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Abstract. To assess the long-term interaction between sea ice conditions and Arctic mixed-phase cloud (MPC) properties,
fourteen winter seasons of observations from the North Slope of Alaska are analysed. MPC properties are set-into-context
with-contextualized with respect to sea ice conditions by determining-the-sea-tee-seetors-which-are-mostrelevant-to-interact
with-identifying the most relevant upstream sea ice sector influencing the observed clouds. A conical sector ef-with a 6° and
azimuthal width and a 50 km radiusef-upstream-sea-ice-concentration(SIC)-is-considered-, based on the azimuth-direction
of-the-direction of maximum water vapour transport (WVT) within the atmospheric boundary layer—Fhe-W-Vt-height-, is

considered. The height of the WVT is used as indicator of its interaction with the cloud, allewing-it-te-be-elassified-enabling
classification as either cloud-coupled or decoupled. Fhe-MPC properties are further classified according to the presence of

high or low pressure systems and analysed as a function of SIC-Results-highlightsea ice concentration (SIC). Results indicate
which MPC properties significantly-change-exhibit significant changes as SIC decreases. The long-term time series evoltution
shews-reveal both positive and negative trends in MPC properties, depending on the WVT coupling status and the prevailing
atmospheric pressure system. The-study—finds—statistically-Statistically significant positive trends suggesting-an-inerease-of
are found, suggesting increases in sea ice-MPC coupled liquid water path (+35.0+£0.9 gm~2?decade™!), cloud base height
(+44.0£0.7 mdecade™") and cloud top temperature (+2.240.7 K decade™!) under low pressure weather systems. Ftis-also
revealed-that-Additionally, the evolution of MPC properties i isti it i

display cyclical characteristics, which are hypothesized to be in phase with climate oscillations like ENSO or PDO. Although
the results support this hypothesis, a-direet-eatsationisnot-trivialestablishing a direct causal link remains non-trivial.

Copyright statement. TEXT

1 Introduction

Climate physics has long age-est:
increasing atmospheric greenhouse gas concentrations warms the atmosphere (Arrhenius, 1897; Hegerl, 2022). Observations
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in-recent-decades-have-suggested-over recent decades indicate that the Arctic is warming two to four times faster than the
whele-Earth-global average (Rantanen et al., 2022; Wendisch et al., 2023; Tan et al., 2023), a phenomenon known as Arctic
amplification (AA) (Serreze and Francis, 2006; Serreze and Barry, 2011). Studies-have-shown-that-AA-in-—climate-modelsis

related-to-the response-to-externalforeingsClimate models attribute AA primary to external forcing, primarily the atmospheric
lapse-rate feedback as-wel-asseaieerelated-feedbacksand sea ice loss. However, the-lack-of-full-consensus-en-uncertainty in

the magnitude of AA is-attributed-to-the-fatlure-persist, largerly due to models’ limited ability to simulate the sensitivity of

Arctic sea ice loss to the-rise-of-global-temperature-rising global temperatures (Notz and Community, 2020; Rantanen et al.,
2022).

Durmg Polar night, Arctic mixed-phase clouds have-(MPC) exert a positive cloud radiative effect (CRE) which-foster-the

and-enhancing surface warming and contributing to sea ice decline —The-magnitade-of thisforeing(Shupe and Intrieri, 2004; Cox et al., 201

. The strength of this feedback depends on micro- and macro-physical cloud properties (Shupe and Intrieri, 2004; Tan and

Storelvmo, 2019). %&mw%ﬁ%ﬁf&&mﬂybﬂ%gpa%m&%@mmwm the understanding of the
role-MPCEs-MPC’s role in a changmg Arctic (M

—Reeently;-Cesana-et-al(2025);-albeit—both in terms of their role in climate feedbacks and their representation in models—is a

major research priorit

~

Recent studies highlight the importance of realistic cloud representation for simulating sea ice trend. Cesana et al. (2025)
, though focused on Antarctica, found that prescribing winds-wind fields in climate models improves the medeled-variability
simulation of sea ice and clouds variability compared to satellite observations. They further—pointed—out—that-a—realistic
representation-of-clouds-emphasized that accurate cloud representation is crucial to capture the observed sea ice trends-that
WMWMW%WWWQ Large scale Pan-Arctic studies

reveal contrasting cloud characteristics over
sea ice versus open water: Palm et al. (2010) reported that-areas-with-litte-orno-sea-ice-are-correlated-with-mere-cloudiness

and-a-higherfrequeney-higher cloudiness frequency and geometric thickness of low level clouds —Fhey-alse-over open ocean,
while they found an increase of geometricatty-thicker-elouds-cloud geometrical thickness over open water. Li et al. (2020b)
explained-found that newly re-frozen sea ice areas can mitigate the-development-oflow-level-clouds-due-to-the-low level cloud

development due to imbalanced heat and moisture seureesfluxes. Furthermore, sea ice concentration (SIC) changes can alter
the thermodynamic phase distribution-of wintertime MPC ean he-through

convective heat transfer over leads or-and polynyas (Andreas and Cash, 1999). Papakonstantinou-Presvelou et al. (2022) found
that-Areticlow-level-elouds-contain-more ice crystals in low-level clouds over sea ice than over open ocean;-which-is-attributed

to-the-amount-and-type-of-aerosoels—characteristic-of-each-surfacewater, attributing this to surface-specific aerosol types. While
sea ice leads have been-are identified as main wintertime sotree-sources of sea spray aerosols, there-are-limitationsregarding the

Morrison et al., 2012; Korolev and Milbrandt, 2022; Tan et al., 2023; Schemann and Ebell, 2020; Hofer et al., 202
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ds-their emission rates and drivers remain poorly quantified

(Lapere et al., 2024).
Using synergistic atmospheric observations on-board the research vessel (RV) Polarstern during the year-long Multidisci-

plinary drifting Observatory for the Study of Arctic Climate MOSAiC expedltlon Shupe-etal;2622)Hrom-(2019 to— 2020;

he-) (Shupe et al., 2022), Saavedra Garfias et al. (2023

proposed a physical mechanism linking local sea ice states in the vicinity of RV Polarstern with-the-MPC-observed-above
it—By-explotting—anevel-to MPC properties above the ship. By leveraging a high-quality, high-resolutionsatelite-based—,
satellite-derived sea ice lead fraction estimation;—which—was—speeifieally—derived—product specifically developed for MO-
SAIC along the RV Polarstern drifting path (von Albedyll et al., 2024), Saavedra Garfias et al. (2023) found that seme-properties
of MPE-when-MPC properties —particularly liquid water path (LWP)— are positively correlated with upstream lead fraction
when clouds are coupled to the sea ice leads via the water vapour transport ‘afeeeffeﬁted—te—the—up%feam—%ea—tee—}ead—ffaeﬁeﬁ

sea&ee—leaé—fmeﬁea—@efwefselry—%h& WVT). In contrast, ice water path (IWP) was-netfound-to-be-correlated-with-sea-iee

leadsshowed no significant correlation with lead fraction.
th&majeﬂfyLe{lpfevmﬁs—sﬁidies—fehﬁﬂgMPprepefﬁe&Most rior studies linking MPC and sea ice state-eitherconsider

Although-models-are-able-to-eapture severalrely on either large-scale or short-term observations, limiting their utility for
climate model evaluation. While models can capture some aspects of MPCrealistically; they-e-g-struggle-, they often fail to ac-
curately represent thermodynamic phase and ice/liquid water path (Schemann and Ebell, 2020; Pithan et al., 2014). Atthesame
timeMoreover, current climate models de-notsufficiently-take-into-aceountinadequately simulate how MPC properties ehange
in-evolve under a warming climate (Cesana et al., 2025; Nakanishi and Michibata, 2025). Thus, long-termeloud-, high-guality
observations are paramount to-evaluate-climate-modelsfor climate model validation. Manaster et al. (2017) analysed over 20
years of multi-satellite produets-data to estimate global liquid water path (LWP) trends over oceansand-evatuated-them-against
, comparing them with CMIP5 models. Although they-did-notinelude-the-their study excluded polar regions, their results are
one of the few references for the long-term rate of change of LWP—with-pesitive-, They reported a positive LWP trends of
about 1-2 gm_2 dec™! reportedfor-in the Southern Ocean and the North Pacific. They also-found-that-diserepancies-between
found that removing inter-annual variabilitylike-,

e.g. El Nifio Southern Oscilation (ENSO), WWWWMWENSO
is not a
eould-have-alargertmpactonEWP-trends;the dominant driver—though other modes (e.g.the Pacifie Deeadal-OsetationtPDO)
» Pacific Decanal Oscillation, PDO) may play a larger role.

This brings up two questions: F1rst1y, can the MOSAIC -based findings of Saavedra Garfias et al. (2023)ebtained-for-one

derived from a single
winter in the central Arctic—be confirmed using for long-term observations in the Western Arctic?. Secondly, are Arctic MPC

properties eorrelated-with-modulated by climate variability modes that-are-netevidentfromnot evident in short-term studies?



95

100

105

110

115

120

Answering these questions will-advanee-ourknowledge-on-how-advances our understanding of ocean-sea ice-atmosphere inter-
action and feedback-processes-modulate-their feedbacks on Arctic cloud properties, which-in-turn-provides-valuableinformation
for-better representation-of MPECproviding critical insights for improving MPC representation in weather and climate mod-
els. For-thispurpeseTo address this, the present study applies the methodology developed-by-Saavedra-Garfias-et-al(2023)to
long-term-of Saavedra Garfias et al, (2023) to 14 winter seasons (2011 to 2024 ) of wintertime MPC observations at the ARM
North Slope of Alaska (NSA) site in the Western Arcticranging-from-20H-t0-2024-.

The manuscript is erganized-structured as follows: in-Sec. 2 we-present-details-aboutdetails the measurement site, instru-
mentation, data processing, and analysis methodsadepted-for-the-presentstudy—Results-are-presented-in-. Sec. 3 —Speeifieally;
the-new-findings-regarding-presents results, including the modulation of MPC properties by sea ice conditions for the entire
14 years as-well-as-the-year-to-year-vartability-and-trends-are-reperted-in-(Sec. 3.1and-), the year-to-year-variability (Sec. 3.2-
),.and trends (Sec. 3.2.3), respectively. Theseresutis-arefurther-diseussedin-SeeSection. 4 by-highlighting-how-thepresent

discusses these findings in the context of
MOSAIC results and their implications. Supplementary materials include detailed descriptions of data availability,, statistical
methods, climatological analysis, nomenclature description, and ancillary resultsean-be-found-in-the-appendixes-and-in-the

2 Data and Methodology

The U.S. Department of Energy’s Atmospheric Radiation Measurement (ARM) program ef-the-USDepartment-of Energy
(www.arm.gov) provides long-termeomprehensive-, high-quality observations for clouds and radiation at multiple leeations

sites around the world. In—partiewlarfor-Areticstadies-For Arctic reseach, one of the few sources of quasi uninterrupted
continuous, long-term observations is the ARM “s-North Slope of Alaska (NSA) -observational-sitelocated-at-atatitade site,
located in Utqiagvik, Alaska (71.323° North and lﬁﬂgifﬂée—GP156 609° WestﬂﬂH{qiagvﬂeA}aska) in the Western Arctic
(Fig. 1). In the-present-this study, we utili SHIg
(November 1°¢ to April 30"
MMWWIWMWW

influenced by upstream sea ice conditions. Fer-that-purpese;—To this end, we adapt and apply the methodology developed
by Saavedra Garfias et al. (2023)¢, hereafter referred to PSG23)+

atthe NSA-site, to the ARM NSA site instrument suite, as described in the following section.

