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Abstract. Observations of clouds ovéhe Antarctic Peninsula during summer 2010 and 2011 are presented here. The
Peninsula is up to 2,500m high and acts as barrier to weather systems approaching from the Pacific sector of the Southe
Ocean. Observations tfe number ofce and liquid particleas well as the ice water content and liquid water coietiie
cloudsfrom both sides of Peninsula and from both geere compared. In 2011 there were significantly more water drops

and ice crystals, particularly in the eadtere there were approximately twice the number of drops and ice crystals in 2011

Ice crystals obervations as compared to Ice Nuclei parameterisation suggest that secondary ice multiplication at temperature:
around-5°C is important for ice crystal formation on both sides of the Peninsula below 2000 rAttersack trajectories

have shown that iR011 the air masses over the Peninsula were more likely to have passed close to the surface over the se
ice in the Weddell Sea. This suggests that the sea ice covered Weddell Sea can act as a source of both cloud condensat

nuclei and ice nuclei.

1 Intr oduction

There have been very few in situ measurements of ctociphysical propertiegver the Antarctic ContineffBromwich et

al., 2012 LachlanCope, 201Q)However there is evidence, from surface radiation measurements, that cleudecaly
represented withinumerical model®ver Antarctica(King et al., 2015Bromwich et al., 2013and over the surrounj
oceans(Flato et al., 201,3BodasSalcedo et al.,, 2014Yo correct these errors in climate (and forecast) models a better
understanding of theicrophysicalprocessegontrolling these clouds neededIn situ observations of cloud and aerosol
propertes over the Antarctic Continent are required to develop and validadel pparameterisations of thedeuds.This

paper presents observations that start to addregssheés

The main part of the Antarctic Continent is an ice stiestrises to over 4D meters above sea levels). Coming off this
continental mass and heading north towards South America is the Antarctic Peninsula (se&lg@gAddarctic Peninsula is
less than 100km wide for the most part and rises to over 3000m in pAtbesighisolated measurements have been made

over the main continent (Belosi et al., 2014) more measurements have been made over the Peninsula. Measurements of |
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Nucleating Particles(INP) have been made at Palmer Stati@4 A4 6 Nj2 7 njS ) (Gakeéha, 39§32 ahajdivect
measurements have been made from the surface of cloud particle phase and sifielf@amp on the spine di¢ Peninsula
(LachlarrCope et al., 2001 During the southern summer in 2010 and 2011 measureafdraisicmeteorological parameters,
turbulence and cloud microphysical propertiese taken using the British Aarttic Survegs instrumented Twin Otter aircraft

and it is these measurements traconsideedhere. Some of these data from four flights in 2010 have already been published
(Grosvenor et al2012) but that work concentrated on the ice crystals pregele here we consider both the liquid and ice
present in the clouds 24 flightsduring the two campaignfesults are presented on the number of liquid drops and ice
particles present in the clouds as well as the Liquid Water Content (LWC) and |geCoatent (IWC).

As observationsveremade on both sides of the Antarctic Peninglaéae isan opportunity to see if the cloud microphysical
properties vary from one side to the other. The western side of the Peninsula is exposed to Southern, Qct#endhatmer
at leastis relatively ice free. However, dts eastern sidehe Peninsula is bordered by the western part ofbedell Sea
which remains largely ice covered for most of the yHahe main source of Cloud Condensation Nuclei (F@Mdre from
the ocean surfacewtould be expecedthatthe total numbeof liquid dropletswould be different from one side to the other.
This hypothesis isupportedy results from the GOBRT simulations, see Fig. 1 of Thompson and Eidham@@t4), which
show sharp discontinuity in sea salt aerosols across the Antarctic Peninsula in Fehkithacpncentrations on the western
side at least twice as large as on the easternideever the GOCART simulations do not include souofegerosolwithin

the sedce pack that have been suggested by some authors (Yang et al., 2008).

