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Abstract It has been known for decades that advection of a cloud‐topped marine boundary layer
(CTBL) over warmer sea surface causes the stratification (or decoupling) of the CTBL via the
entrainment feedback, a mechanism commonly known as “deepening‐warming” decoupling that is
typical in subtropics. This study focuses on the opposite direction of advection, that is, low‐level warm
air advection (LLWAA), and its impacts on the decoupling degree of a CTBL. Our hypothesis is that
LLWAA stabilizes a CTBL, causing a decoupling of the CTBL. It is tested for three LLWAA episodes
observed during the Measurements of Aerosols, Radiation, and CloUds over the Southern Ocean
(MARCUS) field campaign between the Hobart (43°S, 147°E), Australia, and several Antarctic coast
stations. By synthesizing the shipborne measurements of CTBL structure, Himawari‐8 satellite imagery
of cloud fields, and reanalysis of meteorological field, four common characteristics of CTBLs under
the LLWAA are found: (1) CTBLs are highly stratified to the extent that penetrations of cumulus into
main temperature inversions, which are common for subtropical decoupled CTBLs, do not exist; (2)
sea surface temperature is 1–2 K lower than the near‐surface air temperature; (3) clouds manifest
stratiform with lifetime as long as several tens of hours; and (4) they locate in warm sectors of
middle‐latitude cyclones. Possible mechanisms for the maintenance of decoupled clouds under LLWAA
are discussed in terms of dynamic and thermodynamic factors. Lapse rates of the decoupled CTBLs
are markedly lower than those commonly used for passive satellite estimation of cloud top heights.

1. Introduction

How marine boundary‐layer (MBL) clouds respond to global warming remains a major source of uncer-
tainty that limits the accuracy of projections of future climate (Boucher et al., 2013). The persistent pre-
sence of MBL clouds is largely controlled by the degree they are coupled with surface fluxes (Wood, 2012).
Our theoretical understanding of the surface‐cloud coupling in a MBL is largely based on, if not origi-
nated from, Lilly (1968)'s seminal mixed‐layer model that has been widely considered as the simplest
authentic description of a cloud‐topped MBL (Stevens, 2006). A key assumption underlying Lily's model
is that a cloud‐topped MBL is always well mixed with vertically uniform moist conserved variables (e.g.,
liquid water potential temperature and total water vapor mixing ratio). This well‐mixed state of the
MBL is conventionally called “coupled” and, on the contrary, a state deviated from the well‐mixed state
(e.g., vertical stratification of moist conserved variables) is called “decoupled” (Bretherton & Wyant, 1997;
Dong et al., 2015; Jones et al., 2011; McGibbon & Bretherton, 2017; Nicholls, 1984; Stevens, 2000;
Zheng et al., 2018a).

What causes the MBL decoupling can be understood from a perspective of energetics of a MBL. A coupled
stratocumulus (Sc)‐topped MBL is maintained by an energy exchange between the turbulent kinetic energy
(TKE) and the potential energy of the mean fluid. TKE generated by cloud‐top radiative cooling or surface
buoyancy fluxes is transformed to the potential energy for sustaining a well‐mixed state. Decoupling occurs
when the TKE is not adequate for supplying the energy needed for well mixing the MBL. This energetic per-
spective classifies decoupling mechanisms into two categories: (1) decrease in the TKE supply and (2)
increase in the demand for TKE for maintaining “well‐mixedness.” The former primarily refers to the weak-
ening in cloud‐top radiative cooling such as the insolation‐induced decoupling of MBL during daytime
(Nicholls, 1984). The later includes the precipitation‐induced stabilization (Wood, 2012) and the deepening
of a Sc‐topped MBL that ventilates warm free‐tropospheric air into the MBL (Bretherton & Wyant, 1997), a
TKE‐consumption process.©2019. American Geophysical Union.
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These decoupling mechanisms have been extensively studied by field
campaign observations and numerical simulations, but the majority of
these studies are for subtropical environments where MBLs are
advected over warmer sea water (Figure 1a). The cold thermal advec-
tion allows the MBL to remain convective so that the decoupled layer
(the layer between surface mixed layer and the elevated Sc cloud base)
is often conditionally unstable (Wood & Bretherton, 2004). This allows
the underlying cumulus clouds to penetrate through the decoupled
layer and feed the decoupled Sc decks, forming a cumulus‐coupled
MBL. This is the reason why decoupled MBLs are often more precipi-
tating than the coupled MBLs due to the deep cumuliform clouds
(Martin et al., 1995; O et al., 2018; Zheng et al., 2018a). This mechan-
ism, however, is unlikely to be present under low‐level warm air
advections (LLWAA; Figure 1b). Being advected over colder sea sur-
faces, the subcloud layer is stable, which is unfavorable for the vertical
development of cumulus clouds. The coupling properties of MBLs
under such LLWAA have been less studied in comparison with

those in low‐level cold air advections (LLCAA). Possible reasons for the unpopularity are twofold.
First, among regions where extensive Sc decks occur, the semipermanent Sc sheets near west of the
subtropical continents have been receiving the most attention because of the climatologically high
cloud coverage and the strong solar illumination. Thus, previous field experiments are concentrated near
these regions where LLWAA samples are scarce due to the prevalence of cold ocean currents. Second,
satellite data have been used to associate the cloud properties with horizontal thermal advections
(Agee, 1987; Muhlbauer et al., 2014; Norris & Iacobellis, 2005; Wall et al., 2017), but satellite observa-
tions do not portray the coupling detail of a MBL. Although this issue is being moderated by the
advent of active satellite sensors that profile the vertical structures of MBLs (Goren et al., 2018;
Luo et al., 2016), the vertical resolution is poor given the shallowness of MBLs. In practice, the only
accurate way to characterize the coupling state of a MBL is through field experiments equipped with
adequate instrumentation.

