
Evaluation of Stratocumulus Evolution Under Contrasting
Temperature Advections in CESM2 Through a Lagrangian
Framework
Haipeng Zhang1,2 , Youtong Zheng3,4 , and Zhanqing Li1,2

1Department of Atmospheric and Oceanic Science, University of Maryland, College Park, MD, USA, 2Earth System
Science Interdisciplinary Center, University of Maryland, College Park, MD, USA, 3Department of Earth and Atmospheric
Science, University of Houston, Houston, TX, USA, 4Institute of Climate and Atmospheric Science, University of Houston,
Houston, TX, USA

Abstract This study leveraged a Lagrangian framework to examine the evolution of stratocumulus clouds
under cold and warm advections (CADV and WADV) in the Community Earth System Model 2 (CESM2)
against observations. We found that CESM2 simulates a too rapid decline in low‐cloud fraction (LCF) and cloud
liquid water path (CLWP) under CADV conditions, while it better aligns closely with observed LCF under
WADV conditions but overestimates the increase in CLWP. Employing an explainable machine learning
approach, we found that too rapid decreases in LCF and CLWP under CADV conditions are related to
overestimated drying effects induced by sea surface temperature, whereas the substantial increase in CLWP
under WADV conditions is associated with the overestimated moistening effects due to free‐tropospheric
moisture and surface winds. Our findings suggest that overestimated drying effects of sea surface temperature
on cloud properties might be one of crucial causes for the high equilibrium climate sensitivity in CESM2.

Plain Language Summary Stratocumulus clouds have extensive coverage over the oceans and
modulate the climate system by efficiently reflecting incoming solar radiation back to space. However, their
simulations in climate models are challenging due to complex meteorological controls, in which temperature
advection is one of the most uncertain controlling factors. To enhance our understanding, we examine the
stratocumulus evolution influenced by cold‐advection (CADV) and warm‐advection (WADV) in the
midlatitudes in a climate model, CESM2. A too rapid decrease in low‐cloud fraction (LCF) and cloud liquid
water path (CLWP) is erroneously simulated under CADV conditions, while an increase in CLWP is
substantially overestimated under WADV conditions. Using an explainable machine learning approach, these
errors are found to be caused by the amplified drying or moistening effects due to improper treatments of
meteorological controls on clouds in CESM2. This study suggests that these misrepresentations of cloud physics
in the midlatitudes should be imperatively improved to reduce climate prediction uncertainties.

1. Introduction
Marine stratocumulus (Sc) clouds have the most extensive coverage over the Earth's surface compared to other
cloud types (Hahn & Warren, 2007; Wood, 2012), significantly influencing the climate system. They play a
crucial role in climate prediction uncertainties (Cess et al., 1990; Soden & Vecchi, 2011; Vial et al., 2013; H.
Zhang et al., 2018; M. Zhang et al., 2013).

Sc clouds are controlled by large‐scale meteorological factors (MFs), such as inversion strength (measured by the
estimated inversion strength or EIS; Wood & Bretherton, 2006), sea surface temperature (SST), low‐level
temperature advection (Tadv), large‐scale vertical velocity (ω), free‐tropospheric (FT) moisture, and surface wind
speed (U). Among those, Tadv is the least understood one (Seethala et al., 2015). For example, Myers and
Norris (2015) revealed that the sensitivity of shortwave (SW) cloud radiative effect (CRE) to Tadv exhibits the
greatest uncertainty among 11 CMIP3 and 14 CMIP5 models, while the sensitivity of SW CRE to SST, EIS, FT
moisture, and subsidence compare well with observations. To enhance our understanding of Tadv's influence, it is
crucial to investigate the evolution of cloud properties and marine‐boundary‐layer (MBL) structures as Sc clouds
advect under different Tadv conditions. A well‐known situation is the stratocumulus‐to‐cumulus (Sc‐to‐Cu)
transition, that is, the MBL evolves from a well‐mixed layer topped with extensive Sc capped by a strong
inversion into a deeper and decoupled layer dominated by cumulus clouds (Cu) under a weak inversion (B.
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Albrecht et al., 2019; B. A. Albrecht et al., 1995; Bretherton et al., 1999; Wyant et al., 1997). This transition
mostly takes place over the subtropics, driven by trade winds that move Sc clouds toward warmer water (i.e.,
experiencing cold‐air advection or CADV). While numerous studies have focused on Sc evolution under CADV
conditions, the dynamics of Sc clouds experiencing warm‐air advection (warm air moving over colder SSTs;
WADV), prevalent in midlatitudes, have received less attention. Observations from two mid‐latitude field
campaigns revealed that over 25% of single‐layer Sc clouds experienced WADV (Zheng et al., 2020). Addi-
tionally, findings from climate models and satellite observations indicated that the occurrence probability of Sc
clouds experiencing WADV is around 30%, close to those experiencing CADV in the midlatitudes (Figure S3 in
Supporting Information S1). Given the potential climatological significance of Sc clouds under WADV condi-
tions, it is crucial to further our understanding of this cloud regime and its representations in global climate models
(GCMs).

Sc clouds demonstrate distinct dynamics in their coupling with the surface under varying Tadv conditions. In
CADV, the stably stratified MBL is characterized by cumulus coupling (Bretherton & Wyant, 1997). However, in
WADV, the stratocumulus deck shows a complete decoupling from the sea surface, indicated by weakly negative
buoyancy flux throughout the subcloud layer (Zheng et al., 2021). Compared to CADV, the decoupling in
WADV, that is, suppressed surface fluxes, tends to prolong the persistence of Sc decks, as observed by Zheng and
Li (2019). The mechanism was revealed by H. Zhang et al. (2023) using large‐eddy simulations (LESs), finding
that reduced entrainment drying due to decoupling helps sustain cloud decks in WADV. Due to different
decoupling features, Sc cloud responses to environmental factors also exhibit distinct behaviors between CADV
and WADV conditions. H. Zhang et al. (2023) found that cloud lifetime is more sensitive to variations in FT
moisture under WADV conditions compared to its cold counterpart as WADV‐induced complete decoupling
minimizes the surface forcing effects, yielding the dominant influence of FT moisture. These findings highlight
the markedly distinct impacts of physical processes on cloud properties under two contrasting Tadv conditions.
Accurate representation of those physical controls under CADV and WADV scenarios is crucial to mitigating
cloud feedback uncertainties pertaining to Tadv. It is, therefore, necessary to examine how well the physical
processes governing Sc evolution under these contrasting Tadv conditions are represented in climate models.

In that regard, a novel Lagrangian framework is employed to compare models and observations (Christensen
et al., 2022; Eastman et al., 2021). This approach samples parcels as they evolve in time and space, allowing the
exploration of the causal relationships between clouds and their controlling factors on daily timescales. To
examine the meteorological controls on clouds, an explainable machine learning approach called SHapley Ad-
ditive exPlanations (SHAP; Lundberg & Lee, 2017; Lundberg et al., 2018) is utilized to quantify the individual
contribution of each influencing factor to cloud property changes. We shall examine cloud evolutions under two
contrasting Tadv conditions and their meteorological controls in the Community Earth System Model 2 against
observational data through a Lagrangian framework.

2. Methodology
2.1. Climate Model

The Community Earth System Model Version 2.2.0 (CESM2; Danabasoglu et al., 2020) is used. Its atmospheric
component, the Community Atmosphere Model Version 6 (CAM6; Bogenschutz et al., 2017), implements a
higher‐order turbulence closure scheme named the Cloud Layers Unified By Bi‐normals (CLUBB; Golaz
et al., 2002a, 2002b; Larson & Golaz, 2005; Larson et al., 2002, 2012) that replaces the separate treatments of
boundary layer turbulence, large‐scale cloud macrophysics, and shallow convection employed in the previous
version (CAM5). This new unified scheme has been shown to significantly improve the simulations of low
clouds, especially over the Sc‐to‐Cu transition regime in CAM5 (Bogenschutz et al., 2013). CAM6 also adopts the
Zhang‐McFarlane scheme (G. J. Zhang & McFarlane, 1995) for deep convective processes, the RRTMG scheme
for radiation (Iacono et al., 2008), and the improved Morrison–Gettelman scheme for microphysics (Gettelman &
Morrison, 2015). A horizontal resolution of 0.9°× 1.25° is used with 32 vertical layers. The model is initiated on 1
January 2010 through the CESM2 AMIP6 restart files and is run for 2 years. Instantaneous data are outputted
every 6 hr for analysis. Monthly varying SSTs are prescribed by HadISST (Rayner et al., 2003). A satellite
simulator, the Cloud Feedback Model Intercomparison Project (CFMIP) Observation Simulator Package (COSP;
Bodas‐Salcedo et al., 2011) is enabled for the CESM2 cloud fraction. The modeled low‐cloud fraction (LCF) is
determined as the maximum cloud fraction below 700 hPa.
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2.2. Satellite and Reanalysis Data

The CERES SYN Ed4 product provides observational (1° latitude by 1° longitude resolved hourly) LCF and
cloud liquid water path (CLWP) over the period of 2010–2011. This product utilizes 16 geostationary satellites.
To ensure consistency across the various satellite sensors, the instrument channels are cross‐calibrated to match
the cloud retrievals from the MODIS collection 5 product (Doelling et al., 2013).

The fifth‐generation ECMWF reanalysis data (ERA5; Hersbach et al., 2020) provide meteorological variables
such as horizontal wind fields. The 6‐hourly data are used, with the grid resolution of 0.9° × 1.25°, as for the
CESM2 outputs.

2.3. Lagrangian Framework

We examine cloud evolution over 36 hr along Lagrangian trajectories, driven by the isobaric winds at 925 hPa
from CESM2 and ERA5 (used for tracking observations), assuming that this level approximates the cloud level
within the MBL (Eastman & Wood, 2018). This study is focused on the mid‐latitude oceans (30–60°S/N), where
WADV and CADV are both prevalent. In these regions, the starting point of trajectories are sampled at an equal
distance of 200 km, yielding 8032 points in total (see Figure S1 in Supporting Information S1). For each starting
point, the 36‐hr forward trajectories are computed every 6 hr for the years 2010–2011 (an example is illustrated in
Figure S2 in Supporting Information S1). Cloud properties (LCF and CLWP) and meteorological variables are
tracked along Lagrangian trajectories for analysis in CESM2 and observations, respectively.

WADV events typically occur in the warm sections of tropical cyclones, where large‐scale updrafts favor the
formation of middle and high clouds, obscuring the observations of low clouds (Wall et al., 2017). To minimize
the impact of mid‐ and high‐level cloud contamination, we selected those trajectories that begin with single‐layer
Sc clouds with cloudiness greater than 0.5 (following Zheng et al. (2020)) and mid‐ and high‐level cloudiness less
than 0.05. Moreover, we choose the trajectories occurring under CADV and WADV conditions, through the
criterion that the linearized temporal rate of SSTs along the trajectory is non‐zero at a significance level of 0.05.
As a result, for CESM2, ∼0.4 million trajectories are selected under CADV conditions and ∼0.1 million under
WADV conditions. For observations, ∼0.7 and ∼0.1 million trajectories are selected for CADV and WADV,
respectively.

2.4. Machine Learning Model and Its Interpretability Analysis

Cloud evolution is primarily governed by large‐scale MFs. To examine the meteorological controls, an inter-
pretable machine learning model called the eXtreme Gradient Boosting Decision Tree (XGBoost; T. