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tools and methods

ABSTRACT

The wintertime central Arctic atmosphere comprises a radiatively clear and a radiatively opaque state, which are linked to syn-

optic forcing and mixed-phase clouds. Weather and climate models often lack process representations surrounding these states,

but prior work mostly treated the problem as an aggregate of synoptic conditions, resulting in partially overlapping biases. Here,
we disaggregate the Arctic states and confront ERAS5 reanalysis with observations from the MOSAiC campaign over the central
Arctic sea ice during winter 2019/2020. Low-level winds and liquid water path (LWP) are combined to derive different synoptic

classes. Results show that the clear state is primarily formed by weak/moderate winds and the absence of liquid-bearing clouds,
while strong winds and enhanced LWP primarily form the radiatively opaque state. ERAS5 struggles to reproduce these basic
statistics, shows too weak sensitivity of thermal radiation to synoptic forcing, and overestimates thermal radiation for similar

LWP amounts. The latter is caused by a warm bias, which has a pronounced inversion structure and is largest in clear and calm

conditions. Under strong synoptic forcing, the warm bias is constant with height and discrepancies in mixed-phase cloud altitude

appear. Separating synoptic conditions is regarded as useful for process-oriented evaluation of the Arctic troposphere in models.

1 | Introduction

Walsh and Chapman (1998) and Vihma and Pirazzini (2005)
showed that winter surface air temperatures over the central
Arctic sea ice depend on both cloud and wind speed condi-
tions, with a 15K difference between the warmest (cloudy sky,
strong wind) and coldest (clear sky, light wind) conditions. They
also showed that wind changes (strong vs. light) cause similar

temperature variations to the difference between cloudy and
clear sky. Responsible processes include the control of cloud
conditions by the synoptic weather situation as well as radia-
tive fluxes and their interactions with clouds and the surface.
Subsequently, Stramler et al. (2011) defined two synoptically
driven distinct Arctic winter states over sea ice: warm cloudy
(radiatively opaque, including mixed-phase clouds) and cold ra-
diatively clear states, characterized by radiative surface cooling
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and surface energy balance close to zero, and elevated inver-
sions versus strong surface radiative cooling, negative surface
energy balance, and surface-based temperature inversions
(SBIs), respectively.

To better simulate the Arctic climate, an adequate understanding
of the key processes regarding clouds and atmospheric boundary
layer (ABL) dynamics over sea ice, and their controlling factors,
such as synoptic forcing, is crucial. Previous observational studies
have reported on links between atmospheric synoptic transport,
cloud phase, and surface energy fluxes in winter (Tjernstrom and
Graversen 2009; Persson et al. 2017). Related to this, the bimodal
distribution in surface variables (net longwave radiation, tempera-
ture, wind) associated with the two states has been demonstrated
for different regions of the Arctic (Stramler et al. 2011; Graham
et al. 2017; Solomon et al. 2023). Most analyses focused on the
different inversion characteristics (Stramler et al. 2011; Pithan
et al. 2014), while the impact of these two states on the atmospheric
vertical structure has rarely been studied. The existing studies
often lack consideration of synoptic forcing, reporting biases in the
aggregate of conditions or continuously (Day et al. 2024), although
Persson et al. (2017) highlighted the role of synoptic variability
by showing the dependency of related processes on two extreme
(wet, dry) cloud liquid conditions. Here, diagnosing the synoptic
forcing using co-varying subsets of wind-cloud conditions allows
for the evaluation of the role of synoptic activity in producing the
noted bimodality in atmospheric variables. ERAS is one of the
most advanced reanalyses regarding data assimilation and tem-
poral resolution, and it indicates improved performance in the
Arctic compared to other reanalyses (e.g., for wind fields, Graham,
Hudson, et al. 2019; Graham, Cohen, et al. 2019). However, poor
representation of sea ice (Arduini et al. 2022) and mixed-phase
clouds limits key process representations over sea ice in winter,
namely longwave radiation, surface temperature, turbulent heat
fluxes, and SBIs (Graham, Cohen, et al. 2019; Herrmannsdorfer
et al. 2023; Svensson et al. 2023)—which are biased in all
reanalyses.

