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This manuscript presents an interesting analysis using the so-called ‘pseudo global warming’
approach to quantify the thermodynamic contribution to GrIS SMB changes. The manuscript is
very well written, and the analysis is easy to follow. | especially appreciate the excellent
Introduction and the Discussion sections. Below, | list some critics of the manuscript, which can
be addressed in a revised version. | think these all fall on the minor side of the 'major revisions'
and | am supportive of this paper’s eventual publication.

Thank you for your positive feedback regarding the presentation of our study, and for
your thought-provoking and constructive feedback on our methodology. Your
comments, along with those of reviewer 2, have highlighted a need for more thorough
disclosure of the limitations of our study design and the PGW approach more generally.
Please see our point-by-point response to your comments formatted in bold text below.

| am raising a potential issue with interpreting the ~62% reduction in anomalous surface mass
loss under “preindustrial” conditions. As MAR is forced by ERA5 boundary conditions — and the
PGW approach is designed to hold the synoptic evolution as similar as possible between
experiments — the “62% statement” is inherently conditional on the imposed large-scale
circulation. As such, the results quantify thermodynamic amplification given the observed
circulation anomalies, but they do not quantify (and should not be worded as if they quantified)
the forced versus internal origin of the circulation anomalies themselves, hence are not to be
used as full attribution. This distinction should be made explicit in the abstract and conclusions
wherever the “62%” number (and related statements about the “substantial contribution of
external forcing”) are presented, to avoid the impression of a full causal partitioning of the
observed SMB anomaly into ‘dynamic vs anthropogenic’. I'd suggest adding the phrasing for
example ‘conditional on the ERAS 2000-2019 circulation’. In addition, consider revising the
terminology around ‘anthropogenic’ versus ‘externally forced’ changes unless the perturbation is
explicitly anthropogenic-only.

Thank you to the reviewer for their discerning feedback on this issue. It was certainly not
our intention to give the impression that the dynamic and anthropogenic contributions
are independent of each other, as we acknowledged prior work in both the introduction
and discussion sections suggesting that changes to the earth system in a warming
climate may have promoted the recent anomalous circulation that has accelerated melt
of the ice sheet. We will also add the following references as further evidence of such a
dynamical response under a warming climate:

Preece, J. R., Mote, T. L., Cohen, J., Wachowicz, L. J., Knox, J. A., Tedesco, M., and
Kooperman, G. J.: Summer atmospheric circulation over Greenland in response to Arctic
amplification and diminished spring snow cover, Nat Commun, 14, 3759,
https://doi.org/10.1038/s41467-023-39466-6, 2023.


https://egusphere.copernicus.org/preprints/2025/egusphere-2025-4140/#RC3

Sellevold, R., Lenaerts, J. T. M., and Vizcaino, M.: Influence of Arctic sea-ice loss on the
Greenland ice sheet climate, Clim Dyn, 58, 179-193, https://doi.org/10.1007/s00382-021-
05897-4, 2022.

The basis of our argument is that, unlike any changes in atmospheric circulation, the
historical change in the background thermodynamic state that we attempt to isolate here
is a robust signal that can confidently be attributed to anthropogenic forcing. While we
do not intend to label this as an attribution study because, as noted in our response to
reviewer 2, it does not meet the widely accepted definition of detection and attribution
work, it is worth noting that others have argued that what does constitute attribution
work should be expanded to include a so-called “storyline” approach where, rather than
focusing on how climate change may be influencing the probability of realizing a given
event or whether or not a given event can be clearly distinguished from internal
variability, the analysis should take the occurrence of a historical event as a given and
instead seek to estimate how long-term warming influenced said event (see Lloyd and
Oreskas, 2018). They argue that, from this perspective, it is appropriate to place more
weight on the consequences of anthropogenic forcing that we have the most confidence
in—namely, the first-order thermodynamic response. This is not a competing approach,
but rather an alternative and complementary perspective to probabilistic attribution
works. While the storyline approach has typically been advocated for use in
investigations of isolated extreme weather events, we believe the argument in support of
this approach also applies to our case given the large uncertainty regarding dynamic
atmospheric response to climate change over the North Atlantic, particularly regarding
future trends in Greenland blocking.