AR A AR AR A A AAAAAAAAAAAANAANAANAAANANAD

rruse 14 winter seasons

2.1 ARM atmospheric remote sensing instrumentation

The primary s
Ka-band zenith-pointing cloud radar (KAZR), the Vaisala CL31 cloud lidar—(eeilometer——ceilometer (lidar), and a dual-

frequency microwave radiometer (MWR). Moreover, the-atmospheric boundary layer (ABL) parameters and thermodynamic

s-instruments used to characterize MPC are the ARM
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Table 1. Specifications of instrumentation, data products and their references used for this study. VAP refers to ARM’s Value Added Product.

NSA site observatory

Instrument/VAP Full name Variables/Producs ** Resolution Reference
time range
MWR RET passive microwave radiometer LWP, IWV ls - Zhang (2024)
MWR LOS* passive microwave radiometer LWP, IWV ls - Cadeddu et al. (2024)
KAZR ARSCL Ka-band cloud radar Ze, Vp, Sw, LDR 3s 30 m Johnson et al. (2024)
KAZR CORRGE* Ka-band cloud radar Ze, Vp, Sw, LDR 3s 30 m Toto and Giangrande (2024)
CEIL10m Ceilometer 10m 5, CBH 16s 10 m Zhang et al. (2024)
INTERPSONDE Interpolated Radiosonde T.Pq.V 1 min 20 m Jensen et al. (2024)
FLUXRAD Down/upwelling longwave radiation  Tin, Rp, PBLH 1 min - Riithimaki et al. (2024)
GND_IRT* Ground Infrared Thermometer T sin, Rip, PBLH 1 min - Shi et al. (2024)
Space-borne sensor
AMSR2 region Chukchi-Beaufort n3125 SIC lday 3.2km Melsheimer and Spreen (2019)
AMSR2* region North West Passage n3125 SIC l1day 3.2km Melsheimer and Spreen (2019)
SSMIS17* region North West Passage n3125 SIC lday 3.2km Melsheimer and Spreen (2019)
Ancillary data
ECMWF Cloudnet Numerical Prediction all 1 hour - O’Connor (2025)
- Arctic Oscillation index AO 1 day - NOAA AO
- El Nifio Southern Oscillation ENSO 1 week - JPL ENSO
- Pacific Decadal Oscillation PDO 1 week - JPL PDO

* used as alternative to reduce data gaps. **See appendix E for full definition of acronyms.

states are estimated from the-synergy-of—ground-synergy between the ground-based infrared radiometer (GND_IRT) and
radiosondes-taunched-regularty-regular radiosondes launched from the NSA site. Table 1 summarizes the instruments, rele-
vant data products, their-spatial and temporal resolutions, and &hs&eﬁeemfespeﬂdmgfefefeﬂee&fhaﬁfﬁm}ﬁedﬁmeﬁfeseﬂ{
studytheir corresponding references. A detailed avaitabi

over the study period is provided in Fig. S14 ef-(supplementary material S4). Additionally,

from—space-borne-sensors—are-needed-satellite-derived sea ice observations are required to complement the set-ef-required
atmospheric data for the application of the PSG23 method. The processing and merging of sea ice data with the atmospheric

timeline of data

observations is-are explained in Sec. 2.3.

2.2 Characterization of the cloudy atmosphere

Figure 2 shews-an-exampte-for-illustrate the synergy of
for-the—ease—of KAZR, ceilometer, and MWR observations for a case on January 19th, 2019. These sets—ef-observations

AN A A AR A R A A AN N R R A AN A AN A A A A AN A A A A N AN A NN AN AN AN AN

data, combined with thermodynamic profiles from
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Figure 1. ARM’s North Slope of Alaska NSA site (red cross: 71.23° North, 156.61° West) in Utgiagvik, Alaska (top right inlet). Right-
bottom colour scale indicates the AMSR?2 sea ice concentration (SIC) from January 19th, 2019. Red-dashed 50 km semi-circle marks the
sub-sector around NSA site considered in this study. The coloured radial arrows depict the direction of V. WVT at selected times throughout

the day for visualization purposes (see Sec. 2.4) as observed above NSA site.

135 the ECMWF numerical weather model (O’ Connor, 2025) or radiosonde profites-are-soundings, form the basis for the-algorithm
that-elassifies—the—classifying cloud thermodynamic phase and hydrometeor typeof-the-cloudy-atmosphere. The retrieval al-
gorithm utilized-used in this study is the state-of-the-art Cloudnet target classification algorithm (Illingworth et al., 2007;
Tukiainen et al., 2020) version CloudnetPy 1.68.1 shown-in-(Fig. 2 (d)-By-default-the-). Since ARM data are not supported-by
emmmmmmwwﬁm

140 data (Table lhad
other-atmospheric-and-eloud-properties-are-ealeunlatednamely) were pre-processed and adapted to meet input requirements
(Saavedra Garfias, 2022) Beyond standard Cloudnet products, additional cloud and atmospheric properties are computed: at-

mospheric boundary layer height, cloud base and top heights, and cloud top temperature for each cloud layer. Readers are
referred to PSG23 for details.

145 Accurate characterization of Aretie-low-level Arctic stratus clouds is compromised when the base-of-a-liquid-containing

cloud layeﬁcrdeteeted—by—the%d-ar—&t—a}&mde%base lies below the radar’s lowest detection range. As explainedin-Griesche-et-al+(2020)

low-level-stratas—eloud-attenunatesnoted by Griesche et al. (2020), if the lidar 51gna1 below-theradarlowest-detection—range

ne-is attenuated by a low-level liquid layer and no higher liquid layer is identified-by-Cloudnet-at-all-and-detected, Cloudnet
150 classifies the entire profile is-classified-asiee—tn-thateasesthe-as ice, leading a complete omission of LWP from the microwave
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Figure 2. Synergistic ground-based remote sensing observations at NSA on January 19, 2019. Ka-band cloud radar (KAZR) reflectivity
factor (a), ceilometer Vaisala CL31 attenuated backscattering coefficient 5 (b), dual-frequency MWR liquid water path (c), Cloudnet target
classification (d) with supercooled liquid (SCL) in blue. Panels (a), (b) and (d) include profiles of the ECMWF numerical weather prediction

model horizontal wind vector (arrows) and temperature (ise-thermsisotherms).

f&dmm&m&mﬁp%gim&{&ﬁﬁ%ﬁg 22-3:30 UTC) {ﬁfr&e&heﬁhqméeleuekHowever if a higher liquid layer is

presenthig

reported-that-, the MWR LWP is distributed accordingly. Griesche et al. (2020, 2024) report that for the MOSAIC expedition
such low-level stratus eloud-cases-oecurmore-than-cases occur in over 25% of the-ebservation-time-—Also-theyfound-for-the

ing-observation time, with higher frequency in sum-
mer than winter. For-the NSA-siteAt the NSA site, the lidar can detect liquid at-altitudes-astow-asclouds down to 10 m whereas

AARAAAARAAR




theradar-altitude, whereas the KAZR has a lowest detection range of 160/106-m-forthe KAZR s ARSCE/CORRGEproducts m
(ARSCL) and 100 m (CORRGE), respectively (detaitinreferencessee references in Table 1). The present study hasfound-finds

that low-level clouds below radar-detectionrange-of-the radar’s detection threshold (160 m {for ARSCL, 100 m )-eomprises

160  about-for CORRGE) account for approximately 26% fand 22.5% J-of data—To-overcome of observations, respectively. To
mitigate this limitation, in-the-present-study-the-database—is—adjusted-by-the dataset is adjusted via a flat extrapolation of
KAZR—S—F&d&Heﬂeeﬁwf}F&ppheérMmdown to the hdarhqwdmeﬁée{eeﬁeihbefefﬁhe—eleﬁd—ehafaﬁeﬁ—z&&ems
Furthermore;—one-of-the-main—short-comings—A key limitation of the Cloudnet target classification is—that-cltoud-tiguid

165 deteetion-is-solely-based-en—a-algorithm is its reliance on valid lidar signal —¥a-for liquid cloud detection. As shown in Fig. 2
—aF(Z 4 UTC;-) mmwjmthe lidar 51gna1 Huﬂyﬁ}&eﬂua%eekbtht&dﬂmﬂﬁ%eweskfaﬂge—gafe%ef—ﬂae

Cloudnetby low-level liquid layers results in the misclassification of higher supercooled liquid layer as ice. Mere-soephisticated

Consequently, liqguid water content is underestimated, and ice-only clouds are overestimated. More advanced cloud radar
170 Doppler spectra-based tools sueh-as-intredueedin—such as those introduced by Kalesse-Los et al. (2022) and Schimmel et al.

(2022)woutd-be-abte—to— can detect liquid beyond ful-lidar signal attenuation—Hewever;—, but their application would re-
quire nevel-training-extensive retraining on the NSA dataset and extensive-computing-processing-time-which-is-significant

computation resources, which are beyond the scope of this study. As a takeaway,the-amount-of-MPC-detected-by-Cloudnet
used-here-hasresult, the Cloudnet derived MPC dataset used here exhibits a low bias whereas-in liquid-phase detection, while

175 ice-only clouds are overestimated.
The Cloudnet processing chain s-applied—applied to 14 years of NSA data;is-the-backbone-forereation-of-a-combined-data—
forms the basis for a merged dataset of macro- and micro-physical cloud propertiesmerged-, combined with sea ice conditions
(as-explainedin-see Sec. 2.3)similarly to-Saavedra-Garfias-and-Kalesse-los(2023). This approach follows Saavedra Garfias and Kalesse-Lc
, where MPC are eonsidered-whenretained only when both LWP and IWP -exceed 5 gm ™ ? in a single eloud-ayerareequal-or
180 greaterthan5—gm—2to-aveid-introducinglayer, minimizing uncertainties from retrieval algorithms due to instrument minimum

2.3 Characterization of sea ice conditions around NSA site

The PSG23 method utilized-originally used high-resolution (700 m) sea ice lead fraction (LF) at-a-high-spatial-reselution
of700-m—F-was-derived from sea ice divergence imaging-from Synthetic Aperture Radar satellite (SAR) satellite image

