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Key Points

* Unprecedented cloud ariduid-bearing layer properties extracted from multiplstrument

measurements as part of the ARM AWARE campaign

* Clouds at McMurdo are less prevalent, persistentdaegrelative to Arctic touds but have

a higher liquidayer height

* Cloud andtemperature/moisture inversion configuration near cloud top is often similar to the

common structure observed in the Arctic
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Abstract

Polar cloud radiative forcing plays a crucial rolehe determinatiorof the surface and atmospheric
energybalancehrough processes which are ryet fully understood. While there ssbroadand fairly
complete dtabase of cloud measurements from severeicAsitesand field campaigns through the
past two decades, the recdnyearlong U.S. Department of Energy (DOE) Atmospheric Radiation
Measurement (ARM) West Antarctic Radiation Experiment (AWARE) field campaign at McMurdo
Station has provided hitherto unmatched multiplmstrument set ofgroundbasedAntarctic cloud
measurementsThese observations amgocessed andised to derive the main cloughd liquid
containing layeproperties occurrence fraction, cloud persistence and boundaries, and configuration
relative to temperature and moisture inversions. The results are comparedvimugp Arctic
observations It is concluded that cloudand liquidbearing layersover McMurdo Station are
essentiallyless prevalent and persistent than their Arctic countergdowever, theyypically have
higher basg and show a weaker temperaturepgadence than in the Arctic, suggesting a more
Opristined An tnadditontheclouad(imlading dothwater phasggypically extend
toward relatively lower altitudesand their relation to inversions near cloud top are often similar to

those observed in the Arctic.
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1. Introduction

Thetropospheg in West Antarcticds warming abone of thefastest rates1 the world both near the
surface and at lower pressure le(®l&olas et al., 2017; J. Turner et al., 200hile it is known that
radiative forcing of clouds plays a crucial roletire determinationof the surface and atmospheric
energy balangethe exact processes that ultimately lead to the observed warmingptafally
understoodStudies performd in the Arctic showhat interaction betweegloud microphysics and
dynamics moist air advectionand theweak surface heating by solar radiatiprmay result in
persistencand resiliencef mixed-phase cloudéMorrison et al., 2012; Stramler et al., 201These
clouds areclosely associatetb atmospherianoisture and temperatumeversiors, which are often
formed by rapid radiative cooling of the surface or near cloud top, both characterized by high
emissivity (Curry, 1983; Herman & Goody,976; Pithan et al., 2014; Sedlar et al., 2012; Sedlar &
Tjernstrom, 2009; Solomon et al., 2011, 2014; Sotiropoulou et al., 2016; Tjernstrom & Graversen,
2009) The extent to which our knowledge of Arctic cloud processes transfer to Antarctis il oud

clear, because althoutfie Antarctic atmosphere has some similarities to the Arctic atmosienes,
aremany disparities as welk.g., theextremely colder and drier atmosphere relative to the Arctic, as

well as complex topography and pristaie(Bromwich et al., 2012)

Until recently,the remote locationsevere Antarctic climateand the lack of suitable infrastructure
havehamperedhe deployment of lon¢erm extensive tropospheric nse@ement campaignkong
term nmeasurements wemostly limited to several automatic grousirhsedweather stations (AWS)
(e.g., Cassano et al., 2016; Knuth et al., 2010; Lazzara et al), @@dfutine radiosonde release
(e.g., Johanson and Fu, 2007; Marshall, 2002; Trenberth and Olsor), k988dition, a limited
number oflidar deploymentge.g.,Lawson & Gettelman, 2014; Mahesh et al., 2005; Nott & Duck,
2011; Ricaud eal., 2017; Van Tricht et al., 2014dirborneobservationge.g.,LachlanrCope et al.,
2016; Morley et al., 1989and radiatiorcampaignge.g.,Bernhard et al. 2009 took place as well
the focus of which was on clouds and related processegcent yearsspacebased obggations

4
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using satellitepassive and activeemotesensingnstrumentshave become available.g.,Hu et al.,
2010; Mahesh et al., 2004; Spinhirne et al., 2005; Zhang et al., RDA0pmat the observational
data setHowever,at polar latitudes, the latterare characterizetly limited vertical and temporal
resolutions The paucity of detailedobservation®of the Antarctic atmosphei@nd itsrelationship to
cloudmacrophysicsuggest thatve do not yet have sufficient descriptidn evaluate theaccuray of

the Antarctic cloud processpresentatiogin climate models.

In the view of thatthe U.S. Department of Energy (DOHaunchedthe Atmospheric Radiation
Measurement (ARMJVestAntarctic Radiation Experiment (AWARHE) November 2015yhich took
place mainlyat McMurdo Statioi77.85°S, 166.72%E70 m abovenean sea level (MSL), see-igure

1], andended athebeginning of January, 20XWitze, 2016) This campaign was the firstibstantial
measurementampaign in the West Antarctic regian the nearly 6 decades since the 1957
International Geophysical Yeaand involvedvarious instruments (e.g., lidars, radars, radiometers,
etc, seeMather & Voyles, 201Bthat were used in concert to facilitate the characterization and

understanding of Antarctic cloadand theiinfluence on thetmosphericadiation budget

This pape, the first of aseries opapes, aims to describe the fundamental data processing and present
the bulk statistics obtained from data gathered as part of the AWARE camfmaigddition, it
describes themacroscopic characteristics of Antarctic clougisnerated from the -fear long
measurments Furthermorethis paperand following parts of the seriexamine the validit of the
main cloud characteristicpatternsand effects found in Arctic measurements.g., typical height,

structure, liquid prevalence, persistenaed inversiortoupling for these Antarctic clouds
2. Methodology

The analysiss based orhydrometeoibearingair-volume (hereafterreferred to ascloud) masks,
obtainedusing data from the kBand ARM Zenith Radar (KAZR}Widener etal., 2012) andthe

High Spectral Resolution LidgHSRL) (Eloranta, 2005¥or the entire yar of 2016 The KAZR
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(HSRL) datasetaremore than 9%% (97.5%)complete respectively. Theninimumdataavailability
from both instruments iduring March, vinen~97% (~94%6) of KAZR (HSRL) data respectively, are
still available From the beginning of the AWARE campaign until November 5, 2€16 HSRL
performed routine maintenanfer 10 minutes on averaga) 09:00 and 21:00 UTO.hese periods
account for ~1.5% of the monthly data deficiency between JanamaalyOctober (~0.25% in

November).

Careful attention is dedicated itestrumentsampling problems in the lower troposphd?eocessed
data gathered byadiosondesthe microwave radiometer (MWR{Morris, 2006) and the Vaisala
ceilometer(Morris, 2016)complement the analysis procedurbeTata processing and identification
of hydrometeorgperformed in 1hour windows)are describedn sections2.1 (KAZR) and 2.2
(HSRL). Complementary analysis stegpsd the arrangement of the data in hourly meaedescribed

in section2.3.
2.1. KAZR data processing and hydrometeor detection

KAZR signatto-noise ratio (SNR) data from tiR&RM al level filesareutilized for cloud detection

The KAZR operated ircontinuous alternationetweertwo differentmodegboth with 2.5sand30 m
temporal and vertical resolutions, respectivetiie general (GE) mode, optimized for deitmttof
lower-troposphec clouds, and the moderate sensitivity (MD) mode, optimized to detect-upper
tropospheric cloud§.he MD mode returnexhibitsignd leakaggClothiaux et al., 20013bovehighly
reflective cloud layerspredominantlyin the lower tropospherd his rangeleakageproducesfalse

cloud detectionA routine was developedto mitigate these artifacts (ségpendix A, which are
typically characterized by a gradual decay of the apparent signal with height above the true cloud top.
A comparison of corrected KAZR MD to HSRL (where available) detected cloudcat@psounding
profiles found that this leakage removal ragi hasa highefficiency with negligible influence on

actual cloud top detection
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After the leakage mitigation, the first 8 MD range gates, which consistently show enhanced signals,

are removed, resulting in an effective first MD range gate at ~680aveground leve(AGL).

Boththe GE andMD mode data arthenseparatelygridded to the HSRL data grid (used here in 10 s
and 7.5 m temporal and vertical resolutions, respectively) tsioiglimensionalinear interpolation.
Cloud masksarethen generated usingach of the two gridded data arrdyg setting afixed SNR
threshold of16 dB(corresponding toeflectivity factorvaluesat 1 km AGL of-36 dBZ and46 dBZ

in the GE and MD modes, respectivelyhis threshold valugvasthoroughlyexamined in various
scenarios and showed satisfying res@li®wing the separatidmetweerthe radar returns frosample

volumes containing hydrometeasdthe instrumenbackgrounchoise

Most of the esidual MD leakage artifacthat appeared sporadlly above persistent cloud topse
removed from the generated (gridded) cloud miHR.pixels with hourly cloud fraction below®%
and corresponding range gates beld¥50 m AGL (1000 m above the first MD range ggtare
deleted This removal process is made under the notionatllabughsomecloud features may be
detectible only with the MD modglatapercentages increase with heighite GE mode observations

detect the majority of the features identified by the MD mode mermsnts at loer heights.