None of this is to say that the manuscript would not benefit from the use of more precise
language. We wholly agree that the key assumption of the PGW approach concerning the
synoptic evolution is something that we want to carefully and deliberately acknowledge
in our framing of the results. We will address the specific examples cited by the reviewer
by either noting that the observed differences are conditional on the ERA5 2000-2019
circulation or by describing the differences under the more constrained phrasing of the
“preindustrial background state” rather than the more exhaustive reference to under
“preindustrial conditions.” We will also closely review the remainder of the manuscript
for other opportunities to appropriately constrain our language.

Lloyd, E. A., & Oreskes, N. (2018). Climate change attribution: when is it appropriate to
accept new methods?. Earth's Future, 6(3), 311-325.

Second, | have a methodological question related to that the PGW perturbations applied at the
MAR boundaries are constructed from long-term monthly-mean CESM-LE differences and then
linearly interpolated to 6-hourly forcing. To me, this approach yields a regime-invariant mean-
state shift and may therefore miss regime-dependent thermodynamic changes that are


https://doi.org/10.1007/s00382-021-05897-4
https://doi.org/10.1007/s00382-021-05897-4

particularly relevant for Greenland melt and runoff (often a small number of high-impact events
related to blocking or moisture intrusions). A single monthly-mean Aq applied to all synoptic
situations can misrepresent how moisture and cloud emissivity change specifically during
blocking/moisture intrusion events. In addition, extremes are not expected to scale with the
mean: any change in the variance/skewness of specific humidity, temperature or coastal
inversion will be missed by a monthly-mean shift. Also, a monthly mean perturbation does not
preserve event-specific vertical gradients, which may influence cloud phase, boundary-layer
stability and downwelling longwave. If the added/removed moisture in PGW1 is not
representative during the high-impact synoptic regimes, then the inferred thermodynamic
contribution might be biased high or low to some extent. As the manuscript emphasizes a
moisture/downwelling-longwave pathway as a key mechanism, | would suggest demonstrating
that the imposed monthly Aq (and associated radiative effects) remains representative during
the circulation regimes that dominate extreme SMB anomalies, including the extreme years in
2012 and 2019. The authors could condition key diagnostics (near-surface q, integrated water
vapor, downwelling longwave or melt onset) on circulation regimes (blocking days vs moisture-
intrusion days) to show that the thermodynamic signal is robust across regimes; or provide
sensitivity tests using alternative ways of the perturbation (seasonal mean deltas or smoothed
daily climatological deltas) to assess how sensitive the ~62% percent reduction is to the
monthly-mean assumption. In any case, some discussion on that the current method does not
capture changes in the variance could help.

We agree that the reviewer raises an important point that should be clearly addressed in
the presentation of our methodology. The PGW method can be thought of as a hybrid
downscaling approach, where the change factor / delta method of statistical downscaling
is applied at the boundaries of a limited-area model that is then used to dynamically
downscale the adjusted boundary fields. The use of numerical modeling does address
some of the shortcomings of the change factor method, including the assumption of
stationarity, by explicitly resolving nonlinear processes within the model domain. Our
application of the PGW method was somewhat unique and more in line with the so-called
storyline approach detailed in Lloyd and Oreskes (2018) in that preserving the 2000-2019
synoptic variability at the lateral boundaries was a priority of our study design so that we
could conduct a direct comparison between the historical impact on GrIS SMB and what
the impact would have been if it occurred under preindustrial background conditions. So,
what is typically thought of as a weakness of the PGW method for assessing future
impacts of climate change worked as a benefit for certain aspects of our specific
application.

However, the reviewer highlights an important shortcoming inherent to the approach that
has implications for the interpretation of our results—while the atmospheric state is free
to adjust within the model domain, the application of monthly-mean deltas may not fully
capture differences that would be present at the model boundaries during such extreme,
high-impact events. For example, the magnitude of AQ within the core of an atmospheric
river might be expected to be greater than the monthly mean AQ that was used to alter
the strength of the atmospheric river at the lateral boundaries. With this in mind, we



employed a larger integration domain than is typically used for MAR simulations of
Greenland Ice Sheet SMB to provide more of a buffer for the model to resolve some of
these nonlinear processes while still constraining the model boundaries enough to
preserve the large-scale circulation. Despite these efforts, it is likely any biases present
at the lateral boundary would be preserved to some extent and be conveyed to the ice
sheet, impacting the modeled SMB response.

