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Key Points 1 

* Unprecedented cloud and liquid-bearing layer properties extracted from multiple-instrument 2 

measurements as part of the ARM AWARE campaign 3 

* Clouds at McMurdo are less prevalent, persistent, and deep relative to Arctic clouds, but have 4 

a higher liquid layer height 5 

* Cloud and temperature/moisture inversion configuration near cloud top is often similar to the 6 

common structure observed in the Arctic  7 
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Abstract 1 

Polar cloud radiative forcing plays a crucial role in the determination of the surface and atmospheric 2 

energy balance through processes which are not yet fully understood. While there is a broad and fairly 3 

complete database of cloud measurements from several Arctic sites and field campaigns through the 4 

past two decades, the recent 1-year-long U.S. Department of Energy (DOE) Atmospheric Radiation 5 

Measurement (ARM) West Antarctic Radiation Experiment (AWARE) field campaign at McMurdo 6 

Station has provided a hitherto unmatched multiple-instrument set of ground-based Antarctic cloud 7 

measurements. These observations are processed and used to derive the main cloud and liquid 8 

containing layer properties; occurrence fraction, cloud persistence and boundaries, and configuration 9 

relative to temperature and moisture inversions. The results are compared to previous Arctic 10 

observations. It is concluded that clouds and liquid-bearing layers over McMurdo Station are 11 

essentially less prevalent and persistent than their Arctic counterparts. However, they typically have 12 

higher bases and show a weaker temperature dependence than in the Arctic, suggesting a more 13 

ópristineô Antarctic atmosphere. In addition, the clouds (including both water phases) typically extend 14 

toward relatively lower altitudes, and their relation to inversions near cloud top are often similar to 15 

those observed in the Arctic.  16 
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1. Introduction  1 

The troposphere in West Antarctica is warming at one of the fastest rates in the world, both near the 2 

surface and at lower pressure levels (Nicolas et al., 2017; J. Turner et al., 2006). While it is known that 3 

radiative forcing of clouds plays a crucial role in the determination of the surface and atmospheric 4 

energy balance, the exact processes that ultimately lead to the observed warming are not fully 5 

understood. Studies performed in the Arctic show that interaction between cloud microphysics and 6 

dynamics, moist air advection, and the weak surface heating by solar radiation, may result in 7 

persistence and resilience of mixed-phase clouds (Morrison et al., 2012; Stramler et al., 2011). These 8 

clouds are closely associated to atmospheric moisture and temperature inversions, which are often 9 

formed by rapid radiative cooling of the surface or near cloud top, both characterized by high 10 

emissivity (Curry, 1983; Herman & Goody, 1976; Pithan et al., 2014; Sedlar et al., 2012; Sedlar & 11 

Tjernström, 2009; Solomon et al., 2011, 2014; Sotiropoulou et al., 2016; Tjernström & Graversen, 12 

2009). The extent to which our knowledge of Arctic cloud processes transfer to Antarctic clouds is not 13 

clear, because although the Antarctic atmosphere has some similarities to the Arctic atmosphere, there 14 

are many disparities as well, e.g., the extremely colder and drier atmosphere relative to the Arctic, as 15 

well as complex topography and pristine air (Bromwich et al., 2012).  16 

Until recently, the remote location, severe Antarctic climate, and the lack of suitable infrastructure 17 

have hampered the deployment of long-term extensive tropospheric measurement campaigns. Long-18 

term measurements were mostly limited to several automatic ground-based weather stations (AWS) 19 

(e.g., Cassano et al., 2016; Knuth et al., 2010; Lazzara et al., 2012) and routine radiosonde releases 20 

(e.g., Johanson and Fu, 2007; Marshall, 2002; Trenberth and Olson, 1989). In addition, a limited 21 

number of lidar deployments (e.g., Lawson & Gettelman, 2014; Mahesh et al., 2005; Nott & Duck, 22 

2011; Ricaud et al., 2017; Van Tricht et al., 2014), airborne observations (e.g., Lachlan-Cope et al., 23 

2016; Morley et al., 1989), and radiation campaigns (e.g., Bernhard et al., 2004) took place as well, 24 

the focus of which was on clouds and related processes. In recent years, space-based observations 25 
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using satellite passive and active remote-sensing instruments have become available (e.g., Hu et al., 1 

2010; Mahesh et al., 2004; Spinhirne et al., 2005; Zhang et al., 2010) to augment the observational 2 

data set. However, at polar latitudes, the latter are characterized by limited vertical and temporal 3 

resolutions. The paucity of detailed observations of the Antarctic atmosphere and its relationship to 4 

cloud macrophysics suggest that we do not yet have sufficient descriptions to evaluate the accuracy of 5 

the Antarctic cloud process representations in climate models. 6 

In the view of that, the U.S. Department of Energy (DOE) launched the Atmospheric Radiation 7 

Measurement (ARM) West Antarctic Radiation Experiment (AWARE) in November 2015, which took 8 

place mainly at McMurdo Station [77.85ºS, 166.72ºE, ~70 m above mean sea level (AMSL), see Figure 9 

1], and ended at the beginning of January, 2017 (Witze, 2016). This campaign was the first substantial 10 

measurement campaign in the West Antarctic region in the nearly 6 decades since the 1957 11 

International Geophysical Year, and involved various instruments (e.g., lidars, radars, radiometers, 12 

etc., see Mather & Voyles, 2013) that were used in concert to facilitate the characterization and 13 

understanding of Antarctic clouds, and their influence on the atmospheric radiation budget. 14 

This paper, the first of a series of papers, aims to describe the fundamental data processing and present 15 

the bulk statistics obtained from data gathered as part of the AWARE campaign. In addition, it 16 

describes the macroscopic characteristics of Antarctic clouds generated from the 1-year long 17 

measurements. Furthermore, this paper and following parts of the series examine the validity of the 18 

main cloud characteristics, patterns and effects found in Arctic measurements, e.g., typical height, 19 

structure, liquid prevalence, persistence, and inversion coupling, for these Antarctic clouds.  20 

2. Methodology 21 

The analysis is based on hydrometeor-bearing air-volume (hereafter referred to as cloud) masks, 22 

obtained using data from the Ka-Band ARM Zenith Radar (KAZR) (Widener et al., 2012), and the 23 

High Spectral Resolution Lidar (HSRL) (Eloranta, 2005) for the entire year of 2016. The KAZR 24 
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(HSRL) datasets are more than 99.5% (97.5%) complete, respectively. The minimum data availability 1 

from both instruments is during March, when ~97% (~94%) of KAZR (HSRL) data, respectively, are 2 

still available. From the beginning of the AWARE campaign until November 5, 2016, the HSRL 3 

performed routine maintenance (for 10 minutes on average) at 09:00 and 21:00 UTC. These periods 4 

account for ~1.5% of the monthly data deficiency between January and October (~0.25% in 5 

November).  6 

Careful attention is dedicated to instrument sampling problems in the lower troposphere. Processed 7 

data gathered by radiosondes, the microwave radiometer (MWR) (Morris, 2006), and the Vaisala 8 

ceilometer (Morris, 2016) complement the analysis procedure. The data processing and identification 9 

of hydrometeors (performed in 1-hour windows) are described in sections 2.1 (KAZR) and 2.2 10 

(HSRL). Complementary analysis steps and the arrangement of the data in hourly means are described 11 

in section 2.3. 12 

2.1. KAZR data processing and hydrometeor detection 13 

KAZR signal-to-noise ratio (SNR) data from the ARM a1 level files are utilized for cloud detection. 14 

The KAZR operated in continuous alternation between two different modes (both with 2.5 s and 30 m 15 

temporal and vertical resolutions, respectively); the general (GE) mode, optimized for detection of 16 

lower-tropospheric clouds, and the moderate sensitivity (MD) mode, optimized to detect upper-17 

tropospheric clouds. The MD mode returns exhibit signal leakage (Clothiaux et al., 2001) above highly 18 

reflective cloud layers, predominantly in the lower troposphere. This range leakage produces false 19 

cloud detection. A routine was developed to mitigate these artifacts (see Appendix A), which are 20 

typically characterized by a gradual decay of the apparent signal with height above the true cloud top. 21 

A comparison of corrected KAZR MD to HSRL (where available) detected cloud tops and sounding 22 

profiles found that this leakage removal routine has a high efficiency with negligible influence on 23 

actual cloud top detection. 24 
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After the leakage mitigation, the first 8 MD range gates, which consistently show enhanced signals, 1 

are removed, resulting in an effective first MD range gate at ~690 m above ground level (AGL).  2 

Both the GE and MD mode data are then separately gridded to the HSRL data grid (used here in 10 s 3 

and 7.5 m temporal and vertical resolutions, respectively) using two-dimensional linear interpolation. 4 

Cloud masks are then generated using each of the two gridded data arrays by setting a fixed SNR 5 

threshold of -16 dB (corresponding to reflectivity factor values at 1 km AGL of -36 dBZ and -46 dBZ 6 

in the GE and MD modes, respectively). This threshold value was thoroughly examined in various 7 

scenarios and showed satisfying results, allowing the separation between the radar returns from sample 8 

volumes containing hydrometeors and the instrument background noise.  9 

Most of the residual MD leakage artifacts that appeared sporadically above persistent cloud tops are 10 

removed from the generated (gridded) cloud mask. MD pixels with hourly cloud fraction below 50% 11 

and corresponding range gates below 1450 m AGL (1000 m above the first MD range gate), are 12 

deleted. This removal process is made under the notion that although some cloud features may be 13 

detectible only with the MD mode (data percentages increase with height), the GE mode observations 14 

detect the majority of the features identified by the MD mode measurements at lower heights.  15 

Finally, persistent dubious enhanced signals (mostly below SNR value of -8 dB) at low heights (up to 16 

~370 m AGL, the 10th measured GE range gate), are removed from the KAZR GE mode. This artifact 17 

slowly varies in height and time, which made the authors conjecture that these are blowing snow 18 

signatures (e.g., Nishimura & Nemoto, 2005; Palm et al., 2011; Scarchilli et al., 2010). Thorough 19 

examination of data collected during these periods by the total sky imager (TSI) (Morris, 2005), ground 20 

radiation radiometer (GNDRAD) (Stoffel, 2004a), sky radiation radiometer (SKYRAD) (Stoffel, 21 

2004b), the HSRL, surface meteorology system (MET), and sounding balloons rejected this 22 

postulation. Yet, bulk exclusion of data in these range gates cannot be made, as removal of data at 23 

these heights would cause a large loss of true low cloud information. As low clouds are common in 24 

polar regions (e.g., Mahesh et al., 2005; Morrison et al., 2012), true GE KAZR observations have to 25 
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be retained. Therefore, GE mode cloud mask bins are removed only if their SNR values are lower than 1 

-6 dB (larger than the fixed cloud mask threshold by one order of magnitude) and are disconnected 2 

from cloud bins above the 10th range gate.  3 

2.2. HSRL data processing and hydrometeor classification 4 

The HSRL hydrometeor detection process is based on linear depolarization ratio (LDR) versus log-5 

scaled particulate backscatter cross-section (ɓp) two-dimensional histograms [this methodology has 6 

some resemblances to previous ground-based and space-borne data analyses (e.g., Hu, 2007; Hu et al., 7 

2009; Thorsen & Fu, 2015)]. Before generating the histograms, a molecular signal-to-noise ratio (SNR) 8 

mask (with a threshold value of 1), a ɓp SNR mask (with a threshold value of 1), and a LDR standard 9 

deviation (STD) mask (with a threshold value of 0.05) are applied to the HSRL data. In addition, all 10 

data below 230 m AGL are removed (only for the histogram generation) to prevent low-level artifacts 11 

from affecting the histograms. Each histogram has LDR and ɓp bin dimensions of 0.005 and 100.05 m-12 

1sr-1, respectively. The histograms show clear seasonal dependence, most likely the result of variations 13 

in the mean temperature, prevailing wind direction, etc. (Bromwich et al., 2012), which affect the 14 

dominating hydrometeor properties (e.g., ice particle shapes; Pruppacher & Klett, 1997, pp. 38ï73). 15 

To account for these seasonal changes as well as possible HSRL calibration drift during the AWARE 16 

campaign, histograms are generated on a monthly basis.  17 

Figure 2a and 2b depict the histograms calculated for March and August 2016, respectively. Both 18 

histograms reveal distinct features. HSRL returns characterized by relatively low ɓp (cresting near 10-19 

7 m-1sr-1) and low LDR values are attributed to clear sky aerosols. A large part of the measurements is 20 

attributed to ice water particles (including aggregates and rimed particles), the lidar returns of which 21 

are commonly typified by relatively high LDR (> 0.2) and ɓp varying from low to high values, 22 

depending on the concentration, size, shape, and orientation of the particles. Nevertheless, part of the 23 

ice particle population exhibits moderate ɓp values (~10-5 m-1sr-1) and low LDR (< 0.1), as seen in both 24 

histograms (around and below p2 in Figure 2c, d). These HSRL returns are attributed to relatively high 25 
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cross-section ice particles (e.g., plates) that produce nearly specular reflection of the lidar pulse 1 

