
1. Introduction
Low clouds strongly cool the climate by reflecting substantial solar radiation back into space. However, they 
are not well simulated in climate models due to coarse resolutions and complex underlying physical processes. 
Enhancing our understanding of low-cloud behavior, especially marine boundary layer clouds (MBLCs), could 
help reduce uncertainties in climate projections (Bony & Dufresne, 2005; Cess et al., 1990; Medeiros et al., 2008; 
Soden & Vecchi, 2011; Vial et al., 2013; Zhang et al., 2018).

MBLCs respond strongly to changes in the meteorological environment (Stevens & Brenguier,  2009). The 
most well-known meteorological factor controlling MBLCs is the lower tropospheric stability (LTS; Klein 
& Hartmann,  1993) or the estimated inversion strength (EIS; Wood & Bretherton,  2006). A larger LTS/EIS 
results in more moisture trapped within the planetary boundary layer (PBL), thus increasing the MBLC frac-
tion. Other important MBLC-controlling factors include sea surface temperature (SST), low-level temperature 
advection (Tadv), large-scale vertical velocity, free-tropospheric (FT) relative humidity, and surface wind speed 
(Klein et  al.,  2017). These factors and their relationships with MBLC fraction help explain MBLC behav-
ior in the present-day climate and predict their change with global warming (e.g., Brient et  al.,  2015; Klein 
et al., 2017; Myers et al., 2021; Qu et al., 2015). Among these factors, Tadv's influence on MBLCs remains the 

Abstract An initially well-mixed stratocumulus deck can remain overcast for several tens of hours under 
warm-advection conditions, although moisture supply is cut off from the ocean due to surface-atmosphere 
decoupling (stabilization of the surface-atmosphere interface). In this study, a set of idealized large-eddy 
simulations were performed to investigate the physical mechanism of how warm-air advection impacts the 
evolution of a pre-existing stratocumulus deck. To mimic warm-air advection, we decrease the sea surface 
temperature linearly over time in a doubly periodic domain. Given the same initial conditions, the stratocumulus 
deck is more persistent when experiencing warm-air advection than cold-air advection. This persistence 
is caused by reduced cloud-top entrainment drying due to decoupling, a process more influential than the 
decoupling-induced cutoff of moisture supply. This mechanism is more notable when the free troposphere 
becomes more humid. The relevance of the mechanism to previous observations of less low-level cloudiness 
under warm-advection conditions is discussed.

Plain Language Summary Marine stratocumulus clouds exert strong radiative cooling on Earth's 
climate because they reflect much solar radiation back to space. It is important to understand what factors 
control the cloud properties, or cloud-controlling factors. Among all cloud-controlling factors, the least 
understood is warm-air advection, meaning winds mobilizing clouds from over warm water to over cold water. 
A high-resolution numerical model was used to investigate the response of the stratocumulus evolution to 
warm-air advection. A stratocumulus deck was found to persist longer under warm-advection conditions than its 
cold counterpart, inconsistent with the decoupling-induced dissipation mechanism. This persistence is primarily 
due to the weaker mixing of clouds with the overlying dry air when the atmosphere become decoupled from the 
sea surface, a consequence of warm-air advection. This work revises our conventional understanding of how 
clouds respond to changes in temperature advection that might change as the planet warms, contributing to a 
more confident projection of future climates.
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least understood. Cold-air advection (cold air moving over warmer SSTs) occurs globally, while warm-air advec-
tion (warm air moving over colder SSTs) is more commonly observed in mid- and high-latitudes (e.g., Myers 
et al., 2021; Wall et al., 2017; You et al., 2021; Zheng & Ming, 2023). Observations from two mid-latitude field 
campaigns, CAP-MBL (Wood et al., 2015) and MARCUS (McFarquhar et al., 2019), indicated that over 25% of 
single-layer stratocumulus clouds were experiencing warm-air advection (Zheng et al., 2020). There are mixed 
pieces of evidence regarding how MBLCs respond to changes in Tadv. Some studies found the increased MBLC 
fraction or optical thickness as the background flow shifts from warm-air advection conditions to cold-air advec-
tion conditions (Myers & Norris, 2016; Norris & Iacobellis, 2005; Scott et al., 2020; Wall et al., 2017) while 
others observed no relationship (Naud et al., 2020) or even the opposite (Goren et al., 2018; Zheng & Li, 2019).

