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ABSTRACT

This study employs four years of spatiotemporally collocatedA-Train satellite observations to investigate cloud

and precipitation characteristics in relation to the underlying properties of the Southern Ocean (SO). Results

show that liquid-phase cloud properties strongly correlate with the sea surface temperature (SST). In summer,

ubiquitous supercooled liquid water (SLW) is observed over SSTs less than about 48C. Cloud-top temperature

(CTT) and effective radius of liquid-phase clouds generally decrease for colder SSTs, whereas the opposite trend

is observed for cloud-top height, cloud optical thickness, and liquid water path. The deduced cloud depth is larger

over the colder oceans. Notable differences are observed between ‘‘precipitating’’ and ‘‘nonprecipitating’’ clouds

and between different ocean sectors. Using a novel joint SST–CTT histogram, two distinct liquid-phase cloud

types are identified, where the retrieved particle size appears to increase with decreasing CTT over warmer water

(SSTs. ;78C), while the opposite is true over colder water. A comparisonwith theNorthernHemisphere (NH)

storm-track regions suggests that the ubiquitous SLW with markedly smaller droplet size is a unique feature for

the cold SO (occurring where SSTs ,;48C), while the presence of this cloud type is much less frequent over the

NH counterparts, where the SSTs are rarely colder than about 48Cat any time of the year. This study also suggests

that precipitation, which has a profound influence on cloud properties, remains poorly observed over the SOwith

the current spaceborne sensors. Large uncertainties in precipitation properties are associated with the ubiquitous

boundary layer clouds within the lowest kilometer of the atmosphere.

1. Introduction

The Southern Ocean (SO), covering 15% of Earth’s

surface, is a key component of Earth’s climate system.

Yet large cloud and solar radiation biases over the SO

have been a long-standing problem in climate models

and reanalysis products (Trenberth and Fasullo 2010;

Bodas-Salcedo et al. 2014). Because of its critical

influence, the SO has been highlighted by the U.S. Na-

tional Science Foundation Advisory Committee for

Geosciences under one of their four research frontiers

for 2015–20 (NSF 2014).

Previous studies suggest that the greatest contribution

to model cloud bias is an underestimate of cloud cover,

especially that of optically thick low- and midaltitude

clouds (Bodas-Salcedo et al. 2012, 2014), and an asso-

ciated overestimate of precipitation (Franklin et al.

2013). Indications are that the model cloud bias is most

pronounced in austral summer under relatively stable

synoptic conditions (Williams et al. 2013). While these

studies were able to diagnose the large-scale character-

istics within which the model errors occur, they do not

directly explore the underlying physical mechanisms

that lead to these biases. Moreover, it remains an open

question as to why the model biases tend to increase
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toward higher latitudes (Bodas-Salcedo et al. 2014),

farther away from the storm tracks.

Our understanding of cloud and precipitation processes

over the SO is limited due, to a significant degree, to

sparse observations in this region. The dedicated field

campaigns undertaken over the SO—the Aerosol Char-

acterization Experiment (ACE-1; Bates et al. 1998) and

the SouthernOceanCloudExperiments I and II (SOCEX

I and II; Boers et al. 1998)—are already 20 years old.

Although isolated field projects were infrequently con-

ducted in the past decade (e.g., Wofsy 2011; Huang et al.

2015a), the limited instrumentation and platforms have

inhibited a significant advancement of knowledge.

In recent years, themultisatellite A-Train constellation

(Stephens et al. 2002) with modern passive and active

sensors has advanced the observations of a variety of

atmospheric parameters and inspired a growing number

of studies with a focus on SO clouds (e.g., Mace 2010;

Haynes et al. 2011; Protat et al. 2014) and precipitation

(e.g., Ellis et al. 2009; Stephens et al. 2010; Wang et al.

2015). For instance, McCoy et al. (2014a,b) used a com-

posite of satellite-retrieved cloud properties to highlight

the sensitivity of the calculated reflected shortwave ra-

diation over the SO to the low cloud cover, partitioning of

mixed-phase clouds, and cloud effective radius. Naud

et al. (2014) employed A-Train observations to evaluate

reanalysis products and found that the low-altitude cloud

amounts over the SO were commonly underestimated,

and that the large-scale characteristics (850-hPa wind

speed and vertical velocity, precipitable water, and tem-

perature), which are very similar between the reanalysis

datasets, do not explain the differences in their low-

cloud cover. It is suggested that the physical parame-

terizations are most likely the source of model

deficiencies. A number of recent studies further sug-

gest that the low- and midlevel clouds over the SO

consist of a large amount of supercooled liquid water

(SLW), particularly during austral summer (Hu et al.

2010; Morrison et al. 2011; Huang et al. 2012a,b).

Huang et al. (2015b) show that the abundant SLW

over the SO is a great contrast to the North Atlantic,

where precipitation and glaciated clouds are more

prevalent. They suggested that the summertime inter-

hemisphere difference in the SLW occurrence is funda-

mentally controlled by thermodynamics.

The prevalence of SLW over the SO is also supported

by limited ground-based (e.g., Kanitz et al. 2011) and

in situ measurements over the mid- and high-latitude SO

(Chubb et al. 2013) and over Antarctica (Grosvenor et al.

2012). A recent study by Bodas-Salcedo et al. (2016)

highlighted the central role of SLWclouds to the shortwave

radiation budget over the SO, and the poor representation

of these clouds in climate models, which leads to biases in

simulated sea surface temperatures (SSTs). Other studies

also argued that climate models generally have great dif-

ficulties in preserving sufficient SLW at mixed-phase cloud

temperatures (Komurcu et al. 2014; Luo et al. 2015;McCoy

et al. 2015b; Cesana et al. 2015) and do not reproduce the

geographical distributions of liquid water path (e.g., Cheng

and Xu 2015; Bodas-Salcedo et al. 2016).

Motivated by these findings, intense efforts have been

made in recent years with the aim to improve the simu-

lations of low clouds and thermodynamic phase over the

SO, through development of more sophisticated physical

and aerosol parameterizations (e.g., Xu and Cheng 2013;

Walters et al. 2014; Forbes and Ahlgrimm 2014; Mulcahy

et al. 2014). Yet recent simulations suggest that model

biases in the SO remain excessively large (Grise et al.

2015; Bodas-Salcedo et al. 2016) and that some of the

regional improvements are compromised by undesirable

biases that developed elsewhere (e.g., Luo et al. 2015) or

result from compensating errors (Huang et al. 2015a;

Mason et al. 2015). These shortcomings underpin a

pressing need for further investigation of cloud, aerosol,

and precipitation processes in this remote region and, in

particular, continued efforts to understand the physical

processes that shape the observed and retrieved charac-

teristics, including interactions between the atmosphere

and the underlying oceans (Xie 2004).

Air–sea interactions occurs across a wide range of spa-

tial scales (Minobe et al. 2008;White andAnnis 2003; Park

et al. 2006). Using global circulation models (GCMs),

Inatsu and Hoskins (2004) concluded that the major de-

terminant of the lower-troposphere storm track intensity

over the SO was the enhanced midlatitude SST gradients,

or polar front (Moore et al. 1999;Dong et al. 2006b). Small

et al. (2014) confirmed this using a high-resolution GCM,

and suggested that the enhanced baroclinicity and latent

heat fluxesmost likely contributed to the increase of storm

activities over the SO. Smaller mesoscale oceanic eddies

can influence turbulent heat fluxes and energy exchange,

affectingwinds, clouds, and rainfall patterns (Frenger et al.

2013; Villas Bôas et al. 2015). Moreover, Zábori et al.

(2012, 2013) analyzed laboratory and in situ data ofmarine

aerosols of the Arctic Ocean, noting a significant en-

hancement of sea salt aerosol concentration with de-

creasing water temperature. Coincidently, Chubb et al.

(2016) showed in situ observations of a marked increase

of cloud droplet number concentration and decrease of

droplet size over the high-latitude SO, associated with

increased surface wind speeds. These findings, albeit

rudimentary, suggest that there may be an intrinsic link

between the oceans and aerosol–cloud–precipitation

processes across different scales.

In this study, we employ a range of A-Train satel-

lite products to investigate cloud and precipitation
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properties in relation to the properties of the SO. Our

aim is to statistically examine possible responses of

cloud and precipitation properties to the underlying

geophysical factors. In particular, our examination is

focused on hydrometer properties that have direct

contributions to the top-of-atmosphere radiation bud-

get (McCoy et al. 2014a,b) and that can be retrieved

readily from spaceborne observations.

2. Datasets and methodology

a. Datasets

A range of spatiotemporally matched cloud and pre-

cipitation properties obtained from multiple A-Train

satellite products are examined to derive a 4-yr (2007–11)

composite for the austral summer December–February

(DJF) and winter June–August (JJA). Table 1 summa-

rizes the various A-Train products used in this study.