(Sassen, 1991, 2005), which is not completely eliminated at 4 degrees tilting angle (see Appendix A 2 

in Silber et al., 2018), most likely due to crystal tumbling. Finally, a prominent high ɓp and low LDR 3 

(< 0.15) population can be seen. This population is attributed to liquid water returns, which, with 4 

(typically) high droplet concentrations, produce large ɓp values (e.g., de Boer et al., 2009; Eloranta, 5 

2005). The higher values of the upper LDR limit of liquid-dominated volumes can be attributed to 6 

multiple scattering effects (Bissonnette, 2005; Eloranta, 1998) or ice particles in the same volume as 7 

the liquid droplets (e.g., Silber et al., 2018, fig. S1). Both March and August histograms reveal 8 

enhanced counts in the lowest LDR column. The lidar volumes contributing to these counts are 9 

distributed throughout the time-height domain, with most returns coming from volumes above the level 10 

where the lidar signal is mostly attenuated, and the remainder from volumes at cloud boundaries. These 11 

cloud boundary volumes are important to accurately characterize cloud layers; hence, these data are 12 

retained in the analysis. A large fraction of the lidar volumes below 230 m AGL, which are not included 13 

in the histograms, fall in the same LDR range. 14 

The histograms are used to classify the HSRL volumes into the three categories, i.e., volumes filled 15 

with clear sky aerosols, hydrometeors, or liquid-cloud (a sub-group of the hydrometeors).  As seen in 16 

Figure 2, classifications cannot be made based on fixed LDR and/or ɓp thresholds for liquid/ice 17 

discrimination, because the modes have irregular shapes that change from month to month through the 18 

seasons (see also Silber et al., 2018, fig. S1). Fixed thresholds might result in over- or underestimation 19 

of liquid water presence. Congruent arguments apply for the margin between the hydrometeor and 20 

aerosol categories. Therefore, a classification method which takes into consideration the ɓp and LDR 21 

features is necessary. 22 

In order to determine HSRL category thresholds, a 5x5 (bins) median filter (Lim, 1990) is performed 23 

on each histogram, thus smoothing noise in the histogram (and mitigating the lowest LDR column 24 

artifacts), while keeping its main features (Figure 2c, d). The demarcations between aerosol and 25 
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hydrometeor or between ice and liquid are determined by following the troughs observed between the 1 

population groups in the smoothed histograms. The automated routine producing these population 2 

boundaries is described in Appendix B.  3 

The boundaries between the aerosols, ice, and liquid-cloud returns for March and August 2016 are 4 

shown in Figure 2c, d. This HSRL monthly classification method was carefully tested in various cases 5 

(by also involving sounding and/or KAZR data to verify the presence and phase of hydrometeors) and 6 

demonstrated reliable results. It should be noted that some ambiguity exists around population margins, 7 

as different types of particles can produce similar lidar return characteristics (e.g., Thorsen et al., 2015). 8 

However, this potential bias (where it exists) does not significantly affect the results of this study, 9 

mainly due to the relatively lower counts surrounding the margins. 10 

Using these boundaries, ice and liquid-cloud masks are generated from the HSRL data. Because clouds 11 

are frequently found in the lowest tropospheric layers in polar regions (e.g., Shupe, 2011; Van Tricht 12 

et al., 2014), low-level HSRL data (< 230 m AGL), omitted in the histogram generation, are included 13 

in this analysis. A large fraction of lidar volumes below 230 m are arranged in very shallow (one or 14 

two range gates) persistent configurations with LDR ~0, embedded in otherwise higher LDR returns. 15 

These volumes have a high probability to be classified as liquid-cloud. To substantiate this liquid-16 

cloud classification, the algorithm for these low-level HSRL volumes is augmented by incorporating 17 

ceilometer cloud base height (CBH) observations. The first (lowest) ceilometer CBH time series are 18 

linearly interpolated to the HSRL grid. All hydrometeor HSRL volumes below 230 m, classified as 19 

liquid-cloud, which have a detected ceilometer CBH no more than 63.5 m below them are retained, 20 

otherwise their classifications are changed to ice. The threshold for the altitude difference between the 21 

ceilometer CBH and the HSRL liquid-cloud volumes was selected as it marks the 75th percentile of the 22 

ceilometer CBHs deviation from the HSRL liquid CBHs in the AWARE data (see Silber et al., 2018). 23 



11 
 

2.3. Complementary analysis steps 1 

The HSRL masks are combined with the KAZR (GE and MD modes) masks to form a full single hour 2 

cloud (ice and liquid hydrometeor) mask. In every 10-s profile (of each of the mask arrays), layers are 3 

concatenated only if they are at least 8 pixels (60 m) thick and are vertically distant from each other 4 

by up to 8 pixels, to treat possible false discontinuities. All vertical layers less than 8 pixels thick are 5 

removed to eliminate potential noise produced during the analysis procedures (mainly from data 6 

located around the various thresholds). 7 

Hourly statistics are calculated from the processed cloud and liquid mask arrays. These include hourly 8 

hydrometeor and liquid-cloud base, thickness, profile occurrence fraction arrays, i.e., hourly fraction 9 

in each pixel, and hourly time series of total hydrometeor and liquid-cloud fractions (column 10 

integration). Total and profile hydrometeor occurrence fractions are normalized relative to the hourly 11 

(HSRL and KAZR combined) data availability, under the assumption that the measured period 12 

provides an acceptable representation of the whole hour. Hours in which the combined data availability 13 

is below 25% (15 minutes) are omitted from the occurrence fraction analysis, to prevent potential low-14 

sampling biases from affecting the statistics.  15 

Liquid-cloud profile occurrence fractions are normalized relative to the hourly HSRL data availability. 16 

Because the liquid-cloud total fraction solely relies upon HSRL data, there could be some 17 

underestimation of the true liquid-cloud fraction, due to missing HSRL data or extinction of the HSRL 18 

signal below the lowest liquid layer. Therefore, two-channel MWR measurements that were performed 19 

at McMurdo Station between February and December 2016 are used to identify liquid in the profile 20 

during these brief periods. The MWR Liquid Water Path (LWP) retrievals (e.g., Fielding et al., 2015; 21 

Nicolas et al., 2017; Painemal et al., 2016) are based on an optimal estimation technique that starts 22 

from a first guess and iteratively repeats forward model calculations until a predefined convergence 23 

criterion is satisfied. When convergence is achieved, an 'a posteriori' covariance is computed and its 24 

square root is expressed as the retrieval 1-STD uncertainty. The closest sounding profile is used for 25 
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the radiative transfer calculations and the ceilometer data are used to constrain the CBH. The root mean 1 

square error (RMSE) between modeled and measured brightness temperatures is computed at the last 2 

iteration as a consistency check and is used to screen unrealistic retrievals, e.g., due to measurement 3 

contamination by rain or snow deposited on the instrument. The LWP data (at 5 min temporal 4 

resolution) are only used if the RMSEs are smaller than 2 K and the LWP retrieval values are above 5 

25 g/m2, which is the 2-channel MWR retrieval typical uncertainty (D. D. Turner et al., 2007; 6 

Westwater et al., 2001). The valid data are linearly interpolated to the HSRL temporal grid. The 7 

combined HSRL and MWR LWP data are used to compute the total liquid-cloud fraction, which is 8 

only then normalized relative to the hourly (HSRL and MWR combined) data availability. 9 

3. Results 10 

3.1. Cloud occurrence fractions 11 

Figure 3 portrays the cloud profile evolution during the months of January (summertime ï top panel) 12 

and August (wintertime ï bottom panel), which were produced by setting an hourly occurrence fraction 13 

threshold of 25% per bin. This hourly threshold is used to include the main structural features of 14 

passing, rapidly fluctuating, and short-lived clouds in the plot, without generating a misleading picture 15 

from clouds that are merely observed through a small fraction of a single hour. Deep frontal systems 16 

are observed in both seasons (and during fall and spring as well ï not shown). These deep systems 17 

often obstruct the HSRL from probing the entire cloud column, although the lowest liquid-cloud layers 18 

(red) are typically detected. Nonetheless, occasionally, optically thick cloud layers (likely intense ice 19 

precipitation) can prevent the HSRL signal from penetrating into the bottommost liquid-cloud layers 20 

(if  existing). These cloud profiles are classified as óunknown with liquid waterô (pink) whenever the 21 

LWP values are above the 25 g/m2 uncertainty level. However, the vertical distribution of the liquid 22 

phase cannot be extracted from the MWR measurements. óUnknown with liquid waterô classified 23 

layers, therefore, cannot contribute to the hourly bin classification. The impact of these profiles on this 24 
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analysis is small however. The bulk of measurements suggest that the liquid-cloud layers occupy only 1 

a small fraction of the total hydrometeor filled depth in each column, particularly in the deeper systems. 2 

It is reasonable to expect the same in the óunknown with liquid waterô classified layers. Moreover, the 3 

total number of these profiles is small, and therefore has negligible impact on bin hourly occurrence 4 

fractions (25% or 50%). The impact of the MWR contribution is in improving the total (integrated) 5 

hourly liquid-cloud fractions. 6 

Figure 4 depicts the 30-day running-mean total hydrometeor and liquid-cloud occurrence fractions, 7 

together with their monthly-means (filled circles). A running-mean temperature curve (based on 8 

sounding profiles) is shown as well. The temperature values denote the surface to 4 km altitude column 9 

average. This altitude range is chosen to represent the atmospheric region where clouds (and liquid-10 

cloud layers in particular) are most copious at McMurdo (e.g., Scott & Lubin, 2016). All averaging 11 

windows consist of an additional sample to center the means on the corresponding time, i.e., 1 extra 12 

hour (sounding profile) in the fraction (temperature) windows, respectively. Deviations of the monthly-13 

means from the running-mean curves are the outcome of the different window span. 14 

Clouds are more abundant during the first 6 months of the year (peaking around June 26 at 88%), and 15 

relatively scarce during the last 6 months. Nevertheless, there is no distinct annual pattern as the values 16 

have large variability on short time scales (which is most likely not consistent from year to year). Note 17 

that the annual minimum of ~31% around July 29 is concealed by its surrounding higher cloud 18 

fractions, when only the monthly mean values are examined. Fall (MAM , 73%), winter (JJA, 67%), 19 

and spring (SON, 58%) mean cloud occurrence fractions are comparable (within 10%) to long-term 20 

cloud fraction measurements at McMurdo Station (Monaghan et al., 2005), while the summer months 21 

(DJF) values in 2016 (seasonal mean of 71%) are significantly higher (by more than 36%) than the 22 

long-term statistics. This deviation is significantly larger than the typical disagreement between cloud 23 

fraction observations by zenith pointing lidars and all-sky observations (e.g., Wagner & Kleiss, 2016). 24 

The mean summer cloud fraction is also considerably higher than the 40% and 46% summertime 25 
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values derived by Sacco et al. (1989) and Van Tricht et al. (2014), respectively. These two studies are 1 

also for coastal stations but relied on measurements from lidars less sophisticated and sensitive than 2 

the HSRL. Some of the difference may be attributed to the effect of topography variation along the 3 

Antarctic coasts on the local cloud properties (Bromwich et al., 2004, 2012), or to differences in the 4 

type of measurements contributing to the cloud fraction numbers. Another study that used micropulse 5 

lidar (MPL) measurements (Shiobara et al. 2003), obtained higher annual cloud fractions of 74% at 6 

the coastal station Syowa, relative to an annual mean cloud fraction of 67% at McMurdo. However, 7 

the authors of that study commented on impacts of false cloud detection problems of their automated 8 

algorithm, which were most pronounced during summertime.  9 

The annual mean cloud fraction at McMurdo is comparable (within 10%) to the long-term 10 

measurements reported by Monaghan et al. (2005) and the 4-year mean deduced from active space-11 

borne instruments by Adhikari et al. (2012). However, the AWARE value is significantly higher than 12 

the annual 40% cloud fraction calculated by Mahesh et al. (2001, 2005) based on measurements from 13 

South Pole Station. Among other factors (e.g., natural variability), this deviation can be explained by 14 

the lower temperatures and the highly elevated inland location of the South Pole (e.g., Bromwich et 15 

al., 2012).  16 

Total liquid-cloud occurrence fractions seen in Figure 4 are composed of both the HSRL and MWR 17 

fraction data, which are illustrated in the figure as well. The HSRL shows a significantly higher 18 

sensitivity to liquid water within the atmospheric column than the MWR. This is not surprising given 19 

high MWR uncertainty threshold. The MWR retrievals add to the total liquid-cloud fraction ~1.5% on 20 

average, relative to the values obtained from the HSRL measurements alone. Thus, it is reasonable to 21 

assume that the lack of MWR measurements during January (when the MWR was not operating at 22 

