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Abstract

A sharp contrast in low cloud fraction and boundary layer structure across
the Antarctic sea ice edge during winter is clearly detectable in active satellite
retrievals, which provide an unprecedented view of high latitude clouds during
winter, as well as in reanalysis products and in situ measurements. During polar
winter, sea ice insulates the ocean and prevents heat and moisture transport to the
atmosphere, causing the boundary layer to be convective, moist, warm and cloudy
over open water, and stable, dry, cold and clear over sea ice. The average surface
downward flux of longwave radiation is at least 39 W/m? larger over regions of
open water slightly equatorward of the ice edge than over sea ice slightly poleward
of the ice edge. This enhanced greenhouse effect of the boundary layer over open
water slows heat loss from the ocean and horizontal expansion of sea ice. Several
state-of-the-art global climate models with satellite simulators are compared to
observations. Four out of seven fully coupled models simulate cloudier conditions
equatorward of the sea ice edge than poleward. Other model biases are also

discussed.

1. Introduction

Sea ice and marine boundary layer clouds and moisture strongly modulate
high latitude climate. During winter, low clouds and moisture emit longwave (LW)
radiation downward and heat the surface, while sea ice insulates the ocean and

weakens ocean-atmosphere exchanges of heat and moisture. Sea ice formation in
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the Weddell Sea affects deep water formation and the global circulation of the ocean
[Gordon, 1991]. Since most Antarctic sea ice lasts for less than one year, the growth
of sea ice during winter is an important determinant for how long the ice will persist
into the melt season, and hence the radiative impact it will have. Understanding of
high latitude climate will be improved thorough study of sea ice, low clouds, and
interactions between the two in the observational record, together with evaluation
of models against observations.

Satellite active remote sensing provides an unprecedented view of high
latitude clouds during winter. We take advantage of this new technology, as well as
in situ measurements and radiative transfer modeling, to examine low cloud and
boundary layer structure in the vicinity of the Antarctic sea ice edge. We also
provide a novel test for climate models based on their ability to capture the contrast
in low cloud on either side of the sea ice edge.

Interactions between sea ice and the atmospheric boundary layer have
previously been studied, but focus on this topic has generally been on Arctic sea ice.
Two exceptions are [Bromwich et al., 2012] who first pointed out that the total
cloud fraction observed from active satellite retrievals is ~10-20% lower in sea ice
covered regions of the Southern Ocean than over open water to the north, and
[Fitzpatrick and Warren, 2007] who used ship-based measurements of downwelling
shortwave (SW) radiation over the Southern Ocean to show that clouds tend to be
optically thicker over open water than over sea ice in austral spring and summer. In
the Arctic summer and early fall, low clouds have been observed to be more

abundant and optically thicker over open water than over sea ice from active
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satellite remote sensing products [Kay and Gettelman, 2009; Palm et al., 2010] and
from surface observers [Eastman and Warren, 2010]. On the other hand, [Schweiger
et al., 2008] found that regions of low sea ice cover coincide with enhanced mid-
level cloudiness and reduced low cloud cover in the Arctic during autumn using
passive satellite retrievals. It has also been argued that boundary layer moisture (or
lack thereof) triggers the onset of sea ice melt and freeze-up when advected over
Arctic sea ice [Kapsch et al., 2013] and that a warmer, moister boundary layer has
amplified Arctic sea ice decline in recent years [Serreze et al., 2009; Screen and
Simmonds, 2010; Boisvert and Stroeve, 2015].

Most of the studies mentioned above were performed on the Arctic, while the
Southern Ocean has received relatively little attention. In this study we provide, for
the first time, a comprehensive analysis of low cloud and boundary layer structure

near the Antarctic sea ice edge during winter.

2. Data and Methods

Cloud observations are taken from the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) instrument onboard the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO). CALIOP is an atmospheric lidar that
measures high vertical resolution profiles of clouds [Winker et al., 2007]. Because
CALIOP is an active instrument, retrievals are not affected by low sunlight or near-
surface inversions, two conditions that make retrievals of low clouds over sea ice
highly uncertain or impossible with passive remote sensing techniques. As an

example of the challenge of cloud detection over high latitudes with passive
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instruments, [Liu et al., 2004] found that during polar night over 40% of all clouds
went undetected by the cloud mask algorithm of the Moderate-resolution Imaging
Spectroradiometer (MODIS) used at that time. The algorithm has since been
improved, but detection of low clouds over ice covered polar regions remains a
major challenge for passive instruments [Ackerman et al., 2008]. On the other hand,
the signal-to-noise ratio of CALIOP is maximized in the absence of sunlight, making
it well suited for studying clouds during polar night.

We use the Global Climate Model-Oriented CALIPSO Cloud Product (GOCCP)
[Chepfer et al., 2010; CALIPSO, 2015], which provides monthly-mean cloud
incidence on a 2°x2°x0.48 km (longitude, latitude, height) grid. For a given grid box
and month, cloud incidence is defined as the number of times a cloud was positively
identified divided by the total number of scenes in which the lidar was not fully
attenuated above the grid box. The vertical (horizontal) resolution of CALIOP is 30
m (330 m) below 8 km and 60 m (1000 m) above, with a total of 583 vertical levels.
Interpolating to the relatively coarse GOCCP vertical grid (40 levels) significantly
increases the signal-to-noise ratio and provides a grid that is ideal for comparison
with GCMs [Chepfer et al., 2010].