185 specifically developed for the MOSAIC expedition (von Albedyll et al., 2024). Fhat-qualitytevel-of EE-produet-deesneot
existHowever, such high-resolution LF products are not available for the multi-year observations-at-the-NSA-site;-which-isa

uelyNSA site observations. Instead, we use sea ice
concentration (SIC) is-ebtained-from the University of Bremenpublie-repesitory-’s publicly available satellite-based Arctic sea
ice products (www.seaice.uni-bremen.de, e.g. (Spreen et al., 2008; Melsheimer and Spreen, 2019)) to characterize the ocean
190 conditions surrounding NSA-—stte—SHC-the NSA site. The SIC product is retrieved from brightness temperatures observations
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measured by the Advanced Microwave Scanning Radiometer-2 (AMSR?2) senser-which-has-been—in-eperation-onboard the
Global Change Observation Mission 1st GCOM-W1 satellite since autumn 2012. Fhe-productretrieved-is—the-AMSR2 sea
ice (ASI) coneentration—at-aPelar-stereographie—grid-size-of provides daily SIC at 3.124 km and-daity-temporal-resolution
%MGS}WWW see “Space -borne sensor” in Table 1) —'Phe—UﬁwefﬁfyLef—Bfemeﬂ

as-(Spreen et al., 2008). For this study, we use the “Chukchi-Beaufort" region (Fig. 1)which-is-centered-close-to-the NSA-site

}eﬂg&udeﬁad»eevef%—ﬂweﬁemﬁaﬂérea%em-paf% centred at the NSA site and covering the western and eastern part of the
Chukchi and Beaufort se

the-present-studyis-asemi-eirele-centered-at NSA-site-with-for cloud interaction, we defined a 50 km radius and-timited-from
semi-circular sector centred at NSA site (red dashed line in Fig. 1) spanning azimuths from -125° to 1104a%fmu&r€fed-dashed

inflow), ensuring that only clouds, with CTH < 3 kmbeine
which-eorrespends—to-, advected from open or ice-covered ocean areas are considered. This exclusion removes ~8.1% of the

data, corresponding to clouds originating from land.
Mean-The mean and standard deviation of the-SIC are usedhere—ttis-assumed-that-SICfoHows-, SIC is assumed to follow

a truncated normal distribution with lower and upper truncation limits of 0% and 100%, respectively. The PSG23 method
eeﬂﬁdef%eﬂ}y%further restricts analysis to a +3° conical sector extendmg from the NSA site outwards up to 50 km with
i and aligned with the upwind

direction v,, at-a-height-where-of maximum vertical gradient of water vapour transport (V. WVT is-at-maximum-(details-), as
described in Sec. 2.4)-Subsequently;the-. The mean sea ice concentration within the conical sector is denoted by SIC, whereas

the mean sea ice concentration for-the-entire-over the full 50 km semi-circular sector &ed-dashedﬂ%ﬁg—léﬁdeﬁefeekbyﬂs
denoted as SICq (Fig. 3). Petai i

Mﬁmﬂ%ﬁ%@%llm are shown in Fig. S1 in
supptement(Supplementary material S1.1.

Between 2011 and 20242025, the Chuckchi-Beafort seas-area-experienced-region experienced several winters with extraordi-
nary low sea-iee-eoneentration{SIC<SIC (<50% in Fig. 3 and Fig. S1), e-g-including 2012/13, 2016/17, 2017/18, 2019/20,
2023/24, and 2024/25. These anomateustylow seatee-winters-eanbe partialty related-anomalies are likely linked to climatolog-
ical variability and/or foreing-from-tow-latitudeslow latitude forcing. For example, using-observations-and-meodel-simulations

the-Zhang et al. (2023) found that increased frequency of atmospheric rivers reaching-the-Aretic-in—winter—They-in winter

correlates with reduced sea ice in the Barents-Kara seas. Atmospheric rivers prevent the sea ice recovering from summer melt
and from growing to the climatologically expected sea ice coverage in winter. For the Chukchi-Beaufort seas;-and-forthe-period



230

235

240

245

250

255

region (2011 to 2020;-the-frequeney-of-atmespherie-rivers-), atmospheric river frequency (averaged over November to April)
has maximum values of 5.3% in 2018/19, an-intermediate-value-of-with intermediate value (2.6% ) in 2013/14, 2014/15, and

2019720, ptis-and a minimum value of 0.2% in 2015/16 (personal communication with Zhang et al. (2023) lead author). The
wintertime 2018-2019with-, despite moderate atmospheric river activity, saw a less frequent but still noticeable SIC@ <50%
in-(Fig. Sl;-ean-be-attributed-to-the-), likely due to anomalous warm ocean

with-waters driven by southerly winds and episodic atmospheric blocking over the Bering Sea in September 2018 which-was
direetty—directly observed by the R/V Mirai Arctic Expedition in November 2018 (Kodaira et al., 2020).

2.4 Couplingsea-Sea ice - atmosphere coupling via water vapour transport

Winter sea ice

al-leads and polynyas act as localized sources of heat and
moisture released to the atmosphere. Bee&&seﬂ#ﬂllggggconvectlon and advection, p}mﬂes—eﬁheat—&ﬁd—meﬁtt&&jllmfsv

can be transported afa

downstream and influence cloud properties. To establish a physical link between sea ice and clouds, we apply the PSG23

methodology—Whethe

the water vapour transport (WVT) as a physical mechanism to link, akind a conveyor belt, the upstream sea ice conditions and

the measured cloud properties above the NSA-—site—Speeifieally;the- NSA site (Saavedra Garfias et al., 2023). WVT ;—whieh
is-estimated-is derived from radiosonde profiles pr&bﬁweé&@%ﬁm&e%—@@%ﬁ&ﬂwﬁ%ﬁﬁﬂ%akm

The- WV Tnoermally-and represents the magnitude and direction of water vapour flux and consists of several bands of different
magnitudes along the vertical profile. i i

e

The PSG23 method fimits-the-WT-vertical-profite-to-identifies the most relevant WVT layer using its vertical profile
gradient (V. WVT | ke m~2 s~']) within the planetary boundary layer height (PBLH);-which-is-estimated-by-, The PBLH is
constrained when the bulk Richardson number when-itis-Ri; ~1. The PSG23-method-determines-the-mostrelevant-W-VT-band
(if several-are-present)- by means-of tts-vertieal-gradient-(vertical gradient of V,WVT —kem=2-s=11-s calculated using Eq. 1 -
P&eas&ﬂetefha&(a detailed derivation is given in Saavedra Garfias et al. (2023)4ﬂ~summafy%ef}assrfy—eases—whefe—ﬁiew

10



260

265

270

275

280

285

L

102
7 |(Iv 'vw|

dP

V. WVT = — = (1)

where V, indicates the vertical gradient, g is the constant of gravity, with the specific humidity ¢, [g kg~!], horizontal wind

speed v,, [m s™1], and air pressure P [Pa] at altitudes 2 [m].

within-the-conieal-sector-of-A cloud is classified as coupled (co) to the sea ice-WVT system if V. WVT has a local maximum
within the cloud mixing layer —defined by the cumulative variance of virtual potential temperature 6, from cloud base/to

height downwards/upwards until a threshold is exceeded. Otherwise, the cloud is classified as decoupled (de).

Within the ASI grid cells a conical sector (+3°around-) is aligned with the upwind direction —An-example-is-shown-in-at
the altitude of maximum V. WVT (e.g., Fig. 1 where the radial arrows depict the direction of V,WVT —Asrows-are-color-coded

by-the-maximum-and their colour the magnitude). Only SIC values within this sector are used for analysis. At a given time

the azimuth of the conical sector is governed by the upwind direction obtained from the altitude where V ,WVT reaches its

maximum. fn-th e ed-unigue A een ’ on _
Sitnations-with-winds-comingfrom-the land-G-e—Seutherhy-Southerly winds (landward flow) are net-considered-in-the-analyzed
datasetexcluded. Figure S1 stresses-thefact-that-the-highlight a critical distinction: sea ice conditions areund-NSA-site-are-of

5 V V W &

sea-tee-can-in the full semi-circular sector differ significantly from those in the upwind conical sector. Thus, using large-scale
SIC to infer cloud properties may lead to ill-posed correlations since not all sea ice conditions play a relevant role to explain

observed cloud properties (e.g. Palm et al. (2010); Li et al. (2020a, b)).
2.5 NSA site atmospheric pressure systems and climatology

The NSA site climatology is eharacterized-influenced by the persistent influenee-of-cyclonic activity in the north-western Pacific
Ocean and anticyelones-in-anticyclonic systems over the Beaufort/Chukchi seas (Serreze et al., 1993; Serreze and Barry, 2014).

atmospheric-surface-pressure-is-a-useful-indicator-of-events-characterized-by-synoptieally-Surface pressure serves as
a proxy for synoptic-scale high (H-) or low (L-) pressure systems over NSA site (Fig. 3). Atmospheric air temperature and

pressure are closely related to stability or instability in the atmosphere which strongly influences the formation of clouds. The

Local pressure systems are classified by the following steps: i) a reference virtual isobaric surface Py is assumed to separate
the H- or L-pressure observations, ii) from the measured surface pressure and temperature, the relative height of the virtual
isobar P is determined. The relative height of P, is expressed in terms of geopotential height difference derived from the
equation of state (Rogers and Yau, 1991):

AZ = ﬂlog (PO> 2)
9o P
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where R is the specific gas constant 287.05 Jkg ' K~1, go the acceleration of gravity at the surface 9.81 ms~2, T the mean

temperature within the layer [ K], P the reference isobar surface (in this case the mean sea level pressure of 101.32 kPa), and

P is the measured local surface pressure [ kPa] at a given time. A Z takes-negative-valuesfor-observations-with-a-H-pressure-is
negative for H-pressure systems (i.e. P>F), eonversely-A-Z-is-and positive for L-pressure (i.e. P<Fp). TheT is assumed to be
the measured 2 m air temperature, and its effect is to adjust the magnitude of A Z when P considerable-departares-departures

considerably from the reference Fy. Within-the-analysed-wintersfrom-
From 2011 to 2024 , surface pressures meastired-atINSA-are-at NSA were slightly biased towards H-pressure with-a-medianef
(median: 101.69 kPa; and Inter-Quantile Region (IQR)ef-: 100.95 to— 102.50 kPa-H-pressure-systems-were-observed-slightly

more-frequently), with H-pressure systems occurting 56.3% of the time %m&ﬁ%ﬁ%wwﬁemﬁmw
43.7% of the time). The distribution of A Z revea

eoupled-or-decoupled—elassification—differs significantly between coupled and decoupled cases: Coupled: median A Zfer
coupled-caseshave-a-median-of = -9.45 m (IQR: -65.05 m ;—to 44.72 m)—In—<contrast-decoupled-cases-have-a-median-of;
Decoupled: median -30.98 m (IQR: -86.95 m +-to 18.74 m). Aceordingly;-This indicates that H-pressure systems favour the

fefmaﬁeﬂﬂﬁdeeeup}ed%leud%—lﬁ%—&npeftaﬁt—te—ﬂewdecou led cloud formation. Note that A Z H—me&m—te—be—a—repfe%eﬂfaﬂeﬂ

inreflects local conditions and does not replace synoptic-scale pressure systems from Western Arctic weather maps.