Southern Ocean is a region where LLWAA frequently occurs (Wall et al., 2017). Extratropical cyclones
drive southward advections of air masses in the warm sectors of the cyclones, causing the LLWAA. Also, pre-
vious field campaigns document frequent occurrence of decoupled MBLs over this region (Chubb et al.,
2016; Hande et al., 2012; Jensen et al., 2000; Russell et al., 1998). For example, during the Aerosol
Characterization Experiment (ACE‐1), Russell et al. (1998) document a MBL with two‐layer structure: a
classical well‐mixed lower layer and, on top of it, a less‐well‐mixed layer with intermittent occurrence of
clouds. A strong inversion was found on top of the second layer. MBLs with similar two‐layer structure were
also found in Southern Ocean Cloud Experiments (SOCEX; Boers et al., 1998; Jensen et al., 2000), High‐
performance Instrumented Airborne Platform for Environmental Research (HIAPER) Pole‐to‐Pole
Observations (HIPPO; Chubb et al., 2016), and a long‐term ground site on the Macquarie Island (Hande
et al., 2012). These previous works have various focuses, but none of them was dedicated to a detailed exam-
ination of the contribution of LLWAA to the decoupled MBLs. This motivates the present study. We tackle
this problem by using shipborne observations during the Measurements of Aerosols, Radiation, and CloUds
over the Southern Ocean (MARCUS) field campaign. As one of the world's most pristine regions, Southern
Ocean is an ideal region for studying the aerosol cloud‐mediated effect because of the sublinear dependence
of cloud albedo on aerosol perturbations (Carslaw et al., 2013). Given that the MBL decoupling degree mod-
ulates the pathway throughwhich surface‐generated aerosols reach cloud bases, an improved understanding
of the LLWAA‐driven MBL decoupling should help understand the aerosol cloud‐mediated effect and its
climatic impacts.

Data and methodology are described in the next section. A total of three episodes of MBL clouds under the
influence of distinctive LLWAA are found during the MARCUS. Section 3 shows case studies for each
LLWAA event, for which shipborne, satellite imagery, and reanalysis data are synthesized to examine the
key properties of the cloud‐topped MBLs under the influence of LLWAA. Section 4 summarizes the findings
and discusses their implications.

Figure 1. Schematic diagram of response of MBL coupling state to the exter-
nal forcing of thermal advection. Adapted from Zheng et al. (2018b).
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2. Data and Methods
2.1. MARCUS Observations

The MARCUS field campaign is a six‐month‐long ship‐based field experiment conducted between the
Australia and the Antarctic. An Australian vessel, Aurora Australis, carries the U.S. Department of
Energy Atmospheric Radiation Measurement (ARM) Climate Research Facility's second Mobile Facility
(AMR2), routinely travelling between the Hobart (43°S, 147°E), Australia, and several Antarctic coast sta-
tions: Mawson (67.6°S, 62.9°E), Davis (68.6°S, 78.0°E), and Casey (66.3°S, 110.8°E). Each transit between
the Antarctic and the Hobart lasts around two weeks.

The Marine W‐Band (95 GHz) ARM Cloud Radar (MWACR), a vertically pointing Doppler radar operating
at 95 GHz, is used to detect cloud boundaries. Cloud‐base heights are measured by a Vaisala Ceilometer.
Surface meteorological measurements including the near‐surface air temperature (Tair), relative humidity,
and pressure are used to calculate the lifting condensation level using the analytic formula from Romps
(2017). An Infrared Thermometer is used to measure the sea surface temperature (SST). Radiosondes were
launched from the ship 4 times per day. We determine the height of the inversion‐layer base (zinv) by finding
the altitude where the temperature minimizes below the altitude with the strongest temperature inversion.
Surface precipitation rate is obtained from an optical rain gauge (ORG). The ORG works poorly when the
temperature is below 0 °C, which does not affect our analysis because all the three episodes have Tair > 0
°C. There are about four‐month worth of data with most of these instruments functional.

2.2. Himawari‐8 Imagery and Reanalysis Data

Satellite imagery data from the Advanced Himawari Imager onboard the Himawari‐8 are used to examine
the spatial distribution of clouds and their types. We generate multispectral red‐green‐blue (RGB) compo-
sites by combining multiple channels. During the daytime, the conventional “Daytime Microphysical
RGB” scheme (Daniel Rosenfeld & Lensky, 1998) is used. The red, green, and blue components are modu-
lated by the radiances of 0.64, 1.6, and 10.8 μm, respectively. The radiances of these three channels are qua-
litative measures of the cloud optical depth and cloud water/ice amount (redder for optically thicker clouds),
cloud particle size and phase (greener for clouds with smaller particles), and temperature (bluer for cold
objects), respectively. During the nighttime when solar radiation is absent, we use the “Nighttime
Microphysical RGB” instead (Lensky & Rosenfeld, 2008). The red component is modulated by the brightness
temperature difference between the 12.4‐ and 10.4‐μm channels, which, similar to 0.64‐μm reflectance, is a
measure of clouds' opaqueness (Inoue, 1987). The green component is regulated by the brightness tempera-
ture difference between the 10.4‐ and 3.9‐μm channels, which is sensitive to cloud particle size and phase
(greener for water clouds with smaller droplets). The blue component is modulated by 10.4 μm. Table 1 sum-
marizes the receipt for multispectral composition of the two RGB schemes and shows examples of identify-
ing the ocean surface and different types of clouds.

2.3. Reanalysis Data and Backward Trajectory

The European Centre for Medium‐Range Weather Forecasts (ECMWF) Interim reanalysis data are used to
create maps of synoptic meteorology. The reanalysis variables include SST, sea surface pressure, 10‐m wind
speed, and vertical velocity at 700 hPa. The 0.5 × 0.5° Global Data Assimilation meteorology data are used to
drive the Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT; Stein et al., 2015). The
36‐hr backward trajectory computations are run on level of 500 m above the sea surface.

3. Results

We select LLWAA episodes by calculating the low‐level horizontal temperature advection along the 36‐hr
backward trajectory for each air mass that passed through the Aurora Australis:

−
dSST
dt

¼ −V500 m⋅∇SST (1)

where the V500 m is the horizontal wind at 500 m, consistent with the altitude chosen in HYSPLIT simula-
tions. The overbar does not stand for simple average, but the best fit trend of SST along the trajectory during
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the past 36 hr. Low cloud samples (cloud top <3 km) with at least six continuous hours of−
dSST
dt

>1 K=day

are selected as LLWAA events. A total of three episodes of LLWAA with a combined period of ~70 hr were
identified from the four‐month worth of shipborne data. This occupies ~15% of the total low cloud samples.
All the three episodes are located north of 50°S when the Aurora Australis were travelling to or departing
from Hobart, Australia.

3.1. Case Study 1: 28 February–3 March 2018

From the 28 February through 3 March 2018, the Aurora Australis sampled cloud‐topped MBLs that experi-
enced dramatically different low‐level thermal advections. This offers a good opportunity to examine the role
of thermal advection in regulating the coupling state of a cloud‐topped MBL. Figure 2a shows the ship track
(red stars) and 36‐hr backward trajectories from ship locations every 6 hr. The background shading repre-
sents the mean reanalysis SST during this four‐day period. In the beginning, MBL air masses that passed
by the Aurora Australis were from the west. They experienced little SST gradient during the t = −36–0 hr.
After one day, the wind flow passing through theAurora Australis started to shift fromwesterly to northwes-

terly, indicating the occurrence of LLWAA. Near the end of the period
when the Aurora Australis approached Hobart, Australia, winds shifted
to southwesterly direction, suggesting a switch from LLWAA to LLCAA.

Figure 2b shows that the −
dSST
dt

started with weakly positive values and

then increased dramatically after one day. The period of strong LLWAA
lasted for approximately two days and then weakened, eventually shifting
to strong LLCAA in the end. Next, we examine the characteristics of
synoptic maps and the responses of MBLs to the changes in the tempera-
ture advection.
3.1.1. Synoptic Setting
Figures 3 and 4 show the synoptic settings and satellite daytime RGB ima-
geries, respectively, throughout the course of the event. In the beginning
(Figure 3a), theAurora Australis (red star) located near the southern flank
of a high‐pressure system and was under the influence of the westerly
wind. The upstream air masses experienced little SST variation before
being sampled by the Aurora Australis. A low‐pressure center in the
southwest was developing, with a northwest‐southeast cold front swirling
toward the east. From the satellite imageries (Figures 4a and 5a), the
clouds above the ship have extensive cloud coverage with mean visible
reflectance of ~0.4. After 24 hr when the low‐pressure center approached
(Figure 3b), the cold front becomes more north‐south. The northwesterly
winds in front of the cold front brought warm and moist air masses south-
ward over cold sea surfaces. The cloud fields manifest north‐south stripes
(Figure 4b). The clouds over the Aurora Australis (Figure 5b) are optically

Table 1
Receipts for the Multispectral Composition of Daytime and Nighttime Microphysical RGB and Typical Examples

Color beam Channel Range Example

Daytime Microphysical RGB Red 0.64 μm 0–1 Ocean surface: blue
Low clouds: pastel or whitish green, sometimes pinkish
Cirrus/high thick clouds: orange/red‐orange

Green 1.6 μm 0–0.8
Blue 10.4 μm 203–323 K

Nighttime Microphysical RGBa Red 12.4–10.4 μm −6.7–2.6 K Ocean surface: magenta or blue
Low clouds: pastel or whitish green
Cirrus/high thick clouds: black/dark red

Green 10.4–3.9 μm −3.1–5.2 K
Blue 10.4 μm 243.6–292.6 K

aThe receipt is based on the Shimizu (2015) who adjusted conventional standard thresholds of RGB of operational European Organisation for the Exploitation of
Meteorological Satellites (EUMETSAT). The adjusted receipts account for the spectral characteristics differences so that the visualization from the Himawari‐8
RGB imagery is consistent with that from the legacy EUMETSAT.

