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Abstract Different cloud types are generated over Antarctica as a result of various synoptic conditions.
The cloud characteristics affect their impact on the surface energy budget. In this study, the dominating
synoptic regimes over Antarctica (centered on the Ross Ice Shelf) are classified using self-organizing map
analysis, applied over long-term ERA-Interim 700-hPa geopotential height data. The corresponding cloud
properties over McMurdo Station (measured as part of the AWARE campaign) are described and discussed
with respect to the synoptic settings and sea-ice extent conditions. Cloud radiative forcing calculations are
performed as well, and a particular focus is given to the net longwave “radiatively cloudy/opaque” (RO)
regime. These results are compared with measurements performed at the West Antarctic Ice Sheet (WAIS)
Divide to examine their variability and applicability to other Antarctic locations. It is found that the
McMurdo cloud properties are strongly affected by the regional flow patterns and mesoscale cyclonic
activity, which often moderates the larger-scale synoptic regime influence. In contrast, the WAIS clouds are
more susceptible to the varying synoptic settings. It is suggested that the positive trend in the (frequent)
cyclonic activity near the Antarctic coastal regions makes ice clouds an increasingly prominent contributor
for the RO cases, especially during freezeup and maximum sea-ice conditions.

1. Introduction

Polar clouds strongly affect the surface energy budget via modifications of the downwelling radiation (e.g.,
Bennartz et al., 2013; Flournoy et al., 2016; Persson et al., 2002; Sedlar et al., 2012; Shupe & Intrieri, 2004;
Stramler et al., 2011; Zuidema et al., 2005). The cloud radiative impact can be significant even in cases of
optically thin clouds that are made of liquid droplets (e.g., Bennartz et al., 2013; Turner, Vogelmann,
et al., 2007), or when the entire cloud consists of ice hydrometeors (e.g., Flournoy et al., 2016; Miller
et al., 2015). Melting events reported in previous studies were linked to the cloud radiative forcing, both
in the Arctic (e.g., Bennartz et al., 2013) and Antarctica (e.g., Nicolas et al., 2017).

While a lot of effort has been invested in Arctic cloud research (e.g., de Boer et al., 2009; Shupe et al., 2011,
2013; Sotiropoulou et al., 2016), the harsh conditions and lack of suitable infrastructure have hampered the
deployment of extensive field campaigns and the operation of a comprehensive ground-based cloud
measurement suite in Antarctica. Therefore, the broad multi-instrument full-year data set from McMurdo
Station (77.85°S, 166.72°E; Figure 1) and the summertime measurements acquired at the West Antarctic
Ice Sheet (WAIS) Divide (79.47°S, 112.08°W; Figure 1) facilitate a unique opportunity to characterize and
study Antarctic clouds. These observations of clouds and the surface radiative budget, gathered as part of
the U.S. Department of Energy Atmospheric Radiation Measurement (ARM) Facility's (Mather & Voyles,
2013) 2016 ARM West Antarctic Radiation Experiment (AWARE) field campaign (Lubin et al., 2015;
Witze, 2016), are necessary for evaluation of Antarctic cloud processes and their representation in radiative
transfer schemes in climate models.

The complex topography surrounding McMurdo Station causes cloud occurrence to vary with the wind
direction (Monaghan et al., 2005). The coupling of the cold-air katabatic winds with synoptic activity makes
the Ross Ice Shelf (RIS) a highly active cyclogenetic region (Figure 1; Carrasco et al., 2003; Simmonds et al.,
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Figure 1. 1979-2017 mean 700-hPa geopotential height (Z) in the Antarctic domain used in this study. The locations of
McMurdo Station and the West Antarctic Ice Sheet Divide are marked by the white circle and square, respectively. The
low Z over the Ross Ice Shelf provides an indication of that region being highly cyclogenetic.

2003). Mesoscale and synoptic-scale cyclones influence semipermanent flow patterns such as the Ross Air
Stream (RAS; Nigro & Cassano, 2014; Seefeldt & Cassano, 2012; Steinhoff et al., 2009) and act as the main
source of heat and moisture to the McMurdo region via advection of marine air (Carrasco et al., 2003;
Carrasco & Bromwich, 1993; Monaghan et al., 2005; Nicolas & Bromwich, 2011). However, during the
period of maximum sea-ice extent in winter, some mesoscale systems do not seem to develop significant
cloud signatures due to lack of moisture (Carrasco et al., 2003). Recently, Jolly et al. (2018) examined the
phase and vertical distribution of cloud occurrence over the RIS in different synoptic conditions using
4 years of satellite measurements. They concluded that some cloud properties (e.g., cloud water phase) are
associated more with the different seasons than synoptic conditions, while others (e.g., clear-sky
variability) are influenced more by the synoptic regime.

While the studies mentioned above provided a thorough general description of cloud occurrence and phase
over Ross Island during different synoptic regimes, a detailed depiction of the typical cloud properties (e.g.,
water phase, liquid cloud base height, liquid water content, and radiative forcing) during these regimes is
currently missing, although some comprehensive case studies did demonstrate variations in these cloud
characteristics during different settings (e.g., Scott & Lubin, 2014). In this paper, self-organizing map
(SOM) analysis (Kohonen, 1982, 2013) is used to classify the synoptic modes over half of the Antarctic con-
tinent, longitudinally centered over the RIS, using long-term ERA-Interim (Dee et al., 2011) reanalysis data.
The hydrometeor characteristics over McMurdo Station measured during the AWARE campaign in 2016 are
examined in each of these synoptic regimes, together with the cloud radiative forcing (CRF). Finally, the
representativeness of the McMurdo results with respect to the Antarctic ice sheet are evaluated by a compar-
ison with a similar analysis based on the WAIS Divide deployment data.

2. Measurements and Methodology
2.1. SOM Classification
The SOM classification algorithm (a brief general description of this methodology is given in the appendix

in Johnson et al., 2008) is applied on four times daily ERA-Interim reanalysis data from 1979 to 2017
(39 years) of the 700-hPa geopotential height anomalies (with a spatial resolution of 1.5° X 1.5°),
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covering the latitude and longitude ranges between 90°S to 60°S and 90°E to 90°W, respectively. This 700-
hPa data field highlights signatures of pressure systems that predominantly affect the surface. However,
although 700 hPa is typically high enough to capture most of the local surface-induced airflow perturba-
tions, large parts of the Antarctic ice sheet and some of the Antarctic mountains (e.g., the Transantarctic
Mountain range) are high enough to significantly influence atmospheric parameters at this pressure level
(Figure 1; see also Figure 1 in Silber, Verlinde, Eloranta, & Cadeddu, 2018). Therefore, the SOM analysis
is performed on anomalies (which also emphasize the geopotential height variations and patterns). The
anomalies are calculated by subtracting the 39-year mean map from the data. Each grid point is standar-
dized, that is, divided by its 39-year standard deviation (o), to prevent the SOM analysis from giving a larger
weight to some, highly variable, grid points at the expense of others. Long-term (1979-2017) reanalysis data
are used for this classification instead of data spanning only the AWARE campaign (i.e., 2016) to increase
the probability of the SOM analysis convergence to a global rather than a local parameter-space minimum.
In addition, implementation of long-term data accounts for biases resulting from trends in Antarctic circu-
lation, induced by changes in stratospheric ozone and greenhouse gases concentrations (e.g., Kushner et al.,
2001; S. Lee & Feldstein, 2013; Polvani et al., 2010).

The SOM classification applied here utilizes 3 X 3 grid-topology neurons with an initial neighborhood dis-
tance of 3 (counting distances by the number of links between neurons). This choice provides nine synoptic
modes in total. Previous studies described ways to objectively examine if SOM patterns are distinguishable
when the data samples are independent or weakly dependent (e.g., Chang & Johnson, 2015; Johnson,
2013). However, as the consecutive maps used in this study are highly dependent, there is no objective
method (to the extent of the authors knowledge) to examine whether the SOM patterns are distinguishable.
Nevertheless, it is reasonable to assume that there is no degeneracy in such a small SOM grid size, given the
large annual variability of the Antarctic atmosphere.