Note that while the main interest of this study is the SO,

necessary comparisons are also made against the North-

ern Hemisphere (NH) counterparts, with the boreal

summer (winter) definedby JJA (DJF). The investigation

areas are described in section 2b.

1) AMSR-E

The Advanced Microwave Scanning Radiometer–

Earth Observing System (AMSR-E) is a six-frequency,

conically scanning, microwave radiometer onboard the

Aqua satellite (Wentz et al. 2003). In this study we use the

SST retrievals fromAMSR-E level-3 daily ocean products

(versions 4 and 5). In this product, the global orbital data

are mapped onto 0.258 3 0.258 grid boxes. An assessment

of AMSR-E SST accuracy in the SO by Dong et al.

(2006a) suggests that this product has better temporal

resolution and less bias relative to in situ observations

(with awarmbias of;0.238C in spring and summer) when

compared against the retrievals from MODIS and the

weekly Reynolds optimal interpolation.

2) MODIS

Level-2 cloudproducts (collection 6; Platnick et al. 2014)

and level-1 geolocation products from the Moderate-

Resolution Imaging Spectroradiometer (MODIS) instru-

ment onboard Aqua are employed. A summary of the

variables examined is given in Table 1. Note that com-

pared to collection 5 of the cloud products, a number of

major changes have beenmade in collection 6with the aim

of improving retrieval accuracy. For cloud optical and

microphysical retrievals, the most pertinent changes in-

clude (i) the reflectance ratio method for retrieving cloud

phase optical property being replaced with separate ice

and liquid retrievals, using a new trispectral infrared phase

product, (ii) improvements to pixel-level retrieval un-

certainty calculations, and (iii) new cloud radiative transfer

code and lookup table approaches. A comprehensive de-

scription of the collection 6 cloud products can be found in

Platnick et al. (2014).

In addition to the retrieved variables, we also cal-

culate the cloud droplet number concentration Nd for

TABLE 1. Summary of A-Train products and variables used in this study.

Satellite Product and version Variable(s) Spatial resolutions

AMSR-E Level-3 daily ocean

product (versions

4 and 5)

SST and surface wind speed 0.258 3 0.258

MODIS

(onboard Aqua)

Level-1 geolocation

product

(collection 6)

Latitude and longitude 1 3 1 km2 at nadir

Level-2 cloud

products

(collection 6)

Cloud-top temperature (CTT), cloud-top height

(CTH), cloud phase infrared (CPI; derived

from infrared channels; Baum et al. 2012),

and solar zenith angle u0

5 3 5 km2 at nadir, oversampled

to 1 3 1 km2 in collection 6

Cloud phase optical property (CPOP; derived

from shortwave and near-infrared channels;

Marchant et al. 2016); cloud effective radius

at 1.6-, 2.1-, and 3.7-mm channels (re_16, re_21,

and re_37); cloud optical thickness (COT); cloud

water path (CWP); and cloud multilayer flag

1 3 1 km2 at nadir

CALIPSO 1-km cloud layer

product

(version 3.01)

Cloud thermodynamic phase, CTT,

and CTH (Powell et al. 2010; Hu et al. 2009)

1-km horizontal

CloudSat 2B-GEOPROF

product (versions

4.02 through 4.04)

Radar reflectivity 1.7- (along track) and 1.4-km

(cross track) horizontal

and 480-m vertical
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liquid-phase clouds using themethod given byGrosvenor

and Wood (2014, hereafter GW14), which was modified

from the original method in Bennartz (2007, hereafter

B07). The equation for calculating Nd is

N
d
5

2
ffiffiffiffiffi
10

p

kpQ3

2
64
c
w
COT

r
L
(r

e_21
)5

3
75
1/2

, (1)

where COT is cloud optical thickness, re_21 is effective

radius retrieved from the 2.1-mm channel, k relates the

volume mean radius to the effective radius of a droplet

size distribution (which depends on the width of the

droplet size distribution), and a constant for k of 0.8 is

adopted in this study, as it was in GW14. Also, Q is the

scattering efficiency, and is taken to be 2 (effectively as-

suming droplets are small enough to be in the geometrical

optics limit); rL is liquid water density (1.03 103kgm23);

and cw is the temperature-dependent condensation rate

(in kgm24; cw in reality also depends on pressure, but to a

much lesser extent than for temperature). In B07, cw was

set to 80% of its adiabatic value at temperatures greater

than 270K, and only marine boundary layer clouds were

examined. In our analysis, we use cw (80% of adiabatic)

but extended lower to 233K (using MODIS cloud-top

temperature) to allow the calculation of Nd for SLW.

Albrecht et al. (1990) and Ahmad et al. (2013, hereafter

A13) give two alternative derivations of the quantity of cw,

but they do not discuss the superiority of any particular

approach. Comparison of the cw
1/2 [note the square root

in Eq. (1)] curves derived from A13 and B07 suggests

that the differences are negligible for temperature below

283K, although the A13 curve may be more accurate

(see discussion in section S1 of the supplementary ma-

terial). A comprehensive error estimate for Nd is given

in GW14 and B07 and here we refrain from an extensive

discussion of the uncertainties. However, we should

point out that in addition to the various assumptions

applied, the error budget of the equation is mainly

driven by the uncertainties in re_21 (15%–20%) and

COT (;20%), as suggested in GW14. Accordingly, Nd

is expected to be 5 times more sensitive to errors in re_21
than in COT (following the power relationships). As

such, disproportionally larger uncertainties are expected

for Nd compared to other retrieved variables. Note that

while the 80% adiabatic assumption may cause some

temperature-dependent biases, its contribution to the

overall error budget is relatively small.

3) CALIPSO

The Cloud–Aerosol Lidar and Infrared Pathfinder

Satellite Observations (CALIPSO) satellite carries the

Cloud–Aerosol Lidar with Orthogonal Polarization

(CALIOP), a nadir-viewing two-wavelength (532 and

1064nm), polarization-sensitive lidar (Liu et al. 2009)

and a three-channel infrared radiometer. The level-2

version 3.01 cloud and aerosol layer product (Powell

et al. 2010) contains a map of all the separate layers

detected by CALIPSO along with an identification of

cloud and aerosol types (and subtypes) and cloud ther-

modynamic phase averaged to 1-km horizontal resolu-

tion. Cloud phase is retrieved with the algorithm

described in Hu et al. (2009), using lidar attenuated

backscatter and depolarization ratio. Temperature is

needed by this algorithm and is obtained from the

Goddard Earth Observing SystemModel version 5 data

product, which is provided to the CALIPSO project by

the Global Modeling and Assimilation Office Data As-

similation System. CALIOP is sensitive to optically

tenuous layers and becomes fully attenuated in the

presence of clouds with optical thickness greater than

about 3 (Hu et al. 2009).

4) CLOUDSAT

CloudSat carries a 94-GHz cloud profiling radar

(CPR; Im et al. 2006), which is optimized for vertically

profiling clouds through the atmosphere and is sensitive

to light rain and drizzle, as well as clouds. The CPR has a

vertical resolution of 480m (240-m sampling) and an

along-track (cross track) resolution of 1.7 km (1.4 km).

The level-2 2B-GEOPROF product includes a cloud

mask that identifies the location of hydrometeors in in-

dividual radar profiles, as well as the radar reflectivity of

identified clouds (Marchand et al. 2008). A known issue

with CloudSat is that radar bins within 750m of the

ocean surface suffer from surface clutter contamination

(Marchand et al. 2008). Accordingly, radar bins within

the lowest kilometer are not reliable and hence are ex-

cluded in this analysis. This limitation may lead to an

underestimate in the frequencies of occurrence of cloud

and light precipitation within the marine boundary

layer. Nevertheless, CloudSat is arguably the best

spaceborne active sensor for global precipitation de-

tection for the period studied.

b. Methodology

1) INVESTIGATION AREAS

Does a statistically significant relationship between

the retrieved cloud properties and the underlying SO

SST exist? To address this question, we first divide a

Southern Hemisphere belt (SHB; 508–608S) into

36 108 3 108 boxes, and examine the box-mean (spa-

tiotemporal average) cloud properties against the mean

values of several geophysical parameters, including SST.

This assessment, albeit simple, provides a first-order
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estimate of any impact that the sea surface may exert on

the overlying cloud systems. Note that while the solar

forcing is equal in each of the 36 boxes, there may be

differences in cloud properties between the ocean sec-

tors due to factors other than SST. This ‘‘box mean’’

approach also provides little insight into meridional

variations.

To address these concerns, as a second step, we examine

three climatically important SO sectors (Fig. 1) in more

detail: the south Indian Ocean (SIO; 408–708S, 608–908E),
South Pacific Ocean (SPO; 408–708S, 1208–1508W),

and South Atlantic Ocean (SAO; 408–708S, 08–308W).

