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Abstract17

Marine boundary layer clouds and precipitation observed in a sustained period of open18

mesoscale cellular convection (MCC) over the Southern Ocean (SO) are investigated us-19

ing CAPRICORN 2016 observations, Himawari-8 products and numerical simulations.20

The shallow convection was characterized by the presence of supercooled liquid water21

and mixed-phase clouds in the sub-freezing temperature range, consistent with earlier22

in-situ observations where ice multiplication is found to be active in producing large quan-23

tities of ice in open MCC clouds. Ice-phase precipitation was observed to melt below cloud24

base with evidence of cold pools produced in a decoupled boundary layer. Convection-25

permitting simulations using the Weather Research and Forecasting (WRF) model were26

able to reproduce many of the surface meteorological features and their evolution. How-27

ever, the evolution of the boundary layer height and the degree of decoupling were poorly28

simulated, along with the absence of cold pools. The observed cloud morphology and mi-29

crophysical characteristics were also not well reproduced in the control simulation with30

the Thompson microphysics scheme, where too much supercooled water was simulated31

in a too homogenous cloud field. Sensitivity experiments with modified microphysical32

parameters led to a higher production of glaciated clouds and precipitation. Sensitiv-33

ity experiments with different boundary layer schemes and vertical resolution, however,34

showed a smaller impact. A bias of ∼4◦C in the initial boundary conditions of the sea35

surface temperature is discussed. This study highlights the challenge of representing the36

complex physical processes that underpin the cloud, precipitation, and boundary layer37

characteristics of the open MCC over the SO.38

1 Introduction39

Mid- and high-latitude oceans are commonly covered by extensive areas of marine40

atmospheric boundary layer (MABL) clouds. Over the Southern Ocean (SO), these clouds41

are a fundamental component of the regional energy budget (Trenberth & Fasullo, 2010),42

and their precipitation is a major component of the regional water budget. The processes43

that govern the formation and life cycle of precipitation, however, are poorly understood44

(e.g., Huang et al., 2017) and they contribute to large uncertainties in a range of pre-45

cipitation estimate products (Behrangi et al., 2012, 2014).46

Passive satellite observations show that marine boundary layer clouds commonly47

self-organize into mesoscale cellular convection (MCC). Based on the level of cellular-48

ity and mesoscale organization, MCC clouds can be categorized into four general cat-49

egories: organized open MCC, organized closed MCC, homogeneous cloud sheets with-50

out cellularity on the mesoscale (no MCC) and inhomogeneous disorganized cells (Wood,51

2012). The type of MCC is important as it modulates the overall cloud fraction and albedo,52

as well as microphysical properties such as precipitation rate, cloud droplet number con-53

centrations (Nd) and effective radius, affecting the radiation balance and precipitation54

efficiency of these clouds (Wood & Hartmann, 2006; Wood et al., 2011). Compared to55

closed MCC, open MCC clouds are commonly associated with heavier drizzle (e.g., Ahn56

et al., 2017; Comstock et al., 2004, 2007; Sharon et al., 2006; Stevens et al., 2005; H. Wang57

& Feingold, 2009a, 2009b), less short-wave reflectance and more transmissivity (Muhlbauer58

et al., 2014).59

A satellite-based climatology of MCC clouds (Muhlbauer et al., 2014) suggests that60

the mid-latitude (40-60◦S) SO is dominated by an open MCC cloud regime in austral61

winter, occurring up to 50% of the time. In contrast, a closed MCC regime is dominant62

nearly all year round over the high-latitude SO. Satellite observations have shown that63

the open MCC regime is commonly located in the post-frontal (e.g., Ahn et al., 2017),64

cold sector of mid-latitude cyclones (e.g., Field & Wood, 2007) and in large cold-air out-65

breaks over oceans (Atkinson & Zhang, 1996; McCoy et al., 2017). Indeed, limited air-66

craft observations have revealed that open MCC cloud fields over the SO are commonly67
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characterized by mixed-phase clouds and the frequent presence of drizzle/light precip-68

itation (Ahn et al., 2017). Huang et al. (2017) used these aircraft observations to fur-69

ther demonstrate that ice multiplication (such as the Hallett-Mossop mechanism) may70

be active in producing large quantities of ice in these open MCC clouds, which were ob-71

served to be intermittently precipitating. Given that light precipitation accounts for ∼82%72

of the total precipitation fraction over the SO (Z. Wang et al., 2015), mixed-phase clouds,73

particularly those residing in the open MCC, may play an essential role in governing the74

precipitation processes in this region. At near-surface level, precipitation from open MCC75

commonly is associated with reduced temperatures or “cold pools”, which have been found76

to be driven by the evaporation of precipitation in the subcloud layer for stratocumu-77

lus over the northeast Pacific (e.g., Stevens et al., 2005) and trade wind cumulus (e.g.,78

Zuidema et al., 2012). Aircraft observations found that cold pools in the southeast Pa-79

cific are associated with heavy drizzle rates in open MCC, whereas those in the surround-80

ing overcast regions cold pools are absent (Terai et al., 2014). This characteristic in pre-81

cipitation from cumulus clouds over the SO was described by Jensen et al. (2000), where82

the development of precipitation in these clouds initiated cold pools at the surface. Evap-83

orative cooling from precipitation decouples the subcloud layer, suppresses vertical mix-84

ing, and increases surface fluxes. Previous studies have also suggested that open MCC85

response to evaporative cooling from precipitation is essential in cloud formation and or-86

ganization (Savic-Jovcic & Stevens, 2008; H. Wang & Feingold, 2009a).87

Modelling studies, too, have examined various aspects of the mesoscale shallow con-88

vection over the oceans. Using large-eddy simulations (LES) that explicitly simulate the89

dominant scales of cloud-turbulence interaction, studies focusing on subtropical oceans90

have shown that precipitation from stratocumulus clouds is an important (if not the only)91

mechanism for the initiation of open MCC (e.g., H. Wang & Feingold, 2009a, 2009b; Ya-92

maguchi & Feingold, 2015). LES simulations, however, simply remain too computation-93

ally expensive to simulate the full life cycle of these clouds, and with a horizontal grid94

spacing that is sufficiently small to resolve convective eddies explicitly, especially con-95

sidering that open MCC over the SO can cover tens of thousands of square kilometers96

and last for a period of days. As such, despite the lack of explicitly resolved turbulent97

processes, numerical weather prediction (NWP) models configured at a convection-permitting98

mode appear to be an attractive tool to study some of the most important aspects of99

open MCC (e.g., Vincent et al., 2012).100

Over the past decades, convection-permitting models have been widely used to study101

boundary layer clouds and precipitation over the SO (e.g., Huang et al., 2014; Huang,102

Franklin, et al., 2015; Morrison et al., 2010). Morrison et al. (2010) simulated mixed-103

phase clouds off the coast of Tasmania and found that the difficulties in simulating clouds104

containing supercooled liquid water (SLW) lie, in part, in the inability of the reanaly-105

sis products employed for model initialization to reproduce the wind shear and temper-106

ature inversion through the MABL. Models struggle to simulate SLW in low-topped shal-107

low convective clouds because many microphysical parameterization schemes underes-108

timate the presence of SLW when ice is present, where ice growth is at the expense of109

liquid water depletion (e.g., Field et al., 2014; Tan & Storelvmo, 2016).110

The main objective of the present study is to examine an open MCC case over the111

SO using unique shipborne measurements and satellite observations during the Clouds,112

Aerosols, Precipitation, Radiation, and atmospherIc Composition Over the southeRn oceaN113

(CAPRICORN) field experiment in 2016. The focus is to understand the nature of the114

precipitation generated from a sustained period of open MCC between 25 and 27 March115