This paper addresses the following questions:

1. What is the signature of different cloud-liquid and wind
regimes in the two wintertime ABL states?

2. How well are radiative processes and characteristic ther-
modynamic structures for each regime represented in a
state-of-the-art atmospheric reanalysis?

For this, we compare ERAS5 with observations from the
Multidisciplinary drifting Observatory for the Study of Arctic
Climate (MOSAIC) icebreaker expedition over the Central
Arctic sea ice (Shupe et al. 2022) during November 2019-
March 2020.

2 | Data and Methods
2.1 | Observations (OBS)
We utilize MOSAiIC measurements from Met City (see Shupe

etal. (2022) for details) on the sea ice adjacent to RV Polarstern for
hourly means of longwave net (LWnet), downward (LWdown),

and upward (LWup) radiative fluxes and 10 m wind speed (U10)
(Cox et al. 2023). Hourly averages of liquid water content (LWC),
liquid water path (LWP), ice water content (IWC), and ice water
path (IWP) were retrieved using the Shupe-Turner approach
(Shupe et al. 2015; Shupe 2022) combining multiple sensors op-
erated onboard Polarstern. IWC and LWC have a vertical res-
olution of 50m. Individual retrievals have an uncertainty of
49%-72% (5-25gm~2) for LWC and 62%-100% for IWC, respec-
tively (Shupe et al. 2005, 2015). Corresponding (closest in time)
temperature profiles are taken from Dahlke et al. (2023) where
6-hourly radiosondes and the 10-m tower are quality-controlled
and blended to provide consistent profiles from the surface
through the troposphere. Those have a vertical resolution of
5m; below 10 m, however, observations are available at 0 m (skin
temperature) and approximately 2 and 6 m.

2.2 | ERAS5 Reanalysis

The same parameters as in the observations were extracted from
hourly ERA5 atmospheric reanalysis (Hersbach et al. 2020) at
0.28125 degrees resolution, from which the grid point closest to
MOSAIC was selected to match the observations each hour. For
comparison, ERAS profiles are linearly interpolated onto the
same vertical axis as in the observations.

2.3 | Combined Synoptic Classes

We construct three “cloudiness” and three “windiness” classes
based on rank-ordered observed U10 and LWP. This separation
enables analysis of different combinations of wind and LWP
classes—for example, contrasting liquid-bearing clouds under
calm versus windy conditions. Information on the classes is
summarized in Tables 1 and S1. While the U10 thresholds fol-
low the inter-quartile range, the ones for LWP are somewhat
arbitrary. This is because LWdown and LWP are related non-
linearly (Shupe and Intrieri 2004); for example, as little as 1 gm—2
LWP has a noticeable impact on LWdown (Figure S1), but more
than 50% of OBS show 0gm~2. Conversely, mixed-phase clouds
typically become radiatively opaque already around 30-35gm™—2
LWP (Shupe and Intrieri 2004; Persson et al. 2017). Based on
these relations, and to ensure acceptable sample sizes for each
class, the thresholds of 1 and 10 gm~—2 were selected, respectively
(Figure S2). We note that LWP uncertainty of individual re-
trievals exceeds those thresholds. However, we employ hourly
averages, and furthermore, average over broad synoptic classes,
which reduces the actual uncertainty and strengthens the ro-
bustness of class averages for selected parameters. To justify our
approach, the clear impact of LWP on LWdown appears statis-
tically detectable (Figure S1), even for bin sizes of 1gm=2. The
LWP>10gm~2 condition agrees with the “wet” classification
in Persson et al. (2017). Although low-level ice water in mixed-
phase clouds also interacts with longwave radiation, we did not
consider it in the construction of our classes, as its impact due to
the lower optical depth is generally smaller than that of liquid
water (Persson et al. 2017).

We also computed large-scale temperature advection to charac-
terize synoptic forcing, but the results were difficult to connect
to local observations; hence, this predictor was regarded as too
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TABLE1 | Parameter thresholds and overview for classifications.

