Responses to comments from Dr. Benjamin Kraemer

On “Assessing the different components of the water balance of Lake Titicaca” by Nilo Lima-Quispe
Denis Ruelland, Antoine Rabatel, Waldo Lavado-Casimiro, and Thomas Condom.

General comments

Lima-Quispe et al present a valuable contribution to the field of hydrology by addressing the challenging
task of assessing the water balance of a poorly-gauged large lake, Lake Titicaca. The integrated modeling
framework proposed in the study is novel and addresses limitations in existing methods, particularly for
large lakes with sparse data availability. The study's findings on the dominant role of precipitation and
evaporation in Lake Titicaca's water balance are substantial and have broader implications for water
resource management in similar regions. The scientific methods and assumptions are generally sound, and
the results are comprehensive and well-supported.

We would like to sincerely thank Dr. Benjamin Kraemer for the time and effort he dedicated to reviewing
the initial manuscript and for providing numerous clear, pertinent, and constructive suggestions for
improvement. We are grateful he shared ideas helped to better highlight the novelty and clarity of the paper.
For ease of reference, comments are presented in black text, while our responses are in blue, and suggested
modifications are highlighted in blue italics.

The most important areas of feedback are:

e Clarity and Focus: The introduction could benefit from a more research question-driven approach.
Clearly stating the main research question at the outset would improve focus and engagement.
Additionally, consider streamlining the methods section by moving some of the detailed discussions
(e.g., glaciological and hydrological control data) to the appendix.

Agreed. We addressed these comments carefully. The specific responses and proposed changes can
be found in the specific comments under the following criteria: “1. Relevance to HESS Scope”, “2.
Novelty”, and “4. Scientific Methods and Assumptions”.

¢ Novelty and Contributions: While the novelty of the integrated modeling framework is evident,
it could be further emphasized in the abstract and introduction. Clearly articulating how this
approach differs from traditional models and highlighting its unique advantages would strengthen
the manuscript's impact.

Agreed. We addressed these comments carefully. The specific responses and proposed changes can
be found in the specific comments under the following criteria: “1. Relevance to HESS Scope”, “2.
Novelty”.

e Assumptions and Limitations: The discussion of assumptions, particularly regarding the fixed
glacier area and the exclusion of groundwater exchanges, could be expanded. Addressing the
potential limitations of these assumptions and their implications for the study's findings would add
depth to the analysis.

Agreed. We addressed these comments carefully. The specific responses and proposed changes can
be found in the specific comments under the following criteria: “3. Substantial Conclusions”, and
“4. Scientific Methods and Assumptions”.



Incorporating relevant data sources: Several key data sources were not included but could
strengthen the manuscript substantially especially data on irrigated versus non-irrigated agriculture
and LSWT.

Agreed. We addressed these comments carefully. The specific responses and proposed changes can
be found in the specific comments under the following criteria: “4. Scientific Methods and
Assumptions”.

Reproducibility: Providing the modeling code or a detailed description of the algorithms as
supplementary material would significantly enhance the reproducibility of the study and its value
to the research community.

Agreed. We addressed these comments carefully. The specific responses and proposed changes can
be found in the specific comments under the following criteria: “6. Traceability and
Reproducibility”.

Presentation: The manuscript is well-written and organized. However, the discussion section
could be condensed to avoid repetition and improve clarity. Additionally, minor revisions to figures
and captions could enhance their visual appeal and informativeness.

Agreed. The specific responses and proposed changes can be found in the comments under the
following criteria: “10. Overall Presentation”.

Specific comments

I have organized my feedback below according to the HESS review criteria.

1. Relevance to HESS Scope:

The manuscript addresses topics that are highly relevant within the scope of Hydrology and Earth System
Sciences (HESS). It focuses on assessing the water balance of Lake Titicaca using an integrated modeling
framework, which is particularly valuable given the challenges of studying poorly gauged large lakes. This
research is of significant interest to the hydrology community due to its emphasis on understanding the
impacts of climate variability and human activities on lake water levels.

We would like to thank the reviewer for this encouraging comment.

Suggestions for Improvement:

Lines 123-129: Consider enhancing the discussion on the relevance of the study by providing
specific examples of how the integrated modeling framework addresses gaps in existing research.
For example, you could highlight how this study overcomes certain limitations faced by previous
research on poorly gauged large lakes. This would help position the manuscript more clearly within
the broader context of current literature.

