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ABSTRACT

This study provides a comprehensive analysis of rainfall patterns and piezometric head data over a 14-
year period, identifying key trends in groundwater recharge and availability. The year 2018 recorded
the highest rainfall at 1107.3 mm, while the lowest was 474.3 mm, demonstrating significant
variability in precipitation. This fluctuation has directly impacted groundwater levels, with notable
pre- and post-monsoon piezometric head differences. In the pre-monsoon period, Gharha recorded the
lowest head at 4.04 meters, while Cant Sadar reached 44.16 meters. Similar patterns were observed
post-monsoon, reflecting the recharge effect of rainfall. Over time, groundwater fluctuations varied by
location, with Faizulahghani showing a 0.75-meter rise, while Kumbharawan experienced a 2.23-meter
decline. These findings highlight the dynamic nature of groundwater systems, influenced by rainfall
variability, local water extraction practices, and geological conditions. The study underscores the need
for localized water management strategies to ensure the sustainable use of groundwater resources in
the region, tailored to the specific conditions of each area.
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Introduction

The groundwater table, the upper boundary of the saturated zone, experiences seasonal fluctuations
due to variations in rainfall, recharge rates, and extraction. During wet seasons, increased rainfall leads
to groundwater recharge, causing the water table to rise. For instance, in parts of India, post-monsoon
water tables can rise by 5 to 6 meters, while in arid regions like Rajasthan, it can drop by 2 to 3 meters
during dry seasons are two types of water tables: the permanent water table, which remains stable over
time, and the seasonal water table, which fluctuates with weather patterns and extraction levels.
Seasons are particularly prominent in regions with distinct wet and dry seasons, where shallow aquifers
rise in response to rainfall and fall during periods of high demand.

Groundwater is through wells, tube wells, and artesian wells. Traditional wells are typically shallow,
ranging from 10 to 30 meters deep. These wells often tap into seasonal water tables, but in regions
with lower groundwater levels, they can reach depths of up to 50 meters. Tube wells are deeper, ching
depths of 300 meters, and rely on mechanical pumps to extract water from deeper aquifers, making
them crucial for irrigation in agricultural regions where shallow groundwater resources are depleted.
Artesian wells access confined nder pressure, allowing water to flow naturally to the surface. These
wells can be up to 500 meters deep, depending on the pressure in the aquifer. Groundwater depletion
has become a signifern due to over-extraction, particularly in agriculture. Globally, 70-80% of
groundwater extraction is used for irrigation. In regions such as India’s Indo-Gangetic Plain, over-
extraction has resulted in an annual groundwater depletion of 33 cubic kilometres. Similarly, in
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California's Central Valley, groundwater has dropped by more than 10 meters over the past five
decades due to agricultural demands. Urbanization also plays a critical role; Mexico City, for
experiences an annual drop of around 1 meter due to industrial and domestic water use. Climate change
exacerbates the issue, with shifting rainfall patternsnged droughts reducing natural groundwater
recharge. Additionally, deforestation and land-use changes reduce rainwater infiltratiosoil, hindering
groundwater replenishment. Without sustainable management practices, including rainwater
harvesting, regulated extraction, and improved recharge techniques, the depletion of groundwater
resources could lead to severe shortages in the future.
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LITERATURE REVIEW

Shahid & Hazarika (2010) “Groundwater Depletion in North Bangladesh: Causes and Effects”, In their
study on groundwater levels in Bangladesh, the authors observed that groundwater levels fluctuate
seasonally, with a mean rise of 4.1 meters during the monsoon season (July to September) and a decline
of 2.7 meters during the dry season (October to June). The average annual groundwater recharge in
areas with high precipitation was found to be 200 mm.

Narasimhan & Stothoff (2006) “Climate Change and Groundwater”, A modeling study in the western
United States quantified the effects of climate change on groundwater levels. The results showed that
under a 20% reduction in precipitation, groundwater levels could decline by 3—4 meters in arid regions,
indicating significant sensitivity to climate fluctuations.

Owor et al. (2009) “Rainfall Variability and Groundwater Recharge in Uganda”, This study examined
groundwater recharge variability in semi-arid Uganda. Seasonal fluctuations of the groundwater table
ranged from 0.5 to 2 meters, with recharge rates varying between 80 mm to 300 mm per year based on
rainfall patterns.

Scanlon et al. (2012) “Groundwater Depletion and Irrigation in the US High Plains”, In the High Plains
Aquifer (USA), one of the most heavily pumped groundwater resources globally, the study found that
the water table has dropped by more than 30 meters in some regions over the past 60 years due to
extensive irrigation. The average annual depletion rate was calculated at 6.5 km3 per year, based on
data from 1940 to 2007.