Parameter Threshold Percentile Meaning Nomenclature
U10 <3.1ms™ <25th Calm wWo
3.1-8.2ms! 25th-75th Windy w1
>8.2ms™! > 75th Very windy w2
LWP <lgm™ <66th Clear Co
1-10gm— 66th-82nd Cloudy C1
>10gm~ >82nd Very cloudy C2

unspecific for our disaggregation. We provide some discussion
on this in the Supplement.

2.4 | Longwave Radiation and Synoptic Classes

Figure 1 shows how the combined LWP versus U10 classes con-
tribute to longwave radiation components in OBS and ERAS.
One can see the well-known bimodality in the observed LWnet
distribution, with one peak around —40 Wm~™2 representing the
radiatively clear state and the radiatively opaque state with a
second peak around —5Wm™2 (0Wm™2 in Stramler et al. 2011).
ERAS5 lacks this bimodality and has a positive LWup bias caused
by a surface warm bias, as previously reported (Batrak and
Miiller 2019; Herrmannsddrfer et al. 2023). Here we extend upon
this concept to show how those aspects of the longwave radia-
tion components relate to certain combined synoptic classes. As
expected, C1 and especially C2 classes strongly contribute to the
radiatively opaque sector of the LWnet distribution—a clear in-
dication of the radiative impact of liquid-bearing clouds (Shupe
and Intrieri 2004; Morrison et al. 2012). In keeping with Walsh
and Chapman (1998), W2 classes altogether also tend to favor
the radiatively opaque state—a phenomenon fundamentally cap-
tured by ERAS. In OBS, however, W2CO0 contributes roughly the
same to this LWnet peak as W2C1-W2C2 together, while ERAS
is mostly representative of W2C0. Notably, the sub-classes are
qualitatively distributed as expected in ERAS in terms of the
transitioning preponderance from one extreme to the other, even
if the distribution shape differs between ERA5 and OBS. This is
in part consistent with an underrepresentation of LWP in ERAS,
reflected as lower occurrence of C2 classes in the right-side of
the distribution. A complicating factor is that in both OBS and
ERAS, the radiatively opaque state can also occur in the absence
of liquid water, especially for W2 classes. Under such strong
synoptic forcing, ice clouds (Miller et al. 2015), water vapor and
advected warm air are often enhanced in the lower troposphere
and impact LWdown as well. On the left side of the distribution,
W1 and WO classes essentially form the occurrence peak of
the radiatively clear state—this is only partially represented in
ERAS5. ERAS resembles the overall shape of the observed LWup
distribution, but the reanalysis’ prominent surface warm bias re-
flects in a median LWup overestimation by 11 Wm~2 compared
to OBS. Specifically, the frequently observed minimal LWup
estimates of 170-180 Wm~2 for the WOCO class are uncommon
in ERAS. Figure 2 provides a more comprehensive assessment
of the average longwave radiation characteristics associated
with each class. Consistent with Figure 1, LWup, LWdown and

LWnet all show a proclivity to decrease as windiness and cloud-
iness decrease. ERAS consistently underestimates LWdown for
all C2 classes, which is due to underestimated LWP of about
20-25gm~2 and hence, lower emissivity. Figure S3 supports this
finding, showing that average LWP for the C2 classes is lower
in ERAS than in OBS and averages around 15-25gm™2, a range
where LWdown is sensitive to LWP (Figure S1), hence explaining
the negative LWdown bias. Figure 2 also indicates that in ERAS,
occurrence of these C2 classes is underrepresented by about
2%-5%. In contrast to C2 classes, ERAS5 overestimates LWdown
for all other classes. Figure 2 indicates that this is not due to a
positive LWP bias of ERAS5 that would enhance emissivity, but
as evident from Figures 3 and 4, it is likely driven by a warm bias
in the emitting layer enhancing LWdown. Figure 4 shows that
ERAS5 for C1 and CO classes indeed has a warm bias in the low-
ermost 100 m, but partially even up to 3000 m. Their occurrence
is also 2%-6% higher in ERAS5 than in OBS (Figure 2), which
further adds to ERAS's overall positive LWdown bias. Within
the CO classes, ERA5 overestimates the occurrence of W2C0
and W1CO0, but underestimates the occurrence of WOCO0, each by
2%-6%, indicating that U10 in clear conditions is slightly larger
in ERAS than observed. Apart from CO classes, wind biases are
mostly small and show no systematic pattern. This is a slight dif-
ference to the numerical weather prediction models evaluated
in Solomon et al. (2023), who found positive U10 biases during
cloudy conditions, while U10 was reasonably well represented
during clear conditions.