We also use observations of passive microwave sea ice concentration (SIC)
from the National Snow and Ice Data Center [Peng et al., 2013; NOAA/NSIDC, 2015]
and cloud liquid water path from the Multi-Sensor Advanced Climatology of Liquid
Water Path dataset [Elsaesser et al., 2015]. Temperature and specific humidity fields
from European Center for Medium-Range Weather Forecasts Reanalysis (ERA

Interim; [Dee et al., 2011; ECMWEF, 2015]) are used. All satellite and reanalysis data
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analyzed are monthly-mean fields during the time period from June, 2006 to August,
2014.

Additionally, we use in situ measurements of air temperature, wind and
surface energy budget terms over the Weddell Sea during winter. Temperature and
wind data are taken from soundings obtained on a cruise that traversed the Weddell
Sea during June-August 2013 [K6nig-Langlo et al., 2006; Konig-Langlo, 2013] and
surface energy budget measurements were obtained on a drifting ice floe in the
western Weddell Sea during April-May 1992 as part of the Ice Station Weddell
campaign [Gordon et al., 1993; Ice Station Weddell, 1993]. The soundings were
taken once daily, released from a height of 10 m, and have ~30 m vertical
resolution in the lower troposphere. Sounding data were linearly interpolated to a
vertical grid with a spacing of 30 m. A total of 50 soundings were taken poleward of
60°S, and of these soundings, half were taken between 60-65°S and half were taken
poleward of 65°S. Hourly-averages of the surface heat budget measurements are
analyzed. The latent and sensible heat terms were computed from eddy correlation
measurements.

Finally, we use output from seven GCMs that participated in the Coupled
Model Intercomparison Project Phase 5 (CMIP5) [Taylor et al., 2012], including
output from the CALIPSO simulator [Chepfer et al., 2008]. Models in fully coupled
and atmosphere only configurations are evaluated, and the first ensemble member

for each model is used.
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3. Observed winter low cloud and boundary layer structure over

the Southern Ocean

3.1 Satellite Observations

Figure 1 shows 2006-2014 winter climatology of cloud incidence between
0.96-1.44 km along with the 35% SIC contour. Throughout this study the latitude of
the sea ice edge is defined as the northernmost point at which the SIC is 35% at each
longitude. A clear and sharp contrast in cloudiness at the 0.96-1.44 km level occurs
between latitudes on either side of the ice edge, with cloud incidence generally
~30% over open water and ~10% over ice. The gradient of cloud incidence across
the ice edge is weakest in the Western Pacific and Southern Indian Ocean (20°E -
160°E) where the ice edge is closest to shore. Further analysis is carried out over
the Weddell and Ross Seas (defined as 50°W-0°E and 130°W-170°E, respectively;
Figure 2) where the ice edge is farthest offshore.

We now consider the vertical profile of cloudiness, temperature and
humidity in the lower troposphere. For each gridpoint and time (only monthly-
means from June, July and August (JJA) between 2006-2014 are considered), the
meridional distance between the gridpoint and the ice edge was computed. Data
were then composited by meridional distance from the ice edge in bins of width 0.5°
latitude, and the mean of each bin computed. This procedure was also done on the
JJA-mean of each year, and the main conclusions are the same using either monthly

or seasonal averages.
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Figure 2b and 2f show the vertical profiles of mean cloud incidence in the
lower troposphere as a function of meridional distance from the sea ice edge in the
Weddell and Ross Seas, respectively. The boundary layer is, on average, deeper and
cloudier equatorward of the sea ice edge than poleward. The mean total low cloud
fraction (LCF), defined as cloud fraction below the 680 hPa level (~3.2 km), as well
as the mean SIC are shown in Figure 3c and 3g (see Appendix). The mean SIC can be
split into three regions: an “ice” zone in which SIC~100% that occurs poleward of 2°
south of the ice edge, an “open water” zone in which SIC~0% that occurs
equatorward of 1° north of the ice edge, and a “transition” region between. The
mean LCF in the “ice” zone is 50% to 55% and bins within the “ice” zone have a
nearly uniform LCF to within the 95% measurement uncertainty. This is also true
for the “open water” zone, where mean LCF is 65% to 70%. The mean LCF is
significantly larger in the “open water” zone than the “ice” zone (i.e. there is no
overlap between the 95% confidence interval of any bin in the “open water” zone
with any bin in “ice” zone). Across the “transition” zone, LCF increases smoothly as
SIC decreases.

Finally, vertical profiles of mean potential temperature and specific humidity
from reanalysis as a function of meridional distance from the ice edge are shown in
Figure 3d and 3h. The boundary layer is clearly more stable over sea ice than over
open water, as can be seen by the vertical spacing in the potential temperature
contours. Near the surface, temperatures are close to the freezing temperature over

open water and drop more rapidly poleward of the ice edge. Boundary layer specific
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humidity values are also nearly a factor of two larger over open water than over sea

ice.

3.2 Ground-based Observations

a. Boundary layer vertical structure from soundings

Soundings can resolve the vertical structure of the boundary layer and
provide further insight into the physical process at work. We analyze soundings
taken from a cruise that traversed the Weddell Sea during June-August 2013 [Konig-
Langlo, 2013]. The cruise track is shown in Figure 3.

