrigate 8 to 18 hectares of rabi season crop. High inter-year variation in performance was observed,
with yearly average recharge rates ranging from 430 to 775 m3 day−1 (164–295 mm day−1 ) and
overall average recharge rates of 580 m3 day−1 (221 mm day−1 ). High intra-year variation was also
observed, with recharge rates at the end of recharge period reducing by 72%, 88% and 96% in 2016,
2017 and 2018 respectively, relative to the initial recharge rates. The observed inter- and intra-year
variability is due to the groundwater levels that strongly influence gravity recharge heads and lateral
groundwater flows, as well as the source water quality, which leads to clogging. The increase in
groundwater levels in response to MAR was found to be limited due to the high specific yield
and transmissivity of the alluvial aquifer, and, in all but one year, was difficult to distinguish from
the overall groundwater level rise due to a range of confounding factors. The results from this
study provide the first systematic, multi-year assessment of the performance of pilot-scale MAR
harnessing village ponds in the intensively groundwater irrigated, flood prone, alluvial aquifers of
the Indo-Gangetic Plain.
Keywords: managed aquifer recharge; Underground Transfer of Floods for Irrigation; droughts;
floods; groundwater depletion

1. Introduction
The inter- and intra-annual variability of water availability, manifesting in extreme flood
and drought events, presents a considerable challenge to ensuring water security globally [1,2].
This variation in water availability, separated by time and space, co-exists in most river basins
globally [2]. The impact of water variability is magnified in the agriculture sector due to its strong
dependence on climate. This is exemplified by the fact that of the total loss of USD 80 billion in crop and
livestock production in 67 countries between 2003 and 2013, due to 140 medium-to-large-scale disasters
(including non-water related events), 83% was caused by flood or drought [3]. With climate change
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increasing rainfall variability and inducing more and severe extreme weather events, the predictability
of water availability will further reduce in coming years [4,5], prompting the need for urgent attention
to adaptation.
Groundwater, with its high buffering capacity due to relatively large storage [6], presents a
potential opportunity to resolve the temporal and spatial imbalances in water supply and availability.
The extensive use of groundwater, in many places leading to overexploitation [7], also creates additional
depleted storage. This additional storage capacity could be used, similarly to dams, to capture excess
monsoonal runoff in the wet season, making it available during dry periods, and thus mitigating both
flood and drought hazards [8].
One novel way of operationalizing this concept is “Underground Transfer of Floods for Irrigation
(UTFI)” [8,9]. UTFI is a form of managed aquifer recharge (MAR) that involves the targeted recharge of
excess monsoonal runoff that potentially poses a flood risk downstream, in aquifers at the basin scale
through the strategic establishment of groundwater recharge infrastructure to mitigate flooding and
enhance groundwater storage [8,10]. Enhanced groundwater storage increases water availability so
that the water can be used during the dry season for domestic, livestock or irrigation use, or, if retained,
can support dry season inflows, enhancing ecosystem services [11].
Efforts to test UTFI started in the Ganges river basin, with its high population density, cropping
intensity, recurring floods and droughts due to the concentrated monsoon season [11,12] along with
extensive aquifer systems (underlain by highly productive alluvial aquifers of the Indo-Gangetic Plain)
used intensively for irrigation [13]. These characteristics present both the favorable conditions and
challenges UTFI aims to solve. A GIS-based multi-criteria analysis revealed high suitability across the
Ganges basin [9].
However, to successfully implement UTFI at the basin scale requires thoughtful planning and
staged testing and development to minimize the potential environmental, social and financial risks [8].
Though there are some MAR pilot studies in porous alluvial aquifers of the Indo-Gangetic Plain [14–16],
they lack the long term comprehensive and systematic approaches required to assess how UTFI would
perform if upscaled. This is unlike the case in hard rock settings in India where experience is much
more extensive [17–19]. Therefore, the piloting and testing of UTFI was carried out to generate the
body of knowledge necessary to establish the scope for wider implementation across similar settings.
This paper presents the learnings gained from piloting in hydraulic- and hydrological-related aspects.
Detailed information on site selection and setting up the pilot is covered in [8], and these are briefly
covered here. A broader perspective on the findings from the piloting can be gained from related
studies on water quality, and environmental and socio-institutional aspects [20,21].
2. Study Area
Pilot testing was carried out in Jiwai Jadid village, located in Rampur district, Uttar Pradesh,
India (Figure 1). The climate of the area is sub-humid and characterized by hot, humid summers
and cold winters. The average annual rainfall of Rampur district is 933 mm, and about 85% of the
rainfall is received during the south-western monsoon between June and September. Agriculture is
the primary means of livelihood in the district, with about 60% of the working population reliant
on agriculture. This is reflected in the land use of the district, where 81% of the 2357 km2 area is
under cropping [22,23]. The major cropping pattern of the district is paddy and wheat, grown in two
major seasons known as the kharif (coinciding with the monsoon season: June to November) and rabi
(November to March), respectively.
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Figure 1. The location of the Underground Transfer of Floods for Irrigation (UTFI) pilot study area in
Figure 1. The location of the Underground Transfer of Floods for Irrigation (UTFI) pilot study area in
Jiwai Jadid village, Rampur District, Uttar Pradesh, India.
Jiwai Jadid village, Rampur District, Uttar Pradesh, India.
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measurement of the water table in the piezometers and the pond, the top of the recharge well RW1
(Figure 2), which was 2.1 m above the base of the pond, was selected. With the bottom of the pond at
2.1 mbgl and the lowest pond level that allowed water to enter recharge wells at 1.1 mbgl, the height of
dead storage in the pond was 1.0 m. Water, after the pond water level was above dead storage, entered
the wells only through a pea-gravel-filled chamber, to filter out suspended silts. Nine piezometers
were installed with P1, P2, P3, P6 and P7 positioned along a transect in the direction of groundwater
flow from north to south, whilst P4 and P5 (deep (D) and shallow (S) pairs for each) were positional
along
shorter
north-south
transect.
Water a
2020,
11, x FOR
PEER REVIEW
5 of 21
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The source water (i.e., excess rain water/flood water) is brought to the site through a canal (Left
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2).
observations in accordance with a monitoring protocol prepared to guide the
monitoring of the physical dimensions of the pilot system.
Operation and Maintenance
Pilot operations during the trial period were handled with the support of an appointed village
representative, who was provided training on the protocols. Recharge was done only during the
monsoon season when the water level in the canal was above a pre-defined level of 0.6 m. The water
from the canal was initially pumped into the pond over an embankment using a diesel-operated
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pump for 15 min, and thereafter, it flowed naturally under gravity (siphon flow) due to the water
level difference.
Maintenance of the UTFI system to enhance the recharge rates included three main types
of activities:
a.
b.
c.