The reanalysis’ surface warm bias translates to LWup bi-
ases of 5-20Wm™2. This bias is present in all classes but is
most strongly expressed for clearer and calmer conditions.
For WOCO, the bias is largest (20 Wm~2). The aforementioned
biases in LWdown and LWup are then re-enforcing cumula-
tively in LWnet. For the C2 classes, regardless of wind, both
LWdown and LWup biases in ERAS5 combine to produce a
negative LWnet bias of about 10-15Wm~2, with average ERAS
LWnet of —15 to —20 Wm~2, where —5 Wm~2 is observed. These
results help explain the lack of bimodality in the ERA5 LWnet
distribution: the radiatively opaque state, which is strongly
constrained by C2, is projected onto too large negative LWnet
values. Those biases also persist in the C1 classes, although
slightly weaker (2-7Wm™2). This is despite LWdown being
overestimated for C1 classes—i.e., the negative LWnet bias is
then governed by the positive LWup bias in ERAS5. Finally, CO
classes contain among the largest ERAS5 biases for both LWup
and LWdown. However, those biases, both being strongly
positive, partially compensate each other in LWnet. This is
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FIGURE1 | Stacked histograms for hourly data of extended MOSAIC winter (NDJFM) LWdown (top), LWup (middle) and LWnet radiation (bot-
tom) for OBS (left) and ERAS (right). Different colors represent different U10 classes (reds =W2, yellows = W1, blues =WO0), and different color inten-
sities indicate LWP classes (light color = C0, normal color = C1, bold color = C2). Solid and dashed vertical lines represent the median and 25th/75th
percentiles, respectively. Bin size is 5Wm™ for LWnet and 8 Wm~2 for LWdown and LWup.

consistent with the findings of Solomon et al. (2023). Apart
from those features that are mostly independent of U10, there
are also several aspects that depend on U10. This is evident,
for example, in the sign and amplitude of ERA5's LWnet bias
for the CO classes. While the mean bias is +2.8 Wm™ for
W2C0, it is already weakly negative for W1CO0 and ultimately
strongly negative (—8.6 Wm~2) during WOCO. This stems from

the severity of the positive LWup bias, which is stronger under
calmer conditions. This might be expected given ERAS5's de-
ficiencies in simulating conductive heat fluxes and lacking
snow in the reanalysis (Batrak and Miiller 2019), and poor rep-
resentation of process-relationships between near surface sta-
bility and turbulent heat fluxes (Persson et al. 2017; Solomon
et al. 2023).
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frequency (bottom) of that class.

Using a somewhat different methodology, Persson et al. (2017) con-
cluded that LWdown is enhanced by 60-100 Wm~2 during cloudy
compared to clear periods. Our results agree with this range, but
we additionally find for MOSAIC that the observed LWdown dif-
ference between the C2 and the CO classes increases from 50 to 65
to 74Wm~2 between the W2, W1, and WO sub-classes, respectively
(Figure 2). Hence, during calm conditions, the LWdown sensitivity
to increases in LWP is larger than during windy conditions, which
may point towards the potential to erode an inversion (clear) ver-
sus an already eroded inversion (cloudy). Those same numbers
for ERAS are 34, 54, and 49 Wm~™2, respectively. This shows that
(a) ERAS generally has a smaller sensitivity of LWdown to LWP
changes and (b) the dependence of that sensitivity on U10, hence
on the synoptic forcing, is less clear than in the observations.

