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Abstract. Thermodynamic profiles are affected by both the large scale dynamiagheafutal processes, such as
radiation, cloud formation and turbulen&ased on ERAS reanalysis, radiosoundings and cloud cover observations
from winters2009 2018, this study demonstrates manifold impacts of large scale circulation on temperature and
specifc humidity profiles in thecircumpolar Arctic north 0o65°N. Characteristic wintertime circulation types are
allocatedusing SelfOrganizing Maps (SOMs)he study shows that influence of different large scale flows must be
viewed as a progressing set obpesses: (1) horizontal advection of heat and moisture, driven by circulation, lead to
so-called first order effects othermodynamigrofiles and turbulent surface fluxes, and (2) the advection is followed

by transformation of the air through various ploal processes, causing second order effects. An example of second
order effects is the associated cloud formation, which shifts the strongest radiative cooling from the surface to the
cloud top.Thetemperature and specific humidity profiles arest seaitive to large scale circulation over the Eurasian

land west of 90°E and the Arctic Ocean sea ice, whereas impacts over North America and Greenland are more
ambiguous. Eurasian landetween90°E and 140° E, occasionally receives warm and moist air frdra horthern

North Atlantic, which, with the support of radiative impacts of clouds, weaken the otherwise strong temperature and
specific humidity inversions. Altitudes of maximum temperature and specific humidity in a profile, and their
variability betweerthe circulation types, are good indicators of the depth of the layer impacsedfagé atmosphere
processes interactingith the large scale circulation. Different circulation types typically cause variations of a few

hundredmetes to ths altitude, anl the layer impacted is deepest over nadistern Eurasia and Notmerica.

1 Introduction

The sSpatial distributions obtmespheridemperature and humidity in the wintertime Arctimosphere are toealarge
extent controlled by the predominantly negative surface aditition budget and poleward energy transpgrthe
atmosphere; in an average annual seifisethe poleward energy transport is necessary balane the radiation loss
to the spacat the top of the atmosphefer a stable climateHorizontal advection of heat amdoisture dictated by
large scaletmospheric circulatiofNygard et al., 201%Papritz, 2020Messori et al., 2018have direct implications
on distributions of temperature and humidity, but also afteber meteorological conditionssuch as loudines
fermatienandcloud properties andsurface fluxesin turn modifying temperature and humidity distributions in the

atmosphereThe thermodynamic characization of the lower Arctic atmosphere hence requires understanding of
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both the local processes, such as radiation, cloud formation and turbulence, and the larger scale dynamics, responsible

for the advectiorfMorrison et al., 2012)

The warmest anomalies in the wintertime Arctic are connected to haizomsport of air from regionsith higher
climatological potential temperature and to diabatic heaffrapritz, 2020Q) Especially,a meridionallyoriented
circulationpattern or cyclone trackfavours intrusions of warm ash moist air from the midatitudesinto the Arctic
(Messori et al., 2018)Noods et b, 2013;Fearon et al., 202Bithan et al., 2018Buch intrusions ar@ssociated with
increased cloudinessloud water content and domvard longwave radiatio(Nygard et al., 2019;iu et al., 2018;

Park et al., 2015)The coldest anomalies in the central Arctic, on thephand, occur after a prolonged period of
uninterrupted radiative cooling, when the large scale circulation pattern shelters the high Arctic from meridional air

mass exchang@apritz, 2020Messori et al., 201&ithan et al., 2018&nd cloud free conditions often prevail

Due to the radiative cooling at the surface inacleky conditions, surfadeased temperature inversions are very
commonin winter over the snow or sea ice covered surfgCesry, 1983;Serreze et al., 199Devasthale et al.,

2010) However, when warm and moist air is advected from the lower latitudes into the Arctic, it experiences radiative
cooling, leading to cloud formatioffPithan et al., 2014)n cloudy conditions, the strongest radiative cooling rapidly
shifts from the surface to the cloud top, causing buoyamegiuctionand mixing from turbulent overturning, wai
increased longwave radiation from the cloud base warms the s(iffacestrom and Graversen, 200@&mone et al.,

2019. As a onsequence, an elevated temperature inversion forms shatlaw butrelatively welkmixed boundary

layer. However, continued cooling of the cloud and related phase changes from liquid to ice gradually reduce the
emissivity of the cloudPithan et al., 2014 Finally, after cloudce formation has caused the cloud to precipitaie

the clear state with a surfabased temperature iaksion again prevails. These shifts between suffased and
elevated temperature inversions are rapid in wi(ifgrnstém and Graversen, 2009nd are largely governed by

the large scale atmospheric circulat{@tramler et al., 2011)

