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Abstract Greenland Ice Sheet (GrIS) mass loss has accelerated in recent decades, primarily due to
enhanced surface melt. Identifying the causal dependencies of surface melt remains challenging with
conventional correlations. Using the PCMCI* causal discovery algorithm applied to CESM?2 large-ensemble
simulations and evaluated against two high-resolution regional climate models, we identify significant
contemporaneous positive links from melt to net shortwave radiation (reflecting melt-albedo feedback) and
from sensible and latent heat fluxes to melt. These results highlight shortwave radiation and turbulent heating as
dominant drivers of GrIS summer melt anomalies over the ablation zone at monthly timescales. Compared with
correlations, PCMCI* isolates fewer but more physically interpretable dependencies. By the end of the century
(SSP3-7.0), these links persist but the turbulent heat-related ones become undirected, indicating reduced
statistical identifiability and possible stronger instantaneous surface—atmosphere coupling in a warmer climate.

Plain Language Summary The Greenland Ice Sheet is melting faster, contributing to global sea
level rise. Most of this melt occurs on the ice sheet surface during summer, but it remains unclear which
processes are mainly responsible and how they might change in a warming climate. Here, we apply a causal
discovery method that identifies cause-and-effect relationships, not just correlations, between atmospheric
energy fluxes and surface melting. Using climate model simulations, we find that net solar radiation, sensible
and latent heat flux are the main drivers of summer surface melt anomalies over the ablation zone during the
historical period. By the end of this century, these links persist, but the turbulent heat-related ones become
harder to distinguish in direction, suggesting possible stronger coupling between the atmosphere and the ice
sheet surface in a warmer climate.

1. Introduction

Greenland Ice Sheet (GrlS) surface melt has intensified significantly since the 1990s (Zheng et al., 2025). As a
result, the overall GrIS integrated surface mass balance (SMB) shifted from a low-variability, accumulation-
dominated regime to a high-variability, melt-dominated regime, primarily due to ablation area expansion and
bare ice season lengthening (Box et al., 2022; Fyke et al., 2014). Consequently, runoff has become more variable
from year to year (Slater et al., 2021). Alongside continued increases in melt magnitude, interannual melt
variability is projected to further increase toward the end of the century (van den Broeke et al., 2023).

To explain surface melt variability, previous studies have used cross-correlation, regression, and composite
analysis to relate melt to energy fluxes and atmospheric conditions. Along the K-transect in west Greenland, van
den Broeke et al. (2011) found that interannual melt variability in the higher ablation zone is mostly explained by
net shortwave radiation, whereas variability in the lower ablation zone is dominated by sensible heat flux. This
pattern is attributed to the quasi-constant summer albedo in the lower ablation zone, which limits the melt-albedo
feedback, and to the proximity of the snow-free tundra, which heats up considerably in summer. They also
projected that, with future ice retreat, the surface energy balance (SEB) and associated melt climate, as presently
observed at low elevations, will become representative for the entire marginal ice sheet. For subseasonal day-to-
day melt variability, sensible heat flux and shortwave radiation are the dominant factors at automatic weather
stations (AWS) throughout the ablation zone (Wang et al., 2021). Sensible and solar heating correlate with the
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occurrence of strong dry katabatic winds, which primarily increase surface sensible heating by enhancing vertical
mixing, thereby reducing temperature inversion (Mattingly et al., 2023). The concomitant low humidity and clear
skies yield increased solar heating. At the ice sheet margins, synoptic systems such as barrier winds, during which
high wind speed combined with high temperature and cloud cover enhance turbulent heat fluxes and limit
longwave heat loss, can also largely explain interdiurnal melt variability (van den Broeke et al., 2023). During
extreme melt episodes, turbulent and other nonradiative fluxes can temporarily dominate melt across large parts
of the ablation zone (Fausto et al., 2016), highlighting that the relative importance of SEB components shifts with
atmospheric regime.

Understanding what drives this enhanced melt variability requires not only identifying co-occurring factors but
also distinguishing between cause and effect while accounting for confounding influences. Traditional
correlation-based methods are limited in this regard, affected by strong autocorrelations (Runge et al., 2014), and
can produce spurious links between related processes (Vannitsem et al., 2019), motivating the use of causal
discovery. Causal discovery aims to identify dominant, independent drivers of melt variability, not just corre-
lations or instantaneous energy inputs, establish directionality, and distinguish direct from indirect influences,
generating more interpretable causal graphs. There has been a growing interest in applying causal inference to
Earth sciences in recent years (Karmouche et al., 2023; Krich et al., 2020; Runge, Bathiany, et al., 2019;
Samarasinghe et al., 2019), but the application to ice sheet processes remains limited (Kromer & Trusel, 2023).

