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Our pan-Arctic analysis based on the Moderate Resolution Imaging
Spectroradiometer (MODIS) superfine water index (SWI) suggested
that permafrost thaw is driving widespread surface water declines'.
Olthofetal.* question the reliability of SWI-derived surface water trends
because (1) there is aweak relationship between MODIS SWI (at 500 m
resolution) and a Landsat-based surface water product® (30 mresolu-
tion) over Canada; (2) the SWlis sensitive to land surface changes other
thanwater area’; and (3) the negative surface water trends we reported
contradict trends derived from two Landsat-based products®* over
Canada’. Here we show that: (1) Landsat-based products have their own
uncertainties and limitations that preclude their use asatruereference;
(2) decreasingtrends in surface water inferred from the SWlare unlikely
tobe caused by confounding variables (for example, vegetation change
or turbidity); and (3) our conclusion of anet decrease in surface water
acrossthe Arcticis supported by independent evidence. We also offer
abroader view of the uncertainties in analysing Arctic surface water
change through remote-sensing techniques, and highlight that thisis
anunresolved, ongoing field of research.

Comparison between surface water products

The Landsat archive (30 m) has been employed in many regions across
the Arctic to estimate surface water trends, but different process-
ing methods may yield directionally opposite lake area trends, even
in the same region®. For example, both ref. 6 (1984-2015) and ref. 7
(1999-2014) used Landsat images to map surface water change in
Alaskabut employed different change detection methods. Both studies
identified the Arctic Coastal Plain as an area of extensive change, but
ref. 7 reported decreasing lake area whereas ref. 6 reported increas-
ing surface water. Similarly, in the eastern Hudson Bay of Canada, a
Landsat-based analysis reported net lake area declines’ (1999-2014),
afindingthatis similar to the surface water reductions reportedinthe
same area by Pickens et al.* (1999-2018) and in our SWI-based study'
(2000-2021). In contrast, Olthof and Rainville’ (1984-2019) report a
netincrease in surface water in this region (see the Methods for addi-
tional details).
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Such interstudy differences in the observed direction and mag-
nitude of surface water change indicate that there is no consensus on
how Landsat datashould be analysed to estimate surface water change,
and that processing methods have alarge impact on study outcomes.
Further, our MODIS SWI trends are directionally similar to another
large-scale Landsat-based study that quantified lake area trends across
four large regions of the Arctic’. Therefore, directionally opposite
resultsbetween the Landsat-based trends produced by Olthofetal.?and
the MODIS SWI-based surface water trends we reported’ do not neces-
sarily imply that the latter are inaccurate. Instead, the factors leading
to inconsistencies among Landsat-based surface water datasets may
also contribute to differences between the Landsat-based products
analysed by Olthof et al.?and our MODIS SWI-based results.

One potential cause of the inconsistencies described above—
between different Landsat-based studies, or between Landsat-based
and MODIS-based studies—is differences in water detection methods.
In many regions of the Arctic, inundated vegetation and mixed land/
water pixels are common®’, and binary classification schemes such
as those highlighted by Olthof et al.” may misclassify these pixels.
Landsat-derived binary approaches have performed poorly in these
environments, and in some regions captured only 40% of surface water
areamapped with higher-resolutionimages'. Although our analysis of
surface water change was based on coarser-resolution MODIS pixels,
we did not adopt a binary approach. We instead implemented a con-
tinuous SWI-based approach, which can detect sub-pixel changes in
surface water (for example, water bodies mapped using imagery with
0.5-3 mresolution) across time and space’.

The weak correlation between the Olthof and Rainville’ Landsat
product and the MODIS SWiI (see fig. 1in Olthof et al.?) may also be
due to differences in image acquisition timing. Arctic surface water
extent variesintra-andinterannually due to the timing and amount of
rainfall, snowmelt and evaporation" . The repeat interval of Landsat
(8-16 days), combined with frequent cloud cover in the Arctic, can
thereforeresultinlarge errors: Landsat-based products underestimate
seasonal variation by up to 50% (ref. 12). In comparison, MODIS has a
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1day repeatinterval, and we controlled for seasonal variation by ana-
lysing trends in the July SWI. Olthof et al.” analysed annual maximum
water extents, which are error-prone (due to Landsat’s relatively patchy
temporal coverage) and not comparable to theJuly SWI, when surface
water extent is lower than the maximum water extent™. Olthof et al.?
argue that temporal mismatches cannot explain the differences they
reported between Landsat and MODIS products because seasonal
shifts in Arctic lake boundaries are typically <10 m (ref. 12). However,
a 10 m shift would result in a binary misclassification of ~1/3 of Land-
sat shoreline pixels, which could contribute to the weak correlation
between the Landsat surface water mask’ analysed by Olthof et al.?
and the MODIS SWI.