Only a global model could account for any regime dependent variability in AQ; however,
the course spatial resolution of GCMs has been shown to cause severe
underrepresentation of both the magnitude and frequency of atmospheric rivers (Wang
et al., 2023). The PGW approach corrects for this by using a higher-resolution, limited-
area model, but this comes with certain trade-offs as noted by the reviewer. This is a
criticism that we argue would apply to any application of the PGW or related methods of
downscaling. For example, Delhasse et al. (2018) forced MAR with ERA5 data that had
been adjusted by applying fixed AT perturbations to estimate what future GrlS mass loss
would be if the recent increase in Greenland blocking frequency, which is not
represented in GCMs, persisted through the mid-21st Century. Others have used the
PGW method to estimate future changes in the hydroclimate of western North America,
where annual precipitation is disproportionately dependent on moisture delivered via
atmospheric rivers (lkeda et al., 2021; Li et al., 2019; Musselman et al., 2018). While we
agree that a quantitative assessment of the impact of applying a regime-invariant mean
state shift for these applications would be an interesting and worthwhile endeavor, we
believe that the broad implications of such an analysis would be beyond the scope of
this paper.

We are very appreciative of the reviewer’s critique, as it motivated us to more thoroughly
weigh the implications for our results. We will explicitly note that the assumption of a
mean state shift could lead to biases in our estimate of the thermodynamic contribution
to historical mass loss. This simplification may also help explain the disparity between
the thermodynamic contribution over the study period as a whole versus that during the
anomalous melt years of 2012 and 2019—a possibility that we will be sure to note in our
revised discussion and conclusion section.

Delhasse, A., Fettweis, X., Kittel, C., Amory, C., and Agosta, C.: Brief communication:
Impact of the recent atmospheric circulation change in summer on the future surface
mass balance of the Greenland Ice Sheet, The Cryosphere, 12, 3409-3418,
https://doi.org/10.5194/tc-12-3409-2018, 2018.

lkeda, K., Rasmussen, R., Liu, C., Newman, A., Chen, F., Barlage, M., Gutmann, E.,
Dudhia, J., Dai, A., Luce, C., and Musselman, K.: Snowfall and snowpack in the Western
U.S. as captured by convection permitting climate simulations: current climate and
pseudo global warming future climate, Clim Dyn, 57, 2191-2215,
https://doi.org/10.1007/s00382-021-05805-w, 2021.



Li, Y., Li, Z., Zhang, Z., Chen, L., Kurkute, S., Scaff, L., and Pan, X.: High-resolution
regional climate modeling and projection over western Canada using a weather research
forecasting model with a pseudo-global warming approach, Hydrology and Earth System
Sciences, 23, 4635-4659, https://doi.org/10.5194/hess-23-4635-2019, 2019.

Musselman, K. N., Lehner, F., lkeda, K., Clark, M. P, Prein, A. F., Liu, C., Barlage, M., and
Rasmussen, R.: Projected increases and shifts in rain-on-snow flood risk over western
North America, Nature Clim Change, 8, 808-812, https://doi.org/10.1038/s41558-018-0236-
4,2018.

Wang, S., Ma, X,, Zhou, S., Wu, L., Wang, H., Tang, Z., Xu, G., Jing, Z., Chen, Z., and Gan,
B.: Extreme atmospheric rivers in a warming climate, Nat Commun, 14, 3219,
https://doi.org/10.1038/s41467-023-38980-x, 2023.

Third, | would be cautious about interpreting the results from the current experimental design as
sea-surface conditions exert only a minimal influence on SMB. | think so, because of a lack of
atmosphere-only runs (retain CTRL sea-surface conditions (ERA5 SST/SIC) rather than
swapping to Hadley-OIl 1880-1899 SST/SIC). The manuscript interprets PGW1 as the total
thermodynamic contribution and PGW2 as the SST/SIC-only contribution. However, without an
atmosphere-only PGW experiment (T/q perturbed with modern SST/SIC), it is not possible to
say whether marine boundary effects depend on the atmospheric background state (or to
quantify the interaction term between marine boundary changes and the atmospheric
background state).