McMurdo Station) does not significantly affect the analysis results (with a maximum error of ~1.5%).  23 

The total liquid-cloud occurrence fractions exhibit high (low) values during Antarcticaôs typically 24 

warmer (colder) months, respectively. The liquid-cloud fraction, with an annual mean of 28%, peaks 25 
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at ~53% in the end of February and drops to a minimum of ~7.5% in a window around May 30. Part 1 

of this annual behavior may be explained by the height of the -38 ÁC isotherm (top panel of Figure 5), 2 

demarcating the cloud droplet homogeneous freezing regime (Lamb & Verlinde, 2011, pp. 298ï307). 3 

Nevertheless, the location of the liquid-cloud fraction minimum in late May to early June and the sharp 4 

increases during August to more than 30% (seen in both the HSRL and the MWR data) are unexpected. 5 

Examination of the temperature data shows that these anomalous liquid-cloud fraction periods are 6 

accompanied by anomalously low temperatures in late May to early June and high temperatures in 7 

August (bottom panel of Figure 5). The anomalies were calculated with repect to the 40-years (1976-8 

2015) daily mean profiles. The warmer air intrusion during August (although the 0-4 km average is 9 

still below -26 ÁC) is observed in the lower 2 km, in correspondence with the location of most liquid-10 

cloud layers during this month (see Figure 3). 11 

Figure 6a presents the annual mean and 30-day running-mean profiles up to 10 km altitude (range AGL 12 

+ 70 m AMSL) of total cloud occurrence fraction. The moderate vertical jump of up to a few percent 13 

in cloud fraction observed at ~750 m is a result of the added data from the KAZR MD mode above 14 

that level. The lack of usable MD mode data below this altitude introduces uncertainty in determining 15 

the exact altitude of peaks close and below the discontinuity. However, it is observed that most 16 

hydrometeors are located below 4 km, and rarely exceed an occurrence fraction of 20% above this 17 

altitude. A maximum fraction of more than 60% in seen during March at an altitude of ~820 m. The 18 

sharp drop in the total fraction along the entire profile between July and August could be related to the 19 

concurrent low moisture (not shown) and highly anoumalous cold (warm) low (high) level air 20 

intrusions (see Figure 5 bottom panel), respectively, which potentially increase the atmospheric 21 

stability and suppress cloud formation.  In addition to the lower total fraction, winter and spring months 22 

show shallower  weather system-related clouds. 23 

 Figure 6b, c, and d depict the vertical profiles of ice given cloud, liquid given detected cloud (values 24 

multiplied by 5 to see the annual gradations), and unknown phase given detected cloud. The ice and 25 
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liquid classifications are obtained from the HSRL data while the unknown category represents 1 

hydrometeors detected solely by the KAZR. The sharp gradients in the unknown and ice categories 2 

between 2-3 km are the result of frequent extinction of the HSRL signal in this altitude range, largely 3 

by liquid-bearing cloud layers. It is reasonable to assume that the bulk of the óunknownô category are 4 

ice phase returns (especially at high altitudes ï see Figure 3 and temperature profiles in the top panel 5 

of Figure 5). As also implied from Figure 3, the detected liquid-cloud layers are largely confined to 6 

the bottom 4 km of the atmospheric column (lower during winter). Thus, it is tentatively suggested 7 

that liquid-cloud layers are typically more abundant at higher altitudes at Ross Island than in the Arctic, 8 

where they are primarily concentrated below 2 km (Shupe, 2011). It is important to note that a direct 9 

liquid-cloud layer abundance comparison to Arctic observations cannot be performed. That is the result 10 

of the lidar probing height dependence on the atmospheric structure (e.g., optically-thick clouds below 11 

liquid-cloud layers, etc.), and the different methodologies used in the reported Arctic studies (e.g., 12 

Shupe, 2007, 2011). Nevertheless, a qualitative comparison of other parameters and patterns seen in 13 

Figure 4 and Figure 6 with those that were observed in Arctic studies where a similar comprehensive 14 

set of instruments was used (Shupe, 2011; Shupe et al., 2011, 2013) is made. 15 

The total cloud fraction values measured at McMurdo are equivalent to multi-year measurements from 16 

Eureka, Canada (annual fraction of ~66%) and significantly lower than measurements in the western 17 

Arctic (Barrow, Alaska, and the SHEBA campaign, both with an annual fraction of ~75%) and the 18 

Greenland Ice Sheet (Summit Station, ~86%). Similarly, the total liquid fraction at McMurdo exhibits 19 

an annual mean, annual fraction range (minimum to maximum monthly fraction) of ~45%, and general 20 

annual pattern that are equivalent to Eureka (~30% and ~51% mean occurrence fraction and fraction 21 

range, respectively), but significantly different from the other stations (~56% and ~66% at Barrow, 22 

~56% and ~60% at SHEBA, and ~33% and ~83% at Summit, respectively). This similarity to Eureka 23 

and deviation from the other sites is also apparent in the vertical distribution of hydrometeors (see 24 
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Shupe, 2011, fig. 3; Shupe et al., 2013, fig. 13), and might be related to the complex topography 1 

surrounding Eureka (e.g., Lesins et al., 2010), in some similarity to McMurdo Station. 2 

3.2. Cloud persistence 3 

The top panel of Figure 7 displays a box and whisker monthly diagram of cloud and liquid-cloud layer 4 

persistence, generated by clustering the cloud and liquid-cloud occurrence fraction profile masks with 5 

an hourly fraction threshold of 50% (30 minutes when no data are missing). The higher hourly 6 

threshold was used here to prevent short-lived clouds (that are observed during less than half of a 1-7 

hour window) from negatively skewing the statistics, while still accounting for short-term hydrometeor 8 

layer height variations. The latter argument is critical, especially when considering the high vertical 9 

grid resolution. In addition, this threshold is identical to those used in Arctic observations (e.g., Shupe, 10 

2011; Shupe et al., 2011), thereby allowing an unbiased comparison. A cloud layer persisting in 11 

between different months is attributed to a certain month based on its half-life time. 12 

The persistence of liquid-cloud layers is quite short; the annual mean is 2.7 hours. More than half 13 

(~54%) of the total (749) cases above the persistence threshold do not last for more than 1 hour. In 14 

every month, more than ¾ of the liquid-cloud layers persist for less than 6 hours, and more than 95% 15 

of them do not last longer than 12 hours (apart from during March and September). Those liquid-cloud 16 

layers which persist for 12+ hours contribute only ~17.5% of the total liquid-cloud occurrence at 17 

McMurdo, while those that persist for less than 12 hours and more than the persistence threshold 18 

contribute ~64.5%. The remaining 18% of liquid-clouds are short-lived (and possibly orographic) 19 

layers (e.g., Scott & Lubin, 2016, fig. 4). The estimated uncertainty of these values is on the order of 20 

~1.5%, i.e., the added liquid-cloud occurrence from the MWR relative to the total occurrence (HSRL 21 

+ MWR). 22 

Liquid-cloud layers that last for more than a day are observed in all seasons (bottom panel of Figure 23 

7). However, even the persistence of these layers is rather short compared with the high liquid-cloud 24 
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layer persistence observed in the Arctic (Shupe, 2011), where annual 3rd quartile periods longer than 1 

20, 40, and 50 hours were reported for Eureka, Barrow, and SHEBA, respectively . It should be noted 2 

that as liquid-cloud layers are often elevated (see Figure 6c) and the liquid-cloud persistence 3 

calculations solely rely on the HSRL measurements, the resolved liquid persistence might be slightly 4 

biased towards shorter periods, due to potential temporary obstruction of the HSRL pulses by lower 5 

cloud layers. Nonetheless, it is reasonable to assume that this caveat affected Arctic measurements as 6 

well, although possibly to a lower extent, as a result of the typically lower liquid layer height (e.g., 7 

Shupe, 2011, fig. 3).  8 

The longest-lived liquid-cloud layer measured during the AWARE campaign is unexpectedly detected 9 

in the cold season during August, when the mean temperatures up to 4 km are below -26 °C (Figure 10 

4). This persistent liquid-cloud layer was formed at 19:00 UTC on August 15, after a deep cyclone 11 

centered above the Ross Sea [configuration similar to fig. 14 in Scott and Lubin (2014)] advected 12 

warm and moist air into the Ross Ice Shelf, at multiple levels. This liquid-cloud layer lasted for 39 13 

hours (see also Figure 3), with a mean temperature of ~-26 °C, and a minimum cloud top temperature 14 

of ~-28 °C measured at 22:00 UTC on August 16. Examination of the longest-lived liquid-cloud 15 

temperatures (during sounding release times) in all the other months showed that these exceptionally 16 

low temperatures are quite common in persistent liquid-cloud layers. In 11 out of the 12 months the 17 

longest-lived liquid-cloud layer resided below -21 °C, and in 4 of the cases cloud top temperature was 18 

between -30 °C to -31 °C (not shown). As ice-nuclei activation increases with decreasing temperatures 19 

(e.g., Ardon-Dryer et al., 2011), it is expected that ice nucleation would erode the liquid-cloud layers 20 

faster at lower temperatures. Therefore, the resilience of the liquid-cloud layers in a very low 21 

temperature regime suggests that the atmosphere must be clean of aerosols (and ice nuclei in 22 

particular), although other time-dependent parameters related to droplet freezing processes (e.g., 23 

Westbrook & Illingworth, 2013) might affect the observations as well. 24 
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In accordance with the longest-lived liquid-cloud temperatures, the full  liquid persistence analysis does 1 

not show a clear seasonality. Nevertheless, some tendency to longer-lived liquid-cloud layers during 2 

fall and winter months exists, in disagreement with the Arctic, where liquid-cloud layers are least-3 

persistent during winter (Shupe, 2011). Similarly, the total cloud persistence at McMurdo Station 4 

shows a slightly more distinct tendency (than the liquid-cloud layers) to have longer-lived clouds 5 

during fall and winter. Most of the clouds do not last more than 1 hour. In addition, more than 25% of 6 

clouds show persistence of more than 4 hours, and 5% continue for more than 33 hours. Furthermore, 7 

the longest-lived clouds during each month persist for a few days, with nearly a week during March. 8 

Because the AWARE campaign continued for only a single year, the probable year-to-year variability 9 

of the cloud persistence statistics cannot be obtained. Yet, it can confidentally be deduced that these 10 

persistence periods are significantly shorter than the cloud longevity measured in the Arctic (mean and 11 

3rd quartiles of at least 10 and 60 hours, respectively) (Shupe, 2011; Shupe et al., 2011). 12 

3.3. Cloud boundaries 13 

Cloud and liquid-cloud layer base statistics are only performed for the lowest layer; detection of high 14 

liquid-cloud layers is often impeded by optically opaque cloud layers below. In addition, overlying 15 

separated cloud layers may be detected as a single layer, due to precipitation in between them. These 16 

effects may produce an analysis bias towards lower altitudes, although it is probable that CBHs would 17 

still be biased due to low-level precipitation. 18 

Monthly liquid-cloud base and CBHs box and whisker plot, annual cumulative distribution functions, 19 

and base temperatures box and whisker plot are given in Figure 8 from top to bottom, respectively. 20 

The temperatures are determined by linear interpolation of sounding data (which are complete, except 21 

for the 22:00 UTC February 24, 2016 launch that failed after reaching ~400 m AMSL).  22 

Liquid and CBHs are strongly skewed towards lower altitudes. Most of the CBHs are found close to 23 

the ground throughout the year, with more than 50% of CBHs located below an altitude of ~300 m. As 24 
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mentioned above and similar to the conclusion of Van Tricht et al. (2014), CBHs are biased to some 1 

extent towards lower heights by precipitation. The mean CBH is lower during fall and early winter and 2 

higher in late spring and early summer, with an annual mean of ~1 km. The relatively high mean CBH 3 

in combination with near-surface median values during July and August is consistent with the report 4 

of  typically higher upper-level cloudiness during winter by Bromwich et al. (2012).  5 

Liquid CBHs are limited to altitudes with temperatures exceeding the homogeneous freezing range. 6 

However, the lower liquid percentiles, up to the median, do not show any clear seasonal pattern, while 7 

the higher percentiles exhibit very weak seasonal behavior, where the liquid CBHs are somewhat 8 

concentrated at lower altitudes during winter, but extend to higher elevations during summer, with the 9 

exception of May. The remarkably high liquid CBHs in that month are probably related to some extent 10 

to the anomalously warm temperatures throughout the month (see Figure 4 and Figure 5 bottom panel). 11 