Specific umidity profiles over snow or sea ice covered surfaces in winter are nearly alwaystetized by specific
humidity inversiongVihma et al., 2014Nygard et al., 2014\aakka etl., 2018;Devasthale et al., 2011}ost of

the wintertime specific humidity inversions in the lower troposphere are formed due to the radiative cooling and
associated condensation, at the surfaccthe cloud top, and are uktied to temperature inversions and saturated
conditions(Curry, 1983;Naakka et al., 2018)Above 800 hPa, specific humidity inversions are more monly

independent from temperature inversions, directly related to elevated advection of a niNsakia et al., 2018)

In this study, weassociatevertical profiles of temperature and humidity witttmospheridarge scale circulation
patternswith-in the circumpolar Arctic (north of 85l). Theallocation of characteristic circulation typeshiased on
Self-Organizing Map (SOMs). In the analysgswe have utilizedradiosonde,n situ cloud cover and radiation
observations, as well as ERAfmosphericeanalysis fieldsfor the winter months (DJF)f 2009 2018 The focus is

on processes and their interactioin the present climatSpecifically, we (i) show how the shape of temperature and
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specific humidity profiles vary with the large scale circulation, and assess the sensitivity of the prdfiedarge

scale circulation in different regionsithin the Arctic, (ii) identify the vertical extent of the surfaegmosphere
interactions in different circulation types, and (iii) assess the roles of horizontal advection, clouds and surface energy
budget, all dependent on the large scale circulation, for the profile shapassifle produate; as-part-of the-process,

also evaluate how well ERA5 reanalysis agrees with radiosonde observations on the response of the profiles to the

large scale circulain; this-isa prerequisite for a meaningful study

2 Data
2.1 ERAS reanalysis

We used the latest global reanalysis ERAB3s), 2017 Hersbach-et-ak—202@Hersbach et 8l.2020) from the
European Centre for MediwiRange Weather Foreca$EECMWF) for the Copernicus Ghate Change Service (C3S
2017). The spectral model resolution of ERAS is T688ile the horizontafesolutionof the data useih this study

is 0.25° x 0.25°. ERAS has 137 vertical model levels and the vertical spacing of model levels is denser nearghe surfac
The lowest model level is located At10 m over the surfagérere-aravith 8 levels below ~200 m and 20 below 1

km. We usedte lowest 58 levels to cover tidole air column from the surface approximately 300 hRPén ERAS,

a variety of atmospheric observationsreassimilatel into a numerical weather prediction model, applying a-four
dimensional variational data assimilation method. The assimilated observations include, e.g, saréflteand
radiosonde observationklowever, everwhen aradiosonde observationsas assimilated, ERA5 temperature and
humidity profiles are not necessarily always similaotservationsasthe comparisons in Sect.4 show. This is
becausempacs of observation®n the reanalyses waregonally due to observation and model uncertaiiNgakka

et al., 2019)and availability and quality of other observations

Largescale circulationn the Arctic wa clusteredusing SOM based orERAS5 mean sea level pressure fields at 6 h
interval for the winter months (DJF) 8009 2018 We then compote total cloud cover, total column cloud water

(TCW),—andsurface fluxesand,vertically integratecheat and moisturfiuxegransport as well aseémperature and

specific humidityfields on the mdel leve on each clustefThe vertical axis of model levelata wasonverted to

station.Energy fuxeswere extracted at hourly resolution from the associated ERA5 forecast fieldsenagedver

+3 h around the SOM timsteps.The diurnal cycle is ignored since it is essentially absent in wihtsmone et al.,
2019)

Uncertainties related to circulation patterns represented by ERA5 are assumed to be small as atmospheric reanalyses
are able to accurately represent atmospheric pressure fields. Uncertainties in reanalysis temperature and specific
humidity, and especialljn cloud cover, may be considerably larger and are evaluated as a part of thisT study.

uncertainty for cloud phase and the turbulent surface fluxbich depend on vertical profiles but are not constrained
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directly by the data assimilatiois likely also large, bt lack of observations preclude an evéili It is known from

earlier studies that ERA5 performs well for the surface meteorology and water vapour profiles in winter over the
Arctic sea ice and icEree ocear{Graham et al., 201Renfrew et al., 2021 However, ERA5, similar to many other
atmospheric reanalyses, has a rmafacewinter warmbias strongest atemperatures below25°C (Wang et al.,