Two mechanisms were hypothesized to explain how MBLCs respond to changes in Tadv. First, as Tadv increases 
(i.e., from cold-air to warm-air advection), the greater stabilization of the surface-atmosphere interface suppresses 
surface fluxes. Such a surface-atmosphere decoupling cuts off the surface moisture supply to MBLCs, so the 
cloudiness decreases (moisture-deficit mechanism; Klein et  al.,  2017; Scott et  al.,  2020). Second, as surface 
fluxes weaken, the more decoupled boundary layer entrains less effectively the FT dry air into the boundary layer. 
The weaker entrainment drying helps sustain the cloud decks (entrainment-drying-weakening mechanism; Zheng 
& Li, 2019). Which one is more dominant is central to reconciling the two seemingly contradictory mechanisms, 
the motivation of the current study.

We address the question using an idealized large-eddy simulation (LES) approach by decreasing the SST over a 
doubly periodic LES domain to mimic the influence of warm-air advection. This simulation strategy is inspired 
by the conventional LES approach of studying the subtropical stratocumulus-to-cumulus (Sc-to-Cu) transi-
tion (Bretherton et al., 1999; de Roode et al., 2016; Erfani et al., 2022; McGibbon & Bretherton, 2017; Sandu 
et al., 2010; van der Dussen et al., 2013, 2016), where the domain-averaged SST is increased to represent the 
role of cold-air advection. Comparing modeled MBLCs under warm- and cold-advection conditions enables 
singling out the control of Tadv on the clouds. Such a modeling strategy is highly idealized but can showcase the 
core effect of Tadv. In the real world, Tadv co-varies with other synoptic meteorological variables (e.g., large-scale 
vertical velocity and FT moisture) so that simply varying Tadv seems unrealistic. We, however, favor such an 
idealized modeling strategy because our objective is to elucidate the two hypothesized mechanisms, neither of 
which is relevant to the coupling between Tadv and other synoptic variables. Both mechanisms are centered on 
the warm-advection-induced stabilization (or decoupling) of a stratocumulus-topped boundary layer (STBL), a 
boundary-layer scale process that is well simulated through the idealized modeling framework [see the compan-
ion paper: Zheng, Zhang, Rosenfeld, et al. (2021)]. Moreover, the elucidated mechanism by our simulations can 
help explain the disparity in previous observations.

2. Methodology
2.1. Model Description

The LES model used in this study is version 6.11.3 of the System for Atmospheric Modeling (SAM), provided 
by Marat Khairoutdinov and documented in Khairoutdinov and Randall (2003). For all simulations, a simplified 
(drizzle only) version of the Khairoutdinov and Kogan  (2000) microphysics scheme (KK2000) was adopted 
for conversion between cloud and rainwater as well as raindrop evaporation and sedimentation, in which no 
double-moment cloud water microphysics was implemented. The cloud water droplet concentration was 
prescribed (Nc = 100 cm −3). Tests showed that our results are not influenced by the microphysical schemes used 
(Text S2 in Supporting Information S1). However, these schemes do not interact with aerosols, thus not represent-
ing the positive feedback between coalescence scavenging and aerosol concentrations (Yamaguchi et al., 2017).

2.2. Experimental Design

Our cases are based on the Atlantic Stratocumulus Transition Experiment (ASTEX, Albrecht et al., 1995) first 
Lagrangian case, a benchmark case for LES modeling of the Sc-to-Cu transition (Bretherton et al., 1999; van 
der Dussen et al., 2013). During the ASTEX, an initially well-mixed boundary layer is capped by a solid stra-
tocumulus deck that moves over an increasingly warmer sea surface. The cold-advection-induced instability 
of the boundary layer and the resultant enhanced cloud-top entrainment gradually thin the cloud deck, even-
tually breaking up the stratiform cloud, leading to shallow cumulus as the dominant cloud type (de Roode & 
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Duynkerke, 1997). For our cold-advection case (CADV), initial soundings and forcing conditions were similar to 
those used in the ASTEX LES inter-comparison project (van der Dussen et al., 2013), but with simplified forcing 
conditions: (a) linearizing the increasing SST time series to obtain a fixed increasing rate of 2.6 K day −1; (b) 
averaging the diurnally varying solar zenith angle to remove the diurnal cycle influence, which is minor in our 
study (see Figures S10–S11 in Supporting Information S1); and (c) using a fixed large-scale divergence, D, of 
5 × 10 −6 s −1. These simplifications do not change the main characteristics of the ASTEX cloud evolution [see the 
comparison figure, (Figure 1 in Zheng, Zhang, & Li, 2021)].

