Author Comment #1 for ESSD-2024-204 — Lehner et al.: Global Lakes and Wetlands Database GLWD v2

Referee #1
Summary:

This study presents the latest version of The Global Lakes and Wetlands Database (GLWD) V2, a
foundational reference map depicting major vegetated and non-vegetated wetland classes globally.
GLWD V2 was created by harmonizing ground- and satellite-based data products into a single database.
Like its predecessor, GLWD V2 avoids double-counting overlapping surface water features and
differentiates between natural and non-natural lakes, rivers, and other wetland types. It represents 33
wetland classes, covering approximately 18.2 million km? (13.4% of global land area). GLWD V2 provides
an improved representation of inland surface water extents and supports large-scale hydrological,
ecological, and conservation applications.

RESPONSE: We thank the Referee for the overall positive assessment of our manuscript, the
acknowledgement that GLWD v2 constitutes an improvement of a foundational database, and the
constructive comments and suggestions. Following all Referee comments, we prepared a major revision
of our manuscript that hopefully addresses all concerns raised. As we noticed several overarching
themes shared by both Referees #1 and #2, we would like to start by responding to three general issues
before a more detailed point-to-point discussion is provided.

General Response (for both Referees #1 and #2)

1. While acknowledging that our new global wetland database provides a substantial and timely
contribution to research, there are several comments suggesting the manuscript should contain
more explanations on how this database could be used, what kind of applications might be possible,
how to integrate it with other data or models, and/or how to increase its usefulness for
interdisciplinary research. We appreciate this concern. In the original manuscript, we state in the
Abstract that “GLWD v2 is designed to facilitate large-scale hydrological, ecological, biogeochemical,
and conservation applications”, which we kept short due to the desired brevity of the abstract. The
original Introduction provides some examples of possible applications of global wetland maps,
including “to quantify [the role of wetlands] within the water, carbon, and nutrient cycles, to plan
conservation and restoration actions, to assess and manage human interactions and pressures, ... to
set a global baseline to contextualize long-term degradation of wetland ecosystems and forecasted
risks from climate change, ... [and to] monitor the progress towards global targets, such as to track
changes in the extent of water-related ecosystems over time as mandated by the UN’s Sustainable
Development Goal 6.6” (original lines 70-80, with multiple citations). The Introduction also points
out that the predecessor version of our map (i.e., GLWD v1) has been applied for “advanced
research and conservation planning addressing freshwater biodiversity, ecosystem services,
greenhouse gas emissions, land surface processes, hydrology, and human health” (original lines 44-
45). Similarly, in the Conclusion section, we suggest that our product can be used to “inform large-
scale conservation strategies, Earth system modeling, and international policy making ... such as the
Convention on Biological Diversity (CBD), the Convention on Migratory Species (CMS), the
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES), the
Ramsar Convention on Wetlands, and the United Nations Framework Convention on Climate Change
(UNFCCC), among others” (original lines 855-866).

To avoid repetition with these statements, we carefully expanded the Introduction and Conclusions
sections to accommodate the Referees’ requests for more application examples. In the Introduction,



we added that global wetland maps are needed to “guide effective resources management, ... as well
as to offer interim data to countries currently lacking (or having outdated) national inventories
(Davidson et al., 2018).” We also added that “as a critical input to hydrologic and Earth system
models, global lake and wetland distributions are of particular interest for current and future water
resources assessments, carbon and nutrient budget calculations, climate change projections, and
other large-scale land surface studies (e.g., Bullock & Acreman, 2003; Lauerwald et al., 2023).” In the
Conclusions, we added that “the design of GLWD v2 as a set of 33 individual but complementary
wetland layers is expected to facilitate the study of specific wetlands of interest while remaining
consistent with the total global wetland extent and distribution.”

Finally, we would like to respectfully note that the predecessor database of GLWD v1 is a similar
product to GLWD v2, yet at lower resolution, with less wetland classes, and of substantially lower
quality. Despite these shortcomings, the GLWD v1 database has been utilized in a broad range of
often interdisciplinary studies which led to more than 2,500 publications (according to Google
Scholar). As GLWD v1 is still widely used today, we believe this provides strong evidence of the
general applicability of the GLWD databases.