2016 in a post-frontal environment, and the accompanying boundary layer thermody-116

namics. These open MCC were characterized by the presence of mixed-phase clouds and117

relatively heavy precipitation. It is worth noting that this case study is one of the first118

with a set of collocated surface and remote-sensing observations, whereas previous stud-119

ies of precipitation from open MCC have been limited to aircraft observations (e.g., Abel120
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et al., 2017; Ahn et al., 2017; Terai et al., 2014). The observations are then used to eval-121

uate the Weather Research and Forecasting (WRF) model in simulating these clouds and122

to understand the potential causes of model deficiencies via sensitivity experiments. This123

detailed study allows us to raise fundamental questions over this region regarding the124

role of open MCC and ice multiplication processes in enhancing intensity of surface pre-125

cipitation in this region and to examine their representation in convection-permitting126

models.127

2 Observations and Synoptic Situation128

2.1 Shipborne Observations129

The 2016 CAPRICORN voyage took place aboard of the Australian Marine Na-130

tional Facility (MNF) Research Vessel (R/V) Investigator. From 13 March to 15 April131

2016, the R/V Investigator traversed the SO from south of Tasmania, covering an area132

of 43-53◦S and 141-151◦E (Fig. 1a). Table 1 provides a summary of observational data133

used in this study. Additional information on the instrumentation deployed is available134

in Mace and Protat (2018b, 2018a). Cloud phase is produced by merging information135

obtained from the cloud radar and lidar aboard the R/V Investigator (Fig 2a). First,136

the cloud top, cloud base and phase are determined using the lidar backscatter and de-137

polarization data, following the method in Alexander and Protat (2018). Ice and liquid-138

cloud phases are determined by considering the relationship between layer-integrated de-139

polarization ratio and backscatter as in Hu et al. (2010). The cloud radar is then used140

to refine the cloud phase categories. The mixed-phase category is determined from the141

presence or absence of a detectable cloud radar signal for lidar pixels classified as “SLW”.142

When there is no detectable cloud radar signal, the classification remains SLW; if there143

is a detected cloud radar signal, these pixels are reclassified as “mixed-phase”. A sim-144

ilar simple approach is used for CloudSat-CALIPSO cloud phase detection (Delanoë &145

Hogan, 2010). When the cloud radar detects a signal at subfreezing temperatures, but146

the lidar is fully attenuated by lower cloud layers and therefore does not provide any in-147

formation on cloud phase, the pixel is assigned as “mixed-phase or ice”. This category148

is left non-definitive since there is not enough information to separate the two. A more149

detailed description of this radar-lidar merged product and a comparison with CALIPSO150

can be found in Noh et al. (2019).151

The primary objectives of CAPRICORN were to (i) characterize the cloud, aerosol,152

and precipitation properties, boundary layer structure, biological production and cycling153

of dimethyl sulfide (DMS) in the upper ocean, atmospheric composition, and surface en-154

ergy budget, as well as their latitudinal variability; (ii) evaluate and improve satellite es-155

timations of these properties; and (iii) evaluate and improve the representation of these156

properties in the regional and global versions of the Australian Community Climate and157

Earth-System Simulator (ACCESS) model.158

2.2 Satellite Products159

High-resolution Himawari-8 cloud products provided by the Australian Bureau of160

Meteorology (BoM) are also used, including the cloud-top phase and the cloud-top tem-161

perature (hereafter CTP and CTT) retrievals. These cloud products are generated by162

the BoM using the GOES-R Advanced Baseline Imager (ABI) Cloud Height Algorithm163

(ACHA; Heidinger, 2011) developed at the National Oceanic and Atmospheric Admin-164

istration (NOAA) and the National Environmental Satellite, Data, and Information Ser-165

vice (Pavolonis, 2010). Using the multichannel information provided by the Advanced166

Himawari Imager (AHI), the ACHA combines the 13.3-µm CO2 absorption channel cou-167

pled with the longwave infrared windows 10.4, 11.2, and 12.4 µm, to derive cloud-top168

height and CTT information simultaneously with cloud microphysics information. The169

CTP product is derived from four AHI infrared channels (7.3, 8.6, 11.2, and 12.4 µm).170
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For Himawari-8, CTT and CTP are retrieved at a spatial resolution of 2 km and a tem-171

poral resolution of 10 min (day and night). A more detailed description and initial eval-172

uations of these products can be found in Huang et al. (2019).173

The identification of open and closed MCC clouds is performed by visual inspec-174

tion of the Himawari-8 cloud products for the complete period of study, according to the175

organizational features of the cloud morphology.176

2.3 Synoptic Meteorology177

The sampling period of 25 to 27 March 2016 was characterized by a cold front cross-178

ing Tasmania, passing over the ship on 25 March (Fig. 1b). After the frontal system passed,179

the region experienced cold-air advection in a southwesterly flow, leaving a sustained pe-180

riod of open MCC over the ship and the surrounding ocean (Fig. 1c). Immediately fol-181

lowing the frontal passage, a non-precipitation period was observed, which transitioned182

into a period of open MCC clouds. The latter condition was maintained for approximately183

36 hours between 0600 UTC on 26 March up to 1730 UTC on 27 March, before a stra-184

tocumulus cloud field (closed MCC) started to dominate the region, as observed by Himawari-185

8. Our primary focus is on the open MCC period.186

3 Methodology187

3.1 Sounding Analysis188

Upper-air radiosondes are used to examine the thermodynamic structure of the MABL,189

including the identification of the inversion and boundary layer decoupling. The inver-190

sion height is defined as the height of maximum gradient in the virtual potential tem-191

perature profile, dθv/dz, between 100 and 5000 m above sea level, with a minimum gra-192

dient threshold of 0.01 K m−1 to define an inversion as significant [see Hande et al. (2012)193

and Lang et al. (2018) for more details]. As a feature of boundary layer decoupling, the194

presence of a transition layer is identified using the technique of Yin and Albrecht (2000),195

which is determined from the parameter µ defined as,196

µ = −
(
δθ

δP
− 0.608θ

1 + 0.608r

δr

δP

)
, (1)

where r is mixing ratio and θ is potential temperature. This parameter attempts to iden-197

tify the presence of a transition layer for each level below the main inversion by consid-198

ering the effects of the gradients of both θ and r. Decoupling is diagnosed when (1) the199

maximum value of µ is positive, and (2) it extends over all levels below the inversion base200

at which µ is greater than 1.3 times its average from the surface to the inversion base.201

We tested the sensitivity of µ and found that the threshold of 1.3, which was used in Yin202

and Albrecht (2000), captured the transition layers reasonably well.203

3.2 Experimental Design of Numerical Simulations and Sensitivity Ex-204

periments205

The Advanced Research WRF (ARW, version 3.9.1) employed in this study is based206

on non-hydrostatic Euler equations, designed for both mesoscale atmospheric research207

and operational forecasting needs (Skamarock et al., 2008). In this work, the model is208

configured with an outer domain and three one-way nested domains, which were applied209

with a horizontal spacing of 27, 9, 3, and 1 km (Fig. 1a) and with 64 η-levels. The outer210

domain covers a broad area of the SO between approximately 35◦ and 60◦S, and the first211

nested domain incorporated Tasmania and its surrounding oceans. The two inner do-212

mains are centered to capture the ship track during the simulation period. The initial213

and lateral boundary conditions in all experiments were derived from the European Cen-214
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tre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis (0.75◦ ×215

0.75◦ grid, 37 pressure levels, and 6-hourly updates) (Dee et al., 2011). The simulation216

is initialized at 0000 UTC 25 March 2016 and run for a period of 72 h. A 12-h spin-up217

period is used to prevent any noisy outputs during the period of model stabilization. For218

the control (Ctrl) simulation, the configuration is based on the optimal setting in pre-219

vious WRF simulations over Tasmania and the SO as in Huang et al. (2014) and Z. Wang220

et al. (2016). This configuration included the Rapid Radiative Transfer Model for GCMs221