We generated the warm-advection case (WADV) by simply reversing the SST changing rate from 2.6 to −2.6 K/
day (Figure 1a). The CADV and WADV runs imitate the influences of cold-air and warm-air advection, respec-
tively, constituting the main simulation sets in this study. To test the robustness of our results, a series of 
supplementary simulations were run by varying environmental conditions (large-scale vertical velocity, cloud-top 
inversion strength, and FT moisture) and modeling settings (domain size, grid spacing, and cloud microphysical 
schemes), summarized in Table S1 in Supporting Information S1.

Each of the baseline simulations was run for 60 hr. The radiation calculation was updated every minute. These 
simulations were performed using a doubly periodic domain with a size of 4.2 km × 4.2 km. The horizontal 
resolution was 35 m. The vertical grid spacing varied from 15 m at the surface to 5 m in the height range of 

Figure 1. Time series of (a) sea surface temperature, (b) low-cloud fraction, (c) cloud-top height (solid line) and cloud-
base height (dashed line), (d) liquid water path (grid-mean), (e) latent heat flux, (f) sensible heat flux, (g) maximum vertical 
velocity variance, (h) near-surface air temperature minus sea surface temperature, measuring the stratification degree of the 
surface-atmosphere interface, (i) entrainment rate at the cloud top, and (j) inversion moisture jump for experiments CADV 
(blue) and WADV (orange), which mimic the influence of cold-air and warm-air advection on the stratocumulus transition, 
respectively. Note that only the period when the calculation of cloud-base height is valid in CADV is shown for (b–j).
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645–2,780 m. Above that, the vertical grid distance was stretched up to the domain top of 4.32 km, with 512 
vertical layers in total. The impacts of vertical and horizontal resolutions and domain size on the conclusions are 
minor (Text S2 in Supporting Information S1).

2.3. LWP Budget Analysis

To explore the role of physical processes in the stratocumulus evolution under warm-advection conditions, we use 
a budget analysis of the liquid water path (LWP) (van der Dussen et al., 2014):

�LWP
��

= ���
(

�Δ�� − Π��Δ�� − ℎΓ��

)
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 (1)

where 𝐴𝐴 𝐴𝐴 is the air density (kg/m 3); 𝐴𝐴 𝐴𝐴𝑒𝑒 is the entrainment rate (m/s); 𝐴𝐴 Π is the Exner function; 𝐴𝐴 𝐴 is the cloud thick-
ness (m); 𝐴𝐴 𝐴𝐴𝑡𝑡 is the total water mixing ratio (kg/kg); 𝐴𝐴 𝐴𝐴𝑙𝑙 is the liquid water potential temperature (K); 𝐴𝐴 𝐴𝐴𝑏𝑏 is the cloud-
base height (m), with 𝐴𝐴 𝐴𝐴𝑡𝑡 the cloud-top height (m); 𝐴𝐴 Γ𝑞𝑞𝑙𝑙 (kg/kg/m) is the lapse rate of the liquid water mixing ratio 
(𝐴𝐴 𝐴𝐴𝑙𝑙 , kg/kg); 𝐴𝐴 𝐴𝐴rad is the radiative flux (W/m 2), and P is the precipitation flux (m/s), with both defined as negative 
downward; 𝐴𝐴 𝑤𝑤′𝑞𝑞′

𝑡𝑡 (𝑧𝑧𝑏𝑏) and 𝐴𝐴 𝑤𝑤′𝜃𝜃′
𝑙𝑙
(𝑧𝑧𝑏𝑏) are the moisture flux (kg/kg m/s) and the heat flux (K m/s) at the cloud base, 

respectively; and 𝐴𝐴 𝐴𝐴sub(𝑧𝑧𝑖𝑖) is the large-scale subsidence rate (m/s) at the top of the boundary layer, with 𝐴𝐴 𝐴𝐴𝑖𝑖 the PBL 
height (m). 𝐴𝐴 𝐴𝐴 =