Rodell et al. (2009) “Satellite-Based Estimates of Groundwater Depletion in India”, Using GRACE
(Gravity Recovery and Climate Experiment) satellite data, this study tracked groundwater depletion in
northern India from 2002 to 2008. Groundwater levels were found to decline at an alarming rate of 4
cm per year, equivalent to a depletion of 109 km?3 over six years, largely driven by agricultural
pumping.

Tiwari et al. (2009) “Dwindling Groundwater Resources in Northern India” In northern India's heavily
irrigated states, groundwater depletion rates reached up to 5 cm/year from 2002 to 2008. This
corresponded to an annual decline in groundwater storage of approximately 17.7 kmsa.

Heath (1983) “Basic Ground-Water Hydrology”, In this study on the unconfined aquifer in North
Carolina, fluctuations of the groundwater table ranged from 0.5 to 3 meters seasonally, depending on
the hydraulic conductivity of the aquifer, which was calculated to be between 5 to 50 m/day. High-
permeability areas experienced more rapid recharge and higher water table fluctuations.

Sophocleous (2002) “Interactions between Groundwater and Surface Water”, In Kansas, USA, the
author documented fluctuations of 1 to 6 meters in the Ogallala Aquifer, with more rapid declines in
areas with high groundwater pumping for irrigation. Recharge rates in this semi-arid region were
estimated to be around 50 mm per year, which was insufficient to offset the depletion caused by
agricultural activities.

Gleeson & Manning (2008) “Regional groundwater flow in mountainous terrain: Three-dimensional
simulations of topographic and hydrogeologic controls”, In their modeling study of mountainous
terrain, they found that groundwater levels varied by 5-10 meters annually in response to seasonal
snowmelt. Aquifers in steep terrains exhibited more significant seasonal variations compared to flat
plains due to faster runoff and delayed recharge.
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Healy & Cook (2002) “Using groundwater levels to estimate recharge”, This study on the Edwards
Aquifer in Texas showed that seasonal fluctuations in groundwater levels ranged between 2 and 8
meters, with the largest declines observed during the summer months when agricultural and urban
water demand peaked. Over a 10-year monitoring period, groundwater levels showed an average
decline of 1 meter per year in overexploited areas.

Chen et al. (2004) “Groundwater recharge and sustainability in North China”, In North China,
groundwater depletion rates of up to 1.5 meters per year were observed, with groundwater levels
dropping by more than 12 meters over a 10-year period due to unsustainable groundwater extraction
for agriculture. Seasonal fluctuations were around 0.3 to 1.2 meters, with higher levels during the wet
season and lower levels in the dry season.

A Eschbach-Hertig & Gleeson (2012) “Regional strategies for the accelerating global problem of
groundwater depletion”, A global analysis found that over-exploited aquifers show long-term declines
in groundwater levels of 0.5 to 3 meters per year. In areas with sufficient recharge, groundwater levels
typically fluctuate seasonally by 1 to 3 meters, but in highly stressed aquifers, this fluctuation is
overshadowed by a consistent decline in levels.

Winter et al. (1998) “Ground Water and Surface Water”, In their study of the Platte River in Nebraska,
USA, the authors observed that groundwater levels near the river fluctuate by 1 to 2 meters annually,
with greater fluctuations in areas closer to the river channel. Groundwater-surface water interactions
accounted for 40% of the total streamflow in the region.

Sophocleous (2002) “Interactions between groundwater and surface water: The state of the science”,
In Kansas, streamflow reductions due to groundwater pumping caused groundwater levels in nearby
aquifers to decline by 1 to 3 meters. The interaction between streams and groundwater in the region
contributed to baseflow reductions of up to 50% in some streams, especially during drought periods.
Kumar et al. (2012) “Modeling the effects of climate and land use change on groundwater resources
in northern India”, In northern India, numerical modeling predicted that groundwater levels could
decline by 0.5 to 1 meter annually over the next 20 years under current irrigation practices.
Implementing groundwater recharge methods (e.g., check dams and managed aquifer recharge) could
reduce this decline to 0.3 meters per year.

Doll et al. (2014) “Global-scale analysis of groundwater recharge and depletion: Hydrological
processes and their impact on water resources”, Global hydrological models simulated groundwater
depletion in major aquifers and found that without intervention, groundwater levels in the Middle East,
North India, and California could decline by 2 to 5 meters over the next 50 years. Recharge rates were
insufficient to balance the extraction rates, leading to long-term depletion.