2.2. McMurdo Station Measurements and Utilized Parameters

The hydrometeor properties from 1 January to 31 December 2016 at McMurdo are derived, following the
methodology given in Part I of this series of papers (Silber, Verlinde, Eloranta, & Cadeddu, 2018). In
brief, high spectral resolution lidar (HSRL; Eloranta, 2005) data are combined with Ka-Band ARM
Zenith Radar (KAZR; Widener et al., 2012) data to generate hourly hydrometeor-bearing air-volume
(hereafter referred to as cloud) masks. HSRL cloud returns are classified into ice hydrometeor or
liquid-bearing air volumes based on monthly particulate backscatter cross section (8,) versus linear depo-
larization ratio (LDR) two-dimensional histograms. KAZR-only cloud returns (based on a signal-to-noise
threshold of —16 dB) are classified as clouds of “unknown” phase (see Silber, Verlinde, Eloranta, &
Cadeddu, 2018).

Cloud and liquid-bearing cloud layer (LBCL) geometrical properties are obtained from the resolved cloud
masks. For the statistics presented in this paper, any cloudy (liquid) grid point must have an hourly cloud
(or liquid-bearing) occurrence fraction of at least 25% (15 min). Comparisons with the 10-s resolution
AWARE data (see Silber, Verlinde, Eloranta, & Cadeddu, 2018) indicate that this may result in an overesti-
mation of up to 3.5% (~7%) in cloud (LBCL) occurrence fractions on a seasonal basis (not shown).

Additional cloud and surface hourly-mean parameters are used in this study. Ice water path (IWP) values are
estimated (for qualitative purposes) by using the KAZR reflectivity and (linearly interpolated) sounding tem-
perature measurements, applying the Hogan et al. (2006) ice water content retrieval method and integrating
the results over the cloud profile. Liquid water path (LWP) information (available after 1 February 2016; 88%
complete relative to the full data set) is extracted from the two-channel microwave radiometer (MWR;
Morris, 2006) measurements (e.g., Fielding et al., 2015; Nicolas et al., 2017; Silber, Verlinde, Eloranta, &
Cadeddu, 2018), with a typical uncertainty of ~25 g/m? (Cadeddu et al., 2007; Turner, Clough, et al., 2007;
Westwater et al., 2001). This parameter is used in combination with the HSRL to determine the total
LBCL occurrence fraction (see Silber, Verlinde, Eloranta, & Cadeddu, 2018). A G-Band Vapor Radiometer
Profiler (GVRP; Cadeddu, 2010), which produces (in combination with the MWR measurements) a LWP
product with an uncertainty as low as ~10 g/m* (Cadeddu et al., 2009), was also operated at McMurdo
Station from mid-June until the end of the AWARE campaign. The combined MWR-GVRP data product
is utilized when possible, but for consistency purposes, the LWP data are treated in this analysis as having
the MWR-only retrieval uncertainty. Finally, net longwave (LW) and shortwave (SW) surface radiation
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data are calculated by combining the upwelling and downwelling radiation measurements acquired by the
ground radiation radiometers (GNDRAD) and the sky radiation radiometers (SKYRAD; Andreas et al.,
2018). The total (hemispheric) downwelling SW radiation is represented by the sum of the SKYRAD direct
and diffuse downwelling SW component measurements. SW data gathered during periods when the
SKYRAD direct downwelling SW component was shaded (by various obstacles; 17% of all the daytime data;
see Figure S1 in the supporting information) are removed from the analysis. The CRF is calculated by com-
bining these radiation measurements with results from the Rapid Radiative Transfer Model (RRTM; Mlawer
et al., 1997), as explained below in section 2.4.

2.3. WAIS Divide Measurements and Utilized Parameters

The instrument suite for the short WAIS Divide deployment (6 December 2015 to 17 January 2016) was
much smaller than at McMurdo Station. Most significantly, it did not include a HSRL or radar; hence,
IWP estimates cannot be calculated. However, a micropulse lidar (MPL) with depolarization capabilities
(Flynn et al., 2007) was continuously operated throughout the campaign. Using the MPL data (processed
by the authors into 30-s and 15-m temporal and vertical resolutions, respectively; Silber et al., 2018c), a water
phase-classified cloud mask is generated by estimating the §, (see Silber et al., 2018b) and classifying the
lidar returns in resemblance with the HSRL processing, with a few modifications described in Appendix
A. These modifications are required because of the uncertainty in the estimated 8, and the frequent atmo-
spheric temperatures (throughout the campaign) within the plate ice-crystal growth regime that may signif-
icantly impact the lidar measurements even at 4° tilting angle (see Appendix A in Silber et al., 2018b). The
added processing steps involve the ceilometer cloud base height (CBH) data product (Morris, 2016) and the
MPL liquid CBH (LCBH) data product (Silber et al., 2018a). It is important to note that although clouds in
the Antarctic interior are predominantly optically thin (e.g., Mahesh et al., 2001), the MPL pulse can still
be completely attenuated by occasional optically thick cloud layers (e.g., during the passage of frontal sys-
tems). Without radar measurements, the real cloud top, and hence, geometrical integrated thickness, will
be underestimated by the MPL in these situations.

In addition to the MPL cloud mask, SKYRAD, GNDRAD, and Surface Energy Balance System (SEBS; Cook,
2018) hourly mean data from the WAIS Divide are utilized for the net radiation and CRF calculations (SEBS
upwelling LW data, available from 7 December 2015 are used for the LW calculations due to dubious
GNDRAD LW measurements). It should be noted that a comparison between the available hourly SEBS
and GNDRAD LW data from McMurdo Station showed excellent correspondence (both instruments mea-
sure at equivalent bands; mean upwelling LW difference of 0.2 W/ m?; R* = 0.94). LWP information extracted
from the colocated MWR and GVRP (starting on 19 December 2015 51% complete relative to the full data set)
is employed as well, whenever valid data exist.

2.4. CRF Calculations

The RRTM is used in this study to calculate the clear-sky surface net LW and SW radiation for when clouds
are present. The configuration of the LW and SW versions of the model is described in Appendix B.

Clear-sky periods (hourly total cloud fraction equal to 0, while assuming no aerosols in the profile) are used
to evaluate the deviation of the model output from the measurements. The o of the model-measurement
deviation (for the entire data set) is taken as the model retrieval uncertainty, and the clear-sky mean offset
(model minus observations) is added to the measured fluxes during the cloudy periods. The removal of data
from periods when the direct downwelling SW component was shaded reduced the SW uncertainty by
nearly 25% (see Table S1). The o at McMurdo and the WAIS are larger in the SW (15.0 and 7.3 W/m?, respec-
tively) than in the LW (5.9 and 6.1 W/m?, respectively). The SW offset magnitude of 6.3 W/m? (0.4 W/m?) is
higher (lower) than the LW offset of 1.6 W/m? (4.9 W/m?) at McMurdo (WAIS). The median SW and LW
offset magnitude percentages at both sites (relative to the measured net radiation absolute values) are lower
than 8%. The relatively higher SW uncertainty at both sites can be the result of lack of aerosols in the model
and/or very thin high-level undetected clouds in the assimilated atmospheric profiles. The influence of
ozone variability on the downwelling SW radiation (via the Chappuis bands; see Brion et al., 1998) was thor-
oughly examined for potential improvement of the SW uncertainties. However, a consideration of this factor
was eventually omitted from this analysis, as it did not show a significant reduction in the uncertainty (see
Figure S2).

SILBER ET AL.

1700



AAAAAAAAAAAAAA
'AND SPACESCIENCE.

10.1029/2018JD029471

o

0.2

0.15

—-0.05

o
AZ;60mp tkm]

7 -0.05

-0.1

-0.15

-0.2

Figure 2. Self-organizing map (SOM) analysis results showing the dominating 700-hPa Z anomaly patterns. The white contours designate the Z anomalies with a
spacing of 0.05 km. The locations of McMurdo Station and the West Antarctic Ice Sheet Divide are marked by the white circle and square, respectively.