𝜕𝜕𝜕𝜕𝑠𝑠

𝜕𝜕𝜕𝜕
≈ 0.55g∕kg∕K is derived from the Clausius-Clapeyron relationship, with 𝐴𝐴 𝐴𝐴𝑠𝑠 the saturated 

specific humidity (g/kg), and 𝐴𝐴 𝐴𝐴 is a thermodynamic factor determined by 𝐴𝐴

(

1 +
𝐿𝐿𝑣𝑣𝛾𝛾

𝑐𝑐𝑝𝑝

)−1

 where 𝐴𝐴 𝐴𝐴𝑣𝑣 is the latent 

heat of vapourization (J/kg), and 𝐴𝐴 𝐴𝐴𝑝𝑝 is the specific heat of air at constant pressure (J/kg/K). 𝐴𝐴 Δ𝑞𝑞𝑡𝑡 and 𝐴𝐴 Δ𝜃𝜃𝑙𝑙 represent 
the inversion jump of moisture and temperature, respectively. The calculations of different heights (𝐴𝐴 𝐴𝐴𝑏𝑏 , 𝐴𝐴 𝐴𝐴𝑡𝑡 , 𝐴𝐴 𝐴𝐴𝑖𝑖 , 
inversion-top height (𝐴𝐴 𝐴𝐴𝑖𝑖

+ ), and inversion-base height (𝐴𝐴 𝐴𝐴𝑖𝑖
− )), inversion jumps (𝐴𝐴 Δ𝑞𝑞𝑡𝑡 and 𝐴𝐴 Δ𝜃𝜃𝑙𝑙 ), and the entrainment 

rate (𝐴𝐴 𝐴𝐴𝑒𝑒 ) are described in Text S1 in Supporting Information S1. Note that all variables used are slab averages.

The forcing terms on the right-hand side of Equation  1 represent the contributions of five distinct physical 
processes: entrainment of FT dry air into the cloud layer (Ent), turbulent transport of moisture and heat at the 
cloud base (Base), divergence of the net radiative flux over the cloud layer (or the effect of radiative-cooling-in-
duced condensation, Rad), divergence of the precipitation flux over the cloud layer (Prec), and large-scale subsid-
ence (Subs). Ent, Prec, and Subs dry the cloud layer, whereas Rad and Base moisten it.

The Ent term consists of three processes contributing to the LWP: entrainment drying 𝐴𝐴 (𝜌𝜌𝜌𝜌𝑒𝑒𝜂𝜂Δ𝑞𝑞𝑡𝑡) , entrainment 
warming 𝐴𝐴 (−𝜌𝜌𝜌𝜌𝑒𝑒Π𝛾𝛾𝛾𝛾Δ𝜃𝜃𝑙𝑙) , and cloud deepening due to entrainment 𝐴𝐴

(

−𝜌𝜌𝜌𝜌𝑒𝑒ℎΓ𝑞𝑞𝑙𝑙

)

 . Intuitively, entrainment drying 
means that dry air from the free troposphere is entrained into the clouds and dries the clouds. The entrained dry 
air also tends to warm and evaporate clouds, so-called entrainment warming. Entrainment-induced cloud deep-
ening 𝐴𝐴

(

−𝜌𝜌𝜌𝜌𝑒𝑒ℎΓ𝑞𝑞𝑙𝑙

)

 generally contributes to LWP growth, because a cloud's liquid water content at its top, where 
it typically reaches a maximum, increases as the cloud layer deepens due to its positive relationship with height 
in stratocumulus layers (Wood, 2012). The Base term has two components: moisture transport 𝐴𝐴

[

𝜌𝜌𝜌𝜌𝑤𝑤′𝑞𝑞′
𝑡𝑡 (𝑧𝑧𝑏𝑏)

]

 and 

heat transport 𝐴𝐴

[

−𝜌𝜌𝜌𝜌Π𝛾𝛾𝑤𝑤′𝜃𝜃′
𝑙𝑙
(𝑧𝑧𝑏𝑏)

]

 .