On an annual scale, more than 90% of all the detected lowest liquid CBHs are fairly evenly distributed 12 

up to an altitude of ~3 km (see Figure 8, middle panel). 13 

The mean liquid-cloud base altitude peaks in February with 1.85 km and drops to 0.95 km in July, with 14 

a mean seasonal difference (between summer and winter months) of ~525 m. The annual mean liquid-15 

cloud base altitude is 1.62 km (1.55 km AGL), which is higher by several hundred meters than the 16 

mean heights reported based on Arctic measurements (Shupe, 2011), even though the typical Arctic 17 

temperatures are significantly higher. This deviation from the Arctic and lack of distinct liquid CBH 18 

(and persistence, discussed above) seasonality all suggest that temperatures affect the liquid-cloud 19 

formation processes, but there are other potentially significant parameters in determination of when, 20 

where, and how long would these liquid layers develop. These parameters might be related to cloud 21 

microphysics, e.g., ice-nuclei concentrations and characteristics (e.g., Ardon-Dryer et al., 2011; 22 

Bromwich et al., 2012; Westbrook & Illingworth, 2013), the Antarctic topography, which produce 23 

intense katabatic winds and (in combination with the adjoining warm marine air mass) cyclogenetic 24 
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regions around Ross Island (e.g., Bromwich et al., 1992, 1993; Carrasco et al., 2003; Carrasco & 1 

Bromwich, 1993), or the wind regime over Ross Island (e.g., Seefeldt et al., 2003). 2 

The liquid and cloud base temperatures show a distinct seasonal pattern, ensuing from the cooling 3 

(warming) of the atmospheric column during winter (summer), respectively (see Figure 5 top panel). 4 

Some tapering of the temperature distribution between the 3rd quartile and the 95th percentile is seen 5 

in cloud base temperatures during summer months, due to the lower probability for ice to form when 6 

temperatures approach 0 °C. In addition, monthly variations are affected by anomalous temperatures 7 

and the liquid-cloud base and CBHs distribution. Therefore, months with wide base height 8 

distributions (e.g., January, August, etc.) are most likely to have a wider base temperature distribution, 9 

and vice versa.  10 

Cloud layer monthly thickness statistics are given in Figure 9 (left). These thicknesses are calculated 11 

for individual layers, i.e., a single cloud mask profile can add more than 1 cloud thickness count. The 12 

reported values are possibly biased to some extent toward larger values, as some distinct separated 13 

layers might be concatenated during the analysis procedure by precipitation in the air volumes in 14 

between them. Frequent precipitation below the lowest layer contribute to this larger value bias as well. 15 

Similar thickness statistics were not generated for liquid containing layers, as the large backscatter 16 

cross-section of these layers often attenuates the lidar signal to a level of complete extinction, thus 17 

precluding the signal penetration into the layer top. As the HSRL data are used exclusively for the 18 

liquid-cloud layer geometrical property characterization, these statistics would be strongly biased 19 

towards smaller thickness values. 20 

The mean cloud thickness peaks in winter and dips in summer, albeit the variations are quite modest. 21 

This pattern is explained by the larger number and more intense cyclones around the continent during 22 

winter, particularly above West Antarctica and the Ross ice shelf (Simmonds et al., 2003). The drops 23 

in the mean and distribution values in July and November are likely affected by the atmospheric 24 

temperature structure anomalies (see Figure 5 bottom panel and the discussion on Figure 6 above). 25 
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The seasonal pattern in cloud thickness that was observed in Arctic measurements (from Barrow, 1 

SHEBA, and Eureka) and reported by Shupe et al. (2011) display an opposite behavior (cloud thickness 2 

maximizes in summer), which might be related to the more frequent (although relatively weaker) 3 

cyclones during summer in these sites (X. Zhang et al., 2004). The Antarctic thickness distribution is 4 

considerably less skewed towards lower values relative to the Arctic measurements. However, the 5 

mean annual thickness of 1.27 km and the registered percentiles are significantly smaller at McMurdo 6 

than in the Arctic. The different methodologies used here and by the authors of the Arctic reports might 7 

eludicate some of these results.  8 

The lower summer geometrical thickness relative to the Arctic observed here is in contrast to Scott and 9 

Lubin (2016), who concluded using several years of active-satellite data that clouds around McMurdo 10 

have a larger geometrical thickness relative to those observed in Summit Station and Barrow. This 11 

might be explained by the lower temporal resolution used in that study and the higher negative 12 

skewness of Arctic cloud thickness observations. This potentially anomalous summer cloud thickness 13 

at McMurdo Station might also be related to the uncharacteristic high total cloud fraction observed in 14 

2016, and should be further investigated, beyond the scope of this paper. 15 

Monthly mean statistics of the highest cloud top (per profile) altitude (Figure 9, middle panel) and their 16 

mean annual value (3.5 km) are lower than those measured in Eureka (~4.5 km), SHEBA (~4.1 km), 17 

and Barrow (~3.6 km) (Shupe et al., 2011). The highest cloud top altitude does not show a clear 18 

seasonal pattern, and the various percentiles (as well as the mean value) patterns do not correlate with 19 

each other. In resemblance to the CBH temperatures, the highest cloud top temperatures (right panel 20 

in Figure 9, sounding data are linearly interpolated) show a noticeable seasonal cycle, which is 21 

governed by the cooler (warmer) atmospheric column during winter (summer), respectively, while 22 

other monthly disparities are influenced by the cloud top altitude distributions (e.g., March, July, etc.). 23 

It should be noted that high altitude cirrus layers occasionally evade detection by the KAZR and HSRL, 24 

thus generating a slight offset in the highest cloud top statistics. The HSRL (and sporadically also the 25 
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KAZRôs MD mode) is generally capable of detecting some of these thin clouds (see Figure 6b, d), but 1 

as their detection depends on the signal attenuation level below (and the hydrometeor shape, size, 2 

concentration, and phase), these clouds are often missed. However, the same clouds, which are most 3 

easily detectable using space-borne remote sensing instruments (e.g., Wang et al., 2008), have an 4 

occurrence fraction of less than 10% at Antarctic latitudes (Adhikari et al., 2012; Nazaryan et al., 2008; 5 

Sassen et al., 2008). Therefore, they should not significantly affect the statistics reported here, nor the 6 

comparison with the Arctic measurements. The latter assumption is valid as similar instrumentation 7 

were used in these measurements (e.g., Shupe, 2011; Shupe et al., 2011), in addition to the essentially 8 

greater high altitude cirrus cloud fraction over the Arctic  (Nazaryan et al., 2008; Sassen et al., 2008). 9 

3.4. Clouds- inversions coupling  10 

Polar clouds are known to be coupled with temperature and moisture inversions through radiative (e.g., 11 

cooling near cloud top), thermodynamic (e.g., condensation of liquid droplets), and dynamic (e.g., 12 

weak turbulence within a temperature inversion) processes (e.g., Curry, 1983; Herman & Goody, 1976; 13 

Solomon et al., 2014; Sotiropoulou et al., 2016; Tjernström & Graversen, 2009; Verlinde et al., 2013; 14 

Verlinden et al., 2011). Cloud tops in the Arctic have been shown often to reside within a temperature 15 

inversion with coincident moisture inversion below cloud top (Morrison et al., 2012; Sedlar, 2014; 16 

Sedlar et al., 2012; Sedlar & Tjernström, 2009; Solomon et al., 2014). However, these fairly common 17 

Arctic patterns have not hitherto been observed in long-term Antarctic studies. The 10-year study by 18 

Nygård et al. (2013) suggested that some differences exist in moisutre inversions above coastal 19 

Antarctic stations between clear and overcast skies. Verlinden et al. (2011) averaged space-based 20 

measurements over large areas and long periods, and thereby smoothed these fine cloud structures. 21 

Stone (1993) studied austral winter clouds at the South Pole using radiometersondes and found that 22 

cloud bases coincide with the surface temperature inversion top at ~465 m AGL. In contradiction to 23 

Stone (1993), Mahesh et al. (2001) (using 1-year of sounding and infrared interferometer 24 

measurements) reported that cloud bases at the South Pole station are located either above or within 25 
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the surface-based temperature inversion (with the clouds extending past the top of it), but rarely at the 1 

inversion top. The discrepancies between these studies and the possible resemblance to the Arctic are 2 

examined through the following analysis.  3 

Temperature (T) and specific humidity (q) inversions are identified by utilizing a similar methodology 4 

to those proposed by Tjernström and Graversen (2009) and Sotiropoulou et al. (2016). Sounding 5 

profiles, up to an altitude of 5 km, are scrutinized for layers that have a positive gradient (above a 6 

certain threshold; 0.05 g/kg and 0.4 °C for q and T, respectively) over a minimum thickness of 20 m. 7 

Some of these parameters (altitude and q thresholds) are somewhat different than those used in the 8 

Arctic by Tjernström and Graversen (2009) and Sotiropoulou et al. (2016), to adjust and optimize the 9 

detection algorithm to the McMurdo measurements, i.e., higher liquid-clouds and a colder-drier 10 

atmosphere. Identified inversion layers separated by less than 100 m are united. Surface-based 11 

inversions are those with base lower than 100 m AGL. 12 

T (q) inversions are detected in 95% (96%) of the sounding profiles, respectively. 53% (34%) of the 13 

profiles where inversions are detected contain surface-based T (q) inversions, respectively. The 14 

strongest (or main) inversions of T and q (the largest difference between inversion top and inversion 15 

base) are the lowest (in altitude) identified inversion in 53% and 32% of the profiles, from which 52% 16 

and 87% are also surface-based inversions, respectively. The q inversion detection percentage is in 17 

agreement with the long-term observations at McMurdo reported by Nygård et al. (2013), while the 18 

surface-based q inversion occurrence is ~20% higher than the long-term report, most likely due to the 19 

more permissive q inversion detection constraints used by Nygård et al. (2013). Arctic measurements 20 

(performed above sea-ice) (Sotiropoulou et al., 2016; Tjernström & Graversen, 2009)  showed similar 21 

percentages of distinguished T and q inversions to those reported here, but higher surface-based 22 

inversion occurrence rates and relative strengths. These differences from the Arctic might be related 23 

to relatively weaker melting (especially during summer), surface cooling (mainly in winter), or less 24 
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efficient warm air advection near Ross Island, which are key components needed for the strong surface-1 

based inversion generation over the Arctic (e.g., Persson et al., 2002; Sotiropoulou et al., 2016). 2 

The strongest T inversion properties are shown in Figure 10. These include the inversion strength (a), 3 

T at the base level (b), base altitude (c), and inversion thickness (d). All these parameters show clear 4 

seasonality; the inversion strength and thickness (which are dependent parameters) maximize at winter 5 

and minimize in summer, while the inversion base altitude and temperature peak during summer and 6 

dip in winter. Generally, the main T inversions reported here are weaker (by more than ~1 °C), thinner 7 

(in excess of 100 m), and higher (by at least 100 m) than documented in Arctic measurements (e.g., 8 

Sotiropoulou et al., 2016; Tjernström & Graversen, 2009). The monthly median and mean inversion 9 

strength values vary between ~1.2 °C to ~5.5 °C, while the monthly median inversion thickness 10 

changes from ~70 m to ~320 m during January and July, respectively. The bases of these inversions 11 

are below ~700 m in 50% of the cases and above ~3.5 km in ~5% of them.  12 

Figure 11 presents the strongest q inversion statistics at the same order as in Figure 10. Some 13 

seasonality exists in the inversion thickness (deeper inversions during winter) and in the q value at 14 

inversion base (less moisture during winter than summer, in relation to the ambient temperature). 15 

Nevertheless, the q inversion strength and base altitude do not show any distinct annual pattern. The 16 

high variance in the q inversion base during each month suggests (together with the low surface-based 17 

q inversion percentage) a strong dependence on meteorological variability (e.g., Nicolas & Bromwich, 18 

2011; Scott & Lubin, 2014), and lack of a dominant moisture source at the surface (e.g., Solomon et 19 

al., 2014). The strongest q inversions are thicker than the main T inversions with a median annual 20 

thickness of ~360 m. The moisture levels at the inversion base are fairly low, with an annual median 21 

q of 0.3 g/kg. 22 

To examine the contemporaneous presence of q or T inversions with detected clouds, cloud mask 23 

boundaries from the same hour of radiosonde release are used. An hourly profile is utilized only if at 24 

least 1 inversion is detected and a single cloud layer with occurrence fraction above 50% is identified. 25 
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Precipitation data are removed from the cloud mask data by setting a relative humidity (RH, taken 1 

from the sounding profiles) above ice (and liquid) threshold of 90%. Thus, misidentification of 2 

multiple layers as a single layer or incorrect CBH classification are avoided. Cloud boundaries are 3 

compared to the inversion closest to the cloud top height (CTH) (from its base) instead of the strongest 4 

inversions, as the strongest inversion does not necessarily indicate any relation to a cloud. Indeed, only 5 