Recharge well cleaning: recharge wells were cleaned using a compressor to remove silt deposited
inside the recharge wells and fine particles that had blocked the slots of the recharge well.
Recharge well filter cleaning: pea-gravels in the recharge filters packed in brick structures were
cleaned by removing and washing by hand.
Desilting pond bottom: silt deposited at the pond bottom was scraped off, and the embankments
and side slopes were restabilized.

4. Methods
4.1. Monitoring and Data Collection
Table 1 gives an overview of the different parameters measured, methodologies applied and
frequencies of observations in accordance with a monitoring protocol prepared to guide the monitoring
of the physical dimensions of the pilot system.
Table 1. The monitored parameters, methods of measurement and frequencies.
Parameter

Measurement Method

Frequency

Groundwater levels

Nine piezometers were installed
(Figure 2). All groundwater levels of
piezometers are given relative to the
reference point, RW1 (in mbgl).

Measured weekly using a portable
water level meter during recharge
operations, and every 2 weeks during
non-recharge periods

UTFI pond infiltration rate

(A) Single ring infiltration test up to 8 h
was conducted at the bottom of pond at
four locations after pond
cleaning/development
(B) Days taken for pond dead storage to
dry out after stopping
recharge operations

(A) 6 h test at 4 locations at 45 cm depth
on the 11 and 18 September, 2015
(B) At the end of the recharge operations
each year

Rainfall

Rain gauge at Krishi Vigyan Kendra
(KVK), Rampur city, situated
approximately 20 km from the pilot site

Daily from 24 June 2016

Canal water levels

Measuring scale was marked in canal
wall near road bridge

Daily basis during the recharge
operation and at 15 day intervals during
non-recharge periods

UTFI pond storage volume

Relationship between depth of water in
pond and volume of water in pond
was developed

After pond development

UTFI Pond water
level measurement

Measuring scale was marked at
recharge well (RW1 in Figure 2) to
record pond water level. All depths are
relative to the RW1 reference point.

Pond water level was recorded on a
daily basis during the
recharge operations

Source water silt content

Water samples analyzed for total solid
solids (TSS);
Mass of silt accumulated at pond
bottom after recharge seasons (tonnes)

Monthly;
After recharge season of 2016 and 2017

Socio-economic survey

Socio-economic survey of 120 farmers
within a 1 km radius of the UTFI site

At the start of the pilot trial in 2016

4.2. Groundwater Recharge from the UTFI Pond
Groundwater recharge from the UTFI pond (VUTFI ), consisting of recharge from 10 gravity recharge
wells and infiltration from the pond bottom, was estimated from the observed decrease in volume
of water stored in the pond over a period of time (Equation (1)). To estimate the change in volume,
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a specific depth-storage relationship representing the volume of water relative to the corresponding
water depth in the pond was developed based on the geometry of the structure. Groundwater recharge
tests were conducted over durations of about 12 h at approximately 10 day intervals during the
recharge periods.
∆Vvp
VUTFI(d) =
(1)
ti − ti+1
where VUTFI(d) = the recharge rate of UTFI pond (m3 h−1 ) at day d from the start of the recharge period;
∆Vvp is the change in the volume of water in the pond (m3 ) between the start (ti ) and end (ti+1 ) of the
monitoring period based on the depth-storage function, and ti − ti+1 = the duration of the test period
(hours). The evaporation rate (6–9 mm day−1 during the recharge period, or 3–4.5 mm day−1 during
the recharge test) was assumed to be negligible in the calculation.
The total recharge for the whole season was then calculated by summing up the recharges between
the two tests at days d and d + i (Equation (2)). The recharge rates at the start and end of the trial were
taken to be equal to the first and last measured recharge rates, respectively.
VUTFI =