(RRTMG) shortwave and longwave radiation scheme (Iacono et al., 2008; Mlawer et al.,222

1997), the Noah land surface model (Chen & Dudhia, 2001), Yonsei University (YSU;223

Hong et al., 2006) planetary boundary layer scheme and the Simplified Arakawa-Schubert224

(SAS) cumulus scheme (Pan & Wu, 1995), which is used only on the two coarsest do-225

mains (27 and 9 km). For the control simulation, the 2008 Thompson semi-double-moment226

bulk microphysics scheme (Thompson et al., 2008) is used. This scheme is a double-moment227

(prognostic mass and number concentrations) for ice and rain and single-moment (prog-228

nostic mass concentration only) for other species (i.e., snow, graupel, cloud water, and229

water vapor).230

A suite of sensitivity simulations was undertaken to investigate the impact of the231

model representation of boundary layer and microphysical processes on the simulations232

of the open MCCs and their precipitation.233

3.2.1 Planetary Boundary Layer (PBL) Experiment234

The MABL structure over the SO determines the organization of shallow convec-235

tion, particularly when decoupling occurs (Jones et al., 2011). However, the SO MABL236

structure has been found to be biased in reanalysis data sets (e.g., Lang et al., 2018) and237

climate models (e.g., Williams et al., 2013). Thus, the aim of this experiment is to ex-238

amine the sensitivity of the simulations to different PBL schemes where the unresolved239

turbulent vertical fluxes of momentum, heat, and constituents such as moisture within240

the boundary layer are parameterized. Three PBL schemes are tested: the YSU scheme,241

Mellor-Yamada-Janjic (MYJ; Mellor & Yamada, 1982) scheme and the asymmetric con-242

vective model, version 2, (ACM2; Pleim, 2007). The MYJ scheme is a local closure model,243

while the YSU and ACM2 schemes are non-local models.244

3.2.2 Microphysics (MP) Experiment245

Bulk parameterization of ice cloud microphysics is particularly challenging due to246

the complexity of ice processes. The Thompson et al. (2008) scheme uses the Cooper pa-247

rameterization (Cooper, 1986), where ice initialization is dependent on temperature. By248

default, the Thompson scheme applies the Cooper parameterization when liquid satu-249

ration is reached below 253.15 K (or the relative humidity with respect to ice exceeds250

125%). Secondary ice particles are generated via the rime-splinter or Hallet-Mossop pro-251

cess. The splinter production rate is assumed to peak at a temperature of -5◦C and lin-252

early decreases toward -3◦ and -8◦C as in Reisner et al. (1998). We investigated the im-253

pacts of changing the primary ice nucleation temperature on the simulated cloud micro-254

physics, where two warmer temperatures -10 and 0◦C are tested. The Thompson scheme255

uses a prescribed cloud droplet number concentration (Nd), 100 cm−3 over the ocean,256

which is consistent with the recent summertime observations during the Southern Ocean257

Clouds Radiation Aerosol Transport Experimental Study (SOCRATES) (Y. Wang et al.,258

2020; McFarquhar et al., 2020). However, Ahn et al. (2017) analyzed the cloud data from259

20 flights in the open ocean around Tasmania during winter over three years (2013-2015)260

and found that the open MCC sampling showed a mean value of 21 cm−3, similar to pre-261

vious findings over the SO (e.g., Bennartz, 2007; Boers, 1995; Boers et al., 1998). Such262

range of the Nd observed necessitates an additional sensitivity experiment with a reduced263

Nd of 25 cm−3.264

–7–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to JGR: Atmospheres

180°105°E 120°E 135°E 150°E 165°E

50°S

40°S

30°S d01

d02

d03
d04

(a)

R/V Investigator Simulated Period

(b)

R/V_I

140°E 145°E 150°E 155°E

45°S

50°S

55°S

(c)

230

240

250

260

270

280

290

Ke
lv

in

Figure 1. (a) Map showing the WRF domains with R/V Investigator track, (b) mean sea-

level pressure analyses at 0000 UTC 26 March 2016, and (c) Himawari-8 geostationary satellite

channel 13 at 0000 UTC on 26 March 2016.
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Table 2. A list of configuration settings for sensitivities studies.

Nomenclature PBL scheme MP scheme Vertical resolution Modification

Control (Ctrl) YSU Thompson Default 64 η-level —
PBL-1 MYJ Thompson Default 64 η-level —
PBL-2 ACM2 Thompson Default 64 η-level —
MP-1 YSU Thompson Default 64 η-level Temperature at start of

ice nucleation = 263 K
MP-2 YSU Thompson Default 64 η-level Temperature at start of

ice nucleation = 273 K
MP-3 YSU Thompson Default 64 η-level Nd = 25 cm−3

VR YSU Thompson Modified 64 η-level Homogenization of the
levels within the MABL.

3.2.3 Vertical Resolution (VR) Experiment265

The vertical levels in the model are configured as in (Huang et al., 2014), which266

include 64 η-levels with 21 levels within the lowest kilometer. However, observations (pre-267

sented in Section 4.1.1) show that low-level clouds were present primarily between 1 and268

2 km in this case. To examine the effect of the vertical resolution in the cloud simula-269

tions, we modified the vertical resolution by adding new levels and changing the verti-270

cal spacing between them within the cloud layer.271

A summary of the sensitivity experiments undertaken in this study is provided in272

Table 2.273

3.2.4 Sea Surface Temperature and Fluxes Biases274

The sea surface temperature (SST) for ERA-Interim, ERA5 and the Modern-Era275

Retrospective analysis for Research and Applications, Version 2 (MERRA-2) are biased276

between March 22 and March 26 2016 for the study region, with a sudden increase of277

∼6◦C on March 22 (Fig. S1 in supporting information). Bharti et al. (2019) notes that278

no ship observations of SST and dependent surface fluxes were available from 22-26 March279

due to ship maintenance. At this time the SST instrument had been pulled from the ocean280

and was on the deck of the ship, inadvertently producing biased observations (Fig. S1)281

Unfortunately, these errant SST observations are evident in the reanalysis products.282

This warmer bias will increase the difference between SST and air temperature, which283

might lead to a stronger net surface heat flux. Previous numerical studies have demon-284

strated that an increase in the surface latent heat flux (LHF) as response to a warmer285

SST plays an important role in generating a systematic decoupling (e.g., Bretherton &286

Wyant, 1997; Sandu & Stevens, 2011).287

4 Results288

4.1 Precipitation, Cloud Structure and Microphysics Observed289

The CAPRICORN 2016 observations of this case study allow us to raise a funda-290

mental question about the importance of open MCC ice processes in enhanced intensity291

of surface precipitation over this region. To better understand the potential role of the292

ice in precipitation from open MCCs, we first examine shipborne observations and re-293

trievals of low-level mixed-phase clouds.294
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4.1.1 Shipborne Measurements295