We begin with a brief description of sea ice in the Weddell Sea during
midwinter as observed from cruises. The sea ice edge is typically found between 60-
65°S and advances northward by several degrees latitude over the course of the
winter (Figure 1). Near the outer edge of the sea ice there is a ~250 km north-south
band of fragmented pancake ice with pockets of exposed seawater. Farther south,
sea ice is organized into vast floes that cover the ocean surface nearly completely
[Wadhams et al., 1987, their Figure 12]. Sounding data is composited into
measurements made between 60-65°S and poleward of 65°S. It is likely that many of
the soundings obtained between 60-65°S were taken above or close to regions of
open water, either within the band of fragmented pancake ice or north of the ice
edge, and the soundings poleward of 65°S were taken over consolidated pack ice.

Figure 4 shows the probability density function of temperature at each
height recorded by the soundings between 10-1500 m. This was computed by

binning the data at each level into bins of width 2°C, computing the frequency of
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occurrence of each bin, and normalizing by the number of soundings. Clear
bimodality in the soundings between 60-65°S is seen, which illustrates the influence
of sea ice on the boundary layer structure. The warm mode closely follows a moist
adiabat with a surface temperature of -1.8°C, the approximate freezing temperature
of seawater in the Southern Ocean. This warm mode forms where the atmosphere is
in contact with open water, and under such circumstances the boundary layer is
convective and moist. Only the cold mode is found poleward of 65°S because the
presence of sea ice diminishes the heat and moisture fluxes to the atmosphere. Low-
level inversions are common in the cold mode (e.g. Figure 5).

Low-level jets are also frequently seen in the soundings, indicating the
presence of a stable boundary layer (Figure 5). A low-level jet is defined as a local
maximum in wind speed of at least 2 m/s that is below 1 km. Low-level jets exist
above stable boundary layers and, at least in temperate latitudes, are initiated when
the boundary layer transitions from convective to stable. The sudden shoaling of the
boundary layer during this transition causes a reduction in drag from turbulent
momentum flux, and therefore a sudden increase in wind speed, at heights above
the stable boundary layer but below the former convective boundary layer top. At
these heights the wind undergoes inertial oscillations that are nearly undamped
because of the stable boundary layer below, and wind speeds can therefore exceed
geostrophic values [Blackadar 1957; Thorpe and Guymer, 1977].

Low-level jets were identified in 31 of the 50 soundings taken poleward of
60°S. The low-level jets tend to be oriented toward the north west and west, and

within the jet core, wind speeds in excess of 15 m/s are not uncommon (Figure 5).

n
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The mechanism that initiates low-level jets over Antarctic sea ice during winter is
not fully understood. Low-level jets were identified at locations throughout the
cruise, but were especially prevalent near the Antarctic Peninsula (not shown),
suggesting that some of the observed jets are driven by outflow from the barrier
winds in the western Weddell Sea. The barrier winds are strong, low-level winds
that parallel the mountain range on the Antarctic Peninsula, and are driven by a
pressure gradient that develops when low-level easterly flow across the southern
Weddell Sea is obstructed by the mountains on the Antarctic Peninsula
[Schwerdtfeger, 1973; Parish, 1983]. It has been hypothesized that, away from the
influence of the barrier winds, low-level jets over sea ice are initiated by advection
of air from the convective boundary layer that forms above open water. This warm
advection may temporarily deepen the boundary layer and erode the low-level jet.
Then the air mass cools, a stable boundary layer forms, and a new low-level jet is
initiated [Andreas et al., 2000]. Katabatic winds may also drive low-level jets near

the Antarctic coast.

b. Surface energy budget over sea ice in the Weddell Sea

The surface energy budget must be examined in order to understand the
extent to which the boundary layer influences the development of Antarctic sea ice.
We analyze surface energy budget measurements taken on a drifting ice floe called
the Ice Station Weddell during April-May 1992 [Gordon et al., 1993]. The drift path
is shown in Figure 3. It is important to bear in mind that the Ice Station Weddell

measurements were made in the interior of the Weddell Sea over a thick slab of
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multi-year ice for only two months in early winter, and therefore may not be
representative of the Southern Ocean as a whole.

The surface heat budget measurements are shown in Figure 6, and are
dominated by the LW fluxes. The net flux is typically negative, indicating heat loss
from the ice. To leading order, the heat loss is balanced by upward conduction of
heat that is released at the ice-ocean interface as seawater freezes, and by heat
supplied from the ocean [Thorndike, 1992]. Comparison of the LW fluxes reveals
that heat loss from the ice is an order of magnitude larger when the downward LW
flux is relatively small (i.e. when the boundary layer is clear, cold and dry) than
when the downward LW flux is large (i.e. when the boundary layer is warm, cloudy
and moist). This can be seen by comparing the red and black lines in Figure 6b. The
red line shows the mean surface downward LW flux as a function of upward LW
flux, which was computed by binning the data by downward LW flux into bins of
width 10 Wm-2 and then computing the mean upward LW flux and 95% confidence
interval for each bin. The confidence interval has been adjusted to account for serial
correlation of the data [Bretherton et al., 1999; their equation 31]. In the Arctic
winter, the net surface LW flux over sea ice also has bimodal behavior, with a
preferred value of ~-40 W/m? under clear skies or thin ice clouds and ~0 W/m?
during cloudy conditions [Stramler et al., 2010].