The LW CRF (CRF.y) is calculated by
CRFLW - (LWObSl_LWObST)_ (LWclri_LWcer)a (1)

where the arrows indicate the upwelling and downwelling radiation, and obs and clr denote the observed
fluxes and the corresponding modeled clear-sky fluxes, respectively (a similar methodology was used by
Miller et al., 2015). The CRFy is the total CRF (CRF,,,) during nighttime periods. For daytime periods,
CRF,,; is calculated by

CRFtot - (LWobsl_LWobsT + SWobsl«_SWObsT)_(LWclri_LWcer + SWclrl_SWcer)- (2)

3. Results
3.1. Synoptic Regimes

Figure 2 shows the dominating 700-hPa synoptic pattern prototypes (hereafter, simply referred to as SOMs)
as determined by the SOM analysis. SOM analysis is considered to be a consistent method, which is less
prone to errors relative to other classification methods (e.g., K-means clustering; see Bagdo et al., 2005).
Nonetheless, the SOM analysis was repeated 10 times to test the robustness of these results (as the SOM algo-
rithm is computationally expensive, a higher number of repetitions was not used; e.g., Johnson, 2013). These
runs showed the same general patterns, with a minimum grid point Pearson's correlation coefficient of 0.998
(using all the map grid points), while considering rotation of the SOM analysis grid (which is possible
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Table 1
SOM Analysis Summary, Including the Typical Main Season of Occurrence Determined Based on Sea-Ice Extent
SOM # Description Main season of occurrence
1 High over the entire Antarctic continent (negative SAM index) MELT, MNSI
2 Low centered to the north of the Amundsen Sea (with tendency toward a negative SAM index) MELT, MNSI
3 Low centered in the Amundsen Sea All (tendency to FRZ)
4 High over the Ross and Amundsen Seas (with tendency toward a negative SAM index) MELT, MNSI
5 High between the Amundsen and Bellingshausen Seas; low to the west All (tendency to FRZ)
6 Low over the Ross Ice Shelf, West Antarctica, and the Ross and Amundsen Seas FRZ, MXSI

(with tendency toward a positive SAM index)

7 High centered to the north of the Ross Sea; low over the Bellingshausen Sea All (tendency to MNSI)
8 High centered to the north of the Amundsen Sea (with tendency toward a positive SAM index) FRZ, MXSI
9 Low over the entire Antarctic continent (positive SAM index) MXSI

Note. SOM = self-organizing map; SAM = Southern Annular Mode; MNSI = minimum sea-ice extent; FRZ = freezeup; MXSI = maximum sea-ice; MELT = melt.
See text for details.

because of a symmetric grid utilization; see Kohonen, 1982). SOM analysis tests performed using smaller
domains surrounding Ross Island resulted in essentially the same SOMs (not shown).

The different SOMs show various configurations of low- and high-pressure systems surrounding Antarctica,
which are described in Table 1. SOMs 2, 3, 6, and 7 represent several modes of the Amundsen-Bellinghousen
Seas Low (ABSL; Coggins & McDonald, 2015; Fogt et al., 2012; Hosking et al., 2013), while SOMs 1 and 9
designate the distinct negative and positive phases of the Southern Annular Mode (SAM; Hartmann & Lo,
1998; Limpasuvan & Hartmann, 1999), respectively. As part of the grid topology configuration of the SOM
analysis nodes, the neighboring nodes, that is, SOMs 2 and 4 (6 and 8) for SOM 1 (9), have a tendency for
the same SAM condition, while SOMs 3, 5, and 7 are characterized by a “neutral” SAM state.

The utilization of long-term data in the SOM analysis enables the examination of trends. Figure 3 depicts the
evolution of the annual relative occurrence of each SOM. The dotted-blue lines mark the apparent long-term
trend of each SOM (calculated using a least squares linear fit; trend slope is given in the title of each panel).
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Figure 3. Annual self-organizing map (SOM) pattern occurrence between 1979 and 2017. The dashed red lines indicate the long-term annual means of occurrence.
The colored circles denote the 2016 value and its deviation from the long-term mean. The dotted blue lines illustrate the (least squares fitted) long-term trends.
Trend slopes are given in the title of each panel, and the Pearson's correlation coefficient (R) for the trend line and the data are shown in each panel, together with its
calculated P value.
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Out of the nine SOMs, only two )SOMs 1 and 6) show statistically significant long-term trends (correlation
coefficient and p value for each linear fit are shown in each panel), from which SOM 1 exhibits the greatest
slope. The decreasing trend in this SOM is attributed to the long-term increase in the positive SAM index
driven by stratospheric ozone decline and greenhouse gas forcing (Lee & Feldstein, 2013) that is most pro-
nounced around summer months (Marshall et al., 2004; S. Solomon et al., 2007, section 3.6.5). The long-term
incline in the occurrence of SOM 6 (which represents a relatively deeper westward ABSL) is associated with
the long-term increase in the cyclonic activity over the RIS and its surroundings (see Figure 9 in Simmonds
et al., 2003) and potentially also the multidecadal deepening of the ABSL (Raphael et al., 2016), both of
which may be linked to the positive SAM index trend as well (e.g., Fogt et al., 2012; Hosking et al., 2013;
Sinclair et al., 1997; Uotila et al., 2013).

The annual mean relative occurrence of each SOM is denoted by the dashed red line in each panel of
Figure 3. Examination of the 2016 relative occurrence deviation from that 39-year mean (indicated by the
color of the circle markers) shows that the AWARE campaign can reasonably represent the long-term pat-
terns on an annual basis, with deviations that do not exceed 30% (see also Figure 4a).

The high sensitivity of Antarctic cloudiness to the sea-ice extent (Bromwich et al., 2012) stresses the need to
partition the data into seasons based on this parameter (measured by satellited instruments; see Cavalieri
et al., 1996; Maslanik & Stroeve, 1999): minimum sea-ice extent (MNSI; defined here as a total Antarctic
sea-ice extent area <5-10° km?; equivalent to summer), maximum sea-ice extent (MXSI; defined here as a
total Antarctic sea-ice extent area >15-10° km?; equivalent to winter), freezeup (FRZ; equivalent to autumn),
and melt (MELT; equivalent to spring). For example, in 2016, the MNSI, FRZ, MXSI, and MELT seasons
began on 14 January, 24 March, 5 July, and 11 November, respectively. These starting dates are within
the long-term (1979-2017) sea-ice variability interquartile range, except for MELT, which started 10 days
earlier than the lower interquartile range limit.

Figures 4c-4f portray the mean annual occurrence of each SOM in different seasons, together with the
occurrence o. Some of the SOMs (e.g., SOMs 1, 4, and 9) are predominantely observed in specific seasons,
while others (e.g., SOM 5) occur fairly uniformly in all seasons (see also Table 1). Unlike the annual
comparison, the 2016 SOM seasonal occurrence occasionally deviate from the long-term mean by several
hundred percents; for example, in the MNSI season SOM 1 did not occur at all during 2016, while the
long-term relative occurrence is almost 15%. Conversely, SOM 6 occurred nearly eight times more than
the long-term average in that season. The climatological SOM occurrence differences between the
MELT and MNSI seasons are either small or have an opposite sign relative to these anomalous 2016
MNSI occurrences (Figures 4c and 4f). Therefore, the MNSI deviations from the long-term mean in
SOMs 1, 3, 4, 6, and 9 cannot be explained by the early MNSI beginning in 2016 (relative to the sea-
ice extent climatology).

Similar to the MNSI season, the FRZ and MELT seasons show large (though smaller) deviations from the
long-term means. The 2016 SOM occurrence during the MXSI season did not significantly deviate from
the long-term mean (~60% at the most, and consistently within the mean + o). Thus, full-season cloud sta-
tistics from AWARE (cloud properties weighted by the 2016 SOM occurrence) represent the long-term pat-
tern mainly during the MXSI season. Nonetheless, cloud characteristics are analyzed separately (regardless
of their occurrence) for each SOM and as a function of season. Therefore, the results presented here can be
representative and used as an outlook of the long-term behavior if every year is separately weighted based on
the SOM seasonal occurrence, while assuming that the cloud properties measured in 2016 represent their
SOM climatological characteristics.

3.2. Cloud Properties at McMurdo Station

Figure 5 depicts the main cloud properties in different SOMs and seasons. Statistics where the 2016 seasonal
mean relative occurrence fractions (Figures 4c-4f) fall below 4% are displayed in transparent colors and
omitted from this discussion, because the small sample sizes are not representative of the climatology.
The bars in the left panels of Figure 5 designate the total cloud occurrence fractions (bar height). The color
division of each bar represents the distribution of the cloud integrated thickness (total depth of all
hydrometeor-bearing air volumes in the profile), while the circle and rectangle markers denote the mean
and median cloud integrated thickness, respectively. The box-and-whisker plot in each panel describes
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Figure 4. (a) 1979-2017 mean annual occurrence of each self-organizing map (SOM) pattern together with the 2016 (McMurdo deployment) occurrence percen-
tage. The error bars represent the mean occurrence + the standard deviation (o), while the purple markers denote the deviation of the 2016 values from the long-
term means. (b) Same, but for the period merely covering the West Antarctic Ice Sheet (WAIS) Divide deployment. (c-f) Same, but for seasons determined by
minimum sea-ice extent (MNSI), freezeup (FRZ), maximum sea-ice extent (MXSI), and MELT (MELT), respectively. The “minimum” (“maximum”) sea-ice extent
season is defined by sea-ice extent below (equal or above) 5 (15) million square kilometers.

the estimated log-scaled IWP. The right panels in Figure 5 are similar to the left panels but with the bars and
markers representing the LBCL occurrence fraction and LWP statistics, and the box-and-whisker plots
describing the lowest detected LCBH. The black section of each bar designates profiles where the HSRL
detects a LBCL, while the MWR retrievals show LWP values below the instrument'’s uncertainty level of
~25 g/m?, a value in which liquid clouds almost become radiatively opaque in the LW regime (see Figure
SB1 in Turner, Vogelmann, et al., 2007). The gray-colored sections designate periods with a HSRL-
detected LBCL in the profile during which the MWR retrieval calculations did not converge or no MWR
data exist. As the MWR was not operating at McMurdo during January, most of the gray sections
occurred during the MNSI and MELT seasons.

MNSI season clouds have somewhat similar characteristics in all of the SOMs (Figures 5a and 5b); their total
occurrence fractions exceed 64%, with thicknesses typically less than 4 km with moderate to large amounts
of ice. Liquid water is detected 38-60% of the time (more than 57% given cloud occurrence in each SOM). The
highest cloud occurrence fractions (>90%) are in SOMs 2 and 6. SOM 6 exhibits a median cloud thickness of
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Figure 5. (Left panels) Total cloud occurrence fraction at McMurdo Station (bar height) and integrated thickness (bar
color division) during the nine synoptic regimes. Results from different seasons are shown in rows. The circle and rec-
tangle markers represent the mean and median cloud integrated thickness, respectively. The box-and-whisker plots
denote the median (thick line), 1st and 3rd quartiles (box's edges), 5th and 95th percentiles (whisker's edges), and mean
(asterisk) of the estimated log-scaled ice water path (IWP) during each synoptic pattern in each season. Statistics where the
2016 seasonal mean relative occurrence fractions (Figures 4c-4f) fall below 4% are displayed in faint colors. (Right panels)
Same, but with the bars and markers representing the liquid-bearing cloud layer (LBCL) occurrence fraction and liquid
water path (LWP) statistics, and the box-and-whisker plots describing the lowest detected liquid cloud base height (LCBH)
above ground level (AGL). The black color in the bars designates periods when the high spectral resolution lidar (HSRL)
detected a liquid layer, while the two-channel microwave radiometer (MWR) retrievals show LWP values below the
instrument's uncertainty level of ~25 g/mz. Similarly, the gray color symbolizes periods with a liquid layer detected in the
profile by the HSRL, during which the MWR retrieval calculations did not converge, or no MWR data exist.
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~2.2 km (and a total thickness between 1 and 3 km in 58% of the SOM occurrence). These SOM 6 clouds are
often (~67%) accompanied by liquid water. However, the LWP in these liquid layer occurrences is rather low
(median and mean of ~26 and 47 g/mz, respectively), probably due to the typical protracted flow across the
‘WAIS and the RIS. SOM 2, in which the low is to the north of the Amundsen Sea, shows thicker clouds
(higher median value by ~450 m) and slightly larger amounts of liquid (median and mean LWP values of
~28 and 51 g/mz, respectively), largely concentrated at lower levels (median lowest LCBH of ~1.1 km, more
than 1 km below SOM 6). These differences might be related to the ABSL configuration relative to McMurdo
(see Coggins & McDonald, 2015), and the common advection of heat and moisture to the Antarctic coasts
during the negative phase of the SAM (Sen Gupta & England, 2006). The thickest clouds (thicker than
7 km in more than 4% of the time this SOM occurs) are seen in SOM 5, when the low is to the north of
McMurdo. The LBCLs in these SOM 5 clouds are found at various levels (note the large LCBH spread
between the 5th and 95th percentiles).

The differences between the SOMs become more pronounced in the FRZ season. With the exception of SOM
3, cloud occurrence fractions are still high (above 64%), but LBCLs are relatively rare and their LWP is low
(Figures 5c and 5d). The low cloud occurrence fractions in SOM 3 could be attributed in part to a generally
southerly katabatic flow of dry and cold air toward McMurdo from the inner continent. Although the hourly
based analysis in this study prevents the direct examination of wave-induced clouds, the consistently high
LCBHs and the low LWP (below the MWR uncertainty level) suggest that the LBCLs observed in SOM 3
(with a total occurrence fraction of only ~13%) are most likely generated by orographic lifting induced by air-
flow over the local topography, for example, Black and White Islands, Minna Bluff, and so forth (Monaghan
et al., 2005; Scott & Lubin, 2016).

SOMs 7 to 9 are characterized by westerly airflow anomalies at 700 hPa across the East Antarctic ice sheet to
the west of the RIS and Ross Sea. The resulting intensified katabatic flow from East Antarctica onto the RIS,
mainly through Terra Nova Bay and Byrd Glacier, often spawn mesoscale cyclones (Bromwich, 1991;
Carrasco & Bromwich, 1993). The typical small scale (~200 km; see Carrasco et al., 2003) and short lifetime
of these cyclones and their occurrence in various synoptic conditions (Carrasco & Bromwich, 1993) prevent
their representation in the SOMs (e.g., Coggins et al., 2014; Seefeldt & Cassano, 2012). Yet the deep clouds
with high IWP and the presence of some LBCLs despite the general katabatic flows in SOMs 7 to 9 are indi-
cative of the activity of mesoscale cyclones.

In the MXSI season (Figures 5e and 5f) SOMs 1, 4, 5, and 7 show considerable percentages of LBCL presence
and occurrence given cloud, exceeding 28% and 44% in each case, respectively. The MXSI conditions imply
that considerable amounts of moisture are drawn onto the RIS by generally northerly flow, likely in part by
“atmospheric rivers” (e.g., Gorodetskaya et al., 2014). In SOM 7 conditions, water vapor is predominantly
advected at the low levels (the lowest LCBHs are primarily detected below 500 m above ground level
[AGLY]). These MXSI SOM 7 cases, with LBCL occurrence of ~56% relative to the total cloud manifestation,
are largely stratiform low-level mixed-phase clouds: note the relatively low IWP amounts and the integrated
thickness <1 km in nearly 65% of the total cloud occurrence. In contrast, the LBCLs are often associated with
deep mesoscale cyclogenesis over the RIS region during SOMs 1 and 4. This cyclogenesis may be augmented
by warm marine air transport, induced by the high-pressure circulation centered above the Ross and
Amundsen Seas (e.g., Carrasco & Bromwich, 1993).

Deep clouds with moderate to large amounts of ice indicate frequent frontal activity in SOM 8 as well, but
with significantly lower LBCL occurrence (observed in only ~1/3 of the cloudy periods). The lower LBCL
occurrence fraction may be influenced by the weakening of the northerly flow component relative to
SOM 7, and the enhanced katabatic flow from East Antarctica that is associated with SOM 8. SOM 6, which
is associated with a characteristic katabatic flow from the WAIS onto the RIS, exhibits depleted LBCL frontal
activity, similar to SOM 8.

Only four SOMs (1, 2, 4, and 5) were effectively present during the 2016 MELT season (see Figure 4f). The
total cloud occurrence fraction in the MELT season is high (Figure 5g), ranging from ~65% in SOM 2 to
~87% in SOM 5. Large ice amounts (comparable to the other seasons) suggest that frontal activity is common
in this season as well. However, mean cloud geometrical thicknesses are smaller, and the LBCL occurrence
fractions are higher than in the other seasons (LBCL occurrence fraction of at least ~43% in each SOM,;
Figure 5h).
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SOM 5 exhibits the highest LBCL occurrence fraction of ~55% during the MELT season. The high LCBHs
in this SOM make the 700-hPa prototype (Figure 2) more representative with regard to the LBCLs; hence,
the direct flow from the open ocean in these retreating sea-ice conditions onto the RIS may explain this
high occurrence percentage. Unfortunately, all the SOM 5 patterns occurred during January 2016 when
no MWR measurements were available, preventing any analysis of LWP characteristics. LWP in SOMs
1, 2, and 4 are relatively high compared to the other seasons, with the highest values observed in SOM
2 (median and mean values of 35 and 48 g/m?, respectively). This might seem surprising, as the SOM
prototype flow suggests dry continental airflow onto the RIS. The typically low LCBH (mostly under
1 km), which could be related to steering of the RAS (e.g., Nigro & Cassano, 2014), may explain the dis-
crepancy between the 700-hPa flow and the higher LWP occurrence. The 700-hPa height used in the
SOM analysis may not be representative of the systems that produce the bulk of the moisture advection.
Examination of seasonal long-term mean total column water composites of ERA-Interim data during dif-
ferent SOMs supports this argument (not shown). Moreover, the moisture advection patterns are depen-
dent on preceding atmospheric conditions (e.g., the existence of an atmospheric river), which are
challenging to characterize in a bulk analysis such as the one presented here. These two important
aspects emphasize some of the main weaknesses of the SOM analysis. Persistence of LBCLs is not exam-
ined in the SOM context for the same reasons (in addition to the inconsistent and variable SOMs
throughout the LBCL life span).

