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Abstract

Greenland ice loss has risen sharply since industrializa�on 1 and will likely contribute 20

cm to sea level rise before 21002. On the highest emissions pathway the ice sheet could

melt by the year 3000, submerging coasts by 7.2 meters 3. Greenland surface melt now

dominates cryospheric mass loss4,5. To constrain the driving processes of this melt 6, here

we present high-fidelity surface observa�ons of clouds, energy, and melt on the lower

southwestern Greenland ice sheet from summer 2024. Contras�ng cloudy and clear

(cloud-free) condi�ons, we find that firn energy storage primarily increases under
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clouds, driven by the cloudy state’s effect on surface radia�on. Frequent op�cally thin

clouds (LWP < 30 g⋅m-2, 55% of observa�ons) result in 26.5 W⋅m-2 more absorbed

radia�on at the surface than clear condi�ons on average. Near solar noon, when melt is

most likely, peak absorbed radia�on is 80% larger under cloudy skies (63 W⋅m -2) than

under clear (35 W⋅m-2). A co-located automa�c weather sta�on underes�mates the

daily mean cloud effect by 30% and overes�mates the peak clear-sky flux by a factor of

two at solar noon, with implica�ons for interpre�ng the in situ record that anchors

Greenland's surface energy budget.

Main text

A complex set of melt processes at differing temporal and spa�al scales makes the

Greenland ice sheet the single largest mass contributor to sea level rise 7. Therefore, to

make informa�ve and skillful projec�ons of future mass loss, models must accurately

emulate the full range of processes that modify the surface energy budget and melt.

Moreover, assessing the accuracy of those projec�ons requires observa�ons of

parameters that models struggle to represent. Recent studies have found that the

primary uncertain�es in model projec�ons of Greenland surface mass loss are cloud

microphysics6 and the spa�o-temporal evolu�on of albedo8,9. These uncertain�es are

further enhanced by feedbacks involving surface melt, firn pack, precipita�on processes,

and atmospheric proper�es10, all of which are poorly constrained by observa�ons.

The size, rela�vely low la�tude, and geography of the largest ice sheet in the

Northern Hemisphere are a prime se�ng for rapid change. Southern Greenland,

posi�oned at the confluence of the North Atlan�c storm track and Gulf Stream, is
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uniquely sensi�ve to heat transport into the Arc�c 11.

Thus, this region serves as an early indicator of

Arc�c-wide warming trends with possible

connec�ons to severe clima�c feedbacks12,13. As

Greenland has warmed over past decades, the total

area suscep�ble to surface melt has increased14,15 and

the summer snowline has migrated to higher

eleva�ons with increasing variability16,17. All these

factors lead to an increased sensi�vity of the surface

to cloud cover and its synergis�c rela�onship with firn

proper�es, such as albedo and refreezing of surface

melt as they vary with eleva�on 18.

Changing Greenland melt

Nowhere is it more important to observe these

processes than the southwestern Greenland ice sheet,

where runoff area is increasing more rapidly than any

other region19 as the ice sheet’s mass equilibrium has

destabilized20,21. Southwestern Greenland has also

seen a major shi� in spa�al melt extent. The mean

30-day melt line, the contour enclosing areas experiencing ≥30 melt days per year, has

moved ~50 km up the ice sheet in the past three decades (Fig. 1).
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As melt reaches higher eleva�ons, it will drive dynamic changes in the physical

processes that influence mass balance and surface melt itself. To observe the interplay of

these cri�cal physical processes at this nexus of warming, the Integrated

Characteriza�on of Energy, Clouds, Atmospheric state, and Precipita�on at Summit

(ICECAPS) program expanded from its 15-years of measurements at Summit Sta�on 22 to

make observa�ons in the rapidly changing percola�on zone. Our team deployed a novel

research pla�orm to collect high-fidelity observa�ons of melt-related proper�es and

their interconnected processes in summer 2024 near the DYE-2 site on the

southwestern Greenland ice sheet at 2094 meters eleva�on and 140 km from the ice

edge (Fig. 1). Because the percola�on zone is expected to expand significantly with

warming, this site serves as a bellwether since the physical drivers of melt observed here

today offer a cri�cal preview of how the ice sheet interior will likely evolve in the future.

Opera�ng a combina�on of key instrumenta�on autonomously, from microwave

radiometry of the atmosphere to ground-penetra�ng radar of the firn, enables new

insights on the coupled atmosphere-ice interac�ons that drive Greenland melt processes

and hinder climate projec�ons. Together, these observa�ons can provide insight into a

range of exis�ng hypotheses rela�ng to melt, from precondi�oning of the ice sheet

energy balance24, to the mechanis�c influence of clouds on refreezing of percola�ng

meltwater25, to the freshening of albedo by snowfall26, and more. The team designed,

engineered, and built a sophis�cated pla�orm to usher in a new autonomous,

cross-cu�ng observa�onal capability for quan�fying the complex surface processes

happening within the rapidly expanding domain of Greenland melt.
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From the resul�ng data, we juxtapose observa�ons of cloudy and clear-sky melt

days on the lower ice sheet to clarify details of the cloudy-clear dichotomy o�en

presented in the melt literature27,28. Our understanding of these mechanisms remains

incomplete, with recent studies yielding divergent interpreta�ons of how clouds modify

the surface energy budget29. We focus on this dichotomy because recent studies

highlight cloud microphysics as a dominant uncertainty in future mass loss projec�ons 6,10

and observa�onal constraints on the complex interplay of cloudy atmospheric states in

the rapidly expanding melt zone remain sparse30. First, the atmosphere, upper firn, and

influen�al coupled processes are examined for individual cloudy and clear-sky melt

events observed during summer 2024 to contrast these two melt pathways. Then,

differences between the cloudy and clear-sky atmospheric states are quan�ta�vely

evaluated from two perspec�ves: an aggregate diurnal schema that shows the evolu�on

of cloudy and clear-sky days, and a probabilis�c framework that relates the full range of

cloud characteris�cs to their influence on the surface radia�ve energy budget.

Independent firn temperature observa�ons are then used to test whether the radia�ve

state differences observed at the surface map coherently onto changes in the energy

content of the upper 20 cm of firn. Together, these perspec�ves construct a

comprehensive picture of how cloudy condi�ons affect the surface of the mel�ng

Greenland ice sheet. For broader ice sheet context, a comparison to co-located

automa�c weather sta�on (AWS) data is included, since these are the only in situ

measurements available for evalua�ng surface processes and melt drivers at many

loca�ons across the ice sheet.
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New observa�ons of the ice-air interface

More than 20 instruments with 100+ sensors were deployed as components of

the autonomous science pla�orm, with data transmi�ed for analysis in near real-�me.

From these data, Figs. 2 and 3 show illustra�ve contras�ng cloudy and clear-sky melt

events. Here, the focus is on observa�ons of clouds, radia�on, and melt processes. A

comprehensive treatment analyzing the complexi�es of turbulent fluxes, conduc�ve heat

transfer, meltwater refreeze, and energy budget closure will be addressed in forthcoming

work.

During the summer 2024 measurement period, we observed 15 days with

considerable surface melt (Methods: Iden�fying melt; Extended Data Figs. 8 and 10).

These melt days occurred across 6 dis�nct events with intervening periods of refreeze.

Four events featured predominantly cloudy condi�ons, while two were mostly clear.

Although there are many compelling features from each event, we first focus on two

exemplary yet contras�ng melt events (Figs. 2 and 3) to demonstrate dis�nct features of

the coupled atmosphere-ice evolu�on under cloudy and clear-sky condi�ons. Then the

full summer is analyzed to provide context and quan�fy crucial cloud and energy

processes. Measurements range from cloud proper�es (Figs. 2 & 3, a,b,c), through

specialized surface broadband radia�on sensors31 (Fig. 2d), to the firn characteris�cs they

impact (Figs. 2 & 3, e,f,g). The clear-sky melt event (Fig. 2) occurred shortly a�er the

ini�al transi�on into the summer melt season on June 16, while the cloudy melt event

occurred on June 28 (Fig. 3). Because energe�c accumula�on and firn hysteresis
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influence melt evolu�on during individual events, Figs. 2 and 3 also include the 3 days

preceding melt.

Energe�c mechanisms of cloudy and clear-sky melt

From 13:00 to 20:00 (all �mes are in UTC, solar noon at 15:00) on June 16,

surface melt (Methods: Iden�fying melt) was recorded by firn temperature sensors (Fig.

