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EPIGRAPH

“Look again at that dot. That’s here. That’s home. That’s us. On it everyone you love, everyone

you know, everyone you ever heard of, every human being who ever was, lived out their lives. The

aggregate of our joy and suffering, thousands of confident religions, ideologies, and economic

doctrines, every hunter and forager, every hero and coward, every creator and destroyer of

civilization, every king and peasant, every young couple in love, every mother and father, hopeful

child, inventor and explorer, every teacher of morals, every corrupt politician, every “superstar,”

every “supreme leader,” every saint and sinner in the history of our species lived there–on a mote

of dust suspended in a sunbeam.”

—Carl Sagan, Pale Blue Dot
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West Antarctica is experiencing rapid ice loss and complex regional climate change.

This dissertation investigates how cloud properties and the large-scale atmospheric circulation

influence surface heat exchange and melting on West Antarctic ice shelves and ice sheet margins

using field measurements, satellite observations, and atmospheric reanalysis data.

Surface-based shortwave spectral irradiance measurements and satellite data reveal

strong orographic controls on West Antarctic cloud formation and ice-phase microphysics.

Orographically-forced updrafts and waves favor rapid conversion of supercooled liquid wa-

ter into ice, which efficiently attenuates incoming solar near-infrared energy. Frequent intrusions
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of marine air from the Amundsen Sea anchor a semipermanent cloud band over the West Antarctic

Ice Sheet (WAIS) that continues downstream along the Transantarctic Mountain range. Cloud

systems sampled downstream at Ross Island tend to be optically thin and radiatively dominated

by ice water. In contrast, direct onshore flows of marine air from the Southern Ocean bring

low clouds with enhanced liquid-phase spectral signatures. Radiative transfer calculations using

vertically-resolved cloud data indicate that, owing to a dominance of longwave effects, clouds

radiatively warm the surface of the WAIS in every month of the year. On annual average, cloud

cover is estimated to warm the grounded ice-sheet by 34 W m−2 relative to clear skies. Thin

low-level liquid-bearing clouds, which favor strong radiative heat input to the snow surface, are

common during the summer melt season.

Summer atmospheric warming in West Antarctica is favored by blocking activity over

the Amundsen Sea and a negative phase of the Southern Annular Mode, which both correlate

with El Niño conditions in the tropical Pacific Ocean. Extensive melt events on the Ross and

Pacific-sector coastal ice shelves are linked to persistent, intense Amundsen Sea anticyclones,

which force intrusions of marine air over the ice-sheet. Surface melting is driven by enhanced

downwelling longwave radiation from clouds and a warm, moist atmosphere and by downward

turbulent mixing of sensible heat by föhn winds. Since the late 1990s, concurrent with accelerating

ocean-driven WAIS mass loss, summer surface melt occurrence has increased from the Pine Island

and Thwaites Glacier systems to the eastern Ross Ice Shelf, linked to increasing anticyclonic

marine influence and regional sea-ice loss.
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Chapter 1

Introduction

1.1 West Antarctica in the Global Climate System

Antarctica contains the vast majority of Earth’s frozen water. Its two distinct ice sheets,

located in East and West Antarctica, contain sufficient ice to raise global sea levels by 58 m. The

West Antarctic Ice Sheet (WAIS), although much smaller than its eastern counterpart, containing

3-4 m of global sea-level equivalent, is highly sensitive to ambient oceanic and atmospheric

conditions. Over the past two decades satellite and field observations have revealed that the WAIS

is rapidly losing ice into the ocean, driven by warm seawater melting its peripheral ice shelves

from below (Pritchard et al., 2012). The reduction in ice-shelf thickness has caused continental

ice-streams to accelerate, dynamically thin, and retreat inland, potentially triggering complete

loss of the WAIS through marine ice-sheet instability (Mercer, 1978; Joughin et al., 2014). Indeed,

the rate of ice loss is accelerating, having tripled in the last decade (Shepherd et al., 2018).

The low and gently sloping terrain of the WAIS allows frequent Southern Ocean lows to

inject heat and moisture from lower latitudes far into the interior of the ice-sheet. As a result,

clouds are a prominent feature of the West Antarctic atmosphere. Contemporaneous with ocean-

driven WAIS mass loss, air temperatures over West Antarctica have increased over the past several
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decades, with especially rapid warming found in austral winter and spring (Nicolas and Bromwich,

2014). Atmospheric warming signatures have been found in the Byrd AWS temperature record

(Bromwich et al., 2013a), the oxygen and deuterium isotopic composition of ice cores (Schneider

and Steig, 2008; Schneider et al., 2012a), borehole thermistor measurements at various sites on the

WAIS (Barrett et al., 2009; Orsi et al., 2012), and radiosonde and satellite microwave temperature

soundings (Johanson and Fu, 2007; Screen and Simmonds, 2012). Despite their abundance

and ability to control ice-sheet mass fluctuations, clouds over West Antarctica have received

minimal scientific attention over the last several decades. Extraordinarily little is known about the

processes governing cloud formation, evolution, and their physical and radiative characteristics

over this remote yet globally critical region. Given their ability to influence surface temperature

trends as the WAIS is exposed to changing airmasses, there is a need to characterize basic cloud

properties and their influence on the surface radiation balance in all seasons. This is especially

critical during the summer melt season when cloud and atmospheric circulation changes can

impact ice-shelf and ice-sheet stability via surface melting. The passive microwave satellite

record indeed reveals that West Antarctica experiences extensive marginal surface melting during

austral summer. However, given its extreme remoteness and a lack of observations, these events

remain poorly understood.

1.2 The ARM West Antarctic Radiation Experiment

Motivated by the scarcity of Antarctic atmospheric observations and increasing concerns

over the stability of the WAIS, the US Department of Energy (DOE) Atmospheric Radiation

Measurement (ARM) program successfully conducted a year-long field campaign known as the

ARM West Antarctic Radiation Experiment (AWARE; Nicolas et al., 2017). At two sites separated

by 1,600 km, sophisticated atmospheric instrumentation probed the skies above West Antarctica

for the first time since the late 1960s. A Second ARM Mobile Facility (AMF2) deployed on
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Figure 1.1: The AWARE atmospheric observatory at Ross Island. Photo by the author.

Ross Island (Fig. 1.1), approximately 1 km from McMurdo Station, made a full annual cycle

of comprehensive atmospheric and surface energy balance measurements, from 1 December

2015 to 31 December 2016. Here the primary instruments included scanning and zenith-pointing

cloud radars, high-spectral-resolution and micropulse lidars, spectral and broadband radiometers,

surface meteorological instrumentation, and an advanced aerosol suite. A second smaller suite of

instrumentation was deployed to the WAIS Divide Ice Camp (79.467◦S, 112.085◦W, 1801 m above

sea level) on the Ross-Amundsen ice divide in central West Antarctica (Fig. 1.2). Here instruments

observed the interior WAIS atmosphere for approximately 45 days during the austral summer

of 2015/16. The skies were most notably sampled by a micropulse lidar, a spectral shortwave

radiometer, a G-band Vapor Radiometer Profiler, a dual-channel microwave radiometer, an eddy

correlation system, and upward- and downward-looking broadband radiometers. Radiosondes

launched four-times daily, at 6 hourly intervals, sampled the vertical structure of the atmosphere

over the WAIS for the first time since the International Geophysical Year (IGY) radiosonde

program ended at Byrd Station in 1967. Although the duration of the campaign at WAIS Divide

was limited by severe logistical constraints, the AMF2 at Ross Island was located downwind, on

average, and was thus exposed to similar airmasses. The measurements at WAIS Divide represent
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Figure 1.2: The AWARE atmospheric observatory at WAIS Divide. Photo by the author.

the first set of advanced cloud, upper-air, and surface energy balance measurements ever made

from the ground in West Antarctica.

In January 2016, AWARE instruments at WAIS Divide captured the first comprehensive

atmospheric and surface energy balance measurements during a major surface melt event on

the Ross Sea sector of the WAIS (Nicolas et al., 2017). The event, among the most prominent

on record, occurred during a period of high global-average temperature in the wake of the

record 2015/16 El Niño episode. On the large scale, a prominent blocking anticyclone over the

Amundsen Sea caused a cyclonic system over the Ross Sea to stall and inject a concentrated

plume of heat and moisture southward toward Marie Byrd Land (MBL) and the eastern Ross Ice

Shelf. On 10 January, NASA’s Aqua Moderate-Resolution Imaging Spectroradiometer (MODIS)
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Figure 1.3: (left) Cloud retrievals from NASA’s Aqua MODIS instrument on 10 January
2016 revealing a vertically-extensive cloud plume making ice-fall over Marie Byrd Land and
the Ross Ice Shelf. (right) Evolution of the atmospheric vertical structure at WAIS Divide
from radiosondes launched by the author and Colin Jenkinson of the Australian Bureau of
Meteorology. Figure at right from Nicolas et al. 2017.

instrument observed a vertically-extensive cloud system making landfall over the region (Fig.

1.3). Spaceborne microwave radiometers observed a rapid increase in surface melt extent over

the Siple Coast and Ross Ice Shelf between 10-13 January 2016 (Nicolas et al., 2017, Supp. Fig.

1). The intruding air mass drove a drastic spike in downwelling longwave radiation (Fig. 1.4)

and brought both high-level ice clouds and low-level liquid-bearing clouds to the region. As the

event unfolded, micropulse lidar and shortwave spectral irradiance data revealed near-surface

liquid water clouds on several days over WAIS Divide (Fig. 1.5). NASA satellites also observed

thin, low-level liquid-bearing clouds over the melt region (Fig. 1.6), which increased the effective

emission temperature of the atmosphere and enhanced the downwelling longwave radiation at

the surface. The cloud liquid water path (LWP) derived from microwave radiometers frequently

ranged between 10-40 g m−2, conducive to strong net surface radiative heating, as previously seen

over Greenland and Arctic sea-ice (Bennartz et al., 2013; Miller et al., 2015; Tjernström et al.,

2015). Larger LWPs, implying cloud-radiative surface warming dominated by longwave effects

(Scott et al., 2017), were also observed. In contrast, at WAIS Divide the net turbulent flux of
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Figure 1.4: Evolution of the surface energy balance at WAIS Divide in January 2016. Figure
from Nicolas et al. 2017.

sensible and latent heat did not change significantly relative to pre- and post-event meteorological

conditions (Fig. 1.4). Snow-grain photography and snow moisture measurements before and

during the melt event revealed a modified snowpack in response to the marine air intrusion (Fig

1.7), as reflected in satellite microwave brightness temperature perturbations of order 10 K (Fig.

1.4).

Shortwave spectral irradiance measurements at WAIS Divide have also been used to

retrieve cloud optical and microphysical properties before and during the melt event (Wilson

et al., 2018). Overall, ice clouds were more prevalent prior to the melt event. During this

time temperatures were fairly cold with background meteorological conditions likely more
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Figure 1.5: Micropulse lidar (MPL) and shortwave spectral irradiance time series in the 1.6 µm-
window at WAIS Divide on 15 January 2016. Near-surface liquid-water clouds are evidenced
by low depolarization ratios and a concave-downward shape and negative slope in the 1.6
µm-window. Blue skies seen through the cloud are consistent with low cloud optical thickness.
Photo by the author.

representative of early-summer climatological conditions, when ice cloud is most common at

WAIS Divide (Scott et al., 2017, Fig. 8). Prior to the melt event, retrievals of liquid cloud effective

particle radii revealed typical pristine maritime clouds, as well as smaller droplets consistent with

moisture-limited conditions. During the melt event, liquid cloud optical depth almost doubled.

Comparison with MODIS retrievals confirmed the verisimilitude of the ground-based retrievals.

This remainder of this dissertation is concerned with how clouds and the atmospheric

circulation influence atmospheric shortwave and longwave radiative transfer and surface melting in
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Figure 1.6: Satellite cloud retrievals from NASA’s Terra MODIS instrument in January 2016
showing warm, low-level liquid-bearing clouds over the melt region (indicated by SSMIS Tb
anomalies exceeding 30 K) on the Ross Ice Shelf and Pacific-sector coastal ice shelves. Clear
skies on the southern Ross Ice Shelf and Siple Coast are likely caused by orographically-induced
subsidence. Stars mark the AWARE observatory at WAIS Divide (1801 m above sea level)
where near-surface liquid water clouds were sampled by a micropulse lidar throughout 15-16
January 2016, which MODIS suggests to be optically thin.
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Figure 1.7: Photographs of surface snow grains taken by the author against a millimeter glass
reticle before the melt event on (top) 9 January 2016, and during the melt event on (bottom) 11
January 2016. Snow grains coalesced and melted on contact with the glass despite cooling it to
ambient outdoor temperatures (∼ -1.5◦C).

West Antarctica. Results are presented based on measurements conducted during two successful

Antarctic field seasons. These include a 2012 deployment to McMurdo Station and another

to WAIS Divide as part of the AWARE campaign. Chapter 2, published in the Journal of

Geophysical Research - Atmospheres, investigates the meteorology, optics, and microstructure of

clouds over Ross Island using surface radiometry, satellite observations, and a radiative transfer

model. Chapter 3, published in Geophysical Research Letters, presents a climatology of cloud

properties over McMurdo Station from satellites, and compares them with clouds observed
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at contrasting Arctic atmospheric observatories in Barrow, Alaska and Summit, Greenland.

Particular focus is on meteorological controls on cloud microstructure and their impact on solar

radiative transfer, particularly in the near-infrared (NIR), where the albedo of the snow/ice-

covered surface is relatively low and the surface tends to absorb radiation, which could potentially

contribute to surface melting. Chapter 4, published in the Journal of Climate, combines satellite

observations and surface radiation measurements to characterize the structure of cloudiness over

the WAIS – including geographic, vertical, and seasonal variations in the occurrence frequency

and thermodynamic phase of clouds – and to calculate their radiative impact on the energy

balance of the WAIS. Motivated by the need to understand the historical satellite record of

surface melting in West Antarctica, Chapter 5 investigates the large-scale climate drivers and

regional meteorological processes responsible for driving surface melting on West Antarctica.

In particular, physical drivers and atmospheric and oceanic conditions associated with surface

melting are diagnosed by developing a synoptic climatology for the peak-summer melt season

using ERA-Interim reanalysis data and combining it with satellite-derived retrievals of snow/ice

melt occurrence, cloud cover, surface radiation fluxes, and ambient sea-ice conditions. Motivated

by the results and recent studies of West Antarctic climate change in the 21st century, also

investigated are atmospheric circulation and surface melt changes around the WAIS margins since

1979. The latter study is currently under review for publication in the Journal of Climate.
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Chapter 2

Mixed-Phase Cloud Radiative Properties

over Ross Island, Antarctica: The

Influence of Various Synoptic-Scale

Atmospheric Circulation Regimes

2.1 Abstract

Spectral downwelling shortwave irradiance measurements beneath overcast stratiform

cloud decks at Ross Island, Antarctica (77.5◦S, 167◦E) are used in conjunction with discrete-

ordinates-based radiative transfer simulations to examine how mixed-phase clouds influence

shortwave irradiance at the surface during austral spring-summer. From 10 October 2012 until 4

February 2013, an Analytical Spectral Devices (ASD, Inc.) spectroradiometer deployed at the

Arrival Heights (77.82◦S, 166.65◦E) laboratory of McMurdo Station measured in one-minute

averages the downwelling spectral hemispheric (direct plus diffuse) irradiance spanning visible

(VIS) and near-infrared (NIR) regions of the solar spectrum, from 350-2200 nm. Conservative-
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scattering cloud optical depth τc is retrieved in the interval 1022-1033 nm, where the albedo of the

snow-covered surface is lower than at VIS wavelengths. The impact of liquid versus mixed-phase

cloud properties on the surface shortwave energy budget is discerned using irradiances in the

1.6 µm window. Five case studies employ NASA A-Train satellite and ancillary meteorological

data sets to investigate the macrophysical, microphysical and shortwave radiative characteristics

of clouds possessing distinct meteorological histories. Cloud systems within marine air masses

arriving at Ross Island after transiting the West Antarctic Ice Sheet (WAIS) and the Ross Ice Shelf

are radiatively dominated by the ice phase. In contrast, moist marine air flowing onshore from the

Ross Sea brings low clouds with a stronger influence of liquid water. Deep cyclonic disturbances

over the Ross Sea are seen to be limited in their ability to deliver significant moisture as far south

as Ross Island, where clouds are mainly optically thin.

2.2 Introduction

Cloud systems associated with synoptic and mesoscale cyclones and marine stratiform

clouds topping the boundary layer of the high-latitude Southern Ocean are a perennial feature

encircling the Antarctic coastline. Under the influence of the large-scale atmospheric circulation,

clouds and moisture are routinely observed in VIS and infrared (IR) satellite imagery to penetrate

inland over the Antarctic ice sheets and major ice shelves. Compared to the Arctic, however,

little is known regarding the microphysical properties and concomitant influence of clouds on the

surface energy budget of high southern latitudes (Shupe et al., 2006; Bromwich et al., 2012). In

recent years the Arctic has seen a wealth of studies and intensive field campaigns (e.g., Verlinde

et al., 2007; McFarquhar et al., 2011) devoted to understanding the role of mixed-phase stratiform

clouds in the climate of high northern latitudes, including their interaction with sea ice cover (e.g.,

Kay and Gettelman, 2009) and microphysical modification by anthropogenic aerosols (e.g., Lubin

and Vogelmann, 2006). To date, ground-based observations of cloud properties in Antarctica
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have been scarce, with often only one limited data set to characterize an entire region (e.g., Lubin

and Frederick, 1991; Mahesh et al., 2001; Bernhard et al., 2006). Aircraft-based observations of

Antarctic clouds are even more rare, being limited to a few studies (Morley et al., 1989; Saxena

and Ruggiero, 1990; Grosvenor et al., 2012). As of June 2006, however, spaceborne radar and

lidar data from the CloudSat and CALIPSO satellite missions have proven to be valuable tools in

several studies (Verlinden et al., 2011; Adhikari et al., 2012) documenting seasonal variability in

the distribution of cloud cover over high southern latitudes.

Ross Ice Shelf Marie Byrd Land
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Figure 2.1: Map showing the location of places relevant to this study. Circles indicate the
location of McMurdo Station (red) and the Lorne (green) and Emilia (orange) AWS sites. The
terrain contour interval is 300 m.

Connections between the prevailing patterns of large-scale atmospheric circulation and

the climatological distribution of clouds above Antarctica and the Southern Ocean have been

explored in several recent studies (Nicolas and Bromwich, 2011; Verlinden et al., 2011). Using

archived model output from the Antarctic Mesoscale Prediction System (AMPS), Nicolas and
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Bromwich (2011) demonstrate that synoptic low pressure systems over the Ross and western

Amundsen Seas frequently modify the continental troposphere by injecting warm, moist marine

air poleward over the West Antarctic Ice Sheet; annual mean maps reflect coinciding bands of

enhanced cloud fraction, snow accumulation, and 2 m potential temperature extending inland

across Marie Byrd Land to the southern base of the Ross Ice Shelf. Transport into the Antarctic

of moist air essential for cloud formation is dominated by fluxes due to transient eddies, with the

Amundsen Sea sector of Antarctica experiencing higher total moisture transport than any other

region (Tsukernik and Lynch, 2013). The climatological presence of an upper-level low pressure

center above the Ross Ice Shelf may contribute to additional moisture transport over this sector of

the continent (Bromwich and Wang, 2008). By contrast, the steep coastal slopes and high terrain

of the East Antarctic Ice Sheet present a barrier to the penetration of marine air masses, where

large-scale subsidence and low temperatures limit precipitable water vapor amounts resulting in

lower cloud occurrence frequencies than typically found in maritime regions.

Despite its coastal location far removed from the corridor of recurrent poleward moisture

transport, marine air masses injected across West Antarctica periodically impact meteorological

conditions at Ross Island (Fig. 2.1). Along the western edge of the Ross Ice Shelf, intense

katabatic flow through glacial valleys and cyclonically-forced barrier winds trapped along the

base of the Transantarctic Mountains expose Ross Island to a persistent southerly wind regime

known as the Ross Ice Shelf airstream (RAS) (Parish et al., 2006). The location and northward

mass transport associated with the RAS are significantly modulated by synoptic pressure gra-

dient forcing, with deep cyclonic disturbances over the eastern Ross Sea producing a favorable

environment for the flow of an intense barrier-parallel jet (e.g., Seefeldt and Cassano, 2008).

Descent to the Ross Ice Shelf of marine air masses penetrating inland from the Ross-Amundsen

Sea region is enhanced along the Siple Coast, where the ice sheet terrain produces a major zone

of confluent katabatic flow that was first identified and discussed by (Parish and Bromwich, 1986,

1987). Steinhoff et al. (2009) present a case study examining southerly advection of low cloud
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along the Transantarctic Mountains following entrainment of marine air into the RAS. A series of

case studies presented here confirm that this is likely a regularly occurring phenomenon, thereby

supporting the idea that cloud processes associated with the RAS possess climatological relevance

as the downstream manifestation of marine air intrusions over the WAIS. With its close proximity

to the Ross Sea, however, under relatively quiescent meteorological conditions, Ross Island is also

susceptible to onshore flow of marine air accompanied by shallow boundary layer clouds. The

high frequency of cyclonic disturbances over the Ross Sea region also results in complex frontal

cloud systems as an additional source of clouds over the region. Saxena and Ruggiero (1990)

report in situ measurements of the microphysical and chemical properties of low marine stratus

over the Ross Sea, representing the only previous investigation devoted to observing clouds in the

vicinity of Ross Island.

As the hub of the U.S. Antarctic Program, during the summer field season McMurdo

Station is supported by intense flight operations coming in and out of the McMurdo airfields.

Logistical guidance for these and the diverse range of scientific activities taking place in Antarc-

tica is provided by AMPS forecasts via the Polar Weather Research and Forecasting model.

While numerical weather prediction (NWP) activities have proven to be enormously useful for

operational forecasting needs, deficiencies in the simulation of moist atmospheric processes can

significantly affect model skill (Bromwich et al., 2013b). Clouds as they relate to the synoptic

and mesoscale meteorology of the region warrant increased attention to facilitate improved NWP

forecasts in support of these operations.

A prime motivation for the present work is to foster improvements in the simulation of

Antarctic clouds and climate (e.g., Hines et al., 2004). Measurements of downwelling shortwave

spectral irradiance from Arrival Heights conducted beneath overcast (8 oktas) cloud decks during

austral spring-summer 2012-13 enable us to quantify the contrasting roles of liquid versus mixed-

phase cloud properties in modulating the shortwave energy flux incident upon the surface (Lubin

and Vogelmann, 2011). Here we explore variability in the shortwave radiative and microphysical
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properties of clouds associated with various large-scale atmospheric circulation patterns affecting

McMurdo Station by means of case analysis.

2.3 Instrumentation and Data

We deployed an Analytical Spectral Devices (ASD, Inc.) FieldSpec ProJR spectrora-

diometer at Arrival Heights (250 m above mean sea level, MSL) near McMurdo Station from

10 October 2012 until 4 February 2013 (Fig. 2.2). This instrument contains three spectrometer-

detector modules that together cover the wavelength range 350-2500 nm. The spectroradiometer

modules were housed at room temperature within the Clean Air Laboratory at Arrival Heights,

and were connected to the roof-mounted optical collector by fiber-optic cable. The instrument

was situated next to the NOAA/Biospherical Instruments (Inc.) Antarctic Ultraviolet Radiation

Monitoring Network spectroradiometer (Bernhard et al., 2006). Data collection was essentially

continuous, the only interruptions being approximately five minutes each morning for instrument

hygiene checks and data backup. To measure downwelling spectral irradiance, the instrument

was fitted with a radiometric cosine receptor (RCR) that is transparent out to 2200 nm. The RCR

is a transmitting diffuser type, with no external dome. With cosine receptors of this type, angular

response is a potential source of error. According to information provided by the manufacturer,

the RCR’s deviation from perfect cosine angular response in the spectral interval 400-1000 nm

increases linearly from zero at overhead illumination to approximately +10% at 60◦ illumination

angle, then decreases to zero for larger illumination angles up to 76◦. At 1600 nm, RCR angular

performance is better, with cosine error < +2% for illumination angles 0 - 60◦, with degraded

performance to an error of -10% by illumination angle 76◦. Meywerk and Ramanathan (1999)

evaluated the performance of a similar diffusing cosine receptor, and found that this type of

cosine response required corrections for clear-sky irradiance (i.e., with prominent direct beam

solar illumination) of -0.3% for overhead sun up to -10.5% for solar zenith angle θo = 60◦. In this
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study, we consider only diffuse radiation under overcast skies, and no attempt is made to derive a

correction for RCR cosine angular response deviation.

Figure 2.2: Radiometric cosine receptor (RCR) installment atop the roof at Arrival Heights.
The computer and spectroradiometer modules were housed indoors and connected to the RCR
via fibre optic cable.

The instrument’s spectral resolution is approximately 3 nm between 350-1000 nm, and

10 nm between 1000-2200 nm. The spectrometer modules utilize linear detector arrays (a Si

photodiode array for 350-1000 nm; two InGaAs arrays covering 1000-2500 nm) so that scanning

time is a very rapid 100 ms. Therefore, spectral irradiance data could be recorded in one-minute

averages throughout the field program. The field deployment was short enough that pre- and

post-season instrument checkups and recalibration by the manufacturer were adequate to establish

NIST-traceable radiometric calibration.