2.5 | Thermodynamic Structure

Figure 3 presents average temperature, LWC, and IWC profiles
for each class. Consistent with previous notions, the higher the
LWP, the warmer the profiles, regardless of U10. In the lower-
most 100m in OBS, however, this temperature increase is larger
for calmer conditions. For example, the temperature increase
from CO to C1 to C2 per class is 2-3K under W2 conditions,
which is enhanced to 5-6K per class under WO conditions.
This is because enhanced mixing during stronger winds causes

isothermal temperature profiles—SBIs exist primarily in the ab-
sence of liquid-containing clouds and during calm conditions,
when shallow, stable ABLs are established through surface radi-
ative cooling. This is, however, not seen in ERAS5, which strug-
gles to produce SBIs and has too much mixing regardless of
cloudiness (Graham, Cohen, et al. 2019; Chang et al. 2021). An
interesting aspect in OBS (but not ERA5) LWC profiles is that
the calmer the conditions, the lower the altitude of the cloud lig-
uid layer is situated. This shows that large-scale synoptic condi-
tions impact the vertical distribution of mixed-phase clouds and
hence the altitude of the most strongly emitting layers; they are
shallow in the more stratified atmosphere during calm condi-
tions and more elevated in deeper cloud systems present during
strong synoptic forcing with deeper ABLs. Figure S4 supports
this result by showing that the altitude of maximum LWC tends
to peak in the lowermost 1000m, especially for ERAS5, where
it rarely exceeds 2000m. In OBS, however, the altitude of max-
imum LWC often exceeds 2000m, especially for W2C2 and
W1C2. ERAS further underestimates IWC by approximately an
order of magnitude for all classes, which is beyond the observa-
tional uncertainty.

Figure 4 emphasizes the differences between OBS and ERAS5 tem-
perature profiles from Figure 3. Here, synoptic classes are put in
context with the classical radiatively opaque and radiatively clear
state (as determined from LWnet, Stramler et al. 2011). For the
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FIGURE 3 |

Each panel shows average vertical profiles of temperature (large left inset per panel), LWC (small inset in the middle of each panel)

and IWC (small inset in the right of each panel). Note that due to observational limitations of the radar, LWC and IWC are omitted below 200m.
Different colors indicate different synoptic classes, from W2 (top) to W1 (middle) to WO (bottom) classes. Panels on the left are for OBS, and panels
on the right are for ERAS. Shading around the temperature profiles indicates +1 standard deviation. A bold (very bold) line in LWC and IWC profiles
indicates that in at least 25 (50) percent of the cases in the class, LWC/IWC values exceeding 0.1 gm™ are present at that height. Note the logarithmic

y-axis for highlighting the near-surface and ABL region.

radiatively clear state, ERAS5's warm bias has a pronounced ver-
tical structure with strongest warm anomalies (+4.2K) close to
the surface and decreasing upwards until the bias becomes neg-
ligible at around 150m altitude. This reflects the lack of SBIs in
ERAS and its surface warm bias. During the radiatively opaque
state, the warm bias is weaker (+2K), and uniform with altitude
to 200m height where it diminishes. Those biases are reflected in
the combined wind-cloud classes as follows: At and close to the
surface, ERAS5 consistently shows a warm bias up to at least 100 m.
For all CO classes this warm bias diminishes upwards and turns
to a cold bias above 100-200m height. Judging from Figure 3, this

may reflect that ERAS5 misrepresents the altitudes of low-level ice
clouds and corresponding cloud-top inversions, or an overestima-
tion of the ABL height, as shown for MOSAIC by Xi et al. (2024).
In W2 classes, compared to W1-WO classes, the ERAS5 surface
warm bias is smallest (1.8-2.6K), however, it is strongest (2.6K)
for W2C2, and weakest (1.8 K) for W2CO0. This indicates that not
only for calm and clear conditions, but also for strong synoptic
forcing, the thermodynamic structure in ERAS is biased, espe-
cially when extensive mixed-phase clouds are involved (Engstrom
et al. 2014). In contrast, during W0, compared to W2-W1 classes,
the near-surface temperature bias of ERAS is generally largest,
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ERAS5 minus OBS differences in the average temperature profiles for each synoptic class that are shown in Figure 3. From left

to right, the W2, W1, and WO classes are shown. The right panel shows the average profiles for the classical radiative states, as defined by LWnet
<-30Wm2 (radiatively clear state) and LWnet > —10 Wm~2 (radiatively cloudy/opaque state).

and shows a pronounced inversion structure, especially for WOCO
(5.8K) rather than for WOC2 (< 2K). Interestingly, the CO class is
the one with the largest warm bias during WO conditions but is
also the one with the smallest bias for W1 and W2 sub-classes.
This emphasizes the problematic representation of shallow, stable
ABLs during calm and clear conditions. Specifically, the ERA5-
OBS discrepancy for the radiatively clear state (Figure 4) strongly
resembles the WOCO bias profile, with near surface biases exceed-
ing 4K, which is not present for any other class than W0CO. The
W1 classes are the transition between the W2 and the WO classes
in terms of the vertical structure of the temperature bias.