The net surface heat flux is an important determinant of the rate of sea ice
thickening during winter. On seasonal timescales, there is approximate heat balance
in the sea ice between heat flux to the atmosphere (F,;,,) and ocean (F,.,) and

latent heating from the formation of new ice:

12
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where L = 3x108 J/m3 is the latent heat of fusion of sea ice, h is the sea ice
thickness, and F,;,, and F,, are defined to be positive when heat flows into the ice.
We neglect heat storage within the ice because, on seasonal timescales, it is much
smaller than latent heating from the formation of new ice [Thorndike, 1992].
Horizontal heat transport is also neglected.

The observed net surface heat loss to the atmosphere has a mean value of
Fatm = —19.0 £ 0.5 Wm for clear and dry conditions (defined as scenes in which
the downward LW flux is less than 200 Wm) and F;,, =& —8.0 + 0.5 Wm2 for
cloudy and humid conditions (defined as scenes in which the downward LW flux is
greater than 200 Wm-2). Using the heat balance described above, this implies that
the mean ice growth rate is approximately 3 mm/day larger for clear and dry
conditions than for cloudy and humid conditions, assuming the same ocean heat
flux. Since Antarctic sea ice typically reaches a thickness of ~0.5 m by the end of
growth season [Kurtz and Markus, 2012], these observations suggest that
temperature and moisture advection over sea ice can substantially reduce ice

thickness on seasonal timescales.
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4. Computing surface downward LW flux near the sea ice edge

The surface energy budget measurements taken from Ice Station Weddell
provide valuable insight into the energetics of Antarctic sea ice growth, but are very
limited in both space and time. It remains to be seen whether or not there is a jump
in surface downward LW flux across the sea ice margin due to differences in
boundary layer properties on either side of the ice edge, and if so, if the difference in
LW flux is large enough to influence the horizontal expansion of sea ice during
winter. We examine this question using the one-dimensional Rapid and Accurate
Radiative Transfer Model for GCMs [Mlawer et al., 1997; Clough et al., 2005; [acono
et al., 2008] forced with atmospheric temperature and humidity profiles from
reanalysis and cloud liquid water path (LWP) from satellite observations over the
Weddell Sea during JJA.

In order to examine the winter surface energy budget on either side of the
sea ice edge we again sort data into an “open water” and “sea ice” composite,
defined as all scenes 1°-3° equatorward and 2°-4° poleward of the ice edge,
respectively. Sea ice cover in the “open water” (“sea ice”) region is approximately
zero (complete) (Figure 2c). The temperature and humidity profiles for the “open
water” and “sea ice” composites are shown in Figure 7. The profiles are
characterized by a relatively cold, stable and dry boundary layer over sea ice and a
warm and moist boundary layer over open water, which is qualitatively in
agreement with the soundings presented earlier. The model was run with all

profiles of temperature and humidity during the period of study.
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We also compute the surface LW cloud radiative effect for low clouds, which
we call LW CRE¥*, defined as the difference in surface downward LW flux with a low
cloud present and with clear-sky conditions. A positive value of LW CRE* indicates
that low clouds have a warming effect on the surface. The asterisk is meant to
remind the reader that we compute the surface LW cloud radiative effect at a point
beneath a low cloud that covers the sky. In other words, if a low cloud suddenly
passes overhead and covers the sky, then LW CRE* is equal to the additional LW flux
reaching the surface. LW CRE* is generally not equal to the monthly mean LW CRE
because only low clouds are considered in the calculation of LW CRE* and, at a given
point, low clouds will not obscure the sky for the entirety of the month. The
calculations were performed without middle or high clouds in order to isolate the
contribution to the surface energy budget made by low clouds.

We make several assumptions about low clouds in the calculations. We use
satellite observations of LWP for the “open water” composite and use a wide range
of liquid and ice cloud conditions for the “sea ice” composite where observations are
not available. Low clouds are assumed to have a base at 0.5 km and a top at 1 km.
Uncertainty in the LWP retrievals over the “open water” composite is less than 10
g/m? for all observations considered and is typically ~4 g/m2. Uncertainty in LWP
has a negligible effect on the computed surface downward LW flux because liquid
clouds are nearly opaque to LW radiation for LWP values greater than ~20 g/m?,
which is much lower than values observed over the Southern Ocean (Figure 7c)
[Hartmann, 2016]. Low clouds over “open water” are assumed to consist entirely of

supercooled liquid, which is a good approximation over the Southern Ocean [Hu et
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al,, 2010; Morrison et al.,, 2011], and have a droplet effective radius of 16 um, which
is close to the observed wintertime mean over the Southern Ocean [McCoy et al.,
2014, their Figure 9].

The clear-sky surface downward LW fluxes are significantly larger over
“open water” than over “sea ice” because of the warmer, moister boundary layer
(Figure 8). The average downward LW flux at the surface is 24.4 W/m? larger over
“open water” than over “sea ice” and the difference is significant at the 95%
confidence level. In order to test the sensitivity of the surface downward LW flux to
variations in humidity and temperature, the calculations were repeated with
humidity fixed to mean values at each height and temperature varied, and vice
versa. The clear-sky surface downward LW flux is slightly more sensitive to
variations in temperature than to variations in humidity (not shown).