3. Results
3.1. Persistence of Decoupled Stratocumulus

The stratocumulus deck in WADV maintains overcast throughout the 60-hr simulation whereas the cloud deck 
in CADV breaks up at t = ∼20 hr (Figure 1b). The markedly longer cloud persistence simulated by LES under 
warm-advection conditions is qualitatively consistent with observations made by Zheng and Li (2019). The cloud 
breakup in CADV is expected due to the well-posed conditions for the traditional Sc-to-Cu transition framework 
(Bretherton & Wyant, 1997): increasing SST and surface latent heat flux (Figure 1e), a more turbulent bound-
ary layer (Figure 1g), the emergence of cumulus penetration into the stratiform deck (Figure S3c in Supporting 
Information S1), and enhanced entrainment (Figure 1i). In comparison, the persistence of the cloud deck in WADV 
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is less understood. The most notable feature of the WADV run, which distinguishes it from the CADV run, is the 
significant suppression of surface fluxes (Figures 1e and 1f) by the stable stratification of WADV (Figure 1h). 
Such a shut-off of energy (and moisture) influx from the ocean surface causes a complete decoupling between 
the stratocumulus deck and the ocean surface. Unlike Bretherton and Wyant  (1997)'s “deepening-warming” 
decoupling that takes place in the boundary layer, this warm-advection-induced decoupling primarily occurs at 
the surface-atmosphere interface [see more differences in Zheng, Zhang, Rosenfeld, et al. (2021)], and such a 
surface-atmosphere decoupling can be measured by near-surface inversion strength (Figure 1h). The decoupling 
has two consequences related to the moisture-deficit mechanism and the entrainment-drying-weakening mecha-
nism, discussed in the Introduction. First, the decoupling cuts off the surface moisture supply to the clouds. With 
limited moisture supply from the ocean, the cloud deck gradually thins (Figure 1c) and the cloud LWP contin-
uously decreases over time (Figure 1d). Second, the turbulent intensity in a strongly decoupled STBL is lower 
than its weakly decoupled counterpart in CADV (Figures 1g and 1h), so entrainment is considerably weaker 
(Figure 1i). The weaker entrainment drying buffers the cloud decaying.

Assuming no other mechanism at work, the net consequence of these two mechanisms is to prolong the lifetime of 
stratocumulus decks in WADV, compared with that in CADV. Despite the shut-off of the surface moisture supply 
by decoupling, the reduced entrainment drying buffers the system, preventing the emergence of a nonlinear 
run-away effect that may cause the stratiform cloud deck to break up rapidly, as experienced by the cloud regime 
transition under cold-advection conditions (Wyant et al., 1997). Such a conclusion is never complete without 
the following questions being answered. Are there other mechanisms contributing? If not, can we quantify the 
impacts of these two mechanisms to solidify the conclusion? How does the result depend on environmental 
conditions? We address these questions using an LWP budget decomposition approach in the next section.

3.2. LWP Budget Analysis

The LWP budget analysis allows decomposing the temporal change of cloud LWP into the five individual 
tendency terms: two source terms (cloud-base moisture flux and cloud-layer radiative cooling) and three sink 
terms (entrainment, precipitation, and large-scale subsidence). The influences of the relevant physical processes 
on the LWP changes are examined in this section. Note that closure between the simulated LWP tendency and 
the sum of the budget terms is checked in Figure S4 in Supporting Information S1, and the unclosed case is only 
noticed in CADV after cloud dissipation starts, indicating that there might be other processes controlling the 
LWP not considered here. Figure 2 compares the evolutions of the five terms between WADV and CADV. The 

Figure 2. Time series of the LWP tendency due to (a) large-scale subsidence, (b) entrainment, (c) cloud-base turbulent 
fluxes, (d) radiation, and (e) precipitation for experiments CADV (blue) and WADV (orange). Panel (f) shows the combined 
effect of (b and c).
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most  noticeable differences between the two runs are the markedly smaller Base and less negative Ent in WADV 
than in CADV. Other terms are similar between the two runs, suggesting that no other mechanisms contribute 
to the LWP difference. This finding points to changes in Base and Ent as the two dominant mechanisms that 
control  the LWP difference between WADV and CADV. As such, we take a closer look at these two terms.