The synoptic-scale atmospheric circulation patterns creating prolonged stratiform cloudi-

ness at Ross Island are diagnosed using the European Center for Medium Range Weather

Forecasts Interim Reanalysis (ERA-Interim) surface and 700 hPa 6-hourly meteorological fields
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at 0.25◦×0.25◦ latitude-longitude resolution (Dee et al., 2011). In addition, we employ a variety

of in situ atmospheric observations. The first consists of profiles of the vertical hydrodynamic and

thermodynamic structure of the atmosphere, obtained via radiosondes launched twice daily (0000

and 1200 UTC) from the McMurdo Station Weather Office. Throughout October-November,

a Coastal Environmental Systems (Inc.) FMQ-19 automatic weather station located at the Ice

Runway of McMurdo Station, 6 km from Arrival Heights, provides measurements of cloud

base height and fractional cloud cover (reported in oktas) made via a laser ceilometer. Due to

seasonal retreat of the ice edge in the McMurdo Sound, the unit was moved to Williams Field in

December where observations resumed throughout the summer field season, approximately 11

km from Arrival Heights. Near-surface observations from the automatic weather station (AWS)

network, maintained and archived by the University of Wisconsin-Madison Antarctic Meteoro-

logical Research Center, are employed to track the near-surface manifestation of meteorological

events bringing clouds to Ross Island. Observations from the Lorne and Emilia AWS sites are

specifically chosen due to their solitary, ambient location on the northwestern Ross Ice Shelf, as

seen in Figure 1.

The cloud systems analyzed in this study were also periodically observed by instruments

aboard the polar-orbiting NASA A-Train satellite constellation. Further characterization of cloud

cover over Ross Island and the surrounding Ross Sea and Ross Ice Shelf is accomplished using

data obtained by the Cloud Profiling Radar (CPR) and Cloud-Aerosol Lidar with Orthogonal

Polarization (CALIOP) aboard, respectively, the CloudSat and CALIPSO satellites. Operating

at 94 GHz (a wavelength of 3.2 mm), the CPR is most sensitive to large hydrometeors and

precipitation but often under-samples clouds that are optically thin or confined to the planetary

boundary layer (Stephens et al., 2002). CALIOP is a dual channel (532 and 1064 nm), polarization-

sensitive lidar well-suited to the detection of small hydrometeors and aerosol particles and thus

provides complementary information on cloud structure and microphysical properties (Winker

et al., 2009). The lidar return signal, however, is rapidly attenuated by optically thick cloud
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features occasionally resulting in incomplete sampling of the atmospheric column. For this study,

we use measurements of 532-nm total attenuated backscatter β532 and radar reflectivity from

the CALIPSO level 1B lidar profile and CloudSat level 2B geometrical profile (2B-GEOPROF)

products, respectively. To gain further insight into the properties of clouds over Ross Island, we

also examine and discuss retrievals of cloud water content and effective cloud particle radius

derived from CPR reflectivity measurements from the level 2B cloud water content (2B-CWC-RO)

product. However, because cloud phase in this product is partitioned according to temperature

restricting liquid water to temperatures above -20◦C, more accurate characterization of cloud

phase partitioning is enabled through lidar backscatter measurements. Liquid cloud droplets

typically occur in higher number concentrations than ice particles, and we thus expect higher

backscatter and greater attenuation of the lidar signal in regions dominated by the liquid phase.

We also consider depolarization of the lidar β532 signal and identify characteristically low values

of the depolarization ratio (δ≤ 0.1) to indicate regions of liquid water (e.g., Intrieri et al., 2002b).

VIS and IR imagery from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard

the Aqua and Terra satellites are also used to evaluate the spatial and temporal evolution of clouds

over the region.

2.4 Evaluating Supplemental Ice Absorption

In polar regions we can expect most clouds to be mixed-phase. The presence of both

liquid hydrometeors and ice particles of widely varying sizes, shapes, and habits, presents

a complicated radiative transfer scenario often requiring detailed in situ cloud microphysical

instrumentation to fully explain and bring to numerical closure. Nevertheless, with our limited

data set comprising the spectroradiometer and ancillary meteorological data, we can analyze the

overall contribution of mixed-phase cloud properties to the surface shortwave radiation budget

by theoretical comparison with the simpler liquid-water-only stratiform clouds that prevail at
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Figure 2.3: Radiative transfer simulations of downwelling NIR surface irradiance under ide-
alized plane-parallel clouds over a pure snow surface, for a solar zenith angle θo = 60o. (a)
Optically thin mixed-phase cloud with increasing ice fraction of the total optical depth τc = 5.
(b) Optically thin liquid water cloud with optical depth τc = 5 and varying effective radius re.
Note the change in vertical axis scale between the first and subsequent plots.

Figure 2.4: Sample irradiance spectra measured from Arrival Heights during October 2012.
In each figure, spectra obtained beneath overcast skies (diffuse radiation) are shown against
a clear-sky spectrum, all with solar zenith angles θo in the range 66-67o. (a) Spectra beneath
clouds of increasing optical depth and variable thermodynamic phase. Focusing on the 1.6 µm
window, spectra beneath clouds of (b) increasing optical depth and a strong radiative signature
from the liquid phase and (c) with τc = 3.3 illustrating the role of cloud ice water attenuation of
NIR surface irradiance.

lower and warmer latitudes. This approach was used in Lubin and Vogelmann (2011), who

defined a supplemental ice absorption Asi. No matter the complexity of how ice-water manifests

in varying particle size, shape and habit, the difference between liquid water and ice refractive

indices in the 1.6 and 2.2 micron windows specify that a cloud containing any ice will nearly

always attenuate more surface radiation in these windows than a liquid-water-only cloud of the

same optical depth. A typical maritime stratiform cloud in clean-air conditions has an effective

droplet radius re of order 11 µm (Lubin and Vogelmann, 2011; Garrett and Zhao, 2006), and,

following Lubin and Vogelmann (2011), we adopt this re as a liquid-water theoretical reference
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case. Clouds, whether liquid or ice, scatter essentially conservatively for wavelengths < 1100 nm.

At longer wavelengths, both liquid water and ice begin to absorb radiation to varying degrees

depending primarily on phase and particle size distribution. For wavelengths exceeding 1300 nm,

the differential between liquid water and ice refractive indices is large enough that even a trace

amount of cloud ice water content will substantially increase cloud attenuation in the 1.6 and 2.2

micron windows.

These properties of the supplemental ice absorption Asi should not be confused with the

fact that, at conservative scattering wavelengths < 1100 nm, different particle shapes and habits

will yield different values of the cloud optical depth, for the same total water content (Wendisch

et al., 2005). The principle here is that once we determine a value of the cloud optical depth that

matches an irradiance calculation for wavelengths < 1100 nm with measurement, a cloud having

this optical depth and containing even a small amount of ice will nearly always attenuate more

downwelling radiation at longer NIR wavelengths than a pure liquid water cloud. This results

directly from the difference in refractive index between ice and water. In addition, larger ice

particles will attenuate more downwelling irradiance than smaller ones in the NIR > 1300 nm,

for the same conservative scattering optical depth (Lubin and Vogelmann, 2011).

Here we use a discrete-ordinates-based radiative transfer model (Stamnes et al., 1988) in

a configuration used for several prior polar radiation budget studies [(Lubin and Simpson, 1997;

Lubin, 2004; Lubin and Vogelmann, 2007, 2011). In polar regions, the surface albedo is usually

very high due to snow and ice cover. Therefore we must be careful in our choice of wavelength

range to analyze the data with a radiative transfer model. If the surface albedo exceeds ∼0.7,

multiple reflection of photons between surface and cloud base greatly decrease the sensitivity in

surface irradiance to the value of the cloud optical depth. We therefore want to retrieve cloud

optical depth using a wavelength range where surface albedo is lowest. The surface at Arrival

heights is mostly snow-covered, with occasional patches of black basaltic rock. Several studies

have found that a representative surface albedo for this location at visible wavelengths is at least
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0.75 (Thompson and Macdonald, 1962; Stamnes et al., 1990; Bernhard et al., 2006). This is

undesirably large for cloud optical depth retrieval, and following Lubin and Vogelmann (2011),

we choose the wavelength interval 1022-1033 nm, in which cloud scattering is still essentially

conservative (negligible absorption by hydrometeors). Following the spectral behavior in polar

and alpine surface albedos reported by Grenfell et al. (1981); Grenfell and Perovich (1984);

Perovich et al. (2002), we scaled a visible-wavelength albedo of 0.75 down to a value of 0.37 at

1022-1033 nm.

To quantify the additional reduction in surface irradiance due to cloud ice water absorption

at NIR wavelengths, we compute a supplemental ice absorption Asi corresponding to each

irradiance spectrum measured under overcast skies. We conduct discrete-ordinates-based radiative

transfer (e.g., Lubin and Vogelmann, 2007; Stamnes et al., 1988) simulations to compute the

theoretical spectral irradiance FT 11(τc,λ) at the surface beneath single-layer liquid-water cloud

of effective radius re = 11 µm. The conservative-scattering cloud optical depth τc is first retrieved

by requiring the model-calculated spectral irradiance FT 11(τc,λ) beneath liquid-water cloud to

match the measured irradiance FM(λ) within the 1022-1033 nm wavelength interval. When

computing the theoretical irradiance spectra, we hold constant the solar zenith angle θo and

conservative-scattering cloud optical depth τc that characterize each corresponding measured

irradiance spectrum. By integrating over the 1.6 µm window (1374 - 1838 nm) each model-

calculated and measured irradiance spectrum and taking the difference between these quantities,

we define the supplemental ice absorption

Asi =
∫ 1838nm

1374nm
FT 11(τc,λ)dλ−

∫ 1838nm

1374nm
FM(λ)dλ. (2.1)

As written, Asi is expressed in units of W m−2 and represents the additional attenuation of

surface energy flux due to cloud ice-water, thereby serving as a proxy for cloud thermodynamic

phase. Alternatively, Asi may be expressed as a percentage relative to the theoretical downwelling

1.6 µm window surface flux beneath liquid-water cloud, freeing Asi of its dependence on the solar
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illumination geometry.

The sensitivity of Asi to cloud optical properties is illustrated in the idealized plane-

parallel radiative transfer calculations shown in Figure 2.3. Figure 2.3a shows downwelling

surface irradiance under a mixed-phase cloud with optical depth τc = 5. Strong attenuation in the

1.6 µm window is evident when ice contributes even a small fraction to the total cloud optical

depth. Compared with the pure liquid water case (re = 11 µm), values of 1.6-µm window Asi in

this simulation are 4.2%, 8.0%, 30.6%, and 47.4%, when the ice fraction of the total optical depth

is 0.05, 0.1, 0.5, and 1.0, respectively. In contrast, Figure 2.3b shows that the variability in Asi

as defined above is much smaller when considering only the liquid phase. An effective radius

of 11 µm is on the larger side for clouds observed in nature, and is typical of clean-air maritime

conditions. Aerosol-influenced conditions (e.g., Arctic haze, or lower latitude continental air

masses) tend to yield smaller values of re. Smaller re have also been observed in coastal stratus

cloud near McMurdo Station [Saxena and Ruggiero, 1990]. For the optically thin cloud of Figure

2.3b, Asi becomes -2.4% and -3.5% as re is decreased from 11 µm to 7 and 4 µm, respectively.

This is very small variability compared with the influence of ice (Figure 2.3a), and also tends

toward negative values of Asi as re decreases. For an optically thicker cloud (Figure 2.3c), the

tendency toward negative values for smaller re remains, but becomes more sensitive to re. In

this third example, Asi becomes -7.1% and -25.6% as re is decreased from 11 µm to 7 and 4 µm,

respectively.

Samples of our spectra measured from Arrival Heights illustrating physical concepts

relevant to this study are shown in Figure 2.4. As discussed below, clear skies on 20 October 2012

gave way to overcast skies over the next six days (Fig. 2.5). Figure 2.4a illustrates a progression

of increasing cloud optical depth, as retrieved at 1022-1033 nm from our radiative transfer model.

All spectra shown here were obtained under solar zenith angles 66-67◦. For wavelengths <

1100 nm, progressively increasing cloud optical depth is consistent with progressively decreasing

irradiance at all wavelengths. Some more complex behavior can be seen in the 1.6 micron window,
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Figure 2.5: All-sky photos taken at Arrival Heights, Antarctica, near 0100 UTC on 20, 21, and
22 October 2012. Cloud amount and opacity increases and cloud base decreases as a marine
airmass arrives at Ross Island from the south, after first transiting the WAIS and the southwestern
Ross Ice Shelf.

between approximately 1400-1800 nm. The greatest attenuation of surface irradiance occurs

under the cloud optical depth of 4.0, and here the spectral irradiance increases steadily with

increasing wavelength, as opposed to the convex shape of the spectral irradiance over 1400-1800

nm seen for all the other cloud optical depths. This signifies a much stronger role of ice absorption

under this particular cloud sample than all the others shown in this figure.

Figure 2.4b shows four examples of spectral irradiance under overcast skies for which Asi

is near zero, signifying that the cloud optical properties are represented overwhelmingly by liquid

phase. Four progressively increasing cloud optical depths are compared with clear sky surface

irradiance, all for solar zenith angles 66-67◦. In the 1.6 µm window, all spectra show an overall

convex shape with increasing irradiance from 1400-1540 nm, followed by decreasing irradiance

from 1540-1800 nm. In this window, surface irradiance under liquid water cloud optical depth

12.9 is approximately 20.5% of the clear-sky irradiance at this solar zenith angle. Figure 2.4c

shows a contrasting set of examples under fixed small cloud optical depth (3.3), the same range

of solar zenith angles (66-67◦), and varying Asi. At the shortest wavelengths shown (1000-1100

nm), spectral irradiances under all cloud decks are approximately 61% of the clear sky irradiance,

consistent with similar optical depth retrievals. Under clouds with progressively increasing Asi

in the 1.6 micron window, the convex shape of the primarily liquid-water spectral attenuation
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Figure 2.6: Circulation of the lower troposphere at 0600 UTC 18 and 21 October 2012 (a and
c) at 700 hPa superimposed on total column water (filled contours) and (b and d) 10 m above
the surface with contours of mean sea level pressure (MSLP) (Pa) and 2 m temperature (filled
contours).

gives way to a steady increase in irradiance with wavelength between 1500-1750 nm. In addition,

the total irradiances between 1400-1800 nm under the cloud optical depth of 3.3 and Asi values

of 42.2% and 72.9% are 28.2% and 13.4% of the clear sky value, respectively, in contrast to the

20.5% cloud transmission value under liquid water cloud of optical depth 12.9 shown in Figure 3b.

These measurements shown in Figures 2.4b and 2.4c are consistent with theoretical calculations

shown in Figure 2.3 above and in Lubin and Vogelmann (2011).
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2.5 Case Analysis

2.5.1 Marine Air Intrusion into West Antarctica

21-24 October 2012
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Figure 2.7: Time series of T2m, relative humidity, and wind direction measured every 10 min at
the Emilia and Lorne AWS sites.

The large-scale meteorological regime giving rise to the first major episode of overcast

skies at Ross Island is shown in Figure 2.6. Figures 2.6a and 2.6b show the meteorological

environment in the lower troposphere at 0600 UTC 18 October 2012, revealing an extensive

low pressure system centered off the northern coast of Marie Byrd Land. Post-frontal cold air

advection along the western side of the low pressure system draws continental polar air from

the Antarctic interior, whose low moisture content promoted clear skies over the Ross Ice Shelf.

A concentrated plume of moisture associated with the frontal cloud band is seen to be incident

upon West Antarctica. Along the northern coast of Marie Byrd Land, backing of the wind with

height is evidence of onshore advection of warm marine air throughout the lower troposphere.
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Figure 2.8: Aqua MODIS satellite image (0.6564 reflected radiances) revealing clouds associ-
ated with an intrusion of marine air over West Antarctica and the Ross Ice Shelf, 0700 UTC 21
October 2012.

Subsequent evolution of the intrusion event is illustrated in Figures 2.6c and 2.6d. By 0600 UTC

21 October, the low has propagated eastward across the Amundsen Sea, rising in central pressure

by 8 hPa. A plume of enhanced vertically-integrated atmospheric water content (hereafter total

column water) penetrates across the terrain of the WAIS reaching the southern base of the Ross

Ice Shelf. A negative geopotential anomaly at 700 hPa above the region of local maximum in

∇2T2m over the northern Ross Ice Shelf supports a leading-order cyclonic geostrophic flow within

the lower troposphere (Figure 2.6c and 2.6d). This circulation draws marine air poleward over the

eastern Ross Ice Shelf and equatorward along the base of the Transantarctic Mountains, reaching

Ross Island on 21 October. At approximately 0600 UTC, the Lorne and Emilia AWS sites record

a marked transition in surface air mass properties. A step-like increase in relative humidity of

approximately 25% was preceded by an increase in T2m of 15◦C over 12 h at Emilia, indicating
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the arrival of marine air near Ross Island (Fig. 2.7). At Arrival Heights, increasing cloud opacity

associated with a transition from mid- to low-level cloud during the arrival of marine air was

observed to produce a gradual decrease in surface shortwave irradiance (Figure 2.4a).
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Figure 2.9: Profiles of CPR reflectivity and 532 nm total attenuated backscatter revealing a
deep cloud system over Ross Island on 21 October 2012, 10 km to Arrival Heights.

VIS satellite imagery in Figure 2.8 shows stratiform cloud bordering the western and

eastern edges of the Ross Ice Shelf at 0700 UTC 21 October. The center of the northern Ross Ice

Shelf is cloud-free coinciding with the region of low near-surface temperatures seen in Figure

2.6d. Profiles of radar reflectivity and lidar β532 reveal a deep cloud layer above Ross Island on

21 October (Figure 2.9). The average cloud temperature Tc estimated from the nearest sonde

profile over the range of cloudy altitudes detected by CloudSat is -28.9◦C. In Figure 2.9, the

southeastern (left) portion of this cloud layer causes full attenuation of the lidar signal and exhibits

low depolarization ratios ≤ 0.1 (not shown) consistent with liquid-topped cloud. Above Ross

Island, however, regions of greater signal transmission and depolarization ratios 0.2-0.5 provide

strong evidence of glaciated cloud. CPR-based retrievals of ice particle sizes within this cloud

deck have 50 < re <120 µm, with stronger radar echoes corresponding to larger re (not shown).
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Figure 2.10: Frequency distributions of (a) cloud optical depth, (b) ceilometer-measured cloud
base height, and supplemental ice absorption in (c) % and (d) W m−2 during 21-24 October
2012.

This is consistent with the large values of Asi shown from 21-22 October in Figure 3c. During

22-23 October, a second synoptic low pressure system passing over the northern Ross Sea caused

a northerly veering of the near-surface wind at Lorne and Emilia. However, wind profiles obtained

from radiosondes launched from McMurdo during this time and meteorological reanalysis data

indicate pronounced vertical shear in the lower atmosphere, consistent with cloud layers arriving

from the south until 24 October.

Frequency distributions of cloud optical depth, ceilometer-measured cloud base height,

and Asi expressed in percent and in Watts per square meter are shown in Figure 2.10. Cloud

optical depth shows a broad bimodal distribution, with a strong tendency toward very small values

(mode value 3), but also with 33% of the cloud optical depth values between 10-25. Most cloud

bases are low (2000 m and below). Values of Asi are overwhelmingly positive, with 64% of

them greater than Asi = 30%, consistent with ice particles dominating cloud optical properties.

Concurrently, Asi can be as large as 10 W m−2 even under the low Sun elevations of October at
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Figure 2.11: Circulation of the lower troposphere at 1800 UTC 25 October and 0600 UTC 27
October 2012 (a and c) at 700 hPa superimposed on total column water and (b and d) 10 m
above the surface with contours of mean sea level pressure (MSLP) (Pa) and 2 m temperature.

this latitude.

2.5.2 Onshore Flow From the Ross Sea

25-26 October 2012

Clouds persisted over Ross Island during 25-26 October with the onset of onshore flow

directly from the Ross Sea. Figures 2.11a and 2.11b illustrate the meteorological environment in

the lower troposphere at 1800 UTC 25 October, revealing a weak high pressure zone centered

above the Ross Ice Shelf and a synoptic cyclone north of Victoria Land. Geostrophic flow over the

western Ross Sea is northerly throughout the lower troposphere, advecting mild marine air over

the western Ross Ice Shelf. Time series of near-surface wind from the Emilia AWS, where noise
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Figure 2.12: Radiosonde composite skewT -logp diagram produced from observations contem-
poraneous with onshore flow from the Ross Sea (1200 UTC 25 October, 0000 and 1200 UTC 26
October). Temperature and dewpoint temperature profiles are shown, respectively, in black and
blue.

due to flow past the complex ambient terrain is expected to be low, confirms that northerly flow

prevailed during this period (Figure 2.7). Low marine stratus originating from the southwestern

Ross Sea were transported by this circulation over the northwestern Ross Ice Shelf throughout

25-26 October. A skewT-logp composite radiosonde diagram constructed by averaging sonde

profiles concurrent with onshore flow from the Ross Sea is shown in Figure 2.12. The lifting

condensation level of this profile is located at 892 hPa (approximately 775 m) at a temperature of

-21◦C, with a dewpoint depression increasing rapidly into the free atmosphere. This is consistent

with shallow clouds and is readily confirmed by the CALIPSO β532 profile shown in Figure 2.14.

Low clouds over the McMurdo region are also evident in the MODIS image of Figure 2.13,

whereas they go largely undetected by the CPR. Over the East Antarctic plateau, higher cloud

of low optical depth is seen to accompany the low pressure system north of Victoria Land. By

0600 UTC 27 October, propagation of the low pressure system toward the southeast results in

continental polar air being drawn toward lower latitudes (Figures 2.11c and 2.11d), and at Ross

31



Figure 2.13: Aqua MODIS IR image (band 22) with CloudSat trajectory overlaid. Time is in
UTC. Over the McMurdo region, low marine stratus clouds accompany weak northerly flow
from the Ross Sea.

Island the return to southerly flow coincided with decreasing temperatures and clearing skies.

Frequency distributions of cloud optical depth, cloud base height, and Asi during this

period are shown in Figure 2.15. Compared with the earlier October days, cloud bases here are

very low (all below 1500 m). Despite the clear difference in cloud morphology between these

two cases, the optical depth distribution here is similar to that of 21-24 October but with a slight

tendency toward larger values (median optical depths of 7.9 and 5.7 for this case and the earlier

case, respectively). Asi is much more evenly distributed around 0 than for the earlier October days.

The slight positive skew in the Asi distribution of Figure 13d reflects the presence of tenuous ice

cloud overlying the low stratus deck on 26 October, as revealed by MODIS imagery (not shown).

The overall low Asi values (with mode value 0 W m−2) indicate that these clouds are radiatively

dominated by the liquid phase. In addition, negative Asi values reveal cloud liquid droplet re

smaller than 11 µm.
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Figure 2.14: Profiles of CPR reflectivity and 532 nm total attenuated backscatter observed on
25 October 2012, 100 km to Arrival Heights.

2.5.3 Cyclolysis Over the Eastern Ross Ice Shelf

19-22 November 2012

The large-scale meteorological scenario bringing stratiform clouds over Ross Island

during 19-22 November is depicted in Figures 2.16a and 2.16b. At 1200 UTC 18 November, a

synoptic cyclone over the Ross Sea of central pressure 968 hPa draws maritime air southward

over the eastern Ross Ice Shelf and coastal Marie Byrd Land. A pressure gradient directed toward

the Transantarctic Mountains sets up predominantly southeasterly geostrophic flow across the

Ross Ice Shelf. Detrainment of moisture from the frontal cloud band into the anticyclone over

the Amundsen Sea limits the meridional moisture flux available to sustain clouds over the region.

By 1200 UTC 20 November, the cyclone has weakened substantially and lies poleward over the

eastern edge of the Ross Ice Shelf (Figures 2.16c and 2.16d). Under the influence of cyclonic flow,

Ross Island experiences increasing near-surface temperature and total column water relative to 48

h ago. Clear skies persisted until the advent of overcast conditions on 19 November accompanying

southeasterly geostrophic advection of an air mass distinct with maritime characteristics.
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Figure 2.15: Frequency distributions of (a) cloud optical depth, (b) ceilometer-measured cloud
base height, and supplemental ice absorption in (c) % and (d) W m−2 during 25-26 October
2012.

Cloud decks originating from the frontal cloud band of the low pressure system as

observed on 21 November are depicted in Figure 2.17. These swaths show clouds over the

Ross Ice Shelf of widely varying geometric thickness and base height. Combined radar and

lidar measurements reveal these clouds to possess a microphysical structure commonly observed

in Arctic mixed-phase stratiform clouds. The tops of the low clouds in this swath cause full

attenuation of the lidar signal, where δ≤ 0.1 indicates that these clouds were topped by a layer of

liquid water. Areas of strong radar echo reflect regions of ice particle growth and descent through

regions of supercooled liquid water, with ice water content maximizing near cloud base. CloudSat

retrievals indicate ice particles throughout these low stratiform clouds having 50 < re <100 µm.

Retrievals of cloud liquid re ∼ 10 µm are confined to altitudes 2 km above cloud base, however,

this may be an artifact of the temperature-based scheme for partitioning cloud phase from CPR

reflectivity measurements in this product.

Frequency distributions (Figure 2.18) illustrate some contrasts between this case and the
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Figure 2.16: Circulation of the lower troposphere at 1200 UTC 18 and 20 November 2012 (a
and c) at 700 hPa superimposed on total column water and (b and d) 10 m above the surface
with contours of mean sea level pressure (MSLP) (Pa) and 2 m temperature.

prior October cases. Cloud optical depth is more biased toward smaller values; only 22% of

optical depths in this case are larger than 10, compared with 36% in the October cases. Ceilometer-

measured cloud base height is variable between low- and mid-level altitudes, consistent with the

profiles shown in Figure 2.17. Supplemental ice absorption Asi is overwhelmingly positive (Fig.

2.18), even though CPR retrievals suggest slightly more liquid water content compared with the

21-24 October case. This may reflect the presence of large ice particles in cloud as suggested

by CPR retrievals. Larger absolute values of Asi (W m−2) reflect higher Sun elevations than in

October.
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Figure 2.17: Profiles of CPR reflectivity and 532 nm total attenuated backscatter observed on
21 November 2012, 189 km to Arrival Heights.