Low clouds make a substantial contribution to the surface downward LW
flux. The mean surface LW CRE* over the “open water” region is 87.3 + 0.1 Wm2,
which is a 44% increase over the clear-sky surface downward LW flux (Figure 8).
The surface LW CRE* is insensitive to variations in LWP because liquid clouds
become nearly opaque to LW radiation at LWP values of ~20 g/m?, which is much
lower than observed values over the “open water” composite (Figure 7c). The 95%
confidence interval for the mean LW CRE* over open water is therefore quite
narrow and can hardly be seen in Figure 8b.

Differences in the mean boundary layer properties over the “sea ice” and

“open water” composites can be used to compute the jump in surface downward LW
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flux across the sea ice margin. Mean values for the quantities needed for this
calculation are shown in Table 1.

The average surface downward longwave flux (LW,) can be expressed as the
sum of the clear-sky flux (LW (jear) and the additional surface downward LW flux
contributed by a low cloud (LW CRE*) multiplied by the frequency at which low

clouds are observed (LCF):

LW, = LW, jear + LCF(LW CRE®).

This equation neglects the contribution of middle and high clouds to the surface
energy budget. However, middle and high cloud fractions are much smaller than the
mean LCF and are not significantly different between the “sea ice” and “open water”
composites (not shown). If A represents the difference of a quantity across the sea

ice edge, then

ALW, = ALW, gear + ALCF(LW CRE*) + LCF(ALW CRE*) + 0(A2).

In other words, the jump in surface downward LW flux across the sea ice edge is due
to differences in clear-sky LW flux, low cloud frequency of occurrence, and radiative
properties of low clouds. The first and second term on the right hand side, which
correspond to the contribution from the difference in clear-sky LW flux and from
differences in low cloud occurrence, are 24 W/m? and 15 W/m?, respectively. The

third term, which is the contribution from differences in radiative properties of low
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clouds across the ice edge, cannot be computed due to lack of observations of cloud
liquid and ice water path over sea ice. However, the average surface LW CRE over
the “open water” composite is at least as large, if not larger, than over “sea ice”
(Figure 8b). Neglecting the contribution from higher order terms, it follows that the
average surface downward LW flux is at least 39 W/m?2 larger over the “open water”
region than over “sea ice.” We emphasize that we have computed a lower bound
estimate for the jump in average surface downward LW flux across the sea ice edge
during winter. Our estimate accounts for differences in low cloud occurrence across
the sea ice margin but not for differences in the radiative properties of low clouds. If
low clouds over sea ice are more often composed of ice due to colder temperatures,
or tend to hold less condensate because of their shallower depths (Figure 2b), then
the true value for the jump in mean surface downward LW radiation may be on the
order of 10’s of W/m? larger than our lower bound estimate of 39 W/m? (Figure
8b).

Suppose that the clear and cold boundary layer that forms over sea ice was
able to persist over open water, so that heat loss from the ocean was ALW, = 39
W/m? larger. Assuming an ocean mixed layer of depth h);; = 100 m [Dong et al.,

2008], this additional heat loss would cool the mixed layer at a rate of

dT _ ALW,
dt CppthL
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where ¢, = 3985 J/(kg °C) is the heat capacity of seawater at 0°C and p,, = 1024
kg/m3 is the density of seawater at salinity of 30 g/kg. Over a 30 day period, this
would result in a cooling of the mixed layer of 0.25°C. If this additional heat loss

were instead used to freeze new sea ice, it would cause a growth rate of:

dh  ALW,
dt = L

which would result in 0.34 m of sea ice over a 30 day period. The strong greenhouse
effect of the convective boundary layer over open water therefore acts to slow heat

loss from the ocean and horizontal expansion of sea ice.

5. Southern Ocean winter low cloud in Global Climate Models

Accurate representation of marine boundary layer clouds and their radiative
effects has long been recognized as a major challenge for global climate models
(GCMs) [Dufresne and Bony, 2008; Trenberth and Fasullo, 2010]. We provide a brief
evaluation of several GCMs based on their ability to simulate the contrast in low
cloud amount across the sea ice edge. Both fully coupled and atmosphere only
(AMIP) configurations are analyzed between 1990-2004 [Taylor et al., 2012; Gates,
1992]. Fully coupled models have prescribed radiative forcing from observations,
while AMIP models have prescribed sea surface temperature and sea ice
concentration from observations. Model climatologies are compared to the

climatology from observations taken between 2006-2014.
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Figure 9 shows the JJA-mean 0.96-1.44 km cloud incidence and sea ice edge
over the Southern Ocean for seven fully coupled CMIP5 models and observations.
Model behavior is quite diverse; some models simulate slightly cloudier conditions
over sea ice than over open water (i.e. the IPSL models) and others simulate a
gradient in total low cloud fraction across the sea ice edge that is roughly a factor of
three larger than observations (e.g. MIROC-ESM-CHEM and MIROC-ESM; Figure 11).
Four of the seven fully coupled models simulate cloudier conditions over open
water than over sea ice in the vicinity of the sea ice edge, with the two IPSL models
and the MPI model being the exceptions. The MPI model does simulate a deeper low
cloud layer over open water than over sea ice, but also simulates far too much cloud
over sea ice in the lowest model layer (not shown). The IPSL models differ only in
resolution and have very similar climatological profiles of LCF and the sea ice edge
(Figure 9; Figure 11). Finally, it is interesting to note that in observations, the
magnitude of the gradient in low cloud incidence across the ice edge at the 0.96-1.44
km level is smallest in the Western Pacific and Southern Indian Ocean (20°E-160°E),
and models do not capture this pattern.