2019; Graham et al., 2019Graham et al. (20)%oncluded that reanalyses have difficulties in resolving vertical
temperature gradients in very stable boundary layers. It is known from previous generation reanalyses that they
generallycapturespatial distribution and seasonal cycle of specific humidity inversion occur(Bnaeke et al.,
2015;Naakka et al., 2018however, specific humidity inversions are often weaker and less frequent compared to

radiosonde observatioiislaakka et al., 2018)

2.2 Radiosoundings and cloud observations

We use émperature and specific humidity profilestween thewgface and 500 hPa from 3gctic radiosounding
stations north of °N for the winter months (DJF) d2009 2018 These were taken from the Integrated Global
Radiosonde Archiveersion 2(IGRA V2) (Durre et al., 2006Durre and Yin, 2008Ferreira et al., 2019a global

dataset of qualiassured radiosonde data. In IGRR, temperature and specific humidity data are provided at the
mandatory pressure levels defined by the World Meteorological Organizatidnatasignificant levels where a
sounding variable deviates a specified amount from linearity. The level of uncertainty of the data and the amount of
vertical levels reported vary in time and space, as radiosonde types and data analysis procedureseeary bet
countries. At some of the stations, there were also changes in the radiosonde type during the study period. Information
on radiosonde types usetlindividual stations as welincertainty characterizatiasf radiosonde types not easily
obtainable Temperature uncertainty of Russian radiosondéiesy a factor of two larger thafor more modern
radiosonde type@Naakka et al., 2019ngleby, 2017) andtheir humidity measurements clearly suffer from cloud
contaminatiorabovemid-level clouds(Ingleby, 2017) We have notdjusted for inhomogeneities duedieanges in

instrumentation or observation pracsce

Ut q i afeemerljkknofvn aBarrow) and Sodankylé stations, studied in maidin this paper, are part of GCOS
Reference UppeAir Network (GRUAN https://www.gruan.org/ established to provide high quality sounding
observations wittiraceablauncertainty assessment and documented pracBeesg the study period/aisala RS2
radiosondes werased athe stations replaced with Vaisala RS41 radiosondes in 28td 2018at Sodankyla and
Ut gqi am@speéctvely Uncertainty of Vaisala R92 radiosondes is estimated to be approximatélg fhb
temperature and 5% foelative humidity(Dirksen et al., 2014gonsistent wittmanufactureinformation Jensen et
al. (2019 compared performance of Vaisala RS41 radiosonde against Vaisala RS92 radiosuomgithe twin

sounding methadconcludingthat difference were typically much smaller thatheseuncertainty estimates.

Cloud cover observations 27 of the radiosounding stationere taken from the Integrated Surface Database (ISD)
at 6 hour intervalsFor remaining Arcticstations, the percentage of missing data G&3% and these stations were

not included. Incoming and outgoing longwave radiation, used to define radiatively clear and cloudy cases at
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SodankyldgandU t g i awes measuredvith Kipp&Zonen CG4and CGR4 pyrgeometersandwith EppleyPIR,
respectively

3 Methods
3.1 Large scale circulation clustering

The identification and clustering of large scale circulation types was accomplished using the SOM arstgtistical
unsupervised learningethoddetermining generalized patterns in datieveloped byKohonen (2001 SOM is a type

of artificial neural netwtk, hence a machinkearning approach, previousiypplied in climatology of synoptic patterns
(Hewitson and Crane, 2002assano et al., 200@pr addressing moisture transp@Mattingly et al., 2016Nygard

et al., 2019Skific et al., 2009andanalysing temperature and humidity inversions in thethr€Yu et al., 2019)The

ability of SOM to provide physically meaningful composites of the circulation patterns has been demonstrated in
numerous studigdlewitson and Crane, 2002assano et al., 2008ohnson et al., 2008)lere, the SOM method was
applied to allocate 1@haracteristic atmosphermignter (DJF) circulationtypesfor 10 years (2002018) of meanes

level pressure (MSLP) frorthe ERAS reanalysis at 6 h interval. The inpdSLP datafor the region north 050°N,

were first regridded to an equarea grid. The SOM method provila two-dimensional array of gridded MSLP
fields, having the characteristics and probability density of the input MSLP data. The sizeS@haray was

subjectively selected to 3 x # include the main features of regional circulation pattems yetbe sufficiently

generalto enableconceptualization of the resultSensitivity tests indicatedhat relationships between scale

circulation and thermodynamic profileseinsensitiveto the size of th6§OM arrayandchanges in thextent of the

studyregion

The principle of the SOM method is described in detaKamonen (200}, Hewitson and Crane (20p2Zassano et

al. (200§ and Gibson et al. (2017 Briefly, the SOM procedure includes initialization, training, evaluation and
visualization. In this study, the random initialization schedewitson and Crane, 2008)as applied to create an

initial SOM array, in which each node had an associated reference vectaneghal dimension tthe input MSLP

data. During the training, each input data vector (i.e., each time step of MSLP data) was compared with the reference
vector of each nodend thoseeference vectors most similar to the input data vector were adjusted towards the input
datavector. Training wagontinueduntil reference vectorsonvergedAs a result, a SOM array of characteristic