2g), the 5Ghz ground penetra�ng radar (GPR) a�enua�on derived melt index (Fig. 2i), and

surface skin temperature derived from longwave radia�on (Fig. 2f). This melt occurred

near the end of a sustained five-day period of clear skies (Fig. 2a), from June 13 un�l

early June 17. This event, featuring a remarkably extended clear-sky period, was

punctuated at the end by surface melt at peak solar flux on June 16.

Near-surface air temperature (Fig. 2f) followed a pronounced diurnal cycle with

day�me peaks (solar noon at 15:00) just above 0 °C and nigh�me lows (23:30 to 05:30)

below -10 °C. Shortwave absorp�on near solar noon briefly peaked near 150 W⋅m -2. In

comparison, surface net longwave radia�ve losses approached -100 W⋅m -2 during the

day and -50 W⋅m-2 at night (Fig. 2e). Sustained melt only occurred a�er three days of

subsurface warming, demonstra�ng how persistent longwave losses in clear-sky

condi�ons oppose melt and dominate the radia�ve budget except at peak solar input.

For this clear-sky event, efficient radia�ve energe�c losses from the surface layer during

cloud-free nights must be overcome by day�me energy fluxes before melt can occur.
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Subsurface heat fluxes (Fig. 2h) change with surface meltwater produc�on, leading to

increased energy transfer downward through the firn. The warm subsurface pulses lag

the surface fluxes by approximately 12 to 24 hours from 50 to 100 cm in depth.

A notable feature of this period is the steady surface albedo decrease across the

clear-sky days preceding melt (Fig. 2d). As snow is exposed to heat and sunlight, snow

grains metamorphose and darken32,33, reducing albedo and increasing absorbed solar

energy, leading to melt. The rapid melt cessa�on also demonstrates the importance of

albedo: on June 18, snowfall restored surface brightness, increasing albedo from 0.81 to

0.88 and reducing absorbed solar radia�on by 37%. This surface change effec�vely

quenched the melt despite the air temperature remaining near 0 °C. Surface snow

accumula�on over this period was 2 to 5 cm with some varia�on across the surface

topography as measured by GNSS reflectometry (Fig. 2g; Methods: Snow accumula�on

and surface roughness).
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Fig. 2 | Clear, cloud-free, surface melt event on June 16. Melt is iden�fied using a
combined suite of sensors, and the melt �me is highlighted in red. Panels from top to
bo�om organized from atmosphere down through observa�ons: (a) lidar backsca�er (b)
atmospheric liquid water path and precipitable water vapor (c) precipita�on radar
reflec�vity (d) surface albedo box (blue) and �meseries (red) (e) net radia�ve fluxes for
longwave, shortwave, and total budget (f) skin and 2 m air temperatures (g) firn
subsurface temperatures normalized to nominal surface height at installa�on (h)
subsurface heat fluxes at depths with respect to nominal height (i) melt index from GPR
5Ghz signal a�enua�on.
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From 12:00 to 21:00 on June 28, surface melt was recorded (Fig. 3f,g,i) amid an

extensive 12-day period of mostly cloudy skies (Fig. 3a; Extended Data Fig. 10a).

Consistent snowfall during this cloudy period led to the largest accumula�on of the

summer, with precipita�on before, during, and a�er the melt. In the days around the melt

event, 10-15 cm of snow accumulated on the ice sheet surface (Fig. 3g; Methods: Snow

accumula�on and surface roughness).

Over this �me, albedo fluctuated with snow accumula�on and melt. On June 27,

the day before the melt occurred, precipita�on raised the albedo to 0.90. During the

sustained melt on June 28, albedo then decreased to 0.84 despite concurrent

precipita�on. Snowfall then con�nued through June 29, when renewed fresh

accumula�on again increased the albedo to 0.91.

During melt, the near-surface air temperature and retrieved surface skin

temperature (Fig. 3f) were elevated to just above 0 °C. Meltwater produc�on was

sustained across a 9-hour period, as shown by the GPR melt index (Fig. 3i). Here,

refreeze during the night following the melt event was strongly inhibited by cloud

trapping of longwave radia�on, and thus GPR a�enua�on caused by the presence of

liquid water in firn was observed into the next day. This stands in stark contrast to the

rapid refreeze of melt in the clear sky case (Fig. 2i) and provides a detailed in situ study of

a case analogous to the results from Van Tricht et al. (2016) 27, with cloud at night

inhibi�ng refreeze of the surface.
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Fig. 3 | Cloudy condi�ons surface melt event study on June 28. Melt is iden�fied using a
combined suite of sensors, and the melt �me is highlighted in red. Panels from top to
bo�om organized from atmosphere down through subsurface observa�ons: (a) lidar
backsca�er (b) atmospheric liquid water path and precipitable water vapor (c)
precipita�on radar reflec�vity (d) surface albedo box (blue) and �meseries (red) (e) net
radia�ve fluxes for longwave, shortwave, and total budget (f) skin and 2 m air
temperatures (g) firn subsurface temperatures normalized to nominal surface height at
installa�on (h) subsurface heat fluxes at depths with respect to nominal height (i) melt
index from GPR 5Ghz signal a�enua�on.
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The cloudiest days of this event saw the lowest incoming shortwave flux of the

en�re observa�on record (Extended Data Fig. 10e), despite being near the summer

sols�ce. However, the total radia�on absorbed by the firn surface (Fig. 3e) during this

melt period was larger than that during the melt day in the clear-sky case (Fig. 2e) due to

addi�onal surface longwave radia�ve warming. On June 16 th, the clear-sky melt day, the

surface absorbed 1.1 MJ⋅m-2 of radia�on from 05:30-23:30, while during the same �me

frame under cloudy condi�ons on June 28, the surface absorbed 2.3 MJ⋅m -2. The key

difference was the nigh�me radia�ve loss being near zero in the cloudy case compared

to -70 W⋅m-2 in the clear-sky case.

To compare the energe�c pathways that produce these contras�ng outcomes, we

examine the individual radia�ve components of the surface budget for cloudy and

clear-sky days. The total radia�on absorbed by the surface (eqs. 1) comprises net

shortwave (incoming minus reflected) and net longwave (downward atmospheric

emission minus surface emission) radia�ve fluxes. Processes that modify those individual

fluxes therefore modify the total amount of radia�ve energy absorbed.

For either cloudy or clear sky cases, the total radia�on absorbed by the surface,

Qnet, is the sum of the net shortwave (incoming minus reflected) and net longwave

(downward atmospheric emission minus surface emission) radia�ve fluxes:

1a𝑄𝑛𝑒𝑡
𝑠  � 𝑆𝑊𝑛𝑒𝑡

𝑠 �  𝐿𝑊𝑛𝑒𝑡
𝑠  

1b𝑆𝑊𝑛𝑒𝑡
𝑠 � 𝑆𝑊↓

𝑠 �  𝑆𝑊↑
𝑠
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1c𝐿𝑊𝑛𝑒𝑡
𝑠 � 𝐿𝑊↓

𝑠 �  𝐿𝑊↑
𝑠

Downwelling shortwave and longwave radia�on are both modulated by clouds

through interdependent proper�es, including height above the surface, cloud

temperature, emissivity, and cloud composi�on (ice, supercooled droplets, or

mixed-phase). In comparison, the outgoing longwave and reflected shortwave are

dependent on surface proper�es like albedo, emissivity, and skin temperature. Aspects of

both incoming and reflected shortwave radia�on depend on solar zenith angle (SZA).

While these interconnected processes occur across the planet, there are many unique

aspects in the Arc�c34. In Greenland, clouds are o�en warmer than the surface due to

frequent temperature inversions, rela�vely op�cally thin, and frequently contain liquid

even at low temperatures35,36. Sophis�cated cloud measurements are difficult to make on

the ice sheet, and liquid water path (LWP) has been iden�fied as a first-order proxy for

cloud proper�es that modify the Arc�c radia�ve budget 34. There are crucial radia�ve

dependencies on Arc�c cloud LWP for both downward longwave and shortwave fluxes

at the ice surface. While cloud longwave emission reaches satura�on at LWP ≥30 g⋅m -2,

shortwave transmission con�nues to decrease at higher LWPs. Therefore, op�cally thin

clouds of 0-50 g⋅m-2 can have a large posi�ve impact on the Arc�c radia�ve budget, and

the radia�ve budget is par�cularly sensi�ve to LWP <30 g⋅m -2 depending on the cloud

proper�es outlined above35.
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Returning to these events, we can quan�fy the individual components driving the

energe�c differences described above to compare their radia�ve states. During the

cloudy melt event (June 26th-29th), we observed a median LWP of 41 g⋅m -2 (Methods:

Measuring LWP) and a mean cloud base height of approximately 250 meters above

ground level (Fig. 3a,b). At this LWP, the longwave trapping is near-maximized while

shortwave a�enua�on is moderate, producing a strong net posi�ve radia�ve flux. For

these cloudy melt days, = 3.7 MJ⋅m-2, = -1.4 MJ⋅m-2, and sum to𝑆𝑊𝑛𝑒𝑡
𝑐𝑙𝑜𝑢𝑑𝑦 𝐿𝑊𝑛𝑒𝑡

𝑐𝑙𝑜𝑢𝑑𝑦 𝑄𝑛𝑒𝑡
𝑐𝑙𝑜𝑢𝑑𝑦

= 2.3 MJ⋅m-2.