Agreed. This feedback is very pertinent. To address it, we have reorganized the Introduction by
creating a new section titled “7.1 On the need for an integrated water balance in large lakes”. In
this section, we emphasize that understanding the drivers of large lake fluctuations requires a
comprehensive water balance that includes both natural flows and water management. We also
clarify the concept of integrated modeling and explain how it differs from traditional approaches.



Additionally, we introduce studies that have attempted to address integrated water balance and their
limitations, along with the challenges faced in large lakes.

We have added the following sentences to highlight the need for an integrated water balance that
considers both natural flows and water management:

“...Understanding the main drivers of fluctuations in water levels is crucial for effective lake
management, which requires a realistic water balance accounting for both natural processes and
anthropogenic pressures (Wurtsbaugh et al., 2017). Several studies on large lakes (>500 km2) (e.g.
Rientjes et al., 2011, Vanderkelen et al., 2018; Wale et al., 2009) have estimated water balance
under the assumption that net water withdrawals in the contributing catchment are negligible.
However, this assumption may no longer be valid due to changing climate conditions and increased
competition for water uses, potentially leading to reduced upstream inflow (Wurtsbaugh et al.,
2017). For example, Schulz et al. (2020) demonstrated that net withdrawals for irrigation
exacerbate the decline in storage at Lake Urmia, which is also impacted by climate change.”

We have also added the following sentences to differentiate integrated modeling from traditional
approaches:

“In large lakes, it is essential to adopt integrated water balance modeling, which represents the
interactions and feedbacks between natural hydrologic processes and water management within a
single modeling framework (Niswonger et al., 2014). Unlike traditional decision support systems
applied to large lakes (Hassanzadeh et al., 2012), which typically simulate natural flows and
irrigation water requirements independently, integrated modeling enables these processes to be
simulated in a coupled and dynamic manner...”

2. Novelty:

The manuscript introduces novel concepts, particularly in the integration of various hydrological processes,
such as snow and ice melt, heat storage changes in evaporation, and irrigation impacts, within a single
modeling framework. However, the manuscript would benefit from a clearer differentiation from previous

work.

Agreed. Responses to this comment are addressed below.

Suggestions for Improvement:

Abstract and Introduction: The abstract and introduction could be more research question-
driven. Clearly identifying the main research question in the first few sentences would improve
focus. Consider whether there is uncertainty or disagreement over the dominant drivers of Lake
Titicaca’s water budget and clarify if this manuscript aims to resolve such questions.

Agreed.
In the Abstract, we have identified the knowledge gap in Lake Titicaca as follows:

“In the face of climate change and increasing anthropogenic pressures, a reliable water balance is
crucial for understanding the drivers of water level fluctuations in large lakes. However, in poorly-
gauged hydrosystems such as Lake Titicaca, most components of the water balance are not directly
measured. Previous estimates for this lake have relied on scaling factors to close the water balance,
which introduces additional uncertainty...”



In the Introduction, we have added a paragraph that highlights the limitations of previous studies
in Lake Titicaca:

“Unlike other large lakes, very few studies have been conducted on Lake Titicaca. The only study
that modeled the water balance of Lakes Titicaca and Poopo was the one by Lima-Quispe et al.
(2021) using the Water Evaluation and Planning System (WEAP) platform with a monthly time step
for the period 1980-2015. The study aimed to distinguish the relative contributions of climate and
irrigation management on water level fluctuations. However, the modeling approach proposed by
the authors has a significant limitation because it is based on a scaling factor for precipitation over
the lake to close the water balance, which clearly introduces additional uncertainty. Other
methodological shortcomings include: (i) the omission of snow and ice processes, which can play
a non-negligible role in this high-elevation region; (ii) the estimation of evaporation using the
Penman method, without accounting for changes in heat storage; and (iii) the use of historical
monthly averages (humidity, wind speed and incoming solar radiation) to calculate reference
evapotranspiration and evaporation, without considering interannual variability.”

e Lines 155-163: The introduction mentions several research questions. It would be beneficial to
identify the most important one and focus on it throughout the introduction, rather than on data
sourcing details, which might detract from the main narrative.