MSLP patterns was obtained. TB®M arraynodes ar@rganized so thahostsimilar circulation patternarelocated

close to each othevhile the nost dissimilar patternaresituated in the corners of the arrdys a final resulieach

input MSLP field can beassociateavith the most similar node of the arrayere wepresent composites of the MSLP

fields from ERAS5 nhotthe reference vectorsrectly from theSOM (see Fig. 1 and Supplemental Fig. S1)

3.2 Analyses

The study covers the whole circumpolar Arctic nortB%fIN. Radiosoundings, cloud cover observations and variables

from ERAS were clustereaccording to their associated circulatiypes as allocated by the SOM analy8isomalies



for eachcirculation typewere calculated by subtracting the gpidint mealians within eacleirculation type from the
correspondingnedian vduesfor the whole time seriesVe used medians rather than meafues due to theften

skewed norGaussian distributions of thenalysedsariables.

180  Statistical significance of anomalies within each circulation type was tested using a Monte Carlo approach. First, 3000
random subsets of a given field of ERA5 werestaucted, having the same number of samples as each individual
SOM circulation type. Then, anomalies in random subsets were compared to the anomalies in the SOM circulation
types, by applying a twtailed test at each grid point. An anomaly for a given S€idulation type was assumed
significant at the 99% level, if less than 0.5% of the anomalies in the random subsets were larger, or iEnegjiive

185 than the anomaly for the SOM circulation type. Similarly, a Monte Carlo approach was also appést tie t

statistical significance of the anomalies of radiosonde and cloud cover observations for each circulation type.

In the analyses of cloud cover, clear sky and overcast conditions were identified fronfahe sbservations (Sect.
2.2) and ERAS eanalysis (SecR.1). The sky was considered clear whed/® (<0.19 in ERA5) was covered by
190 clouds, and overcast when the coverage wa87>0.81 in ERAS).

Conditions at two stationg§) t q i aa@ed\Sodknkyla, were studied in more defHlilese were selected partly due to
location and partly for having a large selection of kighality observationsEstimates of cloud conditions for these
two stations were made from radiation observations, considered more reliable since they directintrepees
195 radiative impacts of cloud3he use of data was maximized ibgntifying radiatively clear sky and cloudy (opaque)
caseausing the methodology @tramler et al. (20)lbased on the bimodal relative frequency distribution (RFD) of
surface nelongwave radiation flux (LWN). ignilar to Sedlar and Tjernstrom (20),3he thresholds were LWN k
30 W mi? for the radiatively clear state and LWN 20 W m? for the radiatively cloudy state. Our own LWN analysis
confirmed these thresholds as appropriate for hbthq i aa®ed $olankyldTemperature and specific humidity

200 gradients at these stations weterivedfrom thermodynamic profiles blnearly interpolating the profileso 1+ma

dense equidistanverticalgrid andcalculatingthe differencebetweermdjacentevels.

3.3 Profile metrics

To characterize thermodynamic profiles, we use ftilewing simplified metrics: (i) maximum temperature and
specific humidity in a profilg(ii) the difference between (i) and the corresponding surface valods(iii) the altitude

205  to (i) above the surfac&or simplicity, we will henceforth refertoi(i) as fAbul k i nversion strengtho, or just fAinver
strengtho, while recognizing that this metric wild.l not distinguish between

and will also miss elevated inversions when the inversion top value is below treurfaae value; it however works

well for surface inversions. [ Formatted J
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4 Results

Large scale circulation has manifold ways to influence profiles of temperature and specific humidity in thénArctic.
addition to direct impacts of horizontal transp¢ativection)of heat and moisturdargely driven by large scale
circulation, atmosphér circulation also influences cloud conditions and surface fluxes, which in turn strongly modify
the temperature and humidity profiles. After introducing the circulapiatterns in Sec#.1, we first present the
impacts of circulabn on cloud conditios (Sect4.2) and surface fluxes (Se4t3) and then proceed to link circulation,

cloud conditions and fluxes to profiles of temperature and specific humidggdh4.4 and 4.5.