Finally, persistent dubious enhanced signals (mostly below SNR val8ed®&) at low heightgup to

~370 m AGL the 1¢" measured GE range gatajeremoved fronmthe KAZR GEmode.This artifact

slowly variesin height andtime, which made the authors conjecture that these are blowing snow
signatureqe.g., Nishimura & Nemoto, 2005; Palm et al., 2011; Scarchilli et al., 20L@rough
examination of data collected during these periods by the total sky image(Nb&i)s, 2005) ground
radiation radiometer (GNDRAD{Stoffel, 2004a) sky radiation radiometeiISKYRAD) (Stoffel,
2004b) the HSRL, surface meteorology system (MET), and sounding balloons rejected this
postulation Yet, bulk exclusion ofdata inthese range gatemmot be made, asemoval of data at
these heightsvould causea largeloss of true low cloud informatiorAs low cloudsare commonin

polar regionge.g.,Mahesh et al., 2005; Morrison et al., 201i2)e GE KAZR observations hate

7
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be retainedTherefore, GE mode cloud masks aeremovedonlyif their SNR values ar@wer than
-6 dB (larger than the fixed cloud mask threshold by one order of magnitudeyextidconnected

from cloud bins above the $@ange gate.
2.2. HSRL data processing and hydrometeoclassification

The HSRL hydrometeor detection procésbased on linear depolarization ratio (LDR) verkgs
scaledparticulate backscatter cressction(by) two-dimensionalhistogramgthis methodologyhas
someresemblances tagviousgroundbased angdpaceborne data analysés.g.,Hu, 2007; Hu etla
2009; Thorsen & Fu, 201pBeforegenerating the histogranmesmnolecular signato-noise ratio (SNR)
mask (with ahresholdvalue of 1), &, SNR mask (with a thresholdhlueof 1), anda LDR standard
deviation(STD) mask (with a threshold value 6f05)areapplied to theHSRL dataln addition, all
data below 230 m AGL are removémhly for the histogna generatiohto preventiow-level artifacts
from affecing the histograms=ach histogranhas LDR andby bin dimensions 00.005 and 18°°m
sr! respectivelyThe histogramshow clear seasonal dependemeest likelytheresult of variations
in the mean temperaturprevailing wind direction, etqBromwich et al., 2012)which affectthe
dominating hydrometeor properties (e.g., ice parstlaps; Pruppacher & Klett, 1997, pp. B&3).
To account for these seasonal charagewell as possible H&. calibration drift during the AWARE

campaign histogramsre generated on a monthly basis

Figure 2a and B depictthe histograns calculated for March and Augu016 respectively Both
histogramgevealdistinctfeaturesHSRL returns characterized by relatively Iby(cresting ear 10
"mlsr) andlow LDR valuesare attributed to clear slkaerosolsA large part of the measuremeists
attributed to ice water particles (including aggregates and rimed parttbkiedidar returns of which
are commonly typified by relatively high LDR (©.2) andby varying from low to high values,
depending on the concentrati@ize,shape, andrientationof the particles. Neverthelegsrt of the
ice particle populatioexhibits moderaté, values (~16 msrt) and low LDR (<0.1), as seem both
histograns (around and below2in Figure2c, d). These HSRL returns aagtributed taelativelyhigh

8
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crosssection ice particlege.g., platesthat produce nearlgpecular reflection of the lidar pulse
(Sassen, 1991, 2005yhich is not completg eliminated at 4 degrees tilting andgkee Appendix A
in Silber et al., 2018)most likely due to crystal tumblinginally, a prominent higlh, and low LDR

(< 0.15) population can bseen This population isattributed to liquid watereturns which, with
(typically) high droplet concentration@roducelarge by values(e.g.,de Boer et al., 2009; Eloranta,
2005) The higher values ahe upper LDR limitof liquid-dominated volumesan be attributed to
multiple scattering effectBissonnette, 2005; Eloranta, 1998)ice pariclesin the same volume as
the liquid droplets(e.qg., Silber et al., 2018, fig. S1Both March and Augusthistogramsreveal
enhanced counts ithe lowestLDR column The lidar volumescontributing to theseountsare
distributed throughout the tirdeeight domain, with most returns coming from voluralesve the level
where the lidar signal is mostly attenuataakl the remainder from volumes at clduaadindaries. These

cloud boundary volumeare important to accurately characterize cltayegrs hence these data are

retainedn the analysisA large fraction of the lidar volumes below 230 m AGL, which are not included

in the histogramdall in the sane LDR range

The histograms are used to classify tHERL volumesinto the three categoriesei, volumesfilled
with clear sky aerosalfiydrometeorsyr liquid-cloud (a subgroup of the hydrometeorsps seen in

Figure 2, classificatios camot be male based orfixed LDR and/or b, threshold for liquid/ice

discrimination becaus¢he modes have irregular shapes that change from month to month through the

seasoBn(see als®ilber et al., 2018, fig. S1Fixedthresholds might result iover or underestimation
of liquid water presenceCongruentargumentsapply for the margin between the hydrometeor and
aerosol categories. Therefore, a classification method which itekeconsideratiothe by andLDR

features is neessary

In order to determine HSRL category threslspid5x5 (bins) median filtgiL.im, 1990)is performed
on each histogram, thus smoothimgisein the histogram(and mitigating the lowestLDR column

artifacts), while keeping its main featurésgure 2c, d). The demarcationdetween aerosand
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population groupsn the smoothedhistograms The automated routine producing these population

boundaries is described in Appendix B.

The boundariesetween the aerosolge, and liquidcloud returns for March andugust2016 are
shownin Figure2c, d This HSRL monthly classificatiomethod wagarefullytested in various cases
(by alsoinvolving sounding and/or KAZR data to verify the presesmoe phase diydrometeorsand
demonstrated reliable resultsshould be noted that some ambigeixysts around population margins,
asdifferenttypesof particles can produce similar lidar return characterigicg,Thorsen et al., 2015)
However, his potential bias (wheri¢ exists) does not significantlgffect the results of this study

mainly due to the relatively lower counts surrounding rirergins

Using these boundaries, ice and ligaldudmasks are generatédm the HSRL dataBecause clouds
are frequently found in the lowest tropospheric layers in polar re@gogsShupe, 2011; Van Tricht
et al., 2014)low-level HSRL data (< 230 m AGL.)omitted in the histogram generati@ne included

in this analysisA largefraction of lidar volumes below 230 rarearranged in very shallow (one or
two range gat® persistent configurationsith LDR ~0, embedded in otherwise higher LDR returns.
These volumes havehagh probabilityto be classified abquid-cloud To substantiate this liquid
cloud classification, thalgorithm for these lovlevel HSRL volumesis augmented byncorporating
ceilometercloud base heightOBH) observationsThe first (lowest) ceilometer CBH time seria®
linearly interpolated to the HSRL grid. AtlydrometeotHSRL volumes below 230 m, classified as
liquid-cloud, which have a detected ceilometer CBH no more than 63.5 m below them are retained
otherwise their classifications are changed toTitethreshdd for thealtitude difference between the
ceilomete CBH andthe HSRL liquidcloudvolumeswas selected as it marks thé"frcentileof the

ceilometer CBHK deviation from the HSRL liqguid CBHs the AWARE data(seeSilber et al., 208).

10
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2.3. Complementary analysis steps

The HSRLmasksarecombinedwith the KAZR (GE and MD modésnasks to form a full single hour
cloud (ce and liquichydrometeormask.In every10-s profile (of each of the mask arrays), layers are
concatenatednly if they areat least8 pixels (60 m}hick and arevertically distant from each other
by up to 8 pixelsto treat possible false discontinuitigsll vertical layers less than 8 pixdlsick are
removed to eliminate potential noise produced during théysisgporocedures (mainly from data

located around the various thresholds).

