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The surface energy budget (SEB) is a central regulator of Arctic climate and sea ice evolution, yet its processes 
remain poorly constrained due to sparse observations and complex, coupled surface-atmosphere interactions. 
This study leverages year-long measurements from the Multidisciplinary drifting Observatory for the Study of 
Arctic Climate (MOSAiC) to provide the most comprehensive assessment to date of the central Arctic SEB and its 
modulation by atmospheric variability. Ship- and ice-based observations from October 2019 to September 2020 
were used to directly measure or tightly constrain each term of the SEB, leading to exceptional energetic closure 
with the seasonal snow and ice mass balance. The analysis reveals strong seasonal transitions in atmosphere-
surface energy transfer that are modulated by the atmospheric state and constrained by the ability of 
the surface temperature to respond. Classification of the atmosphere into its two dominant radiative 
states—the semi-transparent (ST) and opaque (OP)—highlights the central role of synoptic-scale variability in 
clouds. The ST atmospheric state dominated the long winter ice growth season, with limited cloudiness 
supporting persistent surface radiative cooling and ice growth. The OP state, associated with liquid-
containing or thick ice clouds, became dominant in spring, with the combination of increased solar heating and 
cloud surface longwave warming driving ice and snow melt. Eddy covariance versus bulk approaches for deriving 
surface turbulent heat fluxes provide vastly different perspectives on the role of turbulence in modulating the 
SEB. These results establish a high-quality benchmark dataset for Arctic SEB studies and demonstrate how the 
balance of atmospheric radiative states exerts a first-order control on the annual evolution of the sea ice. The 
findings have broad implications for advancing observing technologies, understanding Arctic amplification, 
improving climate models, and predicting future sea ice change. 
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1. Introduction 
Amplified temperature increases relative to lower lati
tudes and declining cryosphere are two signatures of 

-
shifts in the balance of energy at the Arctic surface, which 
are ultimately driven by changes in atmospheric compo
sition and its associated dynamics. These systematic shifts 
modulate surface energy transfer through changes in sur
face type, thinning sea ice with decreased extent (Jenkins 
and Dai, 2021), modified near-surface temperature struc
ture (Zhang et al., 2021), alterations in snowfall (Khani 
et al., 2022), adjusted interseasonal heat storage (Chung 
et al., 2021), and other energy regulation processes. Arctic 
change is also promoted by feedbacks (e.g., Stuecker et al., 
2018; Hankel and Tziperman, 2021; Previdi et al., 2021; 
Wendisch et al., 2022), many of which are linked via the 
surface energy budget (SEB). An understanding of Arctic 
change thus requires understanding the SEB and its key 
modes of variability. 

-

-

-

The SEB represents the thermodynamic processes 
through which the atmosphere interacts with the surface. 
It is important for all Arctic surface types, most of which 
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are sensitive to energetic changes, but here we focus on 
the sea ice. The net energy flux density at the air-ice inter
face is defined as: 

-

Fsfc = Fatm + C = Qnet −Hs −Hl + C, (1)

where Fatm is the total atmospheric flux at the interface 
(positive into the surface); C is the upward conductive heat 
flux to the surface from below; Hs and Hl are the upward 
turbulent sensible and latent heat fluxes away from the 
surface, respectively; and Qnet is the net broadband irradi
ance at the surface given as: 

-

Qnet = SWD − SWU + LWD − LWU 
= SWD(1 − α) + LWN, (2)

where SW and LW are shortwave and longwave irra
diances, respectively; D, U, and N represent downward, 
upward, and net irradiances, respectively; and α is the 
surface albedo. Transmission of solar energy by the sur
face is addressed below. Note: All variables and para
meters included in this article are summarized in 
Appendix A. 

-

-
-

For an infinitesimally thin, massless surface interface, 
Fsfc is the “balance” of energy exchange processes at the 
surface. However, typically Equation 1 is considered the 
“budget” of a layer with finite depth and mass, where Fsfc 
relates to changes in the layer’s temperature and/or mass. 
If the interface is defined as the full layer of snow and sea 
ice covering the Arctic Ocean, one can consider the net 
energy budget of that interface layer as: 

Fnet = Fsfc + Fbot = ΔU − ΔM , (3)

where 
Fbot = Focn − Tr − Cb, (4)

and Focn is the upward ocean heat flux to the sea ice, Tr is 
the downward transmission of solar energy through the 
ice into the ocean, and Cb is the upward conduction of 
heat from the ice bottom. Conservation of energy and 
mass dictates that changes in Fnet related to energy diver
gence or convergence within the snow-ice layer must 
equate to changes (Δ) in the layer’s internal energy or 
storage (U) or in its mass (M) via growth or melt. When 
Fnet is positive, the snow-ice layer gains energy and warms 
until the melting point, after which excess energy goes 
into melt. When Fnet is negative, the snow-ice layer loses 
energy and thus cools and grows more ice. For Arctic sea 
ice, growth typically only occurs at the bottom, while melt 
can happen at both the top and bottom. While the atmo
spheric temperature varies widely, the ocean immediately 
below the sea ice is in equilibrium with the ice and thus 
fixed at the freezing point of the ocean water. Conduction 
redistributes heat vertically through the ice and snow, 
linking Fsfc and Fbot. C and Cb vary independently in 
response to variability in Fsfc and Fbot (e.g., Sledd et al., 
2024), helping to determine the ice-snow thermal struc
ture through complex interplay with the vertical distribu
tion of solar energy and the changing profile of U. Over 
sufficiently long periods (months), conduction is the larg
est of these terms, such that C and Cb are nearly equal. 

-

-

-
-

-

To quantify the evolution of the SEB requires 
understanding the drivers of variability in the terms that 
comprise Equations 1 and 2. Of the many transient modes 
of variability, perhaps the most impactful on the SEB, and 
least understood, is clouds. The presence or absence of 
clouds, and particularly those containing liquid water 
(e.g., Shupe and Intrieri, 2004), is a primary determinant 
leading to a bimodal distribution of surface LW radiation 
that defines the two dominant radiative states of the Arc
tic system (e.g., Stramler et al., 2011). These two states 
have been recognized over sea ice (Graham et al., 2017), 
over terrestrial land surfaces (Cox et al., 2012), and across 
the Arctic using satellite observations (Bertossa and 
L’Ecuyer, 2024). While largely driven by advection of 
large-scale moisture impacting clouds (Persson et al., 
2017), the states are also influenced by low-level winds 
(Dahlke et al., 2025). Moreover, the states themselves 
extend beyond radiation to include co-variability in sur
face skin temperature, surface energy fluxes, and atmo
spheric structure (Stramler et al., 2011; Persson et al., 
2017). This article focuses on the annual evolution of all 
components of the sea ice SEB and the influence of these 
two Arctic radiative states on that evolution. 

-

-
-

Limited information exists on the SEB over sea ice. A 
comprehensive set of observations, extending over nearly 
a full annual cycle in the western Arctic sea ice, was 
obtained during the Surface Heat Budget of the Arctic 
Ocean (SHEBA) experiment in the late 1990s. At SHEBA 
(74–81oN), Persson et al. (2002) found a net annual sur
face energy surplus that was driven by greater incoming 
LW radiation than expected from models, partially miti
gated by less solar radiation and weaker turbulent heat 
fluxes at the surface, leading to a net thinning of the 
multiyear sea ice that was typical of the western Arctic 
at that time. Similar measurements were made during 
shorter observational campaigns including the early 
spring Arctic Leads Experiment (LEADEX; Ruffieux et al., 
1995), the Arctic Summer Cloud Ocean Study (ASCOS; 
Sedlar et al., 2011), the winter–spring Norwegian Young 
Ice expedition (N-ICE; Walden et al., 2017), and others. 
Some SEB components were also measured at periodic 
Russian drifting stations (Frolov et al., 2005), although 
with limited data availability it is unclear if the full SEB 
was estimated. The SEB, or its key components, has also 
been characterized at land-based stations surrounding the 
Arctic Ocean (Dong et al., 2010; Grachev et al., 2017; Miller 
et al., 2017), but it is unknown how representative these 
are of processes over the sea ice. Lastly, there have been 
efforts to derive surface radiative fluxes from pan-Arctic 
satellite observations (Zhang et al., 2004; Kato et al., 2011; 
Karlsson et al., 2017; Kato et al., 2018), typically with 
significant uncertainties due to their representation of, 
and assumptions about, surface and cloud properties 
(Riihelä et al., 2017; Huang et al., 2022). Satellite-based 
retrievals of Arctic surface turbulent heat fluxes have also 
been attempted (Boisvert et al., 2013), although evalua
tion against surface-based observations reveals a higher 
uncertainty than reanalysis output (Zhang et al., 2023), 
limiting their use for process understanding. 

-

-

-
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The spatiotemporal sparsity of SEB measurements over 
the Arctic sea ice is due to limitations in accessibility, 
particularly in winter, and observational challenges in 
extreme conditions (e.g., Bourassa et al., 2013). These chal
lenges have led to shortcomings in our understanding, 
quantification, and generalization of SEB processes that 
have implications for clarifying and modeling the drivers 
and feedbacks of the changing sea ice. To address impor
tant questions related to linkages between sea ice decline 
and lower latitude weather and climate (e.g., Dai and 
Song, 2020; Francis and Vavrus, 2021), it is essential that 
models can successfully represent SEB processes and their 
changes (Yu et al., 2024). 

-

-

Despite its clear importance, models struggle to repre
sent many of the fundamental features of the SEB and its 
variability over sea ice, and particularly the distinction of 
the primary radiative states of the Arctic system linked to 
cloudiness. For example, poor representation of clouds is 
associated with biased surface radiation and temperature 
in reanalyses (Engstrom et al., 2014), regional climate 
models (Tjernstrom et al., 2008), and forecast models (Sol
omon et al., 2023). Additionally, most global climate mod
els evaluated as part of the 5th and 6th Climate Model 
Intercomparison Projects failed to produce a bimodal dis
tribution of LWN at the Arctic surface or the appropriate 
relationship with near-surface stability (Pithan et al., 2014; 
Duffey et al., 2025). These failures were typically related to 
underrepresented cloudiness and thus overestimated sur
face cooling, which modifies the near-surface atmospheric 
stability, turbulent heat fluxes, and more (e.g., Svensson 
and Karlsson, 2011; Barton et al., 2014). In line with these 
issues, some models have compensating errors in SEB 
terms (e.g., 

¨

-

-

Hs or C) that account for the deficits left by 
weaknesses in simulating clouds (Sorteberg et al., 2007; 
Pithan et al., 2014; Sedlar et al., 2020; Solomon et al., 
2023; Sledd et al., 2025). Several studies found seasonal 
dependencies in surface temperature errors, with the larg
est biases in winter, but increasing influence from surface 
albedo errors in summer (Karlsson and Svensson, 2013; 
Boeke and Taylor, 2016). Collectively, these studies illus
trate spatial, seasonal, and inter-model variability in rela
tionships among errors in clouds, radiative fluxes, surface 
temperature, and other SEB components in large-scale 
models. 

-

-

-

-

-
-

The Multidisciplinary drifting Observatory for the Study 
of Arctic Climate (MOSAiC) expedition was specifically 
designed to address crosscutting issues such as those 
related to energy transfer at the Arctic atmosphere—ice 
interface (Shupe et al., 2020). Based on and around the 
research vessel Polarstern, MOSAiC observations extended 
from October 2019 through September 2020. Over much 
of that time Polarstern drifted passively with the sea ice 
across the central Arctic, following the Transpolar Drift 
(85oN, 130oE to 79oN, 4oW). Sophisticated suites of instru
ments were operated onboard Polarstern, in a nearby sea 
ice camp, and in an autonomous Distributed Network 
surrounding Polarstern. The expedition explored physical, 
chemical, and biological processes that link the atmo
sphere, sea ice, snow, and ocean system in the central 
Arctic. Of specific use here are overview papers 

-

-

documenting the MOSAiC atmosphere (Shupe et al., 
2022) and sea ice and snow (Nicolaus et al., 2022) 
research programs. 

This article has two main goals. The first is to provide 
a detailed account of the SEB over sea ice during the 
MOSAiC year using arguably the highest-quality measure
ments in the central Arctic to date. Multiple important 
aspects of the SEB will be considered, including energetic 
closure with the sea ice and snow mass budget. The sec
ond goal is to explore the impacts and responses of this 
SEB to one of its primary drivers of variability, the clouds, 
by examining energetic influences of the two states of the 
Arctic atmospheric system. 

-

-

2. Observations 
2.1. Surface energy budget 
Each term of the SEB was either directly measured or can 
be constrained by measurements at multiple locations 
during MOSAiC over most of the period from October 
10, 2019, through September 21, 2020. The primary mea
surement location was the MOSAiC Central Observatory 
where the Met City site was operated on the sea ice at 
distances of 300–600 m from Polarstern. Additional mea
surements were made by semiautonomous systems oper
ated within the MOSAiC Distributed Network (Rabe et al., 
2024) at distances up to 23 km. It is important to keep in 
mind that all these observations drifted over time with the 
sea ice across the Arctic Ocean. Overall, these data repre
sent a “sea ice Lagrangian” perspective, where passing 
atmospheric and oceanic processes interact with a region 
of sea ice that is followed over time. Spatial variability in 
all processes should be kept in mind. While most measure
ments and derived products have been introduced via 
dedicated publications, basic information will be summa
rized here. 

-

-
-

-

-

-

Atmospheric flux measurements are described in 
detail, and evaluated, by Cox et al. (2023e). Surface mea
surements of broadband radiation were made with pairs 
of pyranometers (SWD, SWU) and pyrgeometers (LWD, 
LWU) at Met City and at 3 remote Atmospheric Surface 
Flux Stations (ASFSs) deployed across the Distributed Net
work called ASFS30, ASFS40, and ASFS50. At Met City, the 
upward- and downward-looking radiometers were located 
at approximately 1 m and 3 m above the surface, respec
tively. At the ASFS, all radiometers were mounted at 
a nominal height of 2 m above the surface. These broad
band radiation measurements were used to derive the 
surface skin temperature (Tskin) using an assumed surface 
emissivity of 0.985 (Cox et al., 2023e). Additionally, the 
broadband surface albedo (α) was derived using 1-day run
ning averages of SWU divided by SWD. This running average 
window helped to mitigate diurnal impacts related to small 
offsets of the horizontal level of the radiometers or the 
observed surface. Surface net radiative fluxes are calculated 
as LWN = LWD − LWU and SWN = SWD (1 − α), the latter 
of which is approximately equal to SWD − SWU. 

-

-

-

-

-

Surface turbulent Hs and Hl were derived using the 
eddy covariance (EC) approach based on 20-Hz measure
ments from three-dimensional sonic anemometers and 
open-path rapid gas samplers resampled to 10-Hz. At Met 

-

¨
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City, anemometers were mounted at nominal 2, 6, and 10 
m heights on a meteorological tower, while the gas 
sampler was mounted at 2 or 6 m depending on season. 
At the ASFS, these sensors were mounted at 3.86 m above 
the surface. In parallel, a bulk flux approach (Andreas et al., 
2010) was also used to derive turbulent heat fluxes from 
near-surface meteorological measurements. Temperature 
and relative humidity were measured at nominal heights 
of 2, 6, and 10 m on the Met City tower and at 2 m on the 
ASFSs, while pressure was measured at 2 m. All measure
ments were averaged to 10-min resolution and subjected 
to intensive quality control to ensure high quality and 
consistency across stations and among parameters. 
Detailed information on measurement conditions, data 
processing, corrections, calibrations, uncertainties, and 
quality assessments are provided by Cox et al. (2023e). 

-

During periods with surface snow cover and prior to 
influence from solar radiation, C up to the surface 
interface was calculated by Sledd et al. (2024) by solving 
a one-dimensional heat diffusion equation using temper
ature profile measurements through snow and ice from 
a collection of Seasonal Ice Mass Balance buoys (Perovich 
et al., 2023) and Snow and Ice Mass Balance Arrays (Lei 
et al., 2022). To represent the diversity of surface condi
tions, we use the mean near-surface C (∼6 cm depth)  
from all available systems, which could be as many as 
13 at a given time. Vertically, the 6-cm depth was chosen 
to represent the value of C at the “surface” yet avoid 
potential irregularities related to an exact identification 
of the surface in the measurements. The derived C varied 
with atmosphere-induced changes in subsurface temper
ature (i.e., internal energy). However, when averaged over 
longer time periods such as the winter ice growth season, 
C was nearly constant in the vertical. The variability of C 
across the sites was typically small, with the mean stan
dard deviation across available sites of 6.2 W m−2 and 
90% of the time the standard deviation was between 3 
and 10 W m−2. 

-

-

-

-

After March 14, when sunlight complicated in ice tem
perature measurements, C was calculated using a simple 
approximation (Maykut, 1978; Perovich et al., 2023) of: 

-

C = (g Tocn − Tskin ), (5a)

where 
g = ki ks/(ks Di + ki Ds) (5b)

and ks is the effective thermal conductivity of snow 
assumed to be 0.4 W m−1 K−1 based on average values 
across MOSAiC (Perovich et al., 2023; Sledd et al., 2024), ki 
is the thermal conductivity of bulk sea ice (2.0 W m−1 

K−1), Di and Ds are the sea ice and snow thickness, respec
tively, and Tocn is the ocean temperature of −1.8oC based 
on many buoy measurements. The temporal evolutions of 
Ds and Di are based on numerous independent physical 
measurements across the MOSAiC domain (Lei et al., 
2022; Itkin et al., 2023; Perovich et al., 2023; Raphael 
et al., 2024) and are discussed in more detail later. 

-

One additional term based on atmospheric measure
ments that can be seasonally important for the full sea 
ice energy budget is the transmission of solar energy 

-

through the sea ice into the ocean, given as (Light et al., 
2008; Persson, 2012): 

Tr = Io SWN e −KsDs , (6a)

Tr = SWN( fv −KIve + fnIne ivDi −KinDi ), (6b)

where the first equation represents snow transmission 
during periods when significant snow was present 
(through May 5) and the second equation represents 
snow-free ice transmission with visible (350–700 nm) and 
near-infrared (700–3,000 nm) contributions. Ds is snow 
depth, Io is the snow surface transmission parameter 
(0.3), and Ks is the snow solar extinction coefficient, 
assumed to be 16 m−1 until May 5 after which it declines 
linearly to 3 m−1 when there is no snow remaining on flat 
ice. Di is the ice thickness, Iv and In are the ice surface 
transmission parameters for visible (0.95) and near-IR 
(0.37) radiation, Kiv and Kin are the extinction coefficients 
for visible (0.72 m−1) and near-IR (4.6 m−1) radiation, and 
fv and fn are the weightings for visible (0.60) and near-IR 
(0.40) radiation. While this formalism is consistent with 
past research, here the overall transmission is scaled by 
a factor of 2 to match the cumulative broadband solar flux 
transmitted through the base of the sea ice of 20 MJ m−2 

determined by Perovich et al. (2025) for July 11, 2020, at 
MOSAiC. 

Over the course of the MOSAiC year, each SEB station 
faced unique operational challenges that caused gaps in 
the time series. These included power outages at Met City 
due to local ice dynamics, polar bear damage, interrup
tions in most operations for movements of Polarstern, and 
the destruction of ASFS40 in an ice ridging event (see Cox 
et al., 2023e). For use here, the observations have been 
combined to produce the most continuous and consistent 
dataset possible to represent the MOSAiC sea ice domain. 
When available, observations from Met City were used as 
the default since these were attended and monitored 
daily. During mid-May through late June 2020, when 
Polarstern left the MOSAiC ice floe for resupply, Met City 
was replaced by ASFS30 to continue measurements at that 
location. Similarly, for July (ASFS50) and late August to 
September (ASFS30 and ASFS50), ASFS systems were 
installed within 200–300 m of Met City and were used 
to fill any gaps. For infrequent observational gaps at Met 
City that did not have a proximal ASFS, observations were 
used from an ASFS deployed within the Distributed Net
work (i.e., within 10–23 km). While there can be differ
ences in SEB parameters across these scales, they are 
generally found to be small relative to measurement 
uncertainty for time periods when simultaneous data exist 
(see Supplement Text T1), particularly when considered 
over the averaging periods used to conduct the analyses 
here. During the first 3 weeks of August, Polarstern was 
repositioned northward, during which time no SEB mea
surements were available leaving a general gap in the 
record. Finally, gaps in derived turbulent heat fluxes from 
EC measurements were filled using bulk turbulent heat 
fluxes that were bias-corrected relative to available EC 
fluxes over running 6-day windows. A comparison 
between the EC and bulk approaches is included in 

-

-
-

-
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Section 4.2 to demonstrate key points about turbulent 
heat fluxes. 

Observing stations were mostly deployed on level, 
second-year sea ice and therefore largely represent the 
conditions over sea ice floes with occasional influence 
from nearby leads or open water on some parameters. 
However, these observations do not always represent 
wider spatial domains, particularly when they include 
a large fraction of open water. Additionally, while the SEB 
measurements from October 2019 through July 2020 
were all made of the same drifting region of sea ice, once 
that ice reached the ice edge in Fram Strait, Polarstern was 
repositioned to a new location in the sea ice near the 
North Pole to complete the year from late August through 
mid-September. 

Despite the various challenges in creating the SEB data
set, it is the most comprehensive and accurate represen
tation of the SEB constructed over the Arctic sea ice. Past 
SEB datasets over Arctic sea ice have suffered from numer
ous, and sometimes unquantified, instrumental chal
lenges related to instrument icing affecting radiation 
measurements and inhibiting direct measurements of tur
bulent heat fluxes (e.g., Persson et al., 2002) or included 
only short and/or interrupted time series (e.g., Ruffieux 
et al., 1995; Sedlar et al., 2011; Walden et al., 2017; Nilsson 
et al., 2021). Satellite estimates are limited in what they 
can provide over sea ice, with significant uncertainties for 
terms like the turbulent or conductive heat fluxes (e.g., 
Zhang et al., 2023). 

-
-

-
-

-

2.2. Cloud measurements 
To examine the causes of variability in the SEB, several 
additional measurements and products were used to char
acterize the atmospheric meteorological state and clouds. 
Cloud properties including time-height information on 
cloud phase, ice water content (IWC), and liquid water 
content (LWC) were derived using the ShupeTurner cloud 
retrieval algorithm (Shupe et al., 2015; Shupe, 2022). This 
retrieval incorporated measurements made onboard Polar-
stern from a Ka-band ARM Zenith Cloud Radar (Johnson 
et al., 2022), W-band ARM Cloud Radar (Wang et al., 2022), 
Vaisala ceilometer (Zhang et al., 2022), depolarization 
Micropulse Lidar (Sivaraman et al., 2022), two microwave 
radiometers (Ebell et al., 2022; Zhang, 2022), and 6-hourly 
radiosondes (Maturilli et al., 2021). The microwave radio
meters were used to derive a continuous series of the 
column-integrated liquid water path (LWP) and precipita
ble water vapor (PWV) wherein the Zhang (2022) product 
was the primary dataset, and the Ebell et al. (2022) dataset 
was bias adjusted and used to fill gaps. Ice water path 
(IWP) is the vertical integral of IWC. Cloud occurrence 
fraction was calculated by requiring the identification of 
significant cloud signal in at least two consecutive 30-m 
radar range gates to ensure that spurious noise did not 
impact the cloud fraction. The occurrence fractions of liq
uid or ice in any type of cloud in the vertical column, and 
as a function of height, were also determined. The cloud 
product was derived at 1-min resolution and averaged to 
10 min to match the SEB data. This MOSAiC cloud product 
was evaluated using a radiative transfer closure analysis 

-

-

-

-

with surface and top-of-atmosphere radiative fluxes 
(Barrientos-Velasco et al., 2025), showing good closure 
statistics consistent with a similar analysis conducted 
using the same ShupeTurner product derived over north
ern Alaska (Shupe et al., 2015), lending confidence in the 
product. These cloud and atmosphere measurements were 
made onboard Polarstern and were therefore not collo
cated with the SEB measurements during the period of 
mid-May through late June when Polarstern transited out 
of the ice for a resupply. 

-

-

3. The Arctic atmospheric states 
3.1. State characteristics 
The two primary radiative states of the Arctic atmosphere-
surface system have been discussed previously (e.g., Shupe 
and Intrieri, 2004; Stramler et al., 2011; Cox et al., 2012; 
Graham et al., 2017; Persson et al., 2017; Bertossa and 
L’Ecuyer, 2024; Dahlke et al., 2025). These states are illus
trated at MOSAiC via the distribution of observed surface 
LWN (Figure 1a). The bimodal nature of this distribution 
is apparent, with a distinction between modes at −25 W 
m−2. The mode with LWN less than −25 Wm−2 represents 
the “optically thin” or “semi-transparent” state (hereafter 
ST), wherein emission from the surface to the atmosphere 
is significant and atmospheric emission down to the sur
face is much less due to low atmospheric emissivity. Alter
natively, the mode with LWN greater than −25 W m−2 

represents the radiatively “opaque” state (hereafter OP), 
with much larger downward atmospheric emission that 
is closer in magnitude to the surface emission. In this 
state, the atmosphere and surface are more nearly in LW 
radiative equilibrium. The distinction between the states is 
thus due to differences in the balance of atmospheric 
versus surface emission, which are determined by the ver
tical structures of atmospheric opacity and temperature. 

-

-
-

-

While the two states are typically well-defined in winter 
when solar radiation is limited in the Arctic, the distinc
tion based on LWN occurs year-round. Here, the seasons 
are defined according to 7-day running average near-
surface temperature (e.g., Shupe et al., 2022), with winter 
consistently colder than −20oC, summer consistently 
warmer than about −2oC, and spring and fall being the 
transitions between. As such, these seasons have different 
occurrence fractions (Figure 1, Table 1) but  represent  
distinct regimes in terms of cloud and atmosphere prop
erties (e.g., Figure S4). The modal LWN values of each state 
vary with season, as does the relative partitioning of occur
rence between the states (Table 1, Figure 1a). For the OP 
state, the modal value ranges seasonally between −10 and 
−4 W m−2, with most values being weakly negative 
because emission from cloudy atmospheres is less than 
from the surface due to a combination of temperature 
(cloud colder than surface) and/or cloud emissivity (emis
sivity less than unity) considerations. For most seasons, 
positive LWN is infrequent (4% of the time) because the 
surface can warm in response to atmospheric emission, 
diminishing radiative imbalances between the atmo
sphere and surface. Most occurrences of positive LWN are 
in summer (29% of the time), when warm atmospheric 
advection can bring optically thick clouds with 

-

-

-

-

-
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Figure 1. Partitioned distributions of surface net
longwave radiative flux. The distribution of net 
longwave radiative flux (LWN), in counts per bin, for 
the full MOSAiC year partitioned in multiple ways: (a) 
The full year distribution (black) and other seasons 
(colors), defined according to Shupe et al. (2022) as 
Fall (September 6 to November 27), Winter (November 
28 to April 13), Spring (April 14 to May 27), and 
Summer (May 28 to September 5). Other panels 
include the full year distribution broken down by 
contributions from cases with different ranges of (b) 
liquid water path (LWP), (c) total water path (TWP =
LWP + IWP), where IWP is the ice water path, (d) 
precipitable water vapor (PWV), and (e) surface 
atmospheric pressure (P). The ranges for each color are 
given to the right of each panel. The LWN bin width is 2 
W m−2. 

temperature >0oC while the sea ice cannot warm beyond 
its melting point. This condition, along with higher 
average cloud emissivity, also explains the higher summer 
modal value for the OP state. The ST state is most clearly 
defined in winter because it is the only season in which 
this state occurs more often than the OP state. The modal 
value of this broad winter distribution is nearly 40 W m−2 

less than that for the OP state. Fall shows a similar distri
bution with less frequent occurrence of the ST state. In 
spring and especially summer, the ST state occurs much 
less frequently than the OP state, and both seasons show 
modal values less than −60 W m−2. This shift in warm-
season LWN values is consistent with the temperature-
dependence of the ST peak observed by Stramler et al. 

-

(2011). It is due to the diminished occurrence of surface-
based temperature inversions during the ST state in sum
mer relative to winter, which outweighs the effect of 
a moister atmosphere in summer. Overall, the annual dif
ference between the OP and ST modal values exceeds 
40 W m−2. Since the decadal decline in Arctic sea ice can 
be explained by an energy imbalance of approximately 
1 Wm−2 (Kwok and Untersteiner, 2011), processes that con
trol the fractionation between states can be consequential. 

-

-

-

MOSAiC observations provide a detailed perspective on 
the characteristics of these two states that builds on the 
observations of Graham et al. (2017), from a similar region 
but only part of the year, and Shupe and Intrieri (2004), 
for an annual cycle in the western Arctic sea ice. Dahlke 
et al. (2025) provide further analysis of these states during 
MOSAiC winter, including related wind conditions. Several 
key cloud and atmospheric quantities drive, or respond to, 
the two atmospheric states (Figures 1–3, S8, S9, Table 2). 
Importantly, the occurrence of liquid water-containing 
clouds is the clearest determinant (Shupe and Intrieri, 
2004). When the distribution of LWN is partitioned by 
cloud LWP (Figures 1b, 2a, S9b), nearly all occurrences 
of optically opaque clouds (LWP > 30 g m−2) are found 
within the OP state, while only a few cases of thin liquid 
water clouds (5 < LWP < 30 g m−2) occur in the ST state. 
This result is unsurprising considering differences in 
instrument viewing geometry and that the uncertainty 
in derived LWP is about 20 g m−2 (Turner et al., 2007), 
which also leads to an appropriate amount of derived 
negative LWP values (which are clearly nonphysical). On 
the other hand, cases with no appreciable liquid water 
(LWP < 5 g m−2) comprise the vast majority of the ST state. 
However, there are OP cases with no liquid water but 
particularly thick layers of cloud ice (also observed by 
Miller et al., 2015; Bertossa and L’Ecuyer, 2024). This point 
is borne out via the total water path (TWP = LWP + IWP). 
The OP state essentially always has at least 5 g m−2 of 
condensed mass in the vertical column (Figure 1c). On 
the other hand, the ST state can exist even with a large 
IWP (Figure 2b), which in this case would be distributed 
over a deep layer with a low concentration of large ice 
crystals. 

These points are further supported by examining cloud 
occurrence statistics (Figure 3). The OP state shows 
a 100% cloud occurrence, with ice and liquid in the ver
tical column 87% and 79% of the time, respectively. The 
ST state is not necessarily free of condensed mass. In this 
state, active sensors identified clouds composed of mostly 
ice 74% of the time, with liquid water 15% of the time, 
although usually with LWP less than the retrieval uncer
tainty (Table 2). Vertical profiles of cloud phase types 
show the typical profile of Arctic cloud occurrence with 
ice extending up to 8–9 km, a uniform cloud ice occur
rence fraction from 2 to 5 km, and a steep increase in ice 
occurrence below 2 km. Liquid water occurs most fre
quently below 1 km but can extend up to 5 km or more 
(e.g., Shupe, 2011). Each atmospheric state has similar 
profiles but with markedly larger fractions for the OP rel
ative to the ST state. 

-

-

-

-

-
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Table 1. Fractional occurrence and modal value for the ST and OP states as a function of season

Subset

Semi-Transparent (ST) Opaque (OP) LWN > 0 W m–2 a Seasonb

Fraction (%) Mode (W m–2) Fraction (%) Mode (W m–2) Fraction (%) Fraction (%)

Total 48 –50 52 –4 9 100  

 

 

Fall 42 –46 58 –10 3 22 

Winter 64 –40 36 –4 4 46

Spring 47 –60 53 –6 4 11

Summer 18 –68 82 –2 29 22  

aFractional occurrence of time that net longwave radiative flux (LWN) was greater than 0 W m –2. 
bFraction of time occupied by each season. Seasons are defined as in Shupe et al. (2022). 

Figure 2. Distributions of key parameters by atmospheric state. Distributions, in counts per bin, of six parameters 
distinguished into the Opaque (red) and Semi-Transparent (blue) atmospheric states, including (a) liquid water path (LWP) 
and (b) ice water path (IWP), both with bin widths of 8 g m−2, (c) precipitable water vapor (PWV) with bin width of 0.5 kg m-2, 
(d) surface atmospheric pressure (P) with bin width of 4 hPa, (e) 2 m temperature (T2 m) with bin width of 2oC, and (f) near
surface temperature gradient, defined as the difference between 2 m and skin temperatures (T2m  − Tskin), with bin width of 
0.25oC. Statistics exclude periods from mid-May through late June and early August when Polarstern was underway. 

-

Water vapor also shows a general distinction between 
states (Figure 2c). Winter PWV is most often less than 5 kg 
m−2 in the generally dry Arctic (Figure S9d). The PWV 
distribution during the ST state shows a relative increase 
in the lowest values compared to the OP state, while the 
OP state has values that can extend as high as 25 kg m−2. 
However, the ST state can still be quite moist, with PWV 
values up to 15 kg m−2 in summer. The near-surface tem-
perature (Figure 2e) is somewhat warmer during the OP 
state, although these distributions are affected by 

differences in seasonal occurrence. Lastly, the near-
surface temperature gradient (Figures 2f, S8b) indicates 
typically strong near-surface stability in the ST state as the 
surface efficiently cools leading to surface-based temper
ature inversions. The OP state is neutral near the surface 
with a mean near-surface temperature gradient of about 
0 (e.g., Persson et al., 2002), consistent with radiative 
warming of the surface and possible near-surface mixing 
that may also be facilitated by clouds that are dynamically 
coupled to the surface (e.g., Brooks et al., 2017). 

-

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
o
n
l
i
n
e
.
u
c
p
r
e
s
s
.
e
d
u
/
e
l
e
m
e
n
t
a
/
a
r
t
i
c
l
e
-
p
d
f
/
1
4
/
1
/
0
0
1
0
0
/
9
3
3
2
4
0
/
e
l
e
m
e
n
t
a
.
2
0
2
5
.
0
0
1
0
0
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
0
1
 
M
a
y
 
2
0
2
6



Art. 14(1) page 8 of 30 Shupe et al: Sea ice surface energy budget 

Table 2. Mean and standard deviation (SD) of key parameters for the full dataset and the ST and OP
atmospheric statesa

Parameter

All Semi-Transparent (ST) Opaque (OP)

Mean SD Mean SD Mean SD Differenceb

T2 m (˚C) –17.0 12.0 –23.3 9.9 –11.3 10.9 12 

P2 m ( hPa) 1,011 11 1,011 10 1,010 11 –1 
–2)PWV (kg m 6.0 5.4 3.5 2.7 8.2 6.1 4.7 

–2)LWP (g m 32  65  1  7  59  80  58
–2)IWP (g m 64 145 20 49 104 185 84 
–2)SWD (W m 63 104 57 113 69 95 12 
–2)LWD (W m 219 61 172 36 261 47 89 
–2)LWN (W m  –26 22 –46 12 –7 9 39

 

 

aStatistics exclude periods when Polarstern was underway. 
bDifference of means between the OP and ST states. 

Interestingly, while cloudiness is often associated with 
low-pressure systems, and indeed there was a relationship 
between surface pressure and LWN at SHEBA (Morrison 
et al., 2012), there was only a weak relationship at MOSAiC 
(Figures 1e, 2d, S8c). LWN distributions for all four 
quartiles of surface pressure data are clearly bimodal and 
similar (Figure 1e). Upon more detailed examination of 
the relationship between these two variables, only at the 
lowest of pressures is there a slight preference for the OP 
state relative to the ST state (Figure 2d), which tends to 
occur mostly in the middle of winter (Figure S8c). This 
limited dependence on pressure at MOSAiC may be due 
to the diversity of regional circulation patterns, where the 
site was at many different locations relative to pressure 
centers. SHEBA occurred in the western Arctic where the 
typical Beaufort High varies primarily in magnitude but 
less in location. 

To summarize, the OP state of the Arctic system is 
largely comprised of clouds containing liquid water, often 
supercooled, but can also include deep ice clouds. The ST 
state can be cloud free but also frequently includes ice 
clouds that have a vanishingly small impact on atmo
spheric radiation. The spread of values in each state is 
related to variations in cloud properties, fractional sky 
cover, water vapor amount, temperature structure, aerosol 
properties, and more. Additionally, while cloud properties 
are a strong determinant of the state, it is important to 
recognize that clouds typically occur within an air mass 
with enhanced atmospheric moisture and often increased 
temperature, as well as a modified boundary layer struc
ture. Thus, the difference between the states is more than 
simply a “cloud radiative effect.” Rather, it is more prop
erly an “atmospheric state effect,” with multiple interact
ing components. Finally, as conveyed in Figure 1, while 
the LWN distribution is clearly bimodal, there are inter
mediate states of the atmosphere with LWN values that 
are near the −25 W m−2 value used to distinguish the 
states. Thus, this simple partitioning of the Arctic into two 
states should be considered within that context and care 

-

-

-
-

-

should be taken when applying such a concept to other 
locations. 

3.2. Quantifying the atmospheric state effect 
The second primary goal of this work is to quantify the net 
effect of variability in clouds and the atmospheric state on 
the SEB and its components via what we define as the 
atmospheric state effect (E). Here, we simply distinguish 
the atmospheric states using the threshold of LWN = −25 
W m−2, which is the minimum between the two primary 
modes of the LWN distribution (Figure 1). The maximum 
E on, or “forcing” of, a given parameter due to the OP 
atmospheric state is given as: 

E P( ) = Pop − Pst, (7)

where Pop and Pst are the mean values of the parameter P 
over the period of interest during the OP and ST states, 
respectively. However, to quantify the net atmospheric 
state effect (E*), this maximum effect is multiplied by the 
fractional occurrence of the OP state over the time period 
(Aop): 

E P( ) = Pop − Pst Aop. 
( )* (8)

Thirty-day running windows are used to calculate time 
series of E and E*. This length of time was required to 
ensure sufficient statistical representation of each state 
within a given sampling window, while still preserving the 
important seasonal variations. 

This approach is similar to the maximum cloud forcing 
approach employed by Walsh and Chapman (1998), with 
the addition of Equation 8 to arrive at the net effect, as 
introduced by Intrieri et al. (2002). One benefit to this 
approach, and the reason it is used here, is that it is 
a feasible way to examine the atmospheric state effect 
on all parameters of the SEB system and to develop a full 
accounting of the energetic changes that occur when the 
Arctic atmosphere shifts between relatively dry-clear ver
sus moist-cloudy states. This way of considering the states 
and their radiative effect is distinct from past 

-
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Figure 3. Cloud occurrence and phase distinguished
by atmospheric state. (a) Profiles of occurrence 
fraction of any cloud (solid), cloud ice (dashed), and 
cloud liquid (dotted) for all time periods (black), the 
opaque state (OP, red), and the semi-transparent state 
(ST, blue). (b) Total values giving the fractional 
occurrence of all cloud (triangle), cloud ice (asterisk), 
and cloud liquid (diamond) as distinguished by 
atmospheric states. In panel (a) there is a discontinuity 
in the occurrence fractions at 3 km altitude where two 
distinct radar operational modes, with distinct 
sensitivities, are combined. Cloud occurrence fraction 
is inextricably linked to the sensitivity of the 
instruments used to observe it. 

computations of, for example, cloud radiative forcing that 
often employ a model to compute an equivalent clear sky 
flux that is subtracted from the observed flux to deter
mine the instantaneous role of clouds (e.g., Intrieri et al., 
2002). There is not a readily feasible way to compute an 

-

equivalent clear sky flux for all SEB terms, and this type of 
approach only quantifies the hypothetical effect of clouds 
but does not include the concomitant variability of 
atmospheric moisture and temperature. 

There are a few key aspects of this approach to discuss 
and justify. First, to more clearly delineate the effect of the 
OP state versus the ST state, one might define different 
boundaries between states, such as defining the ST state as 
LWN less than −30 W m−2 and the OP state as LWN 
greater than −20 W m−2. While this approach may be of 
interest to accentuate process differences between the 
states (e.g., Solomon et al., 2023), here we seek to repre
sent all energy in the system and thus opt to employ 
a single threshold for distinguishing states, acknowledg
ing the fact that there are intermediate conditions. Addi
tionally, since LWN is used to classify the states, there may 
be an implied assumption that the LW radiative balance is 
the primary driver of variability in all terms of the SEB. 
While radiation is often the driver of SEB variability (e.g., 
Miller et al., 2017; Sledd et al., 2025), as explored below, 
there are other significant influences such as the roles of 
summer insolation or turbulent heat fluxes during strong 
wind events. Lastly, rather than using LWN, one might 
consider distinguishing the dataset based on the occur
rence of clouds. However, there is no consistent definition 
of “cloud” to use for this purpose, as each instrument has 
its unique response to populations of condensed particles 
in the atmosphere, some of which are radiatively impor
tant while others are not. Thus, for these reasons, and due 
to the stark and compelling bimodality of LWN in the 
Arctic atmosphere, we use this parameter to identify and 
distinguish between the two states. As noted above 
(Figures 1–3), each state is comprised of a range of cloud 
and atmospheric conditions, while LWN is effectively 
a proxy for the net opacity of the atmosphere. 

-

-
-

-

-

4. SEB over sea ice 
Before examining the distinct roles of the two primary 
atmospheric states, we present the “best estimate” 
MOSAiC SEB. As noted in Section 2, this dataset combines 
multiple measurement systems to optimally address 
instrument issues and fill gaps to provide the most com
plete dataset possible. 

-

4.1. SEB and its components 
The primary components of the SEB are displayed using 3
day running averages (Figure 4). This averaging window is 
used to smooth the highest frequency variability and more 
clearly reveal the general trends and relationships in the 
data that occur on synoptic time scales. An averaging 
window of this nature is also important because there are 
infrequent periods when data are combined from multiple 
sites that can be separated spatially, such that a longer 
time average mitigates small temporal differences among 
sites (see Supplement Text T1). Time series of daily-
averaged values for individual energy budget terms, 
near-surface meteorology, and key cloud properties, along 
with monthly summary statistics, are also given in Supple
ment Text T2 and associated figures to provide informa
tion at different averaging scales. 

-

-
-

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
o
n
l
i
n
e
.
u
c
p
r
e
s
s
.
e
d
u
/
e
l
e
m
e
n
t
a
/
a
r
t
i
c
l
e
-
p
d
f
/
1
4
/
1
/
0
0
1
0
0
/
9
3
3
2
4
0
/
e
l
e
m
e
n
t
a
.
2
0
2
5
.
0
0
1
0
0
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
0
1
 
M
a
y
 
2
0
2
6



Art. 14(1) page 10 of 30 Shupe et al: Sea ice surface energy budget 

Figure 4. Annual cycle of surface energy budget components. Key components of the MOSAiC surface energy 
budget given as 3-day running means, including (a) net shortwave (SWN, red, left axis) and longwave (LWN, blue, left 
axis) irradiances and the latitude as context for the shortwave measurements (black line, right axis); (b) sensible (Hs, 
red) and latent (Hl, black) heat fluxes; (c) net atmospheric heat flux (Fatm, blue), which is balanced against the 
conductive heat flux (C, red) to result in the net surface energy budget (Fsfc, black line); and (d) the surface skin 
temperature (Tskin, red, left axis) and surface albedo (black, right axis). 

One important seasonal reference that is both deter
mined by the balance of SEB terms and influences three 
individual terms is the surface skin temperature 
(Figures 4d, S3a). First, the surface emission, that is, LWU, 
is directly related to Tskin to the fourth power. Additionally, 
Tskin is a boundary condition for the net temperature gra
dient through the sea ice, influencing C, and is a factor in 
the near-surface atmospheric temperature gradient, which 
influences Hs. 

-

-

We introduce these data by describing the three basic 
phases of the skin temperature annual cycle—cooling, 
warming, and melting. Surface cooling started on August 
30, 2020, and continued through the end of MOSAiC, 
with a short return to melt on September 13–14. Notably 
the location of these observations near the end of MOSAiC 
was on a different ice floe than the rest of the MOSAiC 
drift and at a different location relative to both the start 
and the end of that main drift, thus it is not clear when 
the cooling period started in the weeks prior to the initial 
start of MOSAiC. Tskin decreased through the cold season 
despite periodic increases linked to warm air advection 
events and cyclones that occurred, for example, in mid-
November and late February. The coldest temperature of 
−45oC was reached on March 4, 2020, a few days after the 

late February warm event when Tskin reached −10oC. 
Thereafter, Tskin warmed in steps, with a particularly 
significant warm air intrusion occurring in mid-April 
(e.g., Svensson et al., 2023), when the surface reached 
0oC for approximately 30 min and would not drop below 
−20oC for the rest of the expedition. Over the following 5 
weeks, multiple warm events pushed the surface toward 
the melting point, but consistent melt was not reached 
until May 25, 2020, coincident with an abrupt warming of 
5oC. Thereafter, Tskin typically remained close to 0oC for  
the melt season and melt pond development significantly 
modified the surface (Webster et al., 2022). During June, 
periodic cold events with Tskin reaching as cold as −4oC 
led to intermittent surface refreezing, sometimes allowing 
fresh snow to accumulate on ponded surfaces (Webster 
et al., 2022). Through July at the first MOSAiC ice floe and 
into August at the second, Tskin was typically within 1oC of  
the melting point. The various components of the SEB 
are intimately linked with this annual evolution of Tskin 
(e.g., Sledd et al., 2025). 

The general principles of the surface LW radiative bal
ance and its relation to atmospheric variability were dis
cussed in Section 3. When viewed over the annual cycle, 
LWN (Figures 4a, S5a, S5b) varied between strong 

-
-
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negative and weak negative values primarily on synoptic 
time scales that control cloudiness (5–10 days). Time 
series of cloud occurrence, LWP, and IWP (Figure S4) 
clearly reveal this variability. As discussed below, variability 
on similar scales is observed in most energy budget terms, 
demonstrating the important role of the Arctic atmo
spheric state. Under mostly clear skies, LWN reached min
ima of 

-
-

−50 to −60 W m−2, which were slightly more 
negative in April through July due to warmer surface 
temperatures and weaker temperature inversions. Under 
the thickest clouds, LWN was closer to 0 W m−2, with 
winter maxima around −10 W m−2. Summer maxima 
were higher, in part because the surface temperature and 
LW emission of melting sea ice were fixed while the atmo
sphere was periodically warmer than the surface. Part of 
this seasonal variation is also related to clouds being more 
dominated by ice in winter but by optically thicker liquid 
clouds in the moister and warmer summer (Figures S3, 
S4). While both the temperature and PWV increased from 
winter to summer, the moisture increase was more signif
icant, leading to a summer increase in relative humidity, 
which supported the monthly mean cloud fraction 
exceeding 85% from May through September. Thus, 
through most of these months the LWN was more often 
near 0

-

-

W m−2 than in its strongly negative state. 
Shortwave radiation (Figures 4a, S5a, S5c) was  not  

a factor for a significant part of the year, with the polar 
night at MOSAiC extending from early October to early 
March. Once present, solar radiation varied on temporal 
scales similar to LWN and cloudiness. While the daily-
average SWD reached nearly 400 W m−2 near the summer 
solstice, the surface SWN only reached a maximum around 
100 W m−2 due to the high surface albedo (Figure 4d). 
High values of SWN extended well into July, in part due to 
declining albedo. In spring, prior to surface melt, the 
albedo varied around 0.8 but started to decline in late 
May with the onset of snow melt and formation of melt 
ponds. A brief increase was observed in late June, coinci
dent with a refreeze and snow event (Webster et al., 2022). 
As the melt season progressed, the albedo declined to 
a low of about 0.5 in late July before increasing again 
during the last month of the expedition due to surface 
freeze and new snow, consistent with Light et al. (2022). 

-

Turbulent heat fluxes (Figures 4b, S6a) showed vari
ability that was often related to the impacts of clouds and 
radiation on the  skin  temperature (e.g., Persson et al.,  
2017; Solomon et al., 2023; Sledd et al., 2025), although 
at times the variability appeared to be stronger and/or 
unrelated to radiative drivers. 

-

Hl was typically weak and, 
on average, neutral through most of the cold season. It 
became generally positive in May and June, as the surface 
lost energy through evaporation when the near-surface 
RH was not yet saturated, thereafter returning to mostly 
weakly positive values through the end of the expedition. 
Hs varied by about an order of magnitude more than Hl in 
winter, but monthly average values were still quite weak 
and of the same order of magnitude as Hl. On average, Hs 
was near 0 W m−2 in winter, with periodic positive epi
sodes related to passing cyclones balancing frequent sur
face heating under surface-based temperature inversions. 

-
-

It transitioned to weakly positive in May and June as the 
near-surface temperature gradient (Figure S3b) dimin
ished along with increasing cloudiness. 

-
Hs was again small 

or weakly negative in July when the surface temperature 
was fixed at the melting point while atmospheric advec
tion was sometimes warmer than the surface. Additionally, 
there was a period of significantly positive 

-

Hs values in 
March that are discussed in Section 4.2. 

Conduction of heat through the sea ice (Figures 4c, 
S6c) was generally positive (upward) through winter, 
representing the transfer of heat from the warm ocean 
below up to the cold surface. Its magnitude varied with 
Tskin in response to atmospheric variability. As the surface 
started to warm in March, diminishing the temperature 
gradient through the ice, C also diminished. In summer, C 
became small as the system was in a state of melt, with 
a slight reversal of sign because of the vertical gradient in 
melting point between the fresh surface (0oC) and salty ice 
bottom (−1.8oC). Lei et al. (2022) showed a similar sea
sonal cycle of C at MOSAiC, although at coarser temporal 
resolution. 