In this study, we explore the potential of causal discovery to reconstruct the causal structure underlying GrIS
surface melt and address two questions: (1) What is the relative importance of the atmospheric SEB components
and processes in driving GrlS surface melt anomalies on monthly and daily timescales? (2) With global warming,
will there be a regime shift in this causal structure? In Section 2, the data and causal discovery method are
introduced. Section 3 evaluates the causal graphs for a historical period and then examines how these relationships
may change in a warmer climate. Section 4 summarizes the findings and outlines the study's contributions and
limitations.

2. Methods
2.1. Data

To ensure robust statistics, we use monthly output of the 50 CMIP6 members of the CESM2 Large Ensemble
(LENS2; Danabasoglu, Lamarque, et al., 2020; Rodgers et al., 2021), including historical (1850-2014) and future
SSP3-7.0 scenario simulations (2015-2100), at ~1° horizontal resolution.

For comparison with CESM2, we use two high-resolution regional climate models (RCMs)—Regional Atmo-
spheric Climate Model (RACMO2.3p2; Noél et al., 2018) and Modele Atmosphérique Régional (MARv3.14;
Haacker et al., 2024), which reproduce historical meteorological and SMB measurements across the GrIS with
good agreement (Fettweis et al., 2017; Noél et al., 2018). Their horizontal resolutions in this study are 5.5 and
10 km, respectively. While our primary analysis focuses on monthly timescales, we also examine daily RCM
output to understand potential short-term lagged interactions.

In addition to surface melt (Melt), the four atmospheric SEB variables were selected, including net shortwave
radiation (SW,,), net longwave radiation (LW,), sensible heat flux (SH), and latent heat flux (LH). We prioritize
the SEB fluxes not to disregard other influencing factors (e.g., clouds, Greenland blocking) but to establish the
most direct causal links to surface melt. Since excluded variables may confound the energy fluxes, we focus
exclusively on links involving Melr. Each variable is spatially integrated (Melr) or averaged (SEB fluxes) over the
mean ablation zone of the corresponding model (masks shown in Figure 1), where surface melt primarily occurs.

2.2. Causal Discovery Method

PCMCI (Peter Clark Momentary Conditional Independence) is a causal discovery framework developed by
Runge, Nowack, et al. (2019) that consists of two stages: (a) PC1 condition selection to identify potential causal
parents by eliminating irrelevant variables and (b) MCI test to validate causal relationships and determine causal
directions. PCMCI is suitable for autocorrelated, high-dimensional time series with nonlinear dependencies.
PCMCI" is an updated version that can also detect contemporaneous causal links (Runge, 2020). It has been
successfully applied in climate science to investigate phenomena such as teleconnections (Du et al., 2024;
Karmouche et al., 2023) and ice sheet-climate interactions (Kromer & Trusel, 2023).
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Figure 1. Causal graphs and corresponding ablation zone masks of the historical period 1975-2014 for RACMO (a), MAR
(b), and CESM2 large ensemble (c); and of the end of the century 2061-2100 for CESM2 large ensemble (d). Straight arrows
indicate contemporaneous directed links. Unoriented contemporaneous links denote that orientation rules cannot be applied
(“o — 0”). Node color indicates the maximum auto-MCI, defined as the partial correlation between a variable and its own
past conditioned on relevant parents (gray indicates insignificant values). Link color indicates cross-MCI, defined as the partial
correlation between two variables obtained from the conditional independence test. Link width increases monotonically with
detection rate (0%—100%), defined as the percentage of bootstrap realizations in (a, b) and ensemble members in (c, d) in which
the link type is detected.

PCMCI" relies on several assumptions, including the causal Markov condition, faithfulness, sufficiency, sta-
tionarity, acyclicity, and Gaussian noise distribution (Runge et al., 2023). For computational efficiency, inter-
pretability, and stability (Krich et al., 2020; Runge, Nowack, et al., 2019), we restrict the analysis to linear
dependencies by using a relatively short sample size (40 years) and use robust linear partial correlation
(RobustParCorr) as the conditional independence test, which transforms variables to normally distributed mar-
ginals. Key parameters are set as follows: the minimum time delay z,;, = 0, and the maximum time delay
Tmax = 12 months for monthly analyses and 7,,,, = 15 days for daily analyses. The significance level is set to

a,. = 0.05 for all tests, chosen to yield a sufficient number of directed links while avoiding overly dense graphs.