Both Referees #1 and #2 raised concern over the fact that GLWD v2 only provides a static product of
wetland extents (despite some temporal aspects being represented in the form of seasonal or
ephemeral classes). This diminishes the value of GLWD v2 compared to datasets that show dynamic
changes for applications requiring a timeseries of wetland extents. We agree with this observation in
principle. However, we would also like to note that while saturation or inundation levels may
fluctuate, the definition of a wetland as an ecosystem type is more holistic. l.e., a wetland still exists
if itis in a drier phase, or a dry state, whether following an annual or decadal cycle. The dry state is
part of the ecological condition of a wetland, and as such the extent of the wetland is not dependent
on seasonal or interannual fluctuations. The goal of GLWD v2 is to represent the contemporary
extent of wetlands from an ecosystem perspective, not a time-resolved inundation perspective. And
for that specific goal, we believe that a static map is the appropriate approach. We added an
abbreviated version of this explanation to the Discussion (section 5.3) in the manuscript to clarify the
value of static wetland maps.

In the original manuscript, we state the ‘static’ nature of GLWD v2 in the Abstract, and we discuss
this ‘shortcoming’ prominently in the Discussion section (original lines 821-830). Given the concerns
raised, we expanded on this discussion in the revision and reframed some parts of the text to
describe GLWD v2 more clearly as complementary to (rather than rivaling) temporal datasets. Our
goal is to present GLWD v2 as a unique and useful placeholder (or baseline product) until temporally
dynamic products with full classifications become available. We are not aware of any existing
product that can provide dynamic wetland extents and a comprehensive classification together. The
closest may be the GWL_FCS30D wetland map by Zhang et al. (2024) which provides a timeseries
from 2000-2022 for 8 wetland classes (compared to the 33 classes of GLWD v2). We took the
opportunity of the revision to reword and emphasize (in section 5.3) the importance of static
wetland classes in conjunction with maps that provide dynamic wetland extents. And in the existing
section 5.4 on the “Future of mapping wetland ecosystems globally”, we highlight existing endeavors
towards creating classified and dynamic wetland maps. Nonetheless, the main intention and focus of
our manuscript is to describe GLWD v2, i.e., a static product, rather than to substantially expand on
the discussion of advantages or disadvantages when compared to dynamic products.



Both Referees #1 and #2 requested a more thorough validation and additional comparisons with
other datasets, including with the predecessor database GLWD v1, remote sensing products, and/or
field studies. We fully agree with the desire to provide as much validation and as many comparisons
as possible. In the original manuscript, Figure 1 shows a comparison of GLWD v2 against 27 other
global wetland mapping products or data sources that we are aware of, including GLWD v1
(comparing both spatial and temporal resolutions, as well as discrepancies in their classification
methods). Furthermore, and most centrally, Table 4 provides comparisons against >70 individual
study results, remote sensing products, and field assessments at global and regional scales, broken
down by wetland types, and including some individual wetland areas, across all continents. This
table provides upper and lower bounds for each of the comparisons. Table 4 is based on a major
literature review and designed as a concise validation table, and we discuss this table in sections
4.3.1 and 4.3.2 in the text, including observed agreements or outliers. Inherently to the design of
GLWD v2, we also face the challenge that many of the most reliable input datasets for each wetland
class are already included in GLWD v2, leaving remaining independent comparisons (against
potentially inferior products) to be less informative.

That said, we addressed the Referees’ comments to include more comparisons and validation by
revising the manuscript in several major ways:

e We added a new Table Al in Appendix A which contains the basic characteristics of each of the
comparison datasets shown in Figure 1.

e We made it clearer in the manuscript that Table 4 already includes a wide variety of comparison
data, from regional to global, including both remote sensing and field-based products.
Furthermore, we added a new Table A2 in Appendix A in which we list all data sources shown in
Table 4 individually, including a brief description of the main characteristics of each data source
(e.g., field-based vs. remote sensing product).

e We added a validation of GLWD v2 against ~25,000 verified point observations of wetland
presence/absence globally (new section 4.3.3, including two new tables). As the validation
dataset (compiled by Zhang et al., 2023) is not publicly available, we invited 2 co-authors of that
team to join our manuscript.

e Furthermore, we conducted a statistical comparison (including a confusion matrix) of GLWD v2
against GLWD v1 to show the substantial changes in the upgrade (new section 4.3.4) and a mostly
visual comparison of GLWD v2 against GWL_FCS30 by Zhang et al. (2023; 2024), i.e., a multi-class
remote-sensing product (new section 4.3.5, including a new figure).

e Finally, we created an additional table showing the breakdown of all GLWD v2 wetland extents by
class and country. Given the size of this table, it cannot be presented in the Appendix of the
manuscript, so we opted to add it as Supplementary Information, and we point to it from within
the text. We hope this can facilitate that users with national knowledge about wetland
distributions can judge the overall quality of GLWD v2 for their own regional or local assessments.