-

The total atmospheric heat flux (Fatm) was significantly 
driven by Qnet, which was much larger than the net tur
bulent heat flux in all months except May, when 

-
Qnet 

transitioned from negative to positive with competing 
SW and LW effects while Hs and Hl were near their annual 
maxima. Qnet and Fatm both turned positive briefly during 
the mid-April warm air intrusion event, supported also by 
downward Hs. This event was followed by multiple late 
April and early May events when Qnet intermittently 
turned positive but Fatm did not always follow suit because 
of the damping effect of turbulent heat fluxes. From 
a daily-average perspective, Qnet turned consistently posi
tive on May 5 while 

-
Fatm did not do so consistently until 

May 13. During the heart of summer, Qnet reached maxi
mum values of 75–100 

-
W m−2 before again seasonally 

declining. MOSAiC’s fall deployment observed the transi
tion toward negative values at a different ice floe that was 
much further to the north. In this case, and opposite to 
the spring transition, 

-

Fatm reached negative values earlier 
than Qnet, with both turning consistently negative in the 
first couple days of September. 

The net  surface energy budget (Fsfc) represents the  
interplay between Fatm and C (Figures 4c, S6), with imbal
ances leading to changes in the surface layer temperature 
or melt. Since the magnitude of 

-

Fatm was generally larger 
than C in winter, Fsfc was typically negative and the surface 
lost energy (Figures 4c, S6c). Only during particularly 
thick cloudy conditions, with diminished surface radiative 
cooling, did C provide enough heat to overcome the neg
ative 

-
Fatm, leading to a warming of the surface interface. 

For much of March  into  early April,  Fsfc was markedly 
more negative due to the most extreme positive Hs values 
of the year, possibly due in part to leads (discussed in 
Section 4.2). 

Following Fatm, Fsfc became positive during the mid-
April warm air intrusion event with greatly diminished C 
and then varied near 0 W m−2 for the following 4 weeks. 
This was a period with little ice growth, but melt had not 
yet started (i.e., Lei et al., 2022). Fsfc turned consistently 
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positive just before Fatm on M ay 12,  aided by the  still
weakly upward C at the time. Shortly after this period, 
with increasing Fsfc, the near-surface C reversed itself and 
combined with the still upward C in the lower ice to warm 
the remaining cold core of the sea ice to its melting point 
during June (Lei et al., 2022). Additionally, by May 25 the 
surface reached its melting point (Figure 4d; as defined 
following Person, 2012), and the increase in Fsfc at the 
time contributed to snow melt through late June and ice 
melt thereafter. Peak Fsfc reached 100 W m−2 in late July. 
At the second MOSAiC ice floe, Fsfc exhibited a brief pos
itive period at the end of August, followed by consistent 
negative values associated with a system losing energy to 
the atmosphere through both radiation and turbulence 
during the start of freeze-up. 

 

-

This annual depiction of the SEB is broadly consistent 
with the few existing past SEB measurements over sea ice. 
At SHEBA (Persson et al., 2002), Fsfc was similar to 
MOSAiC, ranging from −20 to 0 W m−2 in winter, transi
tioning to consistently positive values in early May, and 
peaking near 100 W m−2 in summer. The primary differ
ences at SHEBA were winter C that was about half that of 
MOSAiC, likely due to thicker ice and snow, and signifi
cantly lower peak positive values of Hs during winter 
cloudy conditions. ASCOS measurements (Sedlar et al., 
2011) were coincident with the August–September period 
of MOSAiC, also showing weak positive Hs and Hl, a shift  
of C from negative back to positive, and the same transi
tion of Qnet from positive to negative at the beginning of 
September. N-ICE occurred during four different drifts 
covering parts of January through June (Walden et al., 
2017). It showed similar variability of Hs, although with 
generally smaller upward values in May and June than at 
MOSAiC. N-ICE experienced many winter warm air intru
sions with peak Tskin values warmer than −5oC, signifi
cantly warmer than those observed at MOSAiC, which 
was much farther north during winter, and SHEBA. Finally, 
Qnet at N-ICE turned positive about 1 week after MOSAiC. 

-

-

-

-

-
-

4.2. EC versus bulk turbulent heat fluxes 
Turbulent heat fluxes can be derived using EC or bulk 
approaches. EC estimates are considered most accurate 
because they represent direct measurements of the covari
ance of turbulent motions and changes in temperature 
(sensible) or moisture (latent). However, sonic anemome
ter measurements of turbulent winds and fast water vapor 
measurements can be difficult to implement because of 
numerous potential uncertainties (Cox et al., 2023e) and 
high sensitivity to icing on sensor heads, leading to mea
surement outages. Thus, bulk approaches based on 
Monin–Obukhov similarity theory that rely on simpler 
meteorological measurements are often used to ensure 
temporal consistency and continuity. However, such 
approaches assume information about, for example, sur
face roughness length to determine the relevant turbulent 
exchange coefficients. To capture the average bulk inter
actions, fixed values for related parameters are typically 
used, which may not represent the conditions at any spe
cific time and fail to represent temporal surface evolution. 
Additionally, the nature of the sampled domain can differ 

-

-

-

-

-

-

between these approaches based on the measurement 
perspective. EC measurements made at 4–10 m above the 
surface are influenced by a footprint that can extend hun
dreds of meters upwind of the measurement location, 
which may not represent the smaller, local area captured 
by some other energy budget measurements. The bulk 
approach relies on measurements at multiple heights, 
which may represent different spatial footprints. While 
a full assessment of the bulk versus EC approaches is 
beyond the scope of this study, we examine the implica
tions of one approach versus the other in terms of the 
impact on the estimated SEB. 

-

-

A period from March into early April, which experi
enced frequent lead activity during MOSAiC (see Supple
ment Text T3, Figure S7), is used to illustrate differences 
between the approaches. Time series of EC and bulk Hs are 
compared in Figure 5a, with supporting parameters in 
the rest of Figure 5. For illustration purposes, the original 
bulk Hs data (Cox et al., 2023e) have also been adjusted to 
remove a wind-dependent bias relative to the EC approach 
(see Supplement Text T3). The adjusted bulk Hs shows 
good agreement with the EC Hs at the beginning and end 
of the example case and periodically throughout. 

-
-

Significant divergence between the bulk and EC per
spectives, by up to a factor of 6 even after the wind adjust
ment, occurred when there was local lead activity within 
a few hundred meters of the measurement site (gray shad
ing in Figure 5). While this often resulted in an EC 

-
-

Hs that 
was significantly more positive (upward) than bulk, it 
sometimes caused the opposite. The sign of these differ
ences may be related to the vertical location of warm 
plumes emanating from leads relative to the specific 
tower instruments used for the two different approaches. 
For example, the plume could have direct interactions 
with the 10-m instrumentation but limited effect on the 
near-surface measurements that play a role in the bulk 
calculations. Overall, during this 35-day case, the EC Hs 
was, on average, 11 W m−2 greater than the original bulk 
Hs, equivalent to 27 MJ m−2 of total additional surface 
cooling. 

-

-

These comparisons illustrate the importance of consid
ering how the turbulent heat fluxes are derived. The orig
inal bulk Hs for MOSAiC (Cox et al., 2023e), derived using 
a mean surface roughness length from SHEBA, was gen
erally negative in winter with infrequent positive values 
(not shown). This bulk approach portrays a very stable 
Arctic system under persistent low-level temperature 
inversions, not unlike the results from SHEBA (Persson 
et al., 2002). A deeper look at MOSAiC EC results suggests 
that the bulk approach underestimates upward Hs. The 
wind-based adjustment applied here for illustration pur
poses leads to significantly less negative Hs, reveals a much 
less stable near-surface environment (e.g., Jozef et al. 
2023), and may help to inform improved bulk approaches. 
However, beyond this bias offset, there are other differ
ences between the approaches related to how the mea
surement systems interact with the physics of the 
atmosphere. The spatial footprint of individual measure
ments can be a factor leading to inconsistencies among 
perspectives. Leads are a feature of the sea ice 

-
-

-

-

-
-

-
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Figure 5. Example case highlighting differences in sensible heat flux estimates. A March-to-April time series of 3-
h running average (a) eddy covariance (red), original bulk (dashed blue), and adjusted bulk (solid blue) sensible heat 
flux (Hs), (b) 10-m wind speed (Wspd), (c) near-surface temperature gradient (T2 m − Tskin), (d) skin temperature (Tskin), 
and (e) net longwave radiation (LWN) from the Met City site. Periods with local lead activity in view of a Polarstern-
based camera pointed toward Met City are highlighted in gray, although no attempt has been made to determine to 
what extent these leads are upwind of the measurement site at any given time. 

environment and are thus part of the overall heat transfer. 
However, the rest of our SEB measurements do not suffi
ciently account for the spatial variability in surface type or 
related variability in energy transfer that may be captured 
by the EC Hs under the influence of leads. For example, 
LWU or C measurements do not represent open leads at 
all. Thus, while it is important to consider both perspec
tives on Hs, it is also important to note that these differ
ences will naturally lead to imbalances in the full SEB. 

-

-
-

5. Impact of clouds on the SEB and surface 
5.1. Atmospheric state effect 
Given this comprehensive quantification of the SEB, we 
return to the “atmospheric state effect” (E) introduced in 
Section 3.2 and thereby distinguish the contributions 
from OP and ST atmospheric states. The maximum and 
net atmospheric state effects (Equations 7 and 8) on the 
surface are given in Figure 6. The average, contributing 
fluxes for each state to E of many parameters are given in 
Figures S8–S11, along with state-dependent values for 
related atmosphere and cloud properties. As context, the 
ST state is more frequent from December through April, 

while the  OP  state is more  frequent in May  through  
November (Figure 6a). This annual cycle of cloudiness is 
consistent with the spring increase in liquid-containing 
clouds observed across the Arctic (e.g., Shupe, 2011; 
Cesana et al., 2012). 

From a radiative standpoint, clouds play the well-
established roles of warming the surface in the LW and 
cooling the surface in the SW. At MOSAiC, the maximum 
winter LW warming due to the OP state was about 35 W 
m −2 , increasing to nearly 60 W m −2 in summer 
(Figure 6b). This increase was due to both a summer 
decrease in LWN during ST conditions due to the weak
ened vertical temperature gradient and an increase in 
LWN during OP conditions due to a significantly increased 
atmospheric opacity (from more liquid water) and periodic 
temperature inversions over a fixed summer skin temper
ature (Figures S8b, S9b, S10b). The SW cooling effect of 
the OP state became increasingly negative as summer 
evolved reaching a maximum cooling near −60 W m−2 

in late July, before diminishing to near zero by the end of 
August. When combined, the cloudy OP state had a net 
radiative warming effect on the surface throughout the 

-

-
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Figure 6. Atmospheric state effect on surface energy budget parameters. Maximum (E, thick) and net (E*, thin) 
atmospheric state effect of the opaque state on various surface energy budget terms, including (a) the occurrence 
fraction of the opaque (OP, red) and semi-transparent (ST, blue) atmospheric states; (b) net longwave (LWN, blue), net 
shortwave (SWN, red), and net total radiation (Qnet, black); (c) sensible (Hs, red), latent (Hl, black), and conductive 
(C, blue) heat fluxes; (d) net atmospheric heat flux (Fatm, blue) and total surface energy budget (Fsfc, black); and (e) 
surface skin temperature (Tskin). Values are based on the difference in each parameter between the OP and ST states 
over 30-day running windows (E) as given in Figures S8–S11, or this same value scaled by the occurrence fraction for 
the OP state (E*) as given in panel (a). 
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whole year except during the second half of July when 
shortwave cooling became dominant. When taking the 
occurrence of the OP state into consideration, the net 
effects (E*) for all terms are decreased in magnitude, most 
significantly in winter. Compared to past estimates of 
cloud radiative forcing over sea ice computed in other 
ways (Intrieri et al., 2002; Stapf et al., 2021; Barrientos-
Velasco et al., 2025), these results capture similar general 
features although naturally reveal some key differences in 
magnitude as they account for the full impact of the 
atmospheric state variations. 

A rapid shift in the SWN cooling effect in early June 
before a return to the previous trend is related to an 
interesting period. Snow melt started on May 25 with an 
associated decrease in surface albedo (Figures 4d, S5d, 
S10f). After the initial decrease, the albedo stabilized, with 
Tskin 1–2oC below the melting point. On June 7, as a result 
of snowfall, the albedo increased by nearly 0.1 during an 
OP state. With this event, Tskin also increased up to the 
melting point, which led to the albedo eventually dimin
ishing again. A couple days later, the ST state occurred 
under lower albedo conditions. A similar process appears 
to have occurred again in the following days. The relatively 
lower average albedo during the ST conditions over this 
period led to relatively higher SWN than there would have 
been with a steady albedo, and thus more relative cooling 
of the surface during contemporaneous OP conditions. 
This pushed the radiative effect of the OP state briefly 
toward 0, earlier than it would have otherwise based on 
typical solar geometry. The system rebounded back to its 
previous slow decrease of Qnet, until it went fully negative 
in the middle of July. 