Hourly statistics are calculated from the processed cloud and liquid mask arrays. These include hourly

hydrometeoand liquidcloudbase, thicknesgrofile occurrencdraction arrgs, i.e.,hourly fraction

in each pixel,and hourly time series of totahydrometeorand liquidcloud fractions (column
integration) Total and profilehydrometeooccurrence fractions are normalized relative to the hourly
(HSRL and KAZR combined data availability, under theassunption that the measured period
provides an acceptable representation of the whole Hours in which theombineddata availability

is below 25% (15 minutes) are omitted from the occurrence fraction anadysrevent poteial low-

sampling biases from affecting tetatistics

Liquid-cloud profileoccurrence fractionare normalized relative to the hourly HSRL data availability.
Becausethe liquidcloud total fraction solely relies upon HSRL data, there could be some
underestimation of the true ligutoudfraction, due tanissing HSRLdata or extinction of the HSRL
signal below the lowest liquid layérhereforefwo-channeMWR measurements that wegyerformed

at McMurdo Station between February ddecembe2016 are used twlentify liquid in the profile
duringthese brief periods. The MWHduid Water Pat{LWP) retrievalge.g.,Fielding et al., 2015;

Nicolas et al.2017; Painemal et al., 2016)e based on an optimal estimation technique that starts

from a first guess and iteratively repeats forward model calculations until a predefined convergence

criterion is satisfied. When convergence is achieved, an 'arjpoisteovariance is computed and its
square root is expressed as the retriev@l'D uncertainty. The closesbundingprofile is used for

11
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the radiative transfer calculations and the ceilometer data are used to consC&H tiderootmean
squareerrar (RMSE) between modeled and measured brightness temperatemapsited at the last
iterationas a consistency check and is used to screen unrealistic retrgegal$iie to measurement
contamination by rain or snow deposited on the instrumime. LWP data at 5 min temporal
resolution) arenly used if theRMSEsaresmaller than 2 Kand the LWPretrievalvalues are above
25 g/ntf, which is the 2channel MWR retrieval typical uncertainty(D. D. Turner et al., 2007;
Westwater et al., 2001Yhe valid data are linearly interpolated to the HS®mporalgrid. The
combined HSRL and M/R LWP data are used to comptite total liquidcloud fraction, which is

only then normalized relative to the hou(ffSRLandMWR combined data availability
3. Results

3.1. Cloud occurrence fractions

Figure3 portrays the cloud profile evolution during the months of January (summeértiopepanel)

and August (wintertimé bottom panel), which were produced by setting an hourly occurrence fraction
threshold of 25%per bin This hourly threshold isisedto include the main structural features of
passingrapidly fluctuatingand shorlived clouds in the plot, without generating a misleading picture
from clouds that are merely observed through dldma&tion of a single hour. Deep frontal systems

are observed in both seasons (and during fall and spring a$ netlshown. These deep systems

often obstruct the HSRL from probing the entire cloud column, although the lowestdiquidiayers

(red) are typically detected. Nonetheless, occasionally, optically thick cloud lakelg ihtenseice
precipitation) carpreventthe HSRL signafrom penetraing into the bottommost liquidloud layers

(if exising). Thesecloud profilesareclas si fi ed as o6unknown with 1ig
LWP values are above the 25 g/omcertainty levelHowever, the verticatlistributionof the liquid

phase cannot be extracted from the MWR measuremé@iisk n own wi t h classifegdi i d

layers therefore cannot contribute to the hourly bin classificatibhe impact of these profiles ¢inis

12
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analysis is small howeverhe bulk of measurements suggest thatliquid-cloud layers occupy only

a small fraction of the total hydmeeteor filled depth in each column, particularly in the deeper systems.
It is reasonable to expect th@me inthé® un k n own wi t diassified @yeisMoreoverttrer 6
total number of these profilds small, andherefore has negligible impagh bin hourlyoccurrence
fractions (25% or 50%)The impact of the MWR contribution is in improving the total (integrated)

hourly liquid-cloud fractions.

Figure 4 depictsthe 30-day runningmean total hydrometeor and liquitbud occurrence fractien
together with their monthiyneans (filled circles). A runninmean temperature curve (based on
sounding profilesis shownas well The temperature valudenotethe surface to 4 km altitude column
average This altitude range is chosen to represent the atmospheric region where(atauitiguid
cloud layers in particularpre most copious at McMurde.g.,Scott & Lubin, 2016)All averaging
windows consist of an additional samptecenter the means on the corresponding,tiree 1 extra
hour (sounding profile) in the fraction (temperatwa)dows, respectively. Deviations thiemonthly

means from the runniagiean curves are tlmtcomeof the different window span.

Cloudsaremore abundant durinttpe first 6 months of the yegueakingaround June 26t 8%), and
relatively scarceluringthe last 6 monthdNevertheless, there is no distinct annual pattern as the values
have large variability on short time scafesich is most likely not consistent from year to yebigte

that the annal minimum of ~31% around July 29 is concealed by its surrounding higher cloud
fractions, when only the amthly mean values are examiné&all (MAM, 73%), winter (JJA 6799,

and spring(SON, 58% meancloud occurrencdractions are comparable (within 10%) to letegm

cloud fraction measurements at McMuigtation(Monaghan et al., 2005)vhile the summemonths
(DJF)values in 201@seasonal mean of 71%Je significantly higher (by more tha®%®) than the
long-term statisticsThis deviation is significantly larger thahetypical disagreement between cloud
fraction observations by zenith pointing lidars aflesky observationge.g.,Wagner & Kleiss, 2016)

The mean summer cloud fraction is almsiderablyhigher than the 40% and 46% summertime

13
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values derivedby Sacco et al(1989 andVan Tricht et al(2014) respectivelyThese two studiesre

also for coastal stations but relied on measurements from lidars less sophisticated and sensitive thar
the HSRL.Some of the difference may be attributed to the effect of topography variation along the
Antarctic coasts on the local cloud proper{iBsomwich et al., 2004, 2012pr to differences ithe

type of measurement®ntributing to the cloud fraction numbesiotherstudy that used micropulse

lidar (MPL) measurementshiobara et al2003), obtained higher annual cloud fractions of 74% at

the coastal station Syoweelative to an annual meafouad fraction of 67% at McMurddHowever,

the authors of that study commented on impacts of false cloud detection problems of their automated

algorithm, whichwere most pronounced during summertime.

The annual mean cloud fractioast McMurdo is comparable (within 10%) to the letegm
measurements reported Monaghan et al(2005)and the 4year mean deduced froattive space
borne instrumentby Adhikari et al.(2012) However,the AWAREVvalue is significantly higher than
the annuall0%cloud fractioncalculatedoy Mahesh et al(2001, 2005pased on measurements from
South PoleStation Among other factors (e.g., natural variability)istdeviation can be explained by
the lower temperatureandthe highly elevaed inland locationof the South Polée.g.,Bromwich et

al., 2012)

Total liquid-cloud occurrencdractions seen inFigure 4 are composed of both the HSRL and MWR
fraction data, which are illustrated in the figure as welh e HSRL shows a si gn
sensitivity to liquid mmataeam wihfehiiMWRtsh en catt mowsrpr
high MWR uncerThdWR yr etthrritesvhaolhse . acdbdofarida d-1i i%suo rd
averraggleati ve to tbm vheuBSRbbaneam@be fte nitss r eas
assume that tnheea sluacdkmeaifa gMWRY (when the MWR w;

Mc Mur do dBdead imat) signi fi cant wyat &iifrneecnir otth%® fa n—a l

The totalliquid-cloud occurrencdractionse x hi b i t high (I ow) val ues d
warmer (colder) months, respectiveljhe liquid-cloudfraction, with an annual mean oB%, peaks

14
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at ~3% in the end of Februargnd dropdo a minimum of7.5%in a window aroundvay 30. Part

of thisannualbehaviormay be explained by the height of #3e8\ G s o t (toe pamebf Figure5),

demarcatinghec | oud dr opl et homofeambu& Verlezmad@y/7y291l
Nevertthhkedbea s | b ngolfdiuwda enti ind maml| att e deErgnyd t he sh
i ncreases tdarmarge Asudgaabsoti3tBRle and ddjtea MWIRne x pec
Examination of the temperat bri gqalidouda pseheombstkstnh &
accomphayanerdalloowmelmp e riaht aitasyso e aradnyd Jdhwengghe riant ur e
Augyydiott omFiguefn.dhaobdbmal i es wwirteh crad¢ gédeaaatriesa (t 1h%7
2015) dailyTmeawapmef i Aes i ntarl ushioadg hkhot rbierag e A u
stil -2 @&l wobisteh eoe@e rk m, in correspondence- with

cloud | ayers dumurad)g. this month (see

Figure6apresentshe annual mean ardd-day runningmeanprofiles up to 10 knaltitude(range AGL

+ 70 mAMSL) of total cloud occurrencdraction The moderate vertical jumpf up toa few percent
in cloud fraction observed at ~750 maigesultof the addediatafrom the KAZRMD modeabove
that level The lackof usableMD mode data below this altitudetroduces uncertainty in determining
the exact altitude of peaks cloaed belowthe discontinuity.However, it is observed thatast
hydrometeors artcatedbelow 4 km, and rarely exceed aocurrere fraction of 20%above this
altitude.A maximumfraction of more than 60%n seenduring Marchat an altitude of ~820 nT.he
sharp drop in the total fraction along the entire prdfdeveen July and Augusbuldbe related to the
concurrentlow moisture (not shown) antighly anoumalous cold (warm) low (high) level air
intrusions (see-igure 5 bottom panel) respectively,which potentially increase the atmospheric
stability andsuppress cloufbrmation In addition tathe lower total fraction, imter and spring months

showshallower weather systermelated cloud.