Each of these sectors is further broken down into three

subsectors, with each covering 108 longitude and 308
latitude. We compare intersector and subsector dif-

ferences to examine the degree to which sector dif-

ferences may be a response to SST differences, as well

as to focus on meridional variation in each subregion.

2) DATA COLLOCATION AND REMAPPING

A key step for deriving meaningful information from

multi-instrumental observations is to ensure that the

retrieved variables are coordinated such that they are

observing the same area of the atmosphere and the

FIG. 1. AMSR-E derived 4-yr (2007–11) mean SST composite for both hemispheres, showing

(a) boreal and austral summer together on the same plot and (b) boreal and austral winter

together on the same plot. Austral (boreal) summer is defined by DJF (JJA), while austral

(boreal) winter is defined by JJA (DJF). The SHB is the region between the two white dashed

lines. The three ocean sectors over the SO (SIO, SPO, and SAO) and theNorthernHemisphere

[NWP, northeast Pacific (NEP), and North Atlantic Ocean (NAO)] examined in this study are

also denoted.
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underlying surface. For collocating AMSR-E, MODIS,

CALIPSO, and CloudSat observations, a principle of

nearest neighbor within a 10-km radius is adopted. The

algorithm requires the availability of all the instruments,

although not all the variables examined could be suc-

cessfully retrieved at the same time. As a first step, each

CALIPSO footprint is chosen to be the center for the

collocation. The mapping algorithm then searches for

the nearest footprints from individualCloudSat, MODIS,

and AMSR-E samples, within a 10-km radius surround-

ing the referred CALIPSO footprint. Note that in so

doing, we have assumed that the diurnal variability of

SST is relatively weak (Gille 2012) so that the daily grid-

mean AMSR-E SSTs are reused for all the CALIPSO,

CloudSat, and MODIS overpasses in the same day. We

have also tested the sensitivity of the statistics to the

choice of collocation radius and found that the results are

largely unaffected when a 5-km radius is used. It should

be pointed out that after a battery anomaly in 2011,

CloudSat no longer maintains tight formation with

CALIPSO, although it returned to A-Train in May 2012.

In addition, AMSR-E stopped working in October 2011.

As a result, it is only possible to construct the collocated

AMSR-E–MODIS–CALIPSO–CloudSat (AMCC)dataset

for a limited period from 2006 to early 2011.

3. ‘‘Bulk’’ cloud characteristics over the SHB

A 4-yr summertime daily mean SST composite is

shown in Fig. 1a. In general, the SH SSTs are colder

than the NH counterparts for the same latitude bands

during the respective summer and winter. The oceanic

polar front is a pronounced component in the SO

midlatitudes, associated with the strongest meridional

SST gradients. This feature ismost evident in the SIO and

SAO sector, and is associated with enhanced baroclinic

instability there (Hoskins and Hodges 2005). To the

south of the current, the SST gradient becomes weaker,

leaving a vast area being colder than about 48C. The SST
gradients in the NH oceans, on the other hand, are

weaker. SSTs less than 48C are only evident in the high-

latitude oceans of the Arctic. The wintertime composite

is shown in Fig. 1b. As expected, the NH mean SSTs

during winter are notably colder than the NH mean

SSTs in summer, such that the seasonal difference

(summer minus winter) is more notable in the NH than

SH. In the SO, while the extension of the Antarctic sea

ice is noticeable, seasonality of the mean SST pattern

is weak.

Correlation coefficients for a variety of cloud prop-

erties over the 36 boxes and the box-mean SSTs are

shown in Tables 2 and 3 for summer and winter, re-

spectively. An example is presented in Fig. 2. The most

notable feature, perhaps, is that there exists a marked

correlation between the liquid-phase cloud properties

(most pronouncedly CTT and re_21) and the underlying

SST. The cloud phase relative frequencies of occur-

rence (RF) and SSTs correlate even better in winter.

There appears to be, however, three outliers, which are

the three boxes to the south of Patagonia in South

America (508–608S, 508–808W). These regions are

generally characterized by lower RFs and relatively

colder CTTs for liquid-phase clouds, which may be a

response to the air outflow from the Andes and the

TABLE 2. Correlation coefficients of the mean cloud properties and selected geophysical parameters over SHB for summer (DJF).

Statistical significance at 99% (90%) confidence level is indicated by two asterisks (one asterisk). Values in the parentheses are the results

when the three Patagonian boxes are excluded.

Mean SST Mean latitude of polar front Mean latitude of max SST gradient Mean surface wind speed

CPI

RF (liquid) 0.310 (0.831**) 0.289 (0.810**) 0.313 (0.411) 0.342 (0.179)

RF (ice) 0.218 (20.044) 0.208 (20.077) 0.039 (20.079) 0.472* (0.371)

RF (uncertain) 0.721** (0.773**) 0.680** (0.735**) 0.415* (0.436*) 0.067 (0.028)

CTT (liquid) 0.964** (0.968**) 0.889** (0.887**) 0.459** (0.518**) 0.082 (0.227)

CTT (ice) 0.294 (0.301) 0.133 (0.141) 0.036 (0.053) 0.359* (0.284)

CTT (uncertain) 0.651** (0.703**) 0.523** (0.576**) 0.148 (0.140) 0.107 (0.091)

CPOP

RF (liquid) 0.572** (0.662**) 0.482** (0.489**) 0.075 (0.235) 0.346 (0.031)

RF (ice) 0.571** (0.657**) 0.479** (0.484**) 0.046 (0.215) 0.358 (0.047)

RF (uncertain) 0.435** (0.379*) 0.403 (0.301) 0.384 (0.277) 0.152 (0.417*)

CTT (liquid) 0.776** (0.881**) 0.759** (0.865**) 0.526** (0.559**) 0.141 (0.157)

CTT (ice) 0.008 (0.009) 0.104 (0.083) 0.090 (0.115) 0.351 (0.306)

CTT (uncertain) 0.046 (0.021) 0.057 (0.084) 0.130 (0.139) 0.441* (0.392)

re_21 (liquid) 0.923** (0.936**) 0.789** (0.792**) 0.353 (0.386) 0.418* (0.485*)

re_21 (ice) 0.331 (0.256) 0.286 (0.208) 0.061 (0.056) 0.508** (0.378)

re_21 (uncertain) 0.065 (0.407*) 0.049 (0.409*) 0.282 (0.289) 0.610** (0.748**)
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coastal currents. Accordingly, cloud properties over

these areas may not be a good representation for the

open SO.

Ice (and ‘‘uncertain’’ phase) cloud properties, on the

other hand, are only weakly correlated with SST. This

is not surprising given that the bulk of these glaciated

(including uncertain) clouds reside in the free tropo-

sphere and experience strong zonal winds. These

clouds can readily advect 108–158 longitude a day, de-

coupling them from the underlying SST. With the ex-

clusion of the three outliers, we use a Student’s t test to

examine the robustness of the correlations between the

cloud properties and the SST. The results indicate that

nearly all the correlations for the liquid-phase cloud

properties are statistically significant at a 99% confi-

dence level. Note that within the context of the statistic

test, the 36 boxes are treated as independent samples,

while in reality the seasonal values in the neighboring

boxes may be correlated.

In addition to the SST, we also considered the corre-

lation of the average cloud properties against a number

of other geophysical parameters including: the mean

polar front latitude, mean latitude of the maximum SST

gradient, and mean surface wind speed, as these pa-

rameters are known to play an important role in air–sea

interactions. Overall, no substantial connections are

found, with the exception of the mean polar front lati-

tude. This, however, is not surprising given that the polar

front location per se is a derivative of SST. Nevertheless,

we found that the strongest correlations are with the

mean SST.

Overall, the simple analysis above suggests that

there may be a strong link between the SST and the

overlying liquid-phase clouds over the SO. Built on this

understanding, in subsequent sections we further explore

the meridional and zonal variations of the liquid-phase

cloud properties in greater details, where the analysis is

performed on a regional basis.

4. Cloud properties of different ocean sectors using
synergetic multisatellite observations

Motivated by the findings in section 3, in this section,

we further examine the SST–cloud property correlations

on a regional basis, using the AMCC dataset. Hence-

forth we focus exclusively on liquid-phase clouds, given

their central role in understanding and simulating the

SO environment (Bodas-Salcedo et al. 2016), and their

strong geophysical dependence, in line with the spatial

distribution of the mean radiation biases in GCMs. Be-

cause of the frequently large solar zenith angle over

high-latitude regions in the cold seasons, and the fact

that the mean model biases over the SO is most acute in

austral summer, our attention here is centered on austral

summer (DJF), when the satellite retrievals fromMODIS

visible channels are deemed most reliable.

a. Assessment of cloud thermodynamic phase products

To obtain the ‘‘best’’ estimates of liquid-phase cloud

properties, the accuracy of cloud phase categorization

is vital. This becomes an even greater challenge for the

SO where the majority of the observed clouds reside

primarily in the temperature range from 08 to 2308C
(Huang et al. 2012a, 2015b). To tackle this issue, it is

necessary to perform an intercomparison of the syner-

gistically retrieved cloud phase from different satellite

products, whereby the qualities and uncertainties of these

products can be better appreciated. This is particularly

TABLE 3. As in Table 2, but for winter (JJA).