-

Before examining the other energy transfer terms, it is 
useful to consider E(Tskin). Due to surface radiative warm
ing, Tskin was warmer by up to 10oC during the OP state in 
winter compared to ST. This difference is somewhat less 
than the typical OP state warming observed during N-ICE 
(Graham et al., 2017). The warming effect diminished in 
late May as surface melt commenced, fixing the skin at the 
melting point and making it insensitive to atmospheric 
state variation. E(Tskin) again increased into the fall freeze-
up period. While some variability in E(Tskin) might  be  
expected due to interactions among different terms, its 
marked reduction in late March is a result of an interest
ing transition. A particularly warm OP event occurred in 
late February followed by generally colder OP periods, 
such that the average Tskin over the 30-day running win
dow for the OP state decreased through about March 22. 
Just following the February warm period was an extremely 
cold ST state followed by substantially warmer ST states, 
which led to a substantial increase in the 30-day running 
average Tskin more than a week before such an increase for 
the OP state, bringing the two very close to each other. 

-

-

-

In winter both E(Hs) and  E(Hl) were positive 
(Figure 6c), representing a surface cooling when the OP 
state occurred. E(Hs) reached maxima around 15–20 W 
m−2 while E(Hl) was typically less than a couple W m−2. 
These values indicate that in the OP state, the near-surface 
temperature gradient was diminished relative to the ST 
state (Figure S8b) and there was slightly more evaporation 

because the effect of warmer temperature outweighed the 
effect of more moisture (Figures S8a, S8d). If the bulk 
approach was used for deriving E(Hs), it diminished some
what in October and significantly in March, such that the 
overall winter value was quite steady at approximately 12 
Wm−2 (not shown). In May, E(Hs) diminished significantly 
until reaching approximately 0 W m−2 in late June as Tskin 
became fixed at the melting point, and the near-surface 
temperature structure became less influenced by the 
atmospheric state. As Tskin cooled into September, the 
E(Hs) surface cooling effect again reappeared. For E(Hl), 
the May transition represented a change in sign. In sum
mer, the OP state led to enhanced surface condensation 
relative to the ST state as the difference in near-surface 
temperature between states diminished but the difference 
in near-surface moisture remained (Figure S8). These 
atmospheric state effects for turbulent heat fluxes are 
similar in magnitude and variability to those from SHEBA 
(Intrieri et al., 2002), with seasonal differences in extreme 
values suggesting variable influence of specific events on 
each dataset. 

-

-

E(C) (Figure 6c) also underwent a significant annual 
cycle with some features that mirror other variables. Most 
important in this regard is Tskin, which effectively set the 
temperature gradient through the ice down to the approx
imately fixed ocean temperature in equilibrium with the 
ice bottom (−1.8oC). When the OP state occurred, Tskin 
warmed, diminishing the through-ice gradient and 
decreasing the upward C by 10 ± 5 W m−2 in winter. As 
with other terms dependent on Tskin, E(C) diminished dur
ing the summer melt season before becoming again neg
ative during the freeze-up. 

-

-
-

The atmospheric state effect on the net atmospheric 
flux and net SEB (Figure 6d) shows some related features. 
In winter, E(Fatm) generally remained around 20 W m−2, 
indicating that the OP state surface cooling effects on C 
and Hs did not fully compensate for the LW warming. Over 
this same period, E(Fsfc) showed a smaller warming than 
E(Fatm) because of the compensating cooling effect of C. 
The primary departure from the warming effect of the OP 
state on these two terms was in March during the period 
when Hs variability may have been influenced by leads. 
During this time, the EC Hs tended to have large positive 
peaks during OP conditions and large negative periods 
during ST conditions. If the bulk Hs is considered, the 
March dips in both E(Fatm) and E(Fsfc) are diminished sig
nificantly. Following the important May transition, the 
atmospheric state effect on turbulent and conductive heat 
fluxes diminished such that E(Fatm) and E(Fsfc) converged 
and were primarily driven by radiation. Thus, the early 
June SW event was also apparent in both terms, as was 
the transition to a net cooling effect in the second half of 
July. Following the late summer gap in observations, the 
OP effects on Fatm and Fsfc were at their annual maxima 
because the LW warming effect was still seasonally high, 
while the SW cooling diminished to 0, in part due to 
relocation of the observations further north, and the cool
ing effects of the turbulent heat fluxes had only started to 
increase. 

-

-
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Figure 7. Cumulative perspective on surface energy budget terms. Cumulative energy fluxes for (a) net longwave 
(LWN, red), net shortwave (SWN, blue), and total net radiation (Qnet, black); (b) sensible (Hs, red) and latent (Hl, blue) 
heat fluxes; (c) net atmosphere (Fatm, red) and conductive (C, blue) heat fluxes; and (d) the total surface energy flux 
(Fsfc, black) and the excess energy available for melt (red) from the total surface energy flux only at times when the 
skin temperature is greater than −0.5oC. In each panel, the thick solid curve is the total, while the thin solid curve is 
for the semi-transparent state and the dashed curve is for the opaque state. 

5.2. Cumulative SEB 
To understand the temporal evolution of the sea ice 
energy budget, it is informative to consider a cumulative 
perspective. Here, we introduce the cumulative energy 
fluxes for the first MOSAiC ice floe, which drifted from 
85oN, 130oE to 79oN, 4oW from October 10, 2019, 
through July 31, 2020 (Figure 7). The August–September 
part of the expedition was relocated to a different ice floe, 
such that cumulative fluxes across these two time periods 
do not represent the same region of ice. Consistent with 
the atmospheric state analysis, the contributions to 

cumulative fluxes from both atmospheric states are distin
guished to reveal the key roles played by each in the 
energetic evolution of the system. 

-

LWN radiation is the primary means through which the 
surface loses energy, promoting upward heat conduction 
and permitting ice bottom growth. That energy loss at 
MOSAiC was dominated by the ST state. Over the full 
9.5-month period the surface lost 6 times as much LW 
energy during the ST state compared to the OP state. For 
SWN, initially the ST state contributed more warming, due 
to the relatively more frequent occurrence of that state in 
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the early sunlit season. However, as the summer pro
gressed and the fractional occurrence of the OP state 
increased, its contribution to the overall solar heating of 
the surface surpassed the ST state, despite cloud shading 
effects. Qnet followed LWN until the end of March when 
the SW heating approximately offset the LW cooling for 
most of April, as the sea ice stopped growing, before over
whelming it through the rest of summer. During summer, 
the cumulative 

-

-

Qnet during ST conditions only slightly 
increased as the SW warming slightly outweighed the 
LW cooling in this state. For the OP state, the cumulative 
Qnet increased from May onward and went net positive in 
late May. Together, the full system showed an overall net 
radiative cooling of approximately 100 MJ m−2 by the end 
of the period, with a net warming of nearly 300 MJ m−2 in 
the OP state not fully compensating the nearly 400 MJ 
m−2 of cooling during the ST state. Had the time series 
been longer at the initial MOSAiC ice flow, we speculate 
that the total cumulative radiative flux would have shifted 
toward a net warming by mid-August before eventually 
trending back toward 0 MJ m−2 as the solar contribution 
waned. 

The cumulative turbulent heat fluxes showed an inter
esting story (Figure 7b). Hs was much more strongly 
dependent on the atmospheric state, largely responding 
to radiative impacts on the near-surface structure, with 
persistent surface cooling (positive) under the OP state 
and warming (negative) under the ST state. Through most 
of the winter until the end of April, these processes 
approximately offset each other leading to no net accu
mulated sensible heat. From May through the rest of the 
time series, there was little net change during the ST state, 
but Hs continued to cool the surface up to 30 MJ m−2 by 
mid-June during the increasingly frequent OP state. There
after, accumulated Hs did not change. Hl was generally 
small through most of the year (Figure 4b) with a weak 
sensitivity to the atmospheric state. In May and June, 
there was some net cooling by Hl, primarily due to surface 
evaporation during frequent summer OP conditions, even 
though evaporative cooling was more efficient during 
drier ST conditions. The striking finding is that the cumu
lative Hs and Hl were approximately the same magnitude 
by the end of July, despite taking markedly different 
courses to arrive there. However, if the bulk approach is 
used to derive these heat fluxes the story is quite different. 
In that case, Hs reached −110 MJ m−2 by mid-May and 
remain within about 10 MJ m−2 of that value until the end 
of the period (not shown). Again, this bulk perspective 
suggests a much more stably stratified lower atmosphere 
than is portrayed by the EC approach, with dramatically 
more turbulent surface warming. 

-

-

-

-

Adding the contributions from radiation and turbu
lence, we see that the cumulative atmospheric heat flux 
was strongly negative through mid-May, driven primarily 
by the ST state, while the OP state only contributed about 
20% of the net cooling of nearly 500 MJ m−2 over this 
time period. In mid-May, the ST cooling slowed and then 
started to slightly warm, while the OP state shifted toward 
significant warming driven by solar radiation. The total 
cumulative atmospheric heat flux started increasing at 

-

this time, ending the period at a net loss of 180 MJ 
m−2, contributed mostly by radiation but also significantly 
by the total turbulent heat flux. This atmospheric loss, 
when balanced against the net flux between the ocean 
and sea ice, determines the overall change in ice thickness 
(see Section 6). 

The surface cumulative C increased through winter, 
about 3 times as much during ST compared to OP condi
tions due to colder Tskin and a stronger temperature gra
dient through the sea ice at those times. This warming 
turned to mostly neutral for both states by May, with weak 
surface cooling thereafter as the temperature gradient 
through the  ice inverted.  The net  surface conductive  
warming of 320 MJ m−2 was about 70% during the ST 
state. 

-
-

-

Weighing the cumulative Fatm against C, we see  the  
evolution of the cumulative total SEB. Its steady negative 
trend over winter was driven largely by the ST state and 
surface LW radiative cooling, which made the total surface 
atmospheric cooling larger than conductive warming over 
this period. While both the cumulative Fatm and C reversed 
their trends after May, the change in Fatm was much stron
ger, leading to an increasing trend in the net cumulative 
Fsfc after mid-May. This shift was largely driven by SW 
warming under frequent, summer OP conditions, despite 
those OP conditions limiting the maximum potential SW 
warming. By the end of the 9.5-month period, the total 
cumulative Fsfc was positive (∼160 MJ m−2). While this is 
a net positive value, it does not represent the full sea ice 
energy budget, which will be discussed in Section 6. 

Considering just the periods when the surface temper
ature was at its melting point (Tskin > −0.5oC), the cumu
lative Fsfc, which is very close to the cumulative Fatm over 
this time, represents the atmospheric contribution to the 
“energy available for melt.” This quantity is equivalent to 
all the atmospheric energy that goes below the top surface 
of the snow or sea ice and includes the small amount of 
solar energy transmitted all the way into the ocean that 
indirectly impacts the ocean heat flux to the ice. This 
atmospheric energy for melt started to increase on May 
25 at melt onset and increased to about 250 MJ m−2 by 
the end of July (about 50 MJ m−2 of this was transmitted 
to the ocean below the ice). 

-
-

6. SEB and sea ice evolution 
The SEB and cloud state analyses provide a detailed 
accounting of how and why the atmospheric energy avail
able to the sea ice changed over the course of the MOSAiC 
expedition. One means for evaluating the quality of this 
analysis is to examine the consistency and closure 
between the sea ice energy and mass budgets. Here we 
again focus only on the continuous period from October 
through July. 

-

Ice growth and snow/ice melt are related to the total 
energy divergence or convergence, respectively, in the full 
snow/ice layer. Namely, 

ΔDi + ΔDsρ ( 1.0)= −/ρi s 

× (Fatm + Focn − Tr − ΔU ) / (Lf ρi), (9)
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where Di is the ice thickness, Ds is the snow thickness, Fatm 
is the net atmospheric heat flux, Focn is the ocean heat 
flux, Tr is the solar energy transmitted through the ice to 
the ocean, ρs is the snow density (300 kg m−3), ρi is the ice 
density (900 kg m−3), Lf is the latent heat of freezing 
(0.335 MJ kg−1), Δ represents a change in the given 
parameter, and U is the storage or internal energy of the 
sea ice, which is computed as a bulk approximation by 
analogy to the cold content (CC) equation at any given 
time as 

CC = ciρi(Di + Dsρs/ρi)(Tskin + Tocn)/2, (10)

where Tocn is the temperature at the ocean-ice interface 
(−1.8oC) and ci is the specific heat of ice (0.0021 MJ kg−1 

oC−1). CC represents the instantaneous bulk energy con
tent of the column relative to 0oC, and ΔCC = ΔU (e.g., 
Jennings et al., 2018). For both equations, snow depth is 
scaled to equivalent ice thickness by the ratio of snow and 
ice densities. Increases in snow depth during the accumu
lation season are not considered in the budget, which can 
lead to a small imbalance during snowfall. Equation 10 is 
a simplification of internal energy that inherently assumes 
a linear temperature profile from the bottom to the top of 
the ice or snow. In reality, variability of ice temperature in 
response to atmospheric variability decreases with depth, 
such that ΔU will be exaggerated by Equation 10. How
ever, when averaged over long timescales (many weeks) or 
accumulated over time, Equation 10 is a reasonable 
approximation. For the cumulative perspective, the CC 
at time zero is subtracted from the CC time series. 