4.1 Atmospheric circulation patterns

As an outcome of the SOM analysis, 12 characteristic wintertime atmospheric MSLP patterns were identified and
organized in a 22l array according to their similarities (Fig. 1). Corresponding anomalies of MSLP in these 12

circulation types, calculated witilespect to the DJF mean, are shown in SupplementabFig.

High pressure over northern Eurasia, and low pressures over the northern North Atlantic and Pacific are present in all
circulation types, whereas other features only occur in some of the timoulgpes with intensity, extent and location

varying between the 12 circulation types (Fig. The main largescale features appearing in the wintertime MSLP

fields are: (i) an extensive high pressure area over the Northern Eurasia, (ii) high pressiderthern America,

(iii) an area of high pressure connecting the Eurasian and Northern American high pressure areas across the Arctic
Ocean, previously referred to as the Arctic Bridygard et al., 2019)(iv) high pressure over Greenland, (v)

Icelandic low in the northern North Atlantic, and (vi) Aleutiamlm the Pacific sector

The number of cases in each of the 12 circulation types varies between 147 (4% of the time) and 461 (13% of the
time), suficient for statistical analyses. The most common circulation typ# an extensive high pressure in the

Arctic, is type 10, while the most persistent tyfies, with the longest uninterrupted durati@ang 1, 4, 9 and 10 (Fig.
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Type 1 (313, 2.3 d) Type 2 (276, 1.3 d) Type 3 (379, 2.0d)

990 995 1000 1005 1010 1015 1020 1025 1030
MSLP (hPa)

240 Figure 1: Mean sea level pressure (MSLP) averaged over the cases belonging to each of the circulation types (SOM nodes)
in winters (DJF) of 2009 2018. The values in the parentheses indicate the number of cases belonging to the circulation type
and the median persigence of the circulation type.



4.2 Cloud conditions linked to circulation patterns

245  First, we sherth-briefly present the median cloud conditions in the circumpolar Aictievinter to facilitate
interpretation of cloud anomalies related to different datian types.The median cloud cover istheruniformly
high in the winter Arctic, mostlyi®/8 both in ERA5 and cloud covebservations (Fig. 2ajpote that cloud cover
observations in the polar night may be biased low due to light cond(titats et &, 1995).Becausehe wintertime
cloud fraction distributiorin the Arctic isbi-modal peaking at cleasky and overcast conditions, we also separately

250  show occurrences of the clear sky (cloud fractivty8) and overcast conditions (cloud fractior7/8) (Fig. 2d d).
Overcast conditions occur more than 50% of the time in most of the circumpolar Arctic. Clear sky conditions are rare;
the Canadian Attic Archipelagaand the northern coast of Greenland being exceptions. The median TCW, asdinaly
from ERAS5 displays more spatial variations with median values higher than 0.05%agnty in some parts of the iee
free ocean areas, mainly along the ice edge and over land in Scandinavia and the western part of Russia (Fig. 2b). In

255  these regions, a substantial part (mostly %) of the TCW is liquid water (Supplemental F82), which 5 more
efficiently suppressing surface radiative cooling than cloud ice. Over Siberia, the central Arctic Ocean, North America
and Greenland, the median TCW is low, less than 0.01kgimthese areas, the clouds mostly consistafthe
variations arealso mostly due to cloud ieeariations(SupplementaFig. S2), hence limiting radiative impacts.
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Figure 2: (a) Median cloud fraction, (b) median total column (liquid and frozen) cloud water, (c) occurrence of clear (cloud
fraction O1/8) cases and (doccurrence of overcast (cloud fractionD7/8) cases in DecembéFebruary, 2009 2018. The
colours inside the circles in (a), (b) and (c) show synoptic cloud observations at the radiosounding stations, whereas the
fields in (a)-(d) are based on ERAS5.