Mean SST Mean latitude of polar front Mean latitude of max SST gradient Mean surface wind speed

CPI

RF (liquid) 0.827** (0.893**) 0.820** (0.887**) 0.390 (0.460) 0.201 (0.250)

RF (ice) 0.454** (0.612**) 0.446** (20.607**) 0.247 (0.392) 0.059 (0.185)

RF (uncertain) 0.899** (0.898**) 0.895** (0.891**) 0.389 (0.383) 0.275 (0.236)

CTT (liquid) 0.953** (0.952**) 0.907** (0.907**) 0.410* (0.390) 0.133 (0.100)

CTT (ice) 0.646** (0.663**) 0.665** (0.666**) 0.249 (0.302) 0.350 (0.226)

CTT (uncertain) 0.827** (0.901**) 0.776** (0.875**) 0.434* (0.460*) 0.067 (0.046)

CPOP

RF (liquid) 0.150 (0.068) 0.173 (0.065) 0.224 (0.111) 0.172 (0.139)

RF (ice) 0.187 (0.005) 0.209 (0.005) 0.240 (0.143) 0.184 (0.126)

RF (uncertain) 0.545* (0.764**) 0.514* (0.735**) 0.141 (0.343) 0.112 (0.211)

CTT (liquid) 0.536* (0.810**) 0.483* (0.766**) 0.070 (0.238) 0.063 (0.121)

CTT (ice) 0.478* (0.467*) 0.379 (0.371) 0.215 (0.195) 0.159 (0.165)

CTT (uncertain) 0.655** (0.645**) 0.611** (0.574**) 0.290 (0.238) 0.442* (0.363)

re_21 (liquid) 0.639** (0.674**) 0.579** (0.643**) 0.448* (0.435*) 0.395* (0.348)

re_21 (ice) 0.340 (0.288) 0.211 (0.152) 0.022 (0.120) 0.227 (0.195)

re_21 (uncertain) 0.496* (0.758**) 0.427* (0.702**) 0.075 (0.281) 0.181 (0.131)
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important when we use the complementary retrieved

variables provided by different sensors.

A comparison of the collocated cloud phase retrievals

from the three A-Train products over the merged SO

sectors (merged SIO, SPO, and SAO) during 2006–11

DJF (we extended the study period to include 2006 in

order to obtain the largest samples possible for the

AMCC dataset) is presented in Table 4. Note that all

percentages are with respect to absolute occurrence of

clouds. Given that the CALIOP dataset is arguably the

best available observation for cloud phase, it is used as a

baseline in our study, although a more comprehensive

global validation is still needed. The principal difference

between theMODIS CPOP and CPI products is that the

CPOP algorithm is based primarily on the near-infrared

and visible bands ratio while the CPI algorithm uses the

brightness temperature difference of two thermal in-

frared bands. According to CALIOP, the SO is found to

be covered by liquid-, ice- and uncertain-phase cloud

tops 67.5%, 30.7%, and 1.9% of the time in summer,

with respect to the cloudy areas. The prevalence of

liquid-phase cloud tops is prominent, with the RF in-

creased up to about 70% over higher latitudes (not

shown). It is evident that the MODIS CPOP retrievals

agree well with CALIOP, with MODIS CPOP cor-

rectly identifying 64.5% of the 67.5% identified by

CALIOP as liquid clouds and correctly identifying

21.1% of the 30.7% identified by CALIOP as ice. We

attribute most of the around 10% area where CALIOP

identifies ice and MODIS CPOP identifies water as

being primarily due to the high sensitivity of CALIOP

in detecting optically tenuous cirrus clouds over

warmer liquid clouds, such that CALIOP is returning

ice while MODIS CPOP returns liquid (because of the

influence of the lower and warmer cloud). This is also

supported by the warmer liquid CTTs as seen by

MODIS than by CALIPSO. The MODIS CPI product

reports too much ice and uncertain phase, most of

which is liquid according to CALIOP and CPOP. The

CPI product only identifies 35.9% of the 67.5% liquid-

phase cloud reported by CALIOP. This CPI result is

not unexpected given the known challenges for the

MODIS bispectral infrared method in discriminating

thermodynamic phase at CTT between 08 and 2308C
(Platnick et al. 2003; Menzel et al. 2010). The differ-

ences between the mean CTTs reported by MODIS

and CALIOP products for liquid-phase clouds are

relatively small (;28C), whereas the discrepancies for

ice and uncertain phase are large (.108C). In summary,

the good agreement between CALIOP and MODIS

CPOP liquid phase retrievals supports a further in-

vestigation of liquid-phase clouds using the AMCC and

AMSR-E–MODIS-only (AM) dataset, while bearing

in mind the caveat that about 10% of the liquid clouds

identified by CPOP might actually be ice (according to

CALIOP) or multilayer clouds.

b. Analysis of liquid-phase clouds using the AMCC
dataset

In this section, the spatiotemporal collocated liquid

cloud properties are examined as a function of SST for

the merged SO. In so doing, we intentionally neglect any

frontal clouds with glaciation or uncertain phase. Con-

sidering the various sources of error imposed by each

spaceborne instrument, the following requirements must

be met in order to mitigate the biases in our analysis.

FIG. 2. Box-mean (a) CTTs and (b) re_21 of liquid-phase clouds

(according to MODIS cloud phase optical properties) over the

36 boxes within the SHB as a function of the box-mean SSTs for the

4-yr austral summer. Different sectors are indicated with different

color circles as shown in the legends. Filled circles represent the

boxes included in the sector-based analysis in section 4. Crossed

circles represent the box in which Macquarie Island (54.508S,
158.948E) resides. Black squares represent the three boxes nearest

to Patagonia in South America.
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TABLE 4. Comparison of frequencies of occurrence of cloud thermodynamic phase from threeA-Train satellite products and associated

cloud properties. Frequencies of occurrence of individual cloud thermodynamic phase from threeA-Train products as introduced in Table

1. All percentages are with respect to absolute occurrence of clouds during austral summer. The sum of the frequencies is also shown for

each phase next to the respective phase name in the left column. CTH and CTT mean values and standard deviations (in parentheses) of

the examined cloud properties for each phase are also shown.

LiquidCPOP IceCPOP UncertainCPOP

CALIPSO top-layer liquid (67.5%)

Frequencies

LiquidCPI (35.9%) 35.9% 0.0% 0.0%

IceCPI (21.2%) 18.4% 2.4% 0.4%

UncertainCPI (10.4%) 10.2% 0.1% 0.1%

Sum 64.5% 2.5% 0.5%

CALIPSO CTH (km)

LiquidCPI 1.42 (0.86) — —

IceCPI 3.64 (1.74) 5.44 (1.83) 4.83 (1.88)

UncertainCPI 2.42 (1.31) 3.97 (1.85) 3.38 (1.56)

CALIPSO CTT (8C)
LiquidCPI 21.73 (7.04) — —

IceCPI 218.30 (8.57) 223.93 (10.10) 222.63 (7.88)

UncertainCPI 212.48 (5.75) 222.67 (6.26) 219.66 (6.46)

MODIS CTT (8C)
LiquidCPI 22.26 (6.97) — —

IceCPI 216.60 (8.70) 234.10 (10.92) 219.06 (8.25)

UncertainCPI 214.33 (5.87) 219.08 (6.09) 216.88 (7.31)

CALIPSO top-layer ice (30.7%)

Frequencies

LiquidCPI (1.7%) 1.7% 0.0% 0.0%

IceCPI (27.9%) 6.3% 20.9% 0.7%

UncertainCPI (1.1%) 0.8% 0.2% 0.1%

Sum 8.8% 21.1% 0.8%

CALIPSO CTH (km)

LiquidCPI 5.15 (3.67) — —

IceCPI 6.93 (2.55) 8.98 (2.12) 7.12 (2.16)

UncertainCPI 5.25 (3.01) 6.83 (2.34) 5.89 (2.55)

CALIPSO CTT (8C)
LiquidCPI 223.87 (18.10) — —

IceCPI 236.41 (13.20) 245.02 (9.77) 236.59 (11.55)

UncertainCPI 226.32 (14.90) 236.09 (9.83) 231.03 (12.18)

MODIS CTT (8C)
LiquidCPI 22.29 (6.07) — —

IceCPI 217.32 (10.01) 236.75 (10.79) 221.62 (10.61)