Figure 2. (a) SST map averaged between 28 February and 3 March 2018.
Aurora Australis locations are marked by the red filled stars every 6 hr.
Red lines mark the 36‐hr back trajectories at 500 m with receptor points at
Aurora Australis. (b) The evolution of the 36‐hr low‐level temperature
advection for air masses went through the ship every 6 hr.
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thinner with smaller fractional coverage compared with the clouds passed through the ship 24 hr ago
(Figure 5a). By tracking the same air masses along the −36–0‐hr backward trajectory from satellite
imageries (Animation S1), we found that the clouds experienced marked decrease in optical thickness and

Figure 3. Mean sea level pressure at DOY (day of year) = (a) 59.25, (b) 60.25, (c) 61.25, (d) 62.25, and (e) 63.00 in 2018. Black arrows stand for themeanwind vectors
at 10 m above the sea surface. The locations of the Aurora Australis are marked by the red filled stars. Blue solid lines mark the cold fronts that are determined
manually.

Figure 4. Himawari‐8 “Day microphysical RGB” composite imageries at DOY = (a) 59.25, (b) 60.25, (c) 61.25, (d) 62.25,
and (e) 63.00 in 2018. The locations of theAurora Australis are marked by the red open circles. Orange solid lines mark the
cold fronts that are determined manually.
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cloud fractional coverage during t = −36–0 hr when the cloud fields were experiencing marked LLWAA.
This is consistent with previous studies suggesting that cloud fractional coverage and optical thickness are
smaller in LLWAA conditions (George & Wood, 2010; Norris & Iacobellis, 2005; Wall et al., 2017; Xu
et al., 2005).

After one day, the frontal system captured the Aurora Australis (Figure 3c). The ship was still undergoing
northerly winds that advected upstream warm clouds over colder sea surfaces in the south. The cloud fields
manifest anvil‐like thin sheets (Figure 5c). There are some reddish regions (larger optical thickness) scat-
tered within the white anvils. As will be shown in the shipborne radar image (Figure 6), these reddish areas
are likely to be the shallow cumulus developed underneath the anvils. Because the subcloud layer is highly
stable due to the LLWAA, the cumulus clouds were suppressed in the vertical, making them appear only
slightly reddish.

The LLWAA persisted for approximately one day until the cold front had passed over the Aurora Australis
(Figure 3d) and the LLWAA weakened. The satellite imagery (Figure 5d) shows that the clouds were opti-
cally thicker than those passing through the ship 24 hr ago. Eighteen hours later when the Aurora
Australis arrived at the Hobart, Australia, winds shifted to southwesterly (Figure 4e). This caused a
LLCAA that is favorable for the development of convective MBLs, which is visible from the satellite ima-
geries (Figures 4e and 5e) showing scattered clusters of cumuliform clouds south of the ship.

3.2. MBL Decoupling

Figure 6a shows the MWACR height‐time image of the MBLs during the event. The black and red points
represent the ceilometer‐measured cloud base heights and lifting condensation level (LCL), respectively.
Profiles of potential temperature (θ) derived from the radiosonde data are also plotted (yellow lines). They
are scaled by 6 hr (±3 hr centered on the radiosonde launching time) so that they can be overplotted on
the radar image.

During the first ~24 hr when there is no distinctive thermal advection, well‐mixed Sc‐topped MBLs are
noted: cloud bases overlapping with the LCL, Sc decks topped by pronounced temperature inversions,
and vertically uniform θ from the surface to the base of the inversions. As the thermal advection becomes
more positive (open blue circles in Figure 6c), the LCL becomes detached from the cloud bases. Increase

Figure 5. Same with Figure 4 but zoomed‐in version with 2 × 2° region centered on the locations of Aurora Australis.
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in the strength of LLWAA is accompanied by an increased difference between the bases of the Sc sheets
below the main temperature inversion and the LCL, indicating a greater degree of decoupling. Cumulus
clouds rooted from the surface layer are occasionally present underneath the decoupled Sc decks. They
are very shallow primarily because of the stable subcloud layer under the LLWAA condition.

To quantify the decoupling degree of the MBLs, we use the θtop‐θbot, where the θtop and θbot stand for the θ
averaged through the top and bottom 25% of a MBL below zinv. The θ

top
‐θbot remains relatively constant (1–2

K) on the first day and then increases considerably as the LLWAA starts to dominate (Figure 6b). The
impacts of LLWAA on the MBL stratification can be clearly seen from the evolution of the difference
between the SST and Tair (Figure 6c). The SST is close to Tair on the first day and then becomes 1–2 K smaller
than Tair as the LLWAA becomes significant. A negative SST‐Tair indicates negative surface heat fluxes,
which inhibits the vertical mixing in the surface layer, promoting the MBL decoupling.

This finding is consistent with our hypothesis posed in the beginning of the manuscript: LLWAA contributes
to the decoupling of a cloud‐topped MBL. Our hypothesis is from a simple thermodynamic point of view:
warm air over cold surfaces causes stratification. This hypothesis, however, does not account for the large‐

Figure 6. (a) Height‐time plot of MWACR image during DOY = 59–63. The red, black, and yellow lines mark the LCL,
ceilometer‐measured cloud‐base heights, and profiles of θ scaled by ±3 hr. (b) Time series of θtop‐θbot and zinv; (c) Tair,
SST, and low‐level temperature advection; and (d) surface rain intensity measured by a rain gauge. Pink shadingsmark the

period with distinctive warm air advection (−
dSST
dt

>1 K=day).
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scale air motion that is often tied with the low‐level thermal advections
(Holton, 1973). The reason why large‐scale air motion is important for
the MBL decoupling is that it determines the MBL depth (through con-
servation of mass). A deeper MBL is typically associated with a greater
degree of decoupling (Wood & Bretherton, 2004; Zuidema et al., 2009).
This could be understood from the perspective of TKE budget described
in section 1. A deeper MBL requires more TKE for maintaining a well‐
mixed state. As a major source of turbulent energy in a cloud‐topped
MBL, the cloud top radiative cooling has an upper limit (Wood, 2012).
Previous observations show that Sc‐capped MBLs can hardly maintain
well mixed when zinv >1.1 km (Wood & Bretherton, 2004; Zheng
et al., 2018b; Zuidema et al., 2009). If there is a significant large‐scale
ascent motion that elevates the zinv above 1.1 km, the MBL has to be
decoupled regardless of the thermal advection condition. According to
the omega equation for synoptic scalefluid (Holton, 1973), LLWAAcon-
tributes to large‐scale ascent motion. In our case, during the distinctive
LLWAA period at DOY (day of year) = 60.5–62, the ship was situated in
front of an approaching cold front system where the warm conveyer
belts elevate air masses in the MBL (Sinclair et al., 2010) and enhances
the MBL decoupling that was initiated by the LLWAA. This is apparent
from the Figure S1 showing that the upstream region of the LLWAAper-
iod is dominantly controlled by synoptic ascent motions.

In addition to the large‐scale vertical motion, frontal lifting (or “overrunning”) may also contribute to the
ascent because a LLWAA can also be considered as a weak warm front. A major difference between the
synoptic‐scale lifting and frontal lifting is that the former is a dynamic forcing mechanism constrained by
the equation of continuity, whereas the latter is a pure kinematic process that operates on mesoscale.
Separating them is practically challenging given the large uncertainty of the reanalysis over the remote
ocean. Here we consider their combined effects as a whole, which is named as “dynamic lifting.” The impact
of dynamic lifting is suggested by the uncommonly deep zinv (2–3 km). This can be understood from a
thought experiment. We consider a well‐mixed Sc‐topped MBL with zinv of 0.8 km, which is a typical value
for a well‐mixed MBL. Over subtropical oceans, the typical entrainment rate is ~0.4 cm/s (Faloona et al.,
2005; Wood & Bretherton, 2004), which is likely to be larger than that in a LLWAA condition where a
MBL is more stable and ineffective for ventilation. In the absence of dynamic lifting, entrainment deepens
theMBL by ~1.04 km after 72 hr, giving zinv = 1.84 km. This value is perhaps the upper bound of zinv without
the help of large‐scale ascent because under a LLWAA condition the entrainment rate should be lower than
the values typical of subtropical Sc decks. Thus, it is reasonable to conjecture that dynamic lifting elevated
the cloud layers, further strengthening the decoupling of the MBL.

During the LLWAA period (DOY = 60.5–62), the clouds remain laminar and largely quiescent with weak
drizzles near cloud bases (Figure 6a). There are occasional periods of marked drizzling at cloud bases, but
a majority of them are evaporated before reaching the ground, as shown by the weak surface precipitation
(<2 mm/hr) measured by the ship‐borne rain gauge during the LLWAA period.

Near the end of the period, the low‐level thermal advection switches from positive to negative (Figure 6c).
The SST becomes higher than the Tair by several K, suggesting a more convective MBL. Driven by the
convection, cumulus clouds start to form and grow deeper in the vertical, generating stronger precipitation
relative to the LLWAA period (Figure 6d). The convection strengthens the vertical mixing of the surface
layer, ventilating overlying dry air into the surface layer. This desiccates the boundary layer and markedly
elevates the LCL.

3.3. Case Study 2: 09–10 January 2018

On 0600 UTC 09 January 2018 (DOY = 9.25), the ship was located at −50.4173°S, 137.225°E, traveling
toward the Hobart. The MWACR sampled an ~30‐hr segment of MBL clouds. Backward trajectories
(Figure 7) show that the MBLs experienced distinctive LLWAA in the first half of the period. After
DOY = 9.75, the LLWAA starts to weaken and shifts to neutral and weakly cold temperature advections.

Figure 7. Same with Figure 2 but for DOY = 9.25–10.5.
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Although the shift of the thermal advection is not as distinctive as that in first case, it is still instructive to
compare the MBL and cloud properties between the first and second half of the period.

Figure 8a shows the synoptic map at DOY = 9.25. Unlike the first case under the influence of cold front pas-
sage, there is no sharply defined frontal system. The ship was located near southern frank of a high‐pressure
system and underwent northwesterly winds. Consistent with the synoptic meteorological field, a northwest‐
southeast swath of low‐level clouds is noticeable from the satellite imagery (Figure 9a), suggesting that the
clouds were advected polarward with decreasing underlying SST. After one day, the high‐pressure system
moved southeastward with the center locating near −45°S, 150°E. The ship moved northeastward toward
the high‐pressure center and stayed close to the center for the rest of the period (Figures 8b and 8c).
Under the influence of the strong large‐scale subsidence of the high‐pressure system, the clouds above the
ship were drying out near the end of the period, as seen from the infrared satellite image (Figure 9c) and
the ship‐borne MWACR image (Figure 10a).