n
X
(RUTFI(d) + RUTFI(d+i) ) × 24
(
) × ((d + i) − (d))
2

(2)

i=1

where VUTFI is the volume of water recharge (m3 ), n is the total number of recharge tests conducted,
and RUTFI(d) and RUTFI(d+i) are the recharge rates on days d and d + i respectively.
The average recharge rate (RUTFI ) for the UTFI pond for the whole recharge season in m3 day−1 is
calculated by dividing the total recharge by the number of recharge days.
4.3. Groundwater Level Response to UTFI Recharge
Groundwater level changes during the recharge periods in response to UTFI recharge was
analyzed from monitored groundwater levels in the piezometers and relative mound formation, which
is the difference in groundwater levels at distance d from a reference piezometer caused by UTFI
recharge. Relative mound height provides a key measure of the hydraulic impact of UTFI recharge, on
the assumption that other factors impacting groundwater levels will influence all of the piezometers
uniformly. Groundwater level comparisons before and after UTFI were not possible as this required
historical data in the village that were lacking, as monitoring only started with the commencement of
the pilot.
Concentrated recharge over the small pilot area would lead to the formation of a relative mound,
and, as time progressed and groundwater spreaded horizontally, the relative mound would flatten and
eventually dissipate after recharge operations ceased [30,31]. The relative mound (Equation (3)) at
distance r from the UTFI pond and days d after recharge started (Hmound(r,d) ) was estimated against
the groundwater level of the referenced piezometer (GWL(ref,d) ). The selection of the specific reference
piezometer, which is expected to be unaffected (or the least affected) by recharge operations, was based
on the groundwater level observations covered in the results section.
Hmound(r,d) = GWL(r,d) − GWL(ref,d)

(3)

where Hmound(r,d) is the mound height at distance r from the pond at day d from the start of recharge
period, and GWL(r,d) and GWL(ref,d) are the groundwater levels at distance r and at the reference
piezometer at day d after the start of the recharge period.
The Hantush Analytical Solution
The Hantush analytical solution [31] was used to model mound formation in order to study
the impact of UTFI recharge alone on relative mound formation, thus distinguishing it from other
potentially confounding factors (such as rainfall, groundwater pumping, recharge from canal and
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river and regional groundwater flow) and to substantiate the field observations from Equation (3).
The Hantush solution gives the growth and decay of groundwater mounds beneath rectangular
or circular infiltration basins [31] and has been used in numerous studies to provide insights into
mounding behavior [32,33]. In this analysis, the ten recharge wells are approximated as a uniform
recharge source over the rectangular area of the pond.
To apply the Hantush solution, a spreadsheet solution of the equation was used [34]. To simulate
mounding with decreasing recharge rates, mound height was estimated at 5 day intervals (up to
80 days) from the start of recharge operations, and the corresponding 5 day average recharge rates were
calculated (based on Equation (2)) and given as input. Aquifer characteristics (a hydraulic conductivity
of 20 m day−1 and a specific yield of 0.1) were assumed to be uniform over the study area [35].
4.4. Groundwater Bbalance at the Village Scale
The magnitude of UTFI recharge (VUTFI ) relative to the total groundwater recharge over the village
area (Figure 2) is estimated to draw inferences on how additional recharge from UTFI pond contributes
to overall groundwater recharge. The selection of the village boundary as the scale for analysis is
largely for demonstrative purposes. It was deemed an appropriate scale as UTFI is designed as a
village-level intervention, and its zone of influence is expected to be largely within village boundaries.
Village total recharge (m3 ) (Vvillage ) is calculated using the water table fluctuation method [36]
(Equation (4)). Post–monsoon recharge is considered negligible as more than 90% of the rainfall in all
3 years took place during the monsoon season [35]. In Equation (4), Vvillage is made up of recharge
from the UTFI pond (VUTFI ), as well as recharge from canal seepage and other village ponds. Also,
storage change due to any net inflow across village boundaries is accounted for.
Vvillage = ∆GWS + VAmonsoon = ∆H × S y × Avillage + VAmonsoon