We cemonstrate the general relationships between thesuetace circulation and clouds by showing results for the

four corner circulation types (Fig. 3). In circulation typeHaracterized by anomalous high pressure over Alaska and
lower than average MSL&sewhere in the Arctic (Fig.a3and Supplemental FigSl), the TCW and occurrence of
overcast conditions are both anomalously high around the Bering Strait and in the northern North Atlantic (Fig. 3e
and m). These positive anomalies are linked to anorealotthward meridional transport from the northern North
Atlantic and North Pacific oceans. Negative anomalies in TCW, especially liquid, and in occurrence of overcast cases
(Fig. 3e andm) are found in the nortiwvestern parts of Eurasia, linked téaak of influence from the North Atlantic

and weak transports of heat and moisture from open oceanUutation type 3an anomalous low pressure is cedt

over the Barents Sea and MSLP is lower than average in the whole Eurasid @igS2ipplemetal Fig.S1). This
circulation type is associated with substantial positive anomalies in TCW and overcast occurrences in the sector
between 30°E and 90°E, influenced by a stronger than average westerly flow and advection of warm and moist air
from the Norh Atlantic, linked to the low pressure (Figf 8nd n).Especially between 60°E and 90°E, the fraction of

liquid cloud water is clearly anomalously higBupplemental FigS2).

Circulation type 10 has anomalously high MSLP in most of the Arctic, espeeiadf the Arctic Ocean and Greenland

(Fig. 3 and Supplemental FigS1). This type is associated with a generally lower TCW arcreased clear skies

(Fig. 3g and k) However, aomalies in cloudiness in tleentral Arctic cause only weak anomalies intie¢longwave
radiation (not shown) because TWC is generally low and the anomalies are mostly due to cloud ice. In circulation
type 12, there is an extensive high pressure area over the northern Eurasia, wheriggs ghessure connecting
Eurasia and Nohiern Americaacross the Arctic Ocegdrctic Bridge) is absen(fFig. 3d andSupplemental Fig. S1)

In this circulation type, relatively moist and warm air from the North Atlantic fleastwardver the Barents, Kara

and Laptev Seas, and provides moisttaeilitating anomalously high amount of TCW in these, mostly sea ice
covered, regions. Advectiasf warm air also increases the fraction of liquid water in clouds (SrmeplementaFig.

S2). In contrast, the land area in the nentbstern parts of Eurasia has anomalously low TCW and more frequent clear

skies.

While clear skies are slightly more caron in observations than in ERAS5, reanalysis and observations mostly agree
Overcast conditions are up to 20 percentage points more common in ERA5 than in observations at many stations.
Importantly, ERA5 captures the variability of cloud cover betweeriticellation types, although the differences at a

few stations to the observations are substantial (Fig=@)the purpose of this study, where we mainly focus on the
clear and cloudy conditions, we conclude that ERA5 adequately represents the cloutiesnassaciated with

differentcirculation types in the wintertime Arctic.

10
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Figure 3: Mean sea level pressure {a), anomaly of total column (liquid and frozen) cloud water (&€h), anomaly of
300  occurrence of clearskies(cloud fraction ©01/8) (ii ), and occurrence of overcastonditions (cloud fraction O7/8) (mi p) in
four SOM circulation types (indicated on the top of the column) during Decembéi=ebruary 2009 2018. The colars inside
the circles in (il p) show synoptic cloud observations at the radiosounding stations, whereas the fields in-(g) are basd
on ERAS. The dotted shadings (ERAS5) and black circles (synoptic cloud observations) show the anomalies that are different
from zero at the 99% significance level.
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4.3 Surface fluxes linked to circulation patterns

For all surface energy fluxes shownRiy. 4, we present median valuiestead of anomalies, wearlydisplay their
directions. Since solar radiation is absent and the surface albedo is very high a large part of winter, the surface radiation
budget is dominated by net longwave radiation;diséribution is bimoda{Stramler et al., 2013yhile the median is

negative (Fig. fi p). Consequently, radiative surfaceoling deminatesis commonover the circumpolar Arctic,
especially over the Arctic Ocean. Surface net radiation variations between different circulation types are tightly
connected to distributions of TCW; net radiation is less negative WE&M is highercompare-His—3éh-and-4ni-

p) andvice versa’compare Fis. 3éh and 4ni p).

On snow and iceovered surfaces, the turbulent heat fluxes compensate for the net radiation at the surface,
contributingto shape the temperature and humidity profiles by setting lower boundary conditiensfore, educed
surface radiative coolingnmediately leads to surface warming (or melting if the temperature is high enough). The
turbulent heat fluxes agmallandcommonlydirected downward; condensation/sublimation of water at the surface

is common. Any remaing residual in the energy budget is presumably closed by conduction of heat through the ice.
This is notavailable from atmospheric reanalysisce it requires accurate modelling of ice thickness. Latent heat flux

is verysmall for all circulation typesince specific humidity is small to begin witind the sensible heat flux is mainly
responsible for balancing radiative cooling. Hence, over snowharfdconcentration seice, spatial patterns of
sensible heat flux correspond to the patterns of neétiadi in turn closely linked to cloud distributions controlled

by large scale circulation.