57% and 76% of the closest T and q inversion, respectively, are also the strongest in the sounding 6 

profile.  7 

Additional constraints are used on the T inversion relation to cloud boundaries to remove cases where 8 

the detected T inversion is most likely not associated with the detected cloud layer; CBH should be 9 

below the inversion top, and CTH should be less than 500 m below the inversion base. After these 10 

constraints are applied, 4 cases remain in which CTH is above the T inversion top by more than 50 m. 11 

Examination of these cases showed that in one of them the CTH hourly STD is larger than the measured 12 

altitude difference, hence, it is very likely that the radiosonde probed the cloud top where it is relatively 13 

lower. In the other 3 cases the detected T inversion is not related to the detected cloud (T inversion 14 

exist near CTH, but it is below the detection threshold). Therefore, these 3 cases are omitted from the 15 

analysis. 16 

The cloud and T (q) inversion constraints are satisfied in 93 (116) out of 731 hours of sounding data, 17 

respectively. Figure 12a depicts a two-dimensional histogram with a bin size of 0.1 km (centered 18 

around 0), describing the configuration of the CBH (x-axis) and CTH (y-axis) relative to the T 19 

inversion base. The histogram is divided into 4 domains indicating different relations between CBH, 20 

CTH, and the inversion base; CBH below the inversion base and CTH above the inversion base, CBH 21 

and CTH above the inversion base (cloud within the inversion), CBH and CTH below the inversion 22 

base (possible capping inversion), and CBH above the inversion base and CTH below the inversion 23 

base (not physical). These cloud-inversion relations are illustrated in the schematic diagram given in 24 

Figure 12b.  25 
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Most of the histogram counts are concentrated at CTH to inversion base altitude differences of ±50 m. 1 

This difference is within the range of uncertainty, as the median hourly CTH STD (of the used cases) 2 

is a bit higher (~60 m), suggesting that most CTH reside very close (either from above or below) to 3 

the T inversion base. The histogram counts are not evenly distributed between the 3 domains (see total 4 

counts in each histogram section within Figure 12a). Most of the histogram counts are concentrated in 5 

domain 3, where the CTH is mostly located not more than 250 m below the inversion base. The high 6 

counts in this domain tentatively suggest that clouds are very often capped by the T inversions, or 7 

alternatively, occasional tenuous T inversions do exist at the CTHs, but they are too weak to be detected 8 

in this analysis (i.e., the T inversions are below the strength and/or thickness thresholds). CTHs within 9 

the T inversion are predominantly located up to 150 m above the inversion base when the CBH is 10 

below the inversion base (domain 1), in agreement with the conceptual models of Morrison et al., 11 

(2012) and Pithan et al. (2014), and higher within the inversion when the cloud is fully formed within 12 

the inversion (domain 2). All of these observations suggest that clouds are capped by the T inversion 13 

base as frequently as they are partially/fully located within the inversion. These configurations were 14 

also observed in previous Arctic observations (e.g., Sedlar et al., 2012; Sedlar & Tjernström, 2009; 15 

Tjernström & Graversen, 2009; Verlinde et al., 2013), although clouds protruding (often deeper) into 16 

the T inversion seems to dominate the Arctic atmosphere (Sedlar et al., 2012; Sedlar & Tjernström, 17 

2009). The exact partitioning here, however, should be determined by a larger dataset.  18 

A two-dimensional histogram for cloud boundaries and the closest q inversion are shown in Figure 19 

12c. This histogram is divided as well into 4 domains as illustrated in Figure 12d; CBH below the 20 

inversion base and CTH above the inversion top (inversion-containing cloud), CBH above the 21 

inversion base and CTH above the inversion top, CBH below the inversion base and CTH below the 22 

inversion top (possible capping inversion), and CBH above the inversion base and CTH below the 23 

inversion top (cloud evolving within the inversion). Most cloud tops are located in the vicinity of the 24 

q inversion top (bins surrounding the vertical ó0ô line), in agreement with typical Arctic stratiform 25 



28 
 

cloud formation processes (e.g., Solomon et al., 2014). Counts further away from the histogramôs 1 

center (which are primarily located in domains 2 and 3 of the figure) most likely imply a decoupling 2 

between the closest detected q inversion and the examined clouds. Review of multiple of these cases 3 

indicated that q inversions exist near cloud top, but its strength is exceptionally weak, considerably 4 

below the inversion detection threshold, possibly indicating a dry air mass above the cloud formation 5 

region (e.g., Solomon et al., 2014). A comprehensive examination of these cases will be given in a 6 

proceeding paper. 7 

4. Summary 8 

Measurements performed by multiple state-of-the-art instruments, deployed at McMurdo Station as 9 

part of the ARM AWARE 1-year long field campaign, were used to produce a comprehensive set of 10 

cloud statistics. Cloud and liquid containing layers occurrence fractions and geometrical properties 11 

(which were not reported hitherto for liquid containing layers in Antarctica) were calculated and 12 

compared to previous results from the Arctic. Clouds at McMurdo Station are largely confined to the 13 

first 4 km of the atmosphere, with less than 20% monthly occurrence fraction above this altitude. 14 

Liquid-cloud layers are present in this region year-round and may persist for numerous hours within a 15 

broad temperature range (liquid layers persisting longer than 12 hours at temperatures below ~-30 °C 16 

were observed), emphasizing the exceptionally clean Antarctic atmosphere. Half of the probed (single 17 

layer) clouds generally encompass the macrophysical, thermodynamic, and radiative characteristics of 18 

resilient Arctic mixed-phase clouds (Morrison et al., 2012). Nonetheless, mixed-phase clouds over 19 

Ross Island (as measured from McMurdo Station) are significantly less persistent than in the Arctic. 20 

This substantial deviation is a possible outcome of the complex Antarctic topography. In addition, the 21 

wind regime over Ross Island and changing synoptic patterns may spawn diverse cloud characteristics, 22 

which might hamper the persistence of the prevailing mixed-phase clouds.  23 
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The topographic structure of the region surronding McMurdo station generates various atmospheric 1 

phenomena, e.g., Foehn winds, precipitation shadow, etc. (e.g., Monaghan et al., 2005; Speirs et al., 2 

2010). With knowledge of these local phenomena, the representiveness of the results presented here 3 

for other Antarctic locations is an important aspect which should be further examined in future 4 

research. Yet, the similarity between McMurdo and several other coastal locations in space-borne 5 

cloud and sounding measurements (e.g., Adhikari et al., 2012; Nygård et al., 2013) suggests that the 6 

cloud characteristics shown here might represent various Antarctic coastal regions that are strongly 7 

affected by the local topography (see Bromwich, 1989; Streten, 1990; Zibordi & Frezzotti, 1996) and 8 

experience similar cyclonic activity (see Simmonds et al., 2003).  9 

As the statistics reported in this paper exhibit unique patterns (occasionally, also compared with the 10 

Arctic), they should be taken into consideration in truthful synoptic and meso-scale Antarctic 11 

modeling. The upcoming papers will provide an in-depth analysis of some of the aspects presented 12 

here. 13 

Appendix A: KAZR MD mode leakage mitigation routine 14 

The mitigation routine is described in the flowchart given in Figure A1. First, the GE and MD mode 15 

cloud tops are located. Then, the MD SNR difference (ȹ) between two vertically neighboring MD 16 

range gates are calculated (the difference between gates 1 and 2 receives index 1, between 2 and 3 17 

receives index 2, and so on). For every detected GE cloud top (CT), a subroutine is executed (in a 18 

loop). This subroutine first finds the index i of the closest MD range gate to the examined GE CT (from 19 

below). Next, three conditions must be met; the first condition requires that all ȹ values at indices i + 20 

2 to i + 6 (5 range gates, i.e., 150 m) are below 0.9 dB per bin (0.03 dB/m). Although the leakage 21 

pattern typically shows a monotonic SNR decrease, a slightly positive SNR threshold is used here, 22 

because occasionally there is a weak increase in the SNR within the leaking region. The second 23 

condition requires that the average ȹ at these indices (i.e., i + 2 to i + 6) is higher than -6 dB (0.2 dB/m) 24 
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and smaller than 0 dB. This step seeks to differentiate between real MD cloud tops, characterized by 1 

sharp fall-offs in SNR, and leakage, which is characterized by slower SNR decreases in range. The 2 

final condition requires that at least one of the 50 GE range gates (i.e., 1500 m) below the GE CT have 3 

a SNR value above 17.301 dB (2000 times the cloud mask SNR threshold of -16 dB). If all three 4 

conditions are satisfied, it is concluded that a leakage was detected and all MD pixels from the GE CT 5 

to the MD CT are removed.  6 

It should be noted that all of the values and number of range gates used by this routine produced the 7 

highest routine efficiency, and were determined after careful examination of various cases and 8 

scenarios (e.g., multi-layers, low clouds, etc.) observed in the Antarctic and Arctic atmosphere.  9 

Appendix B: Aerosol, ice, and liquid water population boundaries determination 10 

The routine starts with the determination of the boundary between the hydrometeor (ice + liquid) and 11 

aerosol population. First, the aerosol population's maximum is located by finding the filtered 12 

histogram's maximum within LDR range between 0.04 and 0.2, and ɓp values up to 10-6 m-1sr-1 13 

(designated by triangles in Figure 2c, d). A point with the maximum binôs LDR value and ɓp value, 14 

determined as the minimum of the closest (from above) local minimum or 5×10-6 m-1sr-1, is then 15 

marked (p1 in Figure 2c, d). From p1, the routine attempts to follow the shape of the continuous trough 16 

often observed between the aerosol and hydrometeor populations. To the right of p1, the troughôs 17 

center typically shows a decreasing ɓp pattern, especially when oriented vertically (taking the notation 18 

of the histograms shown in Figure 2), while to the left of p1, the troughôs center may rise or descend 19 

to higher or lower ɓp values, respectively. 20 

Therefore, a first loop steps through all the LDR bin values to the left of p1 (i.e., in decreasing order). 21 

In each step, an additional point is marked, which receives the current binôs LDR value. The point's ɓp 22 

value is determined by locating horizontally oriented trough (taking the notation of the histograms 23 

shown in Figure 2). That is, the ɓp value with a local minimum (while holding the LDR value constant 24 
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at the current value) closest to the nearest resolved point to the right (i.e., p1 in the first iteration or the 1 

point found in the last iteration), which is not distant by more than 6 bins. If a matching minimum is 2 

not found, the routine searches for a vertically oriented trough, i.e., ɓp value (not distant by more than 3 

6 bins from the point to the right) with a local LDR counts minimum at the current step's LDR value 4 

(while holding the ɓp values constant and scanning through LDR values). If such a minimum is not 5 

found, the current point receives the ɓp value of the point to the right. In either case, if the resolved ɓp 6 

value is higher than 5×10-6 m-1sr-1, the value is changed to 5×10-6 m-1sr-1. 7 

Following the general concept above, once the first loop is completed, an additional loop initiates. This 8 

loop steps through all the LDR bin values to the right of p1 (i.e., in increasing order), and is similar to 9 

the former one. Nonetheless, the points are compared to the nearest points to the left, the highest ɓp 10 

boundary value is set to 10-6 m-1sr-1, and while the vertically oriented trough step is identical, the 11 

horizontally oriented trough is only being searched (without bin distance limit) below the ɓp value of 12 

the resolved point to the left (i.e., the horizontally oriented trough must have a lower ɓp value than the 13 

point to the left). The lines connecting the resolved points form the boundary between the hydrometeor 14 

and aerosol populations (dotted lines in Figure 2c, d). It should be noted that the top ɓp boundary values 15 

should most likely be higher in measurements performed in more polluted regions, where the higher 16 

aerosol concentrations (and hence, larger volume cross-section) produce stronger backscatter, to avoid 17 

the classification of aerosol returns as hydrometeor returns. 18 

The determination of the ice and liquid water populations has a similar essence to the latter procedure. 19 

That is, the routine follows the location of the continuous trough regularly observed between the two 20 

populations. This trough normally shows an increase in ɓp with increasing LDR, although decreasing 21 

ɓp with increasing LDR are occasionally observed, mainly closer to the left edge of the histogram (in 22 

the notation shown in Figure 2). 23 

Initially, the liquid population's maximum is located, by finding the filtered histogram's maximum 24 

within LDR range between 0 and 0.2, and ɓp values larger than 10-4 m-1sr-1 (designated by óXôs in 25 
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Figure 2c, d). The routine then marks the point (p2 in Figure 2c, d) with the maximum binôs LDR value 1 

and ɓp value of the closest (from below) local minimum or 2.5×10-5 m-1sr-1 (the highest of both). A 2 

loop then steps through all the LDR values to the left of p2. In every step, an additional point is marked, 3 

which receives the current binôs LDR value. Similar to the aerosol-hydrometeor first loop, the point's 4 

ɓp value is determined by initially locating existing horizontally oriented trough which is not distant 5 

by more than 6 bins. If a matching minimum is not found, the routine searches for the closest vertically 6 

oriented trough not distant by more than 6 bins, and if such a trough is not found as well, the current 7 

point receives the ɓp value of the point to the right. In any case, if the resolved ɓp value is lower than 8 