Agreed. To address the comment, we have improved the articulation of our research questions and
objectives, focusing on one main question supported by specific questions. The proposed changes
are as follows:

“In addressing the challenges and limitations of representing hydrologic processes in poorly-
gauged large lakes such as Lake Titicaca, we pose the following key question: How can a reliable
water balance be estimated? To answer this, we present an integrated modeling framework based
on conceptual models to estimate the water balance of Lake Titicaca more reliably. The modeling
framework is applied at a daily time step for the period 1982—2016, allowing us to represent water
level fluctuations over a wide range of hydroclimatic conditions. The specific questions are: To
what extent are water level variations sensitive to net irrigation withdrawals and to snow and ice
processes? What is the role of heat storage change in evaporation from the lake? To address these
questions, new approaches are introduced for: (i) predicting upstream inflow, including hydrologic
sensitivity to net irrigation consumption and snow and ice processes; and (ii) estimating
evaporation from the lake using the Penmman method, while accounting for changes in heat
storage.”

e Lines 161-163: Please clarify what is meant by an "integrated" water balance approach and how
it differs from traditional models. This will help readers better appreciate the novelty of your
approach.

Agreed. To address this comment, we have added a paragraph defining the integrated water balance.

“In large lakes, it is essential to adopt integrated water balance modeling, which represents the
interactions and feedbacks between natural hydrological processes and water management within
a single modeling framework (Niswonger et al., 2014). Unlike traditional decision support systems
applied to large lakes (Hassanzadeh et al., 2012), which typically simulate natural flows and
irrigation water requirements independently, integrated modeling enables these processes to be
simulated in a coupled and dynamic manner”

3. Substantial Conclusions:



The conclusions presented in the manuscript are well-supported by the results. The inclusion of snow and
ice processes and heat storage changes in evaporation is particularly important for modeling lake water

levels.

Thank you very much. Responses to this comment are addressed below.

Suggestions for Improvement:

Lines 744-750: While it is important to highlight that snow, ice, and irrigation have minimal
impacts, ensure this does not detract from the value of including these processes in the model.
Emphasizing that understanding the minimal impact is itself a valuable finding could strengthen
this point.

Agreed. To emphasize the inclusion of these processes, we have formulated a clear research
question in the Scope and Objectives section, specifically to understand the sensitivity of water
level fluctuations to natural and anthropogenic processes. We agree with the reviewer that it is
precisely because processes related to snow and ice as well as irrigation were considered that it was
possible to show that they had a minimal impact on the variations in the lake's water levels, which
are primarily driven by rainfall and evaporation variability. It is also worth noting that, in the face
of greater anthropogenic pressures, future irrigation could increase and net irrigation withdrawals
may have a greater impact on lake fluctuations. As far as snow and ice processes are concerned, for
the Achacachi catchment, the contribution of the total annual inflow (rainfall+snowmelt+ice melt)
is 19% for the snowmelt and 7% for the ice melt. This means snow and ice processes are not
negligible in some catchments and at a more local scale even though their impact is limited on lake
variations. Finally, in a future study, we intend to use our integrated model to evaluate irrigation
management and climate change scenarios to understand their potential impacts on water level
fluctuations. The inclusion of these processes in the development of a water management tool is
therefore justified.

Some of the issues were addressed in the Discussion section, highlighting as one of the novelties
of the study:

“Second, through the hydrologic sensitivity analysis, we demonstrate that net irrigation
withdrawals and snow and ice melt have minimal impact on lake level fluctuations, indicating that
it is primarily driven by rainfall and evaporation variability.”

Lines 377-378: Elaborate on the potential impact of assuming a fixed glacier area on long-term
simulations. Discuss how this assumption might influence the results under different climate
scenarios or with ongoing glacier retreat.

Agreed. As we are working with the period going from 1982 to 2016, the year of the used glacier
inventory (i.e. 2000) falls almost in the mid-range. Over this study period, the general trend of
tropical glacier is shrinking (e.g. Masiokas et al., 2020; Rabatel et al., 2013; Vuille et al., 2018).
Therefore, the use of a fixed glacier area leads to an underestimation of glacier melt in the period
1982-1999 and an overestimation in the period 2001-2016. The ice stock variation shows a
negative value (-5 mm yr-1), indicating a glacier retreat in the period 1982-2016, which is
consistent with the effects of global warming and in agreement with in-situ observations (e.g.
Rabatel et al., 2013). On average, the ice stock variation was -4.4 mm yr-1 in the period 1982—1999
and -5.5 mm yr-1 in the period 2001-2016, indicating a slightly accelerated melting in the last
decades. In addition, most of the glaciers in the study area are small and located at relatively low



elevations (below 5,500 m a.s.l. in most of the cases). They have already passed the “peak water”
(maximum meltwater contribution) and many are about to disappear. At the scale of the whole
Titicaca catchment a recent study indicates a peak water situated between 2023 and 2028 depending
of the glaciological model used (Wimberly et al., 2024). In such conditions glacier melt tends to be
overestimated when assuming a fixed area. By using the glacier area of an intermediate year, the
under- or overestimation associated with assuming a fixed area is modulated to some extent. For
example, if we had used the 1982 glacier area, the overestimation of melt would have been greater
in the later years of the period. Conversely, if we were to use the 2016 area, there would be a
significant underestimation in the early years of the modeling period.