Figure6b, ¢, and d depict the vertical profiles of ice given cloud, liquid given detected (vialues

multiplied by 5 to see the annual gradatigres)d unknowrphase given detected cloud. The &l

15
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liquid classifications are obtained from the HSRL data while the unknown category represents

hydrometeas detectedsolely by the KAZR.The sharpgradientsin the unknowrand ice categories

between 23 kmarethe result of frequent extinction of the HSRL sigmathis altitude rangdargely

by liquid-bearing cloud layerst is reasonable to assume tii@ bulko f t he oO6unknownod

ice phaseeturns (especially at high altituddsseeFigure 3 and temperature profiles in the top panel
of Figure5). As alsoimplied from Figure 3, the detected liquidloud layers are largely confined to
the bottom 4&km of the atmospheric columiofver during winter) Thus, it istentativelysuggested
that liquid-cloud layes aretypically moreabundant at higher altitudasRoss Islanthanin the Arctic,
where they ar@rimarily concentrated below 2 kishupe, 2011)it is important to note that a direct
liquid-cloud layer abundan@®mparisoro Arctic observationsannot bgerformed That is the result
of thelidar probingheightdependence on the atmosphstiticture (e.ggptically-thick clouds below
liquid-cloud layers etc.) andthe different methodologiesised in the reported Arctic studigsg.,
Shupe, 2007, 2011Neverthelessa qualitativecomparison obther paramets and patternseen in
Figure4 andFigure6 with those that were observedAnctic studieswherea similar comprehensive

set of instrumente/as usedShupe, 2011; Shupe et al., 2011, 20&3hade

The total cloud fractiomaluesmeasured at McMurdareequivakrt to multi-yearmeasuementsfrom
Eureka, Canad@nnual fraction of-66%)and significantly lower thameasuementsin the wesern
Arctic (Barrow, Alaska, and the SHEBA campaidpoth withan annual fraction 0f75% and the
Greenland Ice Sheet (SumrSitation ~86%). Similarly, the total liquid fractiorat McMurdoexhibits
an annual meamannualfraction rangerfinimum tomaximummonthly fractior) of ~45%, andgeneral
annualpatternthatareequivalent to Eurek&-30%and ~51%mean occurrence fraction and fraction
range respectively, but significantly different from the other statioff66% and ~66%at Barrow
~56%and~60% atSHEBA, and ~33%and~83%at Summif respectively. This similarity to Eureka

and deviation from the otheitessis also apparent in the vertical distribution of hydrometéses
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Shupe, 2011, fig. 3; Shupe et al., 2013, fig., H)d might be related to the complex topography

surrounding Eurekée.g.,Lesins et al., 2010)n somesimilarity to McMurdo Station
3.2. Cloud persistence

The toppanel of-igure7 displays a ox and whiskemonthlydiagram ofcloudand liquidcloud layer
persistence, generated by clusteringdloeid and liquidcloudoccurrencdraction profile masks with
an hourly fraction threshold d@0% (30 minutes when no data are missinghe higher hourly
threshold was used herepeevent shortived clouds (that are observed during less than half ef a 1
hourwindow) fromnegativelyskewing the statistics, while stdbcouning for shortterm hydrometeor
layer height variationsThe latterargument iscritical, especially when considering the high vertical
grid resolution. In addition, this threshold is identical to those usecdciicArbservationge.g.,Shupe,
2011; Shupe et al., 2011hereby Howing an unbiased comparisoA. cloud layerpersistingin

betweerdifferent months isttributed to a certain month baseditsrhalf-life time.

The persistene of liquid-cloud layersis quite short;the annual means 2.7 hours More than half
(~54%) of thetotal (78) casesabove thepersistencehresholddo notlastfor more than lhour. In
every month, more than &f theliquid-cloudlayers persist for less th&hours and more than 95%
of them do not last longénan12 hourqapartfrom duringMarch and Septembef)hoseliquid-cloud
layers which persist for 12 hours contifiute only~17.5% of thetotal liquid-cloud occurrencet
McMurdo, while those that persist for less than 12 hours and morehbgpersistence threshold
contribute 64.5%. The remainingl8% of liquid-cloudsare shoHived (and possibly orographic)
layers(e.g.,Scott & Lubin, 2016, fig. 4)The estimated uncertainty thfese values is on the order of
~1.9%, i.e.,the added liquigtloud occurrence from the MWR relative to the total occurré H&RL

+ MWR).

Liquid-cloud layers that lastor more than a dagreobserved in all seasofisottom panel of-igure

7). However, even the persistence ofdhkayersis rather short compared withe highliquid-cloud
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layer persistence observed in the Arat&hupe, 2011)whereannual3™ quartile periods longer than
20,40, and50 hours were reported for Eurelgarrow, andSHEBA, respectively It should be noted
that as liquid-cloud layers are often elevated (segure 6¢) andthe liquidcloud persistence
calculationssolely relyon the HSRL measurementbe resolvediquid persistence might be slightly

biased towards shorter perigdisie to potential tempary dostruction of the HSRL pulsdsy lower

cloudlayers.Nonetheless, it is reasonable to assume that this caveat affected Arctic measurements as

well, although possibly to a lower exteas a result ofhe typically lover liquid layer height(e.g.,

Shupe, 2011, fig. 3)

Thelongestlived liquid-cloudlayermeasured durinthe AWARE campaigris unexpectedlyletected

in the cold seasoduring August,when the mean temperatures up to 4 km are be26wC (igure

4). This persistent liquitloud layerwas formedat 19:00 UTC on August 1%fter adeep cyclone
centeredabovethe Ross Sefconfigurationsimilar to fig. 14 in Scott and Lubin(2014) advected
warm and moist ainto the Ross Ice Shelat multiple levelsThis liquid-cloud layer lasted for39
hours(see alsd-igure3), with a mean temperature f26 °C, anda minimumcloud top temperature

of ~28 °C measuredat 22:00 UTC on August l@xamination of the longesitved liquid-cloud
temperatures (duringounding release times) in all the other months shldhat these exceptionally
low temperatures are quite common in persistent ligladd layers. In 11 out of the 12 months the
longestlived liquid-cloud layeresidal below-21 °C, and in 4 of the casetud bp temperature was
between30 °C to-31 °C(notshowrn). As icenuclei activation increases with decreasing temperatures
(e.g.,Ardon-Dryer et al., 2011)it is expected thdte nucleation would erode thiguid-cloud layers
faster at lower temperatute$herefore, the resilience dhe liquid-cloud layers in a very low
temperature regime suggests that the atmosphere must be clean of aerosols (anciige nucl
particular) althoughother timedependent parameters related to droplet freezing procésses

Westbrook & lllingworth, 2013imight affect the observations as well
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In accordance with the longdsted liquid-cloud temperatureshéfull liquid persistencanalysisdoes
not show aclearseasonalityNeverthelesssome tendency to longéved liquid-cloud layers during
fall and winter monthsexists in disagreementvith the Arctic whereliquid-cloud layersare least
persistent during winte(Shupe, 2011)Similarly, the total cloud persistencat McMurdo Station
shows a slighty more distincttendency(than the ligid-cloud layers)to havelongerlived clouds
during fall andwinter. Most of the clouds do not last more than 1 hdaraddition,more than 25% of
clouds shovpersistencef more than 4 hours, and 5% continue for more than 33 Heunthermore,
the longestived clouds during eactmonthpersistfor a few days, with nearly a week during March.
Because th@WARE campaign continued for only a single yahe probable yeato-year variability
of the cloud persistencestatistcs cannotbe obtainedYet, it canconfidentallybe deduced thahese
persistence periods are significantly shorter than the cloud longevity measured in théwgati@and

39 quartiles of at least 10 and 60 hours, respecti8lgiipe, 2011; Shupe et al., 2011)
3.3. Cloud boundaries

Cloudand liquidcloudlayer base statisticre only performedbr the lowest layergetection of high
liquid-cloud layers is often impedebly optically opaque cloud layers below. In addition, overlying
separated cloud layers may be detected as a $aygle due to precipitation in between thérhese
effects mayroducean analysis bias towards lower altitudes, althoughpitasablethat CBHs would

still be biased due tlow-level precipitation.

Monthly liquid-cloud basend CBHs box andhisker plot annual cumulative distribution functions,
andbasetemperature®ox and whisker plot argiven inFigure 8 from top to bottomrespectively
Thetemperaturearedetermined by linear interpolation of sounddaga(which are complete, except

for the22:00 UTCFebruary 242016launch thafailed after reaching 400 m AMSL).