(4)

where ∆GWS (m3 ) = the change in village groundwater storage, ∆H(m) = the rise in water level in
the monsoon season (estimated in any year from the average rise in all piezometers from the start of
rainfall period to the end of September), Avillage (m2 ) = the area for the computation of recharge (village
area), Sy = specific yield, and VAmonsoon (m3 ) = net groundwater abstraction in the monsoon season
(taken to be equal to net abstraction for paddy in the kharif season).
Groundwater abstraction for irrigation was estimated based on the proportion of area irrigated
with groundwater (based on information derived from the socio-economic survey), combined with
the irrigation requirements of paddy as taken from [37]. Net abstraction was estimated from gross
groundwater irrigation abstraction following groundwater resource estimation guidelines [35], which
recommend that for groundwater depths of less than 10 metres, a return flow of 45% should be taken
for paddy.
5. Results
5.1. Groundwater Recharge from UTFI
Table 2 summarizes UTFI recharge, average recharge rates and recharge duration from pilot
testing for each year (2016–2018). On average, the recharge period (i.e., the number of days when the
UTFI system was operated for recharge) was 75 days, recharging 44,415 m3 of water at an average
recharge rate of 580 m3 day−1 (or 221 mm day−1 over the ponded area). The total volume recharged
was 5.0–11.8 fold higher than the total storage capacity of the pond. The quantities of water recharged
in 2016, 2017 and 2018 would have been sufficient to irrigate 12.8 ha, 17.7 ha and 7.5 ha of crop land
(rabi wheat with an irrigation requirement of ~350 mm), respectively.
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Table 2. UTFI recharge volumes (VUTFI ) and recharge rates (RUTFI ) for 2016, 2017 and 2018.
Year

Start Date–End Date

Number of Recharge Days a

VUTFI (m3 )

RUTFI (m3 day−1 ) (mm day−1 ) b

2016
2017
2018
Average

15 July–7 October
17 July–5 October
6 August–6 October
-

85
78
62
75

45,070
61,969
26,207
44,415

537 (204)
775 (295)
430 (164)
580 (221)

a

During monsoon season after the recharge period started, despite dry periods, the pond had water above dead
storage height, so recharge continued. b Recharge rate in mm day−1 = ((Recharge rate m3 day−1 )/(pond area m2 ))
× 1000.

There is a high inter- and intra-year variation in the UTFI recharge and recharge rates, with the
highest recharge (average) observed in 2017 and the lowest in 2018. The lowest recharge in 2018 was
due to both the low recharge rates observed and the relatively shorter recharge period, with recharge
lasting for only 62 days, in comparison to 85 and 78 days in 2016 and 2017, respectively. The short
recharge season in 2018 was due to the delayed onset of the monsoon, which shortened the duration of
recharge operations.
In all years, recharge rates started high and gradually declined during the recharging period
(Figure 5). Starting recharge rates in 2016, 2017 and 2018 were 996, 2499, 1978 m3 day−1 respectively,
which by the end of recharge period (when water storage in the pond was effectively dead storage)
decreased to 274, 289 and 85 m3 day−1 , i.e., there were reductions of 72.4%, 88.4% and 95.7%, respectively,
from the starting conditions.
5.2. Groundwater Levels and the Response to UTFI Recharge
Figure 3 shows the monitored groundwater levels (relative to the reference point) for the
piezometers and in recharge wells (RW1 and RW10), together with the pond water levels and daily
rainfall over three years. The shallowest depth is observed in recharge wells with the highest depth in
P6 and P7, which is as per the groundwater flow direction in the village. However, as all recharge
wells (including RW1 and RW10) were used for recharge during recharge periods, they quickly filled
and mainly indicated water levels in the pond (Figure 3). Thus, groundwater levels directly beneath
the pond (beyond the recharge wells) could not be ascertained during recharge periods, and thus RW1
and RW10 were not used further in the analysis.
The pond water level during the entire recharge season remained above the minimum threshold
level for recharge (dashed line in Figure 5), but shows some variation, with water highest during
mid-season, which was also reflected in recharge well readings. As pond water levels are influenced
by rainfall, the rate of siphoning from canal and also recharge rates, the precise reason for the variation
remains unclear. The last readings of the pond level after each recharge period in Figure 5 show the
times when the pond dried out. The pond water level readings indicate that for two discrete events,
in September 2016 and August 2018, the water level rose above the recharge well heights, and thus
potentially allowed unfiltered pond water to bypass the pea gravel filter and enter at the top of recharge
well casings through small openings that serve to purge entrapped air. Though this happened for short
time periods during high intensity rainfall events, it warrants building some margin of safety into
recharge well heights in the future.
Despite extensive groundwater abstraction for the supplemental irrigation of paddy that takes
place in the village, groundwater levels show a consistent rise in all piezometers during the monsoon
season in all three years, coinciding with and then falling gradually over the non-monsoon season.
Average groundwater level buildup in piezometers (∆H) during the monsoon seasons in 2016, 2017
and 2018 was 2.74 m, 2.75 m and 3.95 m, respectively indicating high total recharge.
For the years 2016 and 2017, the average groundwater levels were lowest just before the start
of the monsoon on 15 June and 24 June, at 6.45 mbgl and 6.51 mbgl, respectively. Meanwhile, in
2018, groundwater levels kept receding until 7 July, reaching 6.87 m due to the delayed onset of the
monsoon rains (rains starting in mid-July, versus the last week of June when monsoon is expected).
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However, despite this delay, 2018 was characterized by both high rainfall and high intensity rainfall
events compared to 2016 and 2017 (Table 3), leading to substantially higher groundwater level buildup,
with observed average groundwater levels reaching up to 2.22 mbgl. On the other hand, the highest
Water 2020, 11, xlevels
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Table 3. Rainfall and rainy days for 2016, 2017 and 2018.
Parameter