This paper is organised as follovis:section 2 the observations obtained from the two aircraft campaigmsesented he
resultsfrom both years and both sides of the Antarc&niRsula for liquid droplets, ice crystals, and aeroamsanalysed in
section3. In section 4 the resultre discussednd suggegins are made fahe most plausible explanations thfe temporal
and regional differences observed in clouds and aerasalss the Pémsula. Section 5 summarizes firelings and concludes

on the possible implicatiorsf the results
Part Il of this paper will look at the application of these observations to numericalingpdel

2. Observations

2.1 Aircraft Measurements

Two airbornefield campaignswvere performediuring February and March 2010, and January and February [2856d at
Rothera Research Station (67A 346 S, 68 A 086 W) on the
study a variety bmeteorological phenomena including boundary Igifédler et al., 2010)prographic flowmElvidge et al.,
2014)and cloud studie® total of 64 flights were completed during these periobsis papemainly considers 24f these
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flights (12 peryear)where detailed clouthicrophysicaimeasurements wepsllected Fig. 1 shows the flight tracks of these
24 cloudflights over the two periodg he samplingtook place on both sides of the Peninsula flying between 61° and/.73°
The predominat cloud types by far werestratus or altostratusormally in multiplethin layers. A cross sectipm@cross the
Peninsulathroughthe flights is shown in Fig..2t should be noticed that the flighih 2010 did not go as far west asampling

on the west side of tHeeninsulavaslargely limited to altitudes below 2000 m west of §9?°

The observations were made with the British Antarctic Surveys instrumented Twin Otter aircraft (see King et al., 2008). This
aircraft is fitted with a variety of instruments to meagareperature, humidity, radiation, turbulence and surface temperature.
The aircraft was also fitted with a Droplet Measurements Technology Cloud Aerosol and Precipitation Spectrometer (CAPS)
(Baumgardner et al., 2001) carried on a wingunted pylon. The 8PS probe can measure cloud partdieemetergrom 0.5

to 50¢ mand can image large particle frédge nto 1.5mm.

The CAPS instrument contains three discrete instrumé&hts Cloud and Aerosol Spectrometer (CAS) which meagbees
diameter ofparticles between 0.5 to 80mat a frequency of onediz. While the CA used in this campaign did not have a
full anti shatter inlet some modifications had been made to reduce the effect of shattering onliheenteting the shroud
that was originally fitted to the inlefhe Cloud Imaging Probe (Clithages particlesetweeradiameter oR5¢ nand 1.5mm

wi t h [@xgl resolatiorand had not at the tinad this campaign been fitted with aishatter tipsHowever,a study of the
particle inter arrival times indicated very fehattered particle and thesene removedy eliminating partias that arrive
within 1us A hotwire Liquid Water Content sensor (LWC) which measures the cloud liquid watealso fittedThis study
only uses data from the CAS and CIP, althotlggHotwire wasused to help validate the CAS data.

A previous study (Grsvenor et al.2012) has already looked @small subsebf this data and reported errors with the data

from the CAS instrument. In particular, it appeared to be over counting when integrated water content from the CAS was
compared with the LWC sensorftér investigation this was found to be due to the air accelerating in the tube of the CAS
instrument. Studies ithe Cambridge University Markhawind tunnelusing a fine pitot tube to measure the speed up within

the tubeshowedanincreaseahat wouldreault in the count being increased by 1.47 and this has been accounted for in this latest
study. When this correction is applied the liquid water content calculated by integrating the CAS ohatst flightsagree

within 15%with thehotwire LWC sensoii although the hotwire sensor tends to under read at high values of LWC

The CIP instrument produces shadow images of the larger cloud particles and small precipitation sizeoptotel€£D
array. Data processing is performed on these images to derdeessgregated icerystal and large liquid drop number

concentrationgParticles that are imaged by the extreme ends of the CCD array are rejected and this means that the effective



10

15

20

25

collection volumeused tocalculatethe concentrationgets smalleas the particles gdarger.Further detad concerning the
data processing and quality control of the Gfiagescan be found in Crosier et al. (201Rarticlesare sparatednto ice and

liquid categories based on theircularity, C:

C=P/ 4 A,

whereP is the measured particle perimeter and e measured particle af@aminimum area of 50 pixeisequivalent to a
spherical particle with a diameter of 20018 used as smaller particles are not sufficiently resolveistmiminate between
drops and crystals)Following previous studies (Gsier et al., 201ITaylor et al., 2015) particleswith circularities between
0.9and1.2are classified asircularand therefore liquid drops. For particles with values from 1.2 to 1.4 the decision on whether
to count the particles as liquid or ice was made on a figtitight case after looking at images. Particles with values over 1.4
werealwayscounted a ice.The efficacy of the phase separatamd choice of the circularity thresholdss confirmed by
examining t he -esyoefbe. eadwatermengre was Galcylated using the Brown and Framsisdimension

parameterisatio(Brown and Francisl995)

For this study it has been assumed that the clouds are mostly mixed phase clouds and that the particles observed by the C.
(less than 5@ mare all liquid, while the CIP particles are characterised as either liquid drops or ice depending on the value
of thar circularity (see above)lhe number of large liquid drops (greater than 50 pix2@0 um equivalent diametgseen

by the CIP is ery small in all flightsThetotal number of particles seen by the CIP is much lower than that obsertld by

CAS and he number of particleseen by the ClRess than 50 pixels (equivaleiata circular drop of 200urdiameter) are

for all flights lessthan 23% of the numbeseen by the CAS and so we have ignored thedielpawhosephase we do not

know. The version of the CAS probe used for this study was not able to measure polarization and so it was ndbpossible
attempt todiscriminate betweenolid and liquid with the CAS, however, it seems likely that the assumption that all CAS
particles are liquid is a valid one particularly as we find the liquid water calculated assuming the CAS particlegjaice all li
agrees reasonably with that calcathfrom the hot wire probe on the CARS §tated aboy@&loreoverwe see a distinct peak

(not shown) in the CASizespecta, when in mixed phase clouds, indicative of drop formation

In this studytheaverage cloud properties over all the flights showRign 1are consideredn-cloud cata wasaveraged over
onedegree longitude bands-cloud periods were defined aden theCAS number concentration for particles larger m
is greater than &¢m® or when theCIP detects ice particleIhe averaged vads reported here for each longitude and each year

are calculated by first averaging the values for each point for each flight and then averagutgithal flight averagesver
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the whole campaigrThis means that each flight has the same weiigittg a more repremntative final valueThis averaging

methodalsomeans that a long flight in a particular longitude bin does not dominate the overall average.

TheCAS instrumenhas also been uséalexamine theerosokoncentrationsutside cloudsTo improve statistics alflights

madein the study area during 2010 and 2@iHenthe CAPSprobewas operational haveeen usedThis includesan extra
31flights that were primarily to investigate the boundary layer or the large scaldftibstill had cloudgresent in the sky

To ersurethat theseaneasurementsnly include cloud free conditions the data was filtered byowémg periods when there

were particlesarger tharl ¢ mThe CAS instrument only measures particle larger thaa @nd so only gives us a measure

of the larger aerosols but it is assuntieak this will bear some relation to the number of CCN ariRld¥ailableln the case of

INP the relationship betweenrasols greater than 0.5um and INP is represented in the parameterisations developed by
(Demott et al., 201andDeMott et al., 201Q)

2.2 Meteorological conditions

Figure 3 shows the mean sea level presBore the ERA interim reanalysfsr the periods of the two campaigns. The flow
during 2010 is generally slack while in 2011 Amundsen Seadothe west of the Antarctic Peninsula has intensified and
moved easiThis has brought a more northeflgw across westergside of the peninsula and this could be expected to bring
warmer air. However, looking at the temperatuass function of longiide from the aircraft flights in figure 4 we see that
2011 is actually colder in the west and this is also seen in the temperature fields from the ERA reanaigisiasn the
radiosonde ascents performed daily at Rothera Station (not shbwengoldin the west is a result of air being pulled around
the tip of the peninsula from the Weddell Sea and this is confirmed by the back trajectory analysis reported latgwen this pa
Therelative humidity (RH) plottedas a function of longitude (figure Shows more variability than the temperature record
and there is no clear difference between the yemesept an increase of RH in the West in 201Gpite ofthe larger

temperatures (figure 4)vhat indicatesin increasg amount ofvater vapouat that ime

3 Results on clouds and aerosol measurements
3.1 Liquid phase in clouds

The number concentration of liquid drops (®naveraged over one degreedinde bands is shown in Fi§. Each year is

plotted separately with 2010 in black and 2011 in r@ceakh longitude the average from each individual flight is shown as a
pointi the small number of points at each longitude mean that it is not reasonable to calculate the standard deviation but th
spread of the points gissome idea of thdatavariability. To improvestatisticsthe data was binned further into two large
bins on each side of the Peninsul a, one faloogwithgheirstaodard 4 e W
deviatiors, are reported in Table The CAS size spectrushowed peaked distributions around Bum illustrating the

condensational growth of supercooled droplets (not shoire averagenumber ofdropletsvaries from aroun@0 to over
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200 cnm® (Fig. 6), whichis typical ofconcentrationdound over the opencean away from possible sources of CCN from
continental land masses (Pruppacher and Klett, ;1881ubb et al., 2015). Table 2 gives the statistical significance of
differences between both sides of the Peninsula as well as differences between bothiygarstast. The most significant
difference(at the 99% leveljor liquid drops is on the east of the Peninsula betw@48 and 2011A less significant but still
noticeable difference ésts betweerithersides of the Eninsula in 201190%).Theserelationshifs werenot foundin 2010
(<8%%).