The thermodynamic phase of the precipitation in the shallow convection is well char-296

acterized by the Radar-lidar merged product (Fig. 2a), where the observed cloud field297

was present primarily below 2.5 km. The phase classification shows that these clouds are298

predominantly mixed phase, with patches of SLW between regions of uncertain classi-299

fication (i.e. mixed or ice phase). The lidar depolarization ratio was used to determine300

the phase of precipitation at cloud base (Fig. 2b), following the methodology described301

in Mace and Protat (2018b). Critical thresholds for liquid- and ice-phase layers were cho-302

sen to be ≤ 0.02 and ≥ 0.03, respectively. To identify these thresholds, Mace and Pro-303

tat (2018b) examined the distributions of the lidar depolarization ratio for layers that304

were certainly liquid and layers that were certainly ice phase. No ice layers were found305

to have a depolarization ratio of less than 0.03 during CAPRICORN campaign. Cloud306

layers with ratios between 0.02 and 0.03 were classified as ambiguous and were not as-307

signed as a specific phase. A detailed description of the threshold definitions and asso-308

ciated uncertainties is discussed in Appendix B of Mace and Protat (2018a). The lidar309

depolarization ratios near cloud base suggest that the precipitating ice was intermittently310

detected at heights above the freezing level throughout the open MCC period.311

The lidar deporalization ratio and Radar-lidar phase classification at cloud base312

have an agreement of 72% during both open and closed MCC periods. In a sensitivity313

test (not shown) with the lidar depolarization threshold set to 0.05, the agreement be-314

tween the two phase classifications was found to be 73%. The presence of ice in the radar-315

lidar merged product and the common presence of precipitating ice by lidar depolariza-316

tion ratio in the open MCC suggest that ice processes may be closely linked to the de-317

velopment of precipitation. While both phase classifications suffer from inherent uncer-318

tainties and limitations, an additional source of evidence can be observed in the Doppler319

vertical velocities from the radar (Fig. S2, in supporting information). Figure S2 shows320

a 12-hour example during the open MCC period, where a sharp transition in Doppler321

vertical velocities at about 1.2 km height is observed, consistent with the radar reflec-322

tivity, which indicates the presence of ice above and melted ice below. Doppler vertical323

velocity is not included in the manuscript because the cloud radar was not mounted on324

a stabilized platform yet during this field campaign.325

Time series of observed temperature, relative humidity and precipitation from the326

ship show that the cold front passed the ship between 1400 UTC on 25 March and 0600UTC327

on 26 March (Fig. 2a). The frontal precipitation had a peak rate of 2.5 mm h−1 (1 min328

resolution) and a total accumulation of 16.5 mm, before the launch of the first radiosonde329

at 2157 UTC on 25 March. After the frontal band passed the ship, the temperature dropped330

by 5◦C and the relative humidity dropped from ∼80% to ∼60% until 0700 UTC on 26331

March. The wind speed decreased as well, while the surface wind direction changed from332

northwest to southwest and then remained westerly through the rest of the open MCC333

period (Fig. 2c). A cloud-free non-precipitating slot immediately after the frontal pas-334

sage is observed, until approximately 0800 UTC on 26 March, when the disdrometer started335

to detect precipitation (liquid phase only) generated by the open MCC clouds at notably336

higher rates (5.9 mm hr−1 peak), compared to the frontal precipitation. Figure 2e shows337

the time series of reflectivity profiles from the Radar-lidar merged product, where it is338

possible to observe cloud-free areas and intermittent open MCC clouds with high reflec-339

tivities (>10 dBZ) associated with precipitation that reached the sea surface, as observed340

by the disdrometer. 95% of the heavy precipitation, defined as > 1.5 mm hr−1 over the341

SO (Z. Wang et al., 2015; Lang et al., 2020), is associated with profiles of mixed- or ice-342

phase clouds. The disdrometer measures the particle diameter for recorded precipita-343

tion. No significant differences are observed in the drop size distributions between the344

different periods. The heaviest precipitation from the open MCC clouds is associated to345

cloud-top heights between 2.7 and 2 km (Fig. 2a,d). The subsequent closed MCC cloud346
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Figure 2. (a) Cross-section of the cloud-phase product. Dashed blue lines indicate the ap-

proximate launch time of the soundings. Yellow shaded area indicates the approximate time of

the frontal passage and gray shaded area the open MCC period. (b) The lidar depolarization ra-

tio at cloud base, values above 0.03 indicate the likely presence of ice phase precipitation at cloud

base and below 0.02 indicate liquid phase. (c) Time series of surface level wind speed and wind

direction. (d) Time series of surface level precipitation, temperature and relative humidity. (e)

Cross-section of the radar reflectivity. (f) Time series of surface heat fluxes and SST, blue shaded

area indicates the ship’s passage from open to closed MCC. No fluxes and SST observations were

available from 23 to 26 March due to ship maintenance. For Radar-lidar merged product (a) and

(d), temperature contours are from ERA-Interim. Temporal resolution is 1 min for all panels.
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Figure 3. Subperiod during the open MCCs, (a) Cross-section of the radar reflectivity. (b)

Cross-section of copolar lidarattenuated backscatter. Gray circles indicate lidar cloud base. (d)

Time series of surface level precipitation, temperature and relative humidity.

field was below 2 km cloud-top height and the accumulated precipitation for the closed347

MCC at the end of the time series is minimal with 0.55 mm.348

During the period of open MCC, a consistent relationship between precipitation349

and the thermodynamics measured on the ship is evident. From roughly 0800 UTC on350

26 March, the occurrence of peak rain rates (Fig. 2d) and high radar reflectivity in the351

open MCC (Fig. 2e) are associated to periods of decreased air temperature and increased352

relative humidity (e.g., 1300, 1600, 2100 UTC on 26 March). Indeed, during the 36-hour353

open MCC period, the temperature drops (about 0.6◦C) are recorded 34% of the time,354

coinciding with the precipitation as observed by the disdrometer and/or the cloud radar.355

A shorter 6-hr period is shown in Fig. 3 to illustrate a more detailed thermodynamic struc-356

ture and surface observations of the open MCC clouds, which includes the copolar lidar357

backscatter and cloud base height (Fig 3b). Both the lidar and the radar observations358

(Fig. 3a,b) show two distinct layers of cloud, the lower layer at ∼1 km as observed at359

21:00 UTC and the upper layer at ∼2.5 km at 21:40 UTC, which are thermodynamically360

decoupled. The cold pools are commonly observed for ∼50-110 min before the temper-361

ature returns to values typical of the rest of the surface layer. The strength of the ob-362

served cold pools are not directly correlated to the strength of observed precipitation,363

but that is not expected given the intermittent nature of shallow convection. These sur-364

face layer cold pools presumably affect the sensible heat flux (SHF) and LHF (Fig. 2f).365

The colder surface air temperature leads to an increase in SHF because the larger dif-366

ference between sea surface temperature (SST) and air temperature. It also results in367

higher relative humidity, which reduces the evaporation and therefore LHF. Further, both368

temperature and SHF recovers faster to mean values than the relative humidity and LHF.369

The net surface heat flux is actually observed to be reduced during episodes of cold pools.370
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Figure 4. Contoured frequency with altitude (CFAD) diagrams for the open MCC period of

(a) observed radar reflectivity (1-min resolution) and (b) simulated reflectivity with attenuation

for the Ctrl simulation (30-min resolution).

