Authors’ Response to Reviews of

Changes in groundwater-surface water interactions following
two centuries of irrigation practices and groundwater use in
the Upper Ganges-Yamuna interfluve, North India.

Original comment
AR: Authors’response (blue italic)

Editor

Dear authors,

The two referees value your contribution but they also raised a number of concerns. | can see
that you have a plan to address them, so | am looking forward to receiving a revised version of
the manuscript.

| also have additional comments as detailed below to get the manuscript ready for publication
in HESS:

AR: Dear Fanny Sarrazin, we want to thank you for your comments, please see below our
responses. We revised the manuscript to include improvements based on your comments and
the reviewers comments.

- Sect. 2.1: Could you specify the size of the study area and describe the sources of water
contamination in the basins? Contamination from wastewater is discussed in sect. 4.3 but are
there other sources, such as for instance fertilizers or pesticide application in agricultural area?
AR: We included the size, width and length of the study area and sources of pollution in section
2.1.

- P8 L175: Could you specify the source of the groundwater data?
AR: We included that the groundwater observation well data were provided by the Ground Water
Department, Uttar Pradesh, and the Central Ground Water Board, Ministry of Jal Shakti.

- In Figure 2, does “irrigation canal” refers to canal leakage?
AR: We adjusted the figure by changing “irrigation canal” to “irrigation canal leakage”

- In sect. 2.3, the uncertainty on the recharge and abstraction components is assumed to be
constant in time. It would be valuable to discuss this assumption in the manuscript. Could
uncertainty be greater in the past, since less information about these components may be
available (as described in Appendix A)?

AR: We agree that uncertainty in the reconstructed recharge and abstraction components is
likely larger for the earlier periods as fewer historical observations and records are available.
We applied time-invariant uncertainty factors as a pragmatic simplification to avoid introducing
additional assumptions about how uncertainty evolved over the two-century simulation period.
Quantifying time-dependent uncertainty would require objective information on the reliability of
each historical dataset, which is generally unavailable. We acknowledge that this assumption
may underestimate uncertainty in the earlier periods and included this limitation in section 4.2
(Model uncertainties and limitations) of the revised manuscript.



- P8 L193-198: these lines should be moved to Sect. 3, since they describe results.
AR: Thank you for this helpful suggestion. We moved the part where the model realisation
performance is discussed (end of section 2.3) to the results section (beginning section 3).

- Figure 10: It is a bit difficult to see the difference between the natural situation and the current
situation map.
AR: We made a new and more clear version of figure 10.

- P22 L429: which years are considered to calculate the trend?

AR: We fitted a logistic growth curve to the national Indian groundwater withdrawal rates from
1950 to 2017, as reported in figure 1.2 of the United Nations World Water Development Report
2022.

- P22 L433: Why is it needed to adjust for return flow? Does this mean the return flow was
subtracted to the irrigation demand? Is not return flow from groundwater irrigation in this way
accounted for twice (subtracted from demand and added as recharge as explained in Appendix
A.6)?

AR: The irrigation demand is estimated as the water needed by the crop for transpiration by
applying crop factors and added by the “losses” due to return flow. In this way, return flow is
added to demand so that enough groundwater is applied to also have return flow and avoid soil
salinisation. We clarified it in appendix A.1 and A.6 of the revised manuscript.

- P23 L454: the assumption that actual evaporation is equal to potential evaporation is very
strong. Can it be justified for this case study? It could also be further discussed with respect to
the other assumption that evaporation only occurs in the soil (p19 L347).

AR: We agree that assuming actual evapotranspiration (AET) equals potential evapotranspiration
(PET) is a simplification that deserves further discussion. Rainfall recharge was calculated on a
monthly basis as precipitation minus surface runoff (2%) and PET, with only positive values
contributing to recharge. In the study area, the vast majority of rainfall occurs during the
monsoon season, when soils are generally wet and water availability is expected to be high.
Under these conditions, AET is likely to approach PET, making this assumption a reasonable
first-order approximation. We acknowledge, however, that this assumption may overestimate
evapotranspiration during drier periods or in years with below-average rainfall, potentially
leading to an underestimation of recharge. We included this limitation in the model
uncertainties and limitations paragraph (section 4.2).

Minor edits:

-p8 L177: replace “goodness in fit” by “goodness of fit”

- p23 L465: “like” should be replaced by “likely”?

- p23 L475 replace “groundwater-irrigated ratio” by “ratio of total agriculture to groundwater-
irrigated agriculture” for clarity.

AR: Thank you for the suggested edits, we adjusted the text accordingly.

Kind regards,
Fanny Sarrazin



Referee #1

General comments

This is a well written paper that presents an interesting historical study on the recharge and
water level dynamics of an area of the Indo-Gangetic Basin. The quantification of different
sources of recharge over an almost two-hundred-year period using numerical modelling is novel
and an important contribution. After moderate revisions | suspect the paper will be suitable for
publication.

| have some overarching comments.

AR: Thank you for your kind words, in the following sections we will respond to your comments.