We first examine the Base term. It is positive in either run (Figure 2c) because turbulence transports moist air 
from the sea surface that cools down to be condensed, adding liquid water into cloud layers and raising the 
LWP.  In WADV, due to the lack of surface fluxes (Figures 1e and 1f), cloud-top longwave radiative cooling 
becomes the sole driver of PBL turbulence, yielding a much smaller Base term than that in CADV. The Base 
term consists of two components representing moisture transport (Baseq) and heat transport (Baseh). Figure S5 
in Supporting Information S1 shows their evolution. The Baseq term dominates in both runs but becomes signif-
icantly smaller in WADV. In summary, the Base term is significantly decreased in WADV, mostly due to the 
moisture transport component.

If only the Base term was considered, the LWP would dissipate more rapidly in WADV than in CADV. However, 
the change in Ent buffers the dissipation. Figure  2b shows that the effect of the entrainment-induced cloud 
dissipation is much weaker in WADV than in CADV. To understand the physics of the decrease, we further 
decompose the Ent term into three components: entrainment drying (Entq), entrainment warming (Enth), and 
entrainment-induced cloud deepening (Entz). In either run, the cloud-deepening effect on the LWP is notably 
lower than the other two effects (Figure S6c in Supporting Information S1), especially late in the simulations. In 
CADV, the entrainment drying effect dominates the LWP consumption, followed by the entrainment warming 
effect (Figures S6a and S6b in Supporting Information S1). However, both effects are greatly reduced in WADV 
(particularly the drying effect owing to a large decrease in the moisture jump strength, Figure 1j), which helps 
maintain the LWP.

The combined effect of changes in Base and Ent is to prolong the lifetime of clouds in WADV, compared to 
CADV. Figure 2f shows that the magnitude of Base + Ent is smaller in WADV, indicating that the cloud-favoring 
effect due to the reduction in entrainment drying (the entrainment-drying-weakening mechanism) is more signifi-
cant than the cloud-reducing effect induced by the concomitant moisture deficit (the moisture-deficit mechanism) 
under warm-advection conditions. This explains well why the cloud fraction and cloud LWP are maintained much 
longer under warm-advection than under cold-advection conditions.

3.3. Environmental Dependence

We have shown that warm-advection-induced decoupling helps prolong the lifetime of the stratocumulus deck 
because of the much weaker entrainment than that in CADV. Such a cloud-sustaining effect by the decreased 
entrainment outweighs the cloud-reducing effect by the reduced cloud-base moisture flux. Is this finding (i.e., 
decoupling-induced cloud-prolonging effect) valid for different large-scale environments? We tested the envi-
ronmental impact by perturbing several well-known environmental quantities (i.e., large-scale vertical velocity, 
cloud-top inversion strength, and FT moisture). It holds well (Figures S7–S9 in Supporting Information  S1) 
although the degree of the prolonging effect varies. The impact of FT moisture merits discussion here because 
its impact on cloud lifetime is closely tied to the surface-atmosphere decoupling, a key concept central to this 
study. We varied FT moisture by −10%, −5%, 5%, and 10% in WADV and CADV (Figure S12 in Supporting 
Information S1) to generate two sets of experiments (named WADV_FTMs and CADV_FTMs, respectively). 
To quantify the cloud lifetime, we use the e-folding time of LWP (𝐴𝐴 𝐴𝐴  ), which describes the timescale of LWP to 
decrease to 𝐴𝐴 1∕𝑒𝑒 of its initial value.

Figure  3a shows the variation in 𝐴𝐴 𝐴𝐴  with changes in FT moisture (gray lines). As expected, 𝐴𝐴 𝐴𝐴  increases with 
FT moisture for both WADV_FTMs and CADV_FTMs. However, the sensitivity differs: The cloud-prolonging 
effect of FT moisture is more pronounced under warm-advection than cold-advection conditions. This is more 
clearly seen in Figure 3b, showing the difference in 𝐴𝐴 𝐴𝐴  between WADV_FTMs and CADV_FTMs, denoted as 