The main objectives of this study are as follows:

1. Analyses the water levels fluctuation seasonally and quality of groundwater in Lucknow city.

2. To provide the optimal solution to improve ground water table.
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METHODOLOGY AND DATA ANALYSIS

The methodology contains with the case study of Lucknow ground water table. Firstly, 4 sites will be
selected from north, south, east & west parts of the city which will be of densely populated areas.
Secondly, the population history, pollution history and ground water history data will be collected
from the respective departments. After this analysis of data will be done which will include the present
status of ground water quality and quantity of these sites. Then optimal solution will be provided on
the basis of analysis and conclusion will be made including future scope.
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Figure 1. Methodology
Site Selection: This is the first step, where a site is chosen for the study or project.
Data Collection: Once the site is selected, the next step is collecting data. The data collection process
involves gathering two types of data: (i) Filed Data collected directly from the site through
observations, measurements, and possibly fieldwork. (ii) Climate Data: Information related to weather
and climate conditions relevant to the site, such as temperature, precipitation, and humidity.
Data Analysis: After collecting the data, the next step is analyzing it to interpret the findings and
identify patterns or trends.
Result: Following the analysis, the results of the study or project are obtained
Rainfall Data: The annual rainfall in the Lucknow region is continuously varying as follows
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Figure 2. Rainfall Variation
The graph of rainfall variation from 2010 to 2023 illustrates pronounced fluctuations in annual rainfall,
indicating no consistent increasing or decreasing trend. Several key patterns emerge when examining
the data. The period from 2010 to 2013 shows relatively moderate and stable rainfall levels. Annual
rainfall fluctuated slightly, with 2011, 2012, and 2013 experiencing nearly identical values of 790.8
mm, 791.1 mm, and 790.8 mm respectively. This stable range suggests relatively normal weather
patterns during these years.
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In contrast, 2014 experienced a dip, with rainfall dropping to 632.7 mm, marking the beginning of a
more variable trend. However, the most dramatic drop occurred in 2015, with the rainfall plummeting
to 474.3 mm, the lowest in the entire period. This year likely represents a significant drought event,
which could have had serious consequences for agriculture, water supply, and ecosystem health. From
2016 onward, the data shows a sharp recovery, with 2017 recording 949.2 mm of rainfall. This upward
trend continued into 2018, which had the highest rainfall in the observed period, at 1107.3 mm. Such
high levels may have led to potential risks of flooding or waterlogged conditions, depending on the
region's infrastructure and natural drainage systems.

Interestingly, 2019 and 2020 saw a return to lower rainfall levels, both recording 632.7 mm, matching
the 2014 value. This repeating pattern could suggest a cyclical nature to the region’s rainfall, although
more data would be needed to confirm such a trend.

The recent years, from 2021 to 2023, show wide fluctuations. 2021 and 2022 had high rainfall levels,
with 1020.6 mm and 1097.4 mm respectively, indicating years of substantial precipitation. However,
2023 saw a notable decrease to 827.2 mm, still above the long-term average but lower compared to
the previous two years. These fluctuations over the past 14 years highlight the increasing variability in
rainfall patterns, which could be attributed to climate change, shifts in regional weather patterns, or
natural climatic cycles. For a region dependent on agriculture or sensitive to water resource
management, such variability poses challenges. Periods of drought, like in 2015, could lead to crop
failures and water shortages, while years with high rainfall, such as 2018 and 2022, could increase the
risk of flooding.