Shipborne observations (Figure 10a) show a marked change of MBL structure over time: from a deep
MBL within which two layers of stratiform clouds embedded to a relatively shallower MBL with clusters
of cumulus underneath a stratocumulus deck. The change of the MBL structure is in‐sync with a change
of the temperature advection that is initially positive, and shifts to negative in the end. The distinctive
LLWAA period (marked by pink shadings) shows a picture that is consistent with our hypothesis of
LLWAA causing MBL decoupling: SST smaller than the Tair (Figure 10c) and highly stratified MBL
(Figures 10a and 10b). The MWACR suggests a double‐layer‐stratiform‐cloud structure: a cloud anvil
topped by the main inversion and a near‐surface cloud layer rooted in the surface mixed layer. Note that
such a double‐layer‐cloud structure is different from the cumulus‐fed stratocumulus as typical in LLCAA
conditions. The distinction is that the lower cloud layer in this case manifests stratiform (marked by a
red arrow in Figure 10a), not cumuliform. There are continuous (not random) occurrences of clouds as
shown by the ceilometer measurements (black points) near DOY = 9.5. The presence of two stratiform

Figure 8. Same with Figure 3 but for (a) DOY = 9.25, (b) 10.25, and (c) 10.75.

Figure 9. Same with Figure 4 but for DOY = 9.25–10.5.
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cloud layers is also suggested by the radiosonde data at DOY = 9.5 (red lines in Figure 11b) that show
two distinctive saturated layers.

Although we cannot guarantee that the LLWAA‐induced stratification is the sole cause of the stratiform
structure of the lower cloud layer, the LLWAA should certainly contribute to the its formation. As shown

Figure 10. Same with Figure 6 but for DOY = 9.25–10.5.
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by the radiosonde data (left two yellow lines in Figure 10a), the stratification is already distinctive as low as
several hundreds of meters above the sea. The stable layer favors the formation of clouds by trapping the
moisture (Klein & Hartmann, 1993; Wood & Bretherton, 2006). Comparison of the thermodynamic
soundings between the DOY = 9.5 and DOY = 10.5 when the temperature advection is weakly positive
shows a contrast in the mixing degree of the MBL (Figure 11). The sounding at DOY = 9.5 is markedly
more stratified than that at DOY = 10.5 in particular below 0.5 km, which matches the altitudes of
the lower cloud layer. Note that there is also a weak inversion below 0.2 km at DOY = 10.5. This may be
due to cold pools induced by the shafts of precipitation near the sounding time. Jensen et al. (2000) found
that the θ can be depressed by more than 1° in the cold pools over the Southern Ocean region. The q
profile shows an increase in q below 200 m, which is consistent with evaporation of rain drops
moistening the ambient air (Terai & Wood, 2013). Another explanation for the temperature inversion
below 200 m is the inverse “V” shape of the backward trajectory (Figure 7) for air mass at DOY = 10.5.
Unlike previous air parcels that experience near uniform decrease or increase in SST, the air masses at
DOY = 10.5 experienced increasing‐then‐decreasing of SST during the 36 hr in the history. The weak

LLWAA before the air masses went through the region caused such a
weak near‐surface inversion, although the MBL is overall well mixed.
Temperature inversion traps the moisture, humidifying the layer
below the inversion.

An interesting aspect of this case is that the more decoupled MBLs are
associated with stronger surface precipitation (Figure 10d). This is likely
due to the formation of a lower cloud layer, precipitation from which is
easier to reach the surface because the rain drops experience less eva-
poration. The time series of the maximum radar reflectivity in the ver-
tical, as an effective proxy for precipitation at cloud bases (Comstock
et al., 2004), do not show any marked change throughout the period.
This indicates that the precipitation generated by the clouds does not
changemuch, so the contrast in surface precipitation is likely due to dif-
ference in the lowest cloud base height. It has been well known that the
surface precipitation rate has a significant impact on the moist and
energy budget of a MBL (Nicholls, 1984; Wood, 2007). Stronger surface
precipitation stabilizes a subcloud layer, weakens the TKE of the MBL,
decreases the cloud‐top entrainment rate, and, as a result, buffers the
entrainment‐induced dissipation of the clouds. This is an important
process complicating the quantification of the aerosol lifetime effect,
which has been hindering our understanding of the role of aerosol in

Figure 11. Profiles of (a) θ and (b) q for DOY= 9.25 (red) and 10.75 (blue). The dashed lines in (b) represent the saturation
water vapor mixing ratio.

Figure 12. Same with Figure 2 but for DOY = 16.5–17.5.
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altering cloud properties (Stevens & Feingold, 2009; Wood, 2007). Our results highlight the potentially
significant role of LLWAA in regulating surface precipitation: it stabilizes a MBL, favoring the formation
of lower clouds, from which the precipitation is more likely to reach the surface.

3.4. Case study 3: 16–17 January 2018

On 1200 UTC 16 January 2018, the Aurora Australis was departing from the Hobart toward polar sites. The
direction of the ship is opposite to the previous two cases. During this ~24‐hr period, the low‐level thermal
advection of the region shifted from the cold to warm temperature advection (Figure 12). The direction of the
shift is also opposite to the previous two cases. The reanalysis synoptic meteorology (Figure 13) shows that
the ship was initially located near the high‐pressure center and then moved to the southwestern edge of the
system that remains stagnant during the period. The synoptic setting is very similar to the second case but
the ship travelled in an opposite direction.