For the clear-sky case, these values were 6.5 MJ⋅m -2 and -5.5 MJ⋅m-2, a total of

1.1 MJ⋅m-2. While these are aggregate values for these events, the surface radia�ve

response to LWP variability is evident in the �me series: brief cloud gaps (near-zero LWP)

correspond to increased net longwave losses. At the same �me, periods of higher LWP

values are associated with reduced losses. Similarly, net surface shortwave absorp�on

increases during cloud gaps. To generalize beyond these individual events, we now

analyze the complete summer 2024 dataset, quan�fying how cloud condi�ons relate to

the full range of observed surface radia�ve states.

Cloudy and clear sky radia�ve states

Having established detailed mechanisms through which clouds affect the

evolu�on of these melt cases, we now systema�cally quan�fy the differences between

cloudy and clear states.

Following the generalized analysis of cloud impacts on Arc�c sea ice presented in

Shupe et al. (2026)37, to quan�fy important differences in the cloudy and clear-sky states
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over Greenland we define the atmospheric state effect of clouds on Q net as the difference

between the states of cloudy and clear condi�ons as:

( ) = - (2)𝐸𝑐𝑙𝑜𝑢𝑑𝑠 𝑄𝑛𝑒𝑡 𝑄𝑛𝑒𝑡
𝑐𝑙𝑜𝑢𝑑𝑦 𝑄𝑛𝑒𝑡

𝑐𝑙𝑒𝑎𝑟

By par��oning the summer of observa�ons into cloudy and clear-sky atmospheric

states, eq. 2 quan�fies the differences between the integrated atmospheric condi�ons

when clouds occur versus clear-sky condi�ons. Thus, E clouds(Qnet) quan�fies implicit

observed differences in thermodynamic profiles, water vapor, near-surface stability, and

more that accompany shi�s in cloudiness. There are two values of the atmospheric state

effect that can be calculated, the maximum effect as shown in Eq. 2 that is the difference

between the average observed states. Or the difference scaled by the occurrence

frequency of each observed state. Here, because we do not have enough atmospheric

profiling data to report on climatological frequency of cloudy or clear condi�ons, we

report only the observed mean difference between the two observed states.

This quan�ty is func�onally equivalent to what has been termed

“measurement-based” cloud radia�ve forcing (CRF) in recent cryospheric literature, 38,39

though the term CRF has been applied inconsistently across studies without rigorous

dis�nc�on between fundamentally different methodologies. As Stapf et al. (2021) 39

demonstrated, a measurement-based approach comparing observed fluxes in different

atmospheric states is dis�nct in interpreta�on from radia�ve transfer-based CRF values

that subtract a modeled clear-sky reference from observed all-sky fluxes while preserving
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the thermodynamic profile of the cloudy atmosphere 40,41. These approaches answer

different physical ques�ons with differing availability of data. We adopt the atmospheric

state effect nota�on to make the methodological dis�nc�on explicit. However, our

reported values can be compared to measurement-based CRF es�mates such as Wang et

al. (2018)42.

For calcula�ng values from Eq. 2, we iden�fy cloudy condi�ons using ac�ve cloud

lidar that dis�nguishes overhead clouds by backsca�er, validated with auxiliary

informa�on that is provided by a suite of sensors and cameras ( Methods: Cloud

iden�fica�on). Fig. 4 captures the evolu�on of individual components of Eq. 2 across the

diurnal cycle of solar radia�on to show how cloudy and clear states relate to longwave

(4a), shortwave (4b), and total (4c) radia�on at the ice sheet surface.

Averaging across the diurnal cycle yields the mean components of Eq. 2 to

calculate the observed mean effect of a cloudy atmospheric state on radia�on. In cloudy

condi�ons, the daily mean net surface longwave flux was -24.3 W⋅m -2, the net shortwave

flux was 40.9 W⋅m-2, and the combined total radia�ve flux Qcloudy was 16.6 W⋅m-2. For

clear condi�ons, the mean net longwave flux was -75.7 W⋅m -2, the net shortwave flux

was 65.8 W⋅m-2, and the combined total radia�ve flux Qclear was -9.9 W⋅m-2. From these

components the atmospheric state effect of clouds on radia�on Eclouds(Qnet) was 26.5

W⋅m-2, equa�ng to 2.29 MJ⋅m-2⋅day-1 more radia�ve energy in cloudy condi�ons than

clear on average. For context, 1 MJ is roughly enough energy to melt 3 kg of ice.

While ( ) is a useful summary sta�s�c, the complete diurnal cycle (Fig. 4)𝐸𝑐𝑙𝑜𝑢𝑑𝑠 𝑄𝑛𝑒𝑡

demonstrates cri�cal features in the �ming of radia�ve fluxes. Adequately characterizing
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meltwater produc�on requires capturing both the energe�c evolu�on toward melt and

fluxes during melt. The peak average radia�ve flux at solar noon (Fig. 4c) was 63 W⋅m -2

for cloudy versus 35 W⋅m -2 for clear. This difference arises because frequent op�cally

thin, low-LWP clouds enhance longwave radia�on more than they a�enuate shortwave

radia�on even at maximum solar irradiance. Consequently, not only is the mean (𝐸𝑐𝑙𝑜𝑢𝑑𝑠

) 26.5 W⋅m-2, but peak net radia�ve absorp�on is 1.8 �mes larger under op�cally𝑄𝑛𝑒𝑡

thin clouds. These observa�ons depart from model results in Van Tricht et al. (2016) 27,

which suggested that clouds enhance radia�on primarily through nigh�me longwave

trapping, compensa�ng for day�me radia�ve deficits.

These findings contrast previous cloud process studies using in situ data from

AWS in this region30 in both the magnitude and diurnal character. So to assess this

discrepancy, Fig. 4 includes observa�ons from the DY2 AWS located 3 km northeast.

DY2 is part of the Greenland Climate Network (GC-Net) operated by the Geological

Survey of Denmark and Greenland (GEUS), which, with the Programme for the

Monitoring of the Greenland
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Fig. 4 | The aggregate radia�ve diurnal cycle for cloudy and clear-sky condi�ons
observed during summer 2024 for radia�on in (a) longwave, (b) shortwave, and (c) total
radia�ve fluxes. Cloudy and clear-sky classifica�on is determined by the integrated lidar
backsca�er (Methods: Cloud iden�fica�on). Co-located AWS data are plo�ed in darker
colors. Mean values for the en�re observed period are shown in the legend.
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Ice Sheet (PROMICE) network, are the main providers of year-round in situ observa�ons

of cri�cal ice sheet surface variables43. Designed for robustness and deployability, GEUS

AWS measurements operate on a strict power budget and with more basic

instrumenta�on than the ICECAPS system.

AWS observa�ons average ( )=19.8 W⋅m-2, about 75% of that measured𝐸𝑐𝑙𝑜𝑢𝑑𝑠 𝑄𝑛𝑒𝑡

by the ICECAPS sensors. This disparity is driven mostly by large differences in clear sky

downwelling surface radia�ve fluxes that are only par�ally compensated by smaller

differences in cloudy sky values. The net AWS fluxes under both cloudy and clear-sky

condi�ons are larger than those from ICECAPS, but the differences in cloudy condi�ons

are modest, with AWS slightly higher than ICECAPS for day�me net shortwave and

nigh�me net longwave radia�ve fluxes. The pa�ern emerges more strongly for clear sky

condi�ons, which is typical of radiometric comparisons. The clear-sky AWS surface net

longwave flux is about 6 W⋅m-2 larger throughout the day. Similarly, daily peak absorbed

shortwave radia�ve flux is 26% larger for the AWS and the AWS clear-sky net shortwave

flux shi�s to being less than the ICECAPS value for the last four hours of the day. These

shortwave differences are consistent with sensi�vi�es in sensor response to varying

incident angles of the low-eleva�on direct beam of the sun 44, which are expected to be

larger in the upward-facing AWS pyranometer compared to the ICECAPS sensor, and in

the AWS more than compensates for the concurrent differences in clear sky net

longwave flux. Consequently, the AWS sensors measure a peak clear-sky net radia�ve

flux (74 W⋅m-2) that is more than twice as large as measured by ICECAPS (35 W⋅m-2),

sugges�ng that the radia�ve balance in cloudy and clear-sky condi�ons across the
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diurnal cycle is sensi�ve to the characteris�c differences of the sensor suites used, even

if the differences are smaller in the daily mean. This disparity poten�ally leads to

fundamentally different interpreta�ons of the role of clouds in the radia�ve budget and,

in par�cular, surface melt, which o�en coincides with the �me of the day when the

differences are most significant.