3.3. Statistics of the CRF and the “Radiatively-Opaque” Regime at McMurdo Station

The occurrence frequency of the surface net LW flux for the entire year of 2016 at McMurdo Station is
depicted in Figure 6a. Similar to Arctic measurements (e.g., Cesana et al., 2012; Morrison et al., 2012;
Pithan et al., 2014; Stramler et al., 2011), two modes (separated at a net LW value of —30 W/m?) are clearly
apparent, namely, the “radiatively clear” (RC), primarily characterized by clear-sky, optically-thin, or high-
level clouds, and the “radiatively cloudy” (also referred to as “radiatively opaque” [RO]) state, in which
typically low-level optically thick clouds are observed (Stramler et al., 2011). The nodes of these two modes
are shifted toward lower net LW values by more than 20 W/m? relative to Arctic reports (e.g., Morrison
et al., 2012; Stramler et al., 2011). The RC node shift may be attributed to the significantly lower tempera-
tures and drier atmosphere over McMurdo Station (and Antarctica in general) relative to the Arctic region
(e.g., Bromwich et al., 2012; Jones et al., 1999). The shift in the RO regime might be associated with the
typically higher cloud base over McMurdo relative to the Arctic (e.g., Shupe, 2011; Silber, Verlinde,
Eloranta, & Cadeddu, 2018), which principally implies larger temperature differences between the surface
and the cloud effective temperature. This shift may also be affected by more tenuous (with lower emissiv-
ity) cloud layers, resulting from the drier atmosphere (see Figure 5, right panels; see also Bromwich et al.,
2012; Klein et al., 2009; Shupe et al., 2006; Shupe & Intrieri, 2004; Turner, 2005; Turner, Vogelmann,
et al., 2007).

While most of the scientific attention with regard to the RO state in polar region studies is given to
mixed-phase and liquid clouds (e.g., Cesana et al., 2012; Morrison et al., 2012), it is known that ice-only
clouds may generally produce comparable instantaneous LW forcing (e.g., Figures 8 and 10 in Miller
et al., 2015). Therefore, the CRF of ice-only cloud profiles is examined here, in addition to the LBCL CRF.
Figures 6¢-6f illustrate the mean CRF}yy in different SOMs and seasons for three types of clouds: clouds con-
taining LBCLs with LWP > 25 g/m?, which typically have near-unity emissivity (Shupe & Intrieri, 2004;
Turner, Vogelmann, et al., 2007); clouds containing tenuous LBCLs with LWP < 25 g/m® (MWR uncer-
tainty), which have been shown in the past to be capable of exerting significant radiative forcing as well
(e.g., Bennartz et al., 2013; Turner, 2007); and ice-only clouds (determined when the combined HSRL and
MWR hourly total liquid occurrence fraction is lower than 25%). The red markers designate the percentage
of each cloud type profile occurrence when the net LW is within the RO state.

The mean CRFyy of the opaque LBCLs (those with LWP > 25 g/mz) varies between 56 and 75 W/m?, in any
SOM or season. Therefore, the high percentage of these cases in the RO state (100% during FRZ season and
close to that during MXSI conditions) is expected. The CRFyy value consistency is in agreement with the
results from Summit, Greenland, reported by Miller et al. (2015). The higher CRF}y, values for the same
LWP range in the Summit study might be related to the lower cloud base AGL measured at Summit in com-
parison with McMurdo Station (e.g., Shupe et al., 2013; Silber, Verlinde, Eloranta, & Cadeddu, 2018).
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Figure 6. (a) Net longwave (LW) radiation occurrence frequency (bin size of 5 W/m?) measured at McMurdo Station. The
dashed black line separates between the radiatively clear and the radiatively cloudy/opaque (RO) states. (b) Same, but for
the West Antarctic Ice Sheet Divide deployment. (c—f) Mean LW cloud radiative forcing (CRF) in different synoptic
regimes and seasons of profiles containing liquid-bearing layers with liquid water path (LWP) > 25 g/mz, profiles with
LWP < 25 g/m2 where liquid-bearing cloud layers (LBCLs) are detected by the HSRL, and profiles where only ice
hydrometeors are detected by the high spectral resolution lidar (LBCL hourly occurrence fraction <25%), while the LWP is
consistently below 25 g/m (see legend in panel h for details). The error bars represent the combined 1nstrument and
Rapid Radiative Transfer Model uncertainties. The red markers (rectangles, LBCLs with LWP > 25 g/m ; triangles, LBCLs
with LWP < 25 g/ m?; circles, ice only) denote the percentage of the cloud type profile occurrence when the net LW is
within the RO regime during the specific self-organizing map (SOM) and season (e.g., 100% of the LBCL profiles with
LWP > 25 g/m2 occurring in SOM 1 during the MXSI season have a measured net LW within the RO regime). (g-j) Similar
to panels (c-f), but for the total (LW + shortwave) CRF calculated for cases within the RO state during daytime only
periods (solar zenith angle <90°).
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Tenuous LBCLs tend to have the lowest CRFy during the MNSI period, fluctuating between 26 and
37 W/m?. This CRF; minimum can potentially be linked to the relatively higher LCBHs in this season (see
Figure 5b), the height of which (with being tenuous) may also explain some of the low RO percentages (0% in
SOMs 3, 4, and 5). The mean ice-only cloud CRFyy is the highest in SOM 6 relative to the other SOMs during
MNSI and FRZ (with ~41 and ~39 W/m?, respectively), but only the second highest in the MXSI season with
~33 W/m? (there are no data for SOM 6 during MELT). The frequent synoptic-scale deep frontal activity
associated with SOM 6 (and the resulting high TWP) may account for some of this relatively higher
CRF.y, probably together with a lower hydrometeor cloud base (often in the form of precipitation).

FRZ and MXSI seasons show similarly tenuous LBCL CRF; ; ranging between 30 and 57 W/m?, with more
than 50% of these cases (in total) producing RO patterns. Ice-only clouds exert a lower CRFyy, during these
seasons typically ranging between 15 and 39 W/m?, where the high ~37 W/m? in SOM 3 during the MXSI
season coincides with the high IWP (Figure 5e) and low-level precipitation.

During MELT the tenuous LBCL CRFy is within their typical range of the FRZ and MXSI seasons, but the
percentage of cases in the RO regime is below 14%. The source for this lower RO percentage is larger surface-
cloud temperature differences during MELT relative to the other two seasons (not shown). The higher
LCBHs during MELT (Figure 5h) and the similar LCBH temperature range within the three seasons (see
Figure 8 in Silber, Verlinde, Eloranta, & Cadeddu, 2018) are consistent with these observations.

Ice-only cloud CRFy, in SOM 1 is barely evident during MELT, with a value of ~12 W/ m? (smaller than the
CRF,y error of ~18 W/m?). Conversely, ice clouds in SOM 5 tend to show high CRFy of nearly 40 W/m?,
which is likely driven by common frontal activity (as discussed above). The geometrically thinner clouds and
the lower IWP relative to the other SOMs in this season suggest that the ice clouds in SOM 5 have lower
“effective” cloud bases.

Figure 7 focuses on the RO cases and shows the partitioning of profiles in that state based on the cloud water
phase and LWP (total LBCL profiles + ice-only profiles = occurrence of 100%), together with the cloud mean
lowest LCBH, integrated thickness, and IWP. With the exception of SOM 3, the MNSI season RO state is
dominated by opaque LBCLs. Based on their prevalent low mean LCBH (<1 km), thickness (<2 km) and
IWP, it is deduced that these opaque LBCLs are mainly low-level mixed-phase clouds (excluding SOM 5).