The liquid water content (LWC) in clouds averaged by longitudehfertwo years is shown in Fig. Again to get better
statistics the values of LWRave been averageah both sides of the Peninsula using theesaize longitude bins that vee
used for liquid drop numbera significant difference between the twearsis foundat the 90% level in the east and 95%
level in the vest(see Table 2plthough the eaatest difference on both years is not significdiie single point of high LWC

in 2011 at 73°W is the resudf a small numbeof flights intoactivefrontal systems with large amounts of liquid water.

3.2 Ice phase in clouds

The ice particle numbers and ice water content are showig.i8 and9 for areas in the cloud thatere at least partially
glaciated that is non circular particlegereobserved in the CIFThe number of ice particles observed igytdy 5 to 6 orders

of magnitudelower than the number of cloud droplets and the relative amelitddhevariability higher(the standard
deviation of liquid droplets number concentration is about 50% of the average values, while it is as high as or higher than
averages for ice crystals number concentrations). Also not all the clouds investigatgtheiated to any extent and so there
are slightly fewer measuremeiftable 1)for ice crystals thafor the drops except for the &st of thePeninsula in 2010 when
there was an observation of a completely glaciated cloud. First looking at the reombemtration of crystals, Fi@ and
Table 1show thain 2011there weranore crystals on both sides of the Peninsluda in 2010However, Table 1 shows the
standard deviation of the crystal numbers is large. Table 2 shows thatmi#sraraot signficant between the two years
(<80%)on the ast but significant on the west (95%). Differences are also signifiuetmteen either side of the Peninsula in
2011 (at the B% level) however not in 2010 (75%)

The ice water content (Fi) shows a similar trendto crystal numbers in Fi®. However, in this casesingthe averaged
values on each side of the Peninsula (Tabteeignificance idigher, the difference between both side@@11 andbetween

both years on the @st are significarat the95%level

The distribution of crystals with atmospheric temperature for the two years is shown 19.Ridedian ice crystal number
concentrations have been derived over 0.5 °C bins along with the associated median absolute deviations. The distributions a
very different in the two years and between the east and west of the Peninsula. In the west, both years have a peak ice numt
concentrations around°C. As reported by Grosvenor et al. (2012), for some of the 2010 flights only, this peak is most

probablyrelated to a secondary ice production process known as the #Ndletbp procesdHallett and Mossof,974) This
6
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consists of droplets shattering upon freezing when impinged by existing crystals (riming process), thus causing a cascade ¢
crystals. This process only operates efficiently in narrow temperature range (approxiBfatelyd°C) with an optimam
around-5°C, and requires large enough ratio of number concentrations nS of small drops (< about 13 um) to large drops n
(> about 24 pum{Mossop, 1985)Typical observe concentrations by Mossop (1985) of large (small) drops weB9 Hin3

(5-60 cm3) withthe rationS / nL ranging between 0.1 and 5. In the present work, median values per flights for nS, nL, and nS
/ nL (where peaked concentrations are observed°&@) are in the following respective ranges; 9% cm3, 933 cm3, and

0.5-13 (with flight minima always above 0.1). Note that no constrain is available in the present dataset to properly estimate the
rimers velocity. However, Mossop (1985) suggests thattspliy can occur at rimer velocity as low as 0.2hpand observes

no abrupt drop of splinter production from 1 to 0.55-th ,smeaning that the rimer velocity does not show a loweoftut
preventing HalletMossop from happening. In addition to thaher mechanisms known to trigger ice multiplication do not
operate in the8°C to-3°C temperature range but at colder temperaturd9{€), for example icéce collision (Takahashi et

al., 1995) (Yano and Phillips, 2011jJreezing of large drops with ice spicules formation (Lawson et al., 2015), or breakup of
crystals, which preferably requires irregular shapesdi&ndrites that are favoured at lemperature¢Bacon et al., 1998)

The main limitation to an absolute identification of the process as Hi&dlssop is tk resolution (both temporal and spatial)

of the CAPS probe to observe the process in detail from its start as only the resulting larger crystals are obserthd and not
firstice.

In the ast there is no clear peak at the high temperafur#8 e 0n 2011; there isnly a small peak in 2010t suggestthat

relatively less secondary ice production is observethteasterrsideof the Peninsuldt can be seen that during 2011 the
number ofice crystals increase from0°C to around2 0 eurilthis probablycorrespondto primary ice productiofwhere

an INP active at a given temperature interacts with a droplet or vapour to form one crystal). Ice Nuclei parameterisations
relying either only on the temperature (Cooper, 1386both onthe temperature andhe aerosol (8.5um) concentration

(DeMott et al., 2010are pbtted in Fig. 10. They are meant to account for primary ice nucleatghpredictncreasingNP
concentrationfom-10°Cto-2 0 e C. Not e t hat f or t édnosol dredimationstbrckgtiagrthe preseéne r i
average observations (section,F&ure 1) were used. Comparirthe trends of either dhe parameterisations to the ice
crystaldistributiors alsostrengthen the idea that the ice crystal distributions peaking ar®i@dre to be related to secondary

ice production processes.

3.3 Aerosols out of clouds

It is to be expected that the number of drops and ice crystals will be controlledriymhber of aerosols acting as CCN and
IN, excluding for the moment the role of secondarypicauction The instruments that were fitted to the Twin Otter in 2010
and 2011 did not allow the full range of aerosols to be measured. However the Cloud aud 3geotrometer (CAShat
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is part of the CAPS probeneasursaerosol size distriltion down to 0.5m. The zonal variation of aerosol particles greate
than 0.5 umand less than 1ums shown in Figll, and their average numbershoth years and botlidgs of the Peninsula

are given in Table INote that to have a better statistics and a better picture of the aerosol population in thebriigiots

were used, ie includinflights not primarily intended to cloud measurements, but that were stipmepiiwith the CAPS
probe.Table 2 gives the significance of aerosol differences betyears and regions. the single point in the far west in
2011is excludedwhich is from one flight and is considered an anomaly) the two years are very similamtesthef the
Peninsula. To the east there sgnificantdifference between the two years (at the 95% level) with 2011 having almost twice
the concentration adierosol as 2010. In 2011 there is alssigmificantdifference between the east and wesesidf the
Peninsula (at the 99% level) witiice the concentration aderosol on the east as on theswof the Peninsulémportantly,

the same conclusions are drawn when using the 24-élights only.

4 Discussion

The variability of cloud droplet andce concentration observéa this study is quite large artde number of flights made is
small, compared to the number of measuremibriatshave beemade at midatitudes. This makes identifying statistically
significant changes between geographicasm between years difficult. This problem has been dealt with by first averaging
the datanto longitudinal bands (Fig87,8,9 and11). Although this allows some of the differences of interest to be observed,
there are still too few points to determifhthesedifferences are significant. To help with these, averages were taken of all the

data on eeh side of the Peninsula (Tallgand in this case clear statisticafeliences can be seen (TaB)e

4.1 Aerosol source regions and liquid droplets

Theaveragenumber of clouds dplets in the clouds (see Fig). variesover a large range from just a few to almost 80
and this probably reflects the large range in CCN found in the coastabareasirctica. The mean numbef drops on each
side of he Peninsula are not untypical of values to be found in mid d&appacher and Klett, 199Chubb et al., 2015)
and reflect the position of Rothera exposed to air masses with orighsSouthern Pacific. Tide 2 shows that it is only in
the east tha there is a significant difference (at the 99% level) between the two ipetirs aerosol concentrati@nd this

might be a result of the different source regions for particles between the two years.

To test this hypothesis batrijectory analysis usgntheHybrid SingleParticle Lagrangian Integrated Trajectory (HYP&IT)
modelhas been performetein et al., 2015)Seven day back trajectories were calculatsithg the National Centersfor
Environmental Pradtion (NCEP) reanalysis metenogical fieldwith starting pointdocatedat 60 s intervalsalong the track

of each flight. Fjure12 shows theposition ofthdow al t i t ude ( O aiOnassesdBolrshaclevards, atoeyl o w)
with their altitude (colour coded), fdyoth yearsand sidesof the PeninsulaThe sea ice fractional coverage (at 25 km
resolution) obtained from Nimbug SMMR and DMSP SSM/&SMIS Rissive Microwave Dat(Cavalieri et a).1996), ha
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beenover plottedn blue.As in section 3.3 (and in Figure 135 flights were used to investigate the average origin of the air
masses on both yea#s striking difference appears between 2010 and 2@ith,2011 showing more sources above the sea

ice. Table 3 summarizes the relative proportion of air masses passing above sea ice compared to above open water/ice sh
(referedt o0 as @ ot he raltijudeainmmeses.¢ bdlow 300y approximéae boundarylayer heigh{Fiedler et al.,