The radar reflectivity for the open MCC period can be compiled into a vertical dis-371

tribution plot known as contour frequency by altitude diagrams (CFAD, Fig 4a) (e.g.,372

Huang, Protat, et al., 2015). In the upper branch, the reflectivity increases towards low373

altitudes, which reflects particles growing in size as they collect other particles. Evidence374

of a melting layer is identified near 1.1 km, which corresponds to the transition from ice-375

phase precipitation (when T< 0◦C, reflectivity <5 dBZ) to warm precipitation (when376

T> 0◦C, reflectivity >5 dBZ), until reaching the maximum frequencies in range 2-2.6377

km. This CFAD structure suggests the presence of ice in the observed shallow clouds.378

The ship passed from open to closed MCC in the same post-frontal air mass be-379

tween 1000 UTC and 1730 UTC on 27 March. Surface heat fluxes and SST (Fig. 2f) are380

observed to increase during this passage, the LHF increases from ∼123 to 158 W m−2
381

and the SHF increases from ∼21 to 33 W m−2, while the SST increases by ∼1◦C at 1100382

UTC. A temperature drop is observed as well, about 1◦C colder than during the open383

MCC, increasing the air-sea temperature difference. Consistently heat fluxes become stronger384

during this passage and the subsequent closed MCC period. At this point, during the385

passage, precipitation is minimal.386

Three upper-air soundings were launched after the front passed the ship (2157 UTC387

on 25 March, 0142 and 0624 UTC on 26 March, respectively), two of them during the388

non-precipitation period, and the last one at the beginning of the open MCC period (Fig.389

2a). Figure 5 shows the sounding profiles interpolated to the 64 η-levels as in the numer-390

ical simulations, the vertical wind shear is simply defined as
√

∆U2 + ∆V 2/∆z. For all391

soundings, mixing ratio profiles show that the turbulence was not able to maintain a sin-392

gle well-mixed layer throughout the boundary layer. The depth of the main inversion393

is observed to gradually grow from approximately 1.5 km to 2.4 km after the front pas-394

sage, consistent with the climatological structure found in Lang et al. (2018). The tran-395

sition layer is observed to reach a maximum height of 1.7 km at 0624 UTC. The three396

upper-air soundings and the Radar-lidar merged observations (Fig. 2a,e) exhibit evidence397

of decoupling, with the transition layer separating two distinct layers of clouds, a stra-398

tocumulus upper layer and a cumulus layer that was emanating probably from the surface-399
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flux-driven turbulence. The temperature of the stratocumulus layer near the main in-400

version was about -8.8◦C at 0624 UTC (third sounding).401

4.1.2 Satellite Data402

Retrieved cloud properties of Himawari-8, at 1000 UTC on 26 March 2016, are shown403

in Fig. 6a,b. The most immediate feature is a widespread open MCC cloud field over404

a region of cold-air advection in a southwesterly flow (Fig. 1c). Consistent with the time405

series of the shipborne Radar-lidar merged cloud-phase product (Fig. 2a), Himawari-8406

shows an extensive field of open MCC dominated by supercooled and mixed-phase cloud407

tops at CTT below freezing, while ice phase was only occasionally present, primarily as-408

sociated with the frontal clouds.409

Examining the cloud-top phase properties, Fig. 7 shows the histogram of the rel-410

ative frequencies of the CTP decomposed as a function of temperature for Himawari-411

8 observations. This histogram is calculated following the ship-track across the full du-412

ration of the open MCC clouds. The histogram shows primarily CTT warmer than -10◦C,413

consistent with the temperature profiles in Fig. 5. The peaks at warm temperatures (from414

0◦ to 10◦C) highlight the prevalence of primarily liquid boundary layer clouds, where the415

cumulative frequency of warm cloud tops is approximately 41%. In temperature ranges416

between 0◦C and -5◦C, the relative frequency of liquid cloud tops decreases to 7%, while417

the relative frequencies of SLW (13%) and mixed-phase cloud tops (5%) increase. The418

ice cloud tops, found below -15◦C (12% of the total cloud cover), and they are mainly419

associated with some cloudy remnants of the frontal passage at the beginning of the pe-420

riod and some patchy high-level cirrus in the post-frontal environment.421

Himawari-8 observations show open MCC cloud-top heights located between 2100422

and 1900 m, and lower heights for the closed MCC period (1800 m average). As reported423

by Huang et al. (2019), cloud-top heights from Himawari-8 observations agree reason-424

ably well with the Radar-lidar observations from CAPRICORN 2016. Fig 2 shows that425

cloud-top height for the open MCCs is in the range 2-2.7 km, higher than the cloud-top426

height for the closed MCC which is mostly below 2 km.427

4.2 Model Simulations428

The previous analysis in section 4.1 suggests that ice processes may be important429

for the development of precipitation in the open MCC and the subsequent cold pools.430

To test this hypothesis, numerical simulations including a set of sensitivity experiments431

were performed using a convection-permitting WRF model. To the extent the simula-432

tions reproduce reality, the relative importance of some microphysical processes and bound-433

ary layer dynamics will be explored.434

4.2.1 Control Simulation of Precipitation, Cloud Structure and Micro-435

physics436

Time series of observed winds, temperature, moisture and precipitation from the437

ship are directly compared to the WRF simulations (Fig. 8). The timing of the winds,438

temperature and moisture in the simulations is generally in good agreement with the ob-439

servations. Both the temperature and specific humidity (q) from the simulation and ob-440

servations match reasonably well (Fig. 8c,d). The largest differences between the observed441

and simulated time series are in the precipitation (Fig. 8e,f). While the precipitation rates442

are overestimated during the frontal passages (March 25, 1400-1800 UTC), the simula-443

tion is able to reproduce the cloud-free slot right after the front. In the open MCC pe-444

riod, both simulated and observed accumulated precipitation are in the same range 4-445

4.5 mm, but observed precipitation is more homogeneously distributed in time compared446

to the simulation, which appears to be spikier with a few high peaks. The simulated tem-447
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Figure 5. Thermodynamic profiles of potential temperature (θ), mixing ratio and wind shear

obtained from shipborne upper-air soundings. Solid blue lines correspond to main inversion

heights and dashed lines to transition layer heights. Solid red lines correspond to the lifting

condensation level (LCL). The µ values for each transition layer are 4.7, 0.6 and 1.3 K hPa−1,

respectively.
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Figure 6. Himawari-8 observations and control simulated cloud-top properties at 10:00 UTC

on 26 March 2016. (a) Himawari-8 CTT, (b) Himawari-8 CTP, (c) Base simulated CTT, (d)

Base simulated CTP. Black dots mark the location of the R/V Investigator. A simple diagnostic

scheme [see Huang et al. (2014)] based on the relative fraction of liquid water to total water, and

cloud top defined at 0.1 cloud optical thickness from the top of the model is applied to examine

cloud-top properties.

0 10 20 30 40 50
Percentage (%)

-50
-45
-40
-35
-30
-25
-20
-15
-10

-5
0
5

10
15

Te
m

pe
ra

tu
re

 (o C
)

(a)

0 10 20 30 40 50
Percentage (%)

(b)

ice mix slw liquid

Figure 7. Histogram of relative frequencies of CTP (ice, mixed phase, SLW and liquid water)

decomposed into 5◦C temperature bins during the open MCC period for (a) Himawari-8 and (b)

Ctrl simulation, following the ship-track across the full duration of the open MCC clouds.
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perature (Fig. 8c) is less variable and less correlated with the precipitation (Fig. 8e),448

with weaker signals of the cold pools in the Ctrl simulation compared to the observed.449

Simulated surface fluxes are shown in Fig. 8g,h. Both LHF and SHF are overestimated450

during the open MCC period until ∼1100 UTC on 27 March, then the SHF is under-451

estimated until the end of this period. The LHF follows a decreasing path from the open452

to closed MCC periods. For the transition period from open to closed MCC, the sim-453

ulated temperature and q are able to capture the decreasing tendency during this tran-454

sition (Fig. 8c,d). In contrast to the observed transition period, the simulated fluxes de-455

crease, reaching a minimum during the closed MCC period at the end of the time series,456

yet the values match the observations. The Ctrl simulation continues to produce pre-457

cipitation during the closed MCC period, whereas observations record little precipita-458

tion at that time. As mentioned above, the initial boundary conditions show that ERA-459

Interim poorly captured SST, with a difference ∼4◦C higher than observed at the be-460

ginning of the open MCC period and decreasing in time towards the closed MCC period461