Regarding the hydrological importance of the glacier, at the scale of Lake Titicaca, the long-term
(1982-2016) annual average contribution of ice melt is insignificant, representing only 1% of the
total inflow (rainfall + snowmelt + ice melt). However, in some catchments (Escoma and
Achacachi) that show the most important glacial coverage (3.4 and 6.6%, respectively), this
percentage is relatively important, reaching about 7% of the total annual inflow. Although our
simulations show limited impact of ice melt at the scale of Titicaca lake, it may have more impact
at the sub-catchment level.

To evaluate long-term climate and water management scenarios, it is feasible to dynamically
simulate both glacier area and volume evolution, since glacier area and ice thickness data are
available for the beginning of the 2 1st century (Farinotti et al., 2019; Millan et al., 2022) to initialize
the model.

To address the reviewer’s comment, we propose to add the underlined sentences:

“On the other hand, the estimated glacier mass balances did not consider changes in glacier area,
thickness and volume over time. The variation in ice stock over the period 1982—2016 is negative
(-5 mm yr-1), which is consistent with the effects of global warming and in agreement with in-situ
observations (Rabatel et al., 2013). As the surface area of the glaciers in our model was obtained
in 2000 and considering glacier shrinkage worldwide, melting before the year 2000 may be

underestimated, and after the year 2000, it may be overestimated. However, the biases are limited
to some extent by the choice of an intermediate glacier area for the modeled period. If it is intended
to simulate future changes in glaciers, it may be beneficial to include morphometric glacier
changes in the model, drawing inspiration from simple approaches in the literature (e.g., Seibert et
al., 2018). 1o initialize the model, global glacier thickness datasets could be used (e.g., Farinotti
etal., 2019; Millan et al., 2022).”

4. Scientific Methods and Assumptions:

The scientific methods and assumptions are clearly outlined and valid. However, the methods section could
be made more concise, as it currently includes a level of detail that may be repetitive.

Thank you very much. Responses to the feedback are addressed below.

Suggestions for Improvement:

Lines 258-259: The difference between rainfed and irrigated agriculture can also be captured by
other land cover datasets, such as those produced by the ESA Land Cover CCI, which offers annual
datasets.



Thank you for the suggestion. During the implementation phase of our modeling approach, we
reviewed the ESA Land Cover CCI dataset, which provides data from 1992 to present.
Unfortunately, this dataset does not identify irrigated land in our study area. As shown in the images
below, according to the ESA LC CCI legend, irrigated areas are coded with 20, but this category is
absent from the map.

ESA Land Cover CCI for 2016:
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Legend (https://datastore.copernicus-climate.eu/documents/satellite-land-cover/WP2-FDDP-LC-
2021-2022-SENTINEL3-300m-v2.1.1 PUGS vl.1 final.pdf):

Table 1-2: Level 1 (or global) legend of the LC maps, based on the UN-LCCS.

Value Label Color RGB

0 No Data [ PR

10 Cropland, rainfed 255, 255, 100

20 Cropland, irrigated or post-flooding 170, 240, 240

30 Mosaic cropland (>50%) / natural vegetation (tree, shrub, 220, 240, 100
herbaceous cover) (<50%)

40 Mosaic natural vegetation (tree, shrub, herbaceous cover) (>50%) / 200, 200, 100
cropland (<50%)

50 Tree cover, broadleaved, evergreen, closed to open (>15%) 0, 100,0

60 Tree cover, broadleaved, deciduous, closed to open (>15%) 0, 160, 0

70 Tree cover, needleleaved, evergreen, closed to open (>15%) 0, 60,0

80 Tree cover, needleleaved, deciduous, closed to open (>15%) 40, 80,0

Lines 445-446: Consider using Lake Surface Water Temperature (LSWT) data available from
remote sensing sources, such as the ESA Lakes Climate Change Initiative, which might provide
more accurate results in a hydrosystem driven by net radiation and evaporation.