2010), and along all the badkajectories The relative proportions are also indicatedtf@ case when only the 24 clouds

flights are usednumber in parentheses in Table /e first comment on the analysis using the 55 flightsea ice covered

region was defined as a region where fractional coverage is larger thdmodver thesea iceregions of interesn table 3

normally havemuch larger values, see Fit). These low altitude air massedll have greater sensitivity to surface aerosol
emissions The statistics integrated over different duratians showrto illustrate the consishtly dominating or increasing

trends of the relative contributions of sea low altitude air masses among all low altitude air masses. Whatever the time
interval,low altitude air massesampledo theeastof thePeninsulaaways overpass sea ice reggorelatively more often than

they do overpass other regidnwith the influence of the sea ice being greater in 2Q'bbking at table 3 we can see that the

sea ice has most influenaever most time periods) the east in 2011 thdess in the east iB010, less again in west in 2011

and least in the west in 20IMhus, Table 3, along with Fig2 shows thafa) air sampled on the east is moreisednfluenced

than air sampled on the west in both yearsa{bsampled on the east in 2011 has haelativelylonger sedce trackat low
altitudesthan in 2010 and (c) air sampled on the west in 2011 is slightly mefeesedluenced than in 201Qooking at the

analysis restrained over the 24 cloud flights only, the above (b) statement becom&satess only the analysis over the

period covering the previous 48 hours shows a clear increase of sea ice influence on tzDéa¢Table 3, second ling)
compared to 2010, but statement (a) and (c) still prevail and are even strengthen whenirgpiisisesmaller statistics.

Overall clear differences appear in the origin of the air masses when splitting the analysis into west/east and 2010/201.

comparisons.

The largerconcentration of aerosols in 2011, especialittenastern side (Figll), compared t02010 (Table 2)could be
explained bymore air masses having longer tracks at low level over sea ice covered ofgimn®Veddell Sea. It is possible
that sea salt on the snow covered surface of the sea ice could easily be lofted into thiewwingsnow which sublimes to
form sea salt aerosavhathas been suggested as an efficient mechanism for getting sea salt(@enog@t al 2008)which
could act as CCN, into the boundary layEmnis suggests thdlhe increase in droplet number centrations seen in 2011 on
the asten side of the Peninsula (Fi§) could result from the inease in aerosol numbers. FI§ shows average vertical
profiles of aerosol number concentration on both sides of the Peninsula for 2010 (blue circle) aneld2@ibhdlesfor the
55 flights used in section 3.3 (Note that the same vertical profiles plotted with the 24liglbtgdonly display quantitatively
similar differences) The corresponding shaded areas indicate absolute minimum and maximunui{healues at each
altitude level over the respective campaigns. Like the latitudinahgesrof aerosols shown in Fidl, Fig. 13 shows that the
interannual differencein aerosol concentratiam the astern side is much more pronounced (see the 99%isamtélevel

in Table 2) than on the egtern side (93% significance levetjterestingly, hesedifferencesoccuralmostexclusively below
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20002500 m. Above that altitude, tlwencentratiorof aerosols is similar between both years and both sides (abalt6d

cnt®). The central part of the Peninsula betweetW$and 65W is also characterized higis concentratiorof about 0.1cnt

3(not shown) This suggests that a homogeneous mixture of aerosols (at least in terms of number concentration, i€not natur
prevails at altitudeabove the height of thHeeninsulanountain barrierConverselyat lower levelsthe AntarcticPeninsula

barrier would help sustain different pools of aerosols on either of its sides. These aeroscbydajéve rise to differen

cloud microphysics on either side of the Peninsand a possible interpretation of the observations is that the increased number
of dropletseast in 2011 compared to 20dduld be the result of anvironment more influenced by particle originatingnro

sea ice regions.