Results from the atmosphere only models are shown in Figure 10. In this
configuration, sea ice can influence the boundary layer above but not vice versa. All
models except for CNRM-CM5 have a clear jump in cloud cover across the ice edge in
the layer between 0.96-1.44 km, demonstrating the influence of sea ice on the
boundary layer in models. Model bias in mean LCF across the ice edge is smaller in
the atmosphere only models than in the fully coupled models (Figure 11),

suggesting that problems with ocean models, sea ice models, or coupling between
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the two and the atmosphere may contribute additional bias in low cloud. It will be
useful to see if this is true for a larger set of GCMs when satellite simulator output

for more models becomes available.

6. Conclusions

Active satellite retrievals from CALIPSO and in situ measurements show a
strong contrast in low cloud amount and boundary layer structure over Antarctic
sea ice and the adjacent open ocean during winter. Sea ice insulates the ocean,
causing a cold, stable, dry and clear boundary layer to form over sea ice and a warm,
cloudy, moist and convective boundary layer over open water. On average, the
surface downward LW flux is at least 39 W/m? larger over open water north or the
sea ice edge than over sea ice to the south. The relatively strong greenhouse effect of
the convective boundary layer that forms over open water slows cooling of the
ocean mixed layer and sea ice growth compared to what would happen if the clear,
dry boundary layer that forms over sea ice was able to persist over open water.
Similarly, advection of moist boundary layer air from open water regions to sea ice
covered regions slows sea ice growth.

These results support the hypothesis of two way interactions between the
ocean surface and the atmospheric boundary layer during winter over high latitude
oceans. Regions of open water have relatively warm surface temperatures and large
surface fluxes of heat and moisture to the atmosphere. Moist, warm, and convective
boundary layers with a strong greenhouse effect form over open water and thus

reinforce the warm surface temperatures there. If such a region were to become
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covered by sea ice then the surface heat and moisture fluxes would dramatically
reduce and the boundary layer would cool, dry and radiate less LW down to the
surface. This would reinforce the cool surface temperatures and allow the sea ice to
persist. Interactions between the ocean, sea ice and the boundary layer have been
proposed as a positive feedback in response to Arctic sea ice loss [Serreze et al.,
2009; Kay and Gettelman, 2009; Screen and Simmonds, 2010], to influence natural
variability in the present Arctic climate [Leibowicz et al., 2012] and as a mechanism
to explain equable climates [Abbott and Tziperman, 2008]. Over the Southern Ocean
during winter, interactions between the ocean, sea ice, and atmospheric boundary
layer act to reinforce the relatively warm temperatures over open water and cold
temperature over sea ice, and hence to stabilize the location of the sea ice edge.

Additionally, seven CMIP5 models with CALIPSO simulator output were
examined. This work highlights the large differences in the mean profiles of low
clouds over ocean in GCMs. We hope that the observed relationships shown here
will be a useful test for future model intercomparison projects when CALIPSO

simulator output for more models is available.
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Appendix

Derivation of 95% confidence interval for the mean low cloud fraction

The mean low cloud fraction (LCF) as a function of meridional distance from
the sea ice edge for the Weddell Sea is shown in Figure 3b, Figure 12 and Table 1,
and for the Ross Sea in Figure 3g. The 95% confidence interval for mean LCF was
computed assuming that the LCF measured at each grid cell and time is
independent. The LCF data is available as monthly averages on a 2°x2° (longitude,
latitude) grid. To justify the assumption that measurements of LCF at each grid cell

and time are independent we must assess spatial and temporal autocorrelation.

Serial correlation in the meridional dimension

Our goal is to bin the data by meridional distance from the ice edge and
compute the mean and 95% confidence interval for the mean of each bin. The
CALIPSO grid is resolved in 2° latitude grid cells, and when compositing by
meridional distance from the ice edge we use bins of width 0.5° latitude. Therefore,
for any given time, no two grid cells of the same longitude and neighboring latitudes
can be assigned to the same bin. We therefore do not need to consider serial
correlation in the meridional dimension when estimating the effective degrees of

freedom of each bin.

Serial correlation in the zonal dimension

24



505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

We estimate a lower bound for the number of degrees of freedom in the
zonal dimension by computing the correlation length scale L for each latitude and
time, and comparing it to the resolution of the CALIPSO grid. Following [Taylor,

1921; Keller, 1935], we define the correlation length scale as

(o]

L =f r(t)dr
0

where r(7) is the spatial autocorrelation function of LCF in the zonal dimension and
T is the separation distance. The distance between independent points in the zonal
dimension can be thought of as 2L. For each time and latitude within 10 degrees of
the sea ice edge we computed 2L, and the maximum value was an order of
magnitude smaller than the 2° longitude resolution of the CALIPSO grid. We
therefore treat each grid cell as an independent measurement of LCF in the zonal

dimension.