Aswith any satellite-based product, there are uncertainties inthe
MODIS SWI product we analysed’. However, the above considerations
alsoindicate large uncertainties in the Landsat products analysed by
Olthof et al.” Considering the strengths and weaknesses discussed
above, there is at present no basis to consider binary Landsat-based
surface water products more reliable than MODIS SWI for detecting
pan-Arctic surface water change.

Sensitivity of the SWIto land surface changes

Both vegetation and surface water changes have been documented
across the Arctic®*, and in many locations, these changes co-occur®.
The fact that near-infrared radiationis strongly absorbed by water and
reflected by vegetation suggests that both the SWland vegetation indi-
ces (for example, the normalized difference vegetation index (NDVI)
ortheenhanced vegetationindex (EVI)) will be influenced by changes
in both surface water and vegetation. Surface water is a known con-
founding factorinunderstanding vegetation trends', and the reverse
is also probably true to some extent. This does not, however, imply
that inferences about surface water (or vegetation) trends derived
from the SWI (or NDVI/EVI) are erroneous. Just as vegetation indices
are optimized for vegetation but are influenced by non-vegetative
land surface changes', the SWl is optimized for surface water but is
influenced by non-water land surface changes'’.

Inthe Arctic, vegetation greening is associated with reductionsin
surface water at the local to pan-Arctic scale®. Lake drainage, as well as
more spatially diffuse decreases in surface water, canlead toincreased
vegetation growth”. Conversely, vegetation expansioninand around
water bodies canlead to decreasesin surface water®. Olthof etal.> argue
that anegative correlation between the NDVIand SWl arises from how
theindices are defined spectrally. We suggest that amore balanced view
should acknowledge that: (1) there are uncertainties in both the SWI
and NDVI (and other vegetation indices); and (2) regardless of these
uncertainties, a negative correlation is expected from real processes
onthe ground®.

Olthofetal.”suggest that post-fire vegetation regrowth, combined
with spectral overlap between the NDVI and SWI, contributed to the
negative SWI trends we reported. Another likely cause of negative
SWI trends within fire scars is real declines in surface water due to
fire-induced melting of ground ice, which is an important driver of
Arctic lake area change®.

We used publicly available fire products”~*° (which were, to our
knowledge, the best available in2020-2021 when we performed our
analysis) to remove burned pixels from North American and Eurasian
fires from1995-2021and 2000-2021, respectively, from our original
analysis. However, Olthof et al.> demonstrated that some burn scars
remained in our analysis area, which could be due to differences in
the products analysed (that is, the National Burned Area Composite
used by Olthof et al.?, which did not include the years before 2004
at the time of our analysis* versus the National Fire Database we
used; both products are produced by the Canadian National Forest
Service) as well as manual delineation performed by Olthof et al.?,
which we did not implement because this method is impractical at
the pan-Arctic scale.

All large-scale fire products include errors of omission and com-
mission. To evaluate the potential impact of incomplete fire masking
on our results, we repeated our original analysis, this time without
excluding any burned area across our pan-Arctic study region. The
revised mean SWI trend was —0.00096 yr™, which is similar to the
original result (-0.0009 yr™)". It is therefore unlikely that anincomplete
masking of burned area qualitatively affected our pan-Arctic results.

We agree with Olthof et al.? that changes insurface water turbidity
could influence the SWI. However, we are not aware of any large-scale
analyses documenting multidecadal trends in surface water turbidity,
andtherelative importance of these changes for pan-Arctic SWitrends
is unknown. While retrogressive thaw slumps, a source of turbidity in
lakes”, areinitiatingand expanding at record rates'®, different processes
may dominateinriver deltas, whichwere also a considerable portion of
our study domain. For example, sediment export from Russian Arctic
rivers has decreased over recent decades'’, which could decrease turbid-
ity (and increase the SWI) in these river deltas. Despite this, our study
shows decreasing SWlin the largest Arctic river delta (the Lena Delta),
consistent with Landsat-based lake area trends in the same region’.

Independent evidence for surface water decline
Arecent multi-sensor, global study of lake water storage found wide-
spread storage declines in large lakes, including in the Canadian and
pan-Arctic permafrost zones?. Similarly, a review of 139 sites from 57
publications tracking Arctic lake area change with remote-sensing
images (primarily Landsat) showed that 63% of sites in the discontinu-
ous permafrost zone exhibit decreasing lake area, whereas reports of
increasing and decreasing lake area were nearly equal in the continuous
zone’. Observations of near-equal lake areaincreases and decreases in
the continuous permafrost zone are similar to our finding of anear-zero
median SWitrend in the same zone (fig. 2 of Webb et al."). Similarly, the
prevalence of reported lake area declinesin the discontinuous zone is
consistent with the SWI declines we reported in this zone'.