Over open water, on the other hand, the large heat capacity of ocean surface layer prevents rapid changes in the sea
surface temperature linked to changes inatdé cooling. Relatively warm open water surfagess nearly always

a source of atmospheric heat and moisture. Over open ocean, strong upward turbulent heat fluxes lead to efficient
vertical mixing, and formation of a mixed layer in the lower atmosphersilfle and latent heat fluxes over the open

ocean have clear variations linked to the large scale circulation; the largest sensible and latent heat fluxes occur during
southward flows in the northern North Atlantic (circulation types 3 and 10) and thkeshtalring northward flows

in the northern North Atlantic (citdation types 1 and 12) (Figed).
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335 Figure 4: Mean sea level pressure {a), sensible heat flux (gh), latent heat flux (if I) and net radiation at the surface (ni
p) in four SOM circulatio n types (indicated on the top of the column) during DecembéFebruary 2009 2018 based on
ERAGS. For sensible and latent heat fluxes, positive direction is defined to be upwards, and for the net radiation downwards.
Note the nonlinear scale for the latent hat flux.
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4.4 Characteristics of temperature and humidity profiles linked to circulation patterns

Within the Arctic the characteristics of the vertical thermodynamic structure is to a first order controlled by the surface
type, whereas temporal variat®mt a certain location are mostly controlled by the synoptic weather conditions.
Figures 57 show profile metrics (defined in Se8.3) for both ERA5 and observations from selected sounding
stations. There is in general a good agreement between thedinmexpectedly since most of these soundings were

assimilated into the reanalysis.

Unsurprisingly,temperature and specific humidity maxima, characterizing the air mass properties, are largest over
open ocean (Fig. 5a and d) where they are also typitadhted at the lowest model level (Fig. 5¢c and f). This is
because the open water surfaca ssurce of both heat and moisture (seet.8e3). Over landr seaice, the maxima
aretypically found at a higher altitude, linked tfee cooling of the atmodpere by the surfacend resulting inversion
formation(see Sect4.3). Both temperature and specificrhidity maxima are typically found below 1500 m (F&g

and f). In most of the Arctic, the specific humidity maximunfoisatedslightly higher than that for temperatyead

this difference is statistically significanith the 95% confidencmterval the largest differences between the two are

found over the Beaufort Sea and Centrdle8a. Bulk inversion strengtharelargest over the continents both for
temperature and spéic humidity (Fig. 5b and e)hestrengtls for temperaturexceed 8°Qwith temporaldeviatiors

(£ 1 std) of 4i 7°C) over most of the North American and Russian Arctic, whilesthengtts for specific humidity
exceed 0.5 g k§(with +1 std efinterval 0.2 0.5g kg?).

In circulation type 1, anomalously warm and moist air masses are found around the Bering Strait (Figs. 6a and e, 7a
and e), associated with increased TCW (Fig. 3e), reduced radiative cooling (Fig. 4m), and weak temperature and
specific humidity inversiongFigs. 6i and 7i). The vertical maxima of temperature and specific humidity are at
anomalously low levels (Figs. 6m and 7m). Elsewhere in the Arctic anomalies are weakebly because this

circulation type is dominatdoly the Icelandic low and a higlmgssure over North America and features elsewdere

partly averaged ouandAat some locationERAS5 and radiosoundings disagree on siganomaliesBased on ERAS5,
temperature and specific humidity inversions are anomalously weak and the vertical maxima of temperature and
humidity are located at an anomalously low altitude in most of the Arctic, but radiosonde profiles indicate more

commonly positivebulk inversion strength anomalies and higher altitudes of the vertical maxima.
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Figure 5: Medians of (a) vertical maximum T, (b) vertical maximum T surface T (bulk inversion strength), (c) altitude of

vertical maximum T, (d) vertical maximum q, (e)vertical maximum gi surface q(bulk inversion strength), and (f) altitude

of vertical maximum g, in Decembet February 2009 2018. The colars inside the circles show values based on radiosonde
375 observations, whereas the fields are based on ERA5

When circuétion type 3 dominates, clear linkages between atmospheric circulation and thermodynamic profiles are
indicated; here ERA5 and radiosonde profiles agke®malously warm and moist air is found over the Eurasian land
due to transport of heat amtbisture related to the lopressurdgFigs. & and f, 7b and,fSupplemental Fig. $3The