3 Resultsand discussion

NSA site wintertime (November 1¢ to April 30*") observations from 2011 to 2024 were analysed in accordance with the
methodology outlined in the previous sections. The-results-Results are presented after the-observations from the instruments
listed in Table 1 were resampled to a common +-inute-1-minute time resolution and clustered between-by high (A Z<0) and
low ((A Z >0)) pressure weather systemsand-, as well as by coupled (co), and decoupled (de) status. Statisties-of-wintertime
Wintertime cloud properties are reported based-or-using two approaches: as a function of SICas-in-, following Saavedra Garfias
et al. (2023) (Sec. 3.1), and as time series along-over the 14 years (Sec. 3.2). ot tsti

by-the-distributions-Descriptive statistics are presented using the median (111,) and distributions-variability-variability quantified
by the median absolute deviation (MAD) defined by-as omaq = £ median(|X; — u,|). Otherstatistical-distribution-deseriptors
WW&%W@W@&C geometric mean (i), the 25, and 75" percentiles;

i tel z-to- Unless otherwise specified, results are reported

as [y, £ Omad-

3.1 Modulation of MPC properties as a function of SIC, coupling status, and pressure system

For the considered time period the cloud, frequency of occurrence (FoO) were analysed. The total cloud FoO (Fig. 4, left

bars) Wm@%&&%%%t&mwmgﬁ% throughout the wintertimewinter, with
a dependency on SIC hsin the monthly distribution. For MPC

12
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Figure 3. Wintertime climatology for the NSA site as time series from 2011 to 2024 for: (a) 2 m air temperature, (b) surface atmospheric
pressure, (c) average SICg within the whole 50 km semi-circle around NSA site, (d) standard deviation of SIC, (e) ENSO index, (f) PDO
index. For visualization purposes the data is shown as weekly averages (circles), the solid black line is the weekly moving average. The
vertical dashed lines indicate the jump from end of April to November, thus the apparent discontinuity at these lines is not physical. On the
right of each panel the whole data distribution is shown as boxplot separated according to Eq. 2 for H- and L-pressure systems in light-red

and light-blue, respectively.

(Fig. 4, right bars) the FoO shows-a-reduction-from-start-to-end-of-winterfrom-abeut-decreases from ~56% in November to
abotit~40% in April, with the largest contribution from SIC>95% happening-occurring in January. Fhe-totat-Total cloud FoO
(left bars) were-is derived from all observations of-clouds-with CTH < 3 km and either MWR-LWP > 0 gm~2 or IWP >
- . indicating detection of liquid or ice clouds. MPC occurrence
is frem-where-both-the-defined by simultaneous detection of liquid and ice by both MWR and radarhave-deteeted-hiquid-and
tee-simuttaneotsly—Thefactthat for-every-month-there-are-oceurrenees—, The persistent presence of SIC=0% ;-indicates—the

0 gm
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constantpresence-in every month indicates the continuous occurrence of polynyas and leads during wintertime-winter along the
SIC semi-cone around the NSA site. It is important to note that the SIC shown-values in Fig. 4 istepresent the average within

the-semi-eonefa 50 km radiusand-, 6° wide )-semi-cone, with the azimuth being-determined-by-the- W T-directiondetermined

by direction of the maximum WVT.

The absolute values for total cloud and MPC are in-line-with-otherstudiessuch-as-Shupe-et-al(2011)reperting-consistent
with previous studies: Shupe et al. (2011) reported an annual total cloud FoO of areund-~80% at NS Aand-Shupe-et-al(2006)-
reporting-, and Shupe et al. (2006) reported a MPC FoO of arotnd-~40% atNSA-in fall.

B%IOUd Frequency of Occurence 2011-2025
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Figure 4. FoO for total (left bars) and mixed-phase clouds (right bars) per month for wintertime from 2011 to 2025. The FoO is based on

cloud events in a month versus total days in a month.

To investigate the relationship efsea-iee-with-between sea ice and cloud properties, the data are-serted-as-afunction-of SIC
with-a-bin-width-eentred-were binned by SIC with bins centred at every 20" percentile. Fhe-MPC-property-is MPC properties

are represented by the median 1y /5 and its MAD oy, ofts-distribution-contained-within-a-speeifie-within each SIC bin. Nete
thatfor-For the following analysisthe-, MPC detection were eenstrained-restricted to cases with LWP and IWP above 5 gm ™2

to reduce noise due-to-the-minimum-detectable-in-the retrievalsfrom minimum detectable retrieval uncertainties, similar as in
PSG23method.

Figure 5 presents the liquid water path (LWP), cloud droplet effective radius 7.y, ice water path IWP), and ice par-
ticle effective radius r.yy as a—function-of-the-functions of upwind sea ice concentration along the-+3° of the maximum
V. WVT direction. Observations from-under H-pressure systems are shown on the left side-(Fig. 5 a,c,e,g), and L-pressure on
the right ﬁd&(ﬁg 5b,d,fi). %%W%%Mwwmwmmmmams are
ing-to-, with data points from the

indicatedby

same SIC bin afeflisplaeedigfﬁs;ci by -3% —for clarity.
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To describe the data behaviour, the empirieal-model’s-bestfitis-indicated-by-the-best fit empirical model is shown as solid

coloured lines, with the 95% confidence interval (CI) is-ma e-shaded

around them. The coefficient of determination r? and geedness-of-fit-goodness-of-fit x* are provided for coupled (blue) and
decoupled (orange) cases, as defined in App. A, Eq. A3 and Eq. A2, respectively.

The results in Fig. 5 reveal fhe%eﬁdeﬁeffeﬂhat several mlcrophyswal cloud propemes te-increase in magnitude as SIC
iour-The best-fitting empirical
model is given by Eq. SW&h—&ma*Hﬁum&eﬂdmg%&MX@ﬁggg@Mpgwl + B2 for-as SIC— 0%. This empirical
model £ was specifically optimized for
coupled cases; thus, poor fits for decoupled cases itis-an-indies aseshighlight
differences between coupling regimes. For decoupled cases, only few cloud properties have-a-clearrelation-with-SIC-Hor-many

decreases.

fvar(SiC; ﬁ) = 61 + ﬂQ exp (SiC2) ©)

where sic € {0,...,1} is thenormalized sea ice concentration, F,,4, is the observed cloud property to-be-examined-as-afunction
of sie(for-instanee(e.g. LW P, IW P, droplet 1. ¢, ice particle 7. f r)—, and /3,1, B2 are the-empirical-coefficients-obtainedfrom
the-best-empirically derived coefficients from non-linear curve fit—tn-thisstudy-fitting. Eq. 3 was faveured-over-the power
law-funetion-propesed-as-preferred over the power-law form F = a SIC® by(PSG23—TFhe reasoning for-thatis-that during

MOSAIC-wintertime-the-observed-SIC-were-mestly-) because the MOSAiC wintertime observations were predominantly above

whereas this study spans SIC observations from 0% to 100% during-the+4-yearsover 14 years , providing a more complete
picture for-the-sensitivity-of cloud properties to-change-as-a-funetion-ofsensitive to SIC.

Specificallyin-, Fig. 5 -panels (a) and (b) reveal a clear felﬂheﬂsh’rp%efweeﬁwp—&nﬁkmcrease in LWP with decreasin
SIC in coupled cases +IT=WP-(blue circles)i

itlevels-off-, levelling off at a median vatue-of ~80 to 120 gm~2 for SIC<30%. Mereover,when-When the observations are
sorted according to the-pre g i )

the-data—fits-weather system, the fit to Eq. 3 betterfor-the H-pressure-is_better for H-pressure case s(r*=0.80 and x*=0.1)
+thanfor-the-than for L-pressure cases (r?=0.80 but x?=0.34). In-addition,for-For L-pressure, LWP data-is—more-variable

whieh-results-exhibits higher variability, resulting in larger uncertainties for-the-in 8; and [, parameters-in Eq. 3 (i-e—wider
shaded-area—around-best-fitdine-wider shaded CI in Fig. 5 (b)), espeetalty-particularly due to outliers that-can-be-spotted-at

around-near 90-80% SIC. The feuﬁd%ehawetmef—lﬂwlfe%éeee&pleéea%e%decou led LWP behaviour (orange triangles), is

align with Saavedra Garfias et al. (2023), confirming no 51gn1ﬁcant relationship with SIC. This is supported by targelyreduced
r2 of 0.51 /(H-pressure) and 0.52 £ L-pressure). Similarl
droplet effective radius (r. ¢ ; Fig. 5 (c) and (d)) shows simila ine ne
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Figure 5. Cloud microphysical properties as a function of SIC (for SIC>5%) for coupled (blue circles) and decoupled (orange triangles)
classes during the wintertime period from 2012 to 2024. H-/L-pressure systems are arranged on the left/right columns, respectively. Liquid
water path (a, b); droplet effective radius (c,d); ice water path (e,f); ice effective radius (g,i). Symbols/bars represent the median/+omaq for
the distribution within SIC bins of every 20" percentile. Lines indicate the best fit with 95% confidence interval (CI) shading around the
solid lines. The r? and x? are the best fit indicators for the model Eq. 3 for coupled/decoupled. Note that x-axis ticks and labels are not

equidistant.

elowdsa strong negative correlation with SIC in coupled cases, but no significant relationship in decoupled cases.
Regarding IWP —(Fig. 5 (e) and (f)eontrast-the- MOSAiICHindings-that IWP-doesnot-exhibit-any-change
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for-coupled—eases—with-) no consistent change with SIC is observed in general. However, coupled cases show a stron

ositive correlation with decreasing SIC, particularly under H-pressure systems (r? as-high-as—= 0.72for H-pressureeases:
ny-). Decoupled cases show no statistically significant difference as-S1E€

changes—Within-achanges with SIC. These findings are consistent with pan-Arctic pefspeeﬂve—&nd—ffem—&afe}}ﬁeﬂbsefva&eﬂs

correlation)and-cloud-coverclassified-as-satellite observations by Cesana et al. (2024), who reported a negative correlation

between SIC and ice cloud cover, and mixed-phase are

temporal scales exist.
In-coupled-seenarios;—the-For ice effective radius (Ice r.ys, Fig. 5 (g) and (i))shews-, a significant relationship with SIC

when-fitted-to-Eq-3-as-it is-indieated-by-their-is observed in coupled cases (r2=0.65/0.66 and x2=0.09/0.12 6ng—5€g}4&ﬂd~€h}

for-H-pressure-for H- and L-pressure cases),

SiC-is-less-pronounced-compared-to-cloud-though the magnitude of change is smaller than for droplet .. hﬁefesﬁﬁgkwfef
iee-rerr-in-decoupled-situationsIn decoupled cases, a similar relationship-is-observed-albeit-with-mere-widely-seattered-data
thatreduees—the-trend is observed but with greater scatter, reducing 72 to 0.24 for H-pressure eases—Meoreover,—decoupled