In total, our major revision related to validation and comparison analyses added 6 new tables (1 in
manuscript, 4 in Appendix, 1 in Supplementary Information), 1 new figure, and >3 pages of new
explanations and discussions, including statistical performance indicators. We hope these additions
will sufficiently improve the presentation of the GLWD v2 database and allow readers to judge its
validity.



Major comments:

1.

The GLWD V2 is a static map, which is insufficient for accurate and comprehensive studies of
wetland ecosystems that are fundamental to quantifying their role within the water, carbon, and
nutrient cycles, despite its high spatial resolution. | suggest the authors clearly state the
significant contributions of this dataset to the field (or its advantages over other similar
databases) in the abstract and introduction.

RESPONSE: Please refer to our General Responses #1 and #2 above.

The authors only provide some comparisons with other databases. Can the authors add
comparisons with different satellite-based data for comparison?

RESPONSE: Please refer to our General Response #3 above. Besides the new comparisons that
we conducted, Figure 1 and Table 4 already include satellite-based comparison products as well,
which we clarified in the revised title of Table 4 and in the text.

There are too many short paragraphs in section 3. Please consider merging some of them. The
overall paragraph structure is loose and needs to be reorganized to be logical and concise.

RESPONSE: Thank you for this comment. We acknowledge that the methodology, with its nested
GIS procedures and sequential dependencies, presents inherent complexity. While the structure
of descriptions follows the processing sequence used in creating GLWD v2, we recognize the
need to optimize the balance between technical precision, replicability, and clarity.

To enhance the methodological presentation, we implemented the following improvements in
the revised manuscript:

e We expanded Figure 3 (which provides a schematic overview of the methodology) to include
more of the core processing steps. We also strengthened the integration between the written
methodology and the figure by incorporating resulting class numbers into the figure and into
the titles of the corresponding paragraphs in the text; i.e., the text now relates to the figure
more directly.

e We created a new Figure B1 in Appendix B that is more detailed than Figure 3 and illustrates
several of the more complex technical sub-steps; we refer to this figure from the main text.

e We conducted a thorough review of the text and added refinements and clarifications to the
methodological descriptions throughout the manuscript.

We would also like to note that in the absence of specific feedback from the Referee regarding
whether the challenges lie in insufficient methodological detail or overwhelming technical
information, we have prioritized enhancing the descriptions while maintaining the
comprehensive technical content necessary to fully and transparently present the approach. Our
objective remains to provide a thorough methodology that serves both as a clear explanation
and a reliable guide for the reproduction of our work.

As the complexities of each step vary, the step description length is naturally different and there
are indeed several short paragraphs. As each paragraph describes an unrelated step in the
process, we hesitate to simply merge them as it might increase confusion rather than resolve it.
That said, we merged the shortest original section (3.4.4) into the preceding one.



The font size of Figure 2 is too small. Please consider making it bigger.

RESPONSE: Thank you for this suggestion. We redesigned the figure to be able to increase the
font size in the figure itself. We will also work with the journal to provide this figure in maximum
size in the final publication (and it will be available as a larger image online).

The explanation of uncertainties and comparisons with other datasets is insufficient. The
potential sources of error for the dataset are also not adequately explained.

RESPONSE: We appreciate this comment. As for the insufficient amount of comparisons, we
would like to refer to our General Response #3 above, which describes our additions in the
revised manuscript. In terms of sources of error, this comment seems also repeated below as
Minor Comment #11 (see our response there). As stated in our section 5.3 on limitations and
uncertainties, we do not fully explain all the individual underpinning uncertainties of the 25
input data sources as we feel this would be excessive. It would also be speculative because in the
merging process, some of the original uncertainties may become obsolete and others may
remain. We thus refer to their individual publications instead (listed in Table 1).