2.5.4 Marine Air Intrusion into West Antarctica

11-17 January 2013

Figures 2.19a and 2.19b display at 0600 UTC 12 January a particularly strong intrusion of

marine air moving inland across the eastern Ross Ice Shelf and western coast of Marie Byrd Land.

Over the Ross Sea, an extensive low pressure complex lies adjacent to a blocking anticyclone

over the Amundsen Sea. Northerly geostrophic flow between these counter-rotating circulations

entrains a distinct plume of moisture across the terrain of the WAIS. Initially, this marine air

mass contains higher moisture content than any of the preceding case studies, and the continuous

injection of moisture across the WAIS during this period contributed strongly to the prolonged

overcast conditions that were observed at McMurdo.

VIS imagery from 0320 UTC 13 January reveals an extensive cloud system being injected

across Marie Byrd Land and descending onto the Ross Ice Shelf along the Siple Coast confluence

(Figure 2.20). Clouds extend northward under the influence of barrier parallel flow along the base

of the Transantarctic Mountains. Immediately east of Ross Island, an optically thin cloud layer

over the edge of the Ross Ice Shelf extends northward over the dark surface waters of the Ross

Sea polynya. These clouds were observed by CloudSat-CALIPSO on the subsequent overpass,
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Figure 2.18: Frequency distributions of (a) cloud optical depth, (b) ceilometer-measured cloud
base height, and supplemental ice absorption in (c) % and (d) W m−2 during 19-22 November
2012.

and profiles of radar reflectivity and 532-nm total attenuated backscatter reveal a stratiform cloud

layer approximately 5-6 km deep over the Ross Ice Shelf (Figure 2.21). CPR-based retrievals

indicate ice particle sizes within this cloud deck of 50 < re < 120 µm.

Figures 2.19c and 2.19d reveal how the marine air intrusion has evolved by 0600 UTC 14

January. Confluence of the large-scale circulation continues to inject a distinct plume of moisture

toward West Antarctica, which then resembles an atmospheric river (Figure 2.19c). The low

pressure system has decayed substantially over the Ross Ice Shelf, exhibiting retrograde motion

relative to 48 h prior. Northward advection of marine air along the base of the Transantarctic

Mountains continues to bring clouds toward the McMurdo region from the south. Stratiform

clouds were observed above Ross Island throughout 11-17 January, with skies clearing at 1840

UTC 17 January.

Figure 2.22 shows frequency distributions of cloud optical depth, cloud base height,

and Asi. Of the five cases presented here, the optical depth distribution here shows the greatest
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Figure 2.19: Circulation of the lower troposphere at 0600 UTC 12 and 14 January 2013 (a and
c) at 700 hPa superimposed on total column water and (b and d) 10 m above the surface with
contours of mean sea level pressure (MSLP) (Pa) and 2 m temperature.

tendency toward small cloud optical depth; only 8% of clouds have optical depth greater than 10.

This is consistent with the large particles in overwhelmingly ice cloud as suggested by CPR-based

retrievals, as well as the surface features visible through cloud near Ross Island in the MODIS

VIS imagery of Figure 2.20. Cloud base heights measured by the ceilometer are highly variable,

more so than in the single CloudSat swath of Figure 2.21. As expected from the high ice water

content, Asi is overwhelmingly positive.

38



Figure 2.20: Aqua MODIS satellite image (0.6564 reflected radiances) revealing clouds associ-
ated with an intrusion of marine air over West Antarctica and the Ross Ice Shelf, 0320 UTC 13
January 2013.

2.5.5 Cyclone Incident Upon Ross Island

18-20 January 2013

The meteorological scenario bringing overcast conditions to Ross Island during 18-20

January is shown in Figure 2.23. At 0600 UTC 17 January, a pronounced ridge with an axis

extending along 145◦W gives rise to northerly flow over the Ross Sea, with weak pressure

gradient forcing and light easterly winds near the surface at Ross Island (Figures 2.23a and 2.23b).

Backing of the wind with height along the strong meridional gradient in total column water over

the Ross Sea indicates advection by the mean-layer wind of a moist maritime polar air mass

toward West Antarctica. By 1800 UTC 18 January, a low pressure system approaching from

the north redirects this moisture plume toward the Ross Ice Shelf and Transantarctic Mountains

of Victoria Land (Figures 2.23c and 2.23d). Cyclonically-forced onshore flow within the lower

troposphere produces strong orographic ascent of cloudy marine air over the East Antarctic

plateau.
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Figure 2.21: Profiles of CPR reflectivity and 532 nm total attenuated backscatter observed on
13 January 2013, 100 km to Arrival Heights.

Figure 2.24 illustrates the sequential evolution of clouds above Ross Island during these

days. At 0340 UTC 18 January, extensive low cloud formation is evident over the northern Ross

Ice Shelf, while much higher cloud tops are present over the Ross Sea (Figure 2.24a). During

a descending pass by CloudSat-CALIPSO, these clouds were sampled over the Ross Sea and

directly over Ross Island shortly after 1150 UTC (Figure 2.25). High cirriform cloud tops over

the Ross Sea are seen to belong to a very deep and precipitating cloud system. As seen in the

lidar signal, these clouds extend throughout the entire depth of the troposphere. The radiosonde

launched at 1200 UTC from McMurdo reveals temperatures below which only ice can exist

(-40◦C) for altitudes exceeding 6.9 km. Lidar depolarization ratios ranging between 0.2-0.5 (not

shown) in cloud over Ross Island is consistent with ice phase composition at upper tropospheric

levels. The cyclonic circulation of the incident low pressure system transported these deep clouds

over Ross Island from the northeast (Figure 2.23c,d). After the passage of this deep cloud system

on 19 January, clouds of significantly lower geometric thickness persisted over the region, as

seen in Figure 2.24c. A subsequent overpass by CloudSat-CALIPSO at 0510 UTC 20 January

reveals low clouds over Ross Island with top heights ranging between 1-2 km MSL and with
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Figure 2.22: Frequency distributions of (a) cloud optical depth, (b) ceilometer-measured cloud
base height, and supplemental ice absorption in (c) % and (d) W m−2 during 11-17 January
2013.

depolarization ratios consistent with the liquid phase.

Frequency distributions of cloud optical depth, cloud base height, and Asi are shown in

Figure 2.26. Of all the case studies presented here, these clouds exhibit largest optical depths;

40% of them are greater than 10. Compared with the earlier January days, lower cloud bases

occur with greater frequency consistent with the swath shown in Fig. 2.25. This episode of

overcast skies exhibits a bimodal distribution in Asi. The smaller-value mode arises from spectra

observed beneath the clouds present early during the day on 18 January and after mid-day 19

January, as demonstrated by Figure 2.24. The larger-value mode of Asi results from observations

made under the very deep cloud system.
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Figure 2.23: Circulation of the lower troposphere at 0600 UTC 12 and 14 January 2013 (a and
c) at 700 hPa superimposed on total column water and (b and d) 10 m above the surface with
contours of mean sea level pressure (MSLP) (Pa) and 2 m temperature.

2.6 Summary and Discussion

Measurements of downwelling shortwave spectral irradiance made under overcast cloud

decks at Ross Island, Antarctica during spring and summer months have been used with discrete-

ordinates-based radiative transfer simulations to examine how mixed-phase stratiform clouds

influence shortwave irradiance at the surface. A diverse set of synoptic conditions producing

airstreams of various origins were shown to bring clouds of different macrophysical and mi-

crophysical characteristics to Ross Island. Significant differences in the shortwave radiative

properties of these clouds arising from variations in cloud thermodynamic phase are evident in

the 1.6 µm window.

These case studies suggest that cloud observations from Ross Island, Antarctica might be
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valuable for testing and refining cloud microphysical parameterizations used in global and regional

climate models. These are clouds of generally low optical depth often present in single layers, in

a pristine (natural background) aerosol environment. At the same time, unique microphysical

realizations are associated with each of the varying meteorological scenarios that bring cloud

decks over Ross Island. During 21-24 October 2012, an initially moist air mass transits West

Antarctica before descending onto the Ross Ice Shelf and approaches Ross Island from the south

bringing predominantly ice cloud over Arrival Heights. In contrast, moist marine air moving

southward directly toward Ross Island during 25-26 October brings shallow boundary layer

clouds with a stronger radiative signature from the liquid phase. In the 19-22 November case,

a deep cyclonic disturbance centered over the Ross Sea containing large total column water is

ultimately dynamically limited in its ability to bring significant moisture as far south as Ross

Island, and the resulting clouds sampled at Arrival Heights vary considerably in vertical extent

but remain optically thin. Clouds approaching Ross Island from the south during 11-17 January

2013 were associated with a prolonged and intense marine air intrusion over the WAIS, and

exhibit lower optical depths than any of the other case studies. Lastly, during 18-20 January a

cyclone approaching from the north brings marine air southward resulting in extensive low cloud

formation over the Ross Ice Shelf and forcing orographic uplift over the Transantarctic Mountains

of Victoria Land. During 18 January low clouds consistent with the liquid phase were supplanted

by deep clouds possessing a notable radiative signature from the ice phase, lasting until early

on 19 January. Low and geometrically thin clouds with greater influence from the liquid phase

subsequently returned to the region and persisted over Ross Island through 20 January.

Meteorological scenarios involving a low pressure system settling over the eastern Ross

Ice Shelf (e.g., 19-22 November and 11-17 January) are seen to bring clouds to Ross Island with

the highest mean base heights and lowest optical depths, in contrast to the marine stratiform

clouds that originate from the Ross Sea. Periods of weak northerly flow from the Ross Sea

during relatively benign meteorological conditions (25-26 October and the latter portion of 18-20
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January) are seen to bring clouds of generally low base height and geometric thickness. Such

low maritime clouds consistently exhibit a strong influence from the liquid phase, exhibiting

lower overall values of Asi. In contrast, comparing the 11-17 and 18-20 January cases, and the

21-24 and 25-26 October cases, shows that clouds arriving from the WAIS and the southern Ross

Ice Shelf exhibit a strong radiative signature from the ice phase. Values of supplemental ice

absorption are comparatively large for cloud systems within marine air masses arriving at Ross

Island from southerly and southeasterly directions. As seen for the 21-24 and 25-26 October

cases, a similar optical depth distribution prevails for maritime stratiform clouds of low geometric

thickness as for the deep cloud system that arrived at Ross Island from the south, despite a strong

disparity in cloud morphology. Cloud ice particle re derived from CPR reflectivity consistently

exhibit moderate to large ice particles (re >50), in contrast to small ice particles inferred from

radiometric data at South Pole (Stone, 1993; Mahesh et al., 2001).

In recent years there has been considerable evaluation of cloud microphysical models

against Arctic mixed-phase stratiform clouds, which usually have significantly larger liquid water

content and often larger ice particles than the Ross Island cases shown here (e.g., Shupe et al.,

2006; Verlinde et al., 2007; McFarquhar et al., 2011). Arctic mixed-phase clouds can also have

the complication of microphysical modification by extensive anthropogenic aerosol in the lower

troposphere (Arctic haze) for up to half the year. Antarctic research stations offer contrasting

meteorology, as well as clean air and colder conditions year-round than most of their Arctic

counterparts. Our understanding of and ability to model mixed-phase cloud microphysics may

benefit from further Antarctic observations.

Chapter 2 is a slightly modified version of “Mixed-phase cloud radiative properties over

Ross Island, Antarctica: The influence of various synoptic-scale atmospheric circulation regimes”,

published in J. Geophys. Res. Atmos., vol. 119, by Ryan C. Scott and Dan Lubin in 2014.
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Figure 2.24: Aqua MODIS band 22 imagery sequence over Ross Island. (a) 0340 UTC 18
January, (b) 0600 UTC 19 January, and (c) 0820 UTC 20 January 2013.
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Figure 2.25: Profiles of CPR reflectivity and 532 nm total attenuated backscatter observed over
the Ross Sea (left) and northwestern Ross Ice Shelf and Transantarctic Mountains (right) on 18
January 2013, 100 km to Arrival Heights.

Figure 2.26: Frequency distributions of (a) cloud optical depth, (b) ceilometer-measured cloud
base height, and supplemental ice absorption in (c) % and (d) W m−2 during 18-20 January
2013.
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Chapter 3

Unique Manifestations of Mixed-Phase

Cloud Microphysics over Ross Island and

the Ross Ice Shelf, Antarctica

3.1 Abstract

Spaceborne radar and lidar observations from the CloudSat and CALIPSO satellites are

used to compare seasonal variations in the microphysical and radiative properties of clouds over

Ross Island, Antarctica, and two contrasting Arctic atmospheric observatories in Barrow, Alaska,

and Summit, Greenland. At Ross Island, downstream from recurrent intrusions of marine air over

the West Antarctic Ice Sheet and eastern Ross Ice Shelf, clouds exhibit a tendency toward the

greatest geometrical thickness and coldest temperatures in summer, the largest average ice water

content, IWC, at low altitude during summer and autumn, the most abundant IWC at cold mixed-

phase temperatures (-40◦C < T < -20◦C), and the strongest impact from ice-water on the surface

energy budget year-round, all with likely origins in orographic lifting of marine air over complex

ice sheet and mountainous terrain. Clouds over Barrow form and evolve in a contrastingly warm
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and moist atmosphere, and, on average, contain the largest liquid water content and ice and

liquid water effective particle radii, re, year-round. In contrast, clouds observed atop the central

Greenland Ice Sheet are relatively tenuous, containing the smallest IWC and ice re of all sites.

3.2 Introduction

Clouds constitute a critical link in the climate system at high latitudes due to their strong

interactions with solar and terrestrial radiation and replenishment of cryospheric mass. Yet, to date

little is known regarding the microphysical structure and radiative effects of clouds over Antarctic

ice sheets, ice shelves, and sea ice. Recent years have seen a wealth of studies and intensive field

campaigns (Verlinde et al., 2007; McFarquhar et al., 2011; Tjernström et al., 2014) dedicated to

deciphering the role of persistent stratiform cloud cover in the high Arctic. However, despite

observed rapid climate warming and ice shelf retreat on the Antarctic Peninsula (Vaughan et al.,

2003), and mounting evidence that such warming also encompasses the central West Antarctic Ice

Sheet (WAIS) and Ross Ice Shelf (RIS) (e.g., Bromwich et al., 2013a), similarly concerted efforts

to quantify Antarctic cloud properties are lacking in comparison. As a result, the extent to which

Arctic microphysical data represent clouds at high southern latitudes remains predominantly

unexplored, and inter-hemispheric comparisons of polar cloud microphysics remain limited.

Nevertheless, environmental conditions in the Arctic exhibit noteworthy contrasts with those

encountered in Antarctica, where colder, drier meteorological conditions, lesser influence from

anthropogenic aerosols (e.g., there exists no analog to the so-called “Arctic haze” phenomenon),

and intense katabatic circulation patterns over complex ice sheet terrain conflate to produce a

unique environment for the formation and evolution of clouds.

As Earth’s climate changes, cloud processes are expected to play a significant role in the

Antarctic Ice Sheet mass balance, and therefore global sea-levels, through modulation of snowfall

and the ice surface heat budget. The present generation of regional and global climate models
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and global meteorological reanalyses suffer serious errors in the representation of clouds and

the surface and atmospheric energy budgets over Antarctica and the Southern Ocean, leading to

concomitant biases in the simulated large-scale circulation, a large spread in model projections,

and a poor depiction of climate on the WAIS (e.g., Hosking et al., 2013). Future Antarctic cloud

observations are therefore critically needed to improve our understanding and capacity to simulate

atmospheric, oceanic, and cryospheric evolution and exchange in a warming climate.

Our understanding of clouds and ability to evaluate climate model performance in the

Arctic have benefited from a network of well-instrumented atmospheric observatories established

during the past few decades. These observatories typically contain a sophisticated suite of passive

and active sensors for conducting detailed observations of clouds, precipitation, surface energy

fluxes, and the atmospheric state. Most importantly, they have yielded both process-level and

climatological insight into how cloud microphysical properties manifest in surface radiative

fluxes (e.g., Dong et al., 2010; Miller et al., 2015), relationships between cloud properties and

large-scale meteorological forcing (Mülmenstädt et al., 2012), and cloud-radiative contributions

to cryospheric surface melting (Bennartz et al., 2013). In light of the scarcity of similar Antarctic

atmospheric observatories, here we present a climatological comparison of cloud properties over

Ross Island, Antarctica – a site well-suited to the deployment of advanced cloud, aerosol, and

meteorological instrumentation – with two sites representing opposite extremes of environmental

conditions in the Arctic, including Utqiaġvik (Barrow), Alaska (Stamnes et al., 1999), and

Summit, Greenland (Shupe et al., 2013). Owing to the present lack of cloud observations at Ross

Island, here we capitalize on the unique vertical profiling capabilities of the CloudSat Cloud

Profiling Radar (CPR) and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations

(CALIPSO) Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP).
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3.3 Field Sites

3.3.1 Ross Island, Antarctica

Figure 3.1: Map showing the location of and terrain surrounding Ross Island, Antarctica.

Ross Island (77.85◦S, 166.66◦E) is a volcanic island located at the northwestern edge

of the RIS (Fig. 3.1). McMurdo Station was established at the southern tip of Ross Island in

1956 and to date remains critical to the field and flight operations of the U.S. Antarctic Program.

Despite its long history in Antarctic research, clouds over Ross Island and the broader RIS

and Ross Sea remain scarcely characterized by observations (Morley et al., 1989; Saxena and

Ruggiero, 1990; Fogt and Bromwich, 2008; Steinhoff et al., 2009; Scott and Lubin, 2014).

Meteorological conditions at Ross Island are strongly influenced by the intense synoptic

and mesoscale cyclone activity over the Ross and Amundsen Seas. Seasonal mean near-surface air

temperatures remain below freezing year-round (Monaghan et al., 2005), although temperatures
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exceeding 0◦C may occasionally be reached during December-January. As a maritime site, Ross

Island experiences Southern Ocean frontal cloud systems and low maritime clouds originating

through local thermodynamic effects associated with a lack of Ross Sea ice cover. In non-summer

months, the local availability of moisture for cloud formation is primarily controlled by the open

water fraction to the northeast in the Ross Sea polynya. However, despite its position on the

Antarctic coastline, Ross Island experiences a pronounced meteorological connection with the

Antarctic interior year-round characterized by persistent southerly winds (Monaghan et al., 2005).

Clockwise quasi-geostrophic circulations over the Ross and Amundsen Seas routinely inject

warm, moist marine air and cloud cover inland over the WAIS to the southern base of the RIS

(e.g., Nicolas and Bromwich, 2011). At the same time, such weather systems provide large-

scale conditions conducive to the formation of a low-level jet over the western-to-central RIS

known as the Ross Ice Shelf air stream (RAS) (Nigro and Cassano, 2014). The RAS constitutes

an essential mechanism for the equatorward transport of energy and mass from the Antarctic

interior originating as katabatic drainage from West Antarctica in the Siple Coast confluence

zone, with additional forcing from barrier winds and katabatic plumes emanating from glacial

valleys along the Transantarctic Mountains. Marine air masses injected across the WAIS and

eastern RIS therefore routinely impact meteorological conditions at Ross Island. Nigro and

Cassano (2014) demonstrate that barrier-parallel flow along the western RIS often extends to

altitudes exceeding the height of the Transantarctic Mountains (∼3,000 m), consistent with a

pronounced orographic cloud signature seen in modeled fields of cloud ice water path (Fogt and

Bromwich, 2008, Fig. 11), reanalyzed precipitation along the western RIS, and regularly apparent

in VIS-IR satellite imagery following intense marine intrusions over the WAIS (e.g., Nicolas

and Bromwich, 2011, Fig. 11a). Zonal transects of CloudSat-CALIPSO cloud fraction along

81◦S indeed reveal persistent orographic cloud upstream from Ross Island over the western RIS

(Bromwich et al., 2012, Fig. 9). Steinhoff et al. (2009) also highlight a region of strong upward

vertical motion, generated by low-level convergence as the RAS decelerates downstream of a
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wind speed maximum along the Transantarctic Mountains, that supports continuous low cloud

formation. Coupled with repeated marine intrusions over the region, this wind speed maximum,

prominent in near-surface wind climatologies over the RIS, constitutes an important source region

of mixed-phase cloud to which Ross Island is frequently exposed.

3.3.2 Barrow (Utqiaġvik), Alaska

Figure 3.2: The ARM North Slope of Alaska atmospheric observatory at Barrow. Photo courtesy
of the ARM Program.

Barrow, also known as Utqiaġvik, is located at 71.32◦N, 156.61◦W on the northern

Alaskan coastline adjacent to the Chuckchi and Beaufort Seas (Fig. 3.2). The U.S. Department of

Energy Atmospheric Radiation Measurement (ARM) program established the North Slope of

Alaska (NSA) site at Barrow in 1998 (Stamnes et al., 1999) to furnish observations needed to

address key uncertainties in our understanding of rapid Arctic climate change. Observations from

the ARM NSA site constitute the most comprehensive and longest time series of meteorological

data available for model performance evaluation in the Arctic (Mülmenstädt et al., 2012).

Temperatures above 0◦C occur regularly at Barrow from June to September. Throughout
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winter and spring, the ARM NSA site lies adjacent to cryospheric boundaries consisting of land-

fast sea ice, which typically begins a poleward retreat in July. Cloud fractions increase sharply

from March through May and remain relatively high through November (Dong et al., 2010), with

mixed-phase cloud frequency maxima during the spring and autumn transition seasons. Owing to

minimal local terrain, Barrow is affected by air masses originating from any direction depending

on the prevailing synoptic flow.

3.3.3 Summit, Greenland

Figure 3.3: The ICECAPS atmospheric observatory at Summit Station in central Greenland.
Photo courtesy of the NOAA Earth Systems Research Laboratory.

Summit Station is located at 72.58◦N, 38.48◦W approximately 3,250 m above mean sea

level atop the central Greenland Ice Sheet (GrIS, Fig. 3.3). Since 2010, the Integrated Characteri-

zation of Energy, Clouds, Atmospheric state, and Precipitation at Summit Program (ICECAPS)

has enabled direct characterization and continuous monitoring of atmospheric processes affecting

the GrIS (Shupe et al., 2013). ICECAPS measurements have revealed a unique surface radiation
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enhancement by optically thin liquid water clouds that in July 2012 contributed to extreme melting

of the GrIS surface (Bennartz et al., 2013).

The atmospheric state at Summit is closely influenced by the intense cyclonic activity

that surrounds the GrIS. To the south, the Icelandic low remains energetic throughout the year,

attaining lowest central pressures in winter when the Northern Hemisphere meridional temperature

gradient is steepest. Free tropospheric moisture advection is essential for bringing and maintaining

cloud cover at Summit, although surface moisture may be important during the brief period of

summer surface melting. Rapid orographic ascent along the ice sheet coastal margins typically

results in a loss of cloud condensate through precipitation, an effect particularly evident over the

steep coastal slopes of southeastern Greenland (Bromwich et al., 1999).

3.4 Satellite Observations

We use ∼5 y of active remote sensor data acquired by the CloudSat and CALIPSO

satellites. Vertical profiles are analyzed from all overpasses within 50-km radius of McMurdo

Station, Summit Station, and the ARM NSA site available between June 2006-April 2011. During

this period, McMurdo experienced 436 overpasses, compared with 328 over Summit and 287 at

Barrow.

We use data from the fourth release (R04) of CloudSat products including the Radar-Lidar

Geometrical Profile (2B-GEOPROF-Lidar), Radar-Visible Optical Depth Cloud Water Content

(2B-CWC-RVOD), Radar-Lidar Combined Ice Property (2C-ICE), and ECMWF-AUX data

sets. Ice phase retrievals from these products have been rigorously tested against aircraft-based

microphysics probe observations in mid-latitude cirrus (Deng et al., 2013) and mixed-phase

boundary layer cloud over southern Quebec (53◦N, 70◦W) (Barker et al., 2008; Noh et al., 2011).

Two aspects of 2B-CWC-RVOD polar cloud liquid phase retrievals should be noted. First, CPR

measurements contain no Doppler information and thus offer no means by which to distinguish
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cloud thermodynamic phase. Second, ice particles are typically much larger than liquid droplets,

and thus dominate the radar reflectivity signal even in the presence of abundant supercooled

liquid (Shupe et al., 2006). Independent retrievals assuming single-phase hydrometeors are

composited using temperature as a proxy for cloud phase, allowing ice below -20◦C, liquid

above 0◦C, and a linearly varying mixed-phase condensate at intermediate temperature (Austin

et al., 2009). Notably, de Boer et al. (2008) find this scheme produces good agreement with

ground-based retrievals of both cloud ice and liquid water content in Arctic mixed-phase clouds

over Eureka, Nunavut (80◦N, 86◦W). Yet supercooled liquid is often present in polar clouds at

T < -20◦C (e.g., Verlinde et al., 2007; McFarquhar et al., 2011), although in the Arctic (Shupe,

2011) notes only 3-5% liquid water occurrence at T < -30◦C. Thus, these retrievals presumably

exhibit low-biased liquid water content, LWC, over Ross Island and Summit, where T < -20◦C is

frequently encountered (Fig. 3.4). Nevertheless, at present, robust methods for vertically-resolved

liquid component mixed-phase cloud property retrievals do not exist.

3.5 Results

3.5.1 Low-Level Cloud-Top Temperature

Figure 3.4 displays normalized frequency distributions of cloud-top temperature at each

site for clouds confined within 3 km of the surface, thus limiting the analysis to low clouds having

geometrical thickness ≤ 3000 m. Polar mixed-phase stratiform clouds of this type exhibit a

tendency to become ice-dominant with decreasing cloud-top temperature (Shupe et al., 2006).