D

The resulting graphs contain directed lagged (curved arrows, “57) and contemporaneous links (straight arrows,
“—”) and also unoriented contemporaneous links, indicating that the collider and orientation rules cannot be
applied (Markov equivalence, circles on both ends, “o — ©”) or a conflicting adjacency when orientation rules
disagree (crosses on both ends, “X—x"), for example, due to finite sample issues (see Text S2 in Supporting
Information S1 for a conceptual explanation). If multiple lagged links occur, the one with the strongest cross-MCI
(partial correlation value from the conditional independence test) value is displayed, along with its associated lag.
Node color indicates the maximum auto-MCI (partial correlation between a variable and its own past, conditioned
on relevant parents) value for each variable if significant, regardless of lags. An example of causal graphs is
shown in Figure 1.

2.3. Data Preprocessing

Preprocessing consists of three steps: detrending, normalization, and seasonal masking. First, the time series are
detrended with a decadal (15-year) Gaussian kernel to remove long-term trends. For the monthly time series, the
Gaussian kernel is applied separately to each calendar month to isolate the trend and interannual variability within
each month. Next, we normalize the data by removing the mean seasonal cycle and dividing by the seasonal
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standard deviations, which helps satisfy the stationarity assumption and reduce false positive detection rates
(Krich et al., 2020). Finally, we mask the data to include only samples from the peak melting season (June to
August; JJA) at time ¢, whereas at times t — n (1 < n < 7,,,) samples can also come from outside the mask.

2.4. Experiment Design

Establishing reliable causation in complex climate systems requires a robust study design. First, we compare
causal graphs from CESM2 and the RCMs over the historical period 1975-2014, using monthly mean outputs.
Although the SEB equation describes local, instantaneous melt contributions operating within the diurnal cycle,
our analysis focuses on monthly anomalies and GrIS-scale averages, where other processes (such as atmospheric
variability, atmosphere-surface feedbacks, and spatial heterogeneity) become important and thus can modify the
causal relationships between SEB fluxes and melt. For LENS2, we construct a summary causal graph by selecting
the most frequent link type for each variable pair, with link color representing the averaged cross-MCI of this link
type and link width proportional to its frequency across ensemble members. Similarly, the average auto-MCI is
plotted for each node only if the majority of members have significant auto-MCI. For the RCMs, we use a
bootstrap method with 100 realizations and define the link width based on the detection rate. We also examine
daily RCM causal graphs to assess how causal relationships differ at higher temporal resolution. With enough
sampling at daily frequency, to increase robustness, we apply PCMCI* to four consecutive 10-year periods
(1975-1984, 1985-1994, 1995-2004, and 2005-2014) and then summarize a causal graph with the most frequent
link types. Next, to investigate the impact of global warming on the causal relationships, we apply PCMCI* to
2061-2100 simulations from LENS2 under the SSP3-7.0 scenario and compare the resulting causal graph with the
historical (1975-2014) graph.

3. Results
3.1. Evaluation of Melt Causality in CESM2

During the historical period, the CESM2 LENS2 causal graph agrees with RACMO and MAR in identifying
contemporaneous positive links from melt to net shortwave radiation (M elt > S W,,) and from sensible heat flux to
melt (SH — Melr), and agrees with MAR in additionally detecting a contemporaneous positive link from latent
heat flux to melt (LH — Melr) (Figures la—Ic). These align with the strongest lag-0 correlations in the lagged
correlation analysis (Figures 2b, 2d, and 2e). Physically, the melt—shortwave relationship is expected to be
bidirectional due to the melt-albedo feedback. However, PCMCI" enforces acyclicity, so contemporaneous
feedback loops cannot appear; the detected direction likely reflects the dominant influence of melt-induced albedo
reduction on absorbed shortwave radiation. The links SH — Melt and LH — Melt highlight the consistent effect
of turbulent heating, which can be amplified during warm air intrusion and high-wind events. Unlike the RCM
graphs, significant auto-MCI of Melt is detected in LENS2 (Figure 1c), indicating that melt persistence con-
tributes to melt anomalies. However, this link becomes insignificant under a more conservative significance
threshold (Figure S1 in Supporting Information S1), suggesting limited robustness. A similar sensitivity to the
significance level is found for RACMO (Figure S1 in Supporting Information S1).