In our major revision, we expanded the descriptions of data sources in Table 1 and explicitly
added more characteristics and key limitations of the included datasets, as appropriate. Also,
throughout the methodological explanations we describe class-specific problems (such as
specific uncertainties and detection problems of open water vs. peatland maps).

The advantages of this dataset over others are not clearly highlighted, and the advanced nature
of the classification methods is not demonstrated. It appears to be merely an update of the
previous version.

RESPONSE: GLWD v2 has characteristics that make it unique, particularly its 33 individual
wetland classes, which to our knowledge is the largest number of ecosystem types represented
in any global wetland map. We consider this to be a major advancement over the predecessor
GLWD v1.

Otherwise, our approach has been pragmatic: we utilized existing datasets of different wetland
classes and structured them into a meaningful classification based on pre-existing suggestions
from other authors (see sections 2.1, 5.1, and 5.2). The resulting 33 classes represent the class
distinctions as defined by currently available data sources, rather than an 'ideal' wetland
classification. For example, while further classification of lakes by mixing regimes, or distinction
between bogs and fens would be valuable, we were unable to identify consistent global datasets
to create these classes.

With respect to providing this pragmatic classification, GLWD v2 is indeed an update of GLWD
v1, as stated in the manuscript title. However, given the substantial nature of the improvements,
we changed the expression from 'update' to 'upgrade' to better communicate this.

Please also refer to our General Response #3 above, which describes additional data validation
and comparison steps to demonstrate the advanced quality of the new GLWD v2 database.

The discussion in section 5.2 about uncertainties, distortions, and overestimations in regions
with overlapping data sources is puzzling. The fusion of multiple data sources should reduce
uncertainties in the final results, not increase them.



RESPONSE: We see the Referee’s point (assuming it is about section 5.3 ‘Limitations and
uncertainties’), but we wish to clarify that fusing multiple wetland data sources can indeed
REDUCE uncertainties, but also AMPLIFY them depending on the methods applied. For example,
if an indiscriminate wetland map shows 50% flooding in a grid cell, yet without specification
where that flooding occurs or what exact wetland types it includes (some of our input sources
provide such indiscriminate information), and a second map shows for the same grid cell an
explicit ephemeral lake that covers 25% of the cell area, then this ephemeral lake could be part
of the ‘flooded’ area, or exist in addition to it, depending on whether the first map was able to
depict it. If the fusion rules combine the two maps by summation, then the resulting 75%
wetland coverage in the cell would be erroneous if the first map already included the ephemeral
lake. l.e., both inputs were correct in what they showed, but the particular fusion method
increased the uncertainty. This is only one example of many that apply when merging 25
different datasets which all exhibit varying definitions of classes, varying resolutions, and varying
spatial accuracies. Of particular concern are multiple maps that show the same water surfaces
yet with a slight spatial offset (due to limits in accuracy). In this case, a simple overlay, often
intended to correct for missing features, would increase the total surface area; which would
constitute an erroneous, systematic overestimation in surface area.

In our revision, we carefully reviewed section 5.3 and made some adjustments to explain this
issue more clearly.

The advantages of this dataset compared to other remote sensing-based land cover
classifications are not apparent. Remote sensing data can maintain high spatial resolution and be
dynamically updated.

RESPONSE: We fully agree with the Referee’s statement about remote sensing data being able to
facilitate dynamic wetland mapping. While GLWD v2 does not claim to be inherently ‘superior’
to remote sensing-based products, it has specific characteristics that current remote sensing
products do not provide. GLWD v2 represents 33 wetland classes originating from many
independent sources that each focused on specific classes. Such a detailed classification has not
yet been met by any single- or multi-satellite-based product. While we acknowledge the lack of
dynamic updates as a limitation of GLWD v2, which we also discuss in the manuscript, we
strongly believe that this limitation does not diminish the applicability or value of GLWD v2 as a
baseline depiction of current wetland extents with a refined classification. Please also see our
General Responses #1 (applicability) and #2 (static nature of GLWD v2) where we explain how
the revised manuscript has been improved regarding these aspects.

Minor comments:

1.