RC1-GC1

The apparent lack of model calibration and validation using in-situ groundwater level data is an
important element of the analysis that is missing. Do you have any longer-term groundwater
level records at all from this region? | think these would be useful as a sense check to your
results. The time series length does not need to be as long as the modelled period, but some
slightly longer timeseries data would really help. | think it would be worth trying to find some
longer-term data. It is often available offline in local government offices. | would suspect at the
very least it should be possible to get some water level data with timeseries staring sometime in
the period from the 1950 - 1970s. Even if you can’t get continuous time series data, you could
look at regional water level behaviour over a longer period, by collating a slightly more extensive
water level dataset. At the very least it would be beneficial to present the groundwater level data
you already have, but | do think it should be possible to find a little more longer-term data which
would considerably improve the novelty and impact of the paper.

AR: We agree that longer groundwater-level time series would strengthen the model validation.
However, despite extensive efforts, no longer-term groundwater-level records could be obtained
for the study area. The Indian project partners contacted the relevant authorities and conducted
repeated searches for archival and offline datasets, but no additional records were made
available. Surface-water level data were also inaccessible because these datasets are subject
to national security restrictions.

The groundwater-level observations currently included in the study therefore represent the only
available in-situ data for this region to the best of our knowledge. We will acknowledge this
limitation more explicitly in the revised manuscript and discuss its implications for model
validation and interpretation of the results.

RC1-GC2

Can you use the groundwater level data you already have to illustrate how your model results
compare to observed groundwater level trends during the period data is available?

AR: We will present some plots that compare observed and modelled groundwater levels and
trends at observation well locations.

RC1-GC3

Does your model account for the distribution canals that provide water to farmers fields? Is this
accounted for implicitly in your irrigation return flows? Distribution canals are likely to play a
significant role in the spatial variation of canal derived recharge in the region.

AR: Yes, the model accounts for both the main canal network and the distribution canals.
Canal-derived recharge is represented through two pathways: 1) Direct canal leakage recharge,



which is applied at the mapped canal locations, including distribution canals. The canal dataset
contains a relatively detailed representation of the canal network. Canal type is used as a proxy
for canal width and therefore influences the estimated leakage recharge. 2) Indirect recharge
through irrigation return flow, which originates from both canal water and groundwater used for
irrigation. The relative contribution of canal irrigation is estimated using census data at the
panchayat (village) level, allowing spatial variation in irrigation water sources to be incorporated
into the return-flow calculations. In the manuscript this is explained in sections A.5 and A.6 and
we will clarify this in the main text.

RC1-GC4

As the other reviewer has highlighted the lack of seasonality in your model has implications. For
example, whether rivers are receiving or losing depends on the time of year and the range of
water level fluctuation experienced in a year. The range of water level fluctuation in this region
can be considerable. How might this impact your findings? How does lack of representation of
seasonality more generally impact your findings?

AR: (This response addresses comments RC1-GC4, RC2-SC4 and CC2, which concern the
same issue). We agree that the use of yearly time steps limits the representation of seasonal
groundwater dynamics in this monsoon-dominated system. With a finer temporal resolution
(e.g. monthly timesteps), the model could capture seasonal reversals in SW-GW exchange and
distinguish, for example, between dry-season infiltration and monsoon-driven exfiltration.
However, the objective of this study was to assess long-term regional trends over a two-century
period, for which yearly net SW-GW exchange was considered the most relevant metric. In
particular, for evaluating the long-term spreading of polluted surface water into the groundwater
system, the annual net exchange is more important than seasonal fluctuations. For example, if
polluted river water infiltrates into the aquifer during the dry season but is subsequently
discharged back to the river during the monsoon, the net annual exchange remains exfiltrating
and the long-term transfer of pollutants to groundwater would be limited.

We acknowledge that a higher temporal resolution could provide additional insight into
seasonal dynamics and the timing of exchange reversals, but such simulations were beyond the
scope of the present long-term regional analysis and would substantially increase
computational demands. We will clarify this limitation in the revised manuscript.

RC1-GC5

You have made quite a lot in the summary and abstract of the threat to drinking water quality
from losing rivers, but water quality isn’t something you explicitly model. So it might be worth
being a little more cautious in your discussion about this.

AR: We agree with this comment, and we will be more cautious about the statements and more
clear about jit. We have therefore revised the summary and abstract to better distinguish
between modelled results and their possible implications. Please see our responses to
comments RC1-SC1 and RC1-SC2 for the specific changes made.

RC1-GC6

Is it possible to present the data you compiled on groundwater abstractions and recharge in the
manuscript or an appendix? It would be helpful to see the vector or raster datasets you
compiled.

AR: Spatially explicit input data are available for all recharge and abstraction components for
each year. Aggregated maps of these components are already presented in figure 6 for the
different time periods considered in the study. However, due to space constraints, the maps in



the main manuscript are relatively small and do not clearly show the spatial details. We will add
larger versions of these maps in the appendix.

Specific comments

RC1-SC1

Short summary: the implication that losing waters from rivers to groundwater threatens
drinking water supply isn’t inevitable. Without more context in the summary, | would reconsider
the weight you attach to this conclusion.