Another line of evidence in support of widespread surface water
declinesistherelationship between albedo and surface water. Multiple
independent studies and sensors have documented albedo increases
inJuly across the Arctic-boreal terrestrial zone?***. Not all of these
studies examined surface water change, but the albedo increases they
reported are consistent with albedo changes expected from surface
water declines® . Surface water is the most important control over
the spatial and temporal variationin Arctic-boreal snow-free summer
albedo*¢, so increasing July albedo suggests decreasing surface
water®*. An analysis that gave statistical precedence to vegetation
change and fire found surface water change to be the dominantdriver
of July albedo trends in the Arctic-boreal region®. Thus, July albedo
increases support our finding of widespread surface water declines.

Conclusion

Our original Article reported widespread surface water declines
across lake-rich regions of the Arctic'. Although Arctic surface water
mapping and trend detection are characterized by methodological
uncertainties, which should be addressed by further research, mul-
tiple lines of independent evidence suggest that our finding of wide-
spread Arctic surface water declines is robust. This evidence includes
increasing albedo trends across the Arctic-boreal terrestrial zone*,
ameta-analysis showing diminishing lake area across the permafrost
zone’ and arecent multi-sensor analysis reporting declines in lake area
across our study region®.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-023-01837-8.

Nature Climate Change


http://www.nature.com/natureclimatechange
https://doi.org/10.1038/s41558-023-01837-8

Matters arising

https://doi.org/10.1038/s41558-023-01837-8

References

1.

10.

mn

12.

13.

14.

15.

16.

Webb, E. E. et al. Permafrost thaw drives surface water decline
across lake-rich regions of the Arctic. Nat. Clim. Change 12,
841-846 (2022).

Olthof, I., Fraser, R. H., van der Sluijs, J. & Travers-Smith, H.
Detecting long-term Arctic surface water changes. Nat. Clim.
Change https://doi.org/10.1038/s41558-023-01836-9

(2023).

Olthof, I. & Rainville, T. Dynamic surface water maps of Canada
from 1984 to 2019 Landsat satellite imagery. Remote Sens.
Environ. 279, 113121 (2022).

Pickens, A. H. et al. Mapping and sampling to characterize global
inland water dynamics from 1999 to 2018 with full Landsat
time-series. Remote Sens. Environ. 243, 111792 (2020).

Webb, E. & Liljedahl, A. Diminishing lake area across the northern
permafrost zone. Nat. Geosci. 16, 202-209 (2023).

Pastick, N. J. et al. Spatiotemporal remote sensing of ecosystem
change and causation across Alaska. Glob. Change Biol. 25,
1171-1189 (2019).

Nitze, I., Grosse, G., Jones, B. M., Romanovsky, V. E. & Boike, J.
Remote sensing quantifies widespread abundance of permafrost
region disturbances across the Arctic and Subarctic. Nat.
Commun. 9, 5423 (2018).

Cooley, S. W., Smith, L. C., Stepan, L. & Mascaro, J. Tracking
dynamic northern surface water changes with high-frequency
planet CubeSat imagery. Remote Sens. 9, 1306 (2017).

Olthof, I., Fraser, R. H. & Schmitt, C. Landsat-based mapping of
thermokarst lake dynamics on the Tuktoyaktuk Coastal Plain,
Northwest Territories, Canada since 1985. Remote Sens. Environ.
168, 194-204 (2015).

Muster, S., Heim, B., Abnizova, A. & Boike, J. Water body
distributions across scales: a remote sensing based comparison
of three arctic tundrawetlands. Remote Sens. 5, 1498-1523
(2013).

Tarasenko, T. V. Interannual variations in the areas of thermokarst
lakes in Central Yakutia. Water Resour. 40, 111-119 (2013).

Cooley, S. W., Smith, L. C., Ryan, J. C., Pitcher, L. H. & Pavelsky, T. M.

Arctic-Boreal lake dynamics revealed using CubeSat imagery.
Geophys. Res. Lett. 46, 2111-2120 (2019).

Bowling, L. C., Kane, D. L., Gieck, R. E., Hinzman, L. D. &
Lettenmaier, D. P. The role of surface storage in a low-gradient
Arctic watershed. Water Resour. Res. 39, 1087 (2003).
Myers-Smith, I. H. et al. Complexity revealed in the greening of
the Arctic. Nat. Clim. Change 10, 106-117 (2020).

Li, J., Holmgren, M. & Xu, C. Greening vs browning? Surface water
cover mediates how tundra and boreal ecosystems respond to
climate warming. Environ. Res. Lett. 16, 104004 (2021).
Travers-Smith, H., Lantz, T. C., Fraser, R. H. & Kokelj, S. V. Changes
in surface water dynamics across northwestern Canada are

influenced by wildfire and permafrost thaw. Environ. Res. Lett. 17,
114021 (2022).