2.5×10-5 m-1sr-1, the value is changed to 2.5×10-5 m-1sr-1. 9 

Likewise, the second loop steps through all the LDR values to the right of p2. However, while the 10 

horizontally oriented trough should still have a ɓp value distant by up to 6 bins from the ɓp value of the 11 

resolved point to the left (either from above or below), the vertically oriented troughs are only being 12 

searched (without bin distance limit) above the ɓp value of the resolved point to the left (i.e., higher ɓp 13 

value than the point to the left). The lowest ɓp boundary value is set to 5×10-5 m-1sr-1. The lines 14 

connecting the resolved points form the boundary between the ice and liquid populations (dashed lines 15 

in Figure 2c, d).  16 

Acknowledgments 17 

The data used in this study are available in the ARM data archive (http://www.archive.arm.gov). 10-18 

sec resolution HSRL data can be obtained from the University of Wisconsin-Madison HSRL Lidar 19 

Group (http://lidar.ssec.wisc.edu). Long-term sounding data can be acquired from the University of 20 

Wyoming Department of Atmospheric Science (http://weather.uwyo.edu/upperair/sounding.html) and 21 

from the NOAA ESRL Radiosonde Database (https://ruc.noaa.gov/raobs/). The research was 22 

supported by the National Science Foundation grant PLR-1443495.  23 

http://www.archive.arm.gov/
http://lidar.ssec.wisc.edu/
http://weather.uwyo.edu/upperair/sounding.html
https://ruc.noaa.gov/raobs/


33 
 

5. References 1 

Adhikari, L., Wang, Z., & Deng, M. (2012). Seasonal variations of Antarctic clouds observed by 2 

CloudSat and CALIPSO satellites. Journal of Geophysical Research: Atmospheres, 117(D4). 3 

https://doi.org/10.1029/2011JD016719 4 

Amante, C. (2009). ETOPO1 1 arc-minute global relief model: procedures, data sources and analysis. 5 

NOAA Technical Memorandum NESDIS NGDC-24. National Geophysical Data Center, NOAA. 6 

https://doi.org/10.7289/V5C8276M 7 

Ardon-Dryer, K., Levin, Z., & Lawson, R. P. (2011). Characteristics of immersion freezing nuclei at 8 

the South Pole station in Antarctica. Atmos. Chem. Phys., 11(8), 4015ï4024. 9 

https://doi.org/10.5194/acp-11-4015-2011 10 

Bernhard, G., Booth, C. R., & Ehramjian, J. C. (2004). Version 2 data of the National Science 11 

Foundationôs Ultraviolet Radiation Monitoring Network: South Pole. Journal of Geophysical 12 

Research: Atmospheres, 109(D21). https://doi.org/10.1029/2004JD004937 13 

Bissonnette, L. R. (2005). Lidar and Multiple Scattering. In C. Weitkamp (Ed.), Lidar: Range-14 

Resolved Optical Remote Sensing of the Atmosphere (pp. 43ï103). New York, NY: Springer New 15 

York. https://doi.org/10.1007/0-387-25101-4_3 16 

de Boer, G., Eloranta, E. W., & Shupe, M. D. (2009). Arctic Mixed-Phase Stratiform Cloud Properties 17 

from Multiple Years of Surface-Based Measurements at Two High-Latitude Locations. Journal 18 

of the Atmospheric Sciences, 66(9), 2874ï2887. https://doi.org/10.1175/2009JAS3029.1 19 

Bromwich, D. H. (1989). Satellite Analyses of Antarctic Katabatic Wind Behavior. Bulletin of the 20 

American Meteorological Society, 70(7), 738ï749. https://doi.org/10.1175/1520-21 

0477(1989)070<0738:SAOAKW>2.0.CO;2 22 

Bromwich, D. H., Guo, Z., Bai, L., & Chen, Q. (2004). Modeled Antarctic Precipitation. Part I: Spatial 23 



34 
 

and Temporal Variability. Journal of Climate, 17(3), 427ï447. https://doi.org/10.1175/1520-1 

0442(2004)017<0427:MAPPIS>2.0.CO;2 2 

Bromwich, D. H., Nicolas, J. P., Hines, K. M., Kay, J. E., Key, E. L., Lazzara, M. A., é van Lipzig, 3 

N. P. M. (2012). Tropospheric clouds in Antarctica. Reviews of Geophysics, 50(1), RG1004. 4 

https://doi.org/10.1029/2011RG000363 5 

Bromwich, D. H., Carrasco, J. F., & Stearns, C. R. (1992). Satellite Observations of Katabatic-Wind 6 

Propagation for Great Distances across the Ross Ice Shelf. Monthly Weather Review, 120(9), 7 

1940ï1949. https://doi.org/10.1175/1520-0493(1992)120<1940:SOOKWP>2.0.CO;2 8 

Bromwich, D. H., Carrasco, J. F., Liu, Z., & Tzeng, R.-Y. (1993). Hemispheric atmospheric variations 9 

and oceanographic impacts associated with katabatic surges across the Ross ice shelf, Antarctica. 10 

Journal of Geophysical Research: Atmospheres, 98(D7), 13045ï13062. 11 

https://doi.org/10.1029/93JD00562 12 

Carrasco, J. F., & Bromwich, D. H. (1993). Mesoscale cyclogenesis dynamics over the southwestern 13 

Ross Sea, Antarctica. Journal of Geophysical Research: Atmospheres, 98(D7), 12973ï12995. 14 

https://doi.org/10.1029/92JD02821 15 

Carrasco, J. F., Bromwich, D. H., & Monaghan, A. J. (2003). Distribution and Characteristics of 16 

Mesoscale Cyclones in the Antarctic: Ross Sea Eastward to the Weddell Sea. Monthly Weather 17 

Review, 131(2), 289ï301. https://doi.org/10.1175/1520-18 

0493(2003)131<0289:DACOMC>2.0.CO;2 19 

Cassano, J. J., Nigro, M. A., & Lazzara, M. A. (2016). Characteristics of the near-surface atmosphere 20 

over the Ross Ice Shelf, Antarctica. Journal of Geophysical Research: Atmospheres, 121(7), 21 

3339ï3362. https://doi.org/10.1002/2015JD024383 22 

Clothiaux, E. E., Miller, M. A., Perez, R. C., Turner, D. D., Moran, K. P., Martner, B. E., é others. 23 

(2001). The ARM millimeter wave cloud radars (MMCRs) and the active remote sensing of clouds 24 



35 
 

(ARSCL) value added product (VAP). DOE Tech Memo. ARM VAP-002.1. 1 

Curry, J. (1983). On the Formation of Continental Polar Air. Journal of the Atmospheric Sciences, 2 

40(9), 2278ï2292. https://doi.org/10.1175/1520-0469(1983)040<2278:OTFOCP>2.0.CO;2 3 

Eloranta, E. W. (1998). Practical model for the calculation of multiply scattered lidar returns. Applied 4 

Optics, 37(12), 2464ï2472. https://doi.org/10.1364/AO.37.002464 5 

Eloranta, E. W. (2005). High spectral resolution lidar. In Lidar: Range-Resolved Optical Remote 6 

Sensing of the Atmosphere (pp. 143ï163). New York, NY: Springer New York. 7 

Fielding, M. D., Chiu, J. C., Hogan, R. J., Feingold, G., Eloranta, E., OôConnor, E. J., & Cadeddu, M. 8 

P. (2015). Joint retrievals of cloud and drizzle in marine boundary layer clouds using ground-9 

based radar, lidar and zenith radiances. Atmos. Meas. Tech., 8(7), 2663ï2683. 10 

https://doi.org/10.5194/amt-8-2663-2015 11 

Herman, G., & Goody, R. (1976). Formation and Persistence of Summertime Arctic Stratus Clouds. 12 

Journal of the Atmospheric Sciences, 33(8), 1537ï1553. https://doi.org/10.1175/1520-13 

0469(1976)033<1537:FAPOSA>2.0.CO;2 14 

Hu, Y. (2007). Depolarization ratioïeffective lidar ratio relation: Theoretical basis for space lidar cloud 15 

phase discrimination. Geophysical Research Letters, 34(11), L11812. 16 

https://doi.org/10.1029/2007GL029584 17 

Hu, Y., Rodier, S., Xu, K., Sun, W., Huang, J., Lin, B., é Josset, D. (2010). Occurrence, liquid water 18 

content, and fraction of supercooled water clouds from combined CALIOP/IIR/MODIS 19 

measurements. Journal of Geophysical Research, 115, D00H34. 20 

https://doi.org/10.1029/2009JD012384 21 

Hu, Y., Winker, D., Vaughan, M., Lin, B., Omar, A., Trepte, C., é Kuehn, R. (2009). 22 

CALIPSO/CALIOP Cloud Phase Discrimination Algorithm. Journal of Atmospheric and 23 

Oceanic Technology, 26(11), 2293ï2309. https://doi.org/10.1175/2009JTECHA1280.1 24 



36 
 

Johanson, C. M., & Fu, Q. (2007). Antarctic atmospheric temperature trend patterns from satellite 1 

observations. Geophysical Research Letters, 34(12). https://doi.org/10.1029/2006GL029108 2 

Knuth, S. L., Tripoli, G. J., Thom, J. E., & Weidner, G. A. (2010). The Influence of Blowing Snow 3 

and Precipitation on Snow Depth Change across the Ross Ice Shelf and Ross Sea Regions of 4 

Antarctica. Journal of Applied Meteorology and Climatology, 49(6), 1306ï1321. 5 

https://doi.org/10.1175/2010JAMC2245.1 6 

Lachlan-Cope, T., Listowski, C., & OôShea, S. (2016). The microphysics of clouds over the Antarctic 7 

Peninsula ï Part 1: Observations. Atmos. Chem. Phys., 16(24), 15605ï15617. 8 

https://doi.org/10.5194/acp-16-15605-2016 9 

Lamb, D., & Verlinde, J. (2011). Physics and chemistry of clouds. New York, NY: Cambridge 10 

University Press. 11 

Lawson, R. P., & Gettelman, A. (2014). Impact of Antarctic mixed-phase clouds on climate. 12 

Proceedings of the National Academy of Sciences of the United States of America, 111(51), 13 

18156ï61. https://doi.org/10.1073/pnas.1418197111 14 

Lazzara, M. A., Keller, L. M., Markle, T., & Gallagher, J. (2012). Fifty-year AmundsenïScott South 15 

Pole station surface climatology. Atmospheric Research, 118(Supplement C), 240ï259. 16 

https://doi.org/https://doi.org/10.1016/j.atmosres.2012.06.027 17 

Lesins, G., Duck, T. J., & Drummond, J. R. (2010). Climate trends at Eureka in the Canadian high 18 

arctic. Atmosphere-Ocean, 48(2), 59ï80. https://doi.org/10.3137/AO1103.2010 19 

Lim, J. S. (1990). Two-dimensional signal and image processing. Englewood Cliffs, NJ, Prentice Hall, 20 

1990, 710 P., 1. 21 

Mahesh, A., Campbell, J. R., & Spinhirne, J. D. (2005). Multi-year measurements of cloud base heights 22 

at South Pole by lidar. Geophysical Research Letters, 32(9). 23 

https://doi.org/10.1029/2004GL021983 24 



37 
 

Mahesh, A., Gray, M. A., Palm, S. P., Hart, W. D., & Spinhirne, J. D. (2004). Passive and active 1 

detection of clouds: Comparisons between MODIS and GLAS observations. Geophysical 2 

Research Letters, 31(4), L04108. https://doi.org/10.1029/2003GL018859 3 

Mahesh, A., Walden, V. P., & Warren, S. G. (2001). Ground-Based Infrared Remote Sensing of Cloud 4 

Properties over the Antarctic Plateau. Part I: Cloud-Base Heights. Journal of Applied 5 

Meteorology, 40(7), 1265ï1278. https://doi.org/10.1175/1520-6 

0450(2001)040<1265:GBIRSO>2.0.CO;2 7 

Marshall, G. J. (2002). Trends in Antarctic Geopotential Height and Temperature: A Comparison 8 

between Radiosonde and NCEPïNCAR Reanalysis Data. Journal of Climate, 15(6), 659ï674. 9 

https://doi.org/10.1175/1520-0442(2002)015<0659:TIAGHA>2.0.CO;2 10 

Mather, J. H., & Voyles, J. W. (2013). The Arm Climate Research Facility: A Review of Structure and 11 

Capabilities. Bulletin of the American Meteorological Society, 94(3), 377ï392. 12 

https://doi.org/10.1175/BAMS-D-11-00218.1 13 

Monaghan, A. J., Bromwich, D. H., Powers, J. G., & Manning, K. W. (2005). The Climate of the 14 