The RO state is not common during MNSI in SOM 3 (see Figure 6¢), where the southerly katabatic flow onto
the RIS originates from cold and dry continental air. When RO clouds do occur in SOM 3, the opaque LBCLs
account for 50% of the RO profiles, with the remaining profiles consisting of very thick (>5 km) high IWP ice
clouds. Ice clouds continue to dominate the RO state in SOM 3 during FRZ and MXSI (despite the low ice-
only percentages seen in Figures 6d and 6e), with clouds containing large ice amounts and typical thick-
nesses >3 km. These are likely frontal clouds generated in the region of cyclogenesis near Byrd Glacier.
High FRZ and MXSI ice-only cloud RO percentages are also seen in SOM 9 and the frontal-dominated
SOM 6, both of which are typified by intense katabatic flow (from East Antarctica and the WAIS onto the
RIS, respectively). These two SOMs exhibit RO cloud patterns that are similar to those of SOM 3, that is, fron-
tal clouds. In addition, in both of these SOMs, ice-only clouds dominate the RO state during the FRZ and
MXSI seasons.

Apart from SOMs 3, 6, and 9, LBCLs (opaque and tenuous) RO cases outnumber the ice-only cases from FRZ
to MELT. However, ice-only clouds still account for at least 15% of the RO cases in every SOM and exceed
40% of the total RO cases in SOMs 5, 7, and 8 during FRZ, SOM 8 during the MXSI season, and SOM 4 in
MELT. These ice-only cases are generally characterized by thicknesses larger than 3 km (very often above
4 km) with large IWP, suggesting that these clouds RO are associated with frontal activity.

Tenuous LBCL RO occurrence surpasses the opaque LBCL occurrence in all FRZ SOMs (except SOM 2), as
well as in SOMs 2, 3, 6, 8, and 9 during the MXSI season, and in SOM 1 during MELT, owing in part to the
higher total occurrence of tenuous LBCLSs relative to opaque LBCLs (note the black bar sections versus the
greenish bar sections in Figures 5d, 5f, and 5h). In nearly half of the SOM-season RO case combinations from
FRZ to MELT (SOM:s 2, 7, 8, and 9 during FRZ and SOMs 5-9 during MXSI), the clouds containing these
tenuous LBCLs predominantly have low thicknesses (below 2 km), low TWP, and LCBHs below 1.5 km.
Thus, it is inferred that the low LCBHs cause these (lower emissivity) clouds to render LW downwelling
radiation comparable to the surface upwelling radiation.
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Figure 7. Mean lowest liquid cloud base height (LCBH), integrated thickness, and ice water path (IWP) within the radia-
tively cloudy/opaque (RO) regime (net LW > —30 W/ m? at McMurdo Station) in different seasons and governing synoptic
patterns. The y-axis values (height) of the rectangle, triangle, and circle markers represent the occurrence of profiles
containing liquid-bearing cloud layers (LBCLs) with liquid water path (LWP) > 25 g/m profiles with LWP < 25 g/ m?
where LBCLs are detected by the high spectral resolution lidar (HSRL), and profiles where only ice hydrometeors are
detected and the LWP is consistently below 25 g/ m?, respectively (occurrence relative to the total amount of RO profiles,
where both microwave radiometer and HSRL data are available). The marker colors denote the mean LCBH above
ground level (AGL; available only for LBCLs, when detected by the HSRL), mean integrated thickness, and mean IWP,
following the color bars and diagram at the bottom of the figure. The “4” marker indicates the total liquid profile
(rectangle + triangle) relative occurrence, that is, the total liquid profile occurrence + ice-only occurrence = 100%. The
data used to generate this figure are provided in Table S5. SOM = self-organizing map.

Other SOM-season combinations are excluded from this tenuous LBCL characterization. In some of them
(e.g., SOM 3 in FRZ and MXSI), the LW imprints of the often wave-induced high-base LBCLs (above
1.5 km) are very likely augmented by the moderate ice amounts (frequently precipitation). In others (e.g.,
SOM 4 during the MXSI season), the LBCLs are embedded in deep frontal activity (note the high
integrated thicknesses).

Similar to the tenuous LBCLs, the opaque LBCLs observed in the RO state are often accompanied by mod-
erate ice amounts (likely precipitation). Alternatively, they can also be part of deep frontal clouds, for exam-
ple, cyclonic activity in SOM 9 during the MXSI season and SOM 2 during MELT. Similarly, high thicknesses
and TWP in SOM 5 during MNSI and MXSI suggest that these opaque LBCLs are associated with mesoscale
frontal systems, generated by direct marine air advection from the Ross Sea (see the SOM prototype in
Figure 2 and Carrasco & Bromwich, 1993). However, in similarity to most of the opaque LBCLs in the
MNSI season, the RO state opaque LBCLs mostly embody low-level mixed phase clouds, for example,
SOMs 6-8 during the MXSI season, SOMs 1 and 4 during MELT, and SOM 7 during MXSI.

Figures 6¢-6f show that essentially all cloud types produce a positive surface CRFyy, which is equal to the
CRF,,; in nighttime conditions. However, in daytime conditions the CRF},, (LW + SW) can change its sign.
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To emphasize these differences, the CRF,,, for daytime conditions is shown in Figure 6g-6j only for the RO
state cases. During the MNSI period when the volcanic soil at McMurdo Station is exposed, the SW albedo
estimated using equation (A2) is very low (on the order of 0.1-0.2; see Figure S3). These low albedos may
result in a substantial SW cloud cooling effect, depending on the overlying cloud transmittance and the solar
zenith angle (e.g., Shupe & Intrieri, 2004). For example, the ice-only cloud CRF,,, of nearly —159 W/ m? dur-
ing SOM 4 (Figure 6g) is mainly based on cloud measurements between 27 and 28 December 2016. The opti-
cally thick frontal clouds observed over McMurdo on these dates predominantly consisted of ice
hydrometeors (intermittent LBCLs with LWP < 15 g/m* were detected less than 4 min per hour on average).
The combination of the low surface albedo during the event (~0.1) and the nearly minimal (for McMurdo's
coordinates) solar zenith angle resulted in a strong SW cloud cooling effect, which overshadowed
the CRF .

Figure 6g shows that only the tenuous LBCLs can potentially be emissive enough in the LW to induce strong
downwelling radiation, while having a sufficiently high SW transmittance to allow the incoming SW solar
radiation to reach the surface. Thus, tenuous LBCLs (relatively common over McMurdo Station; see
Figure 5b) are tentatively the main surface heating source (by clouds) during daytime ice-free
surface conditions.

In contrast, the SW CRF (CRFsy) over the snow-covered surface (with a high albedo) during the FRZ and
MXSI seasons is occasionally sufficiently small compared to the CRFyy and/or close to 0 W/m? (from
below), so that a distinctly positive CRF,,, may be observed for all cloud types (Figures 6h and 6i).
Because persistent dry katabatic (Foehn) winds over the McMurdo region often erode the snow cover
(Monaghan et al., 2005), the cloud SW cooling effect may become large enough to enable negative CRF,,,
with high magnitudes during seasons other than summer. Such conditions are observed mainly during
the transition seasons (e.g., Figure 6j), but also in SOM 6 in the MXSI season (Figure 6i). SOM 6 was primar-
ily preceded by either SOMs 8 or 9 in 2016, both of which are characterized by intensification of the dry kata-
batic winds from East Antarctica (see Figure 2).

3.4. WAIS Divide Results

The WAIS Divide campaign results are limited by the smaller instrument suite and the shorter (44 days)
summertime deployment. Yet these measurements may provide some valuable insights about the cloud
properties above the ice sheet, as well as the representativeness (to some extent) of the McMurdo
Station observations.

From a sea-ice extent standpoint, the deployment took place mainly during the MELT season (~91%), with a
minor fraction (9%) covering part of the MNSI season. Throughout this period essentially, only 5 SOMs were
observed, namely, SOMs 1, 2, 4, 5, and 7 (see Figure 4b). These relative SOM occurrences resemble those dur-
ing the MELT season in the McMurdo data (Figure 4f).

Figures 8a and 8b portray the LBCL and total cloud statistics, respectively. Lack of a radar and an objective
method to determine the MPL pulse extinction altitude inhibits an accurate cloud thickness characterization
and direct comparison with the McMurdo results. However, given the low fraction of opaque LBCLs (see
Figure 8a) and based on manual examination of the MPL cloud masks, rough estimates can be made with
regard to cloud thickness variability, especially when cloud thickness bins less than 1-1.5 km are considered.