17. Lara, M. J., Chipman, M. L. & Hu, F. S. Automated detection of
thermoerosion in permafrost ecosystems using temporally dense
Landsat image stacks. Remote Sens. Environ. 221, 462-473 (2019).

18. Lewkowicz, A. G. & Way, R. G. Extremes of summer climate
trigger thousands of thermokarst landslides in a High Arctic
environment. Nat. Commun. 10, 1329 (2019).

19. Zolkos, S. et al. Multidecadal declines in particulate mercury and
sediment export from Russian rivers in the pan-Arctic basin. Proc.
Natl Acad. Sci. 119, e2119857119 (2022).

20. Yao, F. et al. Satellites reveal widespread decline in global lake
water storage. Science 380, 743-749 (2023).

21. Skakun, R. et al. Extending the National Burned Area Composite
time series of wildfires in Canada. Remote Sens. 14, 3050 (2022).

22. Yu, L. &Leng, G. |dentifying the paths and contributions of
climate impacts on the variation in land surface albedo over the
Arctic. Agric. For. Meteorol. 313, 108772 (2022).

23. Plekhanova, E. et al. Mid-summer snow-free albedo across the
Arctic tundra was mostly stable or increased over the past two
decades. Environ. Res. Lett. 17, 124026 (2022).

24. Webb, E. E., Loranty, M. M. & Lichstein, J. W. Surface water,
vegetation, and fire as drivers of the terrestrial Arctic-boreal
albedo feedback. Environ. Res. Lett. 16, 084046 (2021).

25. Juszak, I. et al. Drivers of shortwave radiation fluxes in Arctic
tundra across scales. Remote Sens. Environ. 193, 86-102 (2017).

26. Lafleur, P. M., Wurtele, A. B. & Duguay, C. R. Spatial and temporal
variations in surface albedo of a subarctic landscape using
surface-based measurements and remote sensing. Arct. Alp. Res.
29, 261-269 (1997).

27. Alaska Fire History Perimeter Polygons. Alaska Interagency
Coordination Center https://fire.ak.blm.gov/predsvcs/maps.php
(2021).

28. National Fire Database - Agency Provided Fire Perimeters.
Canadian National Forest Service http://cwfis.cfs.nrcan.gc.ca/
datamart/metadata/nfdbpoly (2021).

29. Giglio, L., Justice, C., Boschetti, L. & Roy, D. MCD64A1 MODIS/
Terra+Aqua Burned Area Monthly L3 Global 500 m SIN Grid
V006 (dataset). NASA EOSDIS Land Processes DAAC https://doi.
org/10.5067/MODIS/MCD64A1.006 (2015).

30. Talucci, A. Loranty, M. & Alexander, H. Fire perimeters for eastern
Siberia taiga and tundra from 2001-2020. Arctic Data Center
https://doi.org/10.18739/A2N87311N (2021).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited
2023

Nature Climate Change


http://www.nature.com/natureclimatechange
https://doi.org/10.1038/s41558-023-01836-9
https://fire.ak.blm.gov/predsvcs/maps.php
http://cwfis.cfs.nrcan.gc.ca/datamart/metadata/nfdbpoly
http://cwfis.cfs.nrcan.gc.ca/datamart/metadata/nfdbpoly
https://doi.org/10.5067/MODIS/MCD64A1.006
https://doi.org/10.5067/MODIS/MCD64A1.006
https://doi.org/10.18739/A2N87311N

Matters arising

https://doi.org/10.1038/s41558-023-01837-8

Data availability

The analysis in this study relied on datasets from the following
sources, all of which are freely available to the public. Webb

et al.! SWItrends are available at: https://arcticdata.io/catalog/
view/doi:10.18739/A2NK3665N. Olthof and Rainville® surface

water trends are available at: https://open.canada.ca/data/en/
dataset/62de5952-a5eb-4859-b086-22a8ba8024b8. Pickens et al.*
surface water trends are available at: https://glad.umd.edu/dataset/
global-surface-water-dynamics. Nitze et al.” lake area trends are
available at: https://doi.pangaea.de/10.1594/PANGAEA.894755. Yao
et al.”’ lake water storage trends are available at: https://zenodo.org/
record/7946043.

Code availability

Google Earth Engine code used to calculate the net changes in
surface water in eastern Canada from different data sources is
available here: https://code.earthengine.google.com/Oedfaa0327c01
8b68flab8aab2e32f98. Google Earth Engine code used to isolate lake
water storage trends over Canada and pan-Arctic permafrost zones is
available here: https://code.earthengine.google.com/75a7ea6f5b352
52e4a55fb4972dalaec.
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