Despite these discrepancies, both the ICECAPS pla�orm and the DY2 AWS report

a posi�ve . This means that they both describe, on average, higher radia�ve𝐸𝑛𝑒𝑡
𝑐𝑙𝑜𝑢𝑑 � 𝑐𝑙𝑒𝑎𝑟

energy uptake by the surface on cloudy days than on clear-sky days, due to the

combina�on of day�me net shortwave energy absorp�on, and the hindering of surface

longwave radia�ve losses in cloudy condi�ons. Our ICECAPS measurements add nuance

to this well-known dynamic, the first evidence of higher peak net radia�ve flux in cloudy

condi�ons than in clear sky condi�ons. In other words, we show that clouds are not only

limi�ng longwave radia�ve losses, but can create the condi�ons for a net radia�ve flux

higher under op�cally thin clouds than during all the clear sky days of that summer.

While these results bring new clarity to the diurnal variability in radia�on, the

wider Greenland climate science community typically relies on daily albedo to assess and

model solar absorp�on, a prac�cal requirement for both satellite retrievals and modeling.

However, results in Fig. 4 show that solely relying on daily mean albedo can mask key

physical processes that occur during the diurnal cycle. Despite the demonstrated

differences between AWS and ICECAPS radia�ve fluxes, total �me-averaged albedo

values agree closely, with mean summer 2024 values of 0.85 (AWS) and 0.86 (ICECAPS).

This agreement in daily-mean albedo masks significant differences in the measured total
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radia�ve energy absorbed at the surface at peak solar input in the clear sky state, with

important implica�ons for melt. These differences map to a range of complexi�es, from

spectral modifica�on and diffusion of light by clouds or moisture, sca�ering proper�es of

changing ice sheet surface characteris�cs across the day, and a strong interdependence

on SZA, all of which evolve on sub-daily �mescales. For further discussion of this

comparison, including assessment of other loca�ons, see Methods: AWS comparison.

Generalizing beyond the diurnal cycle, Figs. 5a and 5b show the two-dimensional

distribu�ons of observed longwave and shortwave radia�on for the cloudy and clear-sky

states. Fig. 5c par��ons the contribu�ons of those states rela�ve to the energy

accumulated in the near-surface firn, which is measured independently with a subsurface

temperature string. The spread of each distribu�on reflects the variety of atmospheric

condi�ons sampled in each state. For cloudy condi�ons, cloud LWP is a primary driver of

radia�ve variability⁴¹. Summer 2024 cloud LWP (Extended Data: Fig. 1) was in the

radia�vely sensi�ve regime (LWP<30 g⋅m-2) 55% of the �me, with a mean of 26 g·m-2.
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Fig. 5 | Char�ng the rela�onships between cloud proper�es and energy transfer for
cloudy and clear condi�ons with probabilis�c distribu�ons of longwave and shortwave
states separated by cloudy (a) and clear (b) condi�ons. In (c), the cumula�ve energy
accumula�on in the upper (20 cm) firn is par��oned by state over �me to quan�fy how
these condi�ons relate to subsurface energy storage.
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For clear sky occurrences (Fig. 5b), the distribu�on of radia�ve states follows a

nearly-linear path. In these cases, increasing net shortwave flux corresponds with

decreases in net longwave. This is because shortwave absorp�on in day�me occurs as

warmer air temperatures and solar gain increase surface temperature and thus longwave

emission. In this way, without clouds, the radia�ve budget in clear skies represents the

diurnal oscilla�on from lower nigh�me longwave losses to large longwave losses and

solar gain in day�me.

Overall, the cloudy state is associated predominantly with near-zero to posi�ve

total radia�ve flux whereas the clear-sky state occurrences primarily relate to nega�ve

total radia�ve flux (Fig. 5). The excep�ons for the clear-sky state are the most extreme

net shortwave absorp�on values where the shortwave absorp�on overcomes the

radia�ve loss at the peak of the solar cycle. As our observa�ons are at a single site, for

other loca�ons the character of this rela�onship will vary with surface temperature,

cloud characteris�cs, snow proper�es, and sun angle. Realis�c representa�on of the

surface radia�ve budget rela�onships shown in Fig. 5, and their drivers, is essen�al for

models to simulate the observed radia�ve condi�ons and thus project future Greenland

melt45.

Radia�on dominates the surface energy budget over the Greenland ice sheet, with

turbulent sensible heat flux only overwhelming radia�on in rare cases of extreme

synop�c heat transport46,47. Because radia�on is the first order energe�c input, the

radia�ve signature of our cloudy and clear-sky states should be apparent in the

subsurface energy content. To assess this, Fig. 5c shows cumula�ve energy content
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(Methods: Firn energy calcula�on) in the upper 20 cm of firn derived from subsurface

temperature profiles, par��oned by cloudy and clear-sky states using the same

methodology presented above. This approach foregoes the methodological complexity of

eddy covariance measurements, bulk flux es�mates, and the uncertain�es in full energy

budget closure48 in favor of an independent valida�on of the radia�ve results. It also

demonstrates that the radia�ve balance observed by ICECAPS, in contrast with the AWS

measurement differences, is consistent with energy propaga�on into the ice sheet.

Over summer 2024, the par��oned energy accumula�on in the upper 20 cm of

firn (Fig. 5c) was a net gain of 3.4 MJ⋅m-2 during cloudy condi�ons and a net loss of -2.3

MJ⋅m-2 during clear-sky, with a total energe�c gain during the observed period of 1.1

MJ⋅m-2. In addi�on to these net fluxes, much of the surface energy flux over the summer

propagates deeper into the firn via conduc�on and meltwater percola�on. The

par��oning of these values is quite similar to the par��oning of mean radia�ve energy

uptake in cloudy (16.6 W⋅m-2) and clear-sky (-9.9 W⋅m-2) condi�ons, showing that the

cloudy-clear par��oned radia�ve budget maps coherently onto independent subsurface

energy measurements. Comparing these subsurface fluxes to the AWS measurements,

the average AWS net clear sky radia�ve flux was reported to be posi�ve, which

contradicts the energe�c losses observed in the subsurface. While there are other

processes at play, the large AWS shortwave fluxes near solar noon should imprint an

energe�c signature in the subsurface. Notably, the rela�ve magnitude of cloudy-to-clear

energy is consistent across these independent measurements: par��oned firn energy

(3.4 / -2.3 = -1.48) and mean surface radia�ve flux (16.6 / -9.9 = -1.68) both yield similar
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ra�os. This agreement confirms that the observed radia�ve state differences propagate

coherently into the firn.

Together, these observa�ons demonstrate that cloudy condi�ons drive large

posi�ve radia�ve fluxes at the surface that correspond with firn energy gains.

Conversely, clear-sky radia�ve losses correspond with firn energy loss. While these

summer 2024 measurements provide constraints on these key processes, the dispari�es

with AWS radia�on measurements and the uncertain role of clouds documented in the

literature highlight an urgent need for sustained, long-term observa�ons spanning

seasons and years to further constrain cloud proper�es, ice sheet surface characteris�cs,

and the processes that drive surface melt. Such informa�on would be of immense value

to modeling groups who rely on a wide range of data, from AWS measurements to

satellite retrievals to targeted in situ studies, to improve their physical schemes and thus

their predic�ve capability for both short-term forecasts and climate projec�ons.

Understanding Greenland’s future

The measurements presented here detail how clouds modify Greenland’s energy

balance in a region vital to understanding surface melt. Yet no field campaign, however

comprehensive, can observe the ice sheet’s future. That requires models that faithfully

represent these processes, informed by the observa�ons necessary to constrain them.