𝐴𝐴 Δadv𝜏𝜏 , where the “𝐴𝐴 Δadv ” means WADV minus CADV. What causes this difference in the sensitivity? The main 
reason is the contrast between the WADV and CADV cloud-surface coupling states. In CADV, the cloud-deck 
breakup is well known to be driven by increasing surface latent heat fluxes that enhance entrainment drying 
(Bretherton & Wyant, 1997; Zheng, Zhang, & Li, 2021). Higher humidity in the free troposphere (or reduced 
cloud-top radiative cooling) can delay the breakup (gray dashed line in Figure 3a) but does not fundamentally 
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change the mechanism that the enhanced surface forcing is the dominant driver of cloud breakup as opposed to 
FT forcing. In WADV, however, the cloud deck is decoupled from surface fluxes. Without the dynamic control 
of surface forcing, the strength of entrainment drying is more closely tied to the humidity of the overlying FT air.

The above argument is reinforced by looking at the strength of entrainment drying, 𝐴𝐴 𝐸𝐸𝐸𝐸𝐸𝐸 (the overbar means the 
average over the cloud lifetime). As shown by the light red lines in Figure 3a, 𝐴𝐴 𝐸𝐸𝐸𝐸𝐸𝐸 decreases, in absolute value, 
with FT moisture, consistent with the role of FT moistening in weakening entrainment drying via reducing 
the moisture jump across cloud tops. But the decrease in entrainment drying strength is more pronounced for 
WADV_FTMs than CADV_FTMs, as seen from 𝐴𝐴 Δadv𝐸𝐸𝐸𝐸𝐸𝐸 (red line) in Figure 3b. The good alignment in the shape 
of the relationship between 𝐴𝐴 Δadv𝜏𝜏 and 𝐴𝐴 Δadv𝐸𝐸𝐸𝐸𝐸𝐸 (Figure 3b) supports our argument that the decoupling-induced 
larger sensitivity of entrainment drying to FT moisture in WADV is the main cause for the more prolonged cloud 
lifetime by FT moistening. Other cloud budget terms are also examined (Figure 3c–3f), showing that adjustments 
in Base, Rad, and Prec make notably negative contributions to prolonging cloud lifetime, counterbalancing most 
of the Ent effect. Among them, the Base adjustment has the largest negative contribution due to reduced turbulent 
mixing in response to FT moistening (or weakened cloud-top radiative cooling).

4. The Mechanisms and Relevance to Observed Relationships
Given the same initial conditions, our simulation results demonstrate that cloud decks under warm-advection 
conditions live longer than their cold counterparts, because the entrainment-drying-weakening mechanism 
outweighs the moisture-deficit mechanism. When an initially overcast stratocumulus deck moves over warmer 
water, the latent-heat-flux induced entrainment drying becomes increasingly stronger, leading to the breakup of 
cloud layers, a classical phenomenon of stratocumulus-to-cumulus transition (Bretherton & Wyant, 1997; Krueger 
et al., 1995). However, when the same cloud deck moves over colder water, it lasts longer due to stabilization 
(or decoupling) of the surface-atmosphere interface by warm-air advection, which weakens both PBL turbulence 
and cloud-top entrainment. The cloud-favoring mechanism of weaker entrainment dominates the cloud-reducing 
mechanism of decoupling-induced reduction in surface moisture supply, thereby prolonging cloud persistence. 
This longer persistence of cloud fraction and LWP is more pronounced with higher FT humidity (i.e., reduced 
cloud-top radiative cooling). Under cold-advection conditions, the entrainment drying is primarily driven by 

Figure 3. (a) The e-folding time of liquid water path (𝐴𝐴 𝐴𝐴  , gray) and the mean LWP tendency due to entrainment over the 
cloud lifetime (𝐴𝐴 𝐸𝐸𝐸𝐸𝐸𝐸 , light red) as a function of percentage changes in the free-tropospheric (FT) moisture (compared to 
control experiments) for experiments WADV_FTMs (solid line) and CADV_FTMs (dashed line). (b) Differences in 𝐴𝐴 𝐴𝐴  (black) 
and 𝐴𝐴 𝐸𝐸𝐸𝐸𝐸𝐸 (red) between experiments WADV_FTMs and CADV_FTMs as a function of the change in FT moisture. Panels (c–f) 
are the same as (b), but for the large-scale subsidence term (Subs), the cloud-base turbulent flux term (Base), the radiation 
term (Rad), and the precipitation term (Prec), respectively.
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surface fluxes, whereas under warm-advection conditions, it is minimally influenced by surface fluxes for being 
strongly suppressed by near-surface temperature inversion. Consequently, cloud decks under warm-advection 
conditions are more sensitive to FT moisture than those under cold-advection conditions, resulting in a more 
significant extension of cloud lifetime due to decoupling as the free troposphere becomes more humid.