(Fig. S1). This bias in the SSTs is reflected in the simulated SHF and LHF (Fig. 8g,h)462

through much of the first 48 hours of the simulation. The enhanced surface fluxes very463

likely affect the structure of the MABL including the strength of any decoupling and height464

of the inversion, but the extent of the impact is difficult to quantify.A model intercom-465

parison study on simulations of stratocumulus-to-cumulus transition during a cold-air466

outbreak over the North Atlantic Ocean Tomassini et al. (2017) found that differences467

in surface fluxes not affect the qualitative behavior of the models in reproducing the bound-468

ary layer structures because not all models specified the same SSTs in their simulations,469

although the SST differences between the different models are ∼2◦C in their study, half470

of our simulation bias.471

A direct comparison between radar observations and the simulations was imple-472

mented by using the radar simulator QuickBeam (Haynes et al., 2007), which outputs473

the simulated reflectivity using the simulated mixing ratios of the hydrometers (Fig. 4b).474

The simulated CFAD looks much patchier, with the absence of an ice-growing pattern475

in cloud and a melting layer. There is also a lack of simulated reflectivity greater than476

10 dBZ in the boundary layer. This comparison suggests that the Ctrl simulation un-477

derrepresents the ice processes in these shallow clouds. Time series of simulated reflec-478

tivity are included in the in supporting information (Fig. S3).479

Figure 9 compares the soundings with the simulated profiles averaged from the 25480

nearest grid points in the 1 km domain for the Ctrl simulation. The simulated profiles481

do not properly reproduce the main inversion heights in the first and third profiles, with482

heights of 2.1 and 2.0 km respectively. The transition layer is not evident in the first sound-483

ing, while for the second and third soundings this layer is at 1.2 km (µ values 0.32 and484

0.67 K hPa−1, respectively). In general, the simulation is unable to reproduce the growth485

of the MABL height in the post-frontal air-mass as recorded by the three soundings. Fur-486

ther, the simulation overestimates the humidity within the boundary layer for all the sound-487

ings, especially in the first one, where the dewpoint is overestimated by ∼3◦C and the488

moist layer height is ∼500 m deeper than observed (not shown). The decoupling in the489

boundary layer is not fully captured by the simulation. Instead, the humidity profiles490

suggest that the simulated MABL is generally more well mixed compared to the observed.491

It is noted that wind shear strength is underestimated in the simulations, which may be492

partly attributed to deficient wind shear in the lateral boundary conditions from ERA-493

Interim (Fig. 9). The underrepresentation of cold pools could further correspond to the494

underrepresentation of decoupling in the simulations.495

Figure 6 shows the simulated CTT and CTP from the Ctrl simulation at 1000 UTC496

on 26 March 2016. Simulated CTP and CTT are defined by Huang et al. (2014) diag-497

nostic method, which is based on the relative fraction of liquid water to total water at498

0.01 optical depth from cloud top. In contrast to the observed CTP, the simulated cloud499

tops are dominated by SLW, with little evidence of glaciation or mixed phase. The sim-500

–17–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to JGR: Atmospheres

3

6

9

12

15

18

W
in

d 
Sp

ee
d 

(m
 s

1 )

(a)

Obs WRF-Ctrl
120

180

240

300

360

W
in

d 
D

ire
ct

io
n 

(o )

(b)

8

10

12

14

16

Te
m

pe
ra

tu
re

 (o C
)

(c)

3
4
5
6
7
8
9

10

q 
(g

 k
g

1 )

(d)

0.0

0.3

0.6

0.9

1.2

1.5

Pr
ec

ip
. r

at
e 

(m
m

 h
1 )

(e)

0

2

4

6

8

10

12

Ac
cu

m
. P

re
ci

p.
 (m

m
) (f)

25/12 25/18 26/00 26/06 26/12 26/18 27/00 27/06 27/12 27/18 28/00
0

50
100
150
200
250
300
350
400

LH
F 

(W
 m

2 )

(g)
Obs WRF-Ctrl ERAI

25/12 25/18 26/00 26/06 26/12 26/18 27/00 27/06 27/12 27/18 28/00
0

20

40

60

80

100

120

SH
F 

(W
 m

2 )

(h)

Figure 8. Time series of meteorological variables for shipborne observations and WRF Con-

trol simulation. The temporal resolution is 30 min. (a) wind speed (m s−1), (b) wind direction

(◦), (c) air temperature (◦C), (d) specific humidity q (g kg−1), (e) precipitation rate (mm h−1),

(f) accumulated precipitation (mm), (g) surface latent heat flux (LHF) and (h) surface sensible

heat flux (SHF). Fluxes plots include ERA-Interim. Dashed green lines indicate the approximate

launch time of the soundings. Blue shaded area indicates the approximate time of the frontal

passage, while gray shaded area indicates the open MCC period.
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Figure 9. Observed, simulated and ERA-Interim thermodynamic profiles of mixing ratio and

wind shear for the Ctrl simulation and the different PBL and VR experiments.
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ulation produces a narrower range of CTT, primarily between -5 and -15◦C with an ab-501

sence of temperatures above freezing. Further, Himawari-8 reveals a west-east gradient502

of CTT increasing from temperature range -10 to 10◦C to warmer temperatures in range503

-5 to 15◦C, which is largely missed in the simulation. Overall, the simulation produces504

a cloud field that is too homogeneous, featuring some linear patterns and a number of505

finer-scale open cells. The underrepresentation of ice- or mixed-phase cloud tops is also506

observed in the histogram of the relative frequencies of the simulated CTP decomposed507

as a function of simulated temperature (Fig.7b). The histogram shows primarily SLW508

cloud tops between 0 and -10◦C. There is also an underestimation of the MCC clouds509

in the western part of the domain, although a few patches of uniform warm clouds are510

simulated. For the relative frequency following the ship-track across the duration of the511

MCC (not shown), virtually all simulated cloud tops are in SLW phase residing in the512

temperatures range of 0◦C and -10◦C, with little evidence of other phases. Differences513

in the total cloud fraction are also found, with 91% for Himawari-8 and 49% for Ctrl sim-514

ulation; note that the treatment of partly cloudy pixel in Himawari-8 might overestimate515

the cloud fraction (Huang et al., 2019).516

The corresponding simulated vertical velocities from the two innermost domains517

(3 km and 1 km) are shown in Fig. 10. For both domains, cellular patterns (e.g., rings)518

of vertical velocity are discernible over an extensive area south of Tasmania, indicating519

the circulation associated with the cells. Despite the ring-structure being simulated, the520

horizontal sizes of the cells are much smaller in the simulation than in the satellite im-521

age (Fig. 6a,b) . Some regions of the vertical velocity field show unrealistic patterns. For522

instance, the lack of vertical motion in the southwestern portion of the domain corre-523

sponds to the lack of open MCC in the simulation (Fig. 6d).524

4.2.2 Sensitivity Study525

In order to investigate possible reasons for the model deficiencies in simulating the526

open MCC, MABL characteristics and surface precipitation, a series of numerical sim-527

ulations are conducted including experiments with different PBL schemes, different and528

modified MP schemes and vertical spacing (Table 2).529

The three PBL schemes tested are able to reproduce areas of open MCC that fol-530

low the frontal passage and after the non-precipitating (dry) slot (not shown). The low-531

lying warm and mixed-phase clouds, however, remain significantly underrepresented. The532

first two simulated sounding profiles, for PBL-1 and PBL-2 experiments, are less well-533

mixed, compared to the Ctrl one, but the degree of decoupling is still underestimated534

(Fig 9). Moreover, all the PBL runs show a wet bias in the lowest 2 km compared to the535

observed profiles, particularly in profiles 1 and 3, which may be a consequence of the warmer536

SST bias. None of the simulations is able to reproduce the deepening of the MABL height537

as seen in the observations. Similarly, none of the simulations is able to reproduce the538

strong shear associated with the decoupling in the PBL.539

As discussed earlier, the Ctrl simulation is not able to reproduce mixed cloud-top540

phase because the SLW is not transforming into ice particles in the simulated environ-541

ment. The Cooper parameterization to initiate ice in the Thompson scheme is based on542

a temperature-dependent value of -20◦C. To force the model to produce more ice at warmer543

temperatures, as the observations suggest, experiments were performed with this thresh-544

old relaxed to warmer temperatures -10 and 0◦C (MP-1 and MP-2, respectively). As the545

temperature of -10◦C is attained only in pockets near to the cloud top (Figure 6a), we546

also tested the threshold of 0◦C which would be warm enough for ice to nucleate through-547

out the cloud layer. In addition, in-situ observations suggest a lower Nd for maritime clouds548

over the SO (e.g., Ahn et al., 2017; Huang et al., 2016). Accordingly, a sensitivity ex-549

periment using a value of 25 cm−3 (MP-3) is performed with the expectation that the550

lower Nd may facilitate the production of larger droplets. Having larger droplets will in-551
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Figure 10. Simulated vertical velocity field at ∼250 m height on 26 March 2016, 10:00 UTC.