McMurdo, Antarctica, Region as Represented by One Year of Forecasts from the Antarctic 15 

Mesoscale Prediction System. Journal of Climate, 18(8), 1174ï1189. 16 

https://doi.org/10.1175/JCLI3336.1 17 

Morley, B. M., Uthe, E. E., & Viezee, W. (1989). Airborne lidar observations of clouds in the Antarctic 18 

troposphere. Geophysical Research Letters, 16(6), 491ï494. 19 

https://doi.org/10.1029/GL016i006p00491 20 

Morris, V. R. (2005). Total sky imager handbook. ARM-TR-017, DOE Office of Science, Office of 21 

Biological and Environmental Research. 22 

Morris, V. R. (2006). Microwave radiometer (MWR) handbook. 23 

Morris, V. R. (2016). Ceilometer Instrument Handbook. DOE/SC-ARM-TR-020, DOE Office of 24 



38 
 

Science, Office of Biological and Environmental Research. 1 

Morrison, H., de Boer, G., Feingold, G., Harrington, J., Shupe, M. D., & Sulia, K. (2012). Resilience 2 

of persistent Arctic mixed-phase clouds. Nature Geosci, 5(1), 11ï17. Retrieved from 3 

http://dx.doi.org/10.1038/ngeo1332 4 

Nazaryan, H., McCormick, M. P., & Menzel, W. P. (2008). Global characterization of cirrus clouds 5 

using CALIPSO data. Journal of Geophysical Research: Atmospheres, 113(D16). 6 

https://doi.org/10.1029/2007JD009481 7 

Nicolas, J. P., & Bromwich, D. H. (2011). Climate of West Antarctica and Influence of Marine Air 8 

Intrusions. Journal of Climate, 24(1), 49ï67. https://doi.org/10.1175/2010JCLI3522.1 9 

Nicolas, J. P., Vogelmann, A. M., Scott, R. C., Wilson, A. B., Cadeddu, M. P., Bromwich, D. H., é 10 

Wille, J. D. (2017). January 2016 extensive summer melt in West Antarctica favoured by strong 11 

El Niño. Nature Communications, 8, 15799. https://doi.org/10.1038/ncomms15799 12 

Nishimura, K., & Nemoto, M. (2005). Blowing snow at Mizuho station, Antarctica. Philosophical 13 

Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 14 

363(1832), 1647 LP-1662. Retrieved from 15 

http://rsta.royalsocietypublishing.org/content/363/1832/1647.abstract 16 

Nott, G. J., & Duck, T. J. (2011). Lidar studies of the polar troposphere. Meteorological Applications, 17 

18(3), 383ï405. https://doi.org/10.1002/met.289 18 

Nygård, T., Valkonen, T., & Vihma, T. (2013). Antarctic Low-Tropospheric Humidity Inversions: 10-19 

Yr Climatology. Journal of Climate, 26(14), 5205ï5219. https://doi.org/10.1175/JCLI-D-12-20 

00446.1 21 

Painemal, D., Greenwald, T., Cadeddu, M., & Minnis, P. (2016). First extended validation of satellite 22 

microwave liquid water path with ship-based observations of marine low clouds. Geophysical 23 

Research Letters, 43(12), 6563ï6570. https://doi.org/10.1002/2016GL069061 24 



39 
 

Palm, S. P., Yang, Y., Spinhirne, J. D., & Marshak, A. (2011). Satellite remote sensing of blowing 1 

snow properties over Antarctica. Journal of Geophysical Research: Atmospheres, 116(D16). 2 

https://doi.org/10.1029/2011JD015828 3 

Persson, P. O. G., Fairall, C. W., Andreas, E. L., Guest, P. S., & Perovich, D. K. (2002). Measurements 4 

near the Atmospheric Surface Flux Group tower at SHEBA: Near-surface conditions and surface 5 

energy budget. Journal of Geophysical Research: Oceans, 107(C10), SHE 21-1-SHE 21-35. 6 

https://doi.org/10.1029/2000JC000705 7 

Pithan, F., Medeiros, B., & Mauritsen, T. (2014). Mixed-phase clouds cause climate model biases in 8 

Arctic wintertime temperature inversions. Climate Dynamics, 43(1), 289ï303. 9 

https://doi.org/10.1007/s00382-013-1964-9 10 

Pruppacher, H. R., & Klett, J. D. (1997). Microphysics of clouds and precipitation (2nd ed.). 11 

Dordrecht, Netherlands: Kluwer Academic Publishers. 12 

Ricaud, P., Bazile, E., del Guasta, M., Lanconelli, C., Grigioni, P., & Mahjoub, A. (2017). Genesis of 13 

diamond dust, ice fog and thick cloud episodes observed and modelled above Dome C, Antarctica. 14 

Atmos. Chem. Phys., 17(8), 5221ï5237. https://doi.org/10.5194/acp-17-5221-2017 15 

Sacco, V. M., Castagnoli, F., Morandi, M., & Stefanutti, L. (1989). Elastic backscattering lidar system 16 

for atmospheric measurements in Antarctica. Optical and Quantum Electronics, 21(3), 215ï226. 17 

https://doi.org/10.1007/BF02192002 18 

Sassen, K. (1991). The Polarization Lidar Technique for Cloud Research: A Review and Current 19 

Assessment. Bulletin of the American Meteorological Society, 72(12), 1848ï1866. 20 

https://doi.org/10.1175/1520-0477(1991)072<1848:TPLTFC>2.0.CO;2 21 

Sassen, K. (2005). Polarization in lidar. In Lidar (pp. 19ï42). New York, NY: Springer. 22 

Sassen, K., Wang, Z., & Liu, D. (2008). Global distribution of cirrus clouds from CloudSat/Cloud-23 

Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) measurements. Journal 24 



40 
 

of Geophysical Research: Atmospheres, 113(D8). https://doi.org/10.1029/2008JD009972 1 

Scarchilli, C., Frezzotti, M., Grigioni, P., De Silvestri, L., Agnoletto, L., & Dolci, S. (2010). 2 

Extraordinary blowing snow transport events in East Antarctica. Climate Dynamics, 34(7), 1195ï3 

1206. https://doi.org/10.1007/s00382-009-0601-0 4 

Scott, R. C., & Lubin, D. (2014). Mixed-phase cloud radiative properties over Ross Island, Antarctica: 5 

The influence of various synoptic-scale atmospheric circulation regimes. Journal of Geophysical 6 

Research: Atmospheres, 119(11), 6702ï6723. https://doi.org/10.1002/2013JD021132 7 

Scott, R. C., & Lubin, D. (2016). Unique manifestations of mixed-phase cloud microphysics over Ross 8 

Island and the Ross Ice Shelf, Antarctica. Geophysical Research Letters, 43(6), 2936ï2945. 9 

https://doi.org/10.1002/2015GL067246 10 

Sedlar, J. (2014). Implications of Limited Liquid Water Path on Static Mixing within Arctic Low-11 

Level Clouds. Journal of Applied Meteorology and Climatology, 53(12), 2775ï2789. 12 

https://doi.org/10.1175/JAMC-D-14-0065.1 13 

Sedlar, J., & Tjernström, M. (2009). Stratiform CloudðInversion Characterization During the Arctic 14 

Melt Season. Boundary-Layer Meteorology, 132(3), 455ï474. https://doi.org/10.1007/s10546-15 

009-9407-1 16 

Sedlar, J., Shupe, M. D., & Tjernström, M. (2012). On the Relationship between Thermodynamic 17 

Structure and Cloud Top, and Its Climate Significance in the Arctic. Journal of Climate, 25(7), 18 

2374ï2393. https://doi.org/10.1175/JCLI-D-11-00186.1 19 

Seefeldt, M. W., Tripoli, G. J., & Stearns, C. R. (2003). A High-Resolution Numerical Simulation of 20 

the Wind Flow in the Ross Island Region, Antarctica. Monthly Weather Review, 131(2), 435ï458. 21 

https://doi.org/10.1175/1520-0493(2003)131<0435:AHRNSO>2.0.CO;2 22 

Shiobara, M., Yabuki, M., & Kobayashi, H. (2003). A polar cloud analysis based on Micro-pulse Lidar 23 

measurements at Ny-Alesund, Svalbard and Syowa, Antarctica. Physics and Chemistry of the 24 



41 
 

Earth, Parts A/B/C, 28(28), 1205ï1212. https://doi.org/https://doi.org/10.1016/j.pce.2003.08.057 1 

Shupe, M. D. (2007). A ground-based multisensor cloud phase classifier. Geophysical Research 2 

Letters, 34(22). https://doi.org/10.1029/2007GL031008 3 

Shupe, M. D. (2011). Clouds at Arctic Atmospheric Observatories. Part II: Thermodynamic Phase 4 

Characteristics. Journal of Applied Meteorology and Climatology, 50(3), 645ï661. 5 

https://doi.org/10.1175/2010JAMC2468.1 6 

Shupe, M. D., Turner, D. D., Walden, V. P., Bennartz, R., Cadeddu, M. P., Castellani, B. B., é Rowe, 7 

P. M. (2013). High and Dry: New Observations of Tropospheric and Cloud Properties above the 8 

Greenland Ice Sheet. Bulletin of the American Meteorological Society, 94(2), 169ï186. 9 

https://doi.org/10.1175/BAMS-D-11-00249.1 10 

Shupe, M. D., Walden, V. P., Eloranta, E., Uttal, T., Campbell, J. R., Starkweather, S. M., & Shiobara, 11 

M. (2011). Clouds at Arctic Atmospheric Observatories. Part I: Occurrence and Macrophysical 12 

Properties. Journal of Applied Meteorology and Climatology, 50(3), 626ï644. 13 

https://doi.org/10.1175/2010JAMC2467.1 14 

Silber, I., Verlinde, J., Eloranta, E. W., Flynn, C. J., & Flynn, D. M. (2018). Polar liquid cloud base 15 

detection algorithms for high spectral resolution or micropulse lidar data. Journal of Geophysical 16 

Research: Atmospheres. https://doi.org/10.1029/2017JD027840 17 

Simmonds, I., Keay, K., & Lim, E.-P. (2003). Synoptic Activity in the Seas around Antarctica. Monthly 18 

Weather Review, 131(2), 272ï288. https://doi.org/10.1175/1520-19 

0493(2003)131<0272:SAITSA>2.0.CO;2 20 

Solomon, A., Shupe, M. D., Persson, O., Morrison, H., Yamaguchi, T., Caldwell, P. M., & de Boer, 21 

G. (2014). The Sensitivity of Springtime Arctic Mixed-Phase Stratocumulus Clouds to Surface-22 

Layer and Cloud-Top Inversion-Layer Moisture Sources. Journal of the Atmospheric Sciences, 23 

71(2), 574ï595. https://doi.org/10.1175/JAS-D-13-0179.1 24 



42 
 

Solomon, A., Shupe, M. D., Persson, P. O. G., & Morrison, H. (2011). Moisture and dynamical 1 

interactions maintaining decoupled Arctic mixed-phase stratocumulus in the presence of a 2 

humidity inversion. Atmos. Chem. Phys., 11(19), 10127ï10148. https://doi.org/10.5194/acp-11-3 

10127-2011 4 

Sotiropoulou, G., Tjernström, M., Sedlar, J., Achtert, P., Brooks, B. J., Brooks, I. M., é Wolfe, D. 5 

(2016). Atmospheric Conditions during the Arctic Clouds in Summer Experiment (ACSE): 6 

Contrasting Open Water and Sea Ice Surfaces during Melt and Freeze-Up Seasons. Journal of 7 

Climate, 29(24), 8721ï8744. https://doi.org/10.1175/JCLI-D-16-0211.1 8 

Speirs, J. C., Steinhoff, D. F., McGowan, H. A., Bromwich, D. H., & Monaghan, A. J. (2010). Foehn 9 

Winds in the McMurdo Dry Valleys, Antarctica: The Origin of Extreme Warming Events. 10 

Journal of Climate, 23(13), 3577ï3598. https://doi.org/10.1175/2010JCLI3382.1 11 

Spinhirne, J. D., Palm, S. P., & Hart, W. D. (2005). Antarctica cloud cover for October 2003 from 12 

GLAS satellite lidar profiling. Geophysical Research Letters, 32(22). 13 

https://doi.org/10.1029/2005GL023782 14 

Stoffel, T. (2004a). Ground radiation (GNDRAD) handbook. ARM Climate Research Facility. ARM-15 

TR-027, DOE Office of Science, Office of Biological and Environmental Research. 16 

Stoffel, T. (2004b). SKYRAD handbook. Rep. ARM TR (Vol. 26). ARM-TR-026, DOE Office of 17 

Science, Office of Biological and Environmental Research. 18 

Stone, R. S. (1993). Properties of austral winter clouds derived from radiometric profiles at the South 19 