Time Period

2016

2017

2018

Rainfall (mm)

Annual
Monsoon (28 June–22 September)
Recharge period
Annual
Monsoon (28 June–22 September)
Recharge period

857
857
737
23
23
14

905
874
472
22
20
8

1812
1708
992
27
22
12

Rainy days

The Hantush Analytical Solution
The relative mound height was calculated (Figure 3) in order to distinguish the groundwater
level response due to UTFI recharge from that due to other factors (e.g., other recharge mechanisms
and pumping). By taking the mounding relative to a reference well, and not the absolute mounding,
(Equation (3)), background differences in the groundwater levels of the piezometers were accounted
for. Also, as the groundwater levels monitored in recharge wells were not representative of the
groundwater conditions beneath the pond during the recharge season (as discussed above), the closest
piezometers P1 and P5 were used instead for the analysis. Piezometer P6 was chosen as a reference
well for this purpose. P7, the piezometer furthest from the pond, was not used for reference purposes,
as closer inspection of water levels showed that it is more sensitive to rainfall events and subject to
abrupt changes, likely due to water ponding in the local area.
Analysis showed that the observed relative mound height was subject to noise (high fluctuations)
in the years 2016 and 2018 due to a range of confounding factors (e.g., rainfall recharge, pumping and
canal recharge). Only in the year 2017 was a distinct signature resembling the expected theoretical
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relative mound, as modelled by the Hantush model, clearly visible (Figure 4). A more distinct—though
still small and with noise—signature in 2017 with respect to the signatures in 2016 and 2018 could
be attributed to low rainfall during the UTFI recharge operations (Table 3) when groundwater levels
naturally increased (Figure 3), limiting rainfall recharge, and the higher recharge rates in 2017 relative
to those in 2016 and 2018 (Table 2). The observed relative mound in 2017 shows the expected dynamics
of mound formation, with relative mound decreasing as the distance from UTFI pond increases (i.e.,
mound P1 > P5), and flattening and becoming insignificant as time progresses, with groundwater
spreading horizontally by the end of the season. High noise in the years 2016 and 2018, and overall low
relative observed and modelled mound values in all years illustrate that the impact of UTFI recharge
alone on groundwater levels was small—due to the high specific yield and transmissivity of the aquifer
2020, area—which
11, x FOR PEERis
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12 of 21
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Table 4. Annual village and UTFI recharge with recharge components (Equation (4)) for 2016–2018.

(× 103 m3)
Year
2016
2017
2018

ΔGWSa
581
583
835

VAmonsoonb
1158
1158
1158

VVillage
1739
1741
1993

VUTFI
45.07
61.97
26.21

UTFI (% of Recharge)
2.6
3.6
1.3

ΔGWS (m3) = ΔH × Sy × Avillage with ΔH for 2016, 2017 and 2018 is 2.74 m, 2.75 and 3.95 m, respectively;
Sy = 0.1; Avillage = 212 hectares. b Gross irrigation applied for paddy in the kharif season in western Uttar
Pradesh is 1100 mm [37]. Considering 45% return flow, net irrigation is 605 mm. Considering a crop
area of village of 191.2 ha and 100% irrigation by GW, VAmonsoon (m3) = (605/1000) × (191.5 × 10000).
Irrigation applied is not scaled to rainfall, as irrigation is influenced by both the distribution of rainfall

a
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Table 4. Annual village and UTFI recharge with recharge components (Equation (4)) for 2016–2018.
(×103 m3 )
Year
2016
2017
2018

∆GWS

a

581
583
835

VAmonsoon b

VVillage

VUTFI

UTFI (% of Recharge)

1158
1158
1158

1739
1741
1993

45.07
61.97
26.21

2.6
3.6
1.3

a ∆GW (m3 ) = ∆H × S × A
y
S
village with ∆H for 2016, 2017 and 2018 is 2.74 m, 2.75 and 3.95 m, respectively; Sy = 0.1;
Avillage = 212 hectares. b Gross irrigation applied for paddy in the kharif season in western Uttar Pradesh is
1100 mm [37]. Considering 45% return flow, net irrigation is 605 mm. Considering a crop area of village of 191.2 ha
and 100% irrigation by GW, VAmonsoon (m3 ) = (605/1000) × (191.5 × 10000). Irrigation applied is not scaled to rainfall,
as irrigation is influenced by both the distribution of rainfall and farmers’ decisions on the sowing date. For this
reason, only the average irrigation applied is used.