The horizontal grid spacing of the model is (a) 3 km, domain 3 and (b) 1 km, domain 4.
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Figure 11. Time series of precipitation for shipborne observations and MP sensitivity exper-

iment simulations, (a) precipitation rate (mm h−1), and (b) accumulated precipitation (mm).

Blue shaded area indicates the frontal passages, while gray shaded area indicates the open MCC

period. The temporal resolution is 30 min.

crease the rate at which graupel collects liquid water, which can increase the rate of the552

Hallett-Mossop rime splintering, all else being constant.553

Figure 11 shows the time series of the observed precipitation rate and accumulated554

precipitation with the Ctrl simulation and three MP sensitivity runs. The four simula-555

tions reproduce a peak around 1830 UTC on March 25 during frontal passage, most no-556

tably in MP-1 (2.25 mm h−1) when the primary ice-nucleation temperature is set to -557

10◦C. During the open MCC period between 1200 UTC on 26 and 0600 UTC on 27 March558

the accumulated precipitation is better captured by the MP-1 and MP-3 experiments,559

while the Ctrl and MP-2 experiments largely overestimate the accumulation with a sin-560

gle peak at 2130 UTC on 26 march. While none of the MP simulations are able to sub-561

stantially improve the total accumulated precipitation amount, it is noted that MP-2 shows562

more skill in reproducing the accumulated precipitation from the open MCCs compared563

with the frontal passage and is more consistent with the observations. This suggests that564

increasing ice production in the model may be important in simulating precipitation in565

these shallow mixed-phase clouds over the SO.566

Changing the ice-nucleation temperature is expected to affect how much mixed-567

phase cloud exists in the simulation. The amount of ice produced by a primary nucle-568

ation is expected to be very small due to low cloud condensation nuclei concentrations.569

After an initial depositional growth, the seeded ice particles could lead to further deple-570

tion of water vapor and liquid water content, provided suitable conditions (e.g., verti-571

cal velocities) apply. In reality, this is likely to be very rapid for ice embedded in liquid572

water cloud. The simulation of the initial ice growth is very sensitive to the details of573

how the deposition-rate and ice-nucleation parameterizations interact.574
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Figure 12. Time series of vertical profiles of the simulated (a) liquid (shaded) with rain (or-

ange lines with 0.8 g kg−1 interval) mixing ratios, (b) small ice particles (shaded) with total big

ice hydrometeors (orange lines with 0.8 g kg−1 interval) for (a-b) Ctrl, (c-d) MP-1, (e-f) MP-2

and (g-h) MP-3 simulations following the ship track, overlayed with the simulated temperatures

(green contours) and wind vectors (50 vertical wind × N-S wind). The temporal resolution is 30

min.

Figure 12 shows the time series of vertical profiles of mixing ratios of different hy-575

drometeor species taken from the Ctrl and all the MP runs, following the ship track. All576

simulations are dominated by liquid phase (cloud liquid + rain) clouds, primarily SLW,577

between altitudes of 1 and 2.5 km and at temperatures warmer than -10◦C. The differ-578

ences in the simulated solid phases are discernible (right panels) among the four simu-579

lations. Not surprisingly, MP-2 produces the largest amount of total ice (ice, snow and580

graupel). Note the snow and graupel mixing ratios in MP-2 are about one order of mag-581

nitude larger than in Ctrl and MP-3. Much larger ice (snow+graupel) mixing ratios in582

the MP-2 run suggest that riming and aggregation processes are enhanced, leading to583

higher depletion of SLW. More rain is produced for all the sensitivity experiments in com-584

parison to Ctrl, which is not a surprise given that the intent of the changes is to enhance585

ice production within the mixed-phase clouds. One exception is MP-3, which produces586

the greatest amount of precipitation with a maximum rain water mixing ratio of 0.34587

g kg−1. The increased precipitation in MP-3 is due, primarily, to efficient warm rain pro-588

cesses resulting from the increased droplet size (Fig. 12g), rather than ice multiplication589

at sub-freezing temperatures via Hallett-Mossop processes (Fig. 12h).590

As discussed before, the Ctrl simulation is unable to reproduce the evolution of the591

MABL height and it simulates an MABL that is too well mixed compared to the obser-592

vations. One of the possible reasons may be that the vertical resolution in the Ctrl sim-593

ulation is not sufficient to resolve the MABL structure and associated turbulent processes.594
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To examine the role of vertical resolution, a simulation with increased vertical levels through-595

out the cloud layer is also undertaken (VR experiment). This modified 64 η-level spac-596

ing uses a homogenous spacing with 8 hPa interval from the surface (1013 hPa) up to597

the level of cloud top at ∼750 hPa (∼2.5 km), allowing 33 η-levels within the MABL.598

Figure 9 also shows the thermodynamic profiles of the three simulated profiles for the599

VR experiment. The most significant differences are in the first profile, where the VR600

simulation produces a main inversion higher than the Ctrl simulation and much higher601

than the observed profile, with a strong wind shear on the cloud top. The VR simula-602

tion also differs in the moisture content compared to the Ctrl simulation, featuring a drier603

MABL and less surface precipitation (not shown). Further, the simulated wind shear does604

not reproduce changes of winds across the vertical profiles and the decoupling of the cloud605

layer is not captured.606

5 Discussion and Conclusions607

Shipborne and Himawari-8 satellite observations are used to characterize the prop-608

erties of cloud fields and marine atmospheric boundary layer (MABL) thermodynamic609

structure during a sustained period of open mesoscale cellular convection (MCC) on 25-610

27 March 2016 during the CAPRICORN field experiment over the Southern Ocean (SO).611

The observations reveal a widespread shallow convective cloud field spanning thousands612

of square kilometers in the post-frontal sector, with the common presence of supercooled-613

liquid and mixed-phase at cloud-top temperatures down to ∼-9◦C. The majority of these614

open MCC clouds were located near the base of the main inversion and observed to be615

intermittently precipitating.616

During a brief non-precipitating period after the frontal passage, a transition layer617

is detected by three soundings. After the cloud-free slot the ship passed an extensive field618

of open MCC, with signs of ice-phase precipitation at cloud base and an enhanced in-619

tensity of surface precipitation. While ground-based radar-lidar retrievals suffer from in-620

herent uncertainties and limitations, both phase classifications found evidence of ice in621

these clouds. Consistent with these observations,the merged A-Train product raDAR/liDARMASK622