Notably, the main biases depicted in Figure 4 also persist for
ERAS5-OBS events that are collocated in time (not shown), al-
though radiosondes are assimilated in ERAS5, which points to
processes rather than temporal sampling differences as drivers
of the biases.

3 | Discussion and Conclusion

ERAS5 does not accurately simulate the bimodal states of the
Arctic atmosphere, which is the primary synoptic-scale driver
of variability in the energy balance over sea ice. Because ERAS
uses a dynamical model, the distinction between synoptic
states should, to first order, be expected to be accurately sim-
ulated. While most studies treat the problem in the aggregate
of conditions (e.g., Solomon et al. 2023) or continuously (e.g.,
Day et al. 2024), here we disaggregate and conduct an evalu-
ation using synoptic classes. We focus on long-standing model
biases for the Arctic winter climate, such as the surface warm
bias with weak stratification, cloud water/ice partitioning,
or the lack of bimodality in the LWnet distribution (Stramler
et al. 2011; Pithan et al. 2014; Solomon et al. 2023). The distri-
butions of the individual classes representing synoptic activity

are qualitatively present in subsets of the overall distributions,
but these classes are biased such that they overlap more in the
aggregate distribution than observed.

Consistent with ERAS5, enhanced LWP, especially under windy
rather than calm conditions, contributes to the radiatively
opaque state, while the radiatively clear state occurs in the ab-
sence of cloud liquid. Distinctive occurrence peaks of the W0
and W1 classes form the radiatively clear state in LWdown and
LWnet, which are not captured in ERAS. The radiatively opaque
state can also occur in the absence of liquid-bearing clouds,
especially under strong winds. During such events, lower tro-
pospheric ice clouds, water vapor, and warm air masses can
also impact emissivity and LWdown. It is intriguing that ERAS
overestimates LWdown for all CO classes, which can neither
be explained by biases in LWP, IWP, or water vapor (Méannel
et al. 2021), nor by warm anomalies above 100m height. This
result rather suggests that the emitting layer tends to be lower,
i.e., within the lowest 100m, where warm biases persist. This
finding is consistent with Ohmura (2001), who shows that in a
cloud-free atmosphere, about 70% of LWdown originates from
the lowermost 100 m.

Thermodynamic profiles reveal that ERA5's warm bias close to
the surface is evident for all classes, but strongest during calm-,
and weakest during windy conditions. For WOCO, the warm
bias is shallow (~70m) and with a pronounced inversion struc-
ture, while it reaches higher (~200m) and is more isothermal
for W2CO0. This shows that ABL stability, vertical mixing, and
the synoptic forcing altogether influence the performance of the
reanalysis regarding the thermodynamic structure—a possible
focus for dedicated future process studies. For example, down-
ward mixing of sensible heat due to a warm-biased atmosphere
may also contribute to ERAS's surface warm bias, but this is
beyond the scope of this study. Moreover, frontal evolution of
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cyclones produces variable forcing (Persson et al. 2017) and
consequently, reanalysis models such as ERA5 can have vary-
ing biases within individual synoptic events, which are not dis-
tinguishable in the present analysis. Leads can impact the ABL
locally, but we do not believe that this affected the aggregate of
observations, because leads occurred generally downwind of
the observations, and refroze quickly in the cold season (Sledd
et al. 2025). Observations from the central Arctic are limited, es-
pecially for winter which shows the strongest changes (Rantanen
et al. 2022). Future campaigns are needed alongside dedicated
modeling to assess process representation and -relationships of
the coupled Arctic climate system. The class-based approach de-
scribed here is a promising tool for isolating physical processes
responsible for errors.
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