Serial correlation in the time dimension
Each longitude and latitude grid cell contains a timeseries of LCF
observations, and the number of effective degrees of freedom of the LCF timeseries

(Nefr) is related to the number observations of LCF (N) and the lag-1

autocorrelation of LCF (r;) by the following equation [Bretherton et al., 1999]:
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Our goal is to bin the observations of LCF by their meridional distance from the ice
edge and then to use this equation to estimate the effective degrees of freedom for
each bin. For each longitude and latitude grid cell we compute r; over the entire
timeseries. Then, for a given bin, say “bin A,” and a given grid cell, say “grid cell B,”
we keep track of the number of times that grid cell B is assigned to bin A and then
compute an estimate for the number of effective degrees of freedom contributed to
bin A by grid cell B by scaling by the right hand side of the above equation. This

procedure was repeated for every grid cell and every bin.

The total number of effective degrees of freedom for each bin estimated by this
procedure is slightly greater than if one were to assume each observation of LCF is
independent in the time dimension. This happens because the lag-1 autocorrelation
of LCF over the domain tends to be slightly negative. We therefore assume that each

estimate of LCF is independent in the time dimension.
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Table Captions

Table 1. Mean and 95% confidence interval for various observed and computed
values over the “open water” and “sea ice” composites (1°-3° equatorward and 2°-4°

poleward of the sea ice edge, respectively) during JJA in the Weddell Sea.

Figure Captions

Figure 1. 2006-2014 climatology of June, July and August cloud incidence between

0.96-1.44 km (color) and the 35% sea ice concentration contour (black line).

Figure 2. (a) Map of region analyzed, (b) mean vertical profile of cloud incidence
observed by CALIPSO, (c) mean SIC and mean and 95% confidence interval of LCF
(see Appendix), and (d) mean vertical profile of potential temperature (contours)
and specific humidity (color) over the Weddell Sea during JJA as a function of

meridional distance from the ice edge. (e-h) as in (a-d) but for the Ross Sea.

Figure 3. Cruise track and Ice Station Weddell (on which surface heat budget
measurements were made) drift path during the period of study. The cruise
traversed from west to east and the Ice Station Weddell drifted from south to north.

The green dot shows the location of the sounding shown in Figure 5.
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Figure 4. Vertical temperature profile of the lower troposphere over the Weddell
Sea during winter from soundings. For each height, color shows the probability
density function of air temperature from soundings taken between 60-65°S (a) and
poleward of 65°S (b). Bins of width 2°C were used in the calculation. The black
dashed line shows a moist adiabat with a surface temperature of -1.8°C, the
approximate freezing temperature of seawater in the Southern Ocean. Twenty-five

soundings were used in both (a) and (b).

Figure 5. Observed low-level jets from soundings taken over the Weddell Sea. (a)
One sounding showing an example of a low-level jet and inversion. See Figure 3 for
the location at which this sounding was obtained. (b) Speed and direction of the

low-level jet core for all observed jets.

Figure 6. Hourly-average measurements of the surface energy budget over a
drifting ice floe in the Weddell Sea during April-May, 1992. Individual heat budget
terms are shown in (a), including absorbed SW radiation (SWabs), surface latent and
sensible heat fluxes (Hi. and Hs respectively), upward and downward LW fluxes, and
net heat flux. Terms are defined to be positive when heat flows into the ice. The box
center line (edges) show the median (25- and 75-percentiles), while the whiskers
show the 5- and 95-percentiles. The LW terms are shown in (b). The black line is the
one-to-one line, while the red line and shading shows the mean and 95% confidence
interval of the mean upward LW flux as function of downward LW flux. See text for a

description of how this was computed.
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Figure 7. Temperature (a), specific humidity (b), and LWP (c) values used in the
radiative transfer calculations. Blue (gray) color denotes profiles from the “open
water” (“sea ice”) composites. In (a) and (b), thick center lines show the mean value,
while the edges of the dark (light) shading show the 25- and 75- (5- and 95-)
percentiles at each height. LWP observations shown in (c) are from the “open water”

composite.

Figure 8. Computed surface downward LW fluxes. Clear-sky fluxes for the “sea ice”
(gray) and “open water” (blue) composites are shown in (a). The box center line
(edges) shows the median (25- and 75-percentiles), and whiskers correspond to the
5- and 95-percentiles. Surface LW CRE* as a function of condensed water path is
shown in (b). The mean and 95% confidence interval for all scenes in the “open
water” composite are shown in blue. Values for low liquid and ice clouds over the
“sea ice” composite are shown in dark and light gray, respectively. The light gray
line (shading edges) shows the values for a liquid cloud with a droplet effective
radius of 16 um (12-20 um). The dark gray line (shading edges) shows the values

for an ice cloud with ice crystal effective radius of 30 yum (20-40 um).

Figure 9. JJA-mean cloud incidence for the 0.96-1.44 km layer (color) and ice edge

(contour) for seven fully coupled CMIP5 models with CALIPSO simulators and

observations (“OBS”).
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Figure 10. As in Figure 9 but for models in AMIP configuration. Note that only three
models shown here also have output from their fully coupled configuration shown

in Figure 9 (HadGEM2-A, MPI-ESM-LR, MIROC5).