UncertainCPI 212.90 (9.36) 223.42 (12.05) 214.03 (11.79)

CALIPSO top-layer uncertain (1.9%)

Frequencies

LiquidCPI (0.8%) 0.8% 0.0% 0.0%

IceCPI (0.9%) 0.7% 0.2% 0.0%

UncertainCPI (0.2%) 0.2% 0.0% 0.0%

Sum 1.7% 0.2% 0.0%

CALIPSO CTH (km)

LiquidCPI 3.19 (1.21) — —

IceCPI 5.13 (2.14) 6.17 (2.82) —

UncertainCPI 4.45 (2.01) — —

CALIPSO CTT (8C)
LiquidCPI 213.47 (7.97) — —

IceCPI 225.43 (13.70) 228.75 (11.10) —

UncertainCPI 222.53 (15.87) — —

MODIS CTT (8C)
LiquidCPI 21.19 (6.53) — —

IceCPI 212.01 (7.34) 229.32 (8.92) —

UncertainCPI 211.12 (6.67) — —
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1) ‘‘Liquid’’ phase is reported by both CALIOP and

CPOP. In cases where the classification is ambiguous

[this often, but not exclusively, happenswhenCALIOP

signals come from lower layers or deepwithin a cloud

(nearing COT of ;3) are attenuated], the phase is

reported as uncertain. Analysis is performed with

and without the inclusion of any uncertain-phase

layers below the liquid-phase tops, allowing a better

estimate of uncertainties.

2) Solar zenith angle u0 , 658. GW14 noted that when u0
is larger than approximately 658–708, MODIS re-

trievals of COT and re become unreliable because of

optical artifacts. A more detailed analysis of any

potential u0-induced bias is given in section 6.

3) Only the overcast (fully cloudy within the 1-km pixel

and surrounding 1-km pixels) MODIS cloud pixels are

used. Partly cloudy and cloud edge pixels are consid-

ered to be poor candidates that are expected to yield

retrieval failures and suffer great uncertainties (Wolters

et al. 2010; Zeng et al. 2012; Cho et al. 2015).

The generation of precipitation may significantly

alter the liquid water content, the shape of the cloud

droplet size distribution, and radiative properties (e.g.,

Comstock et al. 2005; vanZanten and Stevens 2005;Wood

et al. 2012; Christensen et al. 2013). Thus, it is necessary to

examine ‘‘precipitating’’ and ‘‘nonprecipitating’’ clouds

separately. Here, we discuss three different methods for

identifying potential occurrence of precipitation. Method

A is the CloudSat method (Haynes and Stephens

2007; Lebsock et al. 2008; Kubar et al. 2009; Cho et al.

2015), in which pixels with maximum column radar re-

flectivity dBZmax larger than215dBZ are considered to

contain precipitating clouds, while nonprecipitating

clouds have 230 , dBZmax , 215 dBZ. This defini-

tion largely excludes the very light drizzle with rain rates

less than about 0.02mmday21 (Stephens et al. 2010).

However, radar bins within the lowest kilometer above

the surface are not used due to the strong interaction of

the radar pulse with the surface (Marchand et al. 2008).

As such, CloudSat has little skill in detecting any pre-

cipitating clouds within the lowest kilometer, leading

to a certain portion of detected boundary layer clouds

(BLCs) being characterized as nonprecipitating by de-

fault. This limitation may be nontrivial over the SO

where the bulk of clouds are found to reside primarily in

the lowest kilometer year round (Huang et al. 2012a).

Method B is theMODISmethod, wherebyMODIS re_21
is used as a threshold (i.e., pixels with re_21 . 14mm are

indicative of precipitating clouds with rain rate greater

than ;2mmday21). This re_21 threshold has been iden-

tified in previous studies for warm marine BLCs, using

both satellite observations and model simulations

(Rosenfeld et al. 2006; Nakajima et al. 2010a,b;

Rosenfeld et al. 2012). It should be noted that while the

MODISmethod does not suffer from any ground clutter

contaminations, the exclusion of partly cloudy and cloud

edge pixels and failed retrievals, which are often associ-

ated with precipitation (e.g., Wang and Feingold 2009;

Feingold et al. 2010; Nakajima et al. 2010a; Zhang 2013;

Cho et al. 2015), may lead to an underestimate of pre-

cipitation frequency and a lowbias of re_21 for precipitating

clouds. To partly overcome the limitations of both

methods, method C, a combined CloudSat–MODIS

method, is also explored. In this method, precipitation is

considered to be present if either CloudSat or MODIS

reports its occurrence. Note that using a combination of

CloudSat and MODIS observations to investigate BLC

properties has also been recommended in Christensen

et al. (2013), when examining a set of A-Train products.

The summertime frequencies of precipitating liquid-

phase clouds as a function of SST, reported using the

threemethods above, are shown inFig. 3. Considering the

limited sampling period and volume of the AMCC

dataset as discussed in section 2, only the merged SO

sector (a total number of ;342000 pixels) is examined.

As expected, relatively large discrepancies exist between

the results. The statistics using the CloudSat method

suggest that the mean precipitation frequencies increase

from approximately 15% at around 168C to approxi-

mately 35% at around 08C SST. As discussed above, the

low-lying nature of the BLCs over the SO poses a great

FIG. 3. The 2006–11 summertime precipitation frequencies for

liquid-phase clouds as a function of SST. Statistics are derived from

the AMCC dataset over the merged SO sectors, using the three

methods discussed in section 4b. Green-filled circles represent the

results using the CloudSat method; blue-filled circles represent

the results using theMODISmethod; and red-filled circles indicate

the results using the combined CloudSat–MODIS method. The

lines with filled circles show the precipitation frequencies without

the inclusion of uncertain phase given by the CALIOP product.

The black solid line shows the populations of top-layer CALIOP

CTHswithin the lowest kilometer. The black dashed line shows the

percentages of the liquid-phase clouds detected by CALIOP but

missed by MODIS.
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challenge for CloudSat observations, especially at the

warmer SSTs, where the frequency of cloud-top heights

below 1km increases, as observed by CALIOP. The

percentage of liquid clouds that is missed by CloudSat

increases from approximately 15% to approximately

50%, when moving from cold to warm SSTs. As a

consequence, a considerable amount of the BLCs is cat-

egorized as nonprecipitating by CloudSat, particularly

over the warmer water. The results with the MODIS

method reveal a seemingly opposite trend, with the mean

precipitation frequencies decreasing from approximately

35% at around 168C to below 30% at around 08C SST.

Coincidently, the fraction of missing MODIS retrievals

decreases slightly from approximately 25% to approxi-

mately 15%, when moving toward colder water. The

mean precipitation frequencies detected using the com-

bined CloudSat–MODIS method are generally higher

than that using CloudSat or MODIS alone, varying be-

tween approximately 35% and 45%. A slight increasing

tendency toward the colder sea surface is also observed.

The inclusion of the CALIOP uncertain phase (not

shown) has little impact on the overall frequencies.

Figure 4 displays a range of cloud properties as a func-

tion of SST. Corresponding cloud properties with the dis-

crimination between precipitating and nonprecipitating

clouds, using the combined CloudSat–MODIS method

(method C), are also examined separately. Consistent with

the findings in section 3, (MODIS) CTTs of liquid clouds

(Figs. 4a–c) display a quasi-linear relationship with the

underlying SSTs, with the mean decreasing from about

08C CTT at 158C SST to 2108C CTT at 08C SST. The

quartiles suggest that the vast majority (greater than the

75th percentile) of CTTs are below freezing when SST ,
48C. Using a Student’s t test, the trend is found to be sta-

tistically significant at a 95% confidence level regardless of

the presence of precipitation, althoughprecipitating clouds

tend to have colder cloud tops than nonprecipitating

clouds over warmer SSTs.

The mean CTH of the uppermost layer slightly in-

creases toward the colder water (Figs. 4d–f). This gen-

eral increase of CTH toward colder SSTs is in line with

the finding in Kawai et al. (2015), where CALIPSO

observations are used to examine CTHs over a number

of ocean sectors. CTHs of precipitating clouds are gen-

erally higher than that of nonprecipitating clouds. The

skewness of the CTH distribution is noteworthy, which

suggests that the majority of the liquid-topped clouds

are shallow BLCs, but there are sufficient clouds above

the boundary layer to increase the mean height notice-

ably. For this reason, we suggest that the median values

are a better indicator of the average state of the clouds.

This is also applied to other variables examined below

using the AMCC dataset. Over the colder water, the

distribution becomes closer to a normal distribution,

with the majority of CTHs residing within 1–3.5 km.