In this study we did not directly use remotely sensed LSWT data because our analysis period (1982—
2016) extends beyond the coverage of available datasets. For example, ARC-Lake V3 covers 1995
to 2012, and the ESA Lake CCI spans 1995 to 2023. To obtain a daily time series for the entire
period, we simulated the LSWT using the Air2Water conceptual model (with air temperature as
input). We then calibrated and evaluated the model against ARC-Lake V3 data, achieving
acceptable results, as shown in the following figure.
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Figure Bl. Lake surface water temperature (LSWT) simulated with the Air2wateR model
(Piccolroaz et al., 2013; Toffolon et al., 2014) for Lake Titicaca and its calibration and evaluation
performances.

To assess the reliability of ARC-Lake V3, we compared it with on-site measurements from the
OLT (https://olt.geovisorumsa.com/). As shown in the following figure, both datasets exhibit
fluctuations within the same range.
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Figure B2. Lake surface water temperature (LSWT) obtained from the buoy site (16.25°S, 68.68°W)
in Arc-Lake V3 (MacCallum and Merchant, 2012) and OPLT (Lazzaro et al., 2021).

In addition, both ARC-Lake and ESA Lake CCI use similar optimal estimation techniques for
LSWT retrieval (https://confluence.ecmwf.int/pages/viewpage.action?pageld=348800012).

To address this comment, we have added the following to the Methods section: “Since there are no
long-term measurements of lake surface water temperature (LSWT) and the remotely sensed data
sets do not cover the entire study period, the Air2Water model (Piccolroaz et al., 2013, Toffolon et
al., 2014) was used to simulate LSWT. Calibration and evaluation were performed against ARC-
Lake V3 remotely sensed data (MacCallum and Merchant, 2012) (see Appendix B).”

Lines 295-315: Consider moving the detailed discussion of glaciological and hydrological control
data to the appendix. This would streamline the methods section and enhance readability.

Agreed. In response to this suggestion, we have moved several sections to the Appendix: the
paragraph on glaciological monitoring data specific to the Zongo Glacier; the paragraph in the
Methods section on obtaining snow and ice model parameters from the Zongo catchment; and the
evaluation of ERAS-Land data, along with details on the LSWT simulation procedure.

Lines 469-474: Discuss the implications of excluding groundwater exchanges, especially in light
of observed discrepancies in the water balance. Including a brief sensitivity analysis or discussion
on the potential significance of this exclusion under different hydrological conditions could add
depth to the analysis.

Agreed. We acknowledge that we did not discuss the implications of neglecting net groundwater
flow in the originally submitted version. According to our results, the long-term water balance has


https://confluence.ecmwf.int/pages/viewpage.action?pageId=348800012

a minimal closure error (-15 mm yr'). A possible hypothesis is that this error corresponds to the
net groundwater flow, although it is important to note that it also includes the uncertainty associated
with the other components of the water balance. The error term indicates a seasonal variation with
a positive pattern during the rainy season and a negative pattern during the dry season, suggesting
that the lake-groundwater interaction varies seasonally (see following Figure, Figure 11b of the
manuscript).
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Figure 11. Water balance of Lake Titicaca for the period 1982-2016 in terms of (a) interannual
variability and (b) seasonal cycle. The values in parentheses correspond to the mean annual or
monthly values for the period 1982-2016. The lake water balance follows the equation Paye +
Qin — Elake — Qout —dh/dt + &= 0.

The water level of Lake Titicaca varies by an average of 67 cm throughout the hydrological year,
reaching a maximum in April and a minimum in December. The error term shows the highest
positive values between December and January, which could indicate a discharge of groundwater
into the lake. When the lake reaches high water levels, losses to groundwater tend to dominate.
These dynamics suggest that there could be a reversal of the hydraulic gradient during the year,
depending on the water level of the lake and the groundwater. Thus, the long-term seasonal water
balance is affected and the seasonal simulations are not perfect (see the following Figure).
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To address this in the manuscript, we suggest adding the following paragraph in the Discussion
section:

“Figure 11b shows that the error term exhibits a seasonal variation, being positive during the rainy
season and predominantly negative during the dry season. Linking the error term to net
groundwater flow suggests that groundwater-lake interactions are seasonally variable. Lake water
levels fluctuate by an average of 67 cm over the hydrological year, reaching a maximum in April
and a minimum in December. In Figure 11b, the error term has the highest positive values between
December (26 mm) and January (54 mm), indicating a gain in net groundwater flow to the lake.
When the lake reaches high water levels, losses to groundwater tend to dominate. This dynamic
suggests that there could be a reversal of the hydraulic gradient throughout the year depending on
the water level of the lake and the groundwater. However, it is important to note that the error term
reflects not only the net groundwater flow, but also the uncertainty in estimating the other
components of the water balance.”