Despite agreement in link detection, link strengths (cross-MCI) differ across models. The link SH — Melt
consistently exhibits the largest (or near-largest) strength (0.67, 0.68, and 0.56 for RACMO, MAR, and LENS2,
respectively; Table S1 in Supporting Information S1), suggesting that SH exerts a strong and consistent impact on
monthly melt anomalies. In RACMO, Melt — SW, has a strength (0.63) comparable to SH — Melt, whereas in
MAR the other significant links are weaker (0.45 for Melt — SW, and 0.41 for LH — Melt). In LENS2,
LH — Melt is comparable in strength (0.60) to SH — Melt, indicating a relatively stronger role of latent heat flux,
potentially related to smoother model topography in CESM2 that facilitates more moisture intrusions onto the ice
sheet. By contrast, the strengths of Melt — SW, and the auto-MCI of Melt are lower (0.39 and 0.25, respectively).

Overall, the results consistently identify SH and SW,, as primary drivers of summer surface melt anomalies on
monthly timescales across models, with LH as an additional driver except for RACMO. The results also reveal
model-dependent differences in the relative importance of these drivers, likely reflecting structural and param-
eterization differences. For example, the RCMs prescribe bare ice albedo using updated observational data sets
(Fettweis et al., 2020; Noél et al., 2018), which may contribute to differences in the strength of the Melt — SW,
link.
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Figure 2. Lagged correlation between each variable with Melr during 1975-2014: (a) Melt, (b) SW,, (c) LW,, (d) SH, and
(e) LH. The lagged correlations are calculated between each variable within a 3-month moving window and JJA surface melt
using the monthly time series. For each lag, all individual months within the corresponding window are concatenated
(e.g., May-July for a 1-month lag). Filled circles represent significant correlations at a significance level of 0.05 (95%
confidence). The red (blue) numbers at the bottom indicate the number of LENS2 members that have significant positive
(negative) correlations at each lag.

RACMO does not exhibit a positive contemporaneous LH — Melt link as in MAR and LENS?2 across all tested
significance levels (Figure S1 in Supporting Information S1), consistent with its near-zero and insignificant lag-
0 correlation (Figure 2e). This difference may partly reflect internal variability, given that only one RACMO
simulation is available, but could also arise from differences in the representation and variability of turbulent heat
fluxes. Further investigation using controlled sensitivity experiments or process-oriented diagnostics within a
consistent modeling framework would be needed to isolate the mechanisms underlying this discrepancy.

No model detects causal links between LW,, and Melt, despite known contributions of longwave forcing during
cloudy or warm events. Due to the algorithmic construction of PCMCI*, the absence of links is a more robust
result than their presence (Runge, Nowack, et al., 2019). During melt, surface temperature is constrained near the
melting point, limiting variability in upward longwave radiation. Although downward longwave radiation varies
with atmospheric conditions, its monthly anomalies largely covary with shortwave and turbulent fluxes,
providing limited independent predictive power. Compensating changes in shortwave radiation may further
reduce its net effect on melt.

We observe that the causal graphs vary considerably across LENS2 ensemble members (Figure S2 in Supporting
Information S1), reflecting internal variability and potential methodological limitations. On the one hand, it
reflects the chaotic nature of the climate system, whereby small differences in initial conditions give rise to
different relative importance of energy balance terms in driving interannual melt anomalies across realizations
within the 40-year period. On the other hand, PCMCI" may struggle to consistently resolve causal dependencies
in surface melt processes at monthly resolution. The observed degree of variation, such as inconsistent directions
or additional links across realizations, suggests that methodological constraints likely play a more dominant role
than internal variability. Such differences were also observed in other ensemble-based causal studies (Karmouche
2023). This highlights the need for careful interpretation when applying causal discovery to climate
variables.

et al.,
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3.2. Compare to Lagged Correlation