4.2 Ice production, altitude ranges, and aerosols

Interestingly, the ice crydanumber concentration (Fig) does not follow theamepatternasthe liquiddroplets A significant
difference (at the 95% level) is seletween the twgears in the wst and also a similar significant difference is seen between
both sides of the Peninsula in 2011. However, this is not unexpected, as while aerosols are the source of GG Hrad IN

a correlation between the numbers of liquid dropsieadrystals might be expected, there is another process goittg
create ice crystals. This is teecondaryce productiondueto the Hallett-Mossop process for temperatures warmen tha°C
(introduced in section 3)2The peak of ice crystal numiseat temperatures abov0°C can be clearly seen (Fig),
especially in the west where as might be expected the temperatures are. warsnis illustrated by ure4 which shows
each year 6s t e mper aatongthe arcraft wackethpeast thdreyis mMueh tessteviddnee of secondary ice
formation for both years (§i 10) and this correlates with the similarly loweimjgeratures in both years (Fid). At
temperatures belowl0°C (Fig.10) it can be seen that in 2011 there is aimistpeak in iceconcentration, which suggests
more primary ice productiofsee section 3)An both the west and thagtat temperaturesapproximatelyranging between

10 °C and-20°C, while there is almost virtually no primary ice production peak t02€ig 14 shows the entire dataset of
crystal distribution with temperatures for the two years (both sides at the same time) colour coded with the altitude of the
observation. Therimary ice production mainly occurs at altitudes above roughly 2500 metite the secondary ice
production occurs almost exclusively below 2000 métehss of course is related to atmospheric lapse rate. This means that
the primary ice production peak presence cannot be solely related to the increase of aerosolghgeicieds mostly below
2500 meters (see section 4.1). As suchldiver primary ice production in 2010, and its presence in 2011 on both sides of the
Peninsula can be linked to the colder 2011 temperatures compared to trab@2 @500 m (not shownhnotherpossible
factor in the lower ice production in 2010 is thifferent nature of IR related to the different air masses which would feed
with aerosols both sided the Peninsula. It can be sabat in 2011 more air masses were coming from aboveseagdions

(see section 4.1)t has been suggested that biogenic particles found in sea ice could de{RBaridws et al 2013 and the
same method for transferring from sea ice to the atmosphere (as the sea salt) coulthexjittérent natureof INP found

in 2011 above 2500 m, leading to more primary ice produaii@d11
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5 Summary and conclusion

Fig. 15 summarises the results reported in this paper.observationshowthe significant differences icloud properties
betweerthe twomeasuementperiods February 2010 and January 20&ahdbetweenmeasurements made to the east and to

the wesbf the Antarctic Peninsulaand present some possible explanation for those.

January 2011 showeddmosttwice as manyerosoln the eastern side tife Peninsula than on the western side,raotke
than in the previougear. The larger number of droplets2011canbe exlained by an increase of CCN tleain be inferred
from the observed increase in large aerosols (>0.5muthatyear The larger obmber concentrations of aerosols can be linked
to the different source regions. In 2011, relatively more air masses were coming from tiee apd relatively more on the
eastern side than on thesstern sideThis bringsa possible interesting explanatio the twice larger amber of droplets in
2011 ast (approx. 200 c¥) compared to 2010ast,and also 50% larger than 201 &st.

The HallettMossop secondary ice multiplicatiost temperatures warmer that©°C, peaking around°C) process seems to

be key to ice production mechanism below 2500 meters on both sides of the Peninsula, and mainly on the warmer wester
side In contrast above 2500primary ice production mechanissiexpected to dominat@he larger production of primary

ice crystals &t tanperatures colder thatt0°C, peaking around20°C) above 2500 meters in 2011 compared to 2010 on both
sides of the Peninsula, is due to colder temperatures (activating more IN) and the possible different na@uieoofimiy

relatively more from above adce regions). Indeed, there is only a small increase in number concentratige Ef0cb um)

aerosols in 2011 above 2580This is why the increase in aerosol number supports the larger amounts of liquid droplets, but

does not seemingly support theger number of primary ice seabove 2500nn 2011 on both sides of the Peninsula.

These observatiorshowthat the concentration of large aerosols (>0.5 um) is fairly similar across the Peninsula (about 0.1
0.2 cm3) at altitudes higher than the mountdiarrier where dynamics would sustain a weiked aerosol population.
Conversely, the mountains would favour the creation of so called aerosol pools on either side of the Peninsula, with differen
concentrations andature thatvould be responsible of afférent microphysics. Similarly, ice productiemaffected by the
temperatures prevailing on either side of the Peninsulalittithsecondary ice production occurring on the eastern (colder)
side, and more on the (warmer) western side mountainfieight contrad the altitude at which both sides display similar

primaryice production peaks above 2500because of similar population of aerosols.