Piezometric Station: The total piezometric stations which is installed in the entire Lucknow is as
follows
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Figure 3. Piezometer Stations in Lucknow Region
The map provides a detailed visualization of the groundwater monitoring network around the Gomti
River in the Lucknow region, India. The primary focus is on the distribution of piezometers
instruments that measure groundwater levels and pressure strategically placed to study groundwater
dynamics in relation to the river. At the center of the map is the Gomti River, flowing from northwest
to southeast. The river is marked with a bold blue line, clearly showing its course through the region.
Surrounding the river is a light blue shaded area, which represents a 2-kilometer buffer zone on either
side of the river. This buffer zone highlights the area where the river is likely to have a direct influence
on the groundwater, making it critical for understanding river-groundwater interactions. The
piezometers are represented by two sets of colored dots. The red dots signify piezometers located
within 2 kilometers of the river. These points are strategically positioned to measure groundwater
conditions that are closely influenced by the river’s flow. Groundwater in this zone could be more
affected by seasonal variations in river water levels, such as during monsoons or droughts. Monitoring
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here helps in understanding how the Gomti River impacts the surrounding aquifers, especially in terms
of recharge and depletion rates. The green dots represent piezometers that are distributed more broadly
across the landscape, further away from the river. These piezometers measure groundwater in areas
less directly influenced by the Gomti River. By comparing data from both the near-river and far-river
piezometers, researchers can assess regional groundwater trends, identify groundwater recharge zones,
and detect over-extraction or water table decline in areas distant from the river. In the background, the
map appears to show land cover or land use patterns, with dark green areas likely representing forest
or vegetated regions, while the lighter brown areas may indicate urbanized or agricultural land. This
adds another layer of analysis, as the type of land cover can significantly affect groundwater recharge
and extraction. Vegetated areas typically have better groundwater recharge due to less runoff, while
urbanized or agricultural regions may experience higher rates of groundwater extraction for human
use or irrigation.
The map is also framed by geographical coordinates, ranging from approximately 26°45'N to 27°00'N
latitude and 80°45'E to 81°15'E longitude. This gives a clear geographical context for the area being
studied. Additionally, the scale bar at the bottom of the map allows for easy interpretation of distances,
showing that the region spans up to 24 kilometers across, with the piezometers being spread relatively
evenly throughout.
The presence of Lucknow, one of the largest cities in the region, is prominently marked near the center
of the map, just south of the Gomti River. The location of piezometers around Lucknow likely reflects
the city’s demand for groundwater, which is critical for domestic, industrial, and agricultural purposes.
This positioning suggests that the map may also be useful for urban water management, helping to
monitor how urban activities and infrastructure development are impacting the groundwater table.
Pre-Monsoon data
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Figure 4. Piezometric Station in Lucknow Region

Post-Monsoon data
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Figure 5. Piezometric Station in Lucknow Region
The change in water Table in the entire place of Lucknow region between Pre-Monsoon and Post
Monsoon are as follows
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Figure 6. Change in Water Table

This graph represents the depth of the water table at various locations within the Lucknow district,
providing a comparison between two different time periods, likely pre-monsoon (PRM) and post-
monsoon (PTM) seasons, indicated by the blue and red lines, respectively. The x-axis lists various
hydro stations, which are specific points where groundwater levels are measured, including locations
such as Mahanagar, Naubasta, Kukrail Forest, and others. The y-axis represents the depth of the water
table in meters, ranging from 0 to 47.5 meters, where lower values indicate a shallower water table,
while higher values represent a deeper water table.
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The graph shows significant variability in the water table depths across the different hydro stations,
with locations like Dindayanagar P-2 and Chakmalhpur showing deeper water tables, reaching depths
of around 39 meters, which suggests groundwater depletion or over-extraction in these areas.
Conversely, locations like Kukrail Forest and Mohna show much shallower water tables, with depths
of around 6-7 meters, implying better groundwater recharge or proximity to water sources. The two
lines blue for PRM and red for PTM reveal the seasonal variation in groundwater levels. In most
locations, the water table rises after the monsoon, as seen by the shallower depth in the post-monsoon
period (red line), indicating that rainfall has replenished the groundwater reserves.

However, in some areas, such as P.S. Rahta and Indira Nagar, the difference between the pre- and post-
monsoon levels is minimal, suggesting that these locations may experience limited recharge, possibly
due to high extraction rates or poor infiltration. Other locations, like Cant. Sadar P-2, show a more
pronounced seasonal difference, with the water table dropping from around 13 meters pre-monsoon to
about 8 meters post-monsoon, reflecting better recharge after the rains.

Overall, the graph highlights the spatial and seasonal variability in groundwater availability across the
Lucknow district. It indicates that certain areas may be facing groundwater stress, with deeper water
tables requiring more attention in terms of sustainable groundwater management. Locations with better
post-monsoon recharge may be less stressed, but monitoring and management efforts will still be
important, particularly in areas where the water table remains deep despite seasonal rainfall. This type
of analysis is critical for water resource planning and sustainable groundwater use, particularly in
regions that depend heavily on groundwater for agricultural, industrial, and domestic needs.
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RESULT & CONCLUSION

RESULT: After a thorough analysis of historical rainfall and piezometric head level data for both pre-
and post-monsoon periods, several important trends have been identified:

Rainfall Patterns: The year 2018 stands out as having recorded the highest annual rainfall, amounting
to 1107.3 mm. In contrast, the lowest recorded rainfall during the study period was 474.3 mm. This
variation in rainfall is a critical factor influencing groundwater recharge and availability in the region.
Pre-Monsoon Piezometric Head Levels: During the pre-monsoon period, there is a noticeable range in
piezometric head levels across different locations. The lowest piezometric head was observed in
Gharha, measuring 4.04 meters. On the other end of the spectrum, Cant. Sadar recorded the highest
pre-monsoon piezometric head at 44.16 meters. These variations suggest significant spatial differences
in groundwater levels before the onset of monsoon rains.