Abstract: The author needs to explain the advantages of GLWD V2 rather than just stating it as
an update of GLWD V1.

RESPONSE: Thank you for this suggestion. We added to the Abstract that GLWD v1 has a nominal
grid cell resolution of 1 km and depicts 12 wetland classes, which clarifies the improvements of
GLWD v2 in terms of resolution and number of classes (now 500 m grid cell resolution with sub-
cell information from 10 m pixels; and 33 wetland classes). The other main improvement, which
we believe is already clearly stated, is that GLWD v2 was “generated by harmonizing the latest
ground- and satellite-based data products” as opposed to the 20-year old GLWD v1.



Introduction: Add a table to describe all similar databases from different data sources, including
the former GLWD V1, their time period, time step, theory or method, resolution, advantages,
and disadvantages.

RESPONSE: We are not aware of any other database that is truly similar to GLWD (v1 and v2) in
terms of providing a global map with a broad range of distinct wetland classes. There are,
however, other global datasets of unclassified remote sensing imagery showing indiscriminate
inundation or water extents, or of individual wetland classes or small groups of classes, such as
lakes and/or river floodplains only. These alternative products are presented in Figure 1 (24
existing datasets, including GLWD v1, and 3 planned data sources), stratified by their spatial and
temporal resolutions. This figure is intended to not only provide a comprehensive overview of
existing (similar) databases, but to also indicate the historic developments, complexity, and
broad range of wetland mapping products. Furthermore, another selection of 25 global wetland
products is listed in Table 1; these products are those included in the generation of GLWD v2 but
also represent many of the best current global wetland maps of individual classes or small
groups of classes.

To address the request of the Referee for more information, we expanded the manuscript in two
ways in the revision: a) we added a new Table Al in Appendix A which contains the basic
characteristics of each of the 24 existing datasets shown in Figure 1. And b), in response to a
related comment of Referee #2, we added information regarding the time periods for each of
the datasets listed in Table 1.

Importance of the Database: Clearly explain to the readers and the community why this
database is important.

RESPONSE: Please refer to our General Response #1 regarding the applicability and importance
of our global wetland map.

Figure 1: Please explain ‘G3WBM’, ‘GIEMSY’, and all other abbreviations in full the first time they
appear in the text.

RESPONSE: Please refer to our response to Minor Comment #2 above: we added a new Table Al
in Appendix A which lists each dataset presented in Figure 1. This new table also spells out all
dataset abbreviations and we now point to this table from the caption of Figure 1.

Definitions and Data Sources: Please add a table to describe the comparison data used in section
4,

RESPONSE: All comparison datasets or data sources used in section 4 are referenced in Table 4;
or are referenced directly in the text if not contained in Table 4. There are over 70 references
included in Table 4.

To address the suggestion of the Referee, while not overwhelming the manuscript itself with an
elaborate table of more than 70 rows, we added a new Table A2 in Appendix A which lists all
data sources shown in Table 4, including a brief description of the main characteristics of each
data source.

Methods: Please consider rewriting this part, especially merging some short paragraphs in
sections 3.2-3.4, as they are not very clear now.



RESPONSE: We are sorry that the Referee considers the Methods sections 3.2-3.4, spanning 230
lines in total, to be unclear. There are indeed several short paragraphs, but they are separated in
order to add clarity as they describe unrelated steps in the processing, thus we hesitate to
simply merge them. Instead, we carefully revisited the methodological explanations throughout
the manuscript and added clarity wherever possible.

See also our response to Major Comment #3 above where we explain how we related the
methodological explanations more directly to the improved Figure 3.

Figure 3: Please add explanations for the boxes with different shapes and colors. Also, center
Figure 3.

RESPONSE: Thank you for this suggestion. We added explanations about the different shapes
and colors of the boxes show in Figure 3 (in the figure caption). The centering of the figure will
depend on the journal’s final formatting.

Uncertainties: How do you deal with uncertainties arising from different data sources and their
spatial and temporal resolutions?

RESPONSE: We believe that much of the answer to this comment is provided across the Methods
section (in particular the overview provided in section 3.1) and parts of the Discussion section.
As we are dealing with the combination of 25 different input data sources, each with its own
uncertainties and temporal and spatial resolution, we applied a sequence of data selection and
ranking procedures accompanied by dedicated data fusion rules that aim to reduce uncertainties
and double-counting. We were not able to resolve the problem of differing time periods of the
input datasets, other than by selecting only input sources that are complementary and represent
contemporary states of wetlands.