Thenumber of liquid drops and primary ice crystals is correlated with the sources of the air. assseresults indicate that

the sea ice covered Weddell Sea could be a more important source of CCNPémahithe open ocean. This may have more

11



10

15

20

25

30

general implications for the microphysics of clouds that cover the Southern Ocean. The Southern Oceaa iis ahiahe

large errors have been identified in the simulated cloud cover, leading to large radiation biases in global climatdatmdels (F
et al., 2013BodasSalcedo et al., 2014). Given that in winter, seaiceecant end up t o 60eS and eve
sources of CCN and Rrelated to the sea ice cdypotentially have large impaoh the microphysics of clouds forming over

the Southern Ocean, as they seem to have across the Antarctic Peninsula.

The preset study is the very first of its kind attempting to depict cloud microphysics and aerosols across the Antarctic
Peninsula from a small amount of flights, the scenario we suggest hopefully will stimulate other studies and measurements t

better assess tmausibility of our interpretations.
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5 Table 1: Average values for cloud measurements and owtf-c | ou d s
refers to the standard deviation of the variable x, and N the numbeof flight averages available for the global Eastern or Western

aerosol s

averages. LWC refers to Liquid Water Content and IWC to Ice Water Content.

West 2010 | West 2011| East 2010 | East 2011

Drops (cnv) 124.27 154.62 103.26 191.68
G(Drops) |686 63.52 68.98 71.62
N 23 23 20 22
LWC (g kg?) 0.094 0.157 0.069 0.108

G (LWC) 0.07 0.12 0.06 0.07

N 23 23 20 22

Ice crystals (™) 0.388 1,414 0.244 0410
G(lce cry 0362 2,038 0392 0.428
N 18 21 21 20
IWC (g kg?) 0.0B14 0.0B42 0.0QL77 0.0832
a(1 wce) 0.0B08 0.0(848 0.001624 | 0.00868
N 18 21 21 20
Aerosols (cr¥) 0.0692 0.1 0.106 0.218
G(aer osol|0.068 0.12 0.1 0.314
N 53 77 59 87

for

both

year s

10 Table 2: Statistical significance ofthe differences between eitheyear on either side ofthe Peninsula as obtained from the-test

performed for the four cloud variables and the aerosols (See text for detaild)alues greater than 90% are highlighted in bold.

N(drops) LWC N(ice) | IWC N(aerosols)
W2010W2011 83% 96% 96% 98% 93%
E2010E2011 9% 94% 79% 91% 98%
E2010W2010 68% 78% 75% 92% 88%
E2011W2011 93% 89% 96% 98% 99%
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Table 3: Relative proportion of low altitude (<300 meters) air masses passing over sea ice covered regions with respectetaotial
number of low altitude air masses along all backrajectories derived from HYSPLIT model for 55flight tracks from both campaigns
(See text for details).In parentheses, the same percentages but for the 24 flights oelative proportions are indicated for both
years and both sides othe Peninsula, the side referring to the (stajtending point of the airmasses (backtrajectory. Percentages
are computed over different time ranges, prior to reaching a given point of a flighttrack on either side. A region is consigd as
covered by sa ice as long as theea ice concentration from the NIMBUS7 MMR s larger than 1% (See sectiort.1 for reference).

East 2011 | East 2010 West 2011 | West 2010
Last 72 hours 61% (43) | 35% (47) 37% (21) 24% (9)
Last 48 hours 58% (80) | 45% (60) 37% @2) 25% (8)
Last 24 hours 48% (94) | 68% (91) 34% (26) 26% (8)
Last 12 hours 97% (100)| 90% (98) 33% (19) 15% (7)
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Figure 4: Atmospheric temperature as measured by the aircrait %G function of longitude, averaged in 1° longitude

bins. The flight averaged values are overplotted as black triangles (201@dazictles (2011). Solid lines represent the
average of these averages in each longitude bin. Shaded grey (2010) and red (2011) areas indicate the spread of these
averages across the Peninsula. The vertical dashed lines delimits the Western ancegastsrof the Peninsula as defined

in this study

22