Once PGW_atm exists, you can do the separation: CTRL (modern atm + modern SST/SIC),
PGW2 (modern atm + Pl SST/SIC), PGW_atm (Pl atm + modern SST/SIC), and PGW1 (Pl atm
+ Pl-like SST/SIC), one can estimate

an atmosphere-only main effect as PGW_atm minus CTRL
a marine-only main effect as PGW2 minus CTRL
a nonlinear interaction term as PGW1 minus PGW_atm minus PGW2 plus CTRL

The interaction term is especially important given the authors current discussion of katabatic
wind adjustments and marine-gradient effects (PGW2) versus water-vapor/longwave effects
(PGW1): those pathways might not add linearly. Should the full 2000—2019 reruns be too
expensive, a compromise is to run PGW_atm for (a) May—Sep only, or (b) a targeted set of
years (e.g., 2012, 2019 plus a few 'typical' years) and show whether the inferred “minimal
marine influence” and melt-timing conclusions hold once the interaction term is quantifiable.

We are grateful for the reviewer’s acknowledgment of the issue of computational
expense. A full PGW_atm run (20 year analysis period plus 5 years of model spin up)
would be a substantial undertaking. Unfortunately, running only a subset of months or
years would not be possible under our study design because it would not include the
requisite model spin-up time, as the state of the modeled snow profile at any point in
time is reflective of the cumulative atmospheric forcing up to that point. Referring to the
possibility of a single year run of 2012 as an example, we would need to initialize the



snow model at the start of the simulation on Jan 1, 2012. If completing a PGW_atm
simulation of 2012 alone, we would need to use Dec 31, 2011 model output from either
the control simulation or one of the other PGW simulations, neither of which would be
consistent with a snow profile that was allowed to evolve under adjusted atmospheric
thermodynamic conditions alone (i.e. PGW_atm). This same limitation applies to the
simulation of a seasonal subset.

Our original intent when we designed PGW2 was to build upon previous assessments of
the ice sheet’s sensitivity to local sea-surface conditions (SSC) by examining the impact
of changes in SSC that more closely resembled observed changes since the
preindustrial period while also examining impacts on melt timing—an angle that was
motivated by the observational results of Stroeve et al. (2017). While the reviewer is
correct that we cannot rule out the possibility that nonlinear effects of combined
changes in sea-surface and atmospheric conditions may produce a greater response
than sea-surface conditions alone, we believe that our analysis does present a valuable
addition to the literature that is consistent with a significant body of work demonstrating
that the interiors of both the Greenland and Antarctic Ice Sheets are effectively insulated
from direct forcing by the local marine environment (Hanna et al., 2009, 2014; Kittel et al.,
2018; Noél et al., 2014.

We propose that we expand our discussion to acknowledge that our results do not
directly examine the potential influence of nonlinear interactions between combined
changes in sea-surface and atmospheric thermodynamic conditions, nor does it examine
the possibility of indirect effects of changing SSC via alteration of the large-scale flow.
We will explicitly note that these shortcomings — combined with any biases in model
representation of ocean-atmosphere coupling as raised by Reviewer 2 — may explain the
discrepancy between our findings at that of prior observational work (e.g., Rennermalm
et al, 2009; Stroeve et al., 2019). We will also note that our results might not have yielded
the same response as was suggested by PGWH1 if it had not also included the change in
SSCs.

Hanna, E., Cappelen, J., Fettweis, X., Huybrechts, P., Luckman, A., and Ribergaard, M. H.:
Hydrologic response of the Greenland ice sheet: the role of oceanographic warming,
Hydrological Processes, 23, 7-30, https://doi.org/10.1002/hyp.7090, 2009.

Hanna, E., Fettweis, X., Mernild, S. H., Cappelen, J., Ribergaard, M. H., Shuman, C. A_,
Steffen, K., Wood, L., and Mote, T. L.: Atmospheric and oceanic climate forcing of the
exceptional Greenland ice sheet surface melt in summer 2012, International Journal of
Climatology, 34, 1022—-1037, https://doi.org/10.1002/joc.3743, 2014.

Kittel, C., Amory, C., Agosta, C., Delhasse, A., Doutreloup, S., Huot, P.-V., Wyard, C.,
Fichefet, T., and Fettweis, X.: Sensitivity of the current Antarctic surface mass balance to
sea surface conditions using MAR, The Cryosphere, 12, 3827-3839,
https://doi.org/10.5194/tc-12-3827-2018, 2018.