Liquid and CBHs are strongly skewed towards lower altitubfesst of the CBHs aréound close to

the ground throughout the year, with more than ®%BHSs located below an altitude of ~300As.
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mentioned abovand similar to the conclusion dan Tricht et al. (2014)CBHsare biasdto some
extent towards lower heighiby precipitation The mean CBH is lower during fall and early winter and
higher in late spring angarlysummer, with an annual mean of ~1.Krherelatively highmean CBH

in combination with neasurface median valuekiring July and Augusis consistent with the report

of typically higherupperlevel cloudiness during wintdsy Bromwich et al. (2012)

Liquid CBHs ardimited to altitudes withtemperatures exceedinigethomogeneous freezing range
However the lower liquid percentilesip to the mediamo notshow any clear seasonal pattevhjle
the higher percentiles exhibiery weakseasonal behavior, where the liquid CBHs swenewhat
corcentrated at lower altitudes dogi winter, buextendto higherelevatiors during summerwith the
exception of MayTheremarkablyhighliquid CBHs in tratmonthareprobably related to some extent
to theanomalously warm temperatutbsoughouthe month (se€igure4 andrFigure5 bottom panél
On an annual scaleore than 90% of all the detectiesvestliquid CBHs are fairly evenly distributed

up to an altitude of ~3 kifseeFigure8, middle panel).

Themeanliquid-cloud basaltitude peaksn February with 1.85 krand drops to 0.95 kmm July, with
amean seasonal differenfleetween summer and winter montb§)525 m The annual mealiquid-
cloud base altitudes 1.62 km(1.5 km AGL), which is higher by several hundred meters thae
mean heights reported basedAnctic measurement&Shupe, 2011)eventhough thetypical Arctic
temperatures arggnificantly higher This deviation from the Arctic anidck of distinct liquid CBH
(and persistence, discussed abaegsonality all suggest thiemperatures affect the liquadoud
formation processe$ut there are other potentialligsificant parameters in determinationwlfien,
where, and how long would these liquid layers develdeseparanetersmight be related to cloud
microphysics e.g., icenuclei concentrations and characteristiesy., Ardon-Dryer et al., 2011,
Bromwich et al., 2012; Westbrook & lllingworth, 2013)e Antarctic topography, which produce

intense katabatic winds and (in combination with the adjoining warm marine s&) malogenetic
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regions around Ross Islarfd.g., Bromwich et al., 1992, 1993; Carrasco et al., 2003; Carrasco &

Bromwich, 1993) orthe wind regime over Ross Islatelg.,Seefeldt et al., 2003)

The liquid and cloud base temperatures show a distegasonal pattern, ensuifrgpm the cooling
(warming) of the atmospheric column during winter (summer), respectively-(see5 top panel.
Some tapering of the temperatutistributionbetween the '8 quartile and the 95percentile is seen
in cloud base temperatures during summer mouiies to the lower probability for ice to form when
temperatures approaéh C. In addition, nonthly variations are affected lmnomalous temperatures
and the liquidcloud baseand CBHs distribution Therefore, months with wide base height
distributions (e.g.JanuaryAugust, etc.) are most likely to have a wider base temgerdistribution,

and vice versa.

Cloud layer monthly thicknesstatistics are given iRigure9 (left). Thesethicknesgsare calculated

for individual layers, i.e., a single cloud mask profile can add more than 1 cloud thickness count. The
reported valuesre possibly biased to some extent toward larger valuesnasdistinct seprated

layers might be concatenatedring the analysis proceduby precipitation in the air volumes in
between thentreqient precipitatiorbelowthe lowest layecontribute tahislarger value bias as well.
Similar thicknessstatistics were not generated for liquid containing layershedarge backscatter
crosssection of these layers oftattenuates the lidar signal to a levelcompleteextinction, thus
precluding the gjnal peretrationinto the layer topAs the HSRL data are usextclusivelyfor the
liquid-cloud layer geometrical propeartcharacterization, these statistics would be strongly biased

towardssmallerthickness values.

The mean loud thicknesgpeaks in winter and dips in summalbeit thevariationsare quite modest.
This pattern is explained by the larger number and more intense cyclones around the chmtirgent
winter, particularly above West Antarctica and the Ross ice g¢Batimonds et al., 2003Jhedrops

in the mean and distributiovaluesin July and Noemberare likely affected by theatmospheric
temperature structure anomalies (8égure5 bottom panel and the discussion Figure 6 above)
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The seaswal pattern in cloud thickness that was observed in Arctic measurements (from Barrow,
SHEBA, and Eurekagndreported byshupe et al. (201 Hisplay an opposite behavi@loud thickness
maximizes in summerwhich might be related to the more frequent (althoredatively weaker)
cyclones during summer in these sit€s Zharg et al., 2004)The Antarctic thickness distribution is
considerably less skewed towards lower values relatitegdrctic measurementdlowever, the
mean annual thicknes$ 1.27 kmand the registered percentiles are significantly smaildtcMurdo
than in the ArcticThe different methodologies uskdreandby the authors dhe Arcticreportsmight

eludicate some of thesesults

The lower summer geometrical thickness relative to the Asbserved heres in contrast té&cott and
Lubin (2016) who concluded usingeveral years dactivesatellite data that clouds around McMurdo

have a larger geometrical thickness relative to those observed in Summit Station and Baisow

might be explained by the lower temporal resolution used in that study and the higher negative

skewness of Arctic cloud thickness observatidins potemially anomalous summer cloud thickness
at McMurdoStationmight alsoberelated to the uncharacteristic higtal cloud fraction observed in

2016, and should be further investigated, beyond the scope of this paper.

Monthly meanstatistics of the highestoud top (per profile) altitude-(gure9, middle panel) and their
mean annualalue (3.5 km) are lower than those measurdgureka(~4.5 km) SHEBA (~4.1 km)

and Barrow (~3.6 km) (Shupe et al., 2011 he highest cloud top altitude does not show a clear
seasonal patterand the various percelas (as well athe mean value) patterds not correlate with
each other. In resemblance to the CBH temperatures, the highest cloud top tempeigiitiEnel

in Figure 9, soundingdata are linearly interpolatgdshow a notieable seasonal cycle, which is
governed bythe cooler Wwarmer) atmospheric column during winter (summer), respectivwdlite
other monthlydisparitiesare influenced by the cloud top altitude distributions (e.g., March, July, etc.).
It should be notethat high altitude cirrus layers occasionally evade detebtitive KAZR and HSRL,

thus generating a slight offset in thighest cloud top statistics. The HSRIndsporadicallyalsothe
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KAZRO6s Mbis gemerdlgcapable of detectingmeof these thin cloudéseeriguretb, d), but

as their detection depends on the signal attenuégia below (and the hydrometemhape size,
concentration, and phasahese clouds are often missetbwever, thesameclouds, which are most
easily detectble using spacéorne remote sensing instrumenis.g., Wang et al., 2008)have an
occurrence fraction of lesisan 10% at Antarctic latitudéadhikari et al., 2012; Nazaryan et al., 2008;
Sassen et al., 2008)herefore theyshould not significantly affed¢he statistics reported here, nor the
comparison with the Arctic measurements. The lassumption is valid as similar instrumentation
were used in these measuremdatg.,Shupe, 2011; Shupe et al., 20lih)addition to the essentially

greater high altitude cirrus cloud fraction over the Ar¢titazaryan et al., 2008; Sassen et al., 2008)
3.4. Clouds- inversions oupling

Polar clouds are known to be coupled with terajpee and moisturmversions through radiative (e.g.,
cooling near cloud top), thermodynamic (e.g., condensation of liquid droplets), and dynamic (e.g.,
weak turbulence within a temperature inversion) procédssgsCurry, 1983; Herman & Goody, 1976;
Solomon et al., 2014; Smpoulou et al., 2016; Tjernstrom & Graversen, 2009; Verlinde et al., 2013;
Verlinden et al., 2011 Cloud tops in the Arctic have been shogiftento reside within a temperature
inversionwith coincident moisture inversiorbelow cloudtop (Morrison et al., 2012; Sedlar, 2014;
Sedlar et al., 2012; Sedlar & Tjernstrém, 2009; Solomon et al., 2dbdever, these fairly common
Arctic patterns have ndtithertobeenobserved in longerm Antarctic studies The 10-yearstudy by
Nygard et al.(2013) suggested thasome differencegxist in moisutre invesions above coastal
Antarctic stationdetween clear and overcast ski¥erlinden et al. (2011averagd spacebased
measurements over large areas mgj periods,andthereby smoothethese finecloud structures.
Stone (1993ktudied austral winter clouds te South Pole usingadiometersondeand found that
cloud bases coincide with the surface temperature inversion top at ~A&.mn contradiction to
Stone (993) Mahesh et al.(2001) (using tyear of sounding and infrared interferometer

measurementseported that cloud basas the South Pole stati@re located either above or within
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the surfacebased temperature inversifwith the cloudsxtendingpastthe top ofit), but rarely at the
inversion top.Thediscrepanciebetweerthese studies and the possible resemblance to the Aretic

examined thragh thefollowing analysis.