Figure 11. Mean LCF during JJA in the Weddell Sea as a function of meridional
distance from the sea ice edge for models in fully coupled and AMIP configurations
and observations. Solid lines show models that have both fully coupled and AMIP
output. Error bars on observations show the 95% confidence interval (see

Appendix).
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Tables

Composite Surface Surface LW LWP CALIPSO LCF Temperature/
LW, clear CRE* (W/m?2) | (g/m?) Humidity
(W/m?)

“open water” | 2005+ 0.5 | 87.310.1 79 + 2 0.69 + 0.01 See Figure 8

“seaice” 176.1 + 0.7 - - 0.52+0.01

Table 1. Mean and 95% confidence interval for various observed and computed

values over the “open water” and “sea ice” composites (1°-3° equatorward and 2°-4°

poleward of the sea ice edge, respectively) during JJA in the Weddell Sea.
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Figures

cloud incidence

Figure 1. 2006-2014 climatology of June, July and August cloud incidence between

0.96-1.44 km (color) and the 35% sea ice concentration contour (black line).
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Figure 2. (a) Map of region analyzed, (b) mean vertical profile of cloud incidence
observed by CALIPSO, (c) mean SIC and mean and 95% confidence interval of LCF
(see Appendix), and (d) mean vertical profile of potential temperature (contours)
and specific humidity (color) over the Weddell Sea during JJA as a function of
meridional distance from the ice edge. (e-h) as in (a-d) but for the Ross Sea.
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Figure 3. Cruise track and Ice Station Weddell (on which surface heat budget
measurements were made) drift path during the period of study. The cruise
traversed from west to east and the Ice Station Weddell drifted from south to north.

The green dot shows the location of the sounding shown in Figure 5.
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Figure 4. Vertical temperature profile of the lower troposphere over the Weddell
Sea during winter from soundings. For each height, color shows the probability
density function of air temperature from soundings taken between 60-65°S (a) and
poleward of 65°S (b). Bins of width 2°C were used in the calculation. The black
dashed line shows a moist adiabat with a surface temperature of -1.8°C, the
approximate freezing temperature of seawater in the Southern Ocean. Twenty-five

soundings were used in both (a) and (b).
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Figure 5. Observed low-level jets from soundings taken over the Weddell Sea. (a)
One sounding showing an example of a low-level jet and inversion. See Figure 3 for
the location at which this sounding was obtained. (b) Speed and direction of the

low-level jet core for all observed jets.
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Figure 6. Hourly-average measurements of the surface energy budget over a
drifting ice floe in the Weddell Sea during April-May, 1992. Individual heat budget
terms are shown in (a), including absorbed SW radiation (SWaps), surface latent and
sensible heat fluxes (Hi. and Hs respectively), upward and downward LW fluxes, and
net heat flux. Terms are defined to be positive when heat flows into the ice. The box
center line (edges) show the median (25- and 75-percentiles), while the whiskers
show the 5- and 95-percentiles. The LW terms are shown in (b). The black line is the
one-to-one line, while the red line and shading shows the mean and 95% confidence
interval of the mean upward LW flux as function of downward LW flux. See text for a

description of how this was computed.
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813  Figure 7. Temperature (a), specific humidity (b), and LWP (c) values used in the
814 radiative transfer calculations. Blue (gray) color denotes profiles from the “open
815  water” (“seaice”) composites. In (a) and (b), thick center lines show the mean value,
816  while the edges of the dark (light) shading show the 25- and 75- (5- and 95-)

817  percentiles at each height. LWP observations shown in (c) are from the “open water”
818 composite.
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822  Figure 8. Computed surface downward LW fluxes. Clear-sky fluxes for the “sea ice”
823  (gray) and “open water” (blue) composites are shown in (a). The box center line
824  (edges) shows the median (25- and 75-percentiles), and whiskers correspond to the
825  5-and 95-percentiles. Surface LW CRE* as a function of condensed water path is
826  shown in (b). The mean and 95% confidence interval for all scenes in the “open

827  water” composite are shown in blue. Values for low liquid and ice clouds over the
828  “seaice” composite are shown in dark and light gray, respectively. The light gray
829 line (shading edges) shows the values for a liquid cloud with a droplet effective

830 radius of 16 um (12-20 um). The dark gray line (shading edges) shows the values
831 for anice cloud with ice crystal effective radius of 30 um (20-40 um).
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Figure 9. JJA-mean cloud incidence for the 0.96-1.44 km layer (color) and ice edge

(contour) for seven fully coupled CMIP5 models with CALIPSO simulators and

observations (“OBS”).
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Figure 10. As in Figure 9 but for models in AMIP configuration. Note that only three

models shown here also have output from their fully coupled configuration shown

in Figure 9 (HadGEM2-A, MPI-ESM-LR, MIROC5).
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Figure 11. Mean LCF during JJA in the Weddell Sea as a function of meridional
distance from the sea ice edge for models in fully coupled and AMIP configurations
and observations. Solid lines show models that have both fully coupled and AMIP
output. Error bars on observations show the 95% confidence interval (see

Appendix).
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