(DARDAR-MASK, Delanoë & Hogan, 2010; Huang et al., 2012) from a nearby overpass623

also shows the presence of ice in this is shallow cloud field (Fig. S4 in supporting infor-624

mation). The presence of ice-phase precipitation in shallow open MCC clouds is consis-625

tent with an earlier study (Huang et al., 2017), where evidence of secondary ice forma-626

tion (likely via the Hallett-Mossop mechanism) was found in the open MCC over the SO627

using aircraft observations. While ice multiplication is not the only factor that influences628

the precipitation efficiency, this process may be an important step in the development629

of precipitation within open MCC over the SO. The mixed-phase precipitation may fur-630

ther affect the boundary dynamics as it is observed to melt below cloud base, which pro-631

vides immediate cooling to the downdraft in addition to any evaporative cooling. The632

thermodynamic effects of this freezing/melting of precipitation potentially offers a ma-633

jor point of difference between SO open MCC and the pockets of open cells observed over634

the southeast Pacific (Stevens et al., 2005); the secondary ice production in-cloud and635

melting below cloud introduces a unique decoupling mechanism to this environment. Co-636

inciding with the open MCC clouds, surface temperature showed evidence of cold pool637

formation in the wake of precipitation. These cold pools were evident for approximately638

1 to 2 hours in duration, and they commonly decreased the observed surface air temper-639

ature by 1 to 2 degrees, similar to observations of cold pools in the wake of trade cumu-640

lus precipitation (Zuidema et al., 2012). Eddy-permitting simulations using prescribed641

surface heat fluxes by Zhou et al. (2018) found that MCC cloud morphology was more642

strongly influenced by moisture stratification than moist cold pools. They also found that643

interactive fluxes had no qualitative impact on their results. This is in contrast to this644

case study where the observed heat fluxes directly responded to the cold pools. We note645

that previous studies have suggested that for open MCC formation and organization, evap-646
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orative cooling from precipitation is a fundamental driving process (Savic-Jovcic & Stevens,647

2008; H. Wang & Feingold, 2009a). We further note that the simulations of Zhou et al.648

(2018) were based on field observations of pockets of open cells from the VOCALS-Rex649

field campaign (Wood et al., 2011). These pockets of open cells were observed over warmer650

waters at lower latitudes with no evidence of ice being present.651

The mid-latitude SO is a region characterized by a high density of extra-tropical652

cyclones and fronts (e.g., Hoskins & Hodges, 2005; Simmonds & Keay, 2000). Many stud-653

ies have attributed a large percentage of precipitation to cold-front passages. For instance,654

Catto et al. (2012) employed the Global Precipitation Climatology Project (GPCP), at-655

tributing most (70-90%) of the precipitation to frontal systems in this region. Z. Wang656

et al. (2015), employing the surface observations at Macquarie Island (54.62◦S, 158.85◦E),657

estimated the fraction to be ∼60%. In our case study, surface precipitation generated658

by the open MCC clouds in the post-frontal air mass was observed to have notably higher659

rates compared to the frontal precipitation. This finding is consistent with the clima-660

tology presented in Lang et al. (2018), who used long-term surface precipitation obser-661

vations from Macquarie Island to find that the ERA-Interim reanalysis systematically662

underestimates precipitation not directly associated with cold fronts by 11%. These re-663

sults further highlight that precipitation from shallow convection may play an impor-664

tant role in the precipitation budget over the SO.665

After the open MCC clouds the ship passed into a cloud field with a larger cloud666

coverage composed of closed MCC. During a transition period between these two cloud667

morphologies on 27 March, the precipitation was considerably lower and remained min-668

imal during the closed MCC period. The air-sea temperature difference increased due669

to warmer sea surface temperatures (SST), coinciding with a decrease in the air temper-670

ature, which led to a stronger net surface heat flux, remaining during the closed MCC671

period. Over the subtropics cloud-topped boundary layer, a link between warming SST672

and increases in the surface latent heat flux (LHF) is a driving mechanism of decoupling673

by enhancing buoyancy in the cloud layer faster than in the subcloud layer (e.g., Brether-674

ton & Wyant, 1997), which suggests that during the closed MCC period the LHF might675

be generating a systematic decoupling. However, there was no sounding launch during676

this period to test this hypothesis. The observations were used to evaluate a series of high-677

resolution WRF simulations, including a series of experiments with modified physical678

parameterization schemes and model vertical resolution. Although the control (Ctrl) sim-679

ulation demonstrated a level of skill in representing surface meteorological variables, the680

simulations are found to have difficulties in producing post-frontal open MCC cloud fields,681

mixed-phase cloud tops, and surface precipitation. Shipborne and Himawari-8 satellite682

observations showed an extensive field of open MCC clouds in the range of temperatures683

between -10 and 10◦C, yet the simulations have difficulties in producing the observed684

morphology and microphysical characteristics. Further, a warm bias of ∼4◦C is identi-685

fied in the ERA-Interim SST during the open MCC period, which may explain the over-686

estimation of surface fluxes in the simulations.687

The simulations (Ctrl and sensitivity experiments) showed a more well mixed MABL,688

underestimating the degree of decoupling. The underrepresentation of decoupling may689

be linked to the underrepresentation of cold pools as a result of suppressed evaporative690

cooling. The latter is consistent with the overestimation of the humidity within the MABL,691

which corresponds to the underestimate of wind shear strength in the simulations. Fur-692

ther, none of the PBL schemes (YSU, ACM2 and MYJ) is able to reproduce the deep-693

ening of the MABL height as seen in the sounding observations. Stronger surface heat694

fluxes and the corresponding stronger mixing within the MABL may be also linked to695

this bias in the decoupling.696

The simulation with the Thompson scheme underpredicted the frozen hydrome-697

teors at sub-freezing temperatures while producing large quantities of supercooled liq-698

uid clouds. In the MP sensitivity experiments, we forced the Thompson scheme to be699
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more active at removing SLW from the stratiform cloud by initializing ice production700

at warmer temperatures (-10 and 0◦C, MP-1 and MP-2, respectively). These adjustments701

in the Thompson scheme led to a higher production of ice compared to the Ctrl run, which702

represents a limited success of the MP sensitivity experiments. The underprediction of703

ice in the mixed-phase open MCC clouds persisted with a reduced Nd, where the model704

simulated bigger droplets with the expectation of triggering the Hallett-Mossop ice mul-705

tiplication process. All MP sensitivity experiments produced more rain in comparison706

to Ctrl. This is not a surprise given that the experiments were designed to enhance ice707

production within the mixed-phase clouds, which would consequently favor rain produc-708

tion. Overall, the sensitivity experiments highlight the importance of ice processes (likely709

secondary ice processes) in precipitation production in the open MCC clouds over the710

SO, consistent with in-situ evidence (Huang et al., 2017).711

Despite being a single case study, this represents a unique set of observations to712

study mixed-phase open MCCs, which are a common feature over the mid-latitude SO,713

particularly under cold air advection (McCoy et al., 2017). Our analysis emphasizes the714

role of ice processes at sub-freezing temperatures in the development of precipitation in715

these clouds and their potential role in decoupling the boundary layer through down-716

drafts and cold pools. As the model simulations showed, the frontal precipitation inten-717

sity is overestimated while the precipitation frequency of the open MCC clouds is un-718

derestimated. This further suggests that some available precipitation products, such as719

reanalysis products (e.g., Lang et al., 2018) and satellite products (e.g., Behrangi et al.,720

2014), may under-represent the frequency and intensity of precipitation generated by shal-721

low convection over the SO that is not immediately associated with fronts. This might722

be partly because current precipitation products are not able to capture the low-level723

cloud structure correctly, which might underestimate precipitation over the SO. An ex-724

haustive evaluation of precipitation reanalysis products and NWP model, plus the iden-725

tification of the key meteorological, dynamical and microphysical processes involved in726

the generation of precipitation using the recent international field experiments conducted727

over the SO would provide a better understanding of precipitation in shallow convection728

and the associated biases.729
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