TemperatureT) and specific humidityq) inversions are identified by utilizing a similar methodology
to those proposedby Tjernstrom andGraversen(2009) and Sotiropoulou et al(2016) Sounding
profiles, up to an altitude of 5 kpare scrutinizedfor layersthat have a positive gradient (above a
certain threshold0.05 g/kg and 0.4 °C far andT, respectively) over a minimum thickness26f m
Some of these parameters (altitude griiresholds) are somewhat different than those usdukein
Arctic by Tjernstrom andsraverser{2009)andSotiropoulou et al(2016) to adjust and optimize the
detection algorithm to the McMurdmeasurementsi.e., higherliquid-clouds anda colderdrier
atmosphereldentified inversion layers separated by less than 100 m are uSitethcebased

inversions are those with base lower than 100 m AGL.

T (g) inversions are detected in 95% (96%h# sounding profilegespectively53% (34%) of the
profiles where inversianare detectedcontain surfacdasedT (qg) inversions, respectivelyThe
stronges{or main)inversionsof T andq (the largestdifference between inversion top and inversion
base)are the lowedtin altitude)identified inversion in 53% and 32% of the profiles, from which 52%
and87% are also surfadeased inversiongespectively The g inversion detection percentage is in
agreenent with the longerm observations at McMurdo reported Mygard et al(2013) while the
surfacebased inversionoccurrencas ~20% higher than &long-term report, most likely due to the
more permissive inversion detection constraints usedNbygard et al(2013) Arctic measurements
(performed above saae) (Sotiropoulou et al., 2016; Tjernstrom & Graversen, 20§l99wed similar
percentages of distinguish@dand g inversiors to those reported herbut highersurfacebased
inversion occurrenceates and relative strength Thesedifferences from the Arctimight be related

to relatively weaker meltin§especially during summer), surface cool(mgainly in winter),or less
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efficientwarm air advection ne&osslsland which are key components needed for the stsoinigce

based inversion generation over the Ar¢iay.,Persson et al., 2002; Sotiropoulou et al., 2016)

The strongest inversionpropertiesare shown inFigure10. These include the inversion strength (a),

T atthebaselevel (b), base altitudé), and inversion thicknegd). All these parameters show clear
seasonality; the inversion strength and thickness (which are dependent parameters) maximize at winter
and minimize in summer, while the inversion base altitude and temperature peak during summer and
dip in winter.Generally the mainT inversions reported here are wealtgr more than ~1 °C}thinner

(in excess 0fl00 m) and higheilby at leastL00 m)than documented in Arctic measuremeets.,
Sotiropoulou et al., 2016; Tjernstrom & Graversen, 2008 monthly median and meaimversion
strengthvalues vary between ~1.2 °C to ~5.5 °C, while thenthly median inversion thickness
changes from ~7fh to ~320 m during January and July, respectively. Theslodgbese inversions

are below ~700n in 50% of the cases ammbove~3.5 km in~5% of them

Figure 11 presents the strongegtinversion statistics at the same order as-igure 10. Some
seasonality exists in the inversion thickness (deeper inversions during)wimiein theq value at
inversion base (less moisture during wintlean summer, in relation to the ambid¢emperature).
Nevertheless, thg inversion strength and base altitude do not show any distinct annual pattern.
high variance in thg inversion baséuringeach month suggés(together withthelow surfacebased

g inversion percentage)strongdependence ometeorological variabilitye.g.,Nicolas & Bromwich,

2011; Scott & Lubin, 2014)nd lack ofa dominant moisture source at the surféeg.,Solomon et

al., 2014) The strongest inversionsare thicker than the maih inversionswith a malian annual
thickness of 360m. The moisture levels at the inversion base are fairly low, with an annual median

g of 0.3 gkg.

To examine theontemporaneougresenceof g or T inversionswith detectedclouds, cloud mask
boundariesrom the same hour of radiosonde releaseusedAn hourly profile is uilized only if at
least 1 inversion idetected and singlecloudlayer with occurrence fracticebove50% is identified.
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Precipitation datareremoved from the cloud mask data by setting a relative humidity (RH, taken
from the sounding profiles) aboveeidand liquid) threshold of 90% i hus, misidentification of
multiple layers as singlelayer or incorrect CBHclassificationare avoidedCloud boundaries are
compared to the inversion closest todhaud top height€@TH) (from its base) insteaaf thestrongest
inversionsasthe strongest inversion does not necessarily indicate any relation to amtaedt!, only
57% and 76% of the close§tandq inversion, respectively, are also the strongest in the sounding

profile.

Additional constraints anesedon theT inversion relation to cloud boundariesremove cases where
the detected inversion is most likely noassociatedvith the detected cloud layeCBH should be
below the inversion top, and CTH should be less than 500 m below the inversioAfbarsthese
constraints are applied,cases remain in which CTH is above thieversion topby more than 50 m
Examination of theseases showed thatame of them the CTH hour§TDis larger than the measured
altitudedifference hence, it izerylikely that the radiosonde probed the cloud top where it is relatively
lower. In he other3 caseghe detected inversion is not relatbto the detected cloud {nversion
exist near CTH, but is below the detection threshold). Therefore, thHgsasesareomitted from the

analysis.

Thecloud andT (q) inversionconstraints are satisfied 88 (116)out of 731hours of sounding data
respectively Figure 12a depcts a twedimensional histogram with bin size of 0.1 km (centered
around 0) describing theconfigurationof the CBH (x-axis) and CTH(y-axis) relative to theT
inversionbase The histogram is divided into domainsindicating diffeent relations between CBH,
CTH, and thenversion base; CBH below the inversion basd CTH above the inversion ba&8H

and CTHabovethe inversion basé&loud within the inversion)CBH and CTHbelow the inversion

base possiblecapping inversion), and CBH above the inversion base and CTH below the inversion
base(not physica)l. Thesecloudinversionrelationsareillustratedin the schematic diagram given in

Figurel2b.
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Most of the histogram counts are concentrated at CTH to inversion base altitude differences of £50 m.

This difference is within the range of uncertainty, as the median hourly CTH STD (of the used cases)

is a bit higher (~60 m), suggesting that most CTHdeesery close (either from above or below) to

theT inversion baselhe histogram counts are retenlydistributed between tiigdomairs (see total

counts in each histogram section witkigure 12a). Most of the histograrmmountsare concentrateith

domain3, wherethe CTHis mostlylocatednot more thar250m below the inversiobase.The high

counts in this domaitentativelysuggstthat clouds arevery often capped by th& inversiors, or

alternativelypccasional tenuoukinversiorsdo existatthe CTHs, buttheyaretooweakto bedetected

in this analysigi.e., theT inversiors arebelow the strength and/or thicknebsesholds)CTHswithin

the T inversionare predominantlylocated up to 150 m above the inversion base when the CBH is

below the inversion bas&ldmainl), in agreement with the conceptual modeldvimirrison et al.,

(2012)andPithan et al(2014) and higher within the inversion when the clasitully formed within

the inversion domain2). All of these observations sugg#satclouds are capped by thE inversion

baseas frequently as they apartially/fully located within the inversionThese configurations were

also observed iprevious Arcticobservationge.g.,Sedlar et al., 2012; Sedlar & Tjernstrém, 2009;

Tjernstrom & Graversen, 2009; Vertla et al., 2013)although clouds protrudin@ften deeperinto

the T inversion seems to dominate the Arctic atmospli@eallar et al., 2012; Sedlar & Tjernstrém,

2009) The exact partitioningere however, should béeterminedy a larger dataset.

A two-dimensional histogram for clodasbundaries ahthe closest inversion are shown ifigure

12c. This histogram iglivided as wellinto 4 domainsasillustratedin Figure 12d; CBH below the

inversion base and CTH above the inversion top (inversimaining cloud), CBH above the

inversion base and CTH above the inversion top, ®Bldw the inversion base and Chedlow the

inversion top (possible capping inversion), and CBH above the inversion base and CTH below the

inversion top (cloud evolving within thaversion) Most cloud tops are located in the vicinity of the

g inversion top lpins surroundinghe vertcal 6 0 6
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cloud formation process€se.g., Solomon et al.,, 2014Count s further away f
center(which are primarily located idomains2 and 3 of the figurednost likely imply a decoupling
between the closest detectgahversionand the examined cloudBeviewof multiple of these cases
indicated thag inversionsexist near cloud top, but its strength is exceptionally weak, considerably
below the inversion detection threshgbdssibly indicatinga dry air mass abowube cloud formation
region (e.g.,Solomon et al., 2014A comprehensivexaminationof these cases will bgivenin a

proceeding paper.
4. Summary

Measurements performed byiltiple stateof-the-art instrumentsdeployedat McMurdo Station as

part of the ARM AWARE 1year longdfield campaign, were used to produce a comprehensive set of
cloud statisticsCloud andliquid containing layers occurrence fractions and geometrical properties
(which were not reported hitherto for liquabntaining layers in Antarctica) were calculated a
comparedo previous results from the Arcti€louds at McMurdo Station atargely confined to the

first 4 km of the atmosphere, with less than 26fdnthly occurrence fractiombove this altitude.
Liquid-cloud layers are preseintthis regionyearround and may persist faumerous hourgithin a
broad temperature ran@iéquid layerspersistinglonger than 12 hours at temperatupetow~-30 °C