AR: We will be more cautions and we will change it into this:

“Model simulations show how North India’s water system changed over the past two centuries.
From 1830, irrigation canals increased recharge and groundwater flows to rivers and streams.
After 1970, groundwater pumping, mainly for irrigation, surged, lowering groundwater tables and
reducing flows to surface waters. Since 2000, some localrivers likely switch to lose water to the
groundwater. This may have implications for river ecosystems and groundwater quality,
especially where rivers are polluted.”

RC1-SC2

Abstract: You say that ‘local rivers likely shifted from draining to infiltrating conditions’ and that
‘groundwater-surface water interactions in local rivers may have fundamentally changed’. It’s
not clear in the abstract whether your model shows this effect explicitly or whether you infer
this? It’s clear when reading the rest of the manuscript, but it needs to be made clearer here.
Likewise, the continued role of canals after 1970 is not clear in the abstract. You mention that
they boosted recharge prior to 1970 but do they continue to recharge groundwater levels after
this period?

Reading on the answers to these questions are clear, but they need to be made clearer in the
abstract.

AR: We have rewritten the abstract to be more clear what the model showed and what is
inferred. We also clarified that the canals continue to recharge the groundwater. The new
abstract will read like this:

“The Indo-Gangetic Basin (IGB) is a global hotspot for groundwater overexploitation. Previous
studies have shown that groundwater levels initially rose due to enhanced recharge following
the construction of irrigation canals, but subsequently declined as agricultural, municipal, and
industrial abstractions intensified. However, the relative impacts of separate recharge and
abstraction components (precipitation, canal leakage infiltration, irrigation return flow, and
irrigation, municipal and industrial abstraction), remain unclear, as do the effects on
groundwater-surface water interactions and environmental flows. This study therefore aims to
quantify spatio-temporal changes in groundwater recharge and abstraction components over
the past two centuries and assesses how these changes have impacted groundwater-surface
water interactions in the Upper Ganges—Yamuna interfluve in northern India.

Groundwater model simulations indicate that canal water infiltration following canal
construction after 1830 increased groundwater recharge and groundwater discharge to local
rivers. Although canals continue to provide significant recharge, rapid rise in groundwater
abstraction since the 1970s has lowered groundwater tables and reduced groundwater
discharge to surface waters. Currently irrigation accounts for roughly 85% of the abstractions,
with municipal (15%) and industrial (< 1%) uses accounting for much smaller shares. The model
simulations indicate that around 2000 local rivers likely shifted from draining to infiltrating
conditions. This change in groundwater-surface water exchange may affect environmental flows



and increase the vulnerability of groundwater to contamination where surface waters are
polluted. Although both the Yamuna and the Ganges show reduced groundwater exfiltration,
they are not (yet) infiltrating.”

RC1-SC3

Introduction: arguably water resource development has been going on in the region for much
longer than this. The Mughals actively managed water resources and there is evidence as far
back as the Indus Valley civilisation of large-scale water resource development. To be more
accurate you could say something like, ‘development of modern irrigation canal systems began
in 1830 with the Eastern Yamuna irrigation canal’.

AR: Good suggestion we implemented this in the introduction.

“... that small-scale canal systems in the Indo-Gangetic Basin (IGB) date back to 16th century
under Mughal rule (Jain et al., 2022) and the development of modern irrigation canal systems
began in 19th century with the Eastern Yamuna irrigation canal in 1830 (Irrigation and Water
Resources Department, n.d.).”

RC1-SC4

Figure 1: The model schematisation does not seem to include the canals. Is that correct?
AR: Yes, the canals are deliberately not shown in this schematisation as they are treated as a
recharge component and are therefore included in figure 6 as “canal leakage recharge”. In the
next comment (RC1-SC5) we explain why we implemented canals as recharge and not as
surface water (RIV-package) in the MODFLFOW 6 model.

RC1-SC5

2.2 MODFLOW 6 - model schematisation: it would be helpful to know why rivers and canals
were simulated differently in your model.

AR: (This response addresses both comments RC1-SC5 and RC2-SC8, which concern the same
issue). Irrigation canals were represented as recharge sources rather than as explicit surface-
water boundary conditions (e.g. using the RIV package). This conceptualization assumes that
canals are generally located at relatively elevated positions in the landscape while groundwater
tables are comparatively deeper, resulting in predominantly downward leakage from canals to
the aquifer. This is a realistic assumption backed by field observations. Under this assumption,
canal leakage is treated as disconnected surface water recharge and is therefore not directly
influenced by simulated groundwater levels.

This approach was also adopted because detailed data on canal bathymetry, canal-bottom
elevations, and surface water levels were unavailable. We will clarify this modelling choice and
its implications in the revised manuscript.

RC1-SC6

2.3 Monte Carlo analysis and validation: How were the groundwater level data used to
validate your model? Can you present some plots to show observed versus modelled water
level changes?

AR: The groundwater level observations from 94 monitoring wells were used to evaluate model
performance by comparing observed and simulated groundwater levels and calculating the
Mean Absolute Error (MAE) and Mean Error (bias) for each model realization. This evaluation
procedure is described in lines 174-180 of the manuscript.