COT is a key variable in determining cloud radiative

forcing (e.g., Jensen et al. 1994; Kristiansen and

Kristjansson 1999). Marchand et al. (2010) discussed the

advantages of using MODIS to detect optically thick

clouds over oceans. As shown in Figs. 4g–i, the median

COT increases from about 8 around 158C to 12 around

08C. The magnitudes are larger for precipitating clouds

(Fig. 4h) but the increasing tendency is driven by the

nonprecipitating clouds (Fig. 4i).

The characteristics of LWP resemble that of COT for

nonprecipitating clouds, with the overall median and

mean values increasing toward the colderwater (Figs. 4j–l).

This result may have further implications for model eval-

uation. As discussed in previous studies (e.g., Jiang et al.

2012; Komurcu et al. 2014), to date there is virtually no

broad consensus in either the spatial structure or the

magnitude of liquid and ice water paths between the

GCMs, and between GCMs and satellite products.

The value of re_21 (Figs. 4m–o), in general, is quite

variable across the range of SST, but a decreasing trend

toward colder SSTs is also evident, most significant for

precipitating clouds (from a median value of ;16mm at

158C to ;14mm at 08C; Fig. 4n). The quartiles for pre-

cipitating clouds suggest that CloudSat detects a large

fraction of very light precipitation with re_21 , 14mm,

particularly over the colder water. The reduced droplet

size over the colder watermay be indicative of a reduction

in precipitation intensity (drizzle rate) toward the colder

SSTs. While a slight trend in re_21 is identifiable for non-

precipitating clouds, the change is considerably smaller.

Being derived from re_21, COT, and cw, Nd does not

demonstrate a strong correlation with the underlying

SST, albeit the quartiles seem to suggest some relatively

large values observed in both the cold and warm range

of the SSTs (Fig. 4p). A similar pattern is also noted in

McCoy et al. (2015a), who attributed the enhancement

to the increased organic mass fraction (at high latitudes)

and the increased sulfate aerosols concentration (at

low latitudes), using MODIS observations and model

simulations. The value of Nd for precipitating clouds

(Fig. 4q) slightly increases toward the colder water, but

the median values are mostly between 30 and 50 cm23.

Overall, the inclusion of the CALIOP uncertain phase

(not shown) slightly increase the magnitudes of CTTs

and COT changes across the SSTs, while the impacts on

re_21, Nd, and LWP are negligible.

c. Summary of analysis of liquid-phase clouds using
the AMCC dataset

The spatiotemporally collocated AMCC dataset is

constructed to study liquid-phase cloud properties as a
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FIG. 4. The 2006–11 summertime cloud properties for liquid-phase clouds de-

rived from the AMCC dataset over the merged SO sectors, as a function of SST,

for (left) all clouds, (center) precipitating clouds, and (right) nonprecipitating

clouds: (a)–(c) CTT, (d)–(f) CTH, (g)–(i) COT, (j)–(l) LWP, (m)–(o) re_21, and

(p)–(r) Nd. Lines with dots show the median values without the inclusion of un-

certain phase given by the CALIOP product. Long error bars represent the first

and the third quartile of all samples for each individual SST bins. Short error bars

represent the mean values. Results for SST bins of which the relative frequencies

of occurrence less than 0.5% of integrated population are not shown in the dia-

grams. Panels marked with a star at the top right indicate the trends in median

values are statistically significant at a 95% confidence level using a Student’s t test.
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function of SST over the merged SO regions. A large

quantity of SLW is observed, with CTT and re_21 de-

creasing toward the cold water. An opposite trend

is observed for CTH, COT, and LWP. Notable differ-

ences are observed between precipitating and non-

precipitating clouds. In particular, precipitating clouds

have fewer but larger drops and greater LWP. The de-

creasing trend of re_21 with SST is primarily due to

precipitating clouds.

5. Analysis of liquid-phase clouds using the
collocated AMSR-E–MODIS dataset

In the previous section we have demonstrated the

correlation between liquid-phase cloud properties and

the underlying SSTs over the merged SO. However,

potential differences between the ocean sectors may be

embedded in the statistics, which requires further in-

vestigation. The AMCC dataset is too sparse for this

purpose, and we proceed by using the synergetic AM

dataset only. Over 2 3 109 pixels are examined for the

merged SO.

Here we only use the MODIS method (method B) for

identification of precipitation. While the lack of a con-

straint obtained by using the CALIOP phase product

means larger uncertainties in the MODIS retrievals

due to the presence of multilayer clouds and three-

dimensional (3D) effects (Davis andMarshak 2010), the

results in section 4 offer some confidence that these

problems are not paramount. Nonetheless, bearing

these limitations in mind, in the following work we

proceed with care by examining the single-layer clouds

only (using the MODIS cloud multilayer flag) (Wind

et al. 2010), whereby the retrieval biases are expected to

be minimized. Note that because of the different sam-

pled populations, filtering methods, and definitions of

precipitation, some differences in the results from the

two datasets are expected.

The statistics (Fig. 5) suggest that the precipitation

frequencies of liquid-phase clouds vary between sectors,

with the lowest frequencies (with respect to the overcast

pixels) observed over SAO. The overall mean frequen-

cies decline from approximately 40% at SSTs greater

than 88C to below 20% at SSTs around 08C. As dis-

cussed, our sampling method using overcast pixels may

lead to an underestimated frequency of precipitating

cloud. Indeed, an examination of the partly cloudy

pixels (i.e., 1-km pixels identified as likely containing

clouds but not surrounded by cloudy pixels) in Fig. 5

indicates that the fraction of partly cloudy pixels in-

creases from approximately 5% over the cold water to

approximately 25% over the warmer ocean, suggesting

that open-cellular shallow cumulus clouds are more

prevalent over the warmer SSTs. Accordingly, the pre-

cipitating cloud frequencies over the warmer SSTs may

even be higher than this estimate. On the other hand, as

demonstrated in Fig. 4n, the MODIS method is unable

to detect very light precipitation (characterized by

smaller particle size) over the colder SSTs. Therefore,

the indicated decreasing trend of the precipitation fre-

quencies in Fig. 5 is likely an artifact of the definition. In

spite of these limitations and uncertainties, Fig. 5 shows

that there are likely significant differences between the

sectors (with SAO having a lower occurrence of pre-

cipitation or smaller particles) and demonstrates that

factors other the SST are important in controlling cloud

and precipitation processes.

The statistical liquid-phase cloud properties as a

function of SST, examined for the individual SO sectors

using the AM dataset, are displayed in Fig. 6. In general,

the variables examined preserve many characteristics

identified in the composite using the AMCC dataset.

Some of these characteristics are even more pro-

nounced. To explore the significance of any intersector

differences of the examined variables, we use the 36

subsector monthly mean values from each sector (three

summer months multiplied by four years multiplied by

three 108 subsectors) to derive the (coarse) probability

distributions for respective variables over individual

SST bins. The 10th and 90th percentiles are shown with

the shadings.

FIG. 5. The 4-yr summertime precipitation frequencies for liquid-

phase clouds as a function of SST. Statistics are derived from the

AM dataset over the three SO sectors, using the MODIS method

(method B). The line with blue dots represents SIO sector, the line

with red dots represents the SPO sector, and the line with green

dots represents SAO sector; the black line represent the mean of

the merged SO sectors. The dashed gray line represents the ratio of

partly cloudy pixels to overcast pixels. To represent the variability,

we use the 36 subsector monthly mean precipitation frequencies

from each sector (3 summer months 3 4 years 3 3 subsectors of

108) to derive a coarse probability distribution over individual SST

bins. The 10th and 90th percentiles are shown by the corresponding

color shading.
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FIG. 6. The 4-yr summertime cloud properties for liquid-phase clouds derived from the collocated AM dataset over the three SO

sectors, as a function of SST, for (left) all liquid-phase clouds, and (center) precipitating and (right) nonprecipitating clouds according

toMODIS: statistics for (a)–(c) re_21, (d)–(f)Nd, (g)–(i) COT, and (j)–(l) LWP. Colors and shadings are for the same sectors as in Fig. 5.

Results for SST bins of which the relative frequencies of occurrences less than 0.1% of the integrated population are not shown in the

diagrams.
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Looking first at re_21 (Figs. 6a–c), the decreasing trend

of re_21 toward colder water is remarkable, although the

tendency is nonmonotonic and is most notable over the

colder range of SST (08 , SST, 88C) and mainly driven

by precipitating clouds. A closer examination reveals

that intrinsic differences do exist between the three

sectors. A ‘‘kink’’ is observed at around 78C for the SIO

and SPO sectors, below which re_21 decreases more

drastically (down to;11mm). The mean re_21 over SAO

is markedly smaller than that over SIO and SPO, most

noticeable for SST greater than approximately 48C.
As opposed to re_21, while the mean Nd (Figs. 6d–f)

appears to increase slightly toward colder water (espe-

cially over SST , 48C), significant sector differences

exist. The value ofNd over SAO is inherently larger than

that over SIO and SPO. There is a sharp increase in Nd

over SAO toward the very warmest SSTs, with a highly

skewed distribution. Note that this feature also appears

in Fig. 4r. The enhancement of Nd over SAO is largely

consistent with that shown in Zeng et al. (2014), where

independent measurements of depolarization ratio from

CALIOP are also used for the calculations. Previous

studies (Kruger and Grassl 2011; McCoy et al. 2015a;

Vallina et al. 2006) have attributed this enhancement to

the phytoplankton blooms over this region. No obvious

trend is observed when looking at precipitating and

nonprecipitating clouds separately, other than Nd for

precipitating clouds being notably smaller than for

nonprecipitating clouds.