-

-

-

As will be shown, the most significant term on the 
right-hand side of Equation 9 is Fatm, which, along with 
U and to some degree Tr, is directly derived from our 
measurements. To conduct the mass balance closure, the 
other terms must be approximated from observations 
reported by others. All relevant terms are shown in 
Figure 8. 

The evolution of sea ice thickness and snow depth was 
measured in multiple ways during MOSAiC including ice 
mass balance buoys (Lei et al., 2022; Perovich et al., 2023), 
thickness stake fields (Raphael et al., 2024), and repeated 
spatial transects using an electromagnetic induction 
device for total thickness and a Magnaprobe for the snow 
depth (Itkin et al., 2023). Each perspective measured a dif
ferent set of ice and snow conditions, with a wide range of 
ice thicknesses depending on ice age and deformation, 
and snow depths depending on redistribution around sur
face features. Here we distill this variable observational 
information in a way that is most representative of our 
energy budget observation locations, which were gener
ally on level, second-year sea ice. 

-

-

-

For the evolution of ice thickness (Figure 8c), Raphael 
et al. (2024) noted a median thickness of 0.66 m across 
many stakes installed in October on undeformed second-
year ice. A couple of weeks later, Lei et al. (2022) mea
sured a wider range of ice thicknesses, encompassing 0.66 
m, at a collection of buoys. The first observations from 
November 1 reported by Itkin et al. (2023) along the 
southern transect loop, which was primarily focused on 
level second-year ice, had a mean of about 0.7 m. Thus, we 

-

assume a starting ice thickness of 0.66 m. For the total ice 
growth by the end of the growing season we draw upon 
multiple perspectives: Raphael et al. (2024) reported an 
average ice thickness of approximately 1.95 m in early 
May, Lei et al. (2022) reported a mean ice bottom depth 
(not accounting for freeboard and snow) of approximately 
1.9 m in mid-May, Perovich et al. (2023; 2025) reported 
a maximum thickness at one buoy of approximately 1.9 m 
in mid-May, and Itkin et al. (2023) reported a mean ice 
thickness around 2 m in early May for the southern tran
sect. Given these values, we estimate an average maxi
mum ice thickness of 1.95 m in place from May 12 at 
the end of growth (Raphael et al., 2024) through June 7 
at the start of basal melt (Lei et al., 2022). Consequently, 
the mean ice growth rate for our representation of these 
observations is identical to the mean rate for second-year 
ice of 0.006 m d−1 (Raphael et al., 2024). Lei et al. (2022) 
reported an average melt of equivalent ice thickness of 
approximately 0.78 m until July 20, 0.07 m of which was 
the ice equivalent of the snow depth. To get to this point, 
we use information from Lei et al. (2022) to depict an 
initial slow loss of ice in June due to weak basal melt 
while the snow melted above. Sea ice melt accelerated 
after snow melt ended in late June. In Figure 8c, we give 
a ±0.35 m shading around the approximated mean evo
lution of the ice thickness to represent much of the var
iability, consistent with Lei et al. (2022); however, there 
were certainly regions of ice outside of this thickness 
range. 

-
-

-
-

For snow (Figure 8c), all five observational sources 
from the previous paragraph indicate a maximum snow 
depth between approximately 0.25 and 0.3 m. We adopt 
the average given by Lei et al. (2022) of 0.25 m, who also 
indicated little snow accumulation across multiple spring 
months, and an average snow melt out date of June 25. As 
discussed previously, snow melt onset was May 25. The 
accumulation of snow is not important here, as only 
the total depth and period of snow melt factor into the 
calculations. 

Ocean heat flux to the sea ice was small throughout 
winter, increasing into summer (Figure 8a). We adopt the 
multisite average from Lei et al. (2022), which included 
both Focn and Tr. This combined parameter was 4 W m−2 in 
mid-October, decreased to 1.5 W m−2 in early December, 
gradually increased to 4.5 W m−2 in early May, and then 
increased more rapidly into June. Perovich et al. (2023) 
suggest somewhat higher values at one site in June 
than Lei et al. (2022), so we adopt an average for mid-
June of 15 W m−2. Thereafter, both studies suggest a sub
stantial increase in Focn − Tr as the MOSAiC site neared the 
sea ice edge in July, but no clear summary statistics are 
provided. Thus, after consulting a summary of many ocean 
heat flux measurements (Krishfield and Perovich, 2005) 
we settled on a value of 65 W m−2 at the end of July, 
which is on the high end of their summer observations 
as expected near the ice edge. There is significant uncer
tainty in Focn − Tr at this time as the entire ice floe broke 
up on July 31. We extracted Focn from this combined term 
by adding our derived Tr, which was scaled to match 
Perovich et al. (2025). 

-

-
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Figure 8. Assessment of closure between see ice energy and mass budgets. (a) Time series of the net atmosphere 
(Fatm), ocean turbulent (Focn), top of ice conductive (C), and fully transmitted solar (Tr, multiplied by −1 to express as 
an energy loss) flux terms along with the flux equivalent to the change in sea ice internal energy (U) divided by 4. 
(b) Cumulative flux contributions for each term, including the total cumulative flux available to change ice thickness 
and/or melt snow (Fice). (c) Observed annual evolution of snow depth (red) and ice thickness (white) along with an 
approximation of its spatial variability across the MOSAiC domain (gray) all estimated from a collection of 
independent measurements, plotted along with the sea ice thickness calculated from the flux terms in panels 
(a) and (b) (solid turquoise). A second estimate of the sea ice thickness using the bulk Hs is also included (dashed 
turquoise). (d) The measured sea ice skin temperature (Tskin). 

Daily-average fluxes for all key terms are summarized 
in Figure 8a, with cumulative fluxes in Figure 8b. The 
dominant flux during most of the year was Fatm, which 
consistently cooled the surface in winter and warmed it 
after mid-May, ending the full period with a net loss of 
about 180 MJ m−2. Focn contributed little heat to the sea 
ice until it started to increase in May, resulting in a net 
warming over the full period of 250 MJ m−2. Variability in 

sea ice internal energy followed variability of Tskin 
imparted by atmospheric processes. The cumulative U 
became somewhat negative through winter as the ice 
cooled but then increased back to slightly positive net 
values in mid-May and beyond due to net warming and 
thickening. Tr started to become appreciable in mid-June 
as the weakly transmissive snow diminished and 
accounted for 43 MJ m−2 of total sea ice heat loss by the 
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end of July. When combined, the cumulative total energy 
available for ice growth and snow/ice melt (Fice) was dom
inated by Fatm in winter when Focn and U were small. The 
difference between Fice and Fatm increased through sum
mer as U diminished and Focn outweighed Tr. By the end of 
July, the cumulative Fice slightly exceeded 0 MJ m−2, 
implying that the ice was slightly thinner than the initial 
ice thickness in October. 

-

-

The time series of ice thickness calculated from these 
fluxes using Equation 9, and initiated at the same starting 
ice thickness, closely follows the mean ice thickness evo
lution derived from independent physical observations. 
While the calculated time series portrays temporal 
changes in ice growth rate related to atmospheric variabil
ity, the mean growth rate over the full growth season is 
remarkably similar to the observed. The maximum calcu
lated ice thickness is slightly larger than observed, but well 
within the expected range. The May–June time frame is 
also not perfectly represented. While there is significant 
variability and uncertainty in the observed ice melt at this 
time, the suggestion is that the calculated ice thickness 
begins to decline too quickly, possibly due to overesti
mated Focn or Fatm that starts to increase too quickly. 
Overall, however, the closure between calculated and 
observed ice thickness is striking. 

-

-

-

-

For comparison, the ice growth and melt cycle was also 
calculated using the original bulk Hs in Fatm. Results  
(Figure 8c) show an ice cycle that is vastly different from 
the observed, with a winter growth rate that is underesti
mated by about 30%. This comparison suggests that the 
EC version of Hs is substantially more consistent with the 
rest of the measurements than the bulk version. 

-

One last aspect of this closure study is to examine the 
net growth and melt season balances. Here we delineate 
these by the date of May 13; while snow melt did not start 
until May 25, the system was in approximate steady state 
during the intervening period, and May 13 was the time of 
thickest sea ice. During growth season, the cumulative 
fluxes of Fatm (−481 MJ m−2), Focn (57 MJ m−2), Tr (0 MJ 
m−2), and the change in U (3 MJ m−2) total −427 MJ m−2 

that went into ice growth. However, since ice growth 
occurs only at ice bottom, the cumulative derived C at the 
surface (347 MJ m−2) was approximately 130 MJ m−2 too 
small to move all necessary heat from the ice bottom to 
the ice/snow top, which was the source of cooling. We do 
not understand the cause of this 28% deficit as estimated 
errors in the temperature gradient through the ice/snow 
or the assumed thermal conductivities of ice and/or snow 
are not large enough to make up the difference. Some 
contribution may be related to the Hs, which was at times 
influenced by vertical heat transfer through leads that was 
not consistent with other measurements. 

When considering the melt season from May 13 
through July 31, there is a different balance. The cumula
tive fluxes of Fatm (302 MJ m−2), Focn (197 MJ m−2), Tr (42 
MJ m−2), and the change in U (7 MJ m−2) totaled 450 MJ 
m−2, of which  25  MJ  m−2 melted snow and the rest 
melted sea ice. The cumulative C was −8 MJ m−2. By  
considering the budgets at the sea ice top versus bottom, 
the top had approximately 66% of the total energy for 

-

melt, while the bottom had 34%, in agreement with Lei 
et al. (2022). 

By partitioning the contributions to the ice thickness 
change calculated using Equation 9 by atmospheric state, 
and assuming Focn is independent of atmospheric state, 
approximately 79% of ice growth happened during the ST 
state, which occurred for 57% of the growth season. This 
implies an ice growth rate that is about 2.8 times larger 
during the ST compared to the OP state due to more 
intense surface cooling. On the other hand, 90% of the 
total melt happened during the 77% of the time the OP 
state occurred from May 13 through July 31, implying 
a melt rate that is about 2.7 times larger during the OP 
state compared to the ST state due to more net warming 
under OP conditions (e.g., Figure 6d). These comparative 
rates are approximately proportional to the two states’ 
relative slopes of seasonally cumulative Fatm (Figure 7c), 
as the biggest atmospheric contributor to ice thickness 
change. 

7. Discussion and conclusions 
The SEB is central to an Arctic system in a state of rapid 
change. Here, we have leveraged a collection of particularly 
rare measurements over the central Arctic sea ice during 
the MOSAiC expedition to characterize the annual variabil
ity of the SEB and examine how it is impacted by the two 
dominant radiative states of the Arctic atmosphere. 

-

The bimodal nature of the Arctic atmosphere is distin
guished into the ST and OP states based on surface net 
longwave radiation (e.g., Stramler et al., 2011). This study 
utilizes a suite of cloud and meteorological observations 
made on and around Polarstern to explore important 
details that characterize fundamental cloud and atmo
sphere properties of each state. It was found that over the 
course of the MOSAiC observational year each state 
occurred approximately half of the time, with seasonal 
variation. The ST state occurred more frequently in the 
long winter, while in May there was a marked transition 
toward more frequent OP conditions through late fall. 

-

-

The presence or absence of liquid water is a first-order 
control on Arctic atmospheric radiation (Shupe and 
Intrieri, 2004) and thus the atmospheric state. MOSAiC 
observations reveal that the OP state typically contained 
cloud liquid water, while the ST state did not. However, 
ultimately the states are determined by the overall opacity 
of the atmosphere, which is in principle independent of 
cloud phase. Indeed, 21% of OP state occurrences did not 
contain liquid water but instead contained significant 
cloud ice. This ice generally occurred in larger amounts 
during the OP state but also occurred during the ST state. 
Coincident with its cloudier conditions, the OP state often 
had substantially more PWV, more frequent warm tem
peratures, and a distribution of near-surface temperature 
gradient centered near zero (i.e., near neutral). The ST state 
occurred under primarily stable near-surface stratification, 
except during mid-summer. Interestingly, there was no 
strong dependence of atmospheric state on surface pres
sure. Only in January–April did the less frequent OP state 
occur under average surface pressure that was at least 
5 hPa lower than the ST state. The limited influence of 

-

-
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pressure on atmospheric state may be due to the diversity 
of circulation patterns in the Atlantic sector of the Arctic, 
compared to the more static large-scale pressure pattern 
in the western Arctic. 