See also our response to Major Comment #5 above and Minor Comment #11 below.

Section 4.2.3: Please provide more details or static numbers to describe the differences between
the GLWD V2 data and other datasets.

RESPONSE: There is no section 4.2.3 in the manuscript, so we assume that this comment refers
to section 4.3 which presents our comparisons of wetland extents, including Table 4 which
summarizes >70 comparisons. We also assume the Referee suggests adding statistical metrics for
these comparisons, such as biases or standard deviations, either by individual class or across all
classes. As for providing generalized metrics to describe differences, we are concerned about the
appropriateness of doing so because we do not have any comparison datasets at a global scale
that are known to be correct, or that use comparable definitions. E.g., the global wetland extent
in literature ranges from 2 to 30.5 million square kilometers. Our estimate of 18.2 million square
kilometers would thus fall centrally into this range, indicating only a small numerical bias, yet the
range boundaries are from datasets that have rather different definitions; hence we consider
neither the lower, middle, nor upper boundary to be right or wrong. We have intentionally
chosen to compare GLWD v2 against the ranges of other datasets as presented in Table 4 as we
believe that this is a more appropriate way to showcase the (known) discrepancies of existing
wetland estimates, both at global and regional scales, given their differing definitions; and to
demonstrate that the results from GLWD v2 are within these ranges and are therefore plausible.
Where our results are outside the range, we discuss the discrepancy in the text.



Nonetheless, to address the Referee’s concern, we added several additional comparisons to the
manuscript in our major revision, as described in our General Response #3 above. In particular,
we added a new Table A2 in Appendix A which lists each of the comparison datasets contained
in Table 4, including their basic characteristics. And we added comparisons between GLWD v2
and GLWD v1 and between GLWD v2 and a multi-class remote sensing product (GWL_FCS30),
including numerical indices from a confusion matrix and omission/commission assessments.

We hope that the additional information on comparisons will help the reader to judge the
validity of the GLWD v2 database.

10. Classification Methods: Please explain the necessity of using different classification methods
here.

RESPONSE: We assume that this comment refers to section 5.2 which is discussing the GLWD v2
classification against other existing classifications. This comparison is a pragmatic effort as other
classifications already exist, and we are neutral to the argument whether there is a ‘necessity’ to
create different classifications. Most classifications are purpose-driven, i.e., they are optimized
for certain objectives that they are intended to serve (e.g., a wetland classification for
conservation purposes may differ from one that is used in methane emission assessments). In
our case, we adapted parts of classification methods that can be reasonably applied to global
maps. Therefore, we chose to keep section 5.2 only as a comparison rather than adding a
justification for different classification methods. We believe that discussing the need for different
classification schemes is beyond the scope of our manuscript.

11. Uncertainties and Shortcomings: line 788 Please list all the uncertainties and shortcomings in
section 7.8.

RESPONSE: There is no section 7.8 in the manuscript, but uncertainties and shortcomings are
indeed discussed in the original manuscript as of line 788 in section 5.3 (“Limitations and
uncertainties”). However, we are not sure what additional shortcomings the Referee would
suggest for us to include here. We tried to be transparent and comprehensive in this section. As
stated, we do not explain all the individual underpinning uncertainties of the 25 input data
sources as we feel this would be excessive and speculative because in the merging process, some
of the original uncertainties may become obsolete and others may remain. We thus refer to their
individual publications instead. However, in our major revision we expanded Table 1 and
explicitly added more characteristics and key limitations of the included datasets, which we hope
addresses this request.

12. Bias and Uncertainties: lines 789: The authors need to describe the bias and uncertainties with
some static numbers.

RESPONSE: There is no section on Bias and Uncertainties, line 789 is about the underpinning
source datasets, and in the original manuscript, the term “bias” is only used once, so we are not
sure what exactly this comment refers to. We assume it is similar to Minor Comment #9 in that it
requests adding more statistical metrics to describe the validity of our results. We therefore refer
to our respective response there.

With kind regards,
Bernhard Lehner, on behalf of all co-authors