For comparison, we also calculate lagged correlations between each energy flux (and melt) within a 3-month
moving window and JJA surface melt, using the processed monthly time series (Section 2.3) during
1975-2014 (Figure 2). For each lag, all individual months within the corresponding window are concatenated
(e.g., May—July for a 1-month lag). At zero lag, both RCMs and all LENS2 members show significant positive
correlations between SW,, and Melt (Figure 2b) and between SH and Melt (Figure 2d), while MAR and all LENS2
members also show significant positive correlations between LH and Melt (Figure 2e). Ata 1-month lag, SW, and
SH remain significantly correlated with Melt in both RCMs (Figures 2b and 2d) and LH remains significantly
correlated with Melt in MAR (Figure 2e), with the same signs as at lag 0 but weaker correlations. In LENS2, SW,,
SH, and LH remain significantly correlated with Melt for most ensemble members (Figures 2b, 2d, and 2e). Melt
itself shows strong autocorrelation at lag 1 and lag 2 in both RCMs and most LENS2 members (Figure 2a). At
longer lags, occasional significant correlations are also detected in some LENS2 members and in the RCMs, but
they are less consistent across models.

Compared to lagged correlation, PCMCI* identifies fewer highly relevant links, typically at shorter or zero lags.
Lagged correlation is prone to spurious links and larger (correlative) lags resulting from strong autocorrelation,
which can bias the analysis of time delays and the quantification of the interaction mechanism (Runge
et al., 2014). In contrast, PCMCI* conditions on relevant variables and past values using independence tests,
filtering out these spurious associations and yielding a more interpretable network, consistent with findings from
other studies (Krich et al., 2020).

3.3. Melt Causality at Daily Timescales

Since PCMCI" rarely detects robust lagged causal relationships involving surface melt at monthly resolution
(Figure 1; Figure S2 in Supporting Information S1), we additionally apply the algorithm to daily time series of the
five variables from the RCMs. Unlike at monthly timescales, local and synoptic processes dominate the diurnal
variability of surface melt, whereas large-scale atmospheric variability plays a more limited role (van den Broeke
et al., 2023). A key difference from the monthly results is that the daily graphs exhibit large significant auto-MCI
values for all variables (Figure 3), consistent with stronger self-dependency in higher-frequency climate data. The
significant auto-MCI of Melt highlights the preconditioning effect of melt from the previous day (largest auto-
MCI at lag one). In RACMO, the contemporaneous positive link between SW, and Melt becomes undirected
with conflicting adjacencies (Figure 3a), likely reflecting the melt-albedo feedback operating at daily resolution,
with comparable influence in both directions. A positive undirected contemporaneous link SH X—X Melt is
detected in both models (Figure 3), likely due to bidirectional interactions at daily resolution (SH causes Melt and
Melt can also enhance SH by, e.g., increasing surface roughness). Consistent with its monthly causal graph
(Figure 1b), MAR also exhibits a positive contemporaneous link between Melt and LH, although the detected
direction is reversed (Melt — LH), which may similarly arise from short-timescale surface-atmosphere in-
teractions. In both models, the auto-MCI of Melt (RACMO: 0.46; MAR: 0.50) and the cross-MCI of
SH x—=x Melt (RACMO: 0.59; MAR: 0.57) are of comparable magnitude (Table S1 in Supporting Informa-
tion S1). In RACMO, SW,, X—Xx Melt also has similar strength (0.48), whereas in MAR, the links Melt — SW,
and Melt — LH are substantially weaker (0.15 and 0.12, respectively).

Together, these results suggest that at daily timescales, in addition to net shortwave radiation and turbulent heat
fluxes, melt persistence is another dominant contributor to surface melt anomalies, although the relative
importance of these processes differs between models.

3.4. Melt Causality Change Under a Warming Scenario

By the end of the century under SSP3-7.0, contemporaneous causal links persist in LENS2, but the directions of
the turbulent heat-related links vary (Figure 1d). During 2061-2100, differences among ensemble-member causal
graphs are also evident (Figure S3 in Supporting Information S1), reflecting internal variability in inferred
melt—energy relationships and potential methodological limitations. The most frequent link types between SH/LH
and Melt become undirected, as the collider and orientation rules cannot be applied in most ensemble members,
indicating a reduction in orientability: although SH/LH and Melt remain conditionally dependent, the conditional
independence structure no longer provides sufficient constraints to uniquely identify a dominant direction.
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Figure 3. Causal graphs at daily frequency of the historical period 1975-2014 for RACMO (a) and MAR (b) with a
significance level of 0.05. Unoriented contemporaneous links denote a conflicting adjacency when orientation rules disagree
(“X—x”). Link width increases monotonically with detection rate (0%—100%), defined as the mean percentage of bootstrap
realizations in which the link type is detected over the four consecutive 10-year periods from 1975 to 2014. Other causal
graph conventions are the same as in Figure 1.