At Ross Island, low clouds occur well within the range of mixed-phase temperatures in all

seasons, with most low cloud-tops present at T < -20◦C. Barrow experiences the warmest clouds

throughout the annual cycle, exhibiting minimal distribution overlap with Ross Island. During

spring, essentially all low cloud-tops at Barrow are warmer than Ross Island’s mode near -30◦C

(Fig. 3.4a), and half of summertime cloud-tops over Barrow exceed 0◦C representing single-phase
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Figure 3.4: Normalized frequency distributions of cloud top temperature for low-level clouds
possessing tops within 3 km of the surface at McMurdo Station, Ross Island, Antarctica, the
ARM North Slope of Alaska site at Barrow, and Summit Station, Greenland, for the period
2006-2011.

liquid-water clouds (Fig. 3.4b). As expected, the coldest low clouds are observed at Summit,

where some low clouds are sufficiently cold for homogeneous ice nucleation (T ≤ -40◦C).

However, Ross Island exhibits a stronger tendency toward cold low-level clouds in summer (Fig.

3.4b), with 65% of low cloud-tops below -20◦C, versus 34% at Summit, reflecting a dominance

of deep low clouds over the former site (70% have tops 1500-3000 m above ground level, AGL);

at both Arctic sites, clouds remain contrastingly thin and confined lower in altitude (not shown).

At the same time, Ross Island also exhibits a broad secondary warm mode near -3◦C (Fig. 3.4b)

representing supercooled liquid water clouds confined to the planetary boundary layer. In all

other seasons, low clouds at Ross Island are intermediate in temperature relative to the Arctic

sites. The greatest inter-site similarity occurs in winter when all sites share a mode between -30◦

and -20◦C, coldest at Ross Island (Fig. 3.4d).
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3.5.2 Seasonal Mean Cloud Microphysical Structure

Cloud Ice and Liquid Water Content

At Ross Island, the mean vertical structure of clouds is dominated by low clouds containing

average IWC > 0.02 g m−3 in every season (Fig. 3.5). The largest average cloud IWCs occur

in summer when more moisture is present in the atmosphere, with peak values of 0.04 g m−3

around 2 km AGL. In the same season, similar altitudes at the Arctic sites show smaller cloud

IWCs around 0.01-0.02 g m−3. Low clouds at Ross Island show minor IWC variability in other

seasons, with similar amounts found over Barrow during winter and spring. A weak seasonal

cycle in cloud IWC is evident in the mid-troposphere at Ross Island, with an annual minimum

and pronounced vertical decrease around 4 km AGL in winter. Peak cloud IWCs in excess of

0.06 g m−3 in the planetary boundary layer in autumn and winter suggest the existence of thin,

low-lying clouds containing substantial quantities of ice. Given the CPR’s decreased sensitivity

adjacent to the surface, however, it is unclear whether this feature is real; it may instead be an

artifact of the retrieval algorithm falsely identifying precipitation as cloud (de Boer et al., 2008).

Retrievals of cloud LWC suggest that liquid hydrometeors occur with intermediate abundance

and vertical extent relative to the Arctic sites, persisting at altitudes up to at least 5 km AGL

in summer and 3-4 km in other seasons. The largest LWCs are retrieved in summer, followed

by spring, with the smallest amounts found during autumn and winter. Notably, such seasonal

variation in the retrieved abundance of cloud liquid water strongly mirrors the seasonal cycle of

cloud fraction over the McMurdo region reported by Fogt and Bromwich (2008).

In contrast, the vertical structure of clouds over Barrow reflects the relatively warm, moist

atmosphere characteristic of the western Arctic. Cloud IWC is more evenly distributed in the

vertical, detected by the CPR as high as 12 km AGL and with the largest IWC of the three

sites at mid-upper levels. Summertime lower tropospheric cloud ice is limited by prohibitively

warm temperatures (Fig. 3.4b) consistent with previous studies at the ARM NSA site (Shupe,
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Figure 3.5: Seasonal mean vertical profiles of cloud ice and liquid water content, and ice particle
and liquid droplet re from 2B-CWC-RVOD retrievals over (left) Ross Island, (middle) Barrow,
and (right) Summit, during 2006-2011. Altitude is expressed in km above mean sea level.

2011). In the same season, however, of all sites, clouds at Barrow show the largest IWC in the

mid-troposphere reflecting deep frontal and convective cloud structures associated with cyclonic

activity and a concurrent annual minimum in lower tropospheric stability. Compared to Ross

Island and Summit, retrievals of cloud LWC show substantially greater values year-round, with

warmer temperatures promoting its occurrence higher in altitude.

Clouds observed in the interior of Greenland are comparatively tenuous, containing

average IWC < 0.02 g m−3 throughout the atmospheric column. Maximum IWC values are

roughly half those observed at Ross Island. Of all sites and seasons, Summit wintertime clouds

exhibit the smallest IWC. Retrieved cloud LWCs show a similar vertical structure as Ross Island

in summer, with small values consistent with predominantly optically thin clouds. In contrast

to Ross Island and Barrow, where clouds contain the smallest LWC in winter, clouds at Summit

show a minimum in cloud LWC during spring consistent with ICECAPS observations (Miller

et al., 2015).
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Cloud Ice Particle and Liquid Droplet re

Average cloud ice re over Ross Island are intermediate in size relative to the Arctic sites

(Fig. 3.5, Table 1). Warmer temperatures and the greater availability of moisture at Barrow enable

ice particle growth to larger sizes, whereas the opposite is true at Summit. Barrow displays the

strongest seasonal variability in ice re and the largest droplet re of all sites, with a representative

size of order 8-10 µm, whereas Ross Island shows the smallest droplets. Despite potential

uncertainty in liquid retrievals, small cloud droplets have previously been observed at Ross Island

(Saxena and Ruggiero, 1990; Scott and Lubin, 2014).

3.5.3 Cloud IWC-Temperature Joint Frequency

Figure 3.6 presents joint probability density functions of in-cloud temperature and IWC

from 2C-ICE. Clouds observed over Ross Island contain the most abundant ice water at cold

mixed-phase temperatures, -40◦C < T < -20◦C. At Ross Island and Summit, the cloud ice water

regime is essentially restricted to T < -10◦C year-round. However, clouds over Ross Island

contain substantially higher IWCs than those observed at Summit in every season, regardless

of temperature. At Ross Island, the largest cloud IWCs are observed between -30◦C < T <

-20◦C in spring and summer, and near -30◦C in autumn and winter – temperatures at which the

Arctic clouds contain very little ice. The largest summertime cloud IWCs are observed in the

vicinity of -20◦C characteristic of 2 km AGL (not shown), consistent with Fig. 3.5 and well

encompassing the cold, primary cloud-top temperature mode of Fig. 3.4b. In contrast, cloud ice at

Barrow occurs broadly distributed across the full range of mixed-phase temperatures. Overall, the

most extreme cloud IWCs occur over Barrow at relatively warm mixed-phase temperatures (T >

-20◦C) in association with deep frontal cloud systems. Compared with Ross Island, large cloud

IWCs over Barrow occur at temperatures 10-20◦C warmer, suggesting that distinct processes

govern ice phase microphysics at these sites.
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Figure 3.6: Joint probability density functions (PDFs) of in-cloud temperature and ice water
content from 2C-ICE retrievals over each site for the period 2007-2010. Both variables are
partitioned into 25 bins and each PDF is normalized by the total number of retrieved ice-
containing cloud volumes.

In addition to dynamical influence from the region’s high terrain, the abundance of

cold cloud ice at Ross Island is likely linked to prevalent ice-forming nuclei (IN) active at low

temperatures. In a series of mixing chamber experiments at McMurdo and New Byrd Stations,

Bigg and Hopwood (1963) observed high and rapidly increasing IN concentrations at T < -18◦C.

At Amundsen-Scott South Pole Station, Ardon-Dryer et al. (2011) report high concentrations of

immersion freezing nuclei between -27◦C < T < -18◦C in aged marine air masses and under high

wind speeds. As evidenced by Ross Island’s lack of cloud ice in the Hallet-Mossop temperature
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zone (-8◦C to -3◦C), secondary ice particle production via rime splintering is unlikely to be an

important mechanism for propagation of the ice phase, suggesting a critical role of mechanical

fracture. Ice crystal aggregation, being most effective at warm mixed-phase temperatures, is

likely more efficient over Barrow than Ross Island, perhaps resulting in a lower precipitation

efficiency over the latter site. In the relatively cold temperatures typical at Ross Island, clouds

containing large IWC likely contain high ice crystal concentrations, as observed by Lachlan-Cope

et al. (2001) on the Avery Plateau, Antarctic Peninsula.

3.5.4 Cloud Ice Water Impact on Surface Radiative Fluxes

The contrast in cloud IWC between Ross Island and the two Arctic sites has a noticeable

impact on surface radiation fluxes. Table 1 lists the seasonally averaged cloud properties derived

from the satellite data (first seven rows), followed by estimates of surface shortwave and longwave

flux from a discrete-ordinates-based radiative transfer model (Stamnes et al., 1988) adapted for

the polar atmosphere and capable of simulating mixed-phase clouds (Lubin and Vogelmann, 2006,

2011). Shortwave fluxes are calculated for a solar zenith angle 70◦, and for two cases: both liquid

water and ice present in the clouds, and with ice removed. Surface shortwave flux is smallest

at Barrow because of optically thicker clouds. The shortwave flux at Ross Island is much more

strongly influenced by the larger ice fraction of the total cloud optical depth. If ice is removed the

surface shortwave flux increases by 7.0, 17.5, and 20.3 W m−2 for spring, summer, and autumn

respectively. Removing the cloud ice increases the surface shortwave flux by smaller amounts

at the Arctic sites, with only Summit being comparable (20.5, 3.1, and 6.0 W m−2 for spring,

summer and autumn, respectively). In the longwave, surface fluxes at Ross Island are intermediate

between Summit and Barrow, due to the intermediate cloud base temperatures. Most often the

clouds have sufficient optical thickness from liquid water that they radiate nearly as blackbodies,

and so removal of the cloud ice water has smaller impact in the surface longwave flux than for the

shortwave. However, for autumn and winter at Ross Island removing the cloud ice water decreases
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the surface longwave flux by 7.1 and 4.4 W m−2, respectively. Similar longwave reductions occur

for Summit for spring (12.3 W m−2) and winter (3.6 W m−2), but at this location clouds are more

tenuous than over Ross Island. For the Antarctic clouds, influenced by orographic lifting, ice

water content has a greater influence on surface radiation fluxes than at the two contrasting Arctic

sites.

3.6 Discussion

The most unique aspects of the cloud properties observed at Ross Island, relative to

the two Arctic sites, are: (1) a tendency toward geometrically thicker and colder low clouds in

summer, with a concurrent secondary warm mode representing thin liquid water clouds (-3◦C;

Fig. 3.4b); (2) the largest cloud IWC in the lower troposphere during summer and autumn (Fig.

3.5); (3) ice particles intermediate in size (Fig. 3.5, Table 1); (4) the smallest liquid droplets of

the three sites (Fig. 3.5, Table 1); and (5) perhaps most intriguing, the most abundant cloud IWC

at cold mixed-phase temperatures and its strong impact on surface radiant energy fluxes.

In a recent study involving the interpretation of solar near-infrared spectral irradiance

transmitted through cloud over Ross Island (Scott and Lubin, 2014), significantly contrasting

cloud properties were observed under contrasting meteorological cases. Warm, moist air moving

directly over Ross Island from the north brought low clouds whose radiative signature was

consistent with a predominantly liquid phase. In contrast, clouds within marine air masses

arriving from the WAIS, and descending onto the Ross Ice Shelf before reaching Ross Island,

show strong ice phase signatures. Similarly, clouds arriving at Ross Island via the southern RIS,

that also experience orographic lifting over the Transantarctic Mountains, also show pronounced

ice phase signatures. These two scenarios suggest a wider range in vertical velocities impacting

the formation of clouds reaching Ross Island than might prevail at Summit, where the largest

cloud amounts are associated with moisture advection across the gently sloping terrain of the
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southwestern GrIS (Shupe et al., 2013). In the latter scenario, strong vertical updrafts are implied

shortly before the clouds arrive at Ross Island; in the former, several stages of lifting and descent

are implied as moisture advected over the high WAIS terrain forms clouds that subsequently

approach Ross Island from the south to southeast. Cloud IWC depends strongly on vertical

velocity, both generally (Heymsfield and Donner, 1990) and in particular for orographic lifting by

high terrain (Heymsfield and Miloshevich, 1993).

Figure 3.7: Orographic cloud ice water enhancement over Ross Island and the Transantarctic
Mountains. (top) CALIPSO lidar total attenuated backscatter β532 and (bottom) CPR-retrieved
cloud IWC overlaid with ECMWF temperature contours (◦C) from a descending pass over the
McMurdo region at 11:50 UTC, 01 December 2006.

That orographic lifting constitutes an essential mechanism for nucleation and growth

of the ice phase in clouds observed over Ross Island is readily evident in CloudSat-CALIPSO

data. Figure 3.7 presents a swath of the CALIOP 532-nm total attenuated backscatter, β532, and

CPR retrieval of cloud IWC from a descending pass over the McMurdo region at 1150 UTC,

01 December 2006. Over the Ross Sea, a classic mixed-phase cloud layer containing relatively

low IWC is evidenced by rapid attenuation of the lidar signal at cloud-top, indicating an upper

layer of liquid water from which ice particles form and descend. Despite occurring at essentially

identical temperatures, clouds affected by mesoscale vertical motions induced by flow across

Ross Island’s Hut Point Peninsula and the lower terrain (∼500 m high) near the center of the

swath exhibit a notable enhancement of IWC. Farther inland, clouds subject to rapid updrafts

and waves induced by flow over the Transantarctic Mountains show a prominent signature of ice
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nucleation and likely autoconversion, as evidenced by extreme IWC and increased transmission

of the lidar signal.

Further amplifying these contrasts, the Antarctic is almost entirely isolated from anthro-

pogenic aerosol sources by the energetic Southern Ocean storm tracks. This pristine environment,

encompassing a variety of high terrain influences, constitutes a natural extreme cold weather

laboratory for the study of mixed-phase cloud microphysics.

Chapter 3 is a slightly modified version of “Unique manifestations of mixed-phase cloud

microphysics over Ross Island and the Ross Ice Shelf, Antarctica”, published in Geophys. Res.

Lett., vol. 43, by Ryan C. Scott and Dan Lubin in 2016.
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Chapter 4

West Antarctic Cloud Cover and Surface

Radiation Budget from NASA A-Train

Satellites

4.1 Abstract

Clouds are an essential parameter of the surface energy budget influencing the West

Antarctic Ice Sheet (WAIS) response to atmospheric warming and its net contribution to global

sea-level rise. A four-year record of NASA A-Train cloud observations is combined with surface

radiation measurements to quantify the WAIS radiation budget and constrain the three-dimensional

occurrence frequency, thermodynamic phase partitioning, and surface radiative effect of clouds

over West Antarctica (WA). The skill of satellite-modeled radiative fluxes is confirmed through

evaluation against measurements at four Antarctic sites (WAIS Divide Ice Camp, Neumayer,

Syowa, and Concordia Stations). Owing to perennial high-albedo snow and ice cover, cloud

infrared emission dominates over cloud solar reflection/absorption leading to a positive net

all-wave cloud radiative effect (CRE) at the surface, with all monthly means and 99.15% of
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instantaneous CRE values exceeding zero. The annual-mean CRE at the WAIS surface is 34

W m−2, representing a significant cloud-induced warming of the ice sheet. Low-level liquid-

containing clouds, including thin liquid water clouds implicated in radiative contributions to

surface melting, are widespread and most frequent in WA during the austral summer. In summer,

clouds warm the WAIS by 26 W m−2, on average, despite maximum offsetting shortwave CRE.

Glaciated cloud systems are strongly linked to orographic forcing, with maximum incidence on

the WAIS continuing downstream along the Transantarctic Mountains.

4.2 Introduction and Motivation

Antarctica contains the largest reservoir of ice on Earth. Clouds modulate this reservoir

by linking poleward energy and water vapor transport to precipitation and by perturbing the

energy budget governing the melting and sublimation of snow and ice. By altering the net surface

radiative flux, clouds have the ability to alter the onset, extent, intensity, and duration of surface

melting and subsequent refreezing, thereby exerting an essential control on meltwater’s ability to

impact cryospheric dynamics or run-off into the ocean (van Tricht et al., 2016). However, despite

their first-order influence on fluctuations in ice sheet volume and global sea-level, Antarctic

clouds have received minimal scientific attention over the last several decades (Bromwich et al.,

2012; Scott and Lubin, 2016).

While the relatively high, cold, and massive East Antarctic Ice Sheet is thought to be

relatively stable and potentially gaining mass through excess snowfall (Shepherd et al., 2012;

Zwally et al., 2015), the lower-lying marine WAIS is currently losing mass (−65±26 Gt/yr) at an

accelerating rate, contributing to global sea-level rise (Shepherd et al., 2012; Kopp et al., 2016).

In contrast to the Greenland Ice Sheet (GrIS), where mass loss is dominated by atmospheric

forcing of the surface energy balance (Enderlin et al., 2014; van den Broeke et al., 2016), ice loss

from WA to date primarily results from the inflow of warm subsurface water masses onto the
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continental shelf, and rapid melting at the base of coastal ice shelves (Paolo et al., 2015). While

ice shelf thinning, tributary glacier acceleration, and grounding line retreat in the Amundsen

Sea Embayment likely manifest the early stages of long-hypothesized (Mercer, 1978) marine

ice sheet instability (Joughin et al., 2014; Rignot et al., 2014), air temperatures over central WA

have increased rapidly over the last several decades (Reusch and Alley, 2004; Johanson and

Fu, 2007; Schneider and Steig, 2008; Barrett et al., 2009; Orsi et al., 2012; Abram et al., 2013;

Bromwich et al., 2013a; Steig et al., 2013; Thomas et al., 2013, 2015; Nicolas and Bromwich,

2014). Previous studies attribute this warming to an increasing marine influence on the climate

of WA, traceable to large-scale climate oscillations and decadal variability in the tropics and

subtropics (Schneider and Steig, 2008; Schneider et al., 2012a; Bromwich et al., 2013a; Steig

et al., 2013; Nicolas and Bromwich, 2014; Thomas et al., 2015); an increasing influence from

marine airmasses implies a changing surface energy balance (Das and Alley, 2008) with an

increasing importance of cloud radiative effects.

The first spaceborne active-sensor analysis of cloud cover atop the Antarctic ice sheets

was enabled by NASA’s 2003 launch of the Ice, Cloud, and land Elevation Satellite (ICESat).

In ICESat data from October 2003, Spinhirne et al. (2005) found distinctly greater cloud cover

over West (versus East) Antarctica, with a tongue of enhanced cloudiness stretching inland

from the Amundsen Sea. Using high-resolution numerical weather forecasts evaluated against

satellite lidar measurements, Nicolas and Bromwich (2011) demonstrate that this cloud band is

a dominant feature of the climate of WA linked to persistent inflow of oceanic air induced by

semipermanent low pressure and clockwise flow over the Ross and Amundsen Seas. Annual mean

maps reveal co-located bands of enhanced cloud fraction, snow accumulation, and 2-m potential

temperature stretching from the Amundsen Sea coastal region to the southern Ross Ice Shelf. To

further advance our understanding of the West Antarctic climate, it is essential to characterize the

macrophysical and microphysical structure of these cloud systems and their impact on the WAIS

surface energy budget. This is particularly important in light of especially rapid, widespread

68



Figure 4.1: Map of West Antarctica showing the terrain height at a 250-m interval. Initials
show the location of the Amundsen Sea (AS), AS Embayment (ASE), Bellingshausen Sea (BS),
central ice divide (CID), Filchner Ice Shelf (FIS), Larsen C Ice Shelf (LCIS), and Marie Byrd
Land (MBL). Dots on the inset map indicate the location of the WAIS Divide ice camp (green)
and Neumayer (orange), Syowa (red), and Concordia (blue) stations.

atmospheric warming in austral spring (Nicolas and Bromwich, 2014) leading into the summer

melt season, which has been linked to a deepening of the Amundsen Sea Low (Bromwich et al.,

2013a; Raphael et al., 2016). However, owing to the high uncertainties associated with passive

cloud detection over snow and ice and scarce in situ observations, the microphysical structure

and radiative impact of clouds over WA remain largely unexplored.

As temperatures rise, GCM simulations project increases in surface melt and snow

accumulation (Trusel et al., 2015; DeConto and Pollard, 2016; Frieler et al., 2015; Lenaerts

et al., 2016), with each exerting competing influences on the ice mass balance. Changes in cloud
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amount and cloud optical properties due to shifts in the atmospheric circulation or thermodynamic

state have the potential to substantially alter surface radiative fluxes, thereby accelerating or

mitigating WAIS contributions to global sea-level rise. Indeed, model calculations (Zhang et al.,

1996) and polar field observations (Bennartz et al., 2013; Niwano et al., 2015; Tjernström et al.,

2015; Nicolas et al., 2017) reveal that cloud radiative effects often provide a significant fraction

of the energy used in melting the surface. Nevertheless, poor model representations of clouds and

radiation undermine the fidelity of the ice energy balance simulated by the most sophisticated and

high-resolution models. An especially common problem is insufficient cloud liquid simulated

at supercooled temperatures, which yields radiant flux biases including excessive incident solar

energy and insufficient radiatively opaque states in the infrared (IR) (Klein et al., 2009; Cesana

et al., 2012). King et al. (2015) report large errors in the summer surface energy budget and surface

melt rates on the Larsen C Ice Shelf simulated by three widely-used regional atmospheric models

and emphasize the need to improve observational constraints on Antarctic cloud microphysical

and radiative properties. Thus, significant uncertainty remains as to whether cloud processes

will contribute to enhanced WAIS mass loss, as appears to be the case in Greenland (Bennartz

et al., 2013; Niwano et al., 2015; van Tricht et al., 2016), or whether increased accumulation

(Thomas et al., 2015; Fudge et al., 2016) might be sufficient to offset an inherently unstable,

oceanically-triggered ice sheet collapse.

Owing to its strong influence on cloud optical depth and IR emissivity, clouds containing

liquid water are known to play a major and often dominant role in the polar surface energy balance

(Shupe and Intrieri, 2004). When temperatures approach the melting point, especially important

are geometrically and optically thin, low-level liquid water clouds containing a liquid water path

(LWP) sufficiently small to remain transmissive to solar radiation, yet radiate essentially as a

blackbody in the IR. Using a simple surface energy balance model with cloud and radiation

measurements at Summit, Greenland (Shupe et al., 2013), Bennartz et al. (2013) implicate such

clouds in promoting and maintaining temperatures above 0◦C during the extreme GrIS melt
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episode of July 2012 (Nghiem et al., 2012). Niwano et al. (2015) corroborate the importance of

cloud radiative effects in this melt event using a sophisticated snowpack model with radiative

fluxes observed in the northwestern GrIS ablation zone. In the East Siberian Sea, Tjernström et al.

(2015) also observed thin, warm clouds/fog that were transmissive to sunlight and drove positive

net longwave radiation at the surface, with the combined effects constituting a potent atmospheric

forcing causing rapid top-down sea-ice loss. Indeed, Miller et al. (2015) report that thin clouds

with a LWP between 10-40 g m−2 exert the strongest surface warming effect of all cloud scenes

observed atop the central GrIS. They also demonstrate that ice clouds can exert a substantial

surface warming effect, especially when geometrically and optically thick, and thus emissive, in

the IR. Together, these studies motivate questions regarding the distribution and phase of clouds

over WA.

Of particular concern as temperatures rise is the susceptibility of the WAIS and fringing

ice shelves to the formation of supraglacial melt ponds. Surface meltwater threatens ice sheet

integrity via its ability to alter ice flow dynamics (Zwally et al., 2002; Das et al., 2008), the thermo-

mechanical properties of glacial ice (Bell et al., 2014), and by precipitating the disintegration of

ice shelves constraining the flow of grounded continental ice streams (Scambos et al., 2000, 2004;

Rignot et al., 2004; van den Broeke, 2005). Meltwater percolation to the ice-bedrock interface in

Greenland has been observed to enhance outlet glacier and ice sheet flow via basal lubrication

(Zwally et al., 2002; Das et al., 2008), and to create warm basal ice units that flow more readily

than cold, unaltered glacial ice (Bell et al., 2014). Although meltwater impacts on cryospheric

dynamics to date remain largely confined to Greenland and the Antarctic Peninsula, microwave

signatures of surface melt are observed in the present climate on vast low-lying portions of the

WAIS and fringing ice shelves (Nghiem et al., 2007; Tedesco et al., 2007). One of the largest melt

events on record occurred in January 2016 in response to an advective impulse of cloudy marine

air, as described by Nicolas et al. (2017). Increases in surface melt extent, frequency, and volume

have led the GrIS to become a dominant contributor to global sea-level rise (van den Broeke et al.,
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2016), but it remains to be seen whether the WAIS will experience a similar fate.

In this study, we quantify the three-dimensional occurrence frequency, thermodynamic

phase partitioning, and surface radiative impact of clouds over WA. We combine ground-based

radiation measurements with cloud observations acquired by the NASA A-Train CloudSat Cloud

Profiling Radar (CPR) (Stephens et al., 2002) and Cloud-Aerosol Lidar and Infrared Pathfinder

Satellite Observations (CALIPSO) Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)

(Winker et al., 2009) during 2007-2010, when satellite data are available in co-located form.

Section 2 describes the satellite cloud and surface radiation measurements and evaluates the

performance of satellite-modeled radiative fluxes. Section 3 examines the distribution and phase

of clouds over the WAIS and major ice shelves (Ross and Ronne-Filchner) and their linkages with

the prevailing regional meteorology. Sections 4 and 5 present the annual cycles in net surface

radiative fluxes and cloud radiative effects over the grounded WAIS, and at the WAIS Divide Ice

Camp (Fig. 4.1). This location is the site of the WAIS Divide ice core and more recently the

Atmospheric Radiation Measurement (ARM) West Antarctic Radiation Experiment (AWARE), a

comprehensive atmospheric observation campaign that took place during the 2015-2016 austral

summer field season (Nicolas et al., 2017). Section 6 summarizes and discusses the results.

4.3 Data and Methods

4.3.1 NASA A-Train Satellite Observations

The NASA A-Train CloudSat and CALIPSO satellites provide high-resolution nadir

vertical profiles of clouds, offering unprecedented insight into the vertical distribution and internal

structure of Antarctic cloud systems. Operating at 3.2 mm, the CPR efficiently probes thick

clouds with high sensitivity to the presence of ice crystals in mixed-phase clouds. CALIOP, the

first spaceborne depolarization lidar, readily penetrates optically thin clouds and discriminates

ice from liquid-bearing cloud layers. Due to their narrow swaths, spatial sampling is limited to
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Table 4.1: CloudSat-CALIPSO 2B-CLDCLASS-LIDAR cloud thermodynamic phase retrieval
confidence flag statistics over Antarctica and the Southern Ocean. Values indicate the percentage
(%) of retrievals having high confidence, that is, a flag value greater than 5 (Wang et al., 2012).

Spring (SON) Summer (DJF) Autumn (MAM) Winter (JJA)
Ice 100 100 100 100
Mixed-phase 94.32 97.20 95.62 93.34
Liquid 100 100 100 100

along the satellite track. Their orbits converge toward a poleward observational limit at 82◦S,

providing 7-8 overpasses intersecting the WAIS each day. The ability of these instruments to

produce accurate and extensive cloud data provides a powerful tool to assess cloud properties and

impacts on the West Antarctic climate and energy budget.

Analysis of cloud structure and phase over WA is performed using the CloudSat-CALIPSO

2B-CLDCLASS-LIDAR cloud mask (Zhang et al., 2010; Wang et al., 2012). 2B-CLDCLASS-

LIDAR takes advantage of the unique signatures of ice crystal and liquid droplet populations at the

radar and lidar operational wavelengths to retrieve the thermodynamic phase of all hydrometeor

layers in each co-located radar-lidar profile. In general, high backscatter, rapid extinction, and

minimal depolarization of the lidar signal provide a classic indicator of the presence of cloud

liquid, whereas the opposite is true for ice. Mixed-phase clouds are distinguished from liquid

water clouds using a temperature-based radar reflectivity threshold whereby higher reflectivities

indicate the presence of ice (Wang et al., 2012). The absence of ground- and/or aircraft-based

cloud observations over Antarctica during the study period (2007-2010) unfortunately precludes

validation of the 2B-CLDCLASS-LIDAR algorithm; however, as shown in Table 1, a high

percentage of cloud phase retrievals have high confidence (Wang et al., 2012) over Antarctica

and the Southern Ocean poleward of 60◦S. Radar-lidar measurements readily discriminate single-

phase clouds and less than 7% of mixed-phase retrievals are considered uncertain in each season.

Here, with minimal bearing on the results, we retain and interpret this small percentage of cases

to represent mixed-phase clouds.

The two-dimensional cloud frequency, or cloud amount, is computed as
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CFreq(i, j) =
1

N(i, j)

N(i, j)

∑
p=1

np,cloud(i, j), (4.1)

where N depicts the number of satellite profiles in 2◦ latitude-longitude grid cell (i, j), and

np,cloud = 1 if cloud is detected in the atmospheric column (otherwise np,cloud = 0). The three-

dimensional cloud frequency, hereafter referred to as cloud incidence, is computed on monthly

and seasonal time scales for ice, mixed-phase, and liquid water clouds using the following

procedure. First, we discretize the Antarctic atmosphere into three-dimensional volumes having

2◦ latitude-longitude by 240-m vertical resolution. When CloudSat-CALIPSO observe a cloud

layer we increment by unity all atmospheric volumes containing the cloud. All atmospheric

volumes are then normalized by the total number of (clear plus cloudy) satellite profiles in

each grid cell. Thus, a mixed-phase cloud incidence of 0.25, for example, indicates that cloud

containing supercooled liquid droplets and ice crystals was observed 25% of the time.

To quantify the ice sheet radiation budget and the radiative impact of clouds, we estimate

surface radiative fluxes using the Clouds and the Earth’s Radiant Energy System (CERES)

CALIPSO-CloudSat-CERES-MODIS (C3M) data set (Kato et al., 2010, 2011). Cloud radiative

impacts at the surface are quantified by calculating the cloud radiative forcing (Ramanathan et al.,

1989), or cloud radiative effect (CRE), defined as the difference between all-sky and otherwise

equivalent clear-sky surface radiative fluxes. We compute the longwave, shortwave, and all-wave

CRE as

CRELW = FL(Ac)−FL(0), (4.2)

CRESW = FS(Ac)−FS(0), (4.3)

CRE =CRELW +CRESW , (4.4)

where FL and FS represent the net longwave and shortwave surface radiative fluxes, and
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Ac represents the fractional cloud cover along the active sensor ground track, as discussed below.

The longwave CRE is typically positive since clouds absorb and emit IR radiation more efficiently

than the clear atmosphere, thereby enhancing the downwelling IR flux. The shortwave CRE is

typically negative as clouds attenuate incoming solar radiation via scattering and absorption. A

positive all-wave CRE indicates enhanced net radiation at the surface with the presence of clouds,

and vice versa.

C3M provides longwave (4-50 µm) and shortwave (0.2-4 µm) fluxes along the narrow

active sensor ground track computed using the Flux model for CERES with k-distribution and

correlated-k for Radiation (FLCKKR) two-stream radiative transfer model. The atmospheric

state is specified using temperature, pressure, water vapor, and ozone profiles from Goddard

Earth Observing System version 5 (GEOS-5) reanalyses. Clear-sky fluxes account for scattering

and absorption by atmospheric gases only. All-sky fluxes are computed using cloud properties

observed by CALIPSO, CloudSat, and Aqua MODIS. C3M cloud boundaries are derived from

the CALIPSO Vertical Feature Mask (VFM, 30 m vertical resolution below 8.2 km, 60 m above)

and the CloudSat Cloud Classification product (2B-CLDCLASS, 240 m vertical resolution) at 1

km horizontal resolution, closely maintaining the vertical resolution of each product (Kato et al.,

2010). Given CALIOP’s higher resolution and superior ability to detect cloud-size particles, the

CALIPSO VFM provides most cloud boundaries. When the lidar signal fully attenuates, as often

occurs in liquid-topped mixed-phase clouds, CPR cloud boundaries are used for clouds detected

below the lidar attenuation level. CALIOP-detected cloud optical properties are derived from the

532-nm extinction profile. When CPR cloud boundaries are used, cloud optical properties are

derived from CPR retrievals of cloud ice and liquid water content and effective particle radii from

the CloudSat radar-only Cloud Water Content product (2B-CWC-RO). As outlined in Kato et al.

(2010, 2011), merged radar-lidar cloud profiles are co-located with Aqua MODIS radiance pixels,

which provide an additional constraint on the vertically integrated cloud optical depth. Merged

cloud profiles are then grouped and averaged over near-nadir Aqua CERES FM3 footprints (∼20
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km), the scale at which radiative fluxes are computed. All-sky fluxes represent the average of

fluxes computed for clear and cloudy skies weighted by the clear and cloud fractions over the

CERES footprint, thereby accounting for the effects of fractional cloudiness along the active

sensor ground track. Over WA, irradiance calculations use a snow surface broadband emissivity

(0.98) and spectral albedo from the MODIS Terra and Aqua 16-day BRDF/Albedo product

(MCD43). Rigorous evaluation against in situ data on the GrIS suggests that the MODIS-derived

snow albedos are physically realistic (Stroeve et al., 2013). To account for enhancement of the

surface albedo due to preferential cloud absorption in the near-IR, the all-sky albedo is computed

as the average of clear-sky and overcast albedos weighted by the clear and cloud fractions.
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Figure 4.2: C3M surface downwelling longwave irradiance (LW↓) validation at BSRN sites in
West and East Antarctica, for the period 2007-10. (top row) Scatterplots of the instantaneous
C3M-modeled versus BSRN-measured LW↓. The upper panels include the mean bias (∆) [W
m−2], root-mean-square error (RMSE), Pearson linear correlation coefficient (r), and linear least
squares regression curve as a blue dashed line. (bottom row) Distributions of the instantaneous
(modeled-measured) irradiance error. The Antarctic BSRN category includes data from all three
sites.
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4.3.2 Evaluation of Modeled Radiative Fluxes

As one of the most remote and inhospitable locations on Earth, WA has for decades

been devoid of reliable long-term surface radiation measurements. Nonetheless, three stations

representing maritime and continental Antarctic climates relevant to the WAIS, all participating

in the Baseline Surface Radiation Network (BSRN) (Ohmura et al., 1998), enable an assessment

of the skill of satellite-modeled surface radiative fluxes. Due to the prolonged absence of sunlight,

low solar incidence angles, and extensive high-albedo snow/ice cover, the Antarctic surface

radiation budget is dominated by longwave fluxes for much of the year (Town et al., 2005). Here

we evaluate the performance of C3M all-sky downwelling longwave irradiances against shaded

Eppley Precision Infrared Radiometer (PIR) pyrgeometer measurements at Neumayer, Syowa,

and Concordia Stations (Fig. 4.1). Measurements cover the spectral interval 4-50 µm and have a

manufacturer-estimated uncertainty of 5 W m−2. Neumayer Station (70.65◦S, 8.25◦W) is located

on the Ekström Ice Shelf in the northeastern Weddell Sea. Syowa Station (69.01◦S, 39.59◦E) is

located on East Ongul Island in the coastal escarpment of Queen Maud Land. Concordia Station

(75.10◦S, 123.38◦E), also known as Dome C, sits 3,233 m above mean sea-level (MSL) in the

interior of the East Antarctic Ice Sheet (EAIS).

Following the Arctic evaluation of C3M downwelling longwave fluxes presented by

Kato et al. (2011), we compare the mean flux over all satellite footprints within 100 km of

each site to the measured flux averaged over 15 minutes at the satellite overpass time. Fig. 4.2

shows scatterplots of the modeled versus measured downwelling longwave radiation along with

histograms of the instantaneous irradiance error, defined as the modeled minus the measured

flux. Statistics presented include the mean bias (∆), root-mean-square error (RMSE), and Pearson

linear correlation coefficient (r). Table 2 summarizes the results resolved by site and season.

Larger longwave irradiances occur in the relatively warm and moist coastal atmospheres.

At the coastal sites, C3M exhibits a tendency to underestimate the true flux, with mean biases

of -5.1 and -9.7 W m−2 (Fig. 4.2). As evidenced by the regression lines, C3M transitions from
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typically overestimating to underestimating the mean downwelling longwave radiation near 200

W m−2. Simulated fluxes are nonetheless positively correlated with measurements at both sites,

with Neumayer showing the strongest correlation. Instantaneous irradiance errors, while mostly

smaller than 50 W m−2 at Neumayer, tend toward larger negative values at Syowa, which also

shows the weakest correlation and largest RMSE. Within 100 km of Syowa, the EAIS rises up to

1,450 m above MSL introducing noise in the comparison of point measurements with satellite

fluxes averaged over 100 km radius. Filtering out footprints over the EAIS from the comparison

increases the correlation to 0.67, decreases the RMSE to 34.7, and reduces the mean bias to -0.5

W m−2.

Clouds are considerably less frequent on the Antarctic Plateau, where ice clouds comprise

the dominant cloud type (not shown); however, we note that CloudSat-CALIPSO reveals mixed-

phase clouds over the EAIS during summer consistent with ground-based cloud observations at

Princess Elizabeth (Gorodetskaya et al., 2015) and Amundsen-Scott South Pole Stations (Lawson

and Gettelman, 2014). Concordia’s prominent irradiance error mode at 0 W m−2 reveals frequent

close agreement between modeled and measured fluxes. In contrast to the coastal sites, the

modeled downwelling longwave radiation at Concordia is biased by 12.1 W m−2, on average,

as evidenced by the irradiance error distribution positive skew. The lower cloud amounts and

concentration of data points at small irradiances suggest clear-sky origins related to occasional

errors in the temperature and moisture profiles that dominate the C3M downwelling longwave

radiation uncertainty (Kato et al., 2011, 2012).

Considering all sites together, the C3M downwelling longwave radiation is strongly

correlated (r = 0.9) with BSRN measurements. Together with a small mean bias of -1.02 W m−2,

these results reveal high skill in the C3M-simulated downwelling longwave radiation. If footprints

around Syowa over the EAIS are filtered out, the all-site mean bias changes to 2.27 W m−2, with

minor improvements to the correlation and RMSE. Interestingly, a similar level of agreement

was found over three Arctic sites (Kato et al., 2011), indicating comparable performance over
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both polar regions. A similar exercise for the upwelling longwave radiation at the coastal stations

(where data are available) yields similar results, with an all-site ∆ = -1.5 W m−2 and r = 0.76.

The downwelling shortwave radiation was also measured at these sites by Kipp and

Zonen pyranometers covering the spectral interval 0.285-2.8 µm. The manufacturer-estimated

measurement uncertainty is 3% of the incident solar radiation. An instantaneous downwelling

shortwave comparison was difficult to make, however, owing to disparities in the satellite-

sensor and surface-radiometric viewing geometries, greater sensitivity of the incoming shortwave

radiation to 3D radiative transfer effects, and potential cosine response measurement errors. Table

3 instead presents statistics for a comparison of the monthly-mean downwelling longwave and

shortwave fluxes. Results for the longwave closely resemble the instantaneous comparison (Fig.

4.2) but show slight overall improvements to the statistics. Shortwave correlations are strong and

positive but the biases and RMSEs are slightly lower in quality. On the monthly time scale, we

find that C3M underestimates the all-site downwelling shortwave radiation by an average of 13.2

W m−2.

4.3.3 AWARE Surface Radiation Measurements

From 4 December 2015 to 18 January 2016, the AWARE campaign conducted the first

comprehensive suite of surface energy balance, cloud, and upper-air measurements made to

date in central WA. An ARM Mobile Facility was deployed to the WAIS Divide Ice Camp

(79.467◦S, 112.085◦W) located 1,801 m above MSL at the summit of the Ross-Amundsen ice

divide (Fig. 4.1). Broadband radiative fluxes were measured by an ARM Sky Radiometer suite

(SKYRAD) and a Surface Energy Balance System (SEBS). The downwelling longwave radiation

was measured by a pair of shaded Eppley PIR pyrgeometers. Direct and diffuse components

of the downwelling shortwave radiation were measured, respectively, by a Normal-Incidence

Pyrheliometer and a shaded Black and White Pyranometer. The downwelling shortwave radiation

is computed as the sum of the direct component, weighted by the cosine of the SZA, and the
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diffuse component. Both upwelling fluxes were measured by the SEBS.

The AWARE deployment notably took place during a period of high global-average

temperatures with a record El Niño event in the Pacific Ocean (Nicolas et al., 2017). Although

the meteorological conditions at WAIS Divide potentially differ during the satellite and AWARE

observation periods, these measurements enable the first direct characterization of the surface

radiation budget in central WA. To further assess the reliability of our WAIS radiation climatology,

we also compare satellite-modeled and measured radiative fluxes at WAIS Divide. Satellite

estimates account for all footprints in the four nearest 2◦ grid cells centered over the site.

4.4 West Antarctic Satellite Cloud Climatology

Figure 4.3: Seasonal cloud amount over WA from CloudSat-CALIPSO overlaid with mean
horizontal circulation vectors at 700 mb from ERA-Interim, for spring (SON), (b) summer (DJF),
(c) autumn (MAM), and (d) winter (JJA) during 2007-10. The star in (b) marks the location of
WAIS Divide. No satellite data are available poleward of 82◦S.

Fig. 4.3 presents the seasonal cloud amount over WA overlaid with vectors of the mean

horizontal circulation at 700-mb from the ERA-Interim reanalysis (Dee et al., 2011). Note that

this figure accounts for all detected clouds, providing a close approximation to the time-mean
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areal cloud fraction. Additional meteorological context is provided by Fig. 4.4, showing seasonal

composites of the minus pressure vertical velocity at 700-mb (positive values indicate upward

motion). Figs. 4.5-4.7 present zonal transects centered on 77, 79, and 81◦S illustrating the vertical

distribution and thermodynamic phase partitioning of this cloud cover.

Figure 4.4: Seasonal composites of the negative pressure vertical velocity, or omega, at 700 mb
-ω700 from ERA-Interim during spring (SON), (b) summer (DJF), (c) autumn (MAM), and (d)
winter (JJA) during 2007-10.

The climatological West Antarctic marine cloud band, most prominent from autumn to

spring, primarily consists of geometrically thick ice-cloud systems generated through orographic

lifting. Indeed, the WAIS experiences greater total cloud cover in seasons with frequent ice clouds

linked to prevailing northeasterly-to-northerly upslope flow over the Ross-Amundsen ice divide.

Reduced cloud amounts occur in the lee of the MBL ice cap, where subsidence and downslope

flow promote adiabatic warming and drying of the lower troposphere (Figs. 4.3-4.4). Along

with outflow and descent of continental air to the east of the central ice divide, this effect acts

to sharpen the orographic marine cloud band (Nicolas and Bromwich, 2011). In winter, strong

meridional inflow and rapid orographic lifting sustains a core of maximum ice cloud incidence

that penetrates far inland, dominating cloudiness over the ice sheet (Figs. 4.3-4.7d). While

ice clouds also dominate in the transitional seasons, low-level mixed-phase clouds comprise a
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Figure 4.5: Zonal transects of seasonal cloud incidence over WA along 77◦S, for the period
2007-10. In each panel, cloud incidence is partitioned by thermodynamic phase: (top) ice,
(middle) mixed-phase, and (bottom) liquid water. From left to right: Antarctic Plateau, Ross
Sea, Marie Byrd Land, Ellsworth Land, Ronne-Filchner Ice Shelf, Weddell Sea, Queen Maud
Land.

significant fraction of the total cloud cover, especially in autumn near the coast (Figs. 4.5-4.6c).

In summer, when offshore cyclonic activity weakens and shifts toward the Bellingshausen Sea

(Nicolas and Bromwich, 2011), weak terrain-parallel flow and weak orographic lifting prevails,

yielding a summer ice cloud minimum over the ice sheet (Figs 4.4-4.6b). Interestingly, the

seasonality of poleward flow and orographic lifting explains why the seasonal cloud incidence

exhibits the largest amplitude over the high ice sheet terrain, as noticed by Verlinden et al. (2011).

After traversing the Ross-Amundsen ice divide, the mean 700-mb flow deposits onto the

southern Ross Ice Shelf (RIS) in the Siple Coast confluence zone (Parish and Bromwich, 1987),
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Figure 4.6: Zonal transects of seasonal cloud incidence over WA along 79◦S. In each panel
from left to right: Transantarctic Mountains, northern RIS, WAIS, Ronne Ice Shelf, Berkner
Island, FIS, and Queen Maud Land.

producing a strong meteorological connection between the WAIS and the RIS. Southerly advection

and rapid ascent along the western RIS and Transantarctic Mountains supports frequent ice and

mixed-phase cloud formation downstream (Figs. 4.3-4.7). At Ross Island, the downstream effect

of advection from the Amundsen Sea basin is evident in winter-spring as a core of geometrically

thick ice clouds (Figs. 4.5a,d). These cloud systems, extending from the surface to 5-6 km

altitude, are closely linked to the Ross Ice Shelf airstream, a prominent low-level jet along the

western RIS that shares the same seasonality in terms of size and strength (Seefeldt and Cassano,

2008). During the warmer summer-autumn months, cloud systems along the western RIS exhibit

a stronger mixed-phase component (Fig. 4.5b,c). Signatures of these clouds are also seen along
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Figure 4.7: Zonal transects of seasonal cloud incidence over WA along 81◦S. In each panel
from left to right: Transantarctic Mountains, RIS, Siple Coast, CID, Ronne-Filchner Ice Shelf,
and Queen Maud Land.

the western RIS in Fig. 4.3a,c, where slightly greater cloud amounts are observed relative to

the central RIS. These results extend previous observations of geometrically thick ice-dominant

cloud systems arriving at Ross Island from the Antarctic interior (Scott and Lubin, 2014).

Liquid-containing clouds undergo a strong seasonal cycle over WA, with the highest

frequencies in summer and the lowest in winter (Figs. 4.5-4.7). In summer, low mixed-phase

clouds dominate the total cloud cover (Fig. 4.5-4.7b). Although they are the least frequent cloud

type, also widespread are liquid water clouds, which tend to be contrastingly thin and confined

near the surface, as observed in the Arctic (Shupe, 2011). Liquid water clouds are especially

frequent on the RIS (Fig. 4.5-4.7b), particularly in December-January (Fig. 4.8), the months
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Figure 4.8: Monthly cloud incidence over WA during the austral summer, from 2007-2010.
Similar to Figs. 4.5-4.7, cloud incidence is partitioned by thermodynamic phase for latitude
bands (top) 77◦, (middle) 79◦, and (bottom) 81◦S but for (left) December, (middle) January, and
(right) February.

of peak summer warmth in WA. Mixed-phase cloud frequencies maximize in areas of complex

terrain (Figs. 4.7-4.8), highlighting the importance of orographic updrafts in the formation,

persistence, and glaciation of mixed-phase clouds (Scott and Lubin, 2016; Lohmann et al., 2016).

By contrast, significant reductions in low-level cloud cover are found over the subsidence-prone

MBL and Siple Coast region (220-240◦E) on monthly and seasonal time scales, especially for

mixed-phase clouds (Figs. 4.5-4.8).

Although the WAIS is least cloudy in summer (Fig. 4.3), the reduction in total cloud

amount largely reflects the minimum in ice clouds, and is partially compensated by increases

in low-level mixed-phase and liquid water cloud cover. The summer maximum in radiatively
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important liquid-bearing clouds suggests that warmer temperatures, air-sea exchange, and neutral

to weakly unstable lower tropospheric stability play a greater role in low cloud formation in

central WA than previously realized (Nicolas and Bromwich, 2011; Verlinden et al., 2011). Indeed,

as summer progresses from December to February (Fig. 4.8), mixed-phase cloud incidence and

geometrical thickness increases rapidly toward an annual maximum in February concurrent with

the Antarctic sea-ice minimum (although not shown, the March mixed-phase cloud incidence

decreases to December-January levels). Additional intraseasonal cloud variability in Fig. 4.8 can

likely be attributed to variability in the atmospheric circulation (Nicolas and Bromwich, 2011).

Fig. 4.8 also provides further evidence that ice clouds typically form in response to orographic

lifting rather than simply cold Antarctic temperatures.

4.5 WAIS Surface Radiation Budget
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Figure 4.9: Annual cycle and monthly variability in net (top) LW, (middle) SW, and (bottom)
all-wave radiative fluxes (left) over the entire WAIS and (right) at the WAIS Divide ice camp.
Green diamonds show the average fluxes measured at WAIS Divide during AWARE, from 4
Dec 2015 to 18 Jan 2016. Monthly radiant flux distributions are illustrated by box-and-whisker
plots. The mean annual cycle is shown as circles connected by a black curve, the interior line
indicates the median, boxes show the 25th and 27th percentiles, and whiskers extend to the 5th
and 95th percentiles.

The radiation budget, or net radiation, at the WAIS surface is given by the sum of net
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longwave and shortwave radiative fluxes. Fig. 4.9 presents the annual cycle and monthly

variability in net surface radiative fluxes over the entire WAIS and at WAIS Divide. From April

to August, the Sun remains below the horizon and the net radiation is exclusively determined by

IR fluxes. In these months, the surface-emitted upwelling IR radiation exceeds the downwelling

component from the atmosphere, resulting in an average IR energy loss of 16.8 W m−2. The Sun

rises in September and remains above the horizon until March. The incoming solar radiation,

although largely reflected, is partially absorbed by the ice sheet, primarily at near-IR wavelengths

where the surface albedo is low (Grenfell et al., 1994). The net shortwave radiation over the

entire WAIS peaks at 74.6 W m−2 in December, when solar zenith angles (SZAs) are lowest.

Solar absorption increases the ice sheet surface temperature, enhancing the emitted upwelling

IR radiation. However, despite increases in air temperature and liquid-bearing cloud cover, the

upwelling IR radiation greatly exceeds the downwelling component from the atmosphere, yielding

a peak-summer ice-sheet-wide mean IR energy loss of 53.2 W m−2. Solar absorption dominates

the mean net radiation from November to February, peaking at 21.4 W m−2 in December-January.

Satellite-modeled fluxes at WAIS Divide closely resemble those for the broader WAIS,

with minor differences between the domains. Over the entire WAIS, the mean annual cycle,

interquartile range, and 95th percentiles in net shortwave radiation exceed those at WAIS Divide.

This reflects estimates at lower latitudes, where lower SZAs lead to higher insolation, and lower

elevations, where downslope winds increase the atmospheric shortwave transmittance. Notably,

the retrieved annual cycle in net radiation at WAIS Divide resembles direct measurements at the

South Pole (Town and Walden, 2009).

Table 4 compares the December-January mean and standard deviation of C3M and

AWARE net radiative fluxes at WAIS Divide. Close agreement between the net longwave

fluxes further supports C3M’s ability to constrain the WAIS longwave radiation budget. Greater

variability in simulated fluxes is likely attributed to the wider range of meteorological conditions

over the 4-year satellite period than during our 46-day deployment at WAIS Divide. The satellite-

87



modeled net shortwave radiation exceeds AWARE measurements by 7.6 W m−2. This suggests

that C3M slightly overestimates surface solar absorption due to a potentially low-biased albedo

used in the radiative transfer calculations. Although Stroeve et al. (2013) report good agreement

between the MODIS albedo and in situ data on the GrIS, a previous evaluation found it to be

biased by -0.05 (Stroeve et al., 2005). In the absence of long-term radiation measurements, a

similar evaluation of the MODIS-derived surface albedo over the WAIS is currently not possible.