5. Sufficiency of Results:

The results are sufficient to support the interpretations and conclusions. The comprehensive simulations
and sensitivity analyses presented strengthen the validity of the findings.

Thank you very much.

6. Traceability and Reproducibility:

The manuscript provides detailed descriptions of datasets, model parameters, and calibration processes,
which enhances the traceability of the results. However, reproducibility could be further improved.

Thank you very much. Responses to this comment are addressed below.

Suggestions for Improvement:

Lines 320-330: Consider providing the modeling code or at least a detailed description of the
algorithms used as supplementary material. Alternatively, making the code available on a public
repository would greatly enhance the reproducibility of the study and its usefulness to other
researchers.

Agreed. Most of the models used are part of the WEAP platform; a detailed description of the
equations can be found at this link (https://www.weap2 1.org/webhelp/index.html) and in the article
by Yates et al. (2005). The models used for lake evaporation and snow and ice processes are not
integrated into WEAP, so detailed equations are provided in the Methods section. These models
were implemented in WEAP using the user-defined variables option. WEAP is openly accessible
in developing countries for academic purposes and for public institutions.

To address this comment, we propose to add the following section: “Code availability. SMM
(https://www.weap2 1.org/webhelp/Two-bucket Method.htm) and the lake water balance model
(https://www.weap21.org/WebHelp/River Reservoir_Flows.htm) are part of the WEAP platform
(https://www.weap21.org/). The models used for snow processes and lake evaporation are not part
of WEAP, therefore, the detailed equations are presented in the Methods section. These models
were implemented in WEAP using the user-defined variables
(https://www.weap2 1.org/webhelp/User Defined Variables.htm).”



7. Credit to Related Work:

The manuscript appropriately credits related work and clearly indicates the authors' contributions. The
review of relevant literature is comprehensive, situating the study within the broader context of hydrological
research. However, in some areas, differentiation from previous work could be more explicit.

Thank you very much. To address the feedback, we have clearly differentiated our modeling approach from
that of the study by Lima-Quispe et al. (2021). This distinction is specifically addressed in the Introduction,
Methods, and Discussion sections (see above for answers and modifications made to the manuscript).

8. Title Accuracy:

The current title, "Assessing the Different Components of the Water Balance of Lake Titicaca," accurately
reflects the contents of the paper. However, a more specific title that highlights the key findings could be
more informative. Consider options like:

e "Modeling Lake Titicaca's Water Balance: The Dominant Roles of Precipitation and Evaporation."
e "Precipitation and Evaporation as Primary Drivers of Lake Titicaca’s Water Balance."

Thank you very much for the suggestion. We agree that the suggested titles better highlight our key findings.
We have chosen the first option.

9. Abstract Quality:

The abstract effectively summarizes the key objectives, methods, and findings of the study. However, it
could be slightly improved by emphasizing the study's contributions to existing knowledge and the novelty
of the integrated modeling framework.

Thank you very much. Responses to the feedback are provided below.
Suggestions for Improvement:

e First 3 Lines: A clear statement of the research question or gap in the first three lines would
significantly improve the abstract’s clarity and focus.

Agreed. We reviewed the abstract and incorporated the suggested modifications. The following
sentences were added at the beginning of the abstract: “In the face of climate change and increasing
anthropogenic pressures, a reliable water balance is crucial for understanding the drivers of water
level fluctuations in large lakes. However, in poorly-gauged hydrosystems such as Lake Titicaca,
most components of the water balance are not directly measured. Previous estimates for this lake
have relied on scaling factors to close the water balance, which introduces additional
uncertainty. ....

”»

10. Overall Presentation:

The manuscript is well-structured and clear, with a logical flow of information. The figures and tables are
well-designed and contribute effectively to the presentation of results.

Thank you very much. Responses to the feedback are provided below.

Suggestions for Improvement:



Section 5.1 (Discussion): This section contains significant repetition. It could be condensed by
focusing on summarizing key findings without reiterating points made earlier.