Figure 14 shows the ship observations during this period. The radiosonde data in the first 12 hr and the infra-
red thermometer SST measurements were missed. For SST, we use the reanalysis SST data instead to exam-
ine the temperature difference between the near‐surface air and the sea surfaces (Figure 14c). Consistent
with the findings from the last two cases, the stratification of MBL and the temperature gradient near surface
show strong dependence on the thermal advections: LLWAA is associated with more negative surface tem-
perature gradients (Figure 14c) and more stratified MBLs (Figures 14a and 14b).

This case also illustrates the importance of large‐scale subsidence in drying out the marine low clouds. The
clouds before DOY = 17 were closer to the high‐pressure center, undergoing strong large‐scale subsidence.
On one hand, the subsidence enhances the cloud‐top radiative cooling by drying out the free‐troposphere
and allowing more exposure of the clouds to the cold space. Stronger radiative cooling enhances the turbu-
lent mixing of the MBL, increasing the moisture transport. On the other, the subsidence‐induced drying can
desiccate the MBL, thinning the clouds. At least in this case, the second effect appears to outweigh the first
one. This could be seen from the thinner and less precipitating clouds before DOY= 17 compared with those
after DOY = 17 (Figures 14a and 14d), although the latter are more decoupled from the surface. There is no
signature of diurnal cycle of MBL coupling state and cloud thickness so that the diurnal decoupling is unli-
kely to play a role here.

4. Discussion and Implications

The above case studies reveal several common characteristics of cloud‐topped MBL under the influence of
the LLWAA: (1) near‐surface temperature 1 or 2 K higher than the SST, indicative of negative surface heat
fluxes, (2) thermodynamically stratified (or “decoupled” in a traditional sense) MBLs, (3) stratiform clouds
with visible reflectances of ~0.15 to 0.25 pending on their stages of a life cycle, and (4) occurring in warm

sector of cyclones. Key statistics of the LLWAA cases with −
dSST
dt

>1 K=day are summarized in Table S1.

Here we discuss three relevant problems that may be shed light upon by the findings.

Figure 13. Same with Figure 3 but for DOY = (a) 16.5 and (b) 17.5.
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4.1. Implication for passive satellite estimation of cloud‐top
height

Passive satellite sensors have been used to estimate the cloud‐top height
(Ht) of low‐lying clouds using Ht = (SST − Tt)/Γ where the Tt and Γ
stand for the cloud‐top temperature and the mean lapse rate of the
boundary layer, respectively. The Γ has been specified as empirically
determined values. Figure 15 shows the most commonly used values
of Γ. Wood and Bretherton (2004) parameterize the Γ as a function of
zinv using satellite and reanalysis data. Zuidema et al. (2009) did a simi-
lar parameterization but using ship‐based meteorological data and
radiosonde measurements. Values from Minnis et al. (1992) and
Stevens et al. (2007) are both from aircraft soundings. All of these
empirical values are obtained from tropical or subtropical regions.

Here we collect the LLWAA samples (−
dSST
dt

>1 K=day ) from the

MARCUS and calculate the Γ = (SST − Tinv)/zinv, in which the Tinv
and zinv are used to approximate the Tt and Ht, respectively. As shown
in the Figure 15, the Γ of the LLWAA cases (black filled symbols) are
markedly lower than the subtropical values except one point from the
third case. The lower Γ are partially contributed by the stability across
the surface layer (SST < Tair). If we use the Tair to replace SST in the
Γ calculation, the Γ (open black symbols) are still systematically lower
than the subtropical values (Tair may be low biased by the occurrence
of cold pools, but they are not detected for the LLWAA cases surveyed
in this study). This means that the boundary layer fluids are still mark-
edly more stable in LLWAA conditions even if the stability caused by
the negative surface‐air temperature difference is not accounted for.

The results here show that the conventional Γ used for estimating the Ht

of marine low clouds are overestimated in a LLWAA environment. This
may cause an underestimation of Ht. For a LLWAAMBLwith zinv of 1.5
km and Γ = 6.5 K/km, an underestimation in Ht ranges from ~100 m
(Minnis et al., 1992) to ~350 m (Wood & Bretherton, 2004).

4.2. What determines the life cycle of a decoupled Sc
under LLWAA?

It has always been challenging to track the life cycle of clouds, in parti-
cular to identify when and where the clouds are formed. In addition,
most of the clouds surveyed in this study were, during some periods,
overlain by extensive high cloud layers along the ±24‐hr track of the
air masses, prohibiting a detailed Lagrangian analysis of their life
cycles. Here we select one case sampled at the 12 UTC 09 January,

which was least influenced by the high‐cloud shadings along its ±24‐hr track. The air mass was advected
southward during the majority of the time, suggesting a LLWAA. As shown by the Animation S2, the cloud
fractional coverage maintained extensive throughout the majority of the 48‐hr period, indicating a possible
longevity at least for this case.