At WAIS Divide, the mean net shortwave radiation measured during AWARE (59.25 W

m−2) exceeds that at Summit, Greenland, where Miller et al. (2015) report a peak-summer value

of approximately 55 W m−2. This result is likely attributed to the minimum Earth-Sun distance in

January; the eccentricity of the Earth’s orbit causes variations in TOA insolation of approximately

7% during a year. However, differences in atmospheric shortwave transmittance and/or surface

albedo may also play a role.

4.6 Cloud Radiative Effects at the WAIS Surface

Fig. 4.10 presents the annual cycle and monthly variability in surface CRE components

over the entire WAIS and at WAIS Divide. The longwave CRE increases with the cloud amount,

temperature, and emissivity. Due to the relatively uniform high-albedo snow/ice surface, the

shortwave CRE primarily depends on cloud transmittance and SZA. It becomes increasingly

negative with a decrease in either parameter (Shupe and Intrieri, 2004).

During the polar night, cloud enhancement of the downwelling longwave radiation warms

the WAIS by an average of 38 W m−2. The longwave CRE undergoes a weak mean annual cycle,

increasing by 14 W m−2 from a winter minimum to a late-summer maximum in January-February

due to relatively warm, low-level liquid-containing clouds (Figs. 4.5-4.8). The longwave CRE

decreases from February to May as temperatures and liquid-bearing cloud cover decrease and

sea-ice begins to expand around the continent. The shortwave CRE is largely driven by insolation
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Figure 4.10: As in Fig. 4.9, but for the net LW, SW, and all-wave CRE.

and attains a similar maximum in December-January when SZAs are lowest. Nonetheless, the

all-wave CRE is positive in 99.15% of instantaneous calculations and for all monthly means,

indicating that clouds radiatively warm the surface of the WAIS throughout the year. On the

annual average, clouds enhance the net radiation at the WAIS surface by 34 W m−2 relative to

clear skies. Although the longwave CRE maximizes in summer, the all-wave CRE is minimum

due to the relatively large magnitude of the offsetting shortwave CRE. Averaged over the WAIS

during summer, the all-wave CRE is 26 W m−2. As the Sun falls below the horizon, the all-wave

CRE exhibits a slight annual maximum in March due to persistent low-level liquid-containing

clouds and thick ice clouds.

Interestingly, the shortwave CRE annual cycle over WAIS Divide (Fig. 4.10) exceeds

estimates at Summit, Greenland (Miller et al., 2015), by an approximate factor of two. This

could result from site differences in cloud microphysical properties determining cloud shortwave

transmittance, such as cloud ice and liquid water path (Scott and Lubin, 2016), or to biases in

the MODIS-derived surface albedo and/or simulated cloud transmission. A low-bias in either

parameter would cause an overestimate of the shortwave CRE, translating to a conservative

estimate of the all-wave CRE. Since C3M tends to underestimate the incoming all-sky shortwave

radiation (Table 3), on average, the net warming influence of clouds may be larger than present
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Figure 4.11: Seasonal means of the surface LW CRE (W m−2) over WA calculated from
CALIPSO, CloudSat, and MODIS cloud observations for (a) spring (SON), (b) summer (DJF),
(c) autumn (MAM), and (d) winter (JJA), for the period 2007-10.

estimates suggest, particularly during the sunlit months.

Figs. 4.11-4.13 present maps revealing spatial variability in the seasonal mean surface

CRE components throughout WA. Spatial patterns in the longwave CRE closely track the cloud

amount patterns of Fig. 4.3. The strongest longwave CRE occurs in summer due to frequent and

extensive low-level liquid-bearing cloud cover. Outside of summer, the orographic marine cloud

band exerts the strongest longwave CRE, particularly atop the Ross-Amundsen and central ice

divides. Therefore, the thick ice clouds of Figs. 4.5-4.7 substantially increase the downwelling IR

radiation at the surface, consistent with recent observations over the GrIS (Miller et al., 2015; van

Tricht et al., 2016). Ice and mixed-phase cloud systems also exert distinct longwave and all-wave

surface radiative signatures downstream along the western RIS (Figs. 4.11, 4.13). Regions of

prevailing downslope flow and reduced cloud amount experience weaker longwave CRE. Similar

longwave CRE patterns are found in the transitional seasons, although larger values occur over

Ellsworth Land and the Antarctic Peninsula in spring owing to stronger inflow of marine air and

cloudier skies (Fig. 4.3a,c).

The shortwave CRE shows weaker spatial variability owing to the extensive high-albedo
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Figure 4.12: As in Fig. 4.11, but for the surface SW CRE (W m−2).

snow/ice surface, and the similar albedo of clouds and the underlying surface. Overall, clouds

have a weaker ability to cool the surface approaching the pole due to increasing SZA. Liquid-

containing clouds, which are more abundant in coastal areas (Figs. 4.5-4.7), may also contribute to

the latitudinal shortwave CRE gradient through variations in cloud optical thickness. In summer,

the low-albedo open ocean enhances the shortwave CRE sufficiently to outweigh the longwave

CRE, so that clouds exert a net cooling of the open ocean of up to 60 W m−2 (not shown). Note

that coastal grid cells with strong shortwave CRE (e.g., along the eastern RIS near Roosevelt

Island) occasionally result from averaging footprints over high- and low-albedo surfaces.

Spatial patterns in the all-wave CRE closely track the longwave CRE due to the weak

latitudinal dependence of the shortwave CRE. The poleward decrease in offsetting shortwave

CRE results in a poleward-increasing all-wave CRE in extensively cloudy regions such as the

central ice divide. Indeed, the central ice divide experiences the strongest CRE of anywhere in

Antarctica equatorward of 82◦S, with values exceeding 50 W m−2 during autumn.
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Figure 4.13: As in Fig. 4.11, but for the surface all-wave CRE (W m−2).

4.7 Summary and Discussion

The WAIS is likely the single greatest threat to rapid global sea-level rise (Mercer, 1978;

Joughin et al., 2014; Rignot et al., 2014; DeConto and Pollard, 2016). Although warm seawater

has been the primary driver of glacial retreat in WA, the surface energy budget is expected to play

an increasingly important role as the global atmosphere warms (Trusel et al., 2015; DeConto and

Pollard, 2016; Nicolas et al., 2017). How much and how fast the WAIS contributes to sea-level rise

will critically depend on how clouds modulate surface energy fluxes and the amount, distribution,

and phase of precipitation. However, despite their importance, clouds over WA remain among

the least studied and understood of all locations on Earth. Until recently, comprehensive cloud

and radiation measurements have remained virtually absent in WA for decades. This has limited

our understanding of cloud properties and processes over WA and their precise impact on the ice

energy and mass budgets. At the same time, the dearth of observations has precluded advances

in microphysical parameterizations used to simulate cloud processes in the uniquely cold and

pristine Antarctic atmosphere (Bromwich et al., 2012; King et al., 2015). Thus, it remains poorly

understood whether the net effect of clouds will be to accelerate or mitigate WAIS mass loss,

contributing to significant uncertainty in global sea-level projections.
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Our study advances knowledge of cloud properties over the remote WAIS and highlights

the impact of marine air on the surface radiation budget, complementing and extending the

work of Nicolas and Bromwich (2011). In particular, NASA A-Train satellite observations from

2007-2010 were used to constrain previously unknown climatological aspects of cloud cover over

WA, including its three-dimensional distribution, occurrence frequency, phase partitioning, and

surface radiative effects. In conjunction with surface radiation measurements at WAIS Divide and

three Antarctic BSRN stations, we evaluated the performance of the satellite-modeled radiative

fluxes, providing confidence in our estimates of surface radiative fluxes and cloud radiative effects.

Several key findings emerge:

• Through evaluation against BSRN measurements, we find that C3M simulates longwave

radiative fluxes over Antarctica with good skill on the instantaneous and monthly time scale.

Further confidence in the satellite-modeled radiative fluxes is provided by close agreement

with measurements at WAIS Divide during the AWARE campaign. The C3M-simulated

downwelling longwave irradiance also exhibits comparable quality over both of the Earth’s

polar regions (Kato et al., 2011).

• The climatological marine cloud band stretching inland from the Amundsen Sea consists

primarily of geometrically thick ice cloud linked to orographic lifting over the eastern

Ross-Amundsen ice divide. Ice clouds dominate the total cloud cover over the WAIS from

autumn to spring. These cloud systems are a major climatological feature downstream along

the western RIS, maintained by low-level ascent forced by the Transantarctic Mountains.

The seasonality of this cloud system reflects the seasonality of synoptic activity offshore,

which tends to be most intense outside of summer (Nicolas and Bromwich, 2011).

• During summer, low-level mixed-phase clouds dominate the total cloud cover over WA. As

summer progresses, mixed-phase cloud incidence increases rapidly toward an annual

maximum in February concurrent with the annual minimum in Antarctic sea-ice extent.
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These clouds persist through autumn, are least frequent in winter, but become more abundant

as temperatures rise in spring. In the continental interior, mixed-phase cloud frequencies

maximize in areas of complex terrain, highlighting orographic forcing as an important

control on ice-phase microphysics over Antarctica.

• Geometrically thin liquid water clouds occur at all elevations in WA. They are especially

frequent at the peak of summer (December-January), particularly on the RIS, suggesting

that these clouds can be expected to increase in frequency in a warmer atmosphere. A

recent study using AWARE data (Nicolas et al., 2017) confirmed the role of such clouds in

enhancing surface energy input during an extensive and prolonged episode of WAIS and

RIS surface melting, through the combined transmission of solar radiation and enhancement

of downwelling longwave radiation. Nicolas et al. (2017) also show the distribution of cloud

LWP at WAIS Divide during this melt event, roughly evenly distributed between the 10-40

g m−2 range conducive to the Bennartz et al. (2013) cloud surface radiative enhancement

effect, and larger LWPs that produce a dominant blackbody warming effect. AWARE

observations, also available at Ross Island, offer an intensive means for investigating the

radiative properties of thin liquid water clouds identified here and in Nicolas et al. (2017).

• Cloud cover warms the WAIS and major ice shelves year-round owing to a dominance of

the longwave CRE. The longwave CRE maximizes over the WAIS in summer due to

frequent low-level liquid-bearing clouds. However, thick ice cloud systems warm the

WAIS for much of the year. The shortwave CRE is limited by extreme SZAs and the

highly reflective snow/ice surface. It becomes increasingly negative from the interior to the

coast, where low SZAs prevail and liquid-bearing clouds are more abundant. We estimate

that, on average, clouds increase the net surface radiative flux over the WAIS by 34 W

m−2 relative to clear skies. The net warming influence of clouds is strongest in autumn

(MAM) due to minimal insolation (and associated shortwave CRE) and persistent low-level
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liquid-containing clouds.

• The strongest all-wave CRE occurs over the Amundsen Sea sector of the WAIS, specifically

atop the Ross-Amundsen and central ice divides, owing to sustained inflow of warm, cloudy

marine airmasses and high SZAs. Regions of prevailing subsidence and downslope flow

are associated with reduced cloud amount, and therefore CRE. Ice and mixed-phase cloud

systems downstream produce noticeable longwave and all-wave surface radiative signatures

along the western RIS.

• The calculated annual-mean CRE over the WAIS is comparable to estimates over the GrIS

(Miller et al., 2015; van Tricht et al., 2016) and similar high-albedo Arctic sea-ice surfaces

(Intrieri et al., 2002a; Shupe and Intrieri, 2004). This result is also consistent with a positive

correlation between AIRS-retrieved cloud amount and near-surface air temperature at AWS

sites throughout WA (Lubin et al., 2015).

Understanding the precise impact of clouds on the evolution of the WAIS will clearly

require intensified effort to monitor and accurately model cloud and radiative processes over the

region. The ability of A-Train satellites, and future missions such as EarthCARE (Illingworth

et al., 2015), to retrieve vertically-resolved Antarctic cloud properties and surface radiative fluxes

with fidelity, as demonstrated here, suggests that satellite remote sensing can play an important

role in understanding the WAIS response to a warming global atmosphere.

Chapter 4 is a reprint of “West Antarctic Ice Sheet Cloud Cover and Surface Radiation

Budget from NASA A-Train Satellites”, published in the Journal of Climate, vol. 30, by Ryan C.

Scott, Dan Lubin, Andrew M. Vogelmann, and Seiji Kato.
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Table 4.4: Mean December-January net surface radiative fluxes at WAIS Divide estimated from
satellites and measured during AWARE. The standard deviation is given in parenthesis. All units
are W m−2.

C3M AWARE
net LW -46.36 (38.82) -46.18 (29.07)
net SW 66.87 (32.60) 59.25 (28.02)
net total 20.52 (26.06) 12.49 (17.63)
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Chapter 5

Meteorological Drivers and Large-Scale

Climate Forcing of West Antarctic Surface

Melt

5.1 Abstract

Understanding the drivers of surface melting in West Antarctica is critical for understand-

ing future ice loss and global sea level rise. This study identifies atmospheric drivers of surface

melt on West Antarctic ice-shelves and ice-sheet margins and relationships with tropical Pacific

and high-latitude climate forcing using multi-decadal reanalysis and satellite datasets. Physical

drivers of ice melt are diagnosed by comparing satellite-observed melt patterns to anomalies of

reanalysis near-surface air temperature, winds, and satellite-derived cloud cover, downwelling ra-

diative fluxes, and sea-ice concentration based on an Antarctic summer synoptic climatology from

1979-2017. Summer warming in West Antarctica is favored by Amundsen Sea (AS) blocking

activity and a negative phase of the Southern Annular Mode (SAM), which both correlate with El

Niño conditions in the tropical Pacific Ocean. Extensive melt events on the Ross-Amundsen sector
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of the WAIS are linked to persistent, intense AS blocking anticyclones, which force intrusions

of marine air over the ice-sheet. Surface melting is driven by enhanced downwelling longwave

radiation from clouds and a warm, moist atmosphere and by turbulent mixing of sensible heat to

the surface by föhn winds. Since the late 1990s, concurrent with ocean-driven WAIS mass loss,

summer surface melt occurrence has increased from the Amundsen Sea Embayment to the eastern

Ross Ice Shelf. We link this change to increasing anticyclonic advection of marine air into West

Antarctica, amplified by increasing air-sea fluxes associated with declining sea-ice concentration

in the coastal Ross-Amundsen Seas.

5.2 Introduction and Motivation

Since the 1990s, satellites have observed rapid and accelerating mass loss from the West

Antarctic Ice Sheet (WAIS; Shepherd et al., 2012; Paolo et al., 2015; Gardner et al., 2018, Fig.

5.1). To date these changes have been driven by basal melting of ice-shelves along the Pacific

sector, which has triggered widespread acceleration, thinning, and retreat of glaciers draining into

the Amundsen Sea Embayment (ASE; Pritchard et al., 2012; Mouginot et al., 2014). The latest

satellite observations reveal that the rate of ice loss from West Antarctica tripled in the last decade

(Shepherd et al., 2018), potentially manifesting the early stages of WAIS collapse via marine

ice-sheet instability (Joughin et al., 2014; Rignot et al., 2014; Scambos et al., 2017; Turner et al.,

2017a).

Similar to current summer conditions in Greenland (Graeter et al., 2018), climate models

project intensification of surface melting in West Antarctica with continued warming of the global

atmosphere (Trusel et al., 2015; DeConto and Pollard, 2016). Surface meltwater can accelerate

ice loss through run-off (Bell et al., 2017) and by altering ice dynamics and thermomechanical

properties (Zwally et al., 2002; Bell et al., 2014; Hubbard et al., 2016). Of particular concern is

its ability to hydrofracture through ice-shelves and promote the structural collapse of ice-cliffs at
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Figure 5.1: Map of West Antarctica. Topographic contours are shown at a 250-m interval.
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deep grounding lines (Wise et al., 2017). In the late 1990s and early 2000s, strong surface melting

triggered the collapse of several ice-shelves on the Antarctic Peninsula (AP; Scambos et al., 2000;

van den Broeke, 2005; Banwell et al., 2013), favoring increased discharge of grounded ice into the

ocean (Rignot et al., 2004). Similar intensification of melting on WAIS coastal margins and major

ice shelves in the Ross and Weddell sectors could increase the risk of destabilization and help

unleash large contributions to sea level rise. Satellites and aerial surveys reveal sporadic melting

in these areas in the present climate (Tedesco et al., 2007; Nicolas et al., 2017; Kingslake et al.,

2017). However, the physical drivers of surface melt remain poorly quantified and understood

owing to insufficient direct observations.

Insight into the causal nature of surface melting on the Ross sector was first gained from

surface energy balance, cloud, and upper-air measurements conducted at WAIS Divide in January

2016 during the Atmospheric Radiation Measurement West Antarctic Radiation Experiment

(AWARE, Fig. 5.2a; Nicolas et al., 2017). This event, among the most prominent on record,

occurred during a period of high global-average temperature in the wake of the record 2015/16 El

Niño. Micropulse lidar and NASA satellite observations revealed thin, low-level liquid-dominated

clouds over the melt region (Fig. 1.6), which increased the downwelling flux of longwave

radiation from the atmosphere. Extensive melt was also observed in January 2017 (Fig. 5.2b)

following unprecedented retreat of Antarctic sea-ice (Turner et al., 2017b). With a melt extent of

2.99 Mkm2, this event virtually ties with January 2016 and 2005 (Tedesco et al., 2007) as the

most extensive in the area since 1979. In terms of melt index, defined as the duration-weighted

area of melting, this season ranks 4th on record. To improve global sea-level projections (Kopp

et al., 2017), it is crucial to understand the processes governing such melt events, including the

meteorological drivers and their relationships with global, hemispheric, and regional climate

variability.

The leading mode of extratropical atmospheric variability in the SH, the Southern Annular

Mode (SAM), describes the location and intensity of the circumpolar westerly flow encircling
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(a)

(b)

Figure 5.2: Number of melt days in January (a) 2016 and (b) 2017 on the Ross Sea sector and
Pacific sector coastal ice shelves retrieved from 19 GHz horizontally-polarized Tb from the
Special Sensor Microwave Imager/Sounder (SSMIS). The AWARE atmospheric observatories
at WAIS Divide and McMurdo Station (McM) are highlighted in panel (a). Note the melt high
in the Transantarctic Mountains and on the East Antarctic Plateau in January 2017.
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Antarctica. Although long viewed as an intrinsic mode of high-latitude dynamics sensitive to

radiative forcing from stratospheric O3 depletion and greenhouse gases (e.g., Thompson and

Solomon, 2002), the SAM is likely influenced by tropical Pacific climate variability (e.g., Ding

et al., 2012; Schneider et al., 2012b), although the governing mechanisms and interactions remain

unclear. The second and third leading modes are the first and second Pacific-South American

(PSA) patterns (Mo and Paegle, 2001). The first PSA pattern (PSA-1) exhibits a classic Rossby

wave-train structure with a prominent center of action off the coast of West Antarctica. It is

often interpreted as the SH extratropical atmospheric response to El Niño Southern Oscillation

(ENSO) activity, with a positive (negative) phase excited during El Niño (La Niña) events (Karoly,

1989; Fogt et al., 2011). However, the PSA-1 can also vary independently of ENSO (Irving and

Simmonds, 2016; O’Kane et al., 2017). By controlling synoptic heat and moisture transport, future

variability in these modes – as influenced by tropical, radiative, and other forcing mechanisms –

could play an important role in the fate of the WAIS. Further assessment of the historical record

is needed to understand the context of any potential future changes.

In this study, we combine atmospheric reanalysis data from 1979-2017 with satellite-

derived surface melt, cloud, radiation budget, and sea-ice data to diagnose atmospheric and

oceanic conditions associated with surface melting in West Antarctica. A synoptic climatological

approach is employed to identify the physical drivers of surface melt and to assess how they vary

with large-scale climate and atmospheric forcing. We investigate relationships among WAIS

surface melting and the full spectrum of ENSO and SAM activity observed since 1979, thereby

extending the study by Nicolas et al. (2017). In turn, we also assess how representative the

AWARE measurements are of different areas and longer time-scales. Motivated by our results

and recent studies of 21st century Antarctic climate change, we examine how the summer West

Antarctic climate has changed over the last several decades. In particular, we relate variability

and trends in ice-shelf surface melt to changing atmospheric and oceanic conditions, placing the

WAIS in the context of recent Antarctic Peninsula climate variability (Turner et al., 2016) and
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circumpolar sea-ice expansion (Meehl et al., 2016). Our results notably confirm and extend the

findings of Turner et al. (2016).

Section 2 describes the observational data and methods used. Section 3 isolates dominant

large-scale atmospheric circulation patterns and their relationships with tropical Pacific and

high-latitude climate variability. Section 4 diagnoses physical processes linking synoptic forcing

to surface energy input and melt occurrence on WAIS margins. Section 5 examines variability

and trends in ice-shelf surface melt in relation to changing regional climate conditions since 1979.

We conclude with a summary of the results and conclusions.

5.3 Data and Methods

5.3.1 Surface Melt Detection

Ice-sheet and ice-shelf surface melt can be readily detected from space due to the drastic

increase in microwave emissivity induced by liquid water in the uppermost layer of snow/firn

(Zwally and Fiegles, 1994; Tedesco et al., 2007). Here, we expand the analysis of the Antarctic

surface melt record presented by Nicolas et al. (2017) for the Ross sector; hence only a brief

description of the algorithm is provided here.

We map daily Antarctic surface melt occurrence using horizontally polarized K-band

brightness temperature (Tb) data from a series of spaceborne microwave radiometers. We combine

Scanning Multichannel Microwave Radiometer (SMMR) 18.7 GHz Tb data from NASA’s Nimbus-

7 spacecraft (1979-1987) with Defense Meteorological Satellite Program (DMSP) SSM/I-SSMIS

(1987-2006, 2006-present) 19.35 GHz Tb data available from the National Snow and Ice Data

Center (NSIDC). Gaps in the SMMR data, which are available every other day, are filled via

linear interpolation of the Tb from adjacent days. Data from each sensor are calibrated to the

SSMIS F17 baseline. We use a simple threshold-based algorithm for snow/ice melt detection. For

each pixel and each day, melt is detected when the ascending or descending Tb anomaly exceeds
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the previous cold-season mean Tb, from 1 April to 31 March, by 30 K.

Tedesco (2009) showed that this algorithm agrees well with melt inferred from AWS

temperature data and that it is sensitive to extreme melt events. However, uncertainty may arise

from variability in surface conditions, and detection is sensitive to the satellite overpass time. In

high accumulation zones with deep, fresh snow (e.g., along Hobbs and Eights Coast), melt may

be underestimated if meltwater percolates into the snowpack prior to being observed. In contrast,

melt extent is less ambiguous in regions with low accumulation (e.g., Siple Coast).

5.3.2 Atmospheric Reanalysis

We estimate the large-scale atmospheric state using 700-mb geopotential height (Z700),

2-m air temperature (T2m), and 10-m wind (u10,v10) fields on a 1◦ latitude-longitude grid from the

European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Reanalysis (ERA-

Interim), from 1979-2017 (Dee et al., 2011). Previous studies consistently suggest that ERA-

Interim provides the most accurate depiction of Antarctic atmospheric processes (e.g., Bromwich

et al., 2011; Bracegirdle and Marshall, 2012; Jones et al., 2016). For each variable, we calculate

daily means from 6-hourly fields, which are converted to anomalies by removing the smoothed

seasonal cycle at each grid point.

5.3.3 Clouds and Radiation

We evaluate the role of clouds and radiation in surface melt conditions using the Extended

Advanced Very High Resolution Radiometer (AVHRR) Polar Pathfinder (APP-x) NOAA climate

data record (Key et al., 2016). APP-x provides retrievals of Antarctic cloud cover from visible-

infrared satellite radiances. Surface radiation fluxes are computed using retrieved cloud and

surface properties as input to the Streamer radiative transfer model (Key and Schweiger, 1998).

Here we use daily cloud and radiation fields at 1400 local solar time. Evaluations against polar
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field data indicate that APP-x cloud and radiation anomalies are sufficiently accurate for the study

of polar climate interactions and feedbacks (Key et al., 2016). In contrast, ERA-Interim cloud

and radiation fields rely on uncertain model physics and thus are not used. In particular, low-level

liquid-containing clouds are common in summer (Scott et al., 2017) but are poorly represented in

models.

5.3.4 Sea-Ice Concentration

Sea-ice conditions can influence ice-shelf surface melt by modulating air-sea heat and

moisture exchange and thus the energy content of marine air masses intruding over WAIS. Here

we also use sea-ice concentration (SIC) fields from the NSIDC Sea-Ice Concentrations from

Nimbus-7 SMMR and DMSP SSM/I-SSMIS Passive Microwave product.

5.3.5 Antarctic Melt Season Synoptic Climatology

To identify processes linking large-scale atmospheric circulation and climate variability

to snow/ice melt in West Antarctica, we develop a synoptic climatology for the peak summer

(December-January) melt season spanning 1979-2017. For this purpose, we employ the methods

of empirical orthogonal function (EOF) and k-means cluster analysis applied to daily 700 mb

geopotential height (Z700) anomalies. We first derive the three leading modes of SH extratropical

atmospheric variability – the SAM and PSA modes 1 and 2 – through EOF analysis of Z700

anomalies poleward of 20◦S. Each principal component time series is standardized to define a

daily index for each mode. Our daily SAM index strongly correlates (r = 0.91, p < 0.01) with

the SAM, or Antarctic Oscillation, Index produced by the NOAA Climate Prediction Center. We

next isolate 9 dominant patterns of large-scale atmospheric circulation over West Antarctica via

k-means cluster analysis. This approximates the continuum of atmospheric flow as a discrete

set of 9 representative Z700 patterns by associating each daily Z700 field with the nearest cluster
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centroid using the squared Euclidean distance metric, or L2 norm. To enhance interpretation of

the analysis, we order the patterns using linear unidimensional scaling following Johnson and

Feldstein (2010). This method organizes the centroids along a linear dimension so that similar

patterns are close by and small circulation changes correspond to minor changes in cluster index.