Agreed. We have substantially reduced the discussion in Section 5.1 and eliminated the redundant
sentences previously mentioned. In the first paragraph of Section 5.1, we have highlighted and
summarized the new findings of this study. We propose the following modification:

“5.1 Main findings

This study presents three main novelties. First, our integrated modeling framework accurately
simulates the daily water balance of Lake Titicaca without requiring scaling factors. Consequently,
the propagation of uncertainty in estimating components of the water balance is significantly
reduced. For instance, Figure 12 illustrates how omitting the calibrated precipitation scaling factor
used by Lima-Quispe et al. (2021) leads to unrealistic simulations of lake water levels. Our
modeling approach also benefits from: (i) a rigorous calibration and evaluation procedure for
simulating upstream inflows, (ii) the estimation of evaporation from the lake using the Penman
method, while accounting for lake surface water temperature (LSWT) and heat storage, and (iii)
estimates of reference evapotranspiration and lake evaporation that accounts for climate
variability, using ERAS5-land dataset for humidity, wind speed, and solar radiation. This study
provides a realistic water balance that estimates most hydrologic processes (see Table 4 and Table
5), although the role of groundwater remains a major unknown. Its magnitude is expected to be a
small component of the total water balance.
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Figure 12. Comparison of simulated water levels by BasicModel+IRR+SNOW/ICE (aggregated to
monthly time step) with those obtained by Lima-Quispe et al. (2021) without applying the scaling
factor on precipitation over the lake.

Second, through the hydrologic sensitivity analysis, we demonstrate that net irrigation withdrawals
and snow and ice melt have minimal impact on lake level fluctuations, indicating that it is primarily
driven by rainfall and evaporation variability. However, this does not diminish the importance of
glaciers. In fact, glaciers are significant at the scale of the headwater catchments, particularly for
supplying water to large cities such as El Alto and La Paz (Buytaert et al., 2017, Soruco et al.,
2015), maintaining wetlands like the bofedales (Herrera et al., 2015), and supporting irrigation
(Buytaert et al., 2017). In most gauged catchments, incorporating irrigation resulted in only slight



improvements in modeling performance. Nonetheless, this approach made it possible to estimate
the net consumption due to irrigation at the scale of the catchments that contribute to the lake.
Although this consumption is currently low, it is expected to increase significantly due the climatic
and anthropogenic changes in the study area. It should also be noted that this process was based
not only on soil water deficit but also on local knowledge of farmers' water allocation practices.

Third, we disentangle the role of the change in heat storage in estimating Ej410. Annual evaporation
(1,616 mm yr') is comparable to the evaporation (~1,600) of other low-latitudes lakes (Wang et
al., 2018) and aligns with previous studies of Lake Titicaca (~1,600) (Delclaux et al., 2007, Pillco
Zola et al., 2019). Despite the low air temperature over Lake Titicaca due to its high altitude, the
evaporation rate is quite high. This is largely due to net radiation, although humidity, wind speed,
and changes in heat storage also play a significant role in the seasonal variation. Regarding heat
storage changes, the lake reaches maximum heat gain in October and the maximum heat loss in
May (Fig. 13a). Neglecting changes in heat storage leads to overestimating evaporation during the
lakes heating period and underestimating it during the cooling period (Fig. 13b). A similar finding
was reported by Bai and Wang (2023) for Lake Taihu in China. Although several studies have
investigated evaporation from Lake Titicaca using various methods (Carmouze, 1992; Delclaux et
al., 2007, Pillco Zola et al., 2019), our estimates are innovative because they are based on long-
term data, including recent periods. Additionally, the accuracy of our estimates was underpinned
by a water balance with a small error term, which enhances the reliability of our findings.
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Figure 13. Seasonal variations in (a) heat storage and (b) the role of heat storage in seasonal
variation of evaporation. Figures are based on long-term (1982-2016) average values.

The periods of rising and falling water levels are closely linked to direct precipitation over the lake
and upstream inflows (see Fig. 1la), which is mostly influenced by interannual precipitation
variability. Understanding the effects of climate oscillations on precipitation variability is therefore
crucial for understanding water level changes. Some authors (e.g., Garreaud and Aceituno, 2001;
Jonaitis et al., 2021) noted that the interannual variability of precipitation in the region is mainly
driven by the El Niiio Southern Oscillation (ENSO). During its warm phase, conditions are typically
dry, while during the cold phase, conditions are usually wet, although this relationship is not always
consistent (Garreaud et al., 2003). For instance, Jonaitis et al. (2021) observed negative
precipitation anomalies during La Nifia phase and positive anomalies during El Nifio phases in the
Lake Titicaca region, though these anomalies were not statistically significant. Segura et al. (2016)



argue that El Nifio plays an important role in interannual precipitation variability, and that decadal
and interdecadal variations are influenced by sea surface temperature (SST) anomalies in the
central-western Pacific. Therefore, variations in water level cannot be attributed to ENSO alone.
Sulca et al. (2024) found that interannual variations in water levels are related to SST anomalies
in the southern South Atlantic, and that interdecadal and multidecadal variability can be explained
by Pacific and Atlantic SST anomalies. Additionally, they noted that multidecadal variations are
linked to North Atlantic SST anomalies and southern South Atlantic SST anomalies.”