The statistics of COT (Figs. 6g–i) and LWP (Figs. 6j–l),

again, share many similarities and both exhibit a strong

correlation with the underlying SST.While this behavior

is largely consistent with the AMCC composites, the

tendencies here are unequivocally stronger. It should be

noted that the sharp increase over SST, 08C is not very

obvious in the AMCC composites (Figs. 4j–l). Given

that the subfreezing SSTs region is very close to the

Antarctic sea ice, the retrievals over this area should be

treated with even greater caution.

As CTT is a key parameter for calculating cloud

radiative forcing, it is important to appreciate how

the cloud characteristics vary with CTT. Here we

introduce a set of joint histograms (Fig. 7) in which cloud

properties are examined as a function of SST and

(MODIS) CTT. To more directly explore how the cloud

properties vary as the clouds grow, we also show the join

histograms as a function of SST and CTH (see section S2

of the supplementary material). The results are found to

be largely consistent. Note that we have merged the

three ocean sectors again here to derive a bulk com-

posite for the SO regions.

As shown in the frequency diagrams (Figs. 7a–c), the

observed supercooled liquid-phase clouds largely occur

in the SST range from 218 to 48C and CTT range from

2258 to 08C. The colder water (SST , ;48C) is domi-

nated by abundant SLW clouds with colder CTTs (down

to 2308C), while CTTs over the warmer SSTs (SST .
;78C) are substantially warmer. The same characteristics

could also be said for the nonprecipitating clouds, al-

though the frequency distribution for precipitating clouds

is more dispersed.

An interesting, perhaps surprising, feature in the re_21
diagram (Figs. 7d–f) is that droplet size in precipitating

clouds is found to decrease monotonically as the

SST decreases from 158 to 08C. Droplet size for non-

precipitating clouds does not show an obvious trendwith

SST. However, over the warmer oceans (SST . ;78C),
re_21 is larger for lower CTTs (and to a less extent, higher

CTHs; see section S2 of the supplementary material) as

one might expect for thicker clouds, with a maximum

size when CTT ’ 2108C. While over the colder water

(SST,;78C) re_21 is smaller at CTT’2108C as well as

colder cloud tops. This suggests that there exists a su-

percooled stratocumulus cloud type (potentially asso-

ciated with markedly smaller re_21) over SST less than

approximately 78C while there is generally a lack of this

cloud type over warmer SSTs.

The distributions of Nd (Figs. 7g–i) display a different

pattern from that of re_21, with relatively large values of

Nd (Nd . 100 cm23) being present at CTTs less than

approximately 258C and over SST less than approxi-

mately 48C. Large values of Nd are also found for the

warm nonprecipitating clouds (primarily BLCs) over

the warm SST range.

As for COT, Figs. 7j–l show that colder cloud tops are

associated with larger COT. The peaks of the COT are

observed where the CTTs are colder than approximately

2158C, regardless of the presence of precipitation. The

vertical gradient, however, appears to be a little more

subtle when examined with CTH (section S2 of the sup-

plementary material), which may be attributed to opti-

cally thick clouds present at lower SSTs for the lower

CTHs (around 2km; likely stratocumulus) and some

higher-altitude clouds (perhaps midlevel cloud associated

with frontal systems) that are also optically thick.

Not surprisingly, the pattern of LWP (Figs. 7m–o)

resembles that of COT, showing that changes in LWP

(rather than re_21) tend to dominate the COT. Also, the

maxima within the CTT range from 2108 to 2208C and

SST range between 28 and 108C are evident.

6. Uncertainty assessments

As discussed in section 5, our analysis with the AM

dataset is conditioned to single-layer clouds only so that

the number of possible spurious retrievals is minimized.
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FIG. 7. Joint histograms showing the 4-yr summertime mean cloud properties of liquid-phase clouds over the

merged SO sectors, as a function of SST and CTT, using the collocated AM dataset, for (left) all liquid-phase

clouds and (center) precipitating and (right) nonprecipitating clouds according toMODIS: (a)–(c) frequencies of

occurrence, (d)–(f) mean re_21, (g)–(i) meanNd, (j)–(l) mean COT, and (m)–(o) mean LWP. Relative frequencies

of occurrence less than 0.1% of the integrated population are not shown in the diagrams.
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We also replicate our analysis to examine liquid-phase

clouds including the multilayer cloud pixels. Results

(not shown) are found to be qualitatively similar, sug-

gesting that any retrieval artifacts due to the complica-

tion of the multilayer scenario are not paramount.

Although pixels with solar zenith angle u0 . 658 have
been excluded in our study, there may still be some

biases at lower u0, according to GW14. To investigate

whether the markedly decrease of re_21 toward colder

SSTs could be a retrieval artifact of u0, more analysis has

been performedwhereby re_21 was further aggregated by

CTT–u0 and SST–u0 pairs, respectively. Our results

(Figs. 8d,e) suggest that the decrease of re_21 with in-

creasing u0 is only evident for cold cloud tops (CTT ,
;258C) and not for warm cloud tops (CTT . ;258C).
Similarly, the decrease of re_21 with increasing u0 is evi-

dent for cold SSTs (SST,;58C) but not for warm SSTs

(SST . ;58C). If the decrease of re_21 was dominated

by a retrieval artifact due to the large u0, one would

expect the artifacts to be apparent for all clouds re-

gardless of CTT or SST, which is not the case. This result

suggests that u0 influence (if any) cannot completely

explain the observed re_21 trend. In other words, re_21

with CTT and SST (or solar zenith angle) is nonlinear

and the dependence of re_21 is not well described using a

multiple linear regression. It is most likely that the

smaller re_21 (on average) being observed over colder

SSTs at larger u0 is due to the fact that clouds with colder

CTTs form preferentially over the colder water

(Figs. 8a,b), where u0 happens to be large, rather than a

bias in the retrieval due to large u0. This is further sup-

ported by the strong correlation shown in Fig. 2b for the

SHB, which is largely independent of u0 and hence

cannot be interpreted as a result of a u0-induced bias, as

well as the fact that nonprecipitating clouds show no

trend with SST or u0 (when using either the AMCC or

AM datasets). Therefore, the marked tendency of re_21
for precipitating clouds appears to be a real physical

feature of the clouds examined. For comparison, we

repeated the CTT–u0 pair analysis for NAO (Figs. 8c,f),

which covers the same latitude band (408–708N) as the

SO sectors (408–708S). We do not observe a clear trend

in re_21 as a function of CTT and u0. Nevertheless, our

analysis above suggests that the u0 issue may be more

complicated than previously suggested. Further in-

vestigations are needed in future dedicated studies to

FIG. 8. Joint histograms showing the summertime mean cloud properties of liquid-phase clouds over the merged SO sectors, using the

collocated AM dataset. (a) Frequencies of occurrence for the merged SO sectors, as a function of CTT and u0; (b) frequencies of oc-

currence for the merged SO sectors, as a function of SST and u0; (c) frequencies of occurrence for NAO, as a function of CTT and u0;

(d)mean re_21 for themerged SO sectors, as a function of CTT and u0; (e) mean re_21 for themerged SO sectors, as a function of SST and u0;

and (f) mean re_21 for NAO, as a function of CTT and u0. Relative frequencies of occurrence less than 0.1% of the integrated population

are not shown in the diagrams.
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more systematically understand its impact on the re-

trieved variables.

Retrievals of re derived from different MODIS

channels may differ significantly (e.g., Zhang and

Platnick 2011; Zhang et al. 2012). To appreciate any

potential influence of systematic differences between

the retrievals of effective radius on the overall statistics,

we also perform the analysis on re_37 and re_16 (note that

re_16 retrievals may be less reliable because of the

damage in the 1.6-mmchannel;Wang et al. 2006). Again,

the results (not shown) are qualitatively consistent with

that from re_21. Following Zeng et al. (2014), we also

examined the relative difference between re_21 and re_37
(see section S3 in the supplementary material). We

found that the mean relative differences for themajority

of the clouds (CTTs between 08 and 2108C) are rela-

tively small (,10%), but larger 3D effect may be pres-

ent for shallower and horizontally smaller clouds, which

occur preferentially over the warm waters.