The atmosphere and snow/ice surface interact via radiative heat fluxes, influenced by

clouds and radiatively active gases, and turbulent heat fluxes, governed by boundary layer

dynamics. To diagnose meteorological conditions associated with surface melting, for each

synoptic pattern we compare satellite-observed melt signatures to atmospheric anomalies pertinent

to the surface energy balance. Melt anomalies are calculated by subtracting the 1979-2017 melt

frequency from the pattern-based melt frequency (number of melt days normalized by the number

of days in each cluster). ERA-Interim temperature and wind anomalies enable assessment of

boundary layer dynamics while serving as a proxy for the turbulent flux of sensible and latent

heat. APP-x cloud and radiative flux anomalies are used to decipher the sky conditions and

radiation components associated with and likely driving surface melt. Of particular interest are

the downwelling fluxes, as they represent heating terms in the surface energy balance.

5.3.6 Climate and Ice Melt Indices

Relationships among WAIS melting and remote tropical sea surface temperature (SST)

forcing are assessed by (i) correlating the occurrence frequency of each synoptic pattern with

tropical Pacific climate indices, (ii) compositing daily SAM and PSA indices as a metric of their

relative strength and polarity in each Z700 centroid, (iii) correlating the latter indices with global

SST anomalies, and (iv) regressing melt anomalies onto large-scale climate indices. We use the

Australian Bureau of Meteorology Southern Oscillation Index (SOI), the National Centers for

Environmental Prediction Equatorial SOI, the NOAA Earth System Research Laboratory Niño 3,

4, and 3.4 region SST indices, and the monthly SAM index of Marshall (2003). All correlations

are computed using detrended time series.
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Seasonal melt conditions are quantified using the melt index (MI) defined as the duration-

weighted area of melting. We also calculate a normalized MI for each synoptic pattern as MI

divided by the number of days in each cluster. Calculations are performed for (i) the Ross sector,

as in Nicolas et al. (2017), (ii) the coastal Pacific sector, from the Abbott Ice Shelf and ASE to

the Getz Ice Shelf, and (iii) the AP.

5.4 Synoptic Forcing and Tropical Linkages

Fig. 5.3 shows the SAM and PSA signatures in the SH extratropical Z700 and T2m fields

as regressions of daily anomalies onto the indices for each pattern. In this study we define the

positive phase for each pattern to be as shown in Fig. 5.3. Note, however, that opposite phases

have opposite impacts on T2m; that is, where the positive phase promotes cooling, the negative

phase promotes warming. Intensification of the SAM induces widespread WAIS cooling (Fig.

5.3a,b), whereas the PSA modes favor advective warming of the Ross sector (Fig. 5.3c-f).

Correlations of the index for each mode with global SST anomalies (Fig. 5.4) reveal

significant relationships with SST in the Pacific basin. SST structures characteristic of La Niña

events, or a negative phase of the Interdecadal Pacific Oscillation (IPO), favor +SAM, -PSA-1,

and +PSA-2 phases (Figs. 5.3-5.4), conducive to strong circumpolar westerlies and a deep

Amundsen Sea Low (ASL Turner et al., 2013). In contrast, SST structures characteristic of El

Niño events, or a positive phase of the IPO, favor -SAM, +PSA-1, and -PSA-2 phases, conducive

to weak circumpolar westerlies and frequent blocking over the South Pacific. Consistent with

amplification of the PSA-1 via ENSO Rossby wave forcing, PSA-1 correlations are significant

across a broad area of the central-eastern tropical Pacific Ocean (Fig. 5.4b). Strong and significant

correlations with Southern Ocean SST anomalies suggest that these modes may also be forced by

local SST anomalies through diabatic heating influence on Z700, and thus the circulation of the

lower troposphere (Holton, 2004).

109



Figure 5.3: Regression maps of daily mean Z700 (units: gpm per standard deviation) and T2m

(units: K per standard deviation) anomalies onto the standardized PC time series (indices) for
the SAM and PSA modes. Regions where the correlation is significant at p < 0.05 are outlined
by grey contours.
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Figure 5.4: Correlation maps of global SST anomalies from NOAA ERSSTv4 with the (a)
SAM, (b) PSA-1, and (c) PSA-2 indices for the period 1979-2017. Regions where the correlation
is significant at p < 0.05 are outlined by grey contours.
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Table 5.1: Synoptic pattern occurrence frequency correlations with tropical Pacific and high-
latitude climate indices for the period 1979-2017. Correlations significant at the 95% (99%)
confidence level are highlighted in bold (bold, italic) font.

SOI ESOI Niño 3.4 Niño 3 Niño 4 SAM
Pattern 1 0.29 0.23 -0.16 -0.18 -0.13 0.69
Pattern 2 0.36 0.36 -0.34 -0.32 -0.36 0.70
Pattern 3 0.36 0.34 -0.39 -0.39 -0.34 0.26
Pattern 4 0.34 0.34 -0.32 -0.22 -0.36 0.44
Pattern 5 -0.15 -0.15 0.17 0.09 0.23 -0.07
Pattern 6 0.13 0.13 0.02 -0.02 0.09 0.26
Pattern 7 -0.20 -0.19 0.25 0.24 0.31 -0.27
Pattern 8 -0.43 -0.40 0.25 0.28 0.14 -0.80
Pattern 9 -0.34 -0.34 0.27 0.27 0.22 -0.60

Table 5.2: Normalized melt index (km2) computed for different regions and each synoptic
pattern shown in Fig. 5.5. The Pacific sector encompasses the region from Abbott Ice Shelf and
ASE to the Getz Ice Shelf.

West Antarctica Pacific sector Ross sector Antarctic Peninsula
Pattern 1 175510 17855 17192 140463
Pattern 2 166736 13102 2057 151577
Pattern 3 233775 32276 10149 191350
Pattern 4 196374 25747 24667 145980
Pattern 5 209564 22367 8449 178748
Pattern 6 266854 39270 16846 210738
Pattern 7 308041 57023 52766 198252
Pattern 8 334080 63205 49492 221383
Pattern 9 268319 41743 35692 190884

Our Antarctic summer synoptic climatology is displayed in Fig. 5.5. Consistent with the

preceding analysis, +SAM circulations (patterns 1-4 and 6) typically coincide with a deep ASL,

whereas blocking highs are most pronounced under a -SAM (patterns 5 and 7-9). Patterns 2-4

(8-9) are correlated with La Niña (El Niño) conditions in the tropical Pacific Ocean (Table 5.1).

Pronounced opposite phases of the PSA-1 mode appear in patterns 3 and 9. Overall, these results

are consistent with previous work (e.g., Fogt et al., 2011). Table 5.2 lists the normalized melt

index for various regions and each synoptic pattern.
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Figure 5.5: Antarctic summer synoptic climatology for the period DJ 1979-2017. Each panel
depicts a 700-mb geopotential height anomaly cluster centroid derived from the ERA-Interim
Reanalysis. At the bottom right each panels lists the long-term occurrence frequency followed by
composite indices of the SAM and PSA modes 1 and 2. All composite indices are significantly
different from zero (p < 0.05) except for the PSA-2 index of pattern 8.
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Figure 5.6: Satellite-derived West Antarctic surface melt anomalies, ERA-Interim composite
T2m and 10-m wind anomalies, and APP-x composite cloud cover and downwelling LW and
SW surface radiative flux anomalies associated with synoptic patterns 1-3 in the previous figure.
Each row corresponds to a large-scale atmospheric circulation pattern identified by k-means
cluster analysis.

5.5 Physical Mechanisms Linking Synoptic Forcing to Ice-Shelf

and Ice-Sheet Surface Melt

To diagnose atmospheric drivers of surface melting around the WAIS, Figs. 5.6-5.8

present maps of surface melt anomalies along with composite anomalies of 2-m air temperature,

10-m wind, cloud cover, and surface downwelling LW and SW flux for each synoptic pattern.

Composite anomaly sea-ice concentration (SIC) fields, overlaid with 10-m winds, are shown in

Fig. 5.9.

Pattern 1 has a +SAM with a deep low over the Ross Sea (Fig. 5.5), which drives marine

air advection toward the Ross-Amundsen sector. From Thwaites Glacier to the Sulzberger Ice

Shelf, locally enhanced melt coincides with positive cloud cover and downwelling LW flux
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anomalies. In contrast, locally reduced melt on Abbott Ice Shelf is accompanied by cold, dry,

clear skies. Weak southerly föhn melt signatures are evident along the western Larsen C Ice Shelf

(LCIS). However, this pattern shows the least AP melt (Table 5.2). Together with Figs. 3-4a,c,

the composite SAM and PSA-2 indices for this pattern suggest that it may be forced by +SST

anomalies in the South Pacific Convergence Zone.

Pattern 2 has the strongest +SAM and is often present during La Niña events (Table 5.1).

A deep Bellingshausen Sea low drives outflow of continental polar air favoring extreme cold

temperatures over WAIS (Nicolas and Bromwich, 2011). Along the Ross-Amundsen coastline,

extreme low melt occurrence is associated with excessive (deficient) incoming SW (LW) radiation.

In contrast, LCIS melt is driven by föhn winds aided by cloud-clearing and enhanced SW radiation

(Luckman et al., 2014).

Pattern 3 has a strong -PSA-1 and weak +SAM (Fig. 5.5), and is also favored by La Niña

forcing (Table 5.1). Along Ellsworth Land regionally high melt occurrence is linked to advective

increases in T2m, cloud cover, and downwelling LW radiation. A föhn effect (adiabatic warming,

turbulent mixing of sensible heat) is seen on upper Pine Island Glacier (PIG) and the southern

Ross Ice Shelf, accompanied by enhanced cloud cover and downwelling LW radiation due to the

marine air advection. In contrast, LCIS melt is driven by linear föhn winds (Elvidge et al., 2016).

Pattern 4, also correlated with La Niña, has a +SAM. Low T2m anomalies are widespread

throughout West Antarctica. Weak föhn warming occurs in response to deposition of marine air

on the Filchner Ice Shelf. Along the coastal Pacific sector, regionally enhanced melt coincides

with enhanced cloud cover and downwelling LW radiation.

Pattern 5 exhibits weak -SAM and strong -PSA-2 variability. Northerly inflow drives

enhanced cloud cover, downwelling LW radiation, and surface melt on the Weddell sector.

Evidence for föhn-driven melt is found on the George VI Ice Shelf. In Marie Byrd Land, outflow

of continental polar air drives low T2m and infrequent melt. The Ross Sea high strongly favors

melting on ice-shelves fringing the marine-based Wilkes Basin in East Antarctica (not shown).
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Figure 5.7: As in Fig. 5.6, but for synoptic patterns 4-6.

Pattern 6 has a +SAM and is the most frequent pattern during the study period. The

AP experiences warming associated with direct northerly advection of marine air from off the

subtropical coast of South America. Although previous studies emphasize föhn winds as the main

driver of surface melt on AP ice shelves (e.g., Elvidge et al., 2016; King et al., 2017), this pattern

shows the highest melt of any pattern with a +SAM.

Of the five +SAM patterns (1-4, 6), only 3 and 6 are capable of driving temperatures above

mean background summer conditions. Warming is primarily found on the AP and Ellsworth Land.

Consistent with the AP warming and cooling phases described by Turner et al. (2016), these

patterns increased in frequency to a peak in the late 1990s, and declined thereafter (Fig. 5.15).

Pattern 7 generates extreme warming and extensive surface melting over the Siple Coast

and Ross Ice Shelf (see also Fig. 5.18). A blocked low-pressure system drives strong advection of

marine air toward the area from an area of (and likely favoring) anomalous open water offshore

(Fig. 5.9). Downslope winds in the lee of the Edward VII Peninsula and high terrain of Marie
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Figure 5.8: As in Fig. 5.6, but for synoptic patterns 7-9.

Byrd Land induce adiabatic warming and efficient turbulent mixing of sensible heat to the surface.

Upslope precipitation and latent heating may add energy to the intruding airmass. Nonetheless,

the concurrent strong influx of moisture over the cold surface and flat Ross Ice Shelf also favors

low-level liquid-containing cloud formation, which drives positive anomalies of downwelling

longwave radiation consistent with infrared radiative heating of the snow surface (Scott et al.,

2017). Increased cloud cover in the inflow region, and negative SW flux anomalies, suggest that

SW radiation is not an important driver of melt due to the high snow/ice albedo. However, outside

of the Ross sector, melting is associated with warm temperatures, anomalously clear skies, and

enhanced SW, not LW, radiation.

Pattern 8 has the strongest -SAM and is positively correlates with the inverted SOI (Table

5.1) consistent with El Niño-induced weakening of the circumpolar westerlies (Ding et al., 2012;

Schneider et al., 2012b). Extreme warming and melting affect most of West Antarctica. In

conjunction with a weak -PSA-1, ridging centers over the AP and Ross Sea promote marine air
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Figure 5.9: Composite West Antarctic sea-ice concentration and 10-m vector wind anomalies
for each synoptic pattern in Figure 5.5. Anomalous open water conditions are often co-located or
situated to the west of anomalous high-pressure zones. Patterns with the least melting on Pacific
sector ice shelves have strong positive coastal ocean SIC anomalies (patterns 1-2), whereas those
with enhanced ice-shelf surface melt occurrence show strong negative SIC anomalies upstream
(patterns 7-9).

advection toward Ellsworth Land, the ASE, and Ross Ice Shelf. Regionally enhanced melting on

the Abbott Ice Shelf coincides with positive T2m and downwelling LW flux anomalies. Downslope

winds drive strong warming and melting on upper PIG and the western Ronne Ice Shelf, in the

lee of the southern AP. Positive Ross sector melt anomalies coincide with onshore flow from an
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area of anomalous open water in the Ross Sea (Fig. 5.9).

Pattern 9 has a moderate -SAM, strong +PSA-1 (Fig. 5.5), and is correlated with the

inverted SOI, consistent with El Niño SST forcing (Table 5.1, Fig. 5.3-5.4). High T2m anomalies

are seen on the Getz and Ross ice shelves. On the Ross Ice Shelf, onshore flow from an area of

anomalous open water in the Ross Sea (Fig. 5.9) drives enhanced melting associated with positive

T2m, cloud cover, and downwelling LW flux anomalies. Similar to the previous pattern, enhanced

LCIS surface melting is associated with enhanced downwelling LW radiation.

Figure 5.10: Regression maps of seasonal surface melt anomalies onto the (a) Marshall SAM
Index and (b) inverted Southern Oscillation Index (-SOI) for the period 1979-2017 (units: days
per standard deviation). White contours enclose areas where the correlation is significant at the
95% confidence level.

We further assess the SAM and ENSO impact on WAIS melt using melt anomaly regres-

sion maps (Fig. 5.10). On the seasonal time-scale, SAM-induced cooling (Fig. 5.3b) causes

strong and significant reductions in melting on the Getz, Sulzberger, and Ross ice shelves. A

weaker, insignificant influence is found over the ASE region. Enhanced melting on the LCIS,

consistent with previous studies, results from an increased incidence and/or intensity of föhn
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Table 5.3: Correlations among indices of Amundsen Sea atmospheric blocking activity, West
Antarctic surface melt, and tropical Pacific and high-latitude climate variability. Here, the
Pacific sector encompasses the coastal region from the Abbott Ice Shelf to the Getz Ice Shelf.
Correlations significant at the 95% (99%) confidence level are highlighted in bold (bold, italic)
font.

SOI ESOI Niño 3.4 Niño 3 Niño 4 SAM ASBI
ASBI -0.51 -0.50 0.50 0.49 0.45 -0.53 1
Ross sector MI -0.61 -0.61 0.55 0.56 0.42 -0.36 0.54
Pacific sector MI -0.39 -0.43 0.35 0.39 0.27 -0.32 0.43
PIG to Getz Ice Shelf MI -0.45 -0.48 0.42 0.46 0.34 -0.37 0.53
Abbott Ice Shelf MI -0.28 -0.33 0.25 0.28 0.17 -0.26 0.53

winds (e.g., Luckman et al., 2014). In contrast, El Niño episodes favor enhanced melting on

coastal Pacific-sector ice-shelves and ice-streams critical to the stability of the WAIS, from the

Pine Island and Thwaites Glacier systems to the Ross Ice Shelf (Fig. 5.10b and Nicolas et al.,

2017). Although El Niño events historically tend to coincide with a -SAM, regressions of seasonal

melt anomalies onto the PSA-1 index (Fig. 5.18) exhibit an identical pattern as Fig. 5.10b. The

pattern of enhanced Ross sector melt also closely resembles the T2m anomaly regressions onto the

PSA-1 index (Figs. 5.3d and 5.10b).

5.6 Amundsen Sea Blocking Index

Expanding on the preceding analysis, which highlights atmospheric blocking as critical

for driving marine air intrusions and subsequent surface melting on West Antarctica, we analyze

variability and trends in blocking by defining an Amundsen Sea Blocking Index (ASBI). We

define ASBI as the standardized area-weighted mean Z700 anomaly over the AS region between

55-70◦S, 230-260◦E. This is notably analogous to the Greenland Blocking Index (GBI) used to

assess summer circulation and melt conditions in Greenland (Hanna et al., 2016). Positive ASBI

indicates anomalously high domain-wide Z700 and anticyclonic flow, and vice versa. Daily and

seasonal variations in ASBI are shown in Fig. 5.11.
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(a)

(b)

Figure 5.11: (a) Daily and (b) seasonal mean time series of the Amundsen Sea Blocking Index
(ASBI) from 1979-2017. The Year corresponds to January (e.g., 80 represents the 1979/80 melt
season).
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Extensive and prolonged melting typically occurs in response to +ASBI events (compare

Fig. 5.11 to Fig. 5.17), a prominent example being the 1991/92 season, which has the largest Ross

sector MI on record (Nicolas et al., 2017, Fig. 1b). In late December 1991, northerly marine air

advection induced by an anticyclone over the AS drove concentrated melting on the northeastern

Ross Ice Shelf and Marie Byrd Land. Melt persisted through mid-January and subsequently

decayed as the anticyclone weakened. Prominent blocking is also seen on 10 January 2016, when

a rapid increase in melt extent was observed on the Ross Ice Shelf.

Opposite extremes of ASBI tend to be associated with opposite phases of the ENSO

cycle, with strong positive (negative) spikes found during El Niño (La Niña) years. For example,

1979/80, 1982/83, 1987/88, 1991/92, 1997/98, and 2015/16 all correspond to El Niño events

with periods of strong +ASBI and enhanced melting on the Ross-Amundsen sector (Fig. 5.17).

Similarly, 1988/89, 1998/99, 2001/02, and 2011/12 correspond to La Niña years with a deep ASL.

Consistent with this observation, and the previous section, ASBI is positively correlated with the

inverted SOI (El Niño), the PSA-1 index (r = 0.87), and the MI in the Ross and Pacific sectors

(Table 5.3). It is also correlated (p < 0.01) with the frequency of synoptic patterns 7 (r = 0.51)

and 9 (r = 0.75).

The seasonal ASBI exhibits an insignificant negative trend from 1979 to the late 1990s,

followed by a significant (p < 0.05) positive trend attributable to a sharp increase in blocking

activity in the latest decade (Fig. 5.11b). Motivated by these results and recent studies of 21st

century Antarctic climate change (Turner et al., 2016; Meehl et al., 2016), in the following section

we assess trends in the summer climate of the WAIS during two periods, hereafter referred to as

Period 1, from 1979/80 to 1998/99, and Period 2, from 1998/99 to 2016/17. These periods were

motivated by visual inspection of the ASBI time series and were selected for consistency with the

latter studies. However, our overall conclusions are insensitive to the mid-point used in the trend

calculations, as confirmed by perturbing it by ±3 seasons.
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Figure 5.12: Linear trends in the large-scale atmospheric circulation (Z700, units: geopotential
m/yr) during (a) Period 1 and (b) Period 2 from the ERA-Interim Reanalysis. Grey contours
enclose areas with a trend significant at p < 0.05.

5.7 21st Century West Antarctic Summer Climate Trends

Figs. 5.12-5.14 show linear trends in the atmospheric circulation, ice-shelf surface melt,

and sea-ice concentration during both periods. During Period 1, the SAM intensified (p < 0.05)

and the ASL deepened (Fig. 5.11b). Rapid and significant increases in surface melting on AP

ice-shelves were observed by satellites in response to increasing northwesterly-to-northerly flow,

reflected by an increasing frequency of synoptic patterns 3 and 6 (Fig. 5.15). At the same time,

sea-ice concentration declined around the AP, with especially strong losses upstream west of the

AP (Fig. 5.14a), favoring heat release to the atmosphere. An insignificant decrease in surface

melt was observed on the Ross-Amundsen sector.

During Period 2, consistent with the positive trend (p < 0.05) in ASBI (Fig. 5.11b),

Z700 increased over the Amundsen-Bellingshausen Seas (Fig. 12b), causing an influx of marine
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Figure 5.13: Linear trends in West Antarctic ice-shelf and ice-sheet surface melt during (a)
Period 1 and (b) Period 2 from passive microwave Tb data. White contours enclose regions with
a trend significant at p < 0.1 assessed using a Mann-Kendall test.

air toward the Ross-Amundsen sector. Satellite Tb data reveal increasing surface energy input

and melt occurrence on coastal ice-shelves and ice-streams critical to the stability of the WAIS,

from PIG to the eastern Ross Ice Shelf (Fig. 5.13b). Particularly rapid increases in surface

melt occurrence were observed on the Sulzberger Ice Shelf. Concurrently declining sea-ice

concentration upstream in the coastal Ross-Amundsen Seas (Fig. 5.14b) suggests a common

atmospheric forcing with amplification of ice-shelf surface melting due to increasing air-sea heat

and moisture fluxes (e.g., Taylor et al., 2018). The increasing fraction of open water upstream

may have additionally favored increased formation of low-level liquid-bearing clouds. Such

clouds are indeed common in coastal areas during summer, especially during periods of onshore

flow (Scott and Lubin, 2014; Scott et al., 2017). In addition, they have previously been observed

to exert strong radiative warming effects in the Arctic (Bennartz et al., 2013; Tjernström et al.,

2015).

Consistent with cooling of the AP since the late 1990s described by Turner et al. (2016),
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Figure 5.14: Linear trends in West Antarctic sea-ice concentration during (a) Period 1 and (b)
Period 2. White contours enclose regions with a trend significant at p < 0.05 assessed using a
Mann-Kendall test.
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Z700 decreased over the Weddell Sea during Period 2 (Fig. 5.12b), favoring cold southeasterly

flow toward and compaction of sea-ice against the AP (Fig. 5.14b). As sea-ice concentration

increased upstream, east of the AP, satellite Tb data reveal decreasing surface energy input and

melting on AP ice shelves (Figs. 5.13b).

Interestingly, the recent AS blocking increase cannot, aside from 2015/16, be fully

explained by El Niño forcing. Unprecedented +ASBI and moderate -SAM conditions were

observed in 2016/17, when pattern 9 characterized 55% of the circulation, inconsistent with

concurrent weak La Niña forcing. This suggests that some other mechanism is required to explain

the recent blocking increase over the AS. Positive SST anomalies offshore in excess of 1.5oC

(e.g., Stuecker et al., 2017), through diabatic heating of the lower troposphere (e.g., Fig. 5.3b),

may have helped maintain the strong blocking, warm temperatures, and extensive melting in

January 2017 (Fig. 5.2b). In addition, several other recent seasons with strong blocking (e.g.,

2012/13) indeed also had +SST anomalies offshore. However, the marine air intrusion that caused

the January 2017 melt event was triggered by strong PSA-2 forcing.

5.8 Summary and Conclusions

Observations of summer atmospheric warming events and the physical processes respon-

sible for surface melting on West Antarctica are extremely rare, being limited to sporadic AWS

measurements and the AWARE observations conducted in January 2016. To address this gap, we

combined multi-decadal reanalysis and satellite data to diagnose global- and local-scale drivers

of surface melting on ice-shelves and WAIS margins.

Surface melting on the WAIS margins is driven by intrusions of warm, moist marine

air. Advective enhancement of the lower tropospheric temperature, moisture, and cloud cover

imparts an infrared (LW) radiative heating of the snow/ice surface. At the same time, increases

in surface air temperature promote sensible heat input. Positive and regionally enhanced melt
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anomalies often concentrate in downslope, orographically channeled flows having warm maritime

origins, consistent with föhn adiabatic warming and turbulent energy deposition into the surface.

This effect is especially pronounced over the Siple Coast and Ross Ice Shelf (pattern 7). Low

sea-ice concentration upstream favors ice-shelf melting by enhancing air-sea exchange and thus

the energy content of marine airmasses airmasses through air-sea fluxes. This, in turn, may also

favor increased low-level liquid-containing cloud formation (Scott and Lubin, 2014; Scott et al.,

2017). In high-albedo areas enhanced melting usually coincides with negative SW flux anomalies

indicating that SW radiation is likely not a primary driver of melt, except for the Peninsula and

low-albedo coastal ice-shelves under clear skies.