SOM 7 appears to be persistently cloudy (total occurrence fraction of ~99%) and exhibits the deepest clouds
observed over the WAIS, with more than 32% of the clouds having a thickness of at least 2 km. The clouds in
this SOM contain LBCLs at varying heights ~58% of the time. SOM 2 conditions show the lowest cloud (68%)
and LBCL (<35%, or ~51% given cloud) occurrence fractions. Unfortunately, the low availability of MWR
data precludes LWP information for this SOM (and SOM 1 as well, for which LBCLs are detected 2/3 of
the time). Moisture supply to the WAIS Divide is by orographic lifting from the north-northeast and the
northwest-west, the latter of which was found to be more efficient in advecting both heat and moisture onto
the WAIS (Nicolas & Bromwich, 2011). The archetypal flow in both SOMs 7 and 2 is epitomized by easterly
dry continental airflow, which may instigate dry conditions over the WAIS Divide (e.g., SOM 7 patterns as
described in Nicolas & Bromwich, 2011). However, small changes in the location of the ABSL in these
SOMs can steer moisture onto the WAIS from the northeast (e.g., SOM 7 conditions as shown in Figure
17b in Scott & Lubin, 2014; see also Hosking et al., 2013).
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Figure 8. Cloud and radiative properties at the West Antarctic Ice Sheet (WAIS) Divide for the full deployment (~91% melt, 9% minimum sea-ice). (a) Liquid water
path (LWP) and lowest liquid cloud base height (LCBH) above ground level (AGL) statistics as in Figure 5. (b) Similar, but for the integrated cloud thickness (as in
Figure 5; no ice water path (IWP) data, as there were no radar measurements in this deployment). (c, d) Mean longwave (LW) and total cloud radiative

forcing (CRF; in the latter for cases within to the radiatively cloudy/opaque [RO] state) in different synoptic regimes, respectively (similar to Figure 6; the entire
deployment took place during daytime, so that all the RO data are used for the total CRF). (¢) Mean LCBH and integrated thickness within the RO regime (net
LW > —55 W/m? at the WAIS Divide) in different synoptic patterns (similar to Figure 7). No LWP-based separation is made in panels (c) to (e) for the liquid-bearing
cloud layer (LBCL) profiles due to the low microwave radiometer data availability (~51%). SOM = self-organizing map.

In agreement with the conclusions of Nicolas and Bromwich (2011), SOMs 4 and 5, which are characterized
by a northwesterly-westerly flow of warm marine air onto the WAIS (Figure 2), show the highest LBCL
occurrence fractions (77% and 71%, respectively). These LBCLs are observed mainly at low levels (note the
low LCBHSs in Figure 8a). Consequently, intense downwelling LW radiation induced by these cloud layers
is often expected at the WAIS in these SOMs. Indeed, these two flow regimes dominated the extensive sur-
face melting event during January 2016 reported by Nicolas et al. (2017).

Comparison of the WAIS cloud properties to those observed over McMurdo Station during MELT shows that
the total cloud occurrence fractions are higher and the lowest LCBHs are lower over the WAIS Divide. In
addition, the comparison suggests that cloud variability in any specific SOM is lower over the WAIS (e.g.,
higher cloud thickness bin percentages for a single SOM in the bars depicted in Figure 8b relative to those
shown in Figure 5g), while the variability between different SOMs is larger. An example for these variability
disparities can be seen in the difference between the minimum and maximum LBCL occurrence fraction;
over the WALIS this difference is 43%, while over McMurdo the values are 16% (the high uncertainty with
regard to SOM 7 at McMurdo may strongly impact comparison of the total cloud occurrence fraction).
Thus, it is deduced that mesoscale cyclogenesis over McMurdo, stemmed from the synoptic regime wind
field interaction with the regional topography (e.g., Carrasco et al., 2003; Nigro & Cassano, 2014), as well
as other regional flow patterns such as the RAS, may spawn cloud patterns that overshadow the larger-scale
synoptically generated cloud fields. This process results in large variations in the cloud properties in specific
SOMs, and smaller variations between different SOMs.

The surface net LW flux occurrence frequency for the WAIS deployment is shown in Figure 6b. The RO
modal peak location is the same as in the McMurdo data. However, the occurrence frequency values in that
regime are significantly higher, due to the higher total cloud and LBCL occurrence fractions, as well as the

SILBER ET AL. 1712



'AND SPACE SCiENCE

Journal of Geophysical Research: Atmospheres 10.1029/2018JD029471

lower LCBHs (and despite the low LWP values over the WAIS). The trough separating the RO and RC states
is not as distinct as in the McMurdo data and is shifted by ~25 W/m? (to —55 W/m?). The RC regime exhibits
multiple peaks. The ambiguity in the node identification might be the result of an insufficient number of
observations. The lack of net LW observations below —115 W/m? at the WAIS is indicative of the low surface
temperatures on clear-sky days, resulting in less (more) upwelling (net) LW radiation.

The CRFy for the WAIS observations is illustrated in Figure 8c. LBCLs are not separated into tenuous and
opaque layers in this and the following panels due to the low MWR data availability. The mean LBCL CRFy
ranges between 44 and 61 W/m?, lower than the opaque but higher than most of the tenuous LBCL CRF,y,
during MELT at McMurdo. The lower LWP (based on the available MWR data) suggests that these moderate
values are mainly driven by tenuous LBCLs with low LCBHs.

Atleast 70% of the LBCL profiles in each SOM produce downwelling LW radiation strong enough (relative to
the surface upwelling LW radiation) to be associated with the RO state. In all SOMs less than 60% of the ice-
only profiles are within that regime.

Figure 8e shows the LBCL and ice-only profile representation in the RO regime, together with their mean
lowest LCBH and total integrated thickness. LBCLs dominate the RO state, similar to the MELT observa-
tions from McMurdo Station. However, their relative percentages are higher, with more than 89% in
SOMs 1, 2, 4, and 5. The low mean LCBH and integrated thickness of these LBCL cases suggest that the
RO state over the WAIS Divide is governed (at least during MELT) by low-level mixed-phased clouds.
SOM 7 shows that copious ice-only clouds (typically, with thicknesses above 2 km) can render numerous
RO cases (more than 38% of the observed RO cases in that SOM). However, the relatively low climatological
occurrence of SOM 7 (see Figure 4b) implies that ice-only clouds have little effect on the LW RO state over
the WAIS during MELT.

Nonetheless, positive ice-only cloud CRFsy in these infrequent daytime RO cases results in CRFj,,
(Figure 8d) that is equivalent to the CRF,,, of LBCLs in the same SOMs. LBCLs over the WAIS Divide gen-
erate smaller CRF sy, magnitudes than the ice-only clouds, the signs of which can be negative or positive (SW
enhancement; e.g., Nicolas et al., 2017). The ice-covered surface at the WAIS Divide produces significantly
different RO LBCL and ice-only CRFgy, compared to McMurdo Station during ice-free periods, which do
occur in all seasons.

4. Summary and Conclusions

The synoptic patterns affecting the RIS and West Antarctica are diverse and unique. Each of these patterns
may affect the flow fields and the resolved cloud properties differently. In this study, dominating patterns
were classified using SOM analysis, and the corresponding cloud properties observed over McMurdo
Station and the WAIS Divide were analyzed. This type of SOM-based cloud characterization has some lim-
itations. For example, the utilization of data that comprise a single field at a single pressure level may impro-
perly represent and explain the observations in some cases (e.g., moisture advection or cloud condensation at
other pressure levels in a decoupled event). In addition, various scenarios (e.g., the formation of an atmo-
spheric river) depend heavily on preceding atmospheric conditions (in multiple-day timescales), which
are difficult to characterize in bulk analysis of present synoptic conditions. This also inhibits the study of
longer-term phenomena such as persistent mixed-phase clouds, which demand in-depth case studies.

Yet the analysis presented here provides valuable cloud statistics, from which it is concluded that

1. Frequent frontal activity over McMurdo Station makes ice clouds a significant factor in the net surface
LW budget, accounting for several tens of percents of the “radiatively opaque” regime events, especially
during the FRZ and MXSI seasons.

2. The net surface LW “radiatively opaque” regime over the WAIS is dominated by frequent low-level
mixed-phase clouds, at least during MELT. The total CRF of all clouds in this regime is positive during
both daytime and nighttime conditions (in agreement with Scott et al., 2017), with equivalent ice-
cloud and LBCL daytime magnitudes.

3. Opaque LBCLs generate the highest CRF,,; during nighttime conditions, both at McMurdo and the
WAIS. However, over McMurdo Station, predominantly tenuous LBCLs may be optically thin enough
in the SW and optically thick enough in the LW to induce a positive CRF,, in (ice-free) daytime
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conditions. Other cloud types (opaque LBCLs and thick ice clouds) often cool the surface in these condi-
tions, by reflecting more incoming SW radiation than the re-emitted downwelling LW radiation. During
MXSI nighttime and ice-covered daytime periods, the CRF over McMurdo Station is very likely similar to
other ice-covered Antarctic regions with similar cloud patterns (e.g., LCBH and LWP) and temperature
profiles. The MXSI ice cloud CRF agreement with CRF calculations from the South Pole (Town et al.,
2005) provides some support for this conclusion.