Noél, B., Fettweis, X., van de Berg, W. J., van den Broeke, M. R., and Erpicum, M.:
Sensitivity of Greenland Ice Sheet surface mass balance to perturbations in sea surface
temperature and sea ice cover: a study with the regional climate model MAR, The
Cryosphere, 8, 1871-1883, https://doi.org/10.5194/tc-8-1871-2014, 2014.

Rennermalm, A. K., Smith, L. C., Stroeve, J. C., and Chu, V. W.: Does sea ice influence
Greenland ice sheet surface-melt?, Environ. Res. Lett., 4, 024011,
https://doi.org/10.1088/1748-9326/4/2/024011, 2009.

Stroeve, J. C., Mioduszewski, J. R., Rennermalm, A., Boisvert, L. N., Tedesco, M., and
Robinson, D.: Investigating the local-scale influence of sea ice on Greenland surface
melt, Cryosphere, 11, 2363-2381, 2017.

Additionally, a comparison between 500hPa geopotential heights or the GBI between the CTRL
and all PGW runs would be nice. Just to rule out that by adding a vertically varying T/q
perturbation does not influence u/v (by changing pressure gradients) too much (which is
assumed in the current manuscript).

The GBI domain does not fall entirely within the lateral boundaries of our MAR
simulations. As an alternative, we will include the following comparisons of the area-
weighted 500 hPa height between 60-80°N and 20-65°W, which is the latitude-longitude
subset of the GBI that does fall within the integration domain. The comparisons show
strong temporal covariability between the model runs, with the most notable difference
being that the average 500 hPa height in PGW1 is consistently lower than that of the
control, consistent with a colder layer-mean air temperature. We will include the

following figures as supplementary information and discuss them in Section 2.
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Figure S2a: Comparison of the area-weighted average 500 hPa geopotential
height within a domain spanning 60-80°N and 20-65°W between PGW1 (blue,
dashed), PGW2 (green, dashed) and the Control (Gray, solid). Time series depict
monthly mean values for each month during the 2000 to 2019 study period.
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Figure S2b. As in panel (a) except that time series depict the monthly anomaly

with respect to each simulation’s 2000-2019 long term monthly mean.
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Figure S2c. As in panel (a) except that time series depict the daily mean 500 hPa

geopotential height during 2012
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Figure S2d. As in panel (c) but for 2019

My last concern is that CTRL uses ERAS sea-ice concentration as the modern forcing baseline,
and any systematic bias in ERA5 SIC relative to satellite-based products (NSIDC) would directly
affect the magnitude of PGW2-minus-CTRL (potentially biasing the conclusion toward a small
marine effect if CTRL SIC is already too ice-covered, or inflating it if too low). While Fig. 3
usefully motivates why applying CESM SIC deltas directly can create ice-edge artifacts, it does
not validate the modern SIC forcing against independent satellite products. | would suggest
including a brief evaluation of ERA5 SIC against a satellite benchmark in the key seas and
seasons that matter for Greenland moisture intrusions.

Sea ice concentration in ERAS is prescribed using EUMETSAT’s Ocean and Sea Ice
Satellite Application Facility (OSI SAF) data (Hershbach et al., 2020). As is the case for
the NSIDC Climate Data Record of SIC, the OSI SAF record consists of passive
microwave satellite measurements. Thus, we would expect any differences between
ERAS5 SIC and the NSIDC CDR to be minimal and largely due to differences in the passive
microwave algorithms employed by OSI SAF and NSIDC.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Muioz-Sabater, J., Nicolas,
J., Peubey, C., Radu, R., Schepers, D., Simmons, A., Soci, C., Abdalla, S., Abellan, X.,
Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., Chiara, G. D., Dahlgren, P.,
Dee, D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A.,
Haimberger, L., Healy, S., Hogan, R. J., HéIm, E., Janiskova, M., Keeley, S., Laloyaux, P.,
Lopez, P., Lupu, C., Radnoti, G., Rosnay, P. de, Rozum, I., Vamborg, F., Villaume, S., and
Thépaut, J.-N.: The ERAS5 global reanalysis, Quarterly Journal of the Royal
Meteorological Society, 146, 1999-2049, https://doi.org/10.1002/q;j.3803, 2020.