5.4. Clogging Effects on Recharge
The clogging of recharge wells due to the presence of silt and clay particles in the infiltration
water has been identified as one of the main challenges for the sustainable operation of managed
aquifer recharge (MAR) schemes [38,39]. High silt content in the source water entering the UTFI pond
reduces recharge rates by clogging recharge wells, reducing the filtering capacity of filters and silting
the bottom (reducing infiltration) as the recharge season progresses.
Analysis and measurement of the particulate matter deposited in recharge wells and filters during
maintenance operations showed the appearance of only physical clogging [40]. Recharge water quality,
measured as total suspended solids (mg/L), in source water showed that the average total suspended
solids (TSS) of source water was in the range of 260–340 mg/L over the three monsoon seasons.
The range is well above the limit of 10 mg/l for which clogging has been found to be moderate-to-severe
in sand and gravel aquifer types [41], and above admissible guideline values for both direct injection
and indirect infiltration recharge (20–60 mg/L in EU countries [42]. However, the relationship between
TSS and recharge performance is site-specific [43] and is not considered in detail here.
In addition to the measurement of the TSS of the source water, the total silt entering and, in
turn, accumulated at the bottom of pond, was estimated using gridded sampling of silt depth on
the pond surface at the end of the 2016 and 2017 recharge seasons [40]. For 2016 and 2017, the total
accumulated silt (Table 5) was estimated to be equivalent to 3.4 mm and 5.8 mm depth of silt at the
pond surface, respectively. The development of a 3–6 mm clogging layer during recharge seasons
increases hydraulic resistance. This results in the much lower infiltration rate observed at the end of
recharge of 14.4–17.0 mm day−1 (Table 5) in comparison to the infiltration rate that was observed at the
pond bottom in 2015 after cleaning and deepening (indicator of recharge from the infiltration pond
without clogging), of 106 mm day−1 .
The high silt accumulation was expected as the canal also carries runoff generated by high
monsoon rainfall, which consists of high particulate load [44]. For this reason, for the piloting, it was
decided to start the recharge operation after the first few rainfall events, which were expected to carry
the maximum sediment loads, to ensure these loads were not recharged.
In addition, regular yearly maintenance operations were carried out. In between recharge seasons,
maintenance involving the cleaning of the recharge well and filters, as well as the desilting of the pond
bottom, were carried out to enhance the recharge rates (Table 5).
The starting recharge rate in 2016 of 996 m3 day−1 was much lower than the initial recharge rate
tested in 2015 of 3150 m3 day−1 . As a result, the cleaning of recharge wells and the filter box, and the
de-silting of the pond bottom took place before the 2017 recharge season. In addition to well cleaning,
which removes any clogging, the process also develops a well cavity that also leads to higher recharge
rates. The effect of this was clearly visible with much higher (by more than a factor of two) starting
recharge rates in 2017 relative to in 2016. Prior to the 2018 recharge season, recharge wells were not
cleaned, and only the pond was desilted and the filters were cleaned. Despite overall low average
recharge rates, the starting recharge rate of 1978 m3 day−1 in 2018 suggests that the effect of recharge

Water 2020, 12, 1028

12 of 19

well cleaning persisted and that the recharge wells hadn’t clogged. Overall, average recharge rates post
maintenance operations in 2017 increased by 44.4%, whereas in 2018, average recharge rates—despite
filter cleaning and pond desiltation—were reduced by 44.5% relative to 2017, and were lower by 19.9%
relative to 2016. The lower recharge rates in 2018, despite starting with high recharge rates similar to
2017, suggest the influence of factors other than clogging alone on recharge rates. Relative recharge
from recharge wells and by infiltration through the basin alone is discussed in Section 6.2.1.
Table 5. A summary of groundwater levels, recharge rates (RUTFI ) and maintenance operations over
the recharge season from 2016–2018.

Year

2016
2017
2018

RUTFI (m3 day−1 )

Start

End

Avg.

996
2499
1978

274
289
85

537
775
430

Desilting
Recharge
Filter
Pond
Well
Cleaning
Bottom
Cleaning

No
yes
No

No
yes
Yes

No
Yes
Yes

Gravity
Head for
Recharge
(m) a

Avg. water
Quality
Entering
Pond (TSS:
mg/L) b

4.0
4.7
3.5

340
260
282

Days
Taken for
Total Silt
Dead
Accumulated
c (Tonnes)
Storage to
Dry d

12.2
21.2
-

55
48
50

End
Season
Infiltration
Rate (mm
day−1 ) e

14.4
17.0
16.2

a

Taken as elevation difference between the surface water level in the pond and the elevation of the water table in
the nearest piezometer (P1). b Number of readings were limited: monthly in 2016 and 2018; much more in 2017.
c Estimated based on silt load accumulated at the pond bottom, determined based on gridded sampling. d Total
number of days taken for the pond to dry out from 1 m of dead storage (no recharge of recharge wells. Indicated by
the last pond water level reading in Figure 5) by infiltration + evaporation. e Estimated from the time taken for dead
storage to dry (dead storage (volume)/days) and subtracting the evaporation rate calculated using ETc = Kc × ETO
and taking Kc = 1 for open water [45]. Reference evapotranspiration (ETO ) is taken as the average of the months of
October and November) and is 3.82 mm day−1 [46].