How is the mechanism relevant to observations of MBLC-Tadv relationships? According to the mechanism, the 
warm-advection-induced decoupling makes the stratocumulus deck persist longer. This is consistent with Zheng 
and Li  (2019)'s work, in which they used a geostationary satellite to track the evolution of initially overcast 
stratocumulus decks, finding that WADV can help prolong the cloud lifetime. However, why do many obser-
vational studies show the opposite (e.g., Myers & Norris, 2016; Norris & Iacobellis, 2005; Scott et al., 2020)? 
It is likely because of the use of the conventional Eulerian analysis method, which correlates the instantane-
ous cloud properties with Tadv at fixed locations. Unlike Zheng and Li (2019)'s Lagrangian approach that starts 
with a preexisting cloud deck, the Eulerian framework collects all air masses regardless of their histories and 
initial states. Warm-advection events typically occur in the warm sections of extra-tropical cyclones. These 
regions are characterized by large-scale ascending motions and a relatively unstable troposphere (compared to 
cold sections), neither favoring the formation of overcast solid stratiform decks (Wood, 2012). As such, under 
warm-advection conditions, MBLCs have low cloud coverages at their births. In this regard, the cloud frac-
tion must be lower in warm-advection flows since they start with low cloudiness already. In other words, there 
are not enough overcast stratocumulus sheets for the aforementioned mechanism to operate upon. This helps 
explain why Eulerian-method-based studies tend to observe a negative MBLC-Tadv correlation. In summary, 
a warm-advection-related environment does not favor the formation of stratocumulus sheets. But once strato-
cumulus forms (or is advected from different environments), the warm-advection condition and the resultant 
surface-atmosphere decoupling help sustain its persistency.

5. Summary
There have been mixed observation-based findings in regard to the impact of warm-air advection upon marine 
stratocumulus lifetime (Goren et al., 2018; Myers & Norris, 2016; Naud et al., 2020; Norris & Iacobellis, 2005; 
Scott et  al., 2020; Wall et  al., 2017; Zheng & Li, 2019). In this study, we carried out idealized large-eddy 
simulations to elucidate this problem. Warm-air advection was mimicked by decreasing the sea surface temper-
ature linearly in a doubly periodic domain. Our simulation results show that under warm-advection conditions 
stratocumulus clouds can last significantly longer than under cold-advection conditions assuming identical 
initial conditions. This cloud-prolonging effect by warm-air advection is caused by the warm-advection-in-
duced stabilization/decoupling of the surface-atmosphere interface that weakens cloud-top entrainment drying. 
Such a cloud-favoring effect by reduced entrainment drying is more significant than the cloud-reducing effect 
due to reduced moisture supply from the ocean by decoupling. By perturbing environmental factors typical for 
midlatitude regions (e.g., subsidence, cloud-top inversion strength, and free-tropospheric moisture), we find 
that our results hold well (Figures S7–S9 in Supporting Information S1). One potential limit of our study is 
that it may not apply to real-world regimes with very dry free-tropospheric backgrounds as our simulations 
cannot produce clouds under such conditions. Also, our study is based on the ASTEX case where the drizzle is 
weak, so in the regime where precipitation is ubiquitous, like those shown in Zhu et al. (2022), suppression of 
precipitation under warm-advection conditions may have a greater impact on prolonging LWP than the reduc-
tion in entrainment drying. Finally, the effects of aerosols on cloud evolution are potentially important (Erfani 
et al., 2022), which were not included here. These limitations could be addressed in the future by running real-
istic LES simulations when Lagrangian observations of stratocumulus decks experiencing warm-air advection 
are available.

Data Availability Statement
The SAM model code is available at http://rossby.msrc.sunysb.edu/∼marat/SAM.html. All simulation data are 
available at https://doi.org/10.5281/zenodo.7478642.
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