SEB measurements were made at multiple sites across 
the MOSAiC domain with a combination of attended and 
semiautonomous systems. These measurements spanned 
the full MOSAiC year, apart from a period in August when 
Polarstern was relocated and the instrumentation was 
temporarily brought onboard. Importantly, a semiautono
mous station was able to bridge an earlier gap when 
Polarstern also left the sea ice, enabling essential measure
ments of the spring melt onset. Due to recent technolog
ical advances in many aspects of the measurement system, 
these data are of high quality relative to past energy 
budget measurements over sea ice (e.g., Persson et al., 
2002). Thus, the derived dataset (Cox et al., 2023e) can 
reasonably be considered the most comprehensive and 
high-quality SEB product available for the Arctic sea ice 
domain. However, the drifting nature of the observations 
in this “sea ice Lagrangian” perspective must be kept in 
mind when interpreting the results and should not be 
confused with an Eulerian perspective from a fixed loca
tion in space. 

-

-
-

-

The SEB went from weakly negative during ice growth 
in winter, turning significantly positive starting on May 12 
through the melt season, before returning to negative 
values by the end of August with the onset of surface 
freeze. SEB variability was largely driven by radiation but 
influenced by many processes. Such variability played out 
on synoptic time scales (days up to 1 week) where 
atmosphere-driven perturbations to surface radiation led 
to co-variability in other energy budget terms. Addition
ally, the seasonal cycle of insolation and the relationship 
of Tskin to the melting point drove significant regime shifts 
in energy partitioning across the system. Sledd et al. 
(2025) provide a detailed quantification of the process 
interactions among SEB terms that played out on synoptic 
and seasonal time scales. 

-

To explore the influence of atmospheric state on the 
SEB and other terms, we defined the atmospheric state 
effect (E) to delineate the maximum impact of the OP 
state on a given parameter relative to the ST state. While 
in some ways analogous to cloud radiative forcing, this 
parameter considers all concomitant variability of the 
atmosphere that includes cloudiness, moisture, and tem
perature. Importantly, this approach allows for an analysis 
of the effect on all terms not just radiation. To our knowl
edge this type of approach has not been previously 
applied to the complete SEB. 

-

-

The atmospheric state effect on SEB terms at MOSAiC 
underwent important seasonal variations that are strongly 
constrained by the ability of Tskin to respond to atmo
spheric perturbations (non-melt season) or not (melt sea
son). These distinct surface regimes allow us to generalize 
the atmospheric interactions with the central Arctic sea 
ice surface during the ice growth versus melt seasons. The 
following general results neglect sub-seasonal variations 
that are often the result of specific events. During winter 
ice growth, the typical E(LWN) was approximately 35 W 

-
-

m −2 (surface warming), E(Hs) was 1 5  W m − 2 (cooling), 
E(H ) l was 1 W m−2 (cooling), and E(C) was −10 W m−2 

(cooling), resulting in a net atmospheric warming effect of 
20 Wm−2, and a net total surface energy flux effect of 10 
W m−2. Tskin was approximately 8oC warmer under  OP  
conditions. At this time of year, the system represented 
a radiative-turbulent-conductive balance, coupled via Tskin, 
which during this season was typically cold and responsive 
to perturbations. In winter, the fluxes were heightened 
(larger in magnitude) under the ST state because of stron
ger stratification and steeper near-surface temperature 
gradients caused by efficient surface radiative cooling. 
Nearly all accumulated winter surface cooling occurred 
during the ST state, with little during the OP state. 

-

With the onset of sunlight in March, the system began 
a transition toward its summer, melt state. E(LWN) 
became increasingly positive, counteracting the increas
ingly negative E(SWN) as the sun rose higher in the sky 
and the surface albedo declined. By early May, Qnet turned 
positive and E(Qnet) started to decrease as the solar effect 
became dominant, eventually turning net negative during 
the second half of July as the OP state briefly cooled the 
surface. During the spring transition, the magnitudes of Hs 
and Hl both increased, while C decreased, but the atmo
spheric state effect for all these terms diminished substan
tially as Tskin approached the melting point and became 
unresponsive to variations in atmospheric state. As a result, 
E(Fatm) and E(Fsfc) converged on E(Qnet), and the system 
arrived at a primary balance between radiation and sur
face melt. Overall, surface warming via SWN drove most 
summer melt, with most of this net SW warming occur
ring during the frequent OP state despite its tendency to 
shade the surface from sunlight relative to the ST state. 
Thus, while the ST state dominated winter cooling, the OP 
state dominated summer warming. 

-

-
-

-

-

One other aspect of the energy budget is particularly 
interesting. Cumulatively, Hs and Hl had approximately 
the same net impact of 0 MJ m−2 on the surface during 
the winter growth season and both cooled the surface by 
approximately 30 MJ m−2 during the transition to sum
mer melt. The May increase in both terms resulted from 
increased positive contributions from the increasingly fre
quent OP state. However, in winter, while Hl was always 
small, Hs was highly variable, striking a remarkable cumu
lative balance between surface warming under strong 
near-surface stability in the ST state and surface cooling 
during periodic storms and cloudiness in the OP state. This 
result contrasts with those from SHEBA (Persson et al., 
2002) where negative winter Hs led to a net surface warm
ing of about 75 MJ m−2 over the ice growth season. Thus, 
while the canonical notion from past observations is that 
the Arctic winter is highly stably stratified, the balance 
between downward and upward Hs at MOSAiC suggests 
a softening of that view. 

-

-

-

-

The overall quality of the SEB measurements and 
derived products was exhibited through surface energy 
and mass budget closure. While there was a great deal 
of spatial and temporal variability at MOSAiC, which poses 
a challenge for closing any budget, the changes in sea ice 
thickness implied by the SEB measurements matched 
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remarkably well with independent observations from 
multiple sources. Observations (Raphael et al., 2024) and 
calculations nearly identically agree on an average winter 
ice growth rate of 0.006 m d−1. This closure analysis not 
only demonstrates the consistency and high quality of the 
measurements but also reveals an important achievement 
in synthesis across many different measurement systems 
and programs at MOSAiC. Additionally, the strong season
ally counteracting influences of the OP versus ST states, 
with ST showing a 2.8 times larger ice growth rate and OP 
showing a 2.7 times larger ice melt rate, suggest that any 
significant change in temporal fractionation of these 
states would have a dramatic impact on the annual evo
lution of sea ice thickness. 

-

-

Despite reasonable closure in this case, observational 
challenges remain when considering the SEB of Arctic sea 
ice. One challenge involves combining different measure
ments that represent distinct spatial footprints that may 
be comprised of variable snow depth and ice thickness, ice 
structural properties, melt ponds, and open water, each 
with distinct heat transfer properties. This point was high
lighted at MOSAiC by the differences between turbulent 
heat fluxes derived using the EC approach versus a bulk 
approach that we believe is the best distillation of past 
research. When applied to MOSAiC observations, the EC 
approach provided a substantially more positive average 
Hs that resulted in excellent closure with the sea ice mass. 
The bulk approach yielded results that were more similar 
to SHEBA (Persson et al., 2002) yet did not compare well 
with the observed variation of ice thickness. A comprehen
sive study comparing EC and bulk approaches is needed to 
delineate the differences between the two perspectives 
and to improve the bulk approach based on this new 
MOSAiC data. 

-

-

-

¨

Overall, the MOSAiC dataset represents an important 
advance in our understanding of the central Arctic SEB. 
This high-quality dataset has already been used to evalu
ate a wide variety of models (Heinemann et al., 2022; 
Herrmannsdorfer et al., 2023; Pithan et al., 2023; Solo
mon et al., 2023; Schnierstein et al., 2024; Sledd et al., 
2025) and satellite observations (Huang et al., 2022). Yet 
these observations offer only a singular perspective on the 
annual cycle at one drifting location in the Arctic sea ice. 
The question remains how representative these measure
ments and findings are of the broader Arctic sea ice 
domain now and into the future. With so few observations 
of this type, the community needs many more measure
ments with which to better understand spatial and inter-
seasonal variability, to ascertain how surface heterogeneity 
impacts energy transfer on the aggregate scales repre
sented in models, and to identify the evolving role of SEB 
processes in continued Arctic change. To this end, more 
efforts should be given toward development of autono
mous technologies for measuring the SEB with high fide
lity in challenging polar environments. 

-

-

-

-

-

-
-

Appendix A. Parameters, variables, 
and symbols 

Ac: cloud occurrence fraction, % 

Aop: fractional occurrence of the opaque atmospheric 
state, fraction 

C: conductive heat flux upward at top of sea ice/snow, 
positive upward, W m−2 

Cb: conductive heat flux upward from bottom of sea 
ice, positive upward, W m−2 

CC: cold content, MJ m−2 

ci: specific heat of ice, assumed to be 0.0021 MJ kg−1 

oC−1 

Di: thickness of sea ice, m 
Ds: depth of snow, m 
E(P): maximum atmospheric state effect on parameter 

P, units of P 
E*(P): net atmospheric state effect on parameter P, 

units of P 
Fatm: net atmospheric heat flux at surface, positive 

downward, W m−2 

Fbot: net energy flux density at the sea ice bottom, 
positive upward, W m−2 

fn: weighting for near-infrared portion of transmitted 
solar flux, assumed to be 0.4 

Fnet: net energy budget of sea ice/snow, positive down
ward, W m−2 

-

Focn: ocean to ice turbulent heat flux, positive upward, 
W m−2 

Fsfc: net energy flux density at surface, positive down
ward, W m−2 

-

fv: weighting for visible portion of transmitted solar 
flux, assumed to be 0.6 

Hl: surface latent heat flux, positive upward, W m−2 

Hs: surface sensible heat flux, positive upward, W m−2 

In: sea ice surface transmission parameter for near-
infrared wavelengths, assumed to be 0.37 

Io: snow surface transmission parameter for all wave
lengths, assumed to be 0.3 

-

IWC: ice water content, g m−3 

IWP: ice water path, g m−2 

Iv: sea ice surface transmission parameter for visible 
wavelengths, assumed to be 0.95 

ki: thermal conductivity of sea ice, assumed to be 2.0 W 
m −1 K−1

Kin: sea ice extinction coefficient of near-infrared wave
lengths, assumed to be 4.6 m−1 

-

Kiv: sea ice extinction coefficient of visible wavelengths, 
assumed to be 0.72 m−1 

Ks: snow extinction coefficient of all wavelengths, 
assumed to range from 3 to 16 m−1 

ks: thermal conductivity of snow, assumed to be 0.4 W 
m −1 K−1

Lf: latent heat of freezing, assumed to be 0.335 MJ kg−1 

LWC: liquid water content, g m−3 

LWD: downwelling longwave radiative flux at the sur
face, W m−2 

-

LWN: net longwave radiative flux at the surface, posi
tive downward, W m−2 

-

LWP: liquid water path, g m−2 

LWU: upwelling longwave radiative flux at the surface, 
W m−2 

M: mass of the sea ice/snow, kg 
OP: opaque state of the atmosphere 
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P2 m: atmospheric pressure at 2 m height, hPa 
Pop: average value of a parameter P during the opaque 

atmospheric state, units of P 
Pst: average value of a parameter P during the semi

transparent atmospheric state, units of P 
-

PWV: precipitable water vapor, kg m−2 

Qnet: net radiative flux at surface, positive downward, W 
m −2

RH2 m: relative humidity at 2 m height, % 
SEB: surface energy budget, equivalent to Fnet, positive 

downward, W m−2 

ST: semi-transparent state of the atmosphere 
SWD: downwelling shortwave radiative flux at the sur

face, W m−2 
-

SWN: net shortwave radiative flux at the surface, posi
tive downward, W m−2 

-

SWU: upwelling shortwave radiative flux at the surface, 
W m−2 

T2 m: atmospheric temperature at 2 m height, oC 
Tocn: ocean temperature at sea ice bottom, assumed to 

be −1.8oC 
Tr: transmitted solar flux, positive downward, W m−2 

Tskin: surface skin temperature, oC 
TWP: total condensed water path, g m−2 

U: internal energy or storage of the sea ice/snow, MJ 
−2m 

α: surface broadband albedo, unitless 
ρi: density of sea ice, assumed to be 900 kg m−3 

ρs: density of snow, assumed to be 300 kg m−3 
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