Several factors may contribute to this reduced orientability. First, under late-century warming, the surface across
much of the ablation zone more frequently reaches and remains near the melting point from late spring through
summer (Figures S4d—S4f in Supporting Information S1), potentially shortening the response time of melt to
turbulent heat flux anomalies and rendering the causal direction statistically indistinguishable. Second, stronger
co-variability among SEB components under warmer and moister atmospheric conditions (Table S2 in Sup-
porting Information S1) may increase redundancy among predictors, thereby reducing the asymmetry in con-
ditional dependencies required for orientation. Third, the turbulent flux—melt relationship is inherently nonlinear
and regime-dependent. Under sustained late-century melt conditions, the effective sensitivity of melt to additional
flux anomalies may change. Such regime shifts can alter the conditional dependence structure captured by linear
partial-correlation tests, reducing orientability even if the underlying physical direction remains unchanged.

Therefore, the undirected SH o—o Melt and LH o—o Melt links likely reflect stronger and more synchronous
surface-atmosphere coupling, but may also arise from reduced statistical identifiability due to increased simul-
taneity, shared variability, or regime-dependent sensitivity. These results should thus be interpreted as a transition
toward more tightly coupled yet less statistically distinguishable interactions, rather than a definitive shift in
physical causal direction.

4. Discussion and Conclusions

This study explores the potential of the PCMCI" causal discovery method to disentangle interactions between
GrlS surface melt and surface energy fluxes. Compared with correlations, PCMCI™ identifies fewer but more
interpretable dependencies. During 1975-2014, causal graphs from CESM?2 LENS2 and the higher-resolution
RCMs (RACMO and MAR) consistently reveal contemporaneous positive links from melt to net shortwave
radiation (Melt - SWn) and from sensible heat flux to melt (SH — Melt), highlighting shortwave radiation and
sensible heating as dominant drivers of ablation-zone summer melt anomalies. LENS2 and MAR also show a
positive link from latent heat flux to melt (LH — Melt), suggesting that latent heat exchange may further
contribute to melt variability in these models. Since PCMCI* enforces acyclicity, the bidirectional
melt-shortwave feedback appears as a single detected link (Melt ) W,,). Although link detection is broadly
consistent, link strengths vary across models, reflecting differences in the relative importance of processes. By the
end of the century under SSP3-7.0, these contemporaneous positive links persist, but the turbulent heat-related
links become undirected, indicating stronger atmosphere-surface coupling and/or reduced statistical identifi-
ability in a warmer climate.

A key challenge of causal discovery in Earth science is the lack of ground truth for verifying causal graphs. Long-
term, GrIS-wide surface melt observations were unavailable at the time of this study (Zheng et al., 2022). A new
passive microwave-derived data set extending the record to 31 years has recently been released (Zheng

YIN ET AL.

7 of 10

51807 SUOLUWIOD SANERID |deo! dde 8L Aq paueA0b ae a1 VO 88N J0'S9IN1 10} ARIqIT BUIIUO A3 UO (SUOTIPUOD-PUE-SWLBYWOD /B 1M ARRIq 1PUIIUO//SH1Y) SUONIPUOD PUe SWLR 1 3U) 305 *[9202/90/0T] U0 ARiq1T2UIIUO AB1IM ‘HRA NL Ad 8Z66TT 1DSZ02/620T OT/I0p/W0d" 8|1 AReiq 1 pu|uo'sgndnBe/:scy WwoJy papeojumod ‘TT ‘9202 *L00876T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL119928

etal., 2025). A preliminary PCMCI™ test combining its GrIS-integrated melt product with ablation zone-averaged
SEB fluxes from ERAS5 reanalysis (Hersbach et al., 2020) detected only significant melt auto-dependence and no
robust SEB—melt links (not shown). This outcome likely reflects inconsistencies arising from independent
retrieval algorithms and associated uncertainties across the different data sources, which can obscure cross-
variable dependencies in a causal framework. Integrating observational data into causal frameworks remains
an important future direction. Model-based inference introduces additional uncertainty. Although the RCMs and
CESM2 simulate reasonable GrIS SEB and surface melt (Fettweis et al., 2017; Noél et al., 2018; van Kampenhout
et al., 2020), the prominence and orientation of inferred causal links depend on model representations of surface
processes and snow/ice properties, and are therefore subject to structural biases (Holube et al., 2022). In
particular, CESM2 biases associated with relatively coarse horizontal resolution, such as cloud-driven radiation
variability, wind and near-surface gradients controlling turbulent flux variability, and surface-state persistence
(e.g., albedo and snow wetness) may influence the detected causal links (Herrington et al., 2022; van Kampenhout
et al., 2019; Yin et al., 2025). These considerations suggest that projected future changes are best interpreted as
CESM2-conditional hypotheses, motivating future multi-model tests. Nonetheless, causal analysis of state-of-
the-art models provides valuable insight into process representation and future evolution (Galytska
et al., 2023; Karmouche et al., 2023; Nowack et al., 2020). The agreement of key links across models increases
confidence in the main findings.