4. Cloud patterns stemmed from mesoscale frontal activity and regional semipermanent flow patterns
around McMurdo Station often dominate the synoptic scale patterns (although mesoscale cyclogenesis
depends largely on the synoptic flow regime).

5. This mesoscale forcing domination results in larger variability in the same synoptic patterns (because of
the sensitivity to the regional flow fields), and smaller variability between different synoptic patterns,
during a specific season. Some patterns, however, still display distinctive characteristics (e.g., SOM 3,
characterized by dry airflow and orographic clouds).

6. The clouds over the WAIS Divide show large variability between different synoptic regimes and are more
self-consistent in a specific synoptic state.

Recent estimations (e.g., Burton-Johnson et al., 2016) suggest that ice-free regions occupy merely 0.18% of
the Antarctic continent'’s land areas, and future projections predict an increase of these areas by up to 25%
by the end of the century (Lee et al., 2017). Thus, while the conclusions related to the WAIS Divide may
be generally applicable to the Antarctic Plateau regions, the conclusions drawn from McMurdo Station
observations may be limited to a small number of ice-free Antarctic sites (at least during large parts of sum-
mer), particularly with regard to the CRF. The potentially high impact of frequent (frontal activity) ice
clouds on the net surface radiation in coastal regions is most pronounced in SOMs corresponding to a posi-
tive SAM index (SOMs 6, 8, and 9), mainly during FRZ and MXSI (see Figure 7), despite the typically lower
moisture supply in these seasons (e.g., Carrasco et al., 2003). The positive correlation of the SAM index with
cyclonic activity around the Antarctic coasts (e.g., Hosking et al., 2013; Lubin et al., 2008; Uotila et al., 2013;
see also the trends in Figure 3) and the long-term incline of the SAM index imply that thick (frontal activity)
ice clouds (which are common around the Antarctic coasts, mainly during winter) would have an increasing
significant role in the determination of the surface energy budget in the future.

Appendix A: Generating a Cloud Mask Using the MPL Data

After a LDR o mask with an upper limit fraction of 0.2 is applied on the MPL data, initial classifcation of the
MPL returns based on the 8, versus LDR 2-dimensional histogram is performed. However, some uncertainty
exists with regard to a large lidar return population (initially classified as “unknown”) in a potentially ambig-
uous region of the histogram (low-LDR with moderate to high §,). A considerable fraction of this
“unknown” population is attributed to the estimated 3, uncertainty and the frequent plate ice-crystal growth
regime temperatures during the WAIS Divide deployment. The following steps are implemented to treat the
“unknown” population, tune, and correct the phase classification:

1. Convert the entire resolved LBCLs into ice if no LCBH is reported by the MPL LCBH algorithm data
product (Silber et al., 2018a, 2018b) within +100 m and +15 min from the resolved LBCL base height
and occurrence time, respectively. Due to frequent MPL artifacts close to the surface, the ceilometer
CBH data are used instead of the MPL LCBH data output up to 200 m AGL, while taking into
consideration the typical ~60-m height difference between the two data products (see Silber et al.,
2018b).

2. Convert ice grid points above a resolved LBCL into liquid-bearing grid points if the distance from the
LBCL top to the detected cloud top is smaller than 100 m (due to the strong attenuation within LBCLs,
which significantly influence the MPL parameters).

3. Calculate the MPL 5th and 95th percentiles of the LDR o, lidar scene variability (the ratio of the lidar
copolar signal o to the copolar noise minus 1), and LDR SNR as a function of height for ice and LBCL
grid points. Lower (higher) heights show pronounced differences in scene variability and LDR SNR
(LDR o) between ice and LBCLs, respectively. Smooth the 5th and 95th percentile curves (only at heights
where more than 50 samples exist) using a smoothing spline with a smoothing parameter of 10~° (height
is taken in meters).

4. Reclassify all the MPL lidar returns based on the g, versus LDR 2-dimensional histogram.
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5. Classify the “unknown” population into liquid-bearing grid points if their LDR o (scene variability/LDR
SNR) is lower (higher) than both the LBCL (ice) 95th and ice (LBCL) 5th percentile smoothed curves at
the same level, respectively. Perform the opposite process (look for higher/lower instead of lower/higher
values) for classifying the “unknown” into ice grid points.

6. Apply a median filter with a 5 X 5 grid point size and convert all the remaining “unknown” grid points
into ice grid points (smooth the cloud mask).

7. Repeat steps 1 and 2.

8. Convert liquid-bearing grid points into ice grid points in LBCLs that are thicker than 400 m (unite over-
lying layers distant by less than 50 m for the thickness calculation) if their LDR is higher than a fraction
value of 0.08 (validate the results).

Appendix B: RRTM Configuration

The RRTM model is run from the surface up to 70 km. Measurements from twice-daily Vaisala MW-31 radio-
sonde releases at McMurdo Station and four times daily at the WAIS Divide are linearly interpolated in time
and height (to fit the cloud mask grid) and used for pressure, temperature, and water vapor model input up
to 20 km. A large bin size of 480 m is used in the RRTM SW version to mitigate underflow issues. Smaller grid
spacing of 7.5 and 60 m is used in the RRTM LW version up to and above 1 km, respectively. The finer grid at
lower levels is utilized to better capture the large low-level atmospheric parameter variability accounting for
most of the LW irradiance at the surface (McFarlane et al., 2013; Ohmura, 2001). The lowest bin temperature
(designating the surface skin temperature; Ty,,y) is estimated using the graybody approximation:

LW1—(1—epw)LW|]%%
Tsurf = E;LW;I]W) ) (Al)

where er - is the LW emissivity and oy, is the Stefan-Boltzmann constant. The ez, value is set to 0.99 for the
WALIS, the value of which corresponds to the ey of ice (Grenfell et al., 1998; Rees & James, 1992). At
McMurdo, the gy is estimated based on the variability of the SW absorptivity (Asw; see text below and
Figure S3). The minimum and maximum Agy are assumed to correspond with the ey of “pure”
ice/snow (ezy = 0.99) and bare volcanic soil (e;y = 0.95; see Sobrino et al., 2009), respectively. Linear inter-
polation is used to estimate ey, corresponding to other Agy, values. This e estimation routine is performed
only for daytime periods, because of the dependence on the SW measurements (ez = 0.99 for all nighttime
measurements).

Tests were performed to examine the influence of water vapor variability on short timescales by “normaliz-
ing” the sounding profiles based on the ratio between the integrated sounding water vapor to the hourly
MWR precipitable water vapor (PWV) retrievals during the release hours. However, these tests did not show
a significant influence over the accuracy of the model output; hence, this normalization is omitted from
this analysis.

Above 20 km, the default (1-km bin size) sub-Arctic model profiles (McClatchey et al., 1971) are used (the
winter profile is utilized between the March and September equinoxes, while the summer profile is used
for the rest of the year). Apart from water vapor, six other gas species are incorporated in the model, namely,
CO,, 03, N,0, CO, CHy, and O,. Monthly CO, values from the South Pole Station (Dlugokencky et al., 2017)
are used for the entire profile, while the default sub-Arctic model profiles are utilized for the other gases.

The Agy used for the SW flux calculations in daytime periods is estimated on an hourly basis, because of the
stark albedo contrast between snow and the volcanic soil on which McMurdo Station is situated, the sub-
stantial impact of volcanic dust and melting on the albedo of snow (Warren, 1984), and the dependency of
ice surface albedo on the solar zenith angle (Warren, 1982). Daytime periods are defined here as times when
the solar zenith angle is smaller than 90°. The hourly Agy used in the RRTM SW model is estimated (using
the 1-min resolution data) as one minus the surface albedo, o, given as

_swt

= (A2)

Linear interpolation is performed for periods in which data are missing, or when the yielded Agy minus
(plus) its hourly o is smaller (greater) than 0 (1). These false values are predominantly obtained when
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either the GNDRAD upwelling or the SKYRAD downwelling SW fluxes are close to the instrument uncer-
tainty level (2% or 10 W/m? for GNDRAD and 4% + 2 W/m? and 3% for the SKYRAD diffuse and direct com-
ponents, respectively; see Andreas et al., 2018).
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