On the large-scale, heat and moisture transport into West Antarctica is favored by blocking

activity over the AS region, which often results from El Niño Rossby-wave forcing via the +PSA-1

teleconnection. This pattern favors significant increases in surface melting on the Ross (Nicolas

et al., 2017) and Pacific-sector coastal ice-shelves and unstable, fast-flowing glaciers discharging

into the ASE. These results add to a growing body of evidence suggesting that the projected

increasing frequency of extreme El Niño events (Cai et al., 2014; Wang et al., 2017) will likely

increase the risk of disintegration of the Ross-Amundsen sector (Nicolas et al., 2017; Deb et al.,

2018; Paolo et al., 2018).

Since the late 1990s, the coastal Ross-Amundsen sector of the WAIS has likely warmed

during the summer melt season (DJ), as confirmed by multiple consistent and independent lines

of evidence. Satellite Tb data show increasing surface energy input and melting from the Pine

Island and Thwaites Glacier systems to the northeastern Ross Ice Shelf, where the modeling

study by DeConto and Pollard (2016) suggests that rapid ice-shelf retreat could occur by the turn

of the century. We link these changes to amplification of the +PSA-1 mode in the last decade,

which suggests a possible atmospheric component to the recent acceleration of WAIS mass loss

(Shepherd et al., 2018). Landsat imagery show extensive melt ponding on the PIG ice shelf

during every season from 2012-2015 (Kingslake et al., 2017, Extended Data Fig. 3 & 4 and
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Table 2). Recent GPS measurements on the PIG ice shelf suggest that surface melting has indeed

significantly influenced the ice dynamics, as evidenced by a 0.2-0.3 m drop in surface elevation

following a period of warm temperatures and rainfall in DJ 2012/13 (Shean et al., 2017). Ice-shelf

surface lowering has previously been linked to intense summer surface melting on AP ice-shelves

(Trusel et al., 2013). Consistent with the above analysis, these seasons had strong and persistent

blocking offshore favoring long-range transport of marine air to the ASE region. The reduction

in sea-ice cover in the Ross-Amundsen Seas could potentially expose ice-shelves to additional

stress from ocean swell (Massom et al., 2018).

Our results highlight the need for ice-sheet models to accurately account for a wide

variety of processes from the large-scale atmospheric circulation to cloud and radiative processes,

boundary layer meteorology, and sea-ice dynamics. Additional field measurements, regional

modeling, and active satellite microwave studies are needed to understand fine-scale melt features

and the relative importance of clouds, radiation, boundary layer turbulence, and surface conditions

(e.g., albedo) in different areas (e.g., Thwaites Glacier, Ross Ice Shelf) and synoptic conditions.

Future work should assess meteorological factors governing melt rate/intensity and how meltwater

impacts ice dynamics. Nonetheless, our study provides important insight into the expected

response of WAIS melt to tropical and polar climate change.

Chapter 5 has been submitted to the Journal of Climate as a manuscript entitled “Meteo-

rological Drivers and Large-Scale Climate Forcing of West Antarctic Surface Melting,” by Ryan

C. Scott, Julien P. Nicolas, David H. Bromwich, Joel R. Norris, and Dan Lubin.
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Figure 5.15: Fraction of the large-scale atmospheric flow represented by synoptic patterns 3 and
6. These are the only two positive SAM patterns that promote warming on the AP and Ellsworth
Land. Changes in the frequency of these patterns help to explain recent AP temperature trends
(Turner et al., 2016).
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Figure 5.16: Regression maps of seasonal surface melt anomalies onto the standardized (a)
SAM and (b) PSA-1 indices derived in this study, for the period 1979-2017 (units: days per
standard deviation). White contours enclose areas where the correlation is significant at the 95%
confidence level.
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Figure 5.17: Antarctic surface melt occurrence anomaly maps for each season from 1979-2017.
Note that the 1987/88 season is omitted owing to insufficient Tb data.
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Figure 5.18: Meteorological anomalies associated with surface melt onset/expansion on the
Ross Sea sector of West Antarctica since 1979: (1) T2m and 10 m wind vectors, (2) Z700, and
surface incoming (3) LW and (4) SW radiative fluxes. Major surface melt events were broken
into onset, growth, and decay phases. Each field was then composited on the onset/growth
phase. The Z700 field shows strong -SAM and +PSA-1 variability and closely resembles synoptic
pattern 7. An low-pressure system over the Ross Sea, blocked by a ridge over the Amundsen
Sea, is critical for creating and sustaining marine air advection and melt-prone conditions, as
seen in January 2016. Marine-air advection favors melting by enhancing the LW↓ radiation flux
and creating warm downslope winds. SW radiation appears unimportant as a driver of melt
owing to the high surface albedo. In situ measurements are needed to determine the relative
importance of turbulent vs. radiative heat fluxes.
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Chapter 6

General Conclusions

This dissertation investigated the impact of clouds and the atmospheric circulation on

the snow/ice surface energy budget in West Antarctica. In the first part, ground-based spectral

shortwave radiation measurements were combined with satellite and meteorological reanalysis

data to study the controlling meteorological factors governing the formation and microphysical

structure of clouds over Ross Island and the broader West Antarctic region. Ice-phase cloud

microphysics is shown to be strongly linked to orographic forcing. In particular, updrafts and

waves excited by moisture advection across high and complex terrain favors rapid conversion of

supercooled liquid water into ice. Cloud ice efficiently attenuates solar near-infrared energy where

the snow/ice surface albedo is relatively low. A three-dimensional cloud climatology constructed

using NASA satellite data reveals ice and mixed-phase cloud occurrence frequency maxima

over the high WAIS terrain and downwind along the western Ross Ice Shelf and Transantarctic

Mountains, and minima over the flat ice-shelves. CloudSat-CALIPSO satellite observations also

reveal frequent geometrically thin liquid-bearing clouds over the WAIS in summer, similar to

those previously observed to enhance melting of Arctic sea ice and the Greenland ice sheet. Such

low-level liquid-bearing clouds are especially common in maritime areas. Their presence on

ice-shelves is favored by onshore flow of warm, moist marine air. Calculations of the cloud
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radiative effect using vertically-resolved cloud data profiles indicate that clouds radiatively warm

the surface of the WAIS in every month of the year. On the annual average, the net cloud radiative

effect at the WAIS surface is 34 Wm−2. Their net warming influence minimizes in summer

due to the offsetting effects of cloud shortwave reflection and absorption, with an estimated net

cloud-induced ice-sheet surface warming in summer of 26 Wm−2. Future work should investigate

how surface cloud radiative effects respond to the reduction of surface albedo associated with

surface melting.

Atmospheric and oceanic conditions associated with and responsible for driving surface

melting around WAIS margins were also investigated, from the impact of global and hemispheric

climate fluctuations to the regional meteorological processes that cause melting. On the large-

scale, warming and melting in West Antarctica is favored by a negative phase of the Southern

Annular Mode and atmospheric blocking activity over the Amundsen Sea, which is often excited

by Rossby waves induced by anomalous tropical convection during El Niño events. It might also

result from +SST anomalies offshore in the Amundsen Sea through diabatic heat release into the

lower troposphere. Blocking highs drive melt by injecting warm, marine air into western West

Antarctica. Advective enhancement of the lower tropospheric temperature and moisture over the

cold surface aids low-level liquid-bearing cloud formation, favoring enhanced infrared radiative

heating of the snow/ice surface, as well as a sensible heat flux to the ice. Sensible heat transfer is

most efficient in areas with downslope flows channeled by terrain having warm maritime origins,

which induces adiabatic warming and promotes turbulent mixing in the boundary layer. Airmasses

originating from open water or areas of low sea-ice concentration, which favors warming and

moistening of the lower troposphere, typically have higher heat/moisture content prior to reaching

the WAIS, and thus are more conducive to surface melting on its coastal ice shelves. By contrast,

high sea ice concentrations restrict air-sea exchange.

Recent increases in blocking over the Amundsen Sea region have led to increasing energy

input and surface melting on areas critical to the stability of the WAIS, from Pine Island Glacier
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to the eastern Ross Ice Shelf. Concurrent declines in sea-ice concentration offshore and upstream

in the Ross-Amundsen Seas imply an increasing influence from oceanic heat release on ice-shelf

surface melting. Amplification of the PSA-1 mode in the last 5 seasons, likely forced by a

combination of local and remote SST anomalies, is the primary driver of the increase in surface

melt, which suggests an atmospheric component to the recent acceleration of WAIS mass loss

(Shepherd et al., 2018).

Given the scarcity of concurrent in situ West Antarctic atmospheric and ice dynamical

observations, to date it has not been clear whether past surface melt events have significantly

affected WAIS dynamics and/or mass loss. Using satellite data from the QuikSCAT microwave

scatterometer, available between 1999 and 2009, Trusel et al. (2013) found that meltwater

fluxes on coastal Pacific-sector ice shelves remain relatively low suggesting that surface melting

contributes negligibly to WAIS dynamics and surface mass balance in this region. However, this

was a period characterized by generally low surface melt occurrence anomalies (Fig. 5.17), and

may not be representative of all past and future melt seasons.

During December 2012-January 2013, GPS units deployed on the Pine Island Glacier

(PIG) ice shelf revealed an abrupt 0.2-0.3 m drop in surface elevation following a period of warm

temperatures and rainfall (Shean et al., 2017). The passive microwave satellite record confirms

considerable surface melting along coastal West Antarctica during this period (Fig. 5.17). On

the Antarctic Peninsula, ice-shelf surface lowering has indeed previously been linked to intense

summer surface melting (Trusel et al., 2013). Landsat imagery also shows extensive surface melt

ponding on the PIG ice-shelf every season from 2012-2015 (Kingslake et al., 2017, Extended

Data Figs. 3 & 4 and Table 2). As seen herein (Fig. 5.11), these seasons exhibited strong and

persistent blocking highs offshore consistent with long-range transport of marine air and warm

temperatures on PIG and the Amundsen Sea Embayment. As global temperatures rise and the

energy content of marine airmasses increases, the atmosphere may play an increasing role in

surface mass loss from West Antarctica, as observed in Greenland and suggested by ice-sheet
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modeling studies (e.g., DeConto and Pollard, 2016).
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Mülmenstädt, J., D. Lubin, L. M. Russell, and A. M. Vogelmann, 2012: Cloud properties over the
North Slope of Alaska: Identifying the prevailing meteorological regimes. Journal of Climate,
25 (23), 8238–8258.

144



Nghiem, S., K. Steffen, G. Neumann, and R. Huff, 2007: Snow accumulation and snowmelt
monitoring in Greenland and Antarctica. Dynamic Planet, Springer, 31–38.

Nghiem, S., and Coauthors, 2012: The extreme melt across the Greenland ice sheet in 2012.
Geophysical Research Letters, 39 (20).

Nicolas, J. P., and D. H. Bromwich, 2011: Climate of West Antarctica and Influence of Marine
Air Intrusions. Journal of Climate, 24 (1), 49–67.

Nicolas, J. P., and D. H. Bromwich, 2014: New Reconstruction of Antarctic Near-Surface
Temperatures: Multidecadal Trends and Reliability of Global Reanalyses. Journal of Climate,
27 (21), 8070–8093.

Nicolas, J. P., and Coauthors, 2017: January 2016 extensive summer melt in West Antarctica
favored by strong El Niño. Nature Communications.

Nigro, M. A., and J. J. Cassano, 2014: Analysis of the Ross Ice Shelf airstream forcing mecha-
nisms using self-organizing maps. Monthly Weather Review, 142 (12), 4719–4734.

Niwano, M., T. Aoki, S. Matoba, S. Yamaguchi, T. Tanikawa, K. Kuchiki, and H. Motoyama,
2015: Numerical simulation of extreme snowmelt observed at the SIGMA-A site, northwest
Greenland, during summer 2012. The Cryosphere, 9 (3), 971–988.

Noh, Y.-J., C. J. Seaman, T. H. Vonder Haar, D. R. Hudak, and P. Rodriguez, 2011: Comparisons
and analyses of aircraft and satellite observations for wintertime mixed-phase clouds. Journal
of Geophysical Research: Atmospheres, 116 (D18).

Ohmura, A., E. G. Dutton, B. Forgan, C. Frohlich, and Coauthors, 1998: Baseline Surface
Radiation Network (BSRN/WCRP): New precision radiometry for climate research. Bulletin
of the American Meteorological Society, 79 (10), 2115.

O’Kane, T. J., D. P. Monselesan, and J. S. Risbey, 2017: A Multiscale Reexamination of the
Pacific–South American Pattern. Monthly Weather Review, 145 (1), 379–402.

Orsi, A. J., B. D. Cornuelle, and J. P. Severinghaus, 2012: Little Ice Age cold interval in West
Antarctica: evidence from borehole temperature at the West Antarctic Ice Sheet (WAIS) divide.
Geophysical Research Letters, 39 (9).

145



Paolo, F., L. Padman, H. Fricker, S. Adusumilli, S. Howard, and M. Siegfried, 2018: Response of
Pacific-sector Antarctic ice shelves to the El Niño/Southern Oscillation. Nature Geoscience, 1.

Paolo, F. S., H. A. Fricker, and L. Padman, 2015: Volume loss from Antarctic ice shelves is
accelerating. Science, 348 (6232), 327–331.

Parish, T. R., and D. H. Bromwich, 1986: The inversion wind pattern over West Antarctica.
Monthly weather review, 114 (5), 849–860.

Parish, T. R., and D. H. Bromwich, 1987: The surface windfield over the Antarctic ice sheets.
Nature, 328 (6125), 51–54.

Parish, T. R., J. J. Cassano, and M. W. Seefeldt, 2006: Characteristics of the Ross Ice Shelf
air stream as depicted in Antarctic Mesoscale Prediction System simulations. Journal of
Geophysical Research: Atmospheres, 111 (D12).

Perovich, D., T. Grenfell, B. Light, and P. Hobbs, 2002: Seasonal evolution of the albedo of
multiyear Arctic sea ice. Journal of Geophysical Research: Oceans, 107 (C10), SHE–20.

Pritchard, H., S. Ligtenberg, H. Fricker, D. Vaughan, M. van den Broeke, and L. Padman, 2012:
Antarctic ice-sheet loss driven by basal melting of ice shelves. Nature, 484 (7395), 502–505.

Ramanathan, V., R. Cess, E. Harrison, P. Minnis, B. Barkstrom, E. Ahmad, and D. Hartmann,
1989: Cloud-radiative forcing and climate: Results from the Earth Radiation Budget Experi-
ment. Science, 243 (4887).

Raphael, M., and Coauthors, 2016: The Amundsen Sea Low: variability, change, and impact on
Antarctic climate. Bulletin of the American Meteorological Society, 97 (1), 111–121.

Reusch, D. B., and R. B. Alley, 2004: A 15-year West Antarctic climatology from six auto-
matic weather station temperature and pressure records. Journal of Geophysical Research:
Atmospheres, 109 (D4).

Rignot, E., G. Casassa, P. Gogineni, W. Krabill, A. Rivera, and R. Thomas, 2004: Accelerated
ice discharge from the Antarctic Peninsula following the collapse of Larsen B ice shelf.
Geophysical Research Letters, 31 (18).

Rignot, E., J. Mouginot, M. Morlighem, H. Seroussi, and B. Scheuchl, 2014: Widespread, rapid

146



grounding line retreat of Pine Island, Thwaites, Smith, and Kohler glaciers, West Antarctica,
from 1992 to 2011. Geophysical Research Letters, 41 (10), 3502–3509.

Saxena, V., and R. Ruggiero, 1990: Antarctic coastal stratus clouds: Microstructure and acidity.
Contributions to Antarctic Research I, 7–18.

Scambos, T., and Coauthors, 2017: How much, how fast?: A science review and outlook for
research on the instability of Antarctica’s Thwaites Glacier in the 21st century. Global and
Planetary Change, 153, 16–34.

Scambos, T. A., J. A. Bohlander, C. A. Shuman, and P. Skvarca, 2004: Glacier acceleration and
thinning after ice shelf collapse in the Larsen B embayment, Antarctica. Geophysical Research
Letters, 31 (18).

Scambos, T. A., C. Hulbe, M. Fahnestock, and J. Bohlander, 2000: The link between climate
warming and break-up of ice shelves in the Antarctic Peninsula. Journal of Glaciology, 46 (154),
516–530.

Schneider, D. P., C. Deser, and Y. Okumura, 2012a: An assessment and interpretation of the
observed warming of West Antarctica in the austral spring. Climate Dynamics, 38 (1-2),
323–347.

Schneider, D. P., Y. Okumura, and C. Deser, 2012b: Observed Antarctic interannual climate
variability and tropical linkages. Journal of climate, 25 (12), 4048–4066.

Schneider, D. P., and E. J. Steig, 2008: Ice cores record significant 1940s Antarctic warmth related
to tropical climate variability. Proceedings of the National Academy of Sciences, 105 (34),
12 154–12 158.

Scott, R. C., and D. Lubin, 2014: Mixed-phase cloud radiative properties over Ross Island,
Antarctica: The influence of various synoptic-scale atmospheric circulation regimes. Journal
of Geophysical Research: Atmospheres, 119 (11), 6702–6723.

Scott, R. C., and D. Lubin, 2016: Unique manifestations of mixed-phase cloud microphysics over
Ross Island and the Ross Ice Shelf, Antarctica. Geophysical Research Letters, 43.

Scott, R. C., D. Lubin, A. M. Vogelmann, and S. Kato, 2017: West Antarctic Ice Sheet Cloud
Cover and Surface Radiation Budget from NASA A-Train Satellites. Journal of Climate,
30 (16), 6151–6170.

147



Screen, J. A., and I. Simmonds, 2012: Half-century air temperature change above Antarctica:
Observed trends and spatial reconstructions. Journal of Geophysical Research: Atmospheres,
117 (D16).

Seefeldt, M. W., and J. J. Cassano, 2008: An analysis of low-level jets in the greater Ross Ice
Shelf region based on numerical simulations. Monthly Weather Review, 136 (11), 4188–4205.

Shean, D. E., and Coauthors, 2017: GPS-derived estimates of surface mass balance and ocean-
induced basal melt for Pine Island Glacier ice shelf, Antarctica. The Cryosphere, 11 (6),
2655.

Shepherd, A., and Coauthors, 2012: A Reconciled Estimate of Ice-Sheet Mass Balance. Science,
338 (6111), 1183–1189.

Shepherd, A., and Coauthors, 2018: Mass balance of the Antarctic Ice Sheet from 1992 to 2017.
Nature, 556, 219–222.

Shupe, M. D., 2011: Clouds at Arctic atmospheric observatories. Part II: Thermodynamic phase
characteristics. Journal of Applied Meteorology and Climatology, 50 (3), 645–661.

Shupe, M. D., and J. M. Intrieri, 2004: Cloud radiative forcing of the Arctic surface: The influence
of cloud properties, surface albedo, and solar zenith angle. Journal of Climate, 17 (3), 616–628.

Shupe, M. D., S. Y. Matrosov, and T. Uttal, 2006: Arctic mixed-phase cloud properties derived
from surface-based sensors at SHEBA. Journal of the Atmospheric Sciences, 63 (2), 697–711.

Shupe, M. D., and Coauthors, 2013: High and dry: New observations of tropospheric and cloud
properties above the Greenland Ice Sheet. Bulletin of the American Meteorological Society,
94 (2), 169–186.

Spinhirne, J., S. Palm, and W. Hart, 2005: Antarctica cloud cover for October 2003 from GLAS
satellite lidar profiling. Geophysical Research Letters, 32 (22).

Stamnes, K., R. Ellingson, J. Curry, J. Walsh, and B. Zak, 1999: Review of science issues,
deployment strategy, and status for the ARM North Slope of Alaska–Adjacent Arctic Ocean
climate research site. Journal of climate, 12 (1), 46–63.

Stamnes, K., J. Slusser, M. Bowen, C. Booth, and T. Lucas, 1990: Biologically effective ultraviolet

148



radiation, total ozone abundance, and cloud optical depth at McMurdo Station, Antarctica,
September 15 1988 through April 15 1989. Geophysical Research Letters, 17 (12), 2181–2184.

Stamnes, K., S.-C. Tsay, W. Wiscombe, and K. Jayaweera, 1988: Numerically stable algorithm for
discrete-ordinate-method radiative transfer in multiple scattering and emitting layered media.
Applied optics, 27 (12), 2502–2509.

Steig, E. J., and Coauthors, 2013: Recent climate and ice-sheet changes in West Antarctica
compared with the past 2,000 years. Nature Geoscience, 6 (5), 372–375.

Steinhoff, D. F., S. Chaudhuri, and D. H. Bromwich, 2009: A case study of a Ross Ice Shelf
airstream event: A new perspective. Monthly Weather Review, 137 (11), 4030–4046.

Stephens, G. L., and Coauthors, 2002: The Cloudsat mission and the A-Train: A new dimension of
space-based observations of clouds and precipitation. Bulletin of the American Meteorological
Society, 83 (12), 1771–1790.

Stone, R. S., 1993: Properties of austral winter clouds derived from radiometric profiles at the
South Pole. Journal of Geophysical Research: Atmospheres, 98 (D7), 12 961–12 971.

Stroeve, J., J. E. Box, F. Gao, S. Liang, A. Nolin, and C. Schaaf, 2005: Accuracy assessment of the
MODIS 16-day albedo product for snow: comparisons with Greenland in situ measurements.
Remote Sensing of Environment, 94 (1), 46–60.

Stroeve, J., J. E. Box, Z. Wang, C. Schaaf, and A. Barrett, 2013: Re-evaluation of MODIS MCD43
Greenland albedo accuracy and trends. Remote Sensing of Environment, 138, 199–214.

Stuecker, M. F., C. M. Bitz, and K. C. Armour, 2017: Conditions leading to the unprecedented
low Antarctic sea ice extent during the 2016 austral spring season. Geophysical Research
Letters, 44 (17), 9008–9019.

Taylor, P. C., B. M. Hegyi, R. C. Boeke, and L. N. Boisvert, 2018: On the Increasing Importance
of Air-Sea Exchanges in a Thawing Arctic: A Review. Atmosphere, 9 (2), 41.

Tedesco, M., 2009: Assessment and development of snowmelt retrieval algorithms over Antarctica
from K-band spaceborne brightness temperature (1979–2008). Remote Sensing of Environment,
113 (5), 979–997.

149



Tedesco, M., W. Abdalati, and H. Zwally, 2007: Persistent surface snowmelt over Antarctica
(1987-2006) from 19.35 GHz brightness temperatures. Geophysical Research Letters, 34 (18).

Thomas, E. R., T. J. Bracegirdle, J. Turner, and E. W. Wolff, 2013: A 308 year record of climate
variability in West Antarctica. Geophysical Research Letters, 40 (20), 5492–5496.

Thomas, E. R., J. S. Hosking, R. R. Tuckwell, R. Warren, and E. Ludlow, 2015: Twentieth
century increase in snowfall in coastal West Antarctica. Geophysical Research Letters, 42 (21),
9387–9393.

Thompson, D. C., and W. J. P. Macdonald, 1962: Radiation measurements at Scott Base. New
Zealand Journal of Geology and Geophysics, 5 (5), 874–909.

Thompson, D. W., and S. Solomon, 2002: Interpretation of recent Southern Hemisphere climate
change. Science, 296 (5569), 895–899.

Tjernström, M., and Coauthors, 2014: The Arctic Summer Cloud Ocean Study (ASCOS):
overview and experimental design. Atmospheric Chemistry and Physics, 14 (6), 2823–2869.

Tjernström, M., and Coauthors, 2015: Warm-air advection, air mass transformation and fog
causes rapid ice melt. Geophysical Research Letters, 42 (13), 5594–5602.

Town, M. S., and V. P. Walden, 2009: Surface energy budget over the South Pole and turbulent
heat fluxes as a function of an empirical bulk Richardson number. Journal of Geophysical
Research: Atmospheres, 114 (D22).

Town, M. S., V. P. Walden, and S. G. Warren, 2005: Spectral and broadband longwave down-
welling radiative fluxes, cloud radiative forcing, and fractional cloud cover over the South Pole.
Journal of Climate, 18 (20), 4235–4252.

Trusel, L. D., K. E. Frey, S. B. Das, K. B. Karnauskas, P. K. Munneke, E. Van Meijgaard,
and M. R. van den Broeke, 2015: Divergent trajectories of Antarctic surface melt under two
twenty-first-century climate scenarios. Nature Geoscience.

Trusel, L. D., K. E. Frey, S. B. Das, P. K. Munneke, and M. R. Broeke, 2013: Satellite-based
estimates of Antarctic surface meltwater fluxes. Geophysical Research Letters, 40 (23), 6148–
6153.

150



Tsukernik, M., and A. H. Lynch, 2013: Atmospheric meridional moisture flux over the Southern
Ocean: A story of the Amundsen Sea. Journal of Climate, 26 (20), 8055–8064.

Turner, J., A. Orr, G. H. Gudmundsson, A. Jenkins, R. G. Bingham, C.-D. Hillenbrand, and T. J.
Bracegirdle, 2017a: Atmosphere-ocean-ice interactions in the Amundsen Sea Embayment,
West Antarctica. Reviews of Geophysics, 55 (1), 235–276.

Turner, J., T. Phillips, J. S. Hosking, G. J. Marshall, and A. Orr, 2013: The Amundsen Sea Low.
International Journal of Climatology, 33 (7), 1818–1829.

Turner, J., T. Phillips, G. J. Marshall, J. S. Hosking, J. O. Pope, T. J. Bracegirdle, and P. Deb,
2017b: Unprecedented springtime retreat of Antarctic sea ice in 2016. Geophysical Research
Letters, 44 (13), 6868–6875.

Turner, J., and Coauthors, 2016: Absence of 21st century warming on Antarctic Peninsula
consistent with natural variability. Nature, 535 (7612), 411–415.

van den Broeke, M. R., 2005: Strong surface melting preceded collapse of Antarctic Peninsula
ice shelf. Geophysical Research Letters, 32 (12).

van den Broeke, M. R., E. Enderlin, I. Howat, P. Kuipers Munneke, B. Noël, W. J. van de Berg,
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