Robustness was assessed by varying significance level (0.025, 0.05, and 0.1; Figures S1 and S5 in Supporting
Information S1), maximum lag (6- to 18-month; 5- to 25-day; not shown), and analysis length (30-50 years; not
shown). The melt-related links persist under these variations, though directions occasionally change. We also
evaluate the impact of differing ablation masking in different models and time periods at monthly timescales by
applying the RACMO 1975-2014 mean ablation mask (remapped to the MAR and CESM2 grids; Figure S6 in
Supporting Information S1). The resulting graphs remain largely unchanged, except that the Melt auto-MCI in
LENS?2 becomes insignificant during 1975-2014. This suggests that differences in ablation masking exert only a
minor influence on the inferred melt-related links.

We note that our findings primarily apply to the GrIS ablation zone and do not necessarily extend to higher-
elevation percolation regions. Compared to the LENS2 ablation-zone graphs (Figures 1c and 1d), no signifi-
cant contemporaneous link between SW, and Melt is detected either over the period-specific percolation zones or
over the fixed elevation band between 1 and 2 km, while the other significant melt-related links remain broadly
similar (Figures S7 and S8 in Supporting Information S1). These results suggest that the melt—shortwave radiation
relationship identified over the ablation zone is substantially weaker at higher elevations, likely because large
areas within the percolation zone continue to experience relatively limited surface albedo anomaly variability
even under SSP3-7.0 warming. In contrast, turbulent heat flux links remain robust across regions, highlighting
their important role in higher-elevation melt anomaly variability in CESM2.

Limitations remain in applying causal discovery to ice sheet surface melt processes. Causal discovery requires
more sophisticated assumptions. For example, PCMCI* assumes causal sufficiency, requiring that all relevant
variables be included. Although focusing on melt-related links mitigates this issue, omitted variables—such as
near-surface air temperature or cloud properties—may still influence results. Nonlinear relationships are also
possible. Given the relatively short 40-year segments analyzed here, linear conditional independence tests provide
a reasonable approximation and have been shown to offer stronger detection power and interpretability when
linearity dominates (Krich et al., 2020; Runge, Nowack, et al., 2019). Temporal resolution presents another
challenge. At daily or higher frequencies, GrIS-wide surface melt data from observations or models are limited.
Single AWS-based surface melt calculated from measured energy fluxes contains frequent missing data and
intermittent zero-melt periods due to temperature fluctuations around 0°C. Such threshold-controlled variability
challenges the PCMCI* framework applied here, which uses the linear RobustParCorr conditional independence
test. Furthermore, constructing sufficiently long and continuous AWS records would require reliable gap-filling
approaches, whose influence on PCMCI + causal graphs remains unclear. Daily-scale experiments with the
RCMs indicate strong one-day melt self-dependence, while other significant links remain contemporaneous and
often undirected. Finally, determining the direction of contemporaneous links remains challenging, and inferred
directions should be interpreted with appropriate caution. Future work could explore alternative causal discovery
methods (Ali et al., 2024; Docquier et al., 2024), incorporate additional data sets (Zheng et al., 2025), investigate
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specific atmospheric process chains (Kromer & Trusel, 2023), compare across regions, and conduct targeted
sensitivity experiments.

Understanding the evolving coupling between GrlS surface melt variability and climate is critical, as this rela-
tionship will increasingly control future melt-dominated SMB variability and influence ice dynamics, freshwater
fluxes, ocean circulation, and sea level rise (Fyke et al., 2014; Hanna et al., 2024). Our results demonstrate the
feasibility of applying causal discovery to simulated climate data while highlighting several challenges—such as
variable completeness, temporal resolution, and contemporaneous orientation—that must be addressed, under-
scoring the need for further methodological development in ice sheet-atmosphere studies.
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