A notable limitation of this study that should readily

be recognized is that the use of daytime-only observa-

tions may lead to potential biases due to any diurnal

cycle of cloud properties. Also, daytime retrievals from

CALIOP are less reliable than that from nighttime re-

trievals because of the lower signal-to-noise ratio during

the day. These issues are beyond the scope of this paper.

7. Discussion and concluding remarks

In this study the unique nature of the Southern Ocean

(SO) clouds is examined using four years of summertime

spatiotemporal collocated A-Train satellite observa-

tions. Key findings are summarized below:

Clouds of all phases:
d The SO is covered by low- and midlevel liquid-

phase clouds over 50% of the time, as reported by

various satellite products. The liquid-phase clouds

observed over the colder ocean are dominated by

supercooled liquid water (SLW).
d The examined liquid-phase cloud properties

demonstrate a strong correlation with the underly-

ing sea surface temperature (SST), while only weak

correlations are observed for ice- and uncertain-

phase cloud properties.

Liquid-phase clouds only:
d Overall, the cloud-top temperatures (CTTs) and

effective radius retrieved from the 2.1-mm channel

re_21 are found to be decreasing toward colder SSTs,

while the opposite trend is observed for cloud-top

height (CTH), cloud optical thickness (COT), and

liquid water path (LWP). Cloud droplet number

concentration Nd is not highly sensitive to SST.

d Notable differences are observed between ‘‘non-

precipitating’’ and ‘‘precipitating’’ clouds. Precipi-

tating clouds have fewer and larger drops, and

greater LWP. The decreasing trend of re_21 with

SST is primarily due to precipitating clouds.
d Despite the marked correlations between the

liquid-phase cloud properties with SST, notable

intersector differences also exist. In particular, the

South Atlantic Ocean is generally characterized by

smaller re_21 and larger Nd.
d Over the warmer oceans (SST . ;78C), re_21 is

larger for colder CTTs (i.e., higher cloud tops),

while over the colder water (SST , ;78C) re_21
remains small with the coldest cloud tops (;2258C)
having the smallest re_21.

d Detection of precipitation over the SO remains a great

challenge using the current spaceborne observations,

even with the advanced active remote sensor. Large

uncertainties in precipitation properties are associated

with the ubiquitous boundary layer clouds (BLCs)

within the lowest kilometer of the atmosphere.

The median values for various cloud properties over cold

SST (08C) and warm SST (158C) conditions taken from

Figs. 4 and 6 are summarized in Table 5 for non-

precipitating and Table 6 for precipitating clouds. Quanti-

tative differences between theAMCCandAMdatasets are

apparent, but at least for nonprecipitating cloud these dif-

ferences are essentially within the uncertainties of the ob-

servations. From these observed properties, we can deduce

estimates of the mean lapse rate from (SST2 CTT)/CTH,

and following B07, cloud depthD based on a simple (80%)

adiabatic model is given by

LWP5
1

2
c
w
D2 , (2)

where, as in Eq. (1), cw is the temperature-dependent

condensation rate (in gm24) and depends only on the

temperature (lapse rate). For nonprecipitating clouds,

TABLE 5. Properties of nonprecipitating clouds over cold and

warm SSTs in the SO, derived from the AMCC dataset (Fig. 4);

numbers in parentheses are derived from the collocated AM

dataset (Fig. 6). Cloud properties with no statistically significant

trends identified in Figs. 4 and 6 are considered to be constant

across the range SSTs.

Property Cold SST (08C) Warm SST (158C)

CTH (km) 2 1.5

CTT (8C) 210 5

COT 11 (14) 7 (8)

LWP (gm22) 70 (90) 40 (50)

re_21 (mm) 10 (10.5) 10 (10.5)

Nd (cm
23) 105 (120) 105 (120)

Mean lapse rate (8Ckm21) 5 6.7
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the calculated cw over the cold water (SST 5 08C) is

approximately 0.0009gm24, with an estimated D of

approximately 400m. The calculated cw over the warm

water (SST5 158C) is approximately 0.002 gm24, with an

estimated D of approximately 200m, thinner than that

over the cold water. The median values of LWP (COT)

are within a range of 40–90gm22 (7–14), suggesting that

these clouds are most likely to be shallow stratocumulus

(e.g., B07; Huang et al. 2015a, which is consistent with

visual inspection of satellite imagery. Themean lapse rate

over the cold water (58Ckm21) is more stable than over

the warm water (6.78Ckm21), which is also consistent

with more extensive stratocumulus over the colder wa-

ters. Given the thin nature of the clouds with cloud tops

near 2 km, it seems likely that the nonprecipitating

cloud layers over the cold water are decoupled (or el-

evated) from the surface. Thin, elevated cloud layers

residing above a decoupled boundary layer were en-

countered during ACE-1 (Russell et al. 1998) and some

recent flights over the high-latitude SO (Chubb et al.

2013, 2016).

Unlike the nonprecipitating case, precipitating clouds

are more complicated. The estimates of cloud properties

from the AMCC and AM datasets are not always

TABLE 6. As in Table 5, but for precipitating clouds.

Property Cold SST (08C) Warm SST (158C)

CTH (km) 3 2

CTT (8C) 214 0

COT 12 (15) 12 (11)

LWP (gm22) 120 (170) 120 (140)

re_21 (mm) 14 (17) 16 (19)

Nd (cm
23) 50 (35) 50 (35)

Mean lapse rate (8Ckm21) 4.6 7.5

FIG. 9. Joint histograms showing the 4-yr summertime mean cloud properties of all liquid-phase clouds over the merged SO sectors,

NWP, NEP, and NAO sectors, as a function of SST and CTT, for (a)–(d) frequencies of occurrences, (e)–(h) statistics for re_21, and

(i)–(l) statistics forNd. Relative frequencies of occurrences less than 0.1% compared to the integrated population are not shown in the

diagrams.
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consistent. Also, the simple adiabatic model (and asso-

ciated assumptions) may be less suitable for deducing the

macrophysical properties of these clouds. Nonetheless,

we can still see that precipitating clouds have higher cloud

tops and are likely physically thicker than non-

precipitating clouds. And as with nonprecipitating cloud,

the mean lapse rate of the atmosphere also remains more

stable (4.68Ckm21) over the cold water than over the

warm water (7.58Ckm21).

To better appreciate the uniqueness of the SO

clouds, in Fig. 9 we show the SST–CTT diagrams for

liquid-phase clouds over three midlatitude storm-track

regions of the Northern Hemisphere (NH; Fig. 1). The

frequency distributions suggest that the majority of the

NH clouds largely fall into the ranges of SST. 48C and

CTT . 258C, substantially warmer than that over the

SO. The supercooled stratocumulus clouds associated

with markedly smaller re_21 over the cold SSTs is es-

sentially lacking or does not contribute significantly to

the overall cloud characteristics in the NH sectors,

although each of the NH sectors displays some re-

gional features. For instance, the northwestern Pacific

(NWP) is characterized by the majority of warm BLCs

with the largest Nd, consistent with earlier studies and

the regional aerosol characteristics (Chin et al. 2004;

Moore et al. 2013). It is also interesting to note that

even during the boreal winter, the NH SSTs rarely

drop below 48C (Fig. 1b), highlighting the truly unique

nature of the atmosphere over the cold SSTs at the

high-latitude SO.

Our study has been focused on cloud properties that

can be deduced directly from satellite observations.

Admittedly, correlation does not mean causality. At-

mospheric dynamical processes are central in shaping

the cloud and precipitation characteristics over the

SO, which needs to be emphasized. In general, the

lower-troposphere structure over the SO is not well

understood. For example, Kawai et al. (2015) find that

the well-established stability indices are unable to

explain the cloud-top height tendency of the low

clouds over the SO, possibly due to the coarse reso-

lution of reanalysis products not being able to repre-

sent the vertical structure. This coincides with the

findings in Muhlbauer et al. (2014), who point out that

the stability indices are poorly correlated with the

mesoscale cloud morphologies over the SO. It is pos-

sible that a lack of ice nuclei plays an important role

for the prevalence of SLW over the cold SO, as has

been suggested by Burrows et al. (2013), among

others, and we are not discounting this possibility. The

source and variability of cloud condensation nuclei

and ice nuclei over the SO remain underexplored

(Quinn and Bates 2011; Wilson et al. 2015). Many

other key variables, such as cloud-base height, surface

flux, and cloud-top entrainment rate, also need to be

better observed. Nevertheless, our results do show

that the cold SST regions of the SO are associated with

unique cloud properties and as such these regions

need to be the focus of further study. In situ obser-

vations (including cloud and aerosol microphysical

properties, as well as thermodynamics) are needed in

order to understand the mechanisms involve, and to

evaluate the validity of satellite retrievals and asso-

ciated assumptions upon which this and other

studies rely.
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