6. Discussion
6.1. Factors Influencing Recharge Rates
For all the years, recharge rates start at their highest values and decrease as the season progresses
(Figure 5). Similar hydrologic trends have been observed at MAR sites with surface runoff containing
high levels of particulate matter [38,47]. These studies tend to suggest that the reduction in recharge
rates over time is a function of two major processes: (i) groundwater levels linked to rainfall and (ii)
clogging linked to recharge water quality.
The increase in recharge rates post maintenance cleaning operations in 2017 shows the impact of
physical clogging on recharge rates (Table 5). A high starting recharge rate in 2018, similar to that in
2017, suggests the cleaning operations post the 2017 recharge season (excluding recharge well cleaning)
maintained similar clogging as in 2017. However, recharge rates in 2018 dropped steeply in line with
the observed steep rise in groundwater levels, whereas in 2016 and 2017, the decline in recharge rates
was gradual, in line with the rising trend in groundwater levels (Figure 5). This points to the influence
of groundwater levels on recharge rates as there was no apparent difference in average source water
TSS (Table 5, Figure 5). However, the limited readings of TSS add some uncertainty to the analysis,
as TSS in source water show high variability associated with rainfall events.
Groundwater levels influence the recharge rates as they change the gravity head (i.e., the elevation
difference between the surface water level in the pond and the groundwater level), on which gravity
recharge depends [38,48]. As the groundwater levels rise during the monsoon, the gravity head
decreases, resulting in declining recharge rates over the recharge season (Figure 5). The highest and
lowest recharge rates in the years 2017 and 2018, respectively, are associated with the highest and
lowest average available gravity heads (Table 5). Steep rises in groundwater levels towards the middle
of the 2018 season brought groundwater levels up to ~2 mbgl in the nearest piezometer(P1). This shows
the potential hydraulic connection taking place in between groundwater and the pond base (2.1 mbgl),
which would have reduced the recharge rates [48]. This is reflected in a steep decline in recharge
rates, and recharge rate values reduced to <100 m3 day−1 by the end of recharge season in 2018 in
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comparison to end of season recharge rates of ~300 m3 day−1 in 2017 and 2016, where groundwater
levels remained deeper than 3 m. The pond water level remained above the minimum threshold level
for recharge
5). No
direct correlation between recharge rates and pond levels could
be21made
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higher than what could be recharged). Instead, recharge is limited by the available gravity head and
the infrastructure performance.
6.2. Performance of the UTFI Pilot
6.2.1. Comparing Recharge Wells to the Infiltration Pond
The pilot chose to employ sub-surface recharge methods using recharge wells to maximize
recharge rates to overcome land availability constraints, as the region is one of the most densely
populated places in the world [51]. To assess the performance, UTFI system recharge rates (RUTFI ) were
compared against infiltration rates observed from the pond bottom alone. Recharge rates from the base
of the pond were estimated in two ways at two different times: first, during 6 h ring infiltration tests
during preliminary recharge testing in 2015, and later on, during recharge operations, by observing the
time taken for the dead storage to empty. Assuming the same decreasing temporal trends in infiltration
from the pond bottom as overall recharge rates, rates from the infiltration ring are comparable with
recharge rates at the start of season. The decline in dead storage (corrected for evaporative losses), can
be compared with the end of season recharge rates.
The average infiltration rate from the pond bottom in 2015 after cleaning and deepening the pond
(an indicator of recharge from the infiltration pond only) was 106 mm day−1 . In comparison, the UTFI
system recharge rate at the start of season was 379 mm day−1 in 2016, 933 mm day−1 in 2017 and
752 mm day−1 in 2018; these rates were, on average, higher by factors of 3.6, 8.8 and 7.1, respectively.
Similarly, infiltration from the pond bottom at the end of the pilot was 14.4, 17.0 and 16.2 mm day−1
in 2016, 2017 and 2018, respectively (Table 5). In comparison, end-of-season UTFI recharge rates for
the corresponding years were 104.4, 110.1 and 32.4 mm day−1 , which were, on average, higher by
factors of 7.2, 6.5 and 2.0 respectively. These high recharge rates justify the use of sub-surface methods,
without which far lower volumes would have been recharged.
6.2.2. Comparing UTFI to Comparable Studies in the Region
The limited existing studies of MAR using sub-surface methods in the Indo-Gangetic Plains
having similar aquifer characteristics as the study area were reviewed to compare UTFI performance.
In one study in the neighboring state of Haryana, recharge wells were used to recharge canal water
during the rainy season (July–October), with reported average recharge rates from a single well of
794–989 m3 day−1 in the first year with no typical trend, whereas in the second year, recharge rates
reduced from 1088 m3 day−1 at the start to 798 m3 day−1 by the end of the season [14]. In other studies
from an alluvial area in the state of Punjab, all of which used canal water as the source, reported