380 positive Eurasian anomaly in TCW and occurrence of overcast cases between 30°E and 90°E (Fig. 3f and n) reduce
radiative cooling at the surface (Fig. 4n) and contelio the erosion of temperature and specific humidity inversions
in this sector (Figs. 6j and 7j). Consequently, temperature and specific humidity are at their maximum at the lowest
model level (Figs. 6n and 7n). However, warm and moist air reacheseallay to 120°E, but its effects on the
thermodynamic profiles are rather different in tentral Russian Arctic (between 90°E and 120°E) compared to

385 farther west. In theentral Russian Arctic, the TCW close to the median with slightly increased réd@cooling at
the surface. As a consequence, inversions are anomalously strong (Figs. 6j and 7j). It is also noteworthy that the
anomalously cold and dry air over the northern North Atlantic and Bering Strait, connected to strong upward sensible
and lateit heat fluxes over the open ocean (Fig. 4f and j), has a very small effect on the thermodynamic profile metrics,
because our metrics emphasize the inversion layers. However, this cold and dry air is associated with weak negative

390 anomaliesn bulk inversim strengthof temperature and humiditwer the sea ice.
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Circulation type 10 leads tsolation of the high Arctic from poleward transport of air from the northern North Atlantic

(Supplemental Fig. S3)During this circulation type, temperature inversionsthe central Arctic Ocean are

anomalously strong (Fig. 6k), linked to radiative cooling at the surface@mf@dbly also tsubsidence. The vertical
maxima of émperature arfound several hundreds of meters higher thamtbdian over the Eurasian Aictind the

Laptev, East Siberian and Chukchi Seas (Fig, fmsumably due to theninterrupted surface coolirajlowing for

vertical growth ofinversion layersTemperature inversions in the central Russian Arctic, where clear sky conditions

are anomalasly frequent, are stronger than the medidowever, over landwestward from 6€E, temperature
inversions are anomalously weak, associated with more frequent overcast conditions and hence reduced radiative
cooling at the surface, even if the amountlofud water is low. Hence, the temperature inversions in the cold sector
over the Eurasian continent are strongly affected by cloud cover. The cold air limits specific himmildé&ysector

from 3C°W anticlockwise to 12TE (Fig. 6g), and this, possiblydether with a drying effect of subsidence, limits the
inversionstrength of specific humidity (Fig. 7k). However, over the continents terevertical maximum of specific
humidity is located 10000 m higher than the medi@fig. 709, probably dugo alongresidence time of air over the
continent, which haallowedthe growth ofa persistent inversidayer.Warm and moist air over Greenland and Baffin

Bay and over the land in Pacific secttgm 150°W to 130°Edeoes-not-have-aimasunambiguousimpactson
temperature and specific humidity profiles. Generally, ERA5 and radiosoundings agree on the main regional features

of the profile metrics, but not in all regional details.

For circulation type 12, the largastilk inversion strength anomalies temperature and specific humidaye found

over Scandinavia and Western RussidB2® 9CE) (Figs. 61 and 71), where the air is cold and dry and TCW is low
(Figs. 6h and 7h). Likely, the air has spent a relatively lomg tover the cold continerfigcilitating uninterrupted

surface cooling over prolonggidhe. In this region, temperature inversions ard°€ stronger while specific humidity
inversions are 0.0%.2 g kg strongerthan their medians. The high pressure diernorthern Eurasia steers warm

and moist North Atlantic air over the Barents, Kara and Laptev Seas, where inversions are partly eroded. This warm
and moist air reaches in over the land in central Siberia, where temperature inversions are notablyl yerakeidy

linked to the radiative impacts of clouds. The cold and dry air in the Pacific sector is linked to anomalously strong
temperature inversions over land, but specific humidity inversions are anomalously weak in this generally dry air.
Over the sa-ice covered Arctic Ocean with cold and dry air, temperature and specific humidity inversions are weak,
linked to the mainly upward directed sensible heat flux over the sea ice. ERA5 and radiosoundings mostly agree on

the main regional features of the fil®@metrics in this circulation type.
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Figure 6: Mean sea level pressure {a), anomal of vertical maximum T (i h), anomaly of vertical maximum Ti surface T
(bulk inversion strength) (ii I), anomaly ofaltit ude of vertical maximum T (mi p) in four SOM circulation types (indicated
on the top of the column) in Decembérebruary 2009 2018. The colars inside the circles show values based on radiosonde
observations, whereas the fields are based on ERAFhe dotted shadings (ERAS5) and black citles (radiosonde
observations) show the anomalies that are different from zero at the 99% significance level.
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