Lines 568-573: These sentences could be made more concise by merging them into a single,
impactful sentence.

Agreed. We have refined the writing to make it more concise. The modified sentences are as
follows: “...The scatter plots reveal significant variability in model performance, with some
glaciers (represented by each point) close to the identity line and others deviating significantly. The
model simulates a more negative glacier mass balance compared to the geodetic glacier mass
balance. Figure 7a displays glaciers according to their surface area, while Figure 7b shows them
based on mean elevation. ...".

Please note that the numbering of the figures has been updated due to some being moved to the

appendix.

11. Language Fluency and Precision:

The language used in the manuscript is fluent and precise, though it could be made more concise. The
manuscript is generally well-written, with minimal grammatical errors or ambiguities, and the technical
terminology is used appropriately.

Thank you very much. Your specific comments are addressed below.

Suggestions for Improvement:

Lines 124-126: Clarify whether "net water withdrawals" refer specifically to the lake or the entire
hydrological system. This could be rephrased for clarity: "net water withdrawals from both the lake
and its contributing catchments."

Agreed. In this case, it refers to the contributing catchments. The sentence has been modified to:
“...Several studies on large lakes (>500 km?) (e.g. Rientjes et al., 2011, Vanderkelen et al., 2018;
Wale et al., 2009) have estimated the water balance under the assumption that net water
withdrawals in the contributing catchments are negligible...”

Lines 614-615: Consider removing or shortening this sentence, as it may be repetitive. There is no
need to refer to the next section in the last sentence of the current section.

Agreed. Sentences were removed.

Lines 745-747: To avoid redundancy, consider rephrasing to: "this study enhances the
representation of snow and ice processes and irrigation impacts."

Agreed. To avoid redundancy, the paragraph containing this sentence has been rewritten. Now the
idea is written as follows: “...Our modeling approach benefits from: (i) a rigorous calibration and
evaluation procedure for simulating upstream inflow, including hydrologic sensitivity to net

’

irrigation consumption and to snow and ice processes; ...~




Lines 807-808: Consider omitting this sentence as it might be unnecessary.

Agreed. Sentences were removed. Now the “Limitations of the modeling framework™ section starts
with the following sentence: “Model forcing and evaluation data are the main sources of
uncertainty...”

12. Mathematical Formulae and Symbols:

Mathematical formulae, symbols, abbreviations, and units appear to be correctly defined and used
throughout the manuscript. The equations are clearly presented and appropriately referenced within the text.

Thank you very much.

13. Clarity of Figures and Tables:

The figures and tables are clear and informative. They effectively support the text and enhance the reader's
understanding of the study's findings.

Thank you very much, comments are addressed below.

Suggestions for Improvement:

Figure 2, Figure 8: Reverse the order of gradient legends so that low values are on the bottom and
high values on the top.

Agreed. The order of the legend values was reversed. Here are the modified figures:

Figure 2
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Figure 2. Spatial distribution of (a) annual precipitation and (b) mean temperature for the
hydrological period 1980-2016 according to GMET (Gridded Meteorological Ensemble Tool).

Figure 8
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Figure 7. Scatter plots comparing simulated and geodetic glacier mass balance for 2000—2009,
based on the remotely-sensed observations from Hugonnet et al. (2021). Dot size represents (a)
glacier area and (b) mean elevation. The dashed line indicates the identity line, while the gray line
represents the error in geodetic glacier mass balance.

¢ Figure 2, Right Panel: Adjust the color bar to ensure that white corresponds to zero, or use a
sequential color bar to improve the visual interpretation of the data.

Agreed. To address the reviewer's comment, the figure has been modified using diverging colors,
with yellow corresponding to zero Celsius. See the modifications above.

14. References:

The number and quality of references are appropriate. The manuscript cites a comprehensive range of
relevant studies, including recent research, which strengthens the contextual foundation of the study.

Thank you very much.
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