Notably, all MPC macro- and micro-physical properties are systematically lower in decoupled cases compares to their coupled
counterparts,

A-set-of-Key MPC macrophysical properties are displayed in Fig. 6: Cloud geometrical depth (67+-cloud-top-minus-eloud
base-heights)y-in-0;, =CTH - CBH; Fig. 6 (a) and (b)), liquid layer cloud base height (CBH)-in-; Fig. 6 (c) and (d)), cloud top
temperature (CTT)in-; Fig. 6 (e) and (f)-and-cleud-layer-), and cloud-layer temperature lapse-rate (I'¢jouq)-; Fig. 6 (g) and
o

e-For decoupled MPC, no clear correlation
MM This is eg—ewde%&e&&weefﬁaaﬁeﬁdewfmmaﬁe&mQ of-values (0.38 for §jand
of-, 0.15 for CBHespeeia u ases-a-clea

relationship-of-) under H-pressure systems. In contrast, coupled cases show a clear decrease in §, and-SEc-isfoundwith-cloud

depth-tending-to-deerease-as-SIC-deereases-with decreasing SIC (r2=0.63)—With-referenee-to-the-results-, indicating shallower
clouds. These results confirm findings from the MOSAIC expedition;-the-findings-that-can-be-confirmed-are:for-coupled—:
coupled MPC are generally thicker and have lower CBH than decoupled casessACBH-are-thiekerAower than their-decoupled
eounterparts, independent of SIC with-the-exeeption-ef—except for higher liquid CBH in coupled cases whenH-pressure-are
present-under H-pressure systems.
Theresultsfor-CTT (Fig. 6 (e) and (f)) showsome-stati

Nenetheless:-shows significant differences between coupled and decoupled cases, with a noticeable dependency te-StCean-be
identified-with-on SIC: colder CTT for sea iee-eovered-ice-covered ocean and warmer CTT forlarge-areas-of open-water(see

Fig—6-(e;H)—The-medel-over regions with open water. The model (Eq.3fits-better-in-decoupled-eases-) fits decoupled cases
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Figure 6. Same as Figure 5 but for cloud depth (a, b); liquid layer cloud base height (c,d); cloud top temperature (e,f); cloud layer temperature

lapse-rate (g.i). Symbols (bars) represent the distribution’s median (=MAD) for SIC bin widths at every 20*" percentile.

better (r>=0.81 and H-pressure) as-compared-to-than coupled cases (r°=0.62). For-coupled-casesCTF-is-generalty slichtly
higher-thanfor-Coupled cases generally exhibit slightly higher CTT than decoupled cases.

The cloud-layer temperature lapse-rate wﬁhﬂa—af}eud%ayeﬁsfdeﬁﬂed—&&d‘doud =
is the only macrophysical property that pese

CTH T,41—
_ZZ CBH( ZE_ )‘rs—the—smg}&l
ot showed pronounced

modulation by SIC (Fig. 6 (g) and (i)). TheFeonetnder H—and-L-pressure-systems-depicts-a-systematic-bias-with-Feonafor
eleeeup}eérea%e%hawﬁgﬁger—value%%haﬁ%Decou led cases show systematically larger I' values than coupled cases.
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a robust coefficient of determination of r2=0.95 and X2 0.03 for the L-pressure and coupled cases. The-dynamie-ofFeona

pressure and L-pressure systems with

af-, the median I'¢),,q (blue dots in Fig. 6 (g)
and (i) SIC>95%) shows that mmhalf of the Fepuadistribution—isfound-te-benegative—This—implies
distribution is negative —indicating a temperature inversion within the cloud layer (Tiop > Thase). When-SiC-deereases-As SIC
decreases (e.g. SIC<95%), I'cioua becomes clearly positive (i.e. Tiop < Thasemeaning-the-cloud-temperature-cools-with-height
mmmmma moist adiabatic proeesslapse-rate.

The behav
are-observed(Fig—6-(a;b));-at-the same-time higher results suggesting an apparent contradiction that shallower clouds with
increasing LWP and IWP are-found-as SIC decreases(Fig—5-(a;b;e;£))—That-apparent-contradiction-isrealized-by-the-inerease
of, is resolved by the concurrent increase in liquid- and ice 7.5y with-the-deerease-of SFC(Fig. 5 (c,d,g,1)). Furthermore, it
was-found-that-the-lower-atmosphere-surface air temperature (T2m) positively-correlatessome-of-the MPC s-shows a positive
correlation with several micro- and maero-properties;mainly-for-micro-physical properties, particularly in coupled cases. The
physical explanation for the observed increase in LWP and IWP with the decrease of SIC (i.e. warmer surface) is—given-by
the-fact-that SIC-deerease (F2m-inerease)-indicates-that-more-lies in enhanced latent and sensible heat fluxes are-released-by
@ewmﬁmmmmfe%@%&%@@&mmmmectmn and sea salt

release, When coupled to clouds, this drives increased cloud water content, These findings align with in-situ measurements in
Svalbard, which suggesting that a warming Arctic favours-the-inerease-of-highly-aetive-enhances ice nucleating particles, thus
alewing-the-enabling formation of ice-containing clouds at warmer temperature-temperatures (Tobo et al., 2024). Similarly,
Schiifer et al. (2025) using-found in Arctic MPC simulations feund-an-inerease-in-that a warming climate increases cloud ice
water content with-a-warming-climate-due-to-the-inerease-of-via enhanced ice-nucleating particles and the-rime-splintering
proeess-and-secondary ice production (e.g. rime splintering).

3.2 Year-to-year variability and trends

H-12013). No SIC-based separation is applied here.

A first attempt to analyse MPC time series observations at NSA site has been reported by Saavedra Garfias and Kalesse-Los

(2024)fer-onty—. They previously analysed a 10 year subset of coupled/decoupled elasses—for-a—shorterperiod-of 10-years:

19



460

465

470

475

480

485

490

Firstly-thesepreliminaryfindings-stressed-MPC at NSA site, reporting the oscillatory nature of the-magnitude-ef-some MPC
properties with time —Seeeadly%«laeleeﬁbut no statistically significant trends whiehwvefeeesm%ed»dﬁeeﬂyusmg Ordinary
Linear Regression (OLR)

However, OLR is limited by two major shortcomings: i.e. heteroskedastlclty increased variance with higher median values
and residuals’ bias with skewed distributions —E

edue to oscillatory signals
—e.g. a local maximum LWP was found at 2016/17 between two local minima in 2013/2014 and 2018/20+9-respectively—This

window-of: A 10 years—For-example;-the-data-peint-for-year running window smooths the time series (e.g. 2016/17 is
averaged over £5 winter-seasens—Then-winters), then a weighted linear regression (WER)-is applied. The-WER-is-an

efficient-way-forfixing-heteroskedastieityinlinearregressionThis reduces noise and mitigates heteroskedasticity.

ii. W@WMMa natural cycle with a frequency occurring within
the 14 years period.
modulate-the seaiee-oreloud properties—tn-this-ease-a-A fixed frequency vy, [yr~!] is applied to fit the data via non-linear
regression with-eyelical-terms-(Harmonie-funetions) needs-to-be-apphiedfollowing Eq. 4.

In-both-methods—the-distribution—varianee-of-Both methods use weighted regression to account for varying cloud propertles

within a wintertime pert

deviation-when-the-mean-is-used-—variability, The time series WLR fitting model to be applied for the methods i and ii are given
by:

p1 + Bat +¢ method i. (4a)
. /8 —
( B1 + Bat + B3 cos(2mpt — Ba) +¢ method ii. (4b)

where ) (¢;3) is the time dependent cloud parameter te—be—fitted—(e.g. LWP, IWP, cloud droplet/ice particle sy, etc.)in
acecordance-with-method+ orii-In Eq. 4, ¢ runs over the sequence of wintertime W7 and the coefficient to fit is denoted by the

vector 3 = [B1, B2, ... ], and € represents the model residuals. In both Eq. 4a and 4b the time series trend is determined from
AA%’ = f35. For Eq. 4b, vy, is-an-extraparameter,-with-units-of yr—L-that represents-the represents the dominant frequency of the
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oscillating signal with phase shift 4. Note that in Eq. 4b, v, is not an-element-of-the fitting-coefficientsveetor3-determined

by the regression but rather a so-called “free parameter’s+e—its-value-is-not-determined-by-the-regression’s-best-fit-from-the
time-sertes-data—tnstead-it-, 1, is obtained from an external source; the selection of this free parameter is presented in detail

later in Sec. 3.2.2.

i {The results are presented in
Sec.3.2.1 )—&ﬁd—l—t(\/f\ﬂ/\@lﬁ/l}gﬂ/l)\/g/r\l’vsec 3.2.2 (method ii), followed by aeempaﬁseﬁ—ef—thefeﬁﬂfs—by—beﬂme%hew
analysis.

3.2.1 Method i: Trend estimation using moving-average time series

s After smoothing.

the MPC time series with 10 year moving average, data are fitted to Eq. 4a by-apptying-using WLR. The trend is then-assumed
to-be-the-fitted-parameter-derived from the fitted coefficient 3, and the results are asserted-sorted by the cloud coupling class

and pressure system at NSA site.

Figure 7 depicts the time series of selected MPC properties that exhibit the largest variability along the years;snamely—:
LWP, liquid CBH and CTT. As-in i i e
decoupled (orange triangles) status-and-c Navsgveggvsgpg\r/@@vlgy pressure system. A-distinetive-vartabilityof EWP-per-wintertime
LWP exhibits strong inter-annual variability.
Q&MWM@QSN+4 440.7 g m~2 dec™! ferunder H-pressure and +24.3+0.7 g m~2 dec ™! for

bpm%we%gg@g&kmﬁﬁg 7 (a) and (b)

Coupled (blue circles), and

vartabilityremains lower overall and displays higher stochastic variability, resulting in a less pronounced and negative trend for
E-pressuresystem-of -5.3+0.7 g m~2 dec™! under L-pressure.
Fhe hiquidlayer CBH-time-series-is-shownin-Liquid layer CBH also shows clear trends (Flg 7 (c) and (d)—'Phﬁ—pfepeffy—al%e

H-pressure, both coupled and decoupled CBH increase at similar rates (+54.3+0.7 m dec™! }ﬂﬂd»@ggN+54 9+1.0 m dec™ 1)

, respectively). Under L-pressure, trends reverse: coupled CBH shows small change (+7.5+0.7 m dec™!;deeoupled:
, while decoupled CBH decrease sharply (-134.540.8 m dec™1).