Post-Monsoon Piezometric Head Levels: In the post-monsoon period, similar patterns were observed.
Gharha again recorded the lowest piezometric head, which was reduced further to 2.43 meters. The
highest post-monsoon piezometric head was observed in Cant. Sadar at 43.27 meters. These changes
between pre- and post-monsoon levels reflect the recharge of groundwater due to rainfall.
Groundwater Table Fluctuations Over 14 Years: Over the past 14 years, the groundwater table has
shown notable fluctuations that vary significantly depending on the location. In Faizulahghani, the
groundwater table has risen by 0.75 meters, indicating increased groundwater recharge or reduced
extraction. Conversely, at the Kumbharawan site, the water table has dropped by 2.23 meters,
reflecting either reduced recharge or increased water withdrawal over time.

CONCLUSION

The analysis of rainfall and piezometric head data over the past 14 years provides valuable insights
into the variability in both precipitation and groundwater levels in different areas. Here's a detailed
breakdown of the key points:

Rainfall Variability

Maximum Rainfall in 2018: The data shows that the highest recorded rainfall occurred in 2018, which
could indicate variability in annual precipitation across the years. This suggests that some years’
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experience significantly more rainfall than others, possibly due to climatic factors such as El Nifio, La
Nifa, or other meteorological phenomena.

Impact of Rainfall on Groundwater: Rainfall plays a critical role in recharging groundwater levels, so
years with higher rainfall likely lead to more groundwater recharge. However, if the rainfall is
inconsistent across years, it can result in periods of groundwater surplus followed by potential deficits
in drier years.

Piezometric Head (Groundwater Pressure) Levels

Gharha's Low Groundwater Pressure: The data shows that Gharha experiences the lowest groundwater
pressure among the locations studied. The piezometric head reflects the pressure in the groundwater
system and its availability. Low groundwater pressure could mean that Gharha has lower groundwater
reserves, either due to limited recharge, over-extraction, or a combination of both.

Cant Sadar's High Groundwater Pressure: In contrast, Cant Sadar consistently shows the highest
groundwater pressure during both pre- and post-monsoon periods. This indicates that Cant Sadar has
higher groundwater levels or reserves. The consistent nature of this high pressure suggests that this
area might have more efficient recharge mechanisms or lower rates of groundwater extraction.
Groundwater Table Fluctuations

Rising Levels in Faizulahghani: The rise in the groundwater table at Faizulahghani indicates that either
the area is receiving sufficient recharge (possibly due to higher rainfall or better infiltration), or there
has been a reduction in groundwater extraction.

Decline in Kumbharawan: On the other hand, Kumbharawan is experiencing a notable decline in its
groundwater table. This could be due to increased groundwater extraction, insufficient recharge, or a
combination of both. Local geological conditions, such as the permeability of the soil and aquifers,
also influence how quickly water recharges the groundwater system.

Influencing Factors

Geological Conditions: The local geology plays a crucial role in groundwater availability. Areas with
more permeable soil and rock structures allow faster infiltration of water into aquifers, leading to
quicker recharge. Conversely, areas with impermeable surfaces may see less recharge, even with
significant rainfall.

Water Extraction Rates: Different rates of groundwater extraction for agricultural, industrial, or
domestic use can affect groundwater levels. Areas with heavy extraction but insufficient recharge
(such as Kumbharawan) will see a decline in groundwater levels over time.

Recharge Patterns: Recharge is not solely dependent on rainfall but also on factors like the rate of
infiltration and the presence of recharge structures (e.g., ponds, reservoirs). In areas like Faizulahghani,
recharge mechanisms may be more effective.

Localized Water Management Strategies

The variability in rainfall, groundwater pressure, and fluctuations in the water table across different
areas highlights the need for customized water management strategies. Each area faces distinct
challenges, so a "one-size-fits-all" approach would not work.

For Gharha: Measures should focus on improving recharge, perhaps through rainwater harvesting or
artificial recharge methods, to increase groundwater levels.

For Cant Sadar: Since groundwater levels are consistently high, management should ensure that water
IS not over-extracted to prevent long-term depletion.

For Kumbharawan: Efforts should focus on regulating extraction and improving recharge mechanisms
to mitigate the declining groundwater levels.

For Faizulahghani: Monitoring should continue to ensure that the rising water table does not lead to
issues such as waterlogging or salinization, especially in agricultural areas.

Future Considerations

Effective groundwater management requires ongoing monitoring of both rainfall and piezometric head
data. Any shifts in climatic patterns, land use changes, or extraction rates must be factored into future
management plans to ensure the sustainability of water resources.
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