Here we discuss some of the possible influential factors (both dynamic and thermodynamic factors) that can
modulate the life cycle of a decoupled Sc under the LLWAA:

5. Synoptic setting

The LLWAA typically occurs ahead of cold fronts or in warm sector of cyclones. These regions are charac-
terized by large‐scale ascent or weakly descent motions. According to the quasi‐geostrophic omega equation
(Holton, 1973), the LLWAA contributes to large‐scale ascent because of the differential heating in the

Figure 14. Same with Figure 6 but for DOY = 16.5–17.5.
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vertical (high‐level temperature advection is typically negligible). This
means that the decoupled clouds associated with the LLWAA are at
least free from the subsidence‐induced drying. This effect is mostly pro-
nounced in the case #3. When the ship travelled from the high‐pressure
center to the margins, the sampled clouds are thicker and more driz-
zling even though the MBL is more decoupled due to the LLWAA.
The absence of considerable subsidence drying may contribute to
prolonging the lifetime of decoupled clouds under the LLWAA.

5.1. Frontal lifting

An LLWAA episode can also be considered as a weak warm front. The
frontal lifting elevates the cloud layers, which, on one hand, strengthens
the decoupling, and, on the other hand, helps sustain the condensates.
The combined effect on the cloud lifetime is still unknownwith the data
sets used in the present study. The biggest challenge is the difficulty of
separating the effects of frontal lifting and the synoptic‐scale dynamic
lifting. While the later can be diagnosed from the synoptic weather
map from reanalysis data, the degree of the kinetic lifting is more chal-
lenging to obtain. We leave this as an open question for future research.

5.2. Convection and entrainment

Ventilation of Sc decks with free‐tropospheric dry air is one of the most
important processes drying out the clouds. The entrainment rate is lar-
gely dependent on the turbulence level in the clouds (Stevens, 2002).

Stronger convection, on one hand, feeds more moisture to the clouds, and, on the other hand, consumes
more cloud water via enhancing the entrainment drying. In a decoupled cloud regime, the clouds are more
quiescent (Zheng et al., 2016). The lower turbulence level weakens the entrainment rate, sustaining the
clouds against dissipation. Although the clouds will eventually decay due to the lack of the moisture
supply, its lifetime could be long (several tens of hours as shown in the Animation S2) due to such a
negative feedback.

It is instructive to compare this maintenance mechanism of decoupled clouds under LLWAA with that of
LLCAA. The LLCAA allows for a conditionally unstable environment that is favorable for the vertical
growth of cumulus clouds underneath the decoupled the Sc decks (Bretherton, 1997; Miller & Albrecht,
1995; Zheng et al., 2018a). Although these cumulus clouds can help sustain the stratocumulus decks by
transporting moisture to the upper level (Jensen et al., 2000; Miller & Albrecht, 1995; Zheng et al., 2018b),
once the cumulus clouds become vigorous enough, they penetrate through the overlying Sc decks and cause
strong ventilation that is effective at drying out the Sc decks (Bretherton, 1997). In the meantime, the deep
cumulus generates strong precipitation that may reach the ground, forming gust fronts. Interactions
between gust fronts in a mesoscale MBL cloud system can enhance MBL circulations that breakup the Sc
decks (D Rosenfeld et al., 2006). By either way, the enhanced entrainment rate is a key process for the dis-
sipation of subtropical Sc sheets. These mechanisms appear to be absent in the LLWAA‐induced decoupled
MBLs because the strong stratification suppresses the vertical development of cumulus clouds. As shown in
the three cases surveyed in this study, deep cumulus clouds penetrating the Sc decks are not observed during
the LLWAA period.
5.2.1. Implication for aerosol‐cloud‐precipitation interactions
In a highly stratified MBL, the surface‐generated aerosols may not reach the cloud bases as easily as in well‐
mixed conditions. Unlike subtropical decoupled MBLs in which the Sc decks are fed aerosols through the
conduit of cumulus convections (Miller & Albrecht, 1995), the LLWAA‐decoupled clouds should be more
isolated from the surface CCN sources as long as the mechanically driven mixing due to wind shear
(Chubb et al., 2016) is not strong.

As discussed in the last section, a unique feature of the LLWAA‐decoupled clouds is that they are asso-
ciated with specific synoptic‐scale settings. Warm fronts have been found to be associated with slantwise
convection (Balasubramanian & Yau, 1994), which may provide a pathway for transporting the aerosols.

Figure 15. Lapse rate of MBL as a function of zinv from various previous stu-
dies and data samples under LLWAA in this study. For Stevens et al. (2007) and
Minnis et al. (1992), the lapse rates are climatological mean values and are
independent of zinv, we use the short vertical lines to mark the corresponding
mean zinv. The filled and open symbols stand for the lapse rate calculated using
SST and Tair, respectively.
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Moreover, precipitation has been considered as a key modulator of CCN budget of a MBL (Wood et al.,
2012) because of its scavenging effects. Conventionally, precipitation from MBL clouds in warm sectors
of midlatitude cycles is considered as weaker than that in cold sectors (Stephen Klein, 2019, personal
communication). Our radar observations show that precipitation (column maximum radar reflectivity
>−17 dBZ) occurs 26.6% of the time during distinctive LLWAA period, which is closer to the low
end of precipitation rate spectrum of MBL clouds over subtropics (20%–40%; Leon et al., 2008; Wood
et al., 2009). If precipitation is indeed weaker for LLWAA‐decoupled clouds, the lack of scavenging will
allow for the accumulation of CCN particles, further suppressing precipitation. Of course, this hypoth-
esis needs to be further tested by examining the precipitation along the trajectory of cloud‐containing
air masses (Wood et al., 2017).
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