decoupled-eases, the same-is found-in-time series-basis-CTT (Fig. 7 (e) and (f)) shows no significant difference between coupled
&cmwmfclcaseswmwvnwwwwwg&smmﬂl&%m In general, mﬁ&m%mm%%ﬁﬂwm
slightly decrease over time, albei -
reduction-happens—for-with the strongest reduction under H-pressure and coupled cases (trend: -1.6+0.6 K dec™!)and-the

lowest-forL-pressure-decoupled-cases-with-a-, and the weakest (non-significanttrend-of-) trend under L-pressure and decoupled
cases (-0.9+0.8 K dec™1).
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Figure 7. MPC time series for coupled (blue circles) and decoupled (orange triangles) represented by the median (141/2) and omaa (bars)
of wintertime distributions. H-pressure (left column) and L-pressure (right column) for LWP (a, b), liquid layer CBH (c, d), and cloud top
temperature (e, f). The linear trends (4 uncertainty) are indicated with the solid lines (shared area is 95% confidence interval) and trend

values in units per decade, the coefficient of determination r2, and x? are presented in legend.
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3.2.2 Method ii: Trends estimation considering cyclical time series

Given the oscillatory nature of mﬁmf%ﬁ@mm reported by Saavedra Garfias
and Kalesse-Los (2024)

variabtlityat-intra-deecadal-timeseales—Generallyspeaking;—elimate—, we hypothesize that these oscillations are driven b
intra-decadal climate variability. Climate teleconnections can influence fhe—fefm&&emeﬁme}morgef—%e&ﬁeeﬁfﬁheﬂeﬁe
i Arctic sea ice formation/meltin

suggest that observed MPC fluctuations may be linked to large-scale climate modes. The hypothesis is supported by two lines
of evidence: Firsty, there-are-numerous-studies-supporting-extensive literature confirms climate teleconnections between the
Tropical Pacific, sub-tropical regions and the Arctic (Timmermann et al., 2018; Kodaira et al., 2020; Zhang et al., 2023; Deng
and Dai, 2024; Zhong et al., 2024)-Secondly;-a-noticeable-pattern-of-; and secondly, MPC time series thatresembles-the(e.g.
LWP, CTT, 4, and CBH) exhibit patters resembling ENSO or PDO evolution-along:the-study-period:-for-instance, Fig-7

@%&@}Mﬁf&b\%ﬂﬁeﬂe&ﬁwﬁ&%&e}eﬁe}yﬂhgﬂeﬂ cles —e.g., LWP peaks align with strong El Nifio events
(positive ENSO in 2016 and 2023in-Fi LWLa Nifia

events (negative ENSO in 2020 to 2022)-
in-phase-(e-g-CBH)-and-varyingintensity-of the-oseillation—, with phase shift and amplitude differences across MPC variables.

observations;-three-common-indicesare-considered;namelyTo test this, we consider three major climate indices: Arctic Oscilla-
tion (AO), PDO, and ENSO. In-Eg-4b-the The free parameter v, (frequency of signal )-wasselected-among-a-setof-frequeneies
in Eq. 4b) is selected from relevant harmonics of these three-climate-indices—Theset-ofvaluesfor-w—was-obtained-after-a
indices, identified via discrete Fourier analysis performed over the ENSO, PDO and AO signals (details in App. D). Only fre-

quencies assoctated-with-strong-Houriercompenents{(with Fourier amplitudes larger than 100 )-+were-considered-to-be-relevant
were considered (red triangles over the x-axis of Fig. D1 (c) in App. D): 14,={0.093, 0.155, 0.186, 0.217, 0.248, 0.279, 0.341,
0.434} yr~lwhich-eorresponds-, corresponding to periods of {10.8, 6.5, 5.4, 4.6, 4.0, 3.6, 2.9, 2.3} yr ;-valuesinagreement

with-other-more-extensive-analysis-e.—consistent with know climate modes e.g., 2.8, 4.3, and 5.7 yr period-for-AO;phus-for
AQ; 12 yr for ENSO; (Zhang and Moore, 2011). All v, values are common harmonics for ENSO, PDO and AO, atbeit-with

variouslevels-of contribution-to-the-chimate-indices—The-though with varying levels of contributions. For each v, the time se-
- and three goodness of fit parameters-are-caleulated;

namely-metrics are calculated: x?, coefficient of determination 72, and the normalized root mean square error nBRMSE. Fhen

the-best-The optimal v}, is d&efmﬁmérbymﬁnﬁﬂﬂﬂgém a cost function (Eq AS) depeﬂde%eﬁwng -and

nRMSE while maximizing 72
found-n-(see Appendix Al and Fig. Al for EWP-and-CTT-as-examplesexample).

ries are fitted to Eq.4bust
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Figure 8. Same as in Fig. 7 but applying method ii for H-pressure systems. With LWP (a) and (b), liquid layer CBH (c, d), and CTT (e, f).
Left column panels (a,c,e) show decoupled MPC (orange triangles) cases and right column (b,d,f) coupled MPC cases (blue circles). The
best fit curves are dashed-lines and linear trends are the solid lines (shared area is 95% CI). The goodness of fit coefficient x2, the period of

the cyclical curve v, ! and trend values, in units per decade, are indicated in legend.

560 The time series of MPC properties fitted to Eq. 4b to obtain the coefficients 3 are shown in Fig—Figure 8 for H-pressure
systemswww%%ﬁmﬁ&%ﬂn%mmlmmk&mn Appendix Fig. B1. The ﬁmﬂg%e—Eq—%)

Fig.«S)—wh%elﬂr,—a}eﬂg—wﬁh—the—se{—effbest-ﬁt frequency (v in legend) and correspondin paf&metefsg—repfeseﬂts—ehe—best—ﬁ{—fef
the-data{dashed-lines-coefficients (dashed lines in Fig. 8) represent the optimal model.
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cycle (linked to AO/DPQO), yielding a weak negative trend (-0.94+0.9 gnf2 dec™ l)aﬂdfeﬂp}edr

— Coupled LWP follows a 10.8 year cycle (strongly tided to ENSO/PDO), with a significant positive trend (+8.040.7 gm 2 dec™!)ease:

TFhe-tiquid-tayer-For liquid cloud base height EBH-for-wintertime- MPEA(CBH; Fig. 8 ¢ and d)shows-a-bestfit-for-periodie
onalwitl todsof;

— Decoupled CBH fits a 3.6
was-found:-year cycle, with a trend of -228.1+1.5 mdec~!. Contrarilyforcoupled-cases-apositive liquid-CBH-

— Coupled CBH fits a 6.5 year cycle, with a trend of +119.940.7 mdec_lwa&feuﬁd.—eeﬂeemiﬁgﬂeﬁé.w

Cloud top temperature CTT (Fig. 8 e and f) a-shows slightly positive, albeit-not-statistically-significant-trend-isfound-for
befkkgggvsggglv@cgglvtvtggg@g\(decoupled +0.7£1.0 Kdec™!, and coupled: +0.4+0.6 Kdec‘l)eases—wﬁh—geeekﬁ{%ejaeﬂeds
' ’ u)ﬁéiﬁ\t,l’\}i 10.8

ef-year (ENSO/PDO) and 5.4 yeafﬂ%ﬁh&%&eﬂge%t—ﬂgﬂa}—fe%ﬂw ear (ENSO cycles, respectively. The 5.4 year cycle is the
predominant intra-decadal ENSO variability;-and-the-signal and second strongest for PDO, while-nen-present-for-AO-but absent

in AO (Appendix D).

3.2.3 Comparison of trends obtained by the two methods

a-Trends were estimated for

v>0%,

and separately for the lower and upper 50th percentlles of fhe%efa%dﬁtﬂbﬂ&eﬂ—ef—S{G%&eseqﬂaﬂtﬂes—tfmﬁa{e%e—ﬂve—bm&ef
SiCHe—thesetof- SIC=-SIC; SIC € { (0, 95], (95, 100] }%sfor-which-their-corresponding-trends-were-estimated—Here-the
notatton-offorexample-, The notation (0, 95], indicates thatenty-data with 0%<SIC<95%was-used-to-perform-the procedures
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and-decoupled-tlowerrow)-eases; respeetively- ta-, Results are summarized in Fig. 9the-setof EWP-trends-as-afunction-of SIC
subsetis-summarized—The-SIC-on-the-axis-indicated-as-, where “All” eorresponds-to-the-results-shown-in-refers to the full SIC

range (Fig. 7 and Fig. 8- The-coupled-cases-arepresented-on-),
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Figure 9. LWP trends for SIC subsets as indicated in the abscissae. The hollow symbols indicate the trend using method i (Eq. 4a), coloured
symbols show results using method ii (Eq. 4b), grey shadows behind symbols indicate the trend is statistically significant (p<0.05), and the

number next to the coloured symbols are the period in years for the best fit Eq. 4b. The colour bar represents the goodness of fit x> value.

MPC observed in the presence of H-pressure systems in panel (a) and (c) for coupled and decoupled cases, respectively. MPC in the presence
of L-pressure systems in panels (b) and (d) for coupled (upper row) and decoupled (lower row) cases, respectively.

Coupled cases are shown in the top row of-panelsin-Fig. 9 (a and b), while-the-decoupled-eases-on-decoupled in the bottom
row (c and d) Hollow symbols represent method i y-are-hoHow-symbels—whereas-the-trends

s (moving average WLR); coloured symbols denote method ii )-are-the-coloured-symbels-(harmonic
fit), where the colour indicates the goodness of it parameter (the lower the-vatue-the-better-the-= better fit). Next-to-every

coloured-symbel-the-period-related-te-the-The period of best fit Vk in Eq. 4b is indieatedlabeled next to each coloured symbol.
Tt-is-noticeable-frompanel-a-and-b-in-Fig—9;-that-with-respeet-to-For coupled MPC-LWPthe-coupled-clouds™trends-agree
between-the-two-methods—-espeeiallyfor-, both methods agree well, especially under SIC>95%(50th-percentile);-whilefor-,
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discrepancies emerge: trends reach ~ +55

mgggimand ~ +86 gm_2 dec™! for-SIC-within-(method ii) under L-pressure in the lower 50th percentlle tmdeH:—pfe%ufe

reveals a reversal in trend sign with increasing SIC —positive at low SIC, negative at high SIC. Under L-pressure, both methods

ield slightly negative trends (Fig. 9 d). ainly
dominated by AO and ENSO signals-(i.e. 2.3, 2.9, 4.0, 6.5 years)and-thus-somewhat-shorter—, with shorter periods than for

coupled cases.

Regafdiﬂgée&eleuéfgrmiggproperties, IWP o

WMHIWMNM S2 (b, ¢, d) ywhes
stgnificant-trend-when-the-. However, method ii is
L-pressure-affected-by-a reveals a significant positive IWP trend under L-pressure (2.9 years oseillatione.g-ENSO-(ENSQ
cycle, Fig. S5 (b)) -and-at-H-pressure-a-and H-pressure (10.8 years eseillation—e-g—ENSO/PDO cycle, (Fig. S4 (b)). This
WMWWMWWMWMwthM patterns and intrusions

‘warm-air intrusions from lower

latitudes —consistent with finding by Cesana et al. (2024) in the Bearing Sea using satellite observations.