Pole. Journal of Geophysical Research: Atmospheres, 98(D7), 12961ï12971. 20 

https://doi.org/10.1029/92JD02213 21 

Stramler, K., Del Genio, A. D., & Rossow, W. B. (2011). Synoptically Driven Arctic Winter States. 22 

Journal of Climate, 24(6), 1747ï1762. https://doi.org/10.1175/2010JCLI3817.1 23 

Streten, N. A. (1990). A review of the climate of Mawson ï a representative strong wind site in East 24 



43 
 

Antarctica. Antarctic Science, 2(1), 79ï89. https://doi.org/DOI: 10.1017/S0954102090000098 1 

Thorsen, T. J., Fu, Q., Newsom, R. K., Turner, D. D., & Comstock, J. M. (2015). Automated Retrieval 2 

of Cloud and Aerosol Properties from the ARM Raman Lidar. Part I: Feature Detection. Journal 3 

of Atmospheric and Oceanic Technology, 32(11), 1977ï1998. https://doi.org/10.1175/JTECH-D-4 

14-00150.1 5 

Thorsen, T. J., & Fu, Q. (2015). Automated Retrieval of Cloud and Aerosol Properties from the ARM 6 

Raman Lidar. Part II: Extinction. Journal of Atmospheric and Oceanic Technology, 32(11), 1999ï7 

2023. https://doi.org/10.1175/JTECH-D-14-00178.1 8 

Tjernström, M., & Graversen, R. G. (2009). The vertical structure of the lower Arctic troposphere 9 

analysed from observations and the ERA-40 reanalysis. Quarterly Journal of the Royal 10 

Meteorological Society, 135(639), 431ï443. https://doi.org/10.1002/qj.380 11 

Trenberth, K. E., & Olson, J. G. (1989). Temperature Trends at the South Pole and McMurdo Sound. 12 

Journal of Climate, 2(10), 1196ï1206. https://doi.org/10.1175/1520-13 

0442(1989)002<1196:TTATSP>2.0.CO;2 14 

Van Tricht, K., Gorodetskaya, I. V, Lhermitte, S., Turner, D. D., Schween, J. H., & Van Lipzig, N. P. 15 

M. (2014). An improved algorithm for polar cloud-base detection by ceilometer over the ice 16 

sheets. Atmos. Meas. Tech., 7(5), 1153ï1167. https://doi.org/10.5194/amt-7-1153-2014 17 

Turner, D. D., Clough, S. A., Liljegren, J. C., Clothiaux, E. E., Cady-Pereira, K. E., & Gaustad, K. L. 18 

(2007). Retrieving Liquid Water Path and Precipitable Water Vapor From the Atmospheric 19 

Radiation Measurement (ARM) Microwave Radiometers. IEEE Transactions on Geoscience and 20 

Remote Sensing. https://doi.org/10.1109/TGRS.2007.903703 21 

Turner, J., Lachlan-Cope, T. A., Colwell, S., Marshall, G. J., & Connolley, W. M. (2006). Significant 22 

Warming of the Antarctic Winter Troposphere. Science, 311(5769), 1914ï1917. Retrieved from 23 

http://science.sciencemag.org/content/311/5769/1914.abstract 24 



44 
 

Verlinde, J., Rambukkange, M. P., Clothiaux, E. E., McFarquhar, G. M., & Eloranta, E. W. (2013). 1 

Arctic multilayered, mixed-phase cloud processes revealed in millimeter-wave cloud radar 2 

Doppler spectra. Journal of Geophysical Research: Atmospheres, 118(23), 13,199-13,213. 3 

https://doi.org/10.1002/2013JD020183 4 

Verlinden, K. L., Thompson, D. W. J., & Stephens, G. L. (2011). The Three-Dimensional Distribution 5 

of Clouds over the Southern Hemisphere High Latitudes. Journal of Climate, 24(22), 5799ï5811. 6 

https://doi.org/10.1175/2011JCLI3922.1 7 

Wagner, T. J., & Kleiss, J. M. (2016). Error Characteristics of Ceilometer-Based Observations of 8 

Cloud Amount. Journal of Atmospheric and Oceanic Technology, 33(7), 1557ï1567. 9 

https://doi.org/10.1175/JTECH-D-15-0258.1 10 

Wang, Z., Stephens, G., Deshler, T., Trepte, C., Parish, T., Vane, D., é Adhikari, L. (2008). 11 

Association of Antarctic polar stratospheric cloud formation on tropospheric cloud systems. 12 

Geophysical Research Letters, 35(13). https://doi.org/10.1029/2008GL034209 13 

Westbrook, C. D., & Illingworth, A. J. (2013). The formation of ice in a long-lived supercooled layer 14 

cloud. Quarterly Journal of the Royal Meteorological Society, 139(677), 2209ï2221. 15 

https://doi.org/10.1002/qj.2096 16 

Westwater, E. R., Han, Y., Shupe, M. D., & Matrosov, S. Y. (2001). Analysis of integrated cloud liquid 17 

and precipitable water vapor retrievals from microwave radiometers during the Surface Heat 18 

Budget of the Arctic Ocean project. Journal of Geophysical Research: Atmospheres, 106(D23), 19 

32019ï32030. https://doi.org/10.1029/2000JD000055 20 

Widener, K., Bharadwaj, N., & Johnson, K. (2012). Ka-Band ARM Zenith Radar (KAZR) Instrument 21 

Handbook. United States: PNNL; Richland, WA. https://doi.org/10.2172/1035855 22 

Witze, A. (2016). Antarctic clouds studied for first time in five decades. Nature, 529(7584), 12. 23 

Zhang, D., Wang, Z., & Liu, D. (2010). A global view of midlevel liquid-layer topped stratiform cloud 24 



45 
 

distribution and phase partition from CALIPSO and CloudSat measurements. Journal of 1 

Geophysical Research, 115, D00H13. https://doi.org/10.1029/2009JD012143 2 

Zhang, X., Walsh, J. E., Zhang, J., Bhatt, U. S., & Ikeda, M. (2004). Climatology and Interannual 3 

Variability of Arctic Cyclone Activity: 1948ï2002. Journal of Climate, 17(12), 2300ï2317. 4 

https://doi.org/10.1175/1520-0442(2004)017<2300:CAIVOA>2.0.CO;2 5 

Zibordi, G., & Frezzotti, M. (1996). Orographic clouds in north Victoria Land from AVHRR images. 6 

Polar Record, 32(183), 317ï324. https://doi.org/DOI: 10.1017/S003224740006753X 7 

  8 



46 
 

List of Figures: 1 

Figure 1: Topographic maps of Antarctica (left) and the region surrounding Ross Island (right; 2 

this region is designated by the red box in the left panel). Contour lines in the right panel are 3 
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Figure 3: Cloud profile evolution during January (top) and August (bottom), 2016, using hourly 12 

bin fraction threshold of 25%. The ticks on the x-axis denote the days of the month at 00:00 13 
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 1 

Figure 1: Topographic maps of Antarctica (left) and the region surrounding Ross Island (right; 2 

this region is designated by the red box in the left panel). Contour lines in the right panel are 3 

depicted every 500 m. The 1 arc-minute topographic data were developed by the National 4 

Geophysical Data Center (NGDC, Amante, 2009), and is freely available at 5 

https://www.ngdc.noaa.gov/mgg/global/global.html.  6 

https://www.ngdc.noaa.gov/mgg/global/global.html
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 1 

Figure 2: HSRL linear depolarization ratio (LDR) versus log-scaled particulate backscatter 2 

cross-section (ɓp) two-dimensional monthly histograms for March 2016 (a, c) and August 2016 3 

(b, d). The bottom panels depict the histograms after a 5x5 median filter was performed. These 4 

panels also show the locations of the different populations within the histograms, as well as the 5 

resolved boundary lines between them (see section 2.2 for details).  6 
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Figure 3: Cloud profile evolution during January (top) and August (bottom), 2016, using hourly  1 

bin fraction threshold of 25%. The ticks on the x-axis denote the days of the month at 00:00 2 

UTC. Red and black colored shades indicate liquid-bearing and ice air-volumes (classified using 3 

the HSRL data), respectively. The gray and pink colors designate hydrometeors with an 4 

unknown phase (detected solely by the KAZR) and an unknown phase with liquid water 5 

somewhere within the air column (detected solely by the KAZR, but with retrieved LWP values 6 

above the 25 g/m2 MWR uncertainty level, after no liquid bins are found in the air column by 7 

the HSRL below its signal extinction level or no HSRL data are available), respectively. 8 
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 1 

Figure 4: 30-day (+ 1-hour) running-mean total hydrometeor and liquid-cloud occurrence 2 

fraction at McMurdo station during 2016. The monthly-mean values are given by the filled 3 

circles. Liquid fractions solely based on the HSRL and MWR, and temperature data are shown 4 

as well (see legend for details). The temperature curve (based on sounding profiles) represents 5 

the average temperature between the surface and 4 km altitude.  The x-axis ticks mark the 16th 6 

of each month at 00:00 UTC.  7 
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 1 

Figure 5: (top) vertical temperature profiles at McMurdo station during 2016 obtained from 2 

twice-daily sounding measurements. The solid black curve denotes -38 °C, the verge of the 3 

homogeneous freezing regime, (bottom) 2016 temperature anomalies relative to the 1976-2015 4 

mean (based on long-term sounding measurements at McMurdo Station). Only data beyond the 5 

1976-2015 temperature mean ± 1 standard deviation are shown.  6 
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 1 

Figure 6: annual mean and 30-day (+ 1-hour) running -mean profiles of total cloud fraction (a), 2 

ice given cloud (b), liquid given cloud (values are multiplied by 5 to highlight the liquid features) 3 

(c), and unknown phase given cloud (d). The ice and liquid classifications are obtained from the 4 

HSRL data (see section 2.2) while the unknown category represents hydrometeors detected 5 

merely by the KAZR.    6 
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 1 

Figure 7: Box and whisker diagram of cloud and liquid-bearing cloud layer persistence (top), 2 

designating the median (thick dotted line), 1st and 3rd quartiles (box’s edges), 5th and 95th 3 

percentiles (whisker’s edges), and mean (asterisk). Note that some of the 5th, 25th (1st quartile), 4 

and 50th (median) percentiles overlap with each other at the minimum persistence of 1-hour. The 5 

total number of cloud (liquid) samples in each month are shown by the solid (dashed) red curve, 6 

respectively. (Bottom) maximum persistence measured during a single month. The dashed red 7 

line marks 24 hours (1 day).   8 
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Figure 8: Lowest (per profile) cloud (black) and liquid-bearing cloud layer (green) base statistics; 1 

monthly box and whisker diagram (top), annual cumulative distribution function (middle), and 2 

base height temperature (bottom). The box and whisker diagram designations are the same as 3 

in Figure 7. The total number of cloud (liquid) samples in each month are shown by the solid 4 

(dashed) red curve in the top panel, respectively.  5 
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 1 

Figure 9: Box and whisker diagram of cloud thickness (left), highest cloud layer top height 2 

(middle) and its temperature (right). The diagram designations are the same as in Figure 7. The 3 

total number of cloud samples in each month are the same as shown by the solid red curve in 4 

Figure 8.  5 
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 1 

Figure 10: Box and whisker diagrams of the strongest temperature inversion’s strength, i.e., the 2 

temperature difference between the inversion base and top (a), base height temperature (b), base 3 

altitude (c), and inversion thickness. The diagram designations are the same as in Figure 7. See 4 

the text for details concerning the inversion parameters’ extraction. The total number of 5 

inversion samples in each month are shown by the red curve in panel a.  6 
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 1 

Figure 11: Same as in Figure 10 but for the strongest specific humidity (q) inversion.  2 
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 1 

Figure 12: (a) Cloud top height (CTH) - temperature inversion base difference versus CBH – 2 

temperature inversion base difference two-dimensional histogram (the side-panels depict the 3 

probability distribution functions) . The histogram is divided into 4 domains, each of which  4 

denote different configurations of the cloud relative to the inversion (see text and panel b). The 5 
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total numbers of cases in each domain are listed in the figure. This histogram is based only on 1 

hours where radiosondes were released (i.e., no interpolation was made) and single cloud layers 2 

were observed (see text for details), (b) schematic diagram of cloud-T inversion configuration in 3 

each domain of panel a; the curve represents a generic T  profile, the lines mark the CBH (thin) 4 

and CTH (thick) in each domain in panel a(see legend), and the shaded area indicates the 5 

inversion closest to CTH. (c) same as a, but for CTH - q inversion top difference versus CBH – q 6 

inversion base difference, (d) same as b, but for q and the domains in panel c.  7 
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 1 

Figure A1: KAZR Moderate Sensitivity (MD) mode leakage mitigation routine. The main 2 

routine (left flowchart) is performed over the full KAZR data array, while the subroutine (right 3 

flowchart) is executed (in a loop) over every detected general (GE) mode cloud top. 4 