were observed emplasizing the exceptioni cleanAntarcticatmosphere-alf of the probedsingle
layer) cloud generally encompass thecrophysical, thermodynamic, anadiativechawecteristicsof
resilient Arctic mixedphase cloud¢Morrison et al., 2012)Nonetheless, mixeghase clouds over
Ross Islandas measured froflcMurdo Station) are significantly less persistent than in the Arctic.
This substantial deviation is a possible outcome of the complex Antamadgraphy In addition,the

wind regime over Ross Island acltngingsynoptic patterns may spawn diverse cloud charstics,

which might hamper the persistence of the prevaiinixed-phaseclouds
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The topographic structuref the regionsurronding McMurdo statiogeneratevarious atmospheric
phenomena, e.gioehn windsprecipitation shadow, et¢e.g.,Monaghan et al., 2005; Speirs et al.,
2010) With knowledge of thescal phenomenahe representiveness of the results presented here
for other Antarctic locationsgs an important aspect which should hether examined in future
researchYet, the similaritybetween McMurdo and several other coastal locatiorspateborne
cloud and sounding measuremefesy., Adhikari et al., 2012; Nygard et al., 2018)ggest that the
cloud characteristics shown here might represaribusAntarctic coastalregionsthat are strongly
affected bythelocal topographyseeBromwich, 1989; Streten, 1990; Zibordi & Frezzotti, 1986y

experiencesimilar cyclonic activity(seeSimmonds et al., 2003)

As the statistics reported in this papexhibit uniqguepatterns(occasionally also ompared with the
Arctic), they should e taken into consideration in truthfglynoptic and messcale Antarctic
modeling. The ypcoming papers will provide an-depth analysis of some of the aspects presented

here.
Appendix A: KAZR MD mode leakage mitigationroutine

The mitigation routine is described in the flowchart giveRigure Al First, the GEandMD mode
cloud topsare locatedThen, he MD SNR difference(q) between two vertically neighboringD
range gatesre calculatedthe difference between gates 1 and 2 receives index 1, between 2 and 3
receives index 2, and so omor everydetected GEloud top(CT), a subroutine is executed (in a
loop). This subroutine firstifdstheindexi of theclosesiMD range gat¢o the examined GE C{from
below).Next, three conditions must be met; the first conditeguiresthat allgpvalues at indices+
2toi + 6(5 range gates, i.e., 150 raje below0.9 dB ger bin (0.03 dB/m).Although te leakag
pattern typically shows a monotonic SMBcreasea slightly positive SNR threshold is used here,
becauseoccasionally there is a weak increase in the SNR within the leaking rdthensecond

condition regires thatlheaveragepat these indices.€.,i + 2toi + 6) is higher than6 dB (0.2 dB/m)
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andsmaller tharD dB. This steseeks to differentiate between Ir&D cloud tops, characterized by
sharp falloffs in SNR, and leakage, which is characterized by slower SNR decreases inTtenge.
final conditionrequireshat at least onef the 50GE range gates (i.e., 1500 m) below BE CThave

a SNRvalue above 17.301 dB @O0 times the cloud mask SNR threshofd-16 dB). If all three
conditions are satisfied, it is concluded thégakage wasdetectedand allMD pixels from theGECT

to theMD CT are removed.

It should be noted thatladf the values and number of ranggtes used by this routimeoducedhe
highest routine efficiency, and were determined aftecareful examination of various cases and

scenarios (e.g., multayers, low clouds, etcgbserved in the Antarctic and Arctic atmosphere
Appendix B: Aerosol,ice, and liquid water population boundaries determination

The routine starts with the determination of the boundary between the hydrofeteonliquid)and

aerosol populationFirst, the aerosol population's maximum is located by finding tfikered
histogram's maximunwithin LDR range between 0.04 and 0.2, @pdvalues up to 18 misr!
(designatedy triangles in Figure 2c, d). A point with the maximunbind &£DR value andb, value
determined as the minimuwf the closest (from above) local minimum 510° misrl, is then

marked plin Figure2c, d. Frompl, the routine attempts to follothe shape of the continuous trough

often observed betwedhe aerosol and hydrometeor populatiohs the right ofpl, the trou
center typically shows a decreashygattern especially when oriented verticallpking the notation

of the histograms shown Fgure?2), while tothe left ofpl, the troughés center

to higher or loweby, values, respectively

Therefore, dirst loop steps through all the LDIBin values to the left gbl (i.e., in decreasing order).
In each step, an additional point is marked, which receives the crremtBRsvalue. The point's,
value is determined by locating horizontally oriented trough (taking the notation of the histograms

shown inFigure?2). That is, thépvalue with a local minimum (while holding the LDR value constant
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at the current valyeclosest to the nearest resolved point to the right filen the first iteration or the
point foundin the last iteration), which is not distant by more than 6 bins. If a matching minimum is
not found, the routine searches for a vertically oriented troughpd ealue (not distant by more than

6 bins from thegooint to the right) with a local LDR counts minimum at the current step's LDR value
(while holdingthe b, values constant and scanning through LDR values). If such a minimum is not
found, the current point receives thevalue of the point to the righin either case, if the resolvég

value is higher thaBx10® mlsr?, the value is changed t&50°® msrl.

Followingthegeneratonceptibove, once the firkbop is completed, an additional loop initiates. This
loop steps through all the LDIRIn values to the right gl (i.e., in increasing order), and is similar to
the former one. Nonetheleghe points are compared to the nearest pointsateft, the highesby
boundary value is set t0® msr!, andwhile the vertically oriented trough step is identidhke
horizontally oriented trougts only being searched (without bin distance limit) belowfihealue of

the resolved point to the Idfte., the horizontally oriented trough must have a |dwealue than the
point to the left)The lines conecting the resolved points form the boundary between the hydrometeor
and aerosol populatiorfdotted lines ir-igure2c, d). It should be noted that thep b, boundaryalues
should most likely be higher in measurements performed in more polluted regions, where the higher
aerosol concentratiorfandhenceJargervolumecrosssection) produce stronger backscatteravoid

the classification of aerosol returns as hydrometeor returns

Thedeterminatiorof the ice and liquid water populatiohss a similar essence to the latter procedure.
That is, the routinéollows the location of the continuous trough regularly observed between the two
populationsThis trough normally shows an increasé, with increasing LDR, although decreasing

bp with increasing LDRare occasionally observed, mainly closer to the left edge of the histigram

the notation shown iRigure?2).

Initially, theliquid population's maximum is located, by finding the filtered histogram's maximum

within LDR range between @nd 0.2, andy, valueslarger thanl0* misr! ( desi gnatired by
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Figure2c, d). The routine then marks tipoint (p2in Figure2c, d) with the maximunb i BRsvalue
andbp value of the closest (frofelow) local minimum or2.5x10° misr! (the highesof both). A
loop then steps through all the LDR values to the IgfRofn everystep, an additional point is marked,
whi ch recei ves t katue. . Similartodghe derobdiydransteot filsRoophe point's
bp value is determined bipitially locatingexistinghorizontally oriented trougiwhich is not distant
by more than 6 bins. If a matching minimum is not found, the routine searchies &dwsestertically
oriented trougmot distant by more than 6 birend f such atroughis not foundas wel| the current
point receives thép value of the point to the right. Binycase, if the resolvelo, value islower than

2.5%x10° mlsr?, the value is changed 86x10° misrl,

Likewise, the secontbop steps through all the LDR values to the righpafHowever, while he
horizontallyoriented trouglshould still have &, valuedistant by up to 6 bins from tlfg value of the
resolved point to the left (either from above or below), the vertically oriented trougbslateeing
searched (without bin distance liméthovethe by, value ofthe resolved point to the Idfte., higherbp
value thanthe point to thdeft). The lowestb, boundary value is set ©x10° misrl. The lines
connecting the resolved points form the boundary betweeceland liquidoopulationgdashed lines

in Figure2c, d).
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Figure 1: Topographic maps of Antarctica (left) and the region surrounding Ross Island (right;
this region is designated by the red box in the left panel). Contodines in the right panel are
depicted every 500 m. The 1 arminute topographic data were developed by the National
Geophysical Data Center (NGDC, Amante, 2009), and is freely available at

https://www.ngdc.noaa.gov/mgg/global/global.ntml................oomeiiiii e 49

Figure 2: HSRL linear depolarization ratio (LDR) versus logscaled particulate backscatter
crosssection @p) two-dimensional monthly histograms for March 2016 (a, c) and August 2016
(b, d). The bottom panels depict the histograms after a 5x5 median filter was performed. These
panels also show the locations of the different populations within the histograms, a®ll as the

resolved boundary lines between them (see secti@r2 for details). ...............vviiiiiiiiicccnnnnnns 50