This synergy will determine our ability to constrain Greenland’s melt pathways and thus

its future. Here are the most urgent findings from these summer 2024 observa�ons on

the lower southwestern ice sheet:
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Despite being one of the snowiest and cloudiest summers on record across

Greenland, 55% of observed clouds had LWP <30 g⋅m -2, transmi�ng substan�al solar

radia�on while also efficiently trapping longwave radia�on 34. On average, cloudy skies

produced a total surface radia�on of 16.6 W⋅m-2 versus -9.9 W⋅m-2 of radia�ve loss

under clear skies, producing a mean cloudy state radia�ve effect of 26.5 W⋅m -2. The peak

in net surface radia�on, near solar noon when melt is most likely, was 80% larger for

cloudy (63 W⋅m-2) than clear-sky condi�ons (35 W⋅m-2). Independent firn energy

measurements confirm that this radia�on propagates into the upper firn (20 cm), with 3.4

MJ⋅m-2 of energy retained under cloudy condi�ons versus -2.3 MJ⋅m-2 lost under clear

skies. Together, these observa�ons independently verify that energy transmission into

the firn occurred predominantly in cloudy condi�ons during summer 2024 across the

diurnal cycle.

Comparison with nearby AWS measurements revealed differences in clear-sky

radia�ve fluxes, indica�ng that the current monitoring infrastructure may overes�mate

the importance of clear-sky solar transmission. Crucially, the AWS-measured total

radia�ve flux was twice that of ICECAPS at solar noon (39 W⋅m -2 higher) in clear skies.

Current solar measurement strategies for remote Greenland deployment are op�mized

for daily mean accuracy rather than diurnal fidelity, a fact that influences interpreta�on

of cri�cal energe�c processes. However, these results demonstrate that because melt

preferen�ally occurs near the daily peak in solar irradiance, be�er constraints are needed

on measurement uncertainty throughout the daily cycle. Prior AWS studies report

near-zero or marginally nega�ve cloud radia�ve effects at low albedo coastal sites 49,50,

but the differences demonstrated here indicate that clouds likely play a larger role in the
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ice sheet energy budget than previously realized. As melt moves up the ice sheet, the

interior will eventually resemble the observa�ons presented here, and so the physics of

melt here today is cri�cal to forecas�ng the fate of the Greenland interior tomorrow.

Surface albedo, cloud proper�es, and eleva�on all change considerably across the

ice sheet, and with them the radia�ve balance between cloudy and clear-sky states. Over

bare ice at lower eleva�ons, reduced albedo broadens the range of shortwave absorp�on

while different cloud regimes alter the longwave balance. Understanding how these

rela�onships vary across eleva�ons, surface types, and seasons with different snowfall

and synop�c forcing demands further synergis�c observa�ons in key loca�ons sampling

a wide range of condi�ons.

For models, as melt and runoff zones con�nue to ascend the ice sheet, these

measurements can serve as a benchmark for reproducing the observed cloudy and

clear-sky radia�ve states and their subsurface impacts. But more broadly, this analysis

raises ques�ons for the wider Greenland research community: What future observa�ons

are needed to address gaps in our understanding of atmosphere-surface interac�ons and

improve predic�ve skill? How can in situ automated monitoring networks and more

sophis�cated installa�ons leverage their dis�nct capabili�es to provide the best possible

measurements of ice sheet processes spa�ally?

These ques�ons point to outstanding research needs. Founda�onal Arc�c climate

system processes are difficult to measure, model, and project, while large observa�onal

uncertain�es remain. The upcoming fi�h Interna�onal Polar Year (2032-33) offers a
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cri�cal opportunity to make the drivers of Greenland surface melt a core focus and to

examine them from a diverse range of perspec�ves.
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Code availability

Custom codes used in this study, including the basic data processing pipeline,

ground-penetra�ng radar melt-index algorithm, microwave radiometer processing

(MWRRET implementa�on per Turner et al.⁵⁵), and firn energy calcula�on, are available

from the corresponding author on request. GNSS interferometric reflectometry

processing was performed using the open-source gnssrefl toolbox following Pickell et

al.⁵⁴. Surface flux processing followed the methodology of Cox et al.⁵¹.

Methods

Autonomous research pla�orm

The pla�orm deployed in summer 2024 was designed to make coupled

atmosphere-surface-subsurface observa�ons where surface melt regularly occurs and

percolates into the firn. Five team members installed the pla�orm over four weeks in

early May 2024, a�er which the system operated autonomously un�l August 2024.

Select real�me-processed scien�fic data and system diagnos�c informa�on were

transmi�ed via satellite link in hourly intervals for monitoring, diagnos�cs, and opera�on.

The pla�orm was powered exclusively by a renewable energy power system,

consis�ng of 16 solar panels providing 8 kW of peak genera�on and four wind

microturbines rated at 1.6 kW combined. The generated energy was stored in a modular

lithium ba�ery bank totaling 30 kWh. Individual ba�ery modules were housed in

insulated enclosures with hea�ng and managed feedback with the power genera�on
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system. The wind turbines provided supplemental power for approximately one month

before mechanical failure, but the solar array alone proved sufficient for sustained

opera�on. Post-campaign analysis indicated the pla�orm could have operated on roughly

half the installed storage and genera�on capacity, informing future deployments.

The instrument suite comprised more than 20 dis�nct instruments with

approximately 100 sensors spanning the subsurface, surface, and atmospheric column.

The suite can be broken down into three packages: the surface flux suite targe�ng

surface proper�es and energy fluxes, expanding on the “Atmospheric Surface Flux

Sta�on” (ASFS) from the year-long “MOSAiC” sea ice campaign 51 ; the profiling suite

including ver�cally poin�ng high atmospheric remote sensing cloud, and precipita�on

instruments; and the sub-surface suite including measurements of firn characteris�cs

both from sensors in real �me as well as strategic sampling at pla�orm install and

demobiliza�on. The processes driving surface melt span the atmospheric column to the

upper firn, crossing tradi�onal disciplinary boundaries. The methods below document

each component to make explicit the holis�c observa�ons that went into this snapshot

of the coupled melt processes presented here, although not all feature prominently in the

descrip�ve conclusions of the paper.
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Instrument / Model Variable(s) Measured Uncertainty

Atmospheric measurements

METEK MRR-Pro Precipitation radar reflectivity profiles and
retrieved precipitation fall rates

varr.59

Vaisala CL61 Cloud base height, depolarization lidar
backscatter profiles

varr.58

Radiometer Physics HATPRO Integrated atmospheric brightness
temperatures; retrieved cloud liquid water path
(LWP) and precipitable water vapor (PWV)

LWP: 15 g·m-2

Handix Scientific Portable
Optical Spectrometer

Aerosol size distribution and concentration 0.83 cm

Surface Radiation Fluxes

Hukseflux SR30 pyranometers
(↑↓), heated/ventilated

Broadband shortwave radiation
(up/downwelling)

3.1 W·m-2

Hukseflux IR20 pyrgeometers
(↑↓), heated/ventilated

Broadband longwave radiation
(up/downwelling) and derived surface skin
temperature (T_skin52)

LW↑: ±1 W·m-2; LW↓: ±2.6
W·m-2

Delta-T SPN1 pyranometer
(shaded/unshaded)

Direct and diffuse shortwave partitioning 5% or 10 W·m-2

Meteorology and Turbulent Fluxes

Metek u-sonic 3D sonic
anemometer (3.8 m)

Rapid 3D winds and turbulent fluxes (eddy
covariance and bulk derived)

0.3 m s-1

Licor LI-7500ds laser gas
analyzer

Rapid water vapor measurements for turbulent
latent heat fluxes

2 W·m-2 in LHF

Vaisala PTU307 T/RH/P
meteorology sensor (2 m)

Air temperature, relative humidity, pressure T: 0.3-0.4°C RH: 1.6-1.8%; P:
0.15 hPa

Apogee S111s infrared
thermometer (↓)

Surface brightness temperature, independent
measure

0.12-0.14°C

Surface Height and Accumulation

Campbell SR50 acoustic
sounder

Surface height change (point) 1.2 cm

R.M. Young SnoDAR laser
distance sensor

Surface height change (point) 1 cm

OGRE GNSS receivers Snow accumulation, surface roughness
(GNSS-IR)

0.9 cm
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Instrument / Model Variable(s) Measured Uncertainty

Firn properties

SAMS SIMBA DS18B20 digital
temperature string

Firn temperature profiles (2 cm vertical, 15 min
temporal)

2°C;

Hukseflux HFP01 heat flux
plates

Subsurface conductive energy flux (25, 50, 100
cm depths)

3%

Custom ground-penetrating
radar (5.4, 7.7 GHz)

Firn structure and retrieved liquid water
presence (melt index from signal attenuation)

Melt index threshold: 0.6

Other Auxiliary

4× visible photo cameras (15
min interval)

Visual instrument state monitoring; sky/surface
conditions

N/A

Snow sampling Snow pits and stratigraphy transects varr.52

Hardware diagnostic information Misc sensors for compute, power generation,
and other onboard platform diagnostics

N/A

Table 1. ICECAPS autonomous instrument suite, summer 2024.