recharge rates ranged from 302 to 3784 m3 day−1 [15], and from 588 to 1766 m3 day−1 well−1 in three
case studies reported by [16]. The Master Plan for MAR in India gave an expected average design
recharge rate from a recharge shaft in alluvial areas of Uttar Pradesh of 1000 m3 day−1 , running on
about 60 operational days during monsoon [52]; however, no supporting data are provided on how
these estimates were derived.
Large differences in recharge rates among the studies presented above point to the number
of factors influencing recharge rates such as the aquifer characteristics, groundwater levels, source
water, design and methods used to estimate recharge. Contrasts in system design ranged from
pressure injection in Ghaggar, Punjab [15] to a battery of 20 recharge wells installed in 20 trenches in
Patiala [16]. The depth of recharge wells ranged from 26 to 81 m, and groundwater levels were >10–15 m,
in comparison to the shallow groundwater levels in the UTFI pilot case (2–7 m). Given the large number
of differences and the general lack of studies in the region that investigated recharge performance
comprehensively over multi-year time periods, along with the limited details on monitoring provided,
any systematic comparisons are difficult.
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6.3. Dependence of Aquifer Type on Groundwater Mounding
Most MAR case studies in India report a visible increase in groundwater levels or longer availability
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6.4. Scaling up of UTFI
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for recharge, the capacity of available groundwater storage to store runoff and the demand for
recharge water. In addition, studies on the costs and benefits are required to ascertain the economic
rationale for upscaling. Previous research by [11] has shown that the average monsoon runoff in the
Ramganga basin during the monsoon months is 5782 million m3. Recharging 10–50% of these runoff
volumes can reduce flooding (with a 5 year return period) by 5–27%, increase groundwater recharge
by 11–56%, and increase groundwater levels, on average, by 1.2–4.6 m with respect to a no-UTFI
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rationale for upscaling. Previous research by [11] has shown that the average monsoon runoff in the
Ramganga basin during the monsoon months is 5782 million m3 . Recharging 10–50% of these runoff
volumes can reduce flooding (with a 5 year return period) by 5–27%, increase groundwater recharge by
11–56%, and increase groundwater levels, on average, by 1.2–4.6 m with respect to a no-UTFI scenario.
Assessment of the economic benefits (based on increasing crop intensity by using recharge water)
by [53] shows that upscaling would require huge capital investment in infrastructure, but on average
have a benefit to cost ratio of >1.
However, the above study is based on major assumptions [53], nor does it consider the actual
performance of the UTFI system that this pilot study explored. However, one UTFI pilot could not be
considered representative of the entire basin, but can help to identify lessons that are critical when
developing any upscaling strategy. For example, the insights on diminishing UTFI recharge rates
during high rainfall years, due to high recharge leading to hydraulic connection, warrant the need to
look more critically at the available groundwater storage and the variability in recharge rates. The need
for routine operation and maintenance must be clearly accounted for while doing any economic
analysis. In addition, any scaling up would require the consideration of socioeconomic, institutional
and related issues, which are not analyzed in this study, but are touched upon in [20,21].
7. Conclusions
The first UTFI pilot trial in the Indo-Gangetic Plain in India was capable of recharging an average
annual volume of 44,000 m3 with the recharge volume over three years varying from 26,000 to 62,000 m3
(i.e., 430 to 775 m3 day−1 during the recharge periods). These volumes are 5.0–11.8 times the total storage
capacity of the pond and would be sufficient to irrigate 8–18 hectares of rabi crop. High intra-year
variation, reflected in recharge rate reductions ranging from 72.4% to 95.7% relative to the starting
conditions, was observed. This is linked to the roles of: (a) source water quality (TSS of 260–340 mg/L)
leading to clogging, and (b) groundwater levels influencing gravity heads as the recharge season
progresses, and hydraulic connection further reducing recharge in the wetter year (2018) when recharge
from other sources is high. Annual maintenance activities involving desilting basins, and cleaning
filters and recharge wells appear to be effective in controlling clogging and restoring recharge rates.
Overall, the UTFI design achieved much higher recharge rates (2–9 times) than what would have been
achieved from village ponds alone through infiltration. The results show that the relative mounding in
nearby wells w.r.t to the reference well at 100 m distance due to UTFI is limited, due to the high specific
yield and transmissivity of the alluvial aquifer, and is influenced by a range of confounding factors
that make the delineation of small mound heights difficult. The results provide the first systematic,
multi-year assessment of the performance of UTFI systems at the individual pond scale in the flood
prone, intensively irrigated, alluvial aquifer regions of the Indo-Gangetic Plain.
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