Figure 3: Cloud profile evolution during January (top) and August (bottom), 2016, using hourly

bin fraction threshold of 25%. The ticks on the xaxis denote the days of the month at 00:00
UTC. Red and black colored shades indicate liguithearing and ice airvolumes (classified using

the HSRL data), respectively. The gray and pink colors designate hydrometeors with an
unknown phase (detected solely by the KAZR) and an unknown phase with liquid water
somewhere within the air column (detected solely by the KAZR, but with retrieved LWP values
above tre 25 g/m MWR uncertainty level, after no liquid bins are found in the air column by

the HSRL below its signal extinction level or no HSRL data are available), respectively.....52

Figure 4: 30day (+ 1-hour) running-mean total hydrometeor and liquid-cloud occurrence
fraction at McMurdo station during 2016. The monthly-mean values are given by the filled
circles. Liquid fractions solelybased on the HSRL and MWR, and temperature data are shown

as well (see legend for details). The temperature curve (based on sounding profiles) represents
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the average temperature between the surface and 4 km altitude. Theaxis ticks mark the 18"
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Figure 5: (top) vertical temperature profiles at McMurdo station during 2016 obtained from
twice-daily sounding measurements. The solid black curve denote88 °C, the verge of the
homogeneous freezing regime, (bottom) 2016 temperature anomalies relative to the 12085
mean (based on longerm sounding measurements at McMurdo Station). Only data beyond

19762015 temperature mean * 1 standard deviation are ShOWN.............cccceevieiiiiceciiinnnnnn! 54

Figure 6: annual mean and 3@day (+ 1-hour) running-mean profiles of total cloud fraction (a),
ice given cloud (b), liquid given cloud (values are multiplied by 5 to highlight the liquid features)
(c), and unknown phase given cloud (d). The ice and liquid classifications are obtained from the
HSRL data (see sectior2.2) while the unknown category represents hydrometeors detected

MErely DY the KAZR. ... ..o e e e e e e e e e e amnni e e e e e e e e e aeeaaaees K5

Figure 7: Box and whisker diagram of cloudand liquid-bearing cloud layer persistence (top),
designating the median (thick dotted line), ¥and 3 quartil es (Haw9¥ edg

percentiles (whisker’s edges), aMash(egaanie) ast e
and 50" (median) percentiles overlap with each other at the minimum persistence oftour. The
total number of cloud (liquid) samples in each month are shown by the solid (dashed) red curve,

respectively. (Bottom) maximum persistence measured during a single méntThe dashed red

[IN€ MArKS 24 NOUIS (L TAY)-r.utuuniiieiiiiiie et e et e e e e e et e e e e e e e s anmmeensaan s 56

Figure 8: Lowest (per profile) cloud (black) and liquid-bearing cloud layer (green) base statistics;
monthly box and whisker diagram (top), annual cumulative distribution function (middle), and
base height temperature (bottom). The box and whisker diagram designations are the same as
in Figure 7. The total number of cloud (liquid) sanples in each month are shown by the solid

(dashed) red curve in the top panel, reSPECtiVEIY...........uueeiiiiiiii e 58
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Figure 9: Box and whisker diagramof cloud thickness (left), highest cloud layer top height
(middle) and its temperature (right). The diagram designations are the same as in Figure 7. The
total number of cloud samples in each month are the same as shown by the solid red curve in

1o T 1= T RRRRSTS 59

Figure 10: Box and whisker diagrams of the
temperature difference betwea the inversion base and top (a), base height temperature (b), base

altitude (c), and inversion thickness. The diagram designations are the same as in Figure 7. See

the text for details concerning the inversi
inversion samples in each month are shown by the red curve in panela..............c.............. 60
Figure 11: Same as in Figure 10 but for the strongespecific humidity (q) inversion.............. 61

Figure 12: (a) Cloud top height (CTH)- temperature inversion base difference versus CBH
temperature inversion base difference twalimensional histogram (the sidepanels depict the
probability distribution functions). The histogram is divided into 4 domains, each of which
denote different configurations of the cloud relative to the inversiorisee text and panel b). The
total numbers of cases in each domain are listed in the figure. This histogram is based only on
hours where radiosondes were released (i.e., no interpolation was made) and single cloud layers
were observed (see text for detailsjb) schematic diagram of cloudT inversion configuration in
each domain of panel a; the curve represents a geneiic profile, the lines mark the CBH (thin)

and CTH (thick) in each domain in panel a(see legend), and the shaded area indicates the
inversion closest to CTH. (c) same as a, but for CTHq inversion top difference versus CBH-q

inversion base difference, (d) same as b, but fgrand the domains in panel c........................ 62

Figure Al: KAZR Moderate Sensitivity (MD) mode leakage mitigation routine. The main
routine (left flowchart) is performed over the full KAZR data array, while the subroutine (right

flowchart) is executed (in a loop) over every detected general (GE)modeoud t op .64.........
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Figure 1. Topographic maps of Antarctica (left) and the region surrounding Ross Island (right;
this region is designatedby the red box in the left panel). Contour linesin the right panel are
depicted every 500 m.The 1 arc-minute topographic data were developed by the National
Geophysical Data Center (NGDC Amante, 2009) and is freely available at

https://www.ngdc.noaa.gov/maga/global/global.html
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Figure 2. HSRL linear depolarization ratio (LDR) versus log-scaled particulate backscatter
crosssection @p) two-dimensional monthly histogramsfor March 2016 (a, c)and August 2016
(b, d). The bottom panels depict the histograms after a 5x5 median filter was performed. These
panels also show the locations of the different populations within the histograms, as well as the

resolvedboundary lines between then(see sectior2.2for details).
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Figure 3: Cloud profile evolution during January (top) and August (bottom), 2016, usindpourly
bin fraction threshold of 25%. The ticks on thex-axis denote the days of the month at 00:00
UTC. Red and black colored shades indicate liqguitbearing and ice airvolumes (classified using
the HSRL data), respectively. The gray and pink colors designate hydrometeors with an
unknown phase (letected solely by he KAZR) and an unknown phase with liquid water
somewhere within the air column @letectedsolely by the KAZR, but with retrieved LWP values
above the 25 g/mMWR uncertainty level, after no liquid bins are found in the air column by

the HSRL below its sigral extinction level or no HSRL data are available), respectively.
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Figure 4. 30-day (+ 1-hour) running-mean total hydrometeor and liquid-cloud occurrence

fraction at McMurdo station during 2016. The monthly-mean values aregiven by the filled

circles. Liquid fractions solely based on the HSRL and MWRand temperature data are shown

as well (see legend for detailslhe temperature curve(based onsounding profileg represents

the averagetemperature between the surface and 4 knaltitude. The xaxis ticks mark the 18"

of each month at 00:00 UT.
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Figure 6: annual mean and30-day (+ 1-hour) running -mean profile s of total cloud fraction (a),

ice givencloud (b), liquid given cloud(values are multiplied by 5 to highlight the liquid features)

(c), and unknown phase given cloud (d)l'he ice and liquid classifications are obtained from the

HSRL data (see sectior?.2) while the unknown category represents hydrometeardetected

merely by the KAZR.
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Figure 8: Lowest (per profile) cloud (black) and ligud-bearing cloud layer (green)pase statistics;
monthly box and whisker diagram (top) annual cumulative distribution function (middle), and
baseheight temperature (bottom). The box and whiskerdiagram designations arethe sameas
in Figure 7. The total number of cloud (liquid) samples in each month are shown by the solid

(dashed) red curve in theop panel, respectively
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total number of cloud samples in each month areghe same as showiby the solid red curve in

Figure 8.
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Figure 12: (a) Cloud top height (CTH) - temperature inversion basedifference versusCBH —
temperature inversion base difference twalimensional histogram (the sidepanels depict the
probability distribution functions) . The histogram is divided into 4domains each of which

denote differentconfigurations of the cloudrelative to the inversion (see textand panelb). The
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total numbers of cases in eacldomain are listed in the figure. This histogram is based only on
hours where radiosonds werereleasal (i.e., no interpolaion was made)and single cloud layers
were observedsee text for details) (b) schematic diagram of cloudT inversion configuration in
eachdomain of panel g the curve represents a generid@ profile, the lines mark the CBH (thin)
and CTH (thick) in each domain in panel &see legend), and the shadedrea indicates the
inversion closest to CTH/(c) same as a, but forCTH - g inversion top difference versus CBH—q

inversion basedifference, (d) same as b, but forq and thedomainsin panel c.
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MD leakage
removal routine

Get GE & MD

GE cloud top
subroutine

Find the closest MD

cloud mask range gate index i
and SNR data (from below)

Locate GE & MD cloud
tops (CT)

compute the MD SNR
difference A between
neighboring bins

-6dB <
A(i+2 to i + 6)

GE cloud top <0dB
subroutine

Find the closest MD
range gate x (from
below)

Figure Al: KAZR Moderate Sensitivity (MD) mode leakage mitigation routine. The main
routine (left flowchart) is performed over the full KAZR data array, while the subroutine (right

flowchart) is executedin a loop) over every detectedgeneral (GE) modecloud top.
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