3.3 Diseussion
4 Discussion and Summary

The findings presented in this study are the result of two approaches: first, an extension of the PSG23 method from one winter
of observations during the MOSAIC expedition in the Central Arctic to multi-year observations within the Western Arctic (in
Sec. 3.1); and second, the multi-year time series analysis of the MPC properties (Sec. 3.2). To account for this, the following
discussion is split based on results reported in this study set into context with the MOSAiC expedition, and the results from the

time series analysis.
On the MPC properties modulated as a function of SIC, coupling status, and pressure system
Section 3.1 along with Fig. 5 and Fig. 6 are only partially comparable to the findings reported by PSG23 for the MOSAIC ex-

pedition. As-previousty-mentioned;-this-This is because the MOSAIC study mainly relies on the sea ice lead fraction (LF) to
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represent the sea ice states. Contrarily,—for-For the present study, long-term and continues LF data are not available. Further-
more, SIC MOSAIC winter was mostly above 90%whie-, in contrast to NSA site observations during the 14 years ef- Nov-Aprit

RAANARRAARRANAARAAANARANANNRANSANANS

observations-at NSA-site-considered-here;-atarge-where a larger variation in SIC was covered. Keeping these caveats in mind,

the following phenomena reported by Saavedra Garfias et al. (2023) can be confirmed:

— LWP of coupled wintertime MPE-clouds increases as the sea ice states trend to larger openings, whereas decoupled-EWP
LWP of decoupled clouds has no relationship with SIC. The present study thas-confirms MOSAIC findings and extends
its validity for SIC as low as 5%.

— Cloud layers for coupled cases are thicker and have a lower liquid layer base height than the decoupled cases.

For coupled cases with SIC>95%is

distributed-, cloud layer temperature lapse-rate (I" ranges from negative to positive valueswhile-deeoupled-—eases
have—, whereas decoupled cases show a distribution predommantly above zero. For SIC<95%, I'cioua increases with

increasing sea ice openingfor-both-coupled-and-decoupled-clouds, regardless of coupling status.

Conversely, new findings that the study from the MOSAiC expedition did not conclude {e-g-beeause-no-distinetion-between
pressture-systen-was-made-there)-can be summarized as follows:

— Coupled-Under L-pressure systems and for all SIC, coupled clouds have a lower liquid cloud base height islower-than
than decoupled clouds. This

difference is only evident for H-pressure systems when SIC 2 95%.
— A negative relationship between IWP and SIC was found, albeit only for coupled MPC.

— The liquid and ice effective radii (r. sy ), which Saavedra Garfias et al. (2023) reported notto-presenta-for MOSAIC showed

no clear difference when sorted by eeupled-coupling status or lead fraction, was-found-te-have-a-strong-dependency-on
Stcfoer-were found to exhibit a strong dependence on SIC in coupled cases. Specifically, r. ;¢ were-found-to-inerease

increased with decreasing SIC.

— For coupled MPC, a negative I'¢jouqa (in-cloud temperature inversion) is possible at SIC>95%is—possible—Fertow
StCvalues—the-, At lower SIC, I'ciouqa >0 +-e—a-tendency-towards-shows a tendency toward a moist adiabatic lapse-
rateis-observed-DeeoupledFoonaeases-exelusivelyshow-, Decoupled cases consistently exhibit a moist adiabatic lapse-
rateenhaneing-in—, with increasing magnitude as SIC reduces;—espeetattyfor-decreases-particularly under L-pressure

systems.

On the long-term trends of MPC properties

adoeptedfor-trend-estimation—Altheugh-method-Two trend estimation methods highlight method-dependent biases. Method iis
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m-, a standard approach for stochastic of periodic
signals, is sensitive to edge effects and moving window width, Disagreements arise, particularly in L-pressure decoupled

LWP trends: method i ¢show a decline of -5.3+0.7 gm~?dec™* s—, while method ii {indicates a slight increase of

+0.9+0.9 gm~?dec™ % i i i i N@&W&%ﬂ&&%@
iuses-a-constant-moving-’s fixed window size, teal-signal-fit-s ¢
data, whereas method i/ captures a dominant 6.5 years which-is-muchJower than-the-window-size-(cycle -shorter than the 10
years j;-thus-method- oversmooth-the time serieswindow- leading to more accurate trend representation.
An-example-of-tendeney-disagreement-Disagreement also occurs for the liquid cloud base height of decoupled MPC;-where
method-, Method i results-in-a-pesitive-detects a trend of +54.94-1.0 m dec ™ lin-eentradietion-to-, while method ii with-reveals a
negative trend of -228.141.5 mdec ™! both—both statistically significant. Figure 8 (c) shows how method ii faveurs-captures a
periodic signal of ~3.6 yearsto-property-fit, W the low CBH values observed during negative ENSO phases (e.g.
2018/19, 2022/23), whereas method i wi i

suppresses these short-term variations.

‘which over-smooth the

foreoupled-eases-Both methods agree on IWP trends under H-pressure, showing coupled case trends of +3.54+0.8 gm 2 dec ™!

(method i) and +4.44+1.0 gm~2dec™! formethod and-(method ii-respectively;ata-signal period-of-) with a 10.8 years-fyear
ngiAochharacteristic for ENSO and PDO (supplementary material S2.2).

tested-by-fitting-Hypothesizing the influence of climate models on MPC variability, we fit the data to Eq 4b with one relevant
harmonic as a free parameter vy.

or-The NSA site time series are best explained by ENSQO’s 5.4 years-are-representativefor-the-fluctuation-of-severa-MPC
parameters—The-ENSO-and-AO-period-of-and 10.8 years, PDO’s 6.5 and 10.8 years, and AO’s 2.3 and 2.9 years-are-the-second
mest—freq&e&t—A@—&mPPB@—&peﬂedreF ear periods. ENSO and PDO (10.8, 5.4 year) dominate most MPC parameters, with

A0 (2.3,2.9 year) and PDO (6.5 has=

secondary contributions. Decoupled MPC under H-pressure influenece-vary-within-middlerange-varies on intermediate periods
(3.6, 4.0, 5.4 years), while coupled MPC variation-in-ontonger-periods-shows longer cycles (6.5, 10.8 years). Conversely;-the
vartability-of decoupled MPCI-pressure-cases-is-mosthy-found-Under L-pressure, decoupled MPC oscillates at 2.3 to 6.5 years,

while-properties-ofcoupled MPC-cases-mostly-oseillate-and coupled MPC at 2.9, and 10.8 years, depending on the specific
MPC property.
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Conclusions

The method proposed by Saavedra Garfias et al. (2023) to study the relationships of atmospheric boundary layer MPC prop-
erties coupled to sea ice leads during the MOSAIC expedition in the central Arctic has been successfully implemented and

extended to the Western Arctic. Fourteen winter seasons of multi-sensorsynergistic-observations-by-, synergistic observations
from the ARM’s NSA site were analysed alongside satellite-derived sea ice concentration to characterize MPC propertiesatong

relationship was found between decreasing sea ice concentration and an-increase-of-some-MPC-properties—such-as-EWP;
effective-radius-increases in key MPC properties -LWP, effective radii of cloud droplets and ice particleseffeetive, and cloud
top temperature (CTT).

The MOSAIC
the-’s derived distinction between coupled and decoupled MPCs, based on water vapour transport-sea ice systenrhas-been
confirmed-for-the NSA-site—Additionally;—the-interaction, is confirmed at the NSA site. The multi-year dataset-allowed-to
mwm the influence of fhewea&xe%pfe%ufe%y%femﬂﬂfhieh{heﬂbseﬁ%aﬁﬁﬁ{eek
e-atmospheric pressure systems.
Results show that MPC properties depend not only on their-coupling status but also as-afunection-of-the-atmospherie-on the
prevailing weather pressure system. Conelusive-is-thatfor L-pressure-systemsthe-long-termrate-of ehangefer-Under L-pressure
systems, coupled LWP, cloud top temperature, and liquid layer base height in-wintertime MPC-is-positive for-coupled-eases:
For decoupled-easesno-exhibit positive long-term trends. In contrast, decoupled cases show no significant trend in LWP and
CTTwas-deteetable-or CTT, while 11qu1d layer base height was found to decrease. Whe&H—pfessufe%ystemsaf&emmdefeek

2 i at-Under H-pressure systems,

7—Based on time series of surface skin temper-

ature as indicator of coupled clouds radiative feedback, we found that a continuing warming in the Western Arctic can only be

reckeoned-under-al-pressure-system-linked-to-observations-with-attributed to L-pressure systems associated with observations
under SIC<95%. €ontrarityIn contrast, under high pressure systems and SIC>95%, our results show that-the-cloud-radiative

induced-surface-temperatureis-deereasinga decrease in cloud radiative-induced surface temperature. A limitation of this study
is that the current NSA-site-remote sensing capabilities does-at the NSA site do not provide vertical profile-information-about
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aeroselsprofiles of aerosols, which hinders the study-of-the-effeets-of-aerosols-to-investigation of aerosol effects on LWP and
IWP in conjunction to SIC changes.

740 This study putinto-consideratton-uses empirical mathematical models derived from long-term observations as-parameterization
for-the-modeHing-of-to parameterize atmospheric boundary layer MPC ascribed to Arctic sea ice conditions. We suggest-that

ahy-argue that

é£%€@MMWW small-scale horizontal moist air mass transport that
linking sea ice leads to downstream clouds—
by incorporating weather patterns, large-scale atmospherie-cireulationproeessescirculation, intra- and multi-decadal climate
oscillations, and teleconnections-between-the-Aretic-and-JowertatitudesArctic-lower latitude teleconnections. Recent studies
reported-that-this-complexity-has-imphcations-for-the-prospeet-of-highlight the implications of this complexity for decadal
climate predictability (Timmermann et al., 2018; Mann et al., 2020; Cesana et al., 2025)-Similarfindings-were-recently-, with

750 similar findings reported by Lubin et al. (2026)-They-analysed-, who linked long-term LWP and CRE trendsfrom-1999-t0-2024
and-reported-aninfluence-by-largeseale(1999-2024) to large-scale circulation and atmospheric riversin-long-term-trends—With

this study-we-acknowledge the immense importance-of, Our findings are aligned to those studies and underscore the critical

role of sustained Arctic monitoring at long-term stations like the ARM NSA site for the-continuous-menitoring-of-the-Aretic

745

755  Code and data availability. Code and data available at Saavedra Garfias (2022) and references listed in Table 1.

Appendix A: Statistical parameters used in the data analysis

The statistics for cloud properties are represented by the geometric mean, median or 1st and 3rd quantile. The variability within
the distribution is expressed by the standard deviation (o) or MAD (0yaq). When the data mean or median is used to fit an
analytical model, the variability within the distribution is taken into account by performing a weighted fitting either by linear

760 or non-linear regression. The weights are modelled as
wj = L5 (AD

. —92 . . . . —2\ _ 1 —2 . . .
with o, 18 the inverse of the variance (with o; can be o4 or op,q), and <o’j > =% Zaj is the inverse variance mean.