Most variables recorded at 1-minute temporal resolu�on unless otherwise noted,
measurements made on the southwestern Greenland ice sheet (66.48°N, 46.30°W, 2094
m a.s.l.). For a photo of the instrument suite, see Extended Data Fig. 9.

Data processing

Data processing for the surface flux measurements follows the methodology

established for the ASFS pla�orms during MOSAiC 51 with adapta�ons for the Greenland

deployment and addi�onal atmospheric profiling instruments. The majority of parameters

are measured as 1-minute averages while eddy covariance sensors operate at 20 Hz. Flux

calcula�ons are standardized to 10-minute windows and integrated using eddy

covariance methods. To accurately measure radia�ve fluxes, shortwave sensors are

corrected for �lt using inclinometer data and compared to direct and diffuse components

from the collocated shaded pyranometer. Longwave radia�on is corrected for a solar

hea�ng bias of the downward-facing pyrgeometer dome following the regression

approach described in Sledd et al. 202652. The bias is related to upwelling shortwave flux
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incident on the sensor and is quan�fied during confirmed melt condi�ons (GPR melt

index ≥ 0.6, air temperature > 0 °C). The corrected upwelling longwave radia�ve flux is

then used to derive surface skin temperature assuming a snow emissivity of 0.985 60,

yielding an uncertainty of ±0.4°C. Albedo is calculated from the ra�o of upwelling to

downwelling shortwave radia�ve fluxes, restricted to solar zenith angles < 80° to

minimize measurement ar�facts at low sun angles.

Meteorological observa�ons include shielded temperature and humidity at 2 m

and three-dimensional winds from a sonic anemometer at 3.8 m. Turbulent sensible heat

flux is computed from 20 Hz sonic anemometer data using the eddy covariance method,

with quality control for flow distor�on sectors, sta�onarity, and integral turbulence

characteris�cs following the procedures in Cox et al. (2023)51. Bulk flux es�mates of

sensible and latent heat are also computed from gradient measurements using

Monin-Obukhov similarity theory with the COARE algorithm adapted for stable

condi�ons over ice61,62. A comprehensive treatment of the complete energy budget

including turbulent flux measurements and closure is deferred to forthcoming work.

Atmospheric profiling instruments undergo instrument-specific processing. Cloud

liquid water path (LWP) and precipitable water vapor (PWV) are retrieved from

microwave radiometer brightness temperatures at 23.8 and 31.4 GHz following the ARM

Microwave Radiometer Retrieval (MWRRET) algorithm55,56. The MWRRET approach uses

a physical op�mal es�ma�on retrieval that applies brightness temperature offsets to

reduce spurious LWP bias under clear skies, providing improved retrievals over sta�s�cal

coefficient methods (see Methods: Measuring Liquid Water Path for more detail). Cloud
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base height from the CL61 lidar is used as input to constrain the temperature of liquid

water layers in the retrieval. Cloud presence and base height are determined from the

Vaisala CL61 ceilometer-lidar using an algorithm that iden�fies cloud layers by

backsca�er coefficient thresholds. Depolariza�on ra�o measurements by this system

also provide informa�on on cloud phase. Precipita�on occurrence and reflec�vity

profiles are obtained from the METEK MRR-Pro micro rain radar, which operates at 24

GHz (K-band) and profiles from approximately 100 m to several kilometers above the

surface.

Surface height and snow accumula�on are measured using three independent

methods. An acous�c sounder and a laser distance sensor provide point measurements

of surface height change at key points on the pla�orm, below downward facing radia�on

sensors and at the GPR. Addi�onally, mul�ple GNSS receivers provide spa�ally

integrated es�mates of snow accumula�on and surface roughness through GNSS

interferometric reflectometry (GNSS-IR), following the methodology developed by Pickell

et al.54. The three methods differ in spa�al footprint and are used together to

characterize both the local surface evolu�on and its spa�al variability.

Subsurface firn temperature observa�ons are processed following Sledd et al.

(2026)52. Temperature profiles from the digital temperature string (2 cm ver�cal

resolu�on, 15-minute sampling) are corrected for solar hea�ng bias using an empirical

rela�onship between above-zero subsurface temperatures and transmi�ed shortwave

radia�on es�mated from Beer's law (ex�nc�on coefficient κ = 19 m⁻¹, NIR frac�on f =

0.5). The surface height within the temperature string is iden�fied from the maximum
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variance of the ver�cal temperature gradient in 24-hour windows. Firn energy content in

the upper 20 cm is calculated from temperature profiles using measured density

interpolated from snow pits conducted at install and decommissioning of the site (Town

et al. 2026a,b,c,d). The ground-penetra�ng radar provides a melt index derived from 5.4

GHz signal a�enua�on, where values exceeding 0.6 indicate liquid water presence in the

firn and are used to confirm melt �ming iden�fied from skin temperature and subsurface

temperature convergence at 0 °C.

Data are archived and freely available at the Arc�c Data Center.

Measuring Liquid Water Path (LWP)

Cloud liquid water path is a first-order control on the Arc�c surface radia�ve

budget, governing the balance of cloud longwave emission and shortwave transmission

that makes the surface radia�ve balance par�cularly sensi�ve to thin clouds (Shupe and

Intrieri 2004; Miller et al. 2015). Thus, while the measurement is costly in terms of power

and footprint, MWR measurements are essen�al for our understanding of surface energy

flux processes. We retrieve LWP and precipitable water vapor (PWV) from zenith

brightness temperature measurements at 23.8 and 31.4 GHz using the physical op�mal

es�ma�on framework of the ARM Microwave Radiometer Retrieval (MWRRET)

algorithm. Water vapor emission dominates the 23.8 GHz channel, posi�oned on the

wing of the 22.2 GHz water vapor absorp�on line, while liquid water emission

cons�tutes the primary signal at 31.4 GHz. The MWRRET retrieval applies brightness

temperature offsets to the 23.8 GHz channel to reduce systema�c biases in clear-sky

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839



LWP that arise from uncertain�es in the microwave absorp�on model, and uses cloud

base height from the collocated CL61 lidar to constrain the temperature of liquid water

layers in the retrieval.

The fundamental challenge for this measurement is that standard 2-channel MWR

LWP uncertainty55 is approximately 25 g m-2 which is roughly equal to the LWP values of

greatest radia�ve importance in this study. LWP sensi�vity to clouds with low liquid

water content is limited by the roughly linear rela�onship between 31.4 GHz brightness

temperature and LWP, which yields a noise floor of approximately 12 gm -2 from

instrument radiometric uncertainty alone56. But while LWP at a given moment in �me is

rela�vely uncertain, the sampling of these measurements as distribu�ons provides a

consistent understanding of cloud liquid characteris�cs. In comparison, the ICECAPS

observatory at Summit Sta�on achieved significantly lower LWP uncertainty (~3 g⋅m -2) by

combining the standard HATPRO channels with high-frequency measurements at 90 and

150 GHz, which increase sensi�vity to baseline LWP 34. These addi�onal channels were

not available on the ICECAPS-MELT pla�orm due to power constraints of the

autonomous deployment. Consequently, the LWP values reported here carry larger

uncertain�es than those from Summit. Despite these limita�ons, the MWRRET retrieval

provides the only con�nuous, ground-based measure of cloud liquid water on the

Greenland ice sheet outside of Summit Sta�on. The distribu�ons and rela�onships

presented in this study (Figs. 4, 5) should be interpreted with these uncertain�es in mind,

no�ng that individual LWP values below ~25 g⋅m -2 are within the retrieval uncertainty

while the sta�s�cal distribu�ons from the full summer record remain robust.
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Firn energy calcula�on

The energy content of the upper firn provides an independent measure of how

clouds’ radia�ve impacts influence surface warming and cooling. Because these energe�c

shi�s are rapid at the uppermost layer just beneath the skin, the differences in internal

energy were calculated across short �mesteps for the upper 20 cm. This parameter is

roughly similar to glaciological assessments of “cold content”, defined as the energy

required to raise the firn temperature to the mel�ng point57, although cold content is

evaluated over the upper 10-20 meters of firn to assess meltwater refreezing poten�al

over seasonal and mul�-year �mescales. Here we name and discuss this calcula�on as

the energe�c changes and accumula�on over �me par��oned by cloudy and clear

condi�ons.

The energy content in the upper 20 cm of firn is calculated from corrected subsurface

temperature profiles (Sledd et al., 2026)52 following:

U = ρ c_i Δz (δT/δt)

where ρ is the mean density of the slab, c_i is the heat capacity of ice, Δz is the slab

thickness (20 cm), and δT/δt is the temporal temperature change computed using

centered differencing. Density is derived from manual measurements taken during snow

pits at installa�on and decommissioning (Town et al. 2026a,b,c,d), with fresh snow

assumed to have a density of 150 kg⋅m-3. The change in energy is then accumulated over

�me to produce the cumula�ve energy content shown in Fig. 5c.
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To a�ribute firn energy changes to atmospheric state, the cumula�ve energy is

par��oned by the cloudy and clear sky classifica�on determined from the lidar-based

cloud iden�fica�on (Methods: Cloud iden�fica�on). The resul�ng par��oned �me series

(Fig. 5c) show how much energy was gained or lost by the upper 20 cm during each state

over the course of the summer.

There are several important caveats. The 20 cm depth is chosen to capture the

layer most responsive to atmospheric forcing on diurnal �mescales while limi�ng

sensi�vity to spa�al variability in ice lens distribu�on between the temperature string

loca�on and snow pit site. Deeper energy fluxes from conduc�on and meltwater

percola�on are not captured in this shallow integral. Density uncertainty is the dominant

source of error; even modest errors in density propagate through the thermal

conduc�vity parameteriza�on and accumulate over the season (Sledd et al., 2026 52, their

Fig. 11). Nevertheless, the coherence between the par��oned firn energy and the

independently measured surface radia�ve fluxes provides confidence that in bulk, the

radia�ve state differences observed at the surface propagate into the subsurface in a

physically consistent manner.

Iden�fying melt with 5Ghz GPR

The con�nuously opera�ng Ground Penetra�ng Radar (GPR) was designed around

the Novelda X4 chip, and included some addi�onal analog filters and amplifiers. We used

ultrawideband QPar horn antennas with waveguides, and an embedded BeagleBone

Black CPU. This system was modified from the tower mounted system used previously
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over seasonal snow (e.g., Brangers et al., 2024 63), and was operated at center frequencies

of 5.4 GHz and 7.7 GHz, with a bandwidth of approximately 1.5 GHz. This GPR is an

ultrawideband impulse radar that uses a delta-sigma Analog-to-Digital Converter (ADC),

using many repeated measurements with small �me shi�s that are less than the sample

interval, to build a full waveform. These full waveforms are then averaged to improve the

Signal-to-Noise Ra�o (SNR) over a period of approximately 2 minutes, and this averaged

waveform is stored every 15 minutes. The radar was mounted with the antennas

oriented perpendicular to the snow surface, to observe stra�graphy, snow accumula�on

and snow melt.

At these rela�vely short wavelengths (3-5 cm), when there is surface melt, the

majority of the radar signal is reflected from and absorbed within the surface wet layer,

and stra�graphy is no longer visible. When the surface snow refreezes, the deeper

stra�graphy is once again visible. We use this effect to detect periods of surface melt.

We first preprocess the raw radar waveforms with a sky calibra�on to remove

transmi�er ar�facts, a bandpass filter to remove noise, and a linear range gain to offset

the effect of signal spreading on return power. The resul�ng radargram clearly shows the

subsurface stra�graphy, and in par�cular a strong reflector at 1.5-2 m depth, which we

interpret as the last summer surface (LSS), a strong dielectric contrast created by the

refrozen previous summer melt overlain by winter snowfall.

To construct our Melt Probability Index, we integrate the returned radar power

across the LSS for each waveform. During periods of melt, where the melt obscures the

LSS, the return power is low, and during dry periods the return power is high. We then

invert and scale the integrated power to a range [0 1] in which 0 indicates the lowest
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probability of melt and 1 indicates the highest probability of melt. For the purposes of

analysis, values larger than 0.8 were empirically determined (using contemporaneous

data from other sensors: firn temperature, subsurface flux plates, and cameras) to be

a�enua�on caused by the presence of liquid water.

Cloud iden�fica�on

This analysis par��ons observa�ons into cloudy and clear sky (cloud-free)

atmospheric states to quan�fy the atmospheric state effect of clouds on surface

radia�on ( ( ) in this analysis) and firn energy. This classifica�on uses ver�cally𝐸𝑐𝑙𝑜𝑢𝑑𝑠 𝑄𝑛𝑒𝑡

integrated a�enuated backsca�er from the Vaisala CL61 ceilometer-lidar as the primary

discriminator. The integrated backsca�er exhibits a stark bimodal distribu�on with a

division at approximately 10-4 m-1 sr-1, corresponding to the separa�on between

cloud-free atmospheric sca�ering and sca�ering from overhead cloud layers.

The resul�ng classifica�on was validated against auxiliary observa�ons including

microwave radiometer LWP retrievals (where LWP > 5 g⋅m -2 indicates liquid-bearing

cloud), camera imagery, and direct versus diffuse incoming solar radia�on, all of which

show strong consistency with the lidar-based par��oning. This binary classifica�on was

chosen deliberately for simplicity and ease of interpreta�on. The stark bimodality in the

backsca�er distribu�on and the coherent results across independent measurements

(radia�on, LWP, firn energy) confirm that this simple par��oning captures the first-order

separa�on between the two observed radia�ve regimes.
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Synop�c context for melt events

The two melt events for this analysis were selected to illustrate dis�nct

mechanisms of cloudy and clear sky melt as observed in summer 2024 and not to

represent a canonical example of melt climatology at this site. These cases are presented

because they demonstrate contras�ng physical pathways of surface energy gain under

the two atmospheric states detailed in this study. To connect the observed surface

processes to the large-scale circula�on that produced them, we briefly describe the

synop�c condi�ons for each event.

The atmospheric dynamics that led to the June 16th clear sky melt event were a

combina�on of near-surface warm air advec�on and subsidence alo�. Between the 11th

and the 13th, a surface low pressure system transited across the southern �p, advec�ng

with it elevated temperatures in the low-to middle atmosphere (850-700 hPa). A�er its

passing, from the 13th through the 16th, there was weak near surface advec�on

combined with a broad stagnant high pressure system alo� above 500 hPa and

consistent maximal solar flux. Transi�oning into the melt event on the 16th, a strong low

pressure system impinged on the western coast of Greenland leading ahead with strong

southerly advec�on of warm air near the surface. Temperatures elevated while clear

skies and large solar fluxes remained as water vapor near the core of this low pressure

system lagged behind the warm front. Around solar noon the elevated temperatures and

clear skies combined to create a roughly 6 hour period of melt un�l evening. In day�me

on the 17th water vapor, clouds, and temperatures around -2 °C reached the

measurement site and the melt event concluded.
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For the cloudy event on June 28th, the sustained melt was preceded by a

ver�cally connected and stacked (850 hPa through 400 hPa) low pressure system with

the core to the west of the central Greenland ice sheet. Water vapor was anomalously

elevated broadly in the region ahead of this system with the sustained advec�on. This

low pressure system strengthened from the 24th through the 27th and slowly moved

eastward un�l the core of the system met with the steep topography of the east coast.

On the evening of the 27th through the 28th cyclolysis led to the dissolu�on of this

integrated low while the associated warm and moist air blanketed the region. This warm

and cloudy air then led to sustained melt from the combined effects of elevated

temperature, longwave blanke�ng, and the muted transmission of solar to the surface

through the clouds.

These synop�c condi�ons are, in broad strokes, consistent with established

descrip�ve pa�erns of Greenland melt. Clear sky melt events on the interior ice sheet are

typically associated with similar persistent high-pressure systems that allow sustained

solar hea�ng over mul�ple days and residual warm temperatures. Cloudy melt events in

southwestern Greenland are commonly linked to cyclonic moisture transport from the

North Atlan�c along pathways documented in the melt climatology literature (Ma�ngly

et al. 2020) where large atmospheric rivers blanket the region in warm wet air masses.

Snow accumula�on and surface roughness

Accurate characteriza�on of snow accumula�on, abla�on, and surface roughness

is essen�al for interpre�ng the changes in firn across the period of study. Surface height

changes modify albedo through fresh snow deposi�on, alter the thermal structure of the
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upper firn, and reflect the integrated effect of precipita�on, sublima�on, wind

redistribu�on, and melt. Because these processes exhibit spa�al variability even over

short distances, the pla�orm employed three independent and complementary

measurement approaches. Point measurements of surface height change were made by

an acous�c sounder and a laser distance sensor mounted on the pla�orm structure.

These instruments provide high temporal resolu�on (1-minute) records of surface height

at their respec�ve measurement points but sample only a narrow column beneath the

sensor. Accurate surface measurements can differ from one another by tens of

cen�meters at �mes due to spa�al heterogeneity of snow distribu�on, par�cularly

following accumula�on or wind redistribu�on events.