We will include several figures in the appendix showing comparisons between observed and
simulated groundwater levels.



RC1-SC7

3.2 Effects on groundwater table: You state that, ‘after 2000, groundwater tables declined
further” Which appears to be based on Figure 8. However, it appears from Figure 7 that after this
period groundwater decline slows and groundwater levels are arguably more stable. It would be
helpful to clarify this apparent discrepancy.

AR: Yes, we will make this more clear in the revised manuscript, and we will adopt more
cautious wording where appropriate.

RC1-SC8

Figure 8 and 10: The layout of these figures is quite confusing, | would suggest reconsidering
the placement of the ‘natural situation’ and ‘current situation’ plots and their associated
legends. At present it appears as if the legend on the left is for the plots it underlies and likewise
on the right. However, | think the legend on the left is only for the ‘natural situation’ and ‘current
situation’ plots.

AR: We will make new clearer versions for figure 8 and 10 with special attention to the layout and
placement of the legends.

RC1-SC9

4.1 Groundwater balance evolution over the past two centuries in the Upper Ganges-
Yamuna interfluve: At the start of this section, you mention that changes in recharge and
abstraction influence groundwater levels with a temporal delay, but this is the first time this
temporal delay is mentioned. What is the temporal delay for the different recharge sources?
AR: In our model, temporal delays are not prescribed separately for different recharge sources.
Instead, they emerge from the groundwater system response, which is governed by groundwater
storage, aquifer properties, and groundwater flow dynamics. As a result, changes in recharge or
abstraction do not translate immediately into changes in groundwater levels or groundwater-
surface water exchange. For example, canal construction causes an immediate increase in
recharge, but groundwater tables rise more gradually as water is stored and spatially
redistributed within the aquifer. Similarly, changes in groundwater-surface water exchange
occur with an additional delay because these fluxes depend on the evolution of groundwater
heads and hydraulic gradients. We will revise the text to explain this more clearly.

RC1-SC10

The discrepancy of your results with those observed by MacAllister et al. (2022) could also be
related to a much less dense canal network in your study area and less continuous canal
development through the 19" and 20™ century.

AR: Thank you for this suggestion. We will include differences in canal density as a potential
explanation in the discussion alongside the other factors that could explain this discrepancy.

RC1-SC11

4.2 Model uncertainties and limitations: Is the assumption of stable land use patterns over a
nearly two-hundred-year period in this area really justified? This ties into the other reviewer’s
comments.

AR: (This response addresses both comments RC1-SC11 and CC1, which concern the same
issue). We agree that the assumption of stable land-use patterns over a two-century period is a
simplification and an important source of uncertainty. Unfortunately, no spatially explicit
historical land-use datasets were available for the study area covering this period.



Nevertheless, the study area has long been characterized by intensive agriculture and a
relatively dense rural population. While the extent of urban areas has undoubtedly increased,
particularly around major cities, and agricultural practices have intensified over time, we expect
the dominant land-use classes (agricultural land and settlements) to have remained broadly
similar in their spatial distribution.

RC1-SC12

4.3 Implications: It would be helpful to show evidence of the current extent of wastewater
inputs to rivers. Do you have any data for this?

AR: We thank the reviewer for this suggestion. However, we believe that quantifying the extent
and sources of wastewater inputs to rivers was beyond the scope of the present study, as this
study focuses on the effects of changing recharge and abstraction patterns on groundwater-
surface water interactions and thus on the baseflow of the river. Evidence for substantial
wastewater impacts on surface-water quality is available from previous work in the region. For
example, Van Broekhoven et al. (2024) showed that surface waters in the Hindon subbasin are
heavily influenced by wastewater inputs outside the monsoon season. The purpose of the
implications section is therefore not to quantify wastewater loads, but to highlight how the
modelled changes in groundwater-surface water interactions may increase the vulnerability of
surface and groundwater quality.

van Broekhoven, F. J. G., Griffioen, J., Dekker, S. C., Sharma, M. K., Bhagwat, A., and Schot, P. P.:
Linking recharge water sources to groundwater composition in the Hindon subbasin of the
Ganges River, India, Sci. Total Environ., 954, 176399,
https://doi.org/10.1016/j.scitotenv.2024.176399, 2024.

RC1-SC13

5 Conclusions: You conclude by saying unless substantial recharge enhancement occurs
groundwater level decline is inevitable. However, India is investing in Managed Aquifer Recharge
on avery large scale. It would be worth recognising this in your conclusions and/or discussions.
AR: We thank the reviewer for this valuable comment. We will recognize the efforts in MAR in the
discussion.

RC1-SC14

A.1Irrigation groundwater demand: Is the 2011 census data the most recent data available?
Could you not use consecutive census to better quantify changes with time?

AR: The 2011 Census is currently the most recent census dataset available. Although the next
census was scheduled for 2021, it was postponed due to the COVID-19 pandemic and its
results have not yet been released. Consequently, the 2011 Census represents the latest
available dataset for this analysis.

Referee #2

General Comments
This paper presents a nhovel and valuable contribution to understanding long-term groundwater
dynamics in the Indo-Gangetic Basin. The two-century hindcast perspective is ambitious and



the integration of multiple recharge and abstraction components addresses an important gap in
the literature. After moderate revisions, | believe the paper will be suitable for publication.

RC2-GC1

My overarching concern is that the modelling methodology requires clearer description of what
the model is actually predicting versus what is imposed through the forcing assumptions. In
addition, further discussion on the challenges in constraining hindcast uncertainty (see
Forstner et al. 2025) using the Monte Carlo framework would be valuable. Several clarifications
would substantially strengthen the paper.

AR: We thank the reviewer for this insightful comment. We agree that the manuscript should
more clearly distinguish between externally imposed forcing assumptions and simulated model
responses, and we will revise the text accordingly. In our manuscript, recharge and abstraction
are prescribed as uncertain external forcings, while groundwater heads and SW-GW exchanges
are simulated responses of the groundwater model.

On the model conditioning and uncertainty framework

RC2-GC2

The section titled "Monte Carlo analysis and validation" describes an approach where 1,500
simulations are run and those meeting performance and realism criteria are retained. Could the
authors clarify how this approach relates to formal data assimilation or history matching
frameworks? In particular, Figure 3 shows that several posterior parameter distributions closely
resemble their priors — could the authors discuss what this implies for the information content
of the observations, and whether the reported uncertainty bounds reflect a genuinely updated
posterior or primarily the prior parameter ranges? Related to this, could the authors reconsider
the use of the term "validation" for this process, and "model validity" (line 197)?

AR: The applied methodology is not equivalent to formal data assimilation or Bayesian history
matching. The approach is more appropriately described as a Monte Carlo uncertainty analysis
combined with behavioural model screening (rejection sampling), in which parameter sets
sampled from prior distributions are filtered using observational performance criteria and
physically based realism constraints. The retained ensemble therefore represents plausible
behavioural model realizations rather than a formally derived posterior distribution.

We agree that the similarity between prior and retained parameter distributions indicates that
the available observations only weakly constrain some model parameters. This likely reflects a
combination of limited temporal and spatial groundwater-level observations and that several
different parameter combinations can explain the observed groundwater levels equally well.
Consequently, uncertainty bounds remain substantially influenced by the prior assumptions
and should not be interpreted as fully constrained posterior uncertainty estimates.

In addition, we will revise terminology throughout the manuscript and replace terms such as
“validation” and “model validity” with more appropriate terms such as “model performance
evaluation” and “history matching”.

RC2-GC3

As mentioned by the previous reviewer, is there additional observation data which could have
been used to condition the posterior ensemble? For example, a key prediction is groundwater
level trends, is there any available data on groundwater levels trends which could have
informed the model ‘conditioning’ rather than only using absolute groundwater heads?

AR: We thank the reviewer for this remark. In the revised manuscript, we will include a
comparison between observed and simulated groundwater level trends, alongside the



comparison of absolute groundwater heads. Specifically, we calculated the Sen slope for each
observation well using the measured heads and compared these observed trend with the
simulated groundwater level trend over the corresponding period. We will present this in a new
appendix figure showing observed versus simulated Sen slopes for all observation wells.

On goodness-of-fit and trend reproduction

RC2-GC4

The acceptance criteria of MAE < 7.5 m and bias between =5 m are noted. Could the authors
discuss how confidently the reported ~2 m groundwater table decline (line 335) can be
attributed to modelled processes given these thresholds? Furthermore, for a hindcasting study,
could the authors demonstrate that accepted model runs reproduce observed groundwater
level trends rather than just absolute head levels? Time series comparisons of observed versus
modelled groundwater levels would considerably strengthen confidence in the results.

AR: Many thanks for this important comment. Given the applied thresholds (MAE < 7.5 m and
bias within £5 m), the simulated groundwater level changes should not be interpreted as precise
deterministic estimates at the meter scale. Rather, the results provide a robust indication of the
overall magnitude and spatial and temporal patterns of long-term groundwater table change.
Following this comment, and as also suggested by reviewer #1, we will add additional
comparisons between observed and simulated groundwater level time series in the appendix.
Furthermore, as already indicated in the previous comment, we now evaluate groundwater level
trends explicitly by comparing observed and simulated Sen slopes for each observation well
over the corresponding monitoring period.

On model structure and predictive insight

RC2-GC5

The authors state at line 142 that the aim is to "capture overall temporal trends in a spatially
distributed manner rather than precise estimates for each cell and time step." Given the
relatively simple model structure (single layer, homogeneous aquifer) and that recharge and
abstraction forcings dominate the output signal, could the authors more explicitly demonstrate
what predictive insight the model contributes beyond what could be inferred directly from the
forcing trends alone? This is particularly relevant to the SW-GW exchange conclusions, where
model structural uncertainty may be as important as the parameter uncertainty quantified
through the Monte Carlo approach.

AR: We agree that the added value of the model beyond the imposed forcing trends should be
clarified more explicitly. While recharge and abstraction histories are prescribed externally, the
model simulates how these forcings propagate through the groundwater system depending on
aquifer properties, boundary conditions, and SW-GW interactions. The model provides
additional insights into: (i) the spatial redistribution of groundwater-level changes, (ii) time-
lagged system responses, and (iii) changes in SW-GW exchange fluxes that emerge from the
interaction between hydraulic gradients and surface water boundaries rather than being directly
imposed.

We also agree that structural uncertainty is an important limitation. The simplified single-layer
homogeneous model was adopted to enable long-term regional-scale hindcasting under limited
historical data availability, but this simplification may affect the representation of local
heterogeneity and SW-GW exchange processes. We will clarify in the discussion that the
presented uncertainty ranges mainly reflect parameter and forcing uncertainty within the
adopted model structure, while structural uncertainty is not fully quantified.



Specific Comments

RC2-SC1

I would encourage the authors to use more precise terminology throughout — for example,
referring to the accepted runs as a "posterior ensemble" and the filtering process as "rejection
sampling" or "informal history matching" rather than "validation." The term "model validity" (line
197) should also be reconsidered. Similarly, “realizations” rather than “scenarios” (see
Anderson et al, 2015) for multiple references to more widely used terminology in uncertainty
quantification methods.

AR: Thank you for the good suggestions. We agree that the proposed terminology more
accurately reflects the applied methodology. We will use the suggested terminology in the
revised manuscript.

RC2-SC2

Line 70 (Aim): Could the authors clarify what the model is actually predicting — specifically, that
groundwater table depth and SW-GW exchange fluxes are the primary model outputs, while the
recharge and abstraction components are forcing terms whose uncertainty is propagated
through the ensemble?

AR: We agree that aim of the manuscript should more clearly distinguished between externally
imposed forcing assumptions and simulated model responses. In our manuscript, recharge and
abstraction are prescribed as uncertain external forcings, while groundwater heads and SW-GW
exchanges are simulated responses of the groundwater model. We, therefore, will revise the aim
in the introduction for clarity into this:

“This study aims to quantify the spatio-temporal evolution of groundwater recharge and
abstraction components, and their effects on groundwater table and GW-SW interactions in the
Upper Ganges-Yamuna interfluve of the IGB. First, the spatio-temporal evolution of groundwater
recharge and abstraction components is reconstructed for the period from pre-canal conditions
(< 1830) to recent times (2016). These recharge and abstraction estimates are subsequently
used as uncertain external forcings in a spatially explicit, physically based groundwater model
(MODFLOW 6). The model simulates groundwater heads, groundwater storage evolution, and
SW-GW exchange fluxes. This analysis improves understanding of the contribution of different
water-use sectors to groundwater dynamics and provides a basis for sustainable groundwater
management.”

RC2-SC3

Line 109 ("multiple schematizations"): This phrasing is ambiguous. Please clarify whether this
refers to multiple conceptual models or model realizations used in the uncertainty
quantification.

AR: To clarify it, we changed it to “multiple model realisations with different parameter values
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for....”.

RC2-SC4

Line 116 (yearly timesteps): Given that seasonal water table fluctuations in monsoon-
dominated systems can exceed the magnitude of the long-term trends being studied, could the
authors provide further justification for the annual timestep and discuss how this may affect the
estimated timing and magnitude of the exfiltration-to-infiltration transition in the Hindon River?
AR: (This response addresses comments RC1-GC4, RC2-SC4 and CC2, which concern the
same issue). We agree that the use of yearly time steps limits the representation of seasonal



groundwater dynamics in this monsoon-dominated system. With a finer temporal resolution
(e.g. monthly timesteps), the model could capture seasonal reversals in SW-GW exchange and
distinguish, for example, between dry-season infiltration and monsoon-driven exfiltration.
However, the objective of this study was to assess long-term regional trends over a two-century
period, for which yearly net SW-GW exchange was considered the most relevant metric. In
particular, for evaluating the long-term spreading of polluted surface water into the groundwater
system, the annual net exchange is more important than seasonal fluctuations. For example, if
polluted river water infiltrates into the aquifer during the dry season but is subsequently
discharged back to the river during the monsoon, the net annual exchange remains exfiltrating
and the long-term transfer of pollutants to groundwater would be limited.

We acknowledge that a higher temporal resolution could provide additional insight into
seasonal dynamics and the timing of exchange reversals, but such simulations were beyond the
scope of the present long-term regional analysis and would substantially increase
computational demands. Furthermore, additional model complexity associated with a finer
temporal resolution could introduce extra sources of uncertainty. We will clarify this limitation in
the revised manuscript.

RC2-SC5

Line 123 (CHD boundaries): Were the constant head boundaries for the Ganges and Yamuna
held fixed over the full 200-year simulation? If so, could the authors discuss the potential
influence of this assumption on results, given known changes to river stages from dam
construction and diversions over this period?

AR: Yes, the constant head boundaries for the Ganges and Yamuna were kept fixed throughout
the simulation period. We agree that river stages have likely changed over the past two centuries
due to construction of dams, diversions, and other large-scale hydrological alterations.
However, historical river stage observations were not available for this study, partly due to data
restrictions. Additionally, because the Ganges and Yamuna are large, deeply incised rivers, we
expect the regional groundwater gradients controlled by these boundary conditions to remain
relatively stable, even if river stages have varied over time.

Although river stages from larger-scale hydrological studies could potentially have been
incorporated, this was considered outside the scope of the present study. Our objective was
specifically to isolate and evaluate the effects of local land- and water-use changes (i.e.
recharge and abstraction changes) on the regional groundwater system. By keeping the
boundary conditions fixed, simulated groundwater changes can, therefore, be attributed
primarily to changes in local forcing rather than external influences from upstream river
regulation or Himalayan climate-driven discharge changes. We acknowledge that this
simplification may affect the magnitude of simulated SW-GW exchanges near the model
boundaries and will clarify this limitation in the revised manuscript.

RC2-SC6

Line 155 ("scenarios"): Consider replacing with "realizations" or "ensemble members"
throughout, as these terms better reflect the probabilistic nature of the Monte Carlo approach.
AR: Agreed, we will change “scenarios” into “realisations”.

RC2-SC7

Lines 181-190 (realism criteria): Could the authors discuss whether these filtering criteria
introduce any systematic bias toward particular parameter combinations given the model
doesn’t account for uncertainty in spatial heterogeneity in parameters? (ie. could the model be



compensating for processes not captured numerically?) It would be useful to discuss how many
realizations are filtered based on each criteria.

AR: We agree that parameter compensation could play a role in the results. In our framework,
different parameter sets can indeed compensate for one another, for example, a higher recharge
factor of specific recharge component may be offset by lower recharge factor of another
recharge component or lower abstraction component factor or higher hydraulic conductivity.
This is reflected in the spread of accepted realisations.

Regarding subsurface simplification, the model assumes spatially uniform aquifer properties,
whereas the real system is heterogeneous. Some of this unresolved spatial subsurface
variability may therefore be implicitly absorbed into the spatially explicit forcings terms
(recharge and abstractions), which can lead to compensatory effects between parameters and
forcings. However, we do not find evidence that the realism filters introduce a strong systematic
bias toward a specific subset of parameter combinations.

We will clarify this point in the revised manuscript and will also report the number of rejected
realizations associated with each individual realism criteria to improve transparency.

RC2-SC8

Figure 1.2: Could the authors clarify how irrigation canals are represented in the model
conceptualization, and why rivers and canals were treated differently?

AR: (This response addresses both comments RC1-SC5 and RC2-SC8, which concern the same
issue). Irrigation canals were represented as recharge sources rather than as explicit surface-
water boundary conditions (e.g. using the RIV package). This conceptualization assumes that
canals are generally located at relatively elevated positions in the landscape while groundwater
tables are comparatively deeper, resulting in predominantly downward leakage from canals to
the aquifer. This is a realistic assumption backed by field observations. Under this assumption,
canal leakage is treated as disconnected surface water recharge and is, therefore, not directly
influenced by simulated groundwater levels.

This approach was also adopted because detailed data on canal bathymetry, canal-bottom
elevations, and surface water levels were unavailable. We will clarify this modelling choice and
its implications in the revised manuscript.

RC2-SC9

Figures 8 and 10: Could the authors be more explicit about which periods are being differenced
(ie. from end of last period)?

AR: We agree that the description of the differencing approach in figures 8 and 10 was not
sufficiently clear. The first and last panels show the mean of respectively the “natural” and
“current” periods. The panels in between show the mean of the period minus the mean of the
previous period. E.g., the difference map with period label “1800-1830 -> 1830-1900” shows the
mean of the period 1830-1900 minus the mean of the period 1800-1830. We will make figures 8
and 10 more clear.

RC2-SC10

Pre-1900 uncertainty bounds (Figure 5): Could the authors explain why there is an apparent
narrowing of uncertainty bounds prior to 19007 Given this coincides with the inclusion of
meterological data which captures greater interannual variability, could this indicate the
hindcast uncertainty is being underpredicted?

AR: The apparent narrowing of uncertainty bounds prior to 1900 is mainly related to the reduced
temporal variability in the forcing data during this period. Before 1900, long-term average



meteorological conditions were used, which do not capture interannual weather variability and,
therefore, result in smoother recharge forcing and reduced ensemble spread.

In addition, fewer recharge and abstraction components were active during the pre-1900 period.
The system was primarily influenced by rainfall recharge, canal leakage, and irrigation return
flow, whereas in later periods additional recharge and abstraction components contributed their
own uncertainties. As a result, total forcing uncertainty was lower in the earlier time periods.

We agree that this simplification may lead to an underestimation of hindcast uncertainty prior to
1900. However, the main conclusions of the study are based primarily on the median behaviour
of the posterior ensemble, which would likely remain similar even if additional interannual
meteorological variability was included. Incorporating transient historical climate variability over
the full hindcast period would substantially increase model complexity and was considered
beyond the scope of the present study. We will clarify this limitation in the revised manuscript.

RC2-SC11

Appendix A.6 (irrigation return flow): The return flow factor of 0.162 is applied uniformly across
the domain. Could the authors discuss whether this uniform parameterisation may introduce
systematic spatial bias, given known variability in irrigation method, soil type, and crop
distribution across the region?

AR: We agree that irrigation return flow likely varies spatially due to differences in irrigation
methods, soil properties, crop types, and local management practices. However, detailed
spatial datasets on these factors were not available for the study area, particularly for the
historical reconstruction period. Furthermore, temporal variability in crop rotations and
irrigation practices is expected to smooth spatial differences. We, therefore, applied a uniform
return flow factor across the model domain as a necessary simplification.

We acknowledge that this assumption may introduce spatial biases in the estimated recharge
patterns at the local scale. For this reason, the model results should primarily be interpreted at
the broader regional scale and with emphasis on long-term temporal trends rather than cell-
specific estimates. We will clarify this limitation in the revised manuscript.

Community Comment #1

The manuscript presents a valuable and timely contribution to the field of hydrology,
particularly in understanding long-term groundwater—surface water (GW-SW) interactions in
heavily managed systems. By reconstructing two centuries of hydrological evolution using a
physically based MODFLOW 6 framework, the study provides important insights into how
irrigation development and groundwater abstraction have reshaped the hydrological regime in
the Upper Ganges-Yamuna interfluve.

One of the key strengths of the paper is its long-term perspective (1800-2016), which is rarely
achieved in groundwater studies and allows for a comprehensive understanding of system
transitions from natural to human-dominated conditions. The integration of multiple recharge
and abstraction components (e.g., canal leakage, irrigation return flow, sectoral water use)
provides a holistic representation of groundwater balance dynamics, addressing an important
gap in previous studies.



Overall, the manuscript is well-structured, methodologically sound, and highly relevant, and it
significantly advances knowledge on anthropogenic impacts on groundwater systems. | will put
some minor comments:

AR: Thank you for your kinds words. We will respond to each of the comments below.

1) The manuscript assumes temporally constant spatial distributions for several components
(e.g., land use, recharge patterns). While this is acknowledged, a brief discussion on how this
assumption may affect historical reconstructions would strengthen the study.

AR: (This response addresses both comments RC1-SC11 and CC1, which concern the same
issue). We agree that the assumption of stable land-use patterns over a two-century period is a
simplification and an important source of uncertainty. Unfortunately, no spatially explicit
historical land-use datasets were available for the study area covering this period.
Nevertheless, the study area has long been characterized by intensive agriculture and a
relatively dense rural population. While the extent of urban areas has undoubtedly increased,
particularly around major cities, and agricultural practices have intensified over time, we expect
the dominant land-use classes (agricultural land and settlements) to have remained broadly
similar in their spatial distribution.

2) The use of yearly time steps simplifies the system and excludes seasonal dynamics. A brief
justification of why this does not affect key conclusions would be helpful.

AR: (This response addresses comments RC1-GC4, RC2-SC4 and CC2, which concern the
same issue). We agree that the use of yearly time steps limits the representation of seasonal
groundwater dynamics in this monsoon-dominated system. With a finer temporal resolution
(e.g. monthly timesteps), the model could capture seasonal reversals in SW-GW exchange and
distinguish, for example, between dry-season infiltration and monsoon-driven exfiltration.
However, the objective of this study was to assess long-term regional trends over a two-century
period, for which yearly net SW-GW exchange was considered the most relevant metric. In
particular, for evaluating the long-term spreading of polluted surface water into the groundwater
system, the annual net exchange is more important than seasonal fluctuations. For example, if
polluted river water infiltrates into the aquifer during the dry season but is subsequently
discharged back to the river during the monsoon, the net annual exchange remains exfiltrating
and the long-term transfer of pollutants to groundwater would be limited.

We acknowledge that a higher temporal resolution could provide additional insight into
seasonal dynamics and the timing of exchange reversals, but such simulations were beyond the
scope of the present long-term regional analysis and would substantially increase
computational demands. We will clarify this limitation in the revised manuscript.

3) While uncertainty is addressed through Monte Carlo simulations, a clearer distinction
between input uncertainty and structural/model uncertainty would strengthen the discussion.
AR: In the discussion we will make a clearer distinction between input uncertainty and structural
model uncertainty.

4) Given the focus on groundwater—surface water interactions, it would be valuable to
acknowledge recent work. For example, “Assimilation of Sentinel-based Leaf Area Index for
Modeling Surface-Ground Water Interactions in Irrigation Districts.”

AR: We thank you for this suggestion. However, we believe the cited study falls somewhat
outside the scope of the present study, both methodologically and geographically. Due to
differences in objectives and methodology, we do not believe that discussing this study would



substantially strengthen the context of the present manuscript. Nevertheless, we appreciate the
recommendation and have considered it carefully.

5) The manuscript could benefit from a slightly clearer comparison with previous regional/global
groundwater studies to better highlight its novelty.
AR: We will try to make the novelty of the manuscript more clear in the revised manuscript.

The manuscript is strong and suitable for publication after minor revisions. The suggested
comments mainly aim to improve clarity and strengthen the interpretation rather than requiring
substantial additional work.