J
The index j represents a distribution of cloud properties, which for the case of Sec. 3.1 j € SIC = {10,20,...,100} is the
distribution within binned sea ice concentration, and for the case of Sec. 3.2 j € WT ={2011/12,...,2024/25} for the

765 wintertime. In both cases N is the length of j set. The Eq. Al penalize large variability within the distribution j and will

influence less the fitting algorithm.
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A1l Model Goodness of fit test

To quantify the degree of a fitted model can represent the observations, the following parameters for goodness of fit are used:

- x?: is the sum over residuals square divided by the fitting model degrees of freedom v, which indicates how close the

770 model prediction is from the data,
1 N € 2
2 _ = S5
K=o <Jj> (A2)
Jj=1

where ¢ = gj; — y; are the residuals (difference between model prediction ¢/; and observed value ;) in Eq. 3, Eq. 4a, and

Eq. 4b; with v =2, 2, and 4, respectively. The closer x? is to zero, the better the fir curve represent the data.

— r2: is the coefficient of determination, which quantifies how good the model explains the change in observed value,
¢

___J

> ((y5) —y;)?

J

775 r2=1- (A3)
where (y;) is the average over all observed values y;. Worth to note that 72 is generally a valid parameter for linear
relationships, while for non-linear regression it could produce unexpected results like negative values or larger than one

(Spiess and Neumeyer, 2010).

— nRMSE: is the normalized root mean square error, which is the overall mean squared residual between model fitted and

780 observed value,

v 2 (wjeg)
J

with IQR is the distribution inter-quantile region, and w; the weights as in Eq. Al. Values of nRMSE larger than one

signalize a very poor agreement between fitted model and observations.

Given a set of fitted parameters to Eq.4b corresponding to the six vy, values, a goodness of fit test is performed to determine
785 which single v represents the data the best. This is done by minimizing a cost function which is dependent of all three goodness
of fit parameter 2, nRMSE, and the reciprocal of 72 i.e. 1-r2, thus all three parameters range from zero (best) to higher values

(worst):

£ = \/x* + nRMSE? + (1 —12) (AS)

As an example of how the minimum is found, in Fig. Al can be seen the cost function for two MPC parameters: LWP and

790 CTT, with the minimum of the cost function £ indicated by the vertical thick line.

32



795

800

LWP: 0 < SIC = 100 & H-pressure Cloud top T: 0 < SIC = 100 & H-pressure

° T * X ®
g 1.00 1 ® 1.00 e - )
e
o 1-2 0751 0.75 18 & m 8 5 &
@ nRMSE
050 0.50 1 o
0.25 | 0.25 4
(a) (c)
0.00 T T : \ . r — 0.00 T T T p | . -
X
1.00 | *e 1.00 | XX
co B = -] ] = - ¥ g & - m &
o 1-r 0.751 e 8 0.75 4
@ nRMSE 0.50 1 0.50 1
o 0.25 i % X X 0-25 !
. 1 >< ) 4
(b) ) (d)
0.00 = T T T T T T T 0.00 = T T T T T . T
2.3 2.9 36 40 46 54 6.5 10.8 2.3 2.9 3.6 40 46 54 6.5 10.8
Signal period vk~ [years] Signal period vk~! [years]

Figure Al. Determination of the best vy, value, from the combination of all three goodness of fit parameters. LWP coupled (a) and decoupled
(b), cloud top temperature coupled (c) and decoupled (d). The x? is shown as crosses, nBRMSE as squares, and the reciprocal of 2 as circles.

The thick vertical line is the value of vy that minimizes the cost function L.

Appendix B: Results for trend estimation

To complement Sec. 3.2.2, the equivalent of Fig. 8 but for L-pressure systems is shown in Fig. B1 with LWP in panels (a) and
(b), liquid CBH in panels (c) and (d), and cloud top temperature in panels (e) and (f). Further results of time series trends of

other MPC properties can be found in the supplementary material.
B1 Time series for the lower/upper 50th percentile SIC decomposition

The time series’ trend analysed by method ii are decomposed by the lower and upper 50th percentile of sea ice concentration.
For the period of 14 years observations the lower 50th percentile comprises of data with SIC between 0% and 95%, whereas

the upper half from SIC above 95% to 100%. Figure B2 shows the LWP SIC decomposition.
B2 Surface skin temperature trend results after SIC decomposition

Time series analysis for the surface skin temperature 7Tyy;,,, estimated from the net down- and up-welling longwave radiation
flux (Saavedra Garfias et al., 2024), or by down-welling infrared radiometer when the former data is not available, after being
decomposed in SIC subsets of 50th percentiles (shown in Sec. S2.3, Fig. S8) applied to methods in Sec. 3.2.1 and Sec. 3.2.2

are displayed in Fig. B3. These results are discussed in Sec. 3 in relation to the warming in the western Arctic.
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Appendix C: Sensitivity to radius of semi-circle around NSA site for SIC parameter

805 To investigate how sensitive the results are to the choice of sea ice area (red cone in Fig. 1) to compute the average SIC
associated to be coupled/decoupled to the MPC parameters, in addition to the 50 km used for the results in Sec. 3, a different
radius o’f 75 km has been tested. The procedure indicated in Sec. 2 was repeated for 75 km and the results for LWP trend are
summarized in Table C1 as compared to the results for 50 km. It has been found that there is a small difference between results
from 50 km and 75 km radius (second column in Table C1), but the differences are more noticeable for decoupled cases in

810 particular when grouped to 0<SIC<95%.
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Figure B1. Same as in Sec. 3.2.2, Fig. 8 but for time series comprised of L-pressure systems.
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Figure B2. Time series of LWP for coupled and decoupled clouds under H-pressure systems. The time series are decomposed by the range

of SIC: (a) and (b) all SIC considered, (c) and (d) for SIC > 95% and SIC < 100%, and (e) and (f) for SIC > 0% and SIC < 95%.
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Figure B3. Tiyxin rate of change for SIC subsets in the abscissae. The hollow symbols are trends using method i (Eq. 4a), coloured symbols
use method ii (Eq. 4b), grey shadows behind symbols indicate the trend is statistically significant (p<0.05), and the number next to the
coloured symbols is the period in years for the best fit Eq. 4b. The colour table represents the goodness of fit x? value. H-pressure systems

in panel (a) and (c) for coupled and decoupled cases. L-pressure systems in panels (b) and (d) for coupled and decoupled, respectively.

In supplementary material (Sec. S3) the associated Figure for 75 km radius around NSA site can be found. A noticeable
difference is mostly seen for the results associated to decoupled cases and SIC between 0 and 95%. For coupled cases the

results are robust and consistent either by selecting SIC within 50 or 75 km.

Appendix D: Frequency decomposition for climate indicators

A discrete Fourier analysis has been performed to obtain the frequency harmonics v from three climate indicators: Arctic
oscillation (AO), Pacific Decadal Oscillation (PDO), and El Nifio Southern Oscillation (ENSO). The power spectrum as a
function of the signal harmonics expressed as periods (v 1) is shown in Fig. D1, with the set of harmonics used to test the
fitting of Eq. 4b indicated by a red triangle at the bottom of panel (c) in Fig. D1. Note that the limits of the abscess in Fig. D1
is intentionally cut for the range relevant to the 12 year of observation period, the signal can contain multi-decadal harmonics

that excesses the 12 years period.
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Table C1. Comparison for 2011 to 2024 wintertime LWP trends when considering SIC within two sectors of radius 50 km or 75 km.

High Pressure systems (AZ < 0)

SIC Rsic Decoupled Coupled Reference
[%] km] | x* | vp ' [yrs] | 25LWP[gm dec '] || x* | v ' [yrs] | 2, LWP[gm ?dec™] figure
0-100 50 1.09 6.5 -0.9 £ 0.9 0.19 10.8 +8.0 £ 0.7 8 (a,b)
75 1.26 2.3 -32+13 0.17 10.8 +10.2 £ 0.7 S13 (a, b)
95100 50 1.37 6.5 -27+£09 0.12 10.8 +0.8 + 0.9 B2 (c, d)
75 1.44 6.5 -69+12 0.15 10.8 +0.1 £0.8 S13 (c, d)
095 50 | 0.82 29 +6.2 £3.1 0.40 5.4 +132+0.7 B2 (e, f)
75 1.30 2.3 -240+£1.2 0.39 2.3 +21.8 £ 1.0 S13 (e, f)
Low Pressure systems (AZ > 0)
SIC Rsic Decoupled Coupled Reference
[%] [km] X2 I/k_l [ yrs] AAtLWP [gm~2dec™!] X2 ukfl [ yrs] AAtLWP [gm~2dec™!] figure
0-100 50 | 0.42 2.3 -0.7 £0.7 0.20 10.8 +35.0+0.9 S8 (a,b)
75 0.49 3.6 +0.3 £ 0.7 0.21 10.8 +343+£0.9 S12 (a, b)

95100 50 | 0.94 23 -0.3+£0.7 0.13 2.9 +153 £ 0.8 S8 (c,d)
75 1.35 29 +1.3£0.6 0.11 29 +17.6 £ 0.7 S12 (c, d)

0.95 50 1.37 4.0 54+£13 0.64 4.6 +86.8 +3.7 S8 (e.f)
75 1.13 29 +33+179 0.32 4.6 +79.9 £ 0.8 S12 (e, f)

Appendix E: List of Acronyms and variables

Acronym Description

AMSR2 Advanced Microwave Scanning Radiometer 2
AO Arctic Oscillation

ASI Arctic sea ice algorithm
CEIL10m Ceilometer 10 m resolution
CRE Cloud Radiative Effect
ENSO El Nifio Southern Oscillation
INTERPSONDE Interpolated Radiosonde
KAZR Ka Zenith Radar

MPC Mixed-phase Clouds

NSA North Slope of Alaska
MWR Microwave Radiometer
PDO Pacific Decadal Oscillation
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Figure D1. Power spectrum per frequency bandwidth for three climate indicators: (a) Arctic Oscillation, (b) Pacific Decadal Oscillation, (c)
El Nifio Southern Oscillation. The relevant frequencies are indicated by red triangles at the bottom of panel (c). Note, the peak at 10.5 year

in panel (b) is cut at 300 for comparison reasons.

Symbol  Description Unit
LWP liquid water path gm™?2
IWP ice water path gm™2
V.WVT vertical gradient of water vapour transport kgm™2s~!
CBH liquid cloud base height m
CTH cloud top height m
CMLH cloud mixing-layer height m
CTT cloud top temperature K
SIC sea ice concentration %
Ze radar equivalent reflectivity factor dBz
Jé] lidar attenuated backscattering coefficient m~!sr!
P atmospheric pressure Pa
Qv specific humidity gg !
Vo horizontal wind speed ms~!
Wy wind direction from North °
0, virtual potential temperature K
Riy bulk Richardson number -
Tekin skin surface temperature 38 K
Toud cloud layer temperature lapse rate K km™!

Teff cloud layer average effective radius pam
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