To provide spa�ally integrated context for these point measurements, three OGRE

(Open GNSS Receiver Experiment) mul�-GNSS receivers54 were deployed in a triangular

configura�on away from the pla�orm. Each OGRE collects hundreds of reflected GNSS

signal measurements per day across nearly all azimuths, with the reflected signal

sampling an annular footprint around the antenna at meter scales. Daily mean surface

height is computed by averaging these measurements over each 24-hour period, yielding

a spa�ally representa�ve es�mate with a detectable change threshold of approximately

0.7 cm at daily resolu�on. Sub-daily surface height trends are iden�fied when any sta�on

exhibits a sta�s�cally significant (p < 0.01) change exceeding 2.5 cm within a given day,

enabling detec�on of ac�ve accumula�on or abla�on periods. Reflectometry heights are

processed using the open-source gnssrefl toolbox with parameters following Pickell et al.

(2025)54. Antenna eleva�ons are derived from Natural Resources Canada CSRS precise

point posi�oning, and surface eleva�on is calculated by subtrac�ng the mean
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reflectometry height from the antenna eleva�on, reported in the ITRF20/GRS80

reference frame.

The GNSS-IR measurements also provide an experimental es�mate of meter-scale

surface roughness derived from the variance of reflectometry heights within each daily

measurement set54. These roughness es�mates are a novel measure of spa�al surface

changes and instrument variability (Extended Data: Fig. 8) and offer a first-order indicator

of periods with enhanced surface modifica�on from wind erosion, deposi�on, or

melt-refreeze processes. Over summer 2024, the OGRE surface eleva�on record shows a

net increase, indica�ng that snow accumula�on outpaced the combined effects of firn

compac�on, ice dynamic thinning, and surface lowering from melt. The accumula�on

record from the OGREs provides cri�cal spa�al context for atmospheric process

impac�ng the surface alongside point-based surface height measurements, par�cularly

during the large accumula�on events (e.g., 10-15 cm on June 27-29) that modified

surface albedo and insulated the upper firn.

AWS comparison

The PROMICE/GC-Net network operated by the Geological Survey of Denmark

and Greenland (GEUS) provides the only spa�ally distributed, year-round surface

measurements across the ice sheet. Spa�al assessments of cloud radia�ve effects over

Greenland (e.g., Wang et al. 2018; van Tricht et al. 2016; Conway et al. 2022) rely on

AWS radia�on measurements as their observa�onal founda�on.

Because of the scien�fic importance of these AWS measurements, the summer

2024 measurement site was strategically chosen to be near the GEUS DY2 AWS. This

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034



sta�on is equipped with a class C Kipp and Zonen CNR4 net radiometer that measures

the four broadband radia�ve flux components (shortwave up/down, longwave up/down)

in a single integrated unit. Unlike the ICECAPS sensors, the AWS radiometers are not

heated or ven�lated, and operate on a strict power budget designed for year-round

autonomous opera�on. The AWS data used here are from the new standard PROMICE

data product, including �lt correc�on for the CNR4 sensors43. The differences in

shortwave radia�on measurements between the two systems are within the specifica�on

differences of Class A and Class C instruments, par�cularly related to zero offset and

direc�onal response uncertain�es with respect to ISO 9060:2018 standards.

The co-located datasets provide a unique opportunity to assess the AWS radia�on

measurements against the ICECAPS heated and ven�lated class A Hukseflux sensors.

Both datasets are analyzed on common 10-minute intervals, and the same cloudy/clear

sky par��oning derived from the ICECAPS lidar is applied to both. At the <2km

separa�on distance, this cloud par��on was tested and is self-consistent with the

PROMICE longwave-derived cloud cover metric. Over 10-minute intervals, both systems

see the same sky, such that differences in the par��oned radia�ve fluxes arise from the

measurements themselves. The cri�cal differences in the mean net clear sky radia�ve

fluxes shown in the main text can be characterized in further detail by their probability

frequency distribu�ons (Extended Data: Fig. 5a and 5b) as well as the character in the

sca�er plots of components. Extended Data Figs 3, 4, and 6 step through the aspects of

these differences in more detail than the main text can allow.

The shortwave flux around solar noon that results in the differences of absorbed

solar energy at peak melt is best described as a difference in albedo as a func�on of
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incoming shortwave radia�on measured for each radia�on sensor suite (Extended Data

Fig. 4). At large incoming solar radia�on values, these small differences in measured

albedo result in large differences in net magnitudes of radia�ve flux. For the AWS CNR4

sensors, that manifests as an albedo near 0.81 at maximal incoming shortwave flux

whereas for the ICECAPS sensors at these values albedo is near 0.84. Extended Data

Figs. 3, 4, and 6 then show that these albedo differences relate to a 30% difference in the

measured absorbed net shortwave which, when combined with the other radia�ve

components, creates a factor of two difference in the measured net radia�ve energy near

solar noon.

To support this local comparison of sensors and its applica�on to the broader

AWS, Extended Data Fig. 7 demonstrates this difference in albedo for clear skies for both

pla�orms. While it’s not possible to directly assess other loca�ons across the ice sheet

without more measurement campaigns, Extended Data Fig. 7 shows a brief �me period

of cloudy and clear sky data from the cri�cal k-transect AWS sta�on KAN_M, as in Figs.

4 and 5. In this Figure similar features of decreasing albedo with increasing incoming

shortwave can be seen, during a �me period with consistent surface characteris�cs.

Outside these differences, the rough agreement in mean daily albedo values

highlights that the common usage of daily mean albedo and daily mean net radia�on to

understand Greenland’s surface energy budget can mask sub-daily features with

significant implica�ons for understanding melt processes. For studies that depend on the

diurnal cycle of clear sky radia�on, or on the magnitude of cloud radia�ve effects derived

from flux differences, the sensor-level discrepancies documented here are large enough

to warrant careful considera�on.
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Extended Data Fig. 1 | Observed distribu�ons of liquid water path and net radia�on
from the summer of 2024 near DYE-2. These distribu�ons show the rela�ve atmospheric
liquid water characteris�cs for the cloudy iden�fied cloudy and clear states and their
connec�on to the net radia�on.
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Extended Data Fig. 2 | The log-linear distribu�on of observed integrated instantaneous
lidar backsca�er values from the summer of 2024 near DYE-2. The sharp bimodal
character was used to separate cloudy and clear condi�ons for our analysis at a threshold
of 10-4.

Extended Data Fig. 3 | A comparison of the (a) shortwave for all data and (b) net total
radia�on for clear skies from the ICECAPS and AWS measurements showing the
differing net shortwave at the surface at large values and the corresponding impact on
the net total radia�on.
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Extended Data Fig. 4 | Albedo plo�ed against incoming shortwave radia�on for clear
skies from the (a) ICECAPS and (b) AWS showing the characteris�c signature of
decreasing albedo with increasing incoming shortwave for the AWS sensor.

Extended Data Fig. 5 | A comparison of the (a) net shortwave and (b) net longwave
components of the radia�ve budget for only clear sky �mes between ICECAPS’ sensors
and the nearby AWS. The differences characterized in the main text are also present here
in terms of the smearing of the distribu�on to large values of (a) net shortwave and a
general mean bias in the (b) longwave.
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Extended Data Fig. 6 | Outgoing shortwave plo�ed against incoming shortwave with
lines to demarcate albedo regimes for (a) ICECAPS and (b) AWS measurements. The
difference in albedo during clear skies at large incoming shortwave manifests here as a
larger number of tan points below the 0.8 albedo demarca�on.

Extended Data Fig. 7 | (a) Albedo plo�ed against incoming shortwave alongside (b)
outgoing shortwave plo�ed against incoming shortwave down with lines to demarcate
albedo regimes for a different AWS measurement site on the K-transect. Plo�ed for
May of 2023, a brief �me window when there is fresh snow and li�le varia�on in surface
characteris�cs, to illustrate that the cri�cal iden�fied features in the DYE-2 AWS
radia�on measurements are also present in data from another loca�on on the ice sheet.
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Extended Data Fig. 8 | (a) Spa�al surface height changes and (b) roughness es�mate
retrieved from GNSS reflectometry sta�ons. These data provide independent
assessment of surface changes corresponding to atmospheric events with a footprint
substan�ally larger than that of the autonomous pla�orm alone.
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Extended Data Fig. 9 | A photograph of the ICECAPS autonomous pla�orm (foreground)
and the renewable energy power system (background).
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Extended Data Fig. 10 | A complete �me series of the ICECAPS data from summer
2024, plo�ed as in Figs. 2 and 3. Red ver�cal bands highlight periods of �me where
ac�ve surface melt was iden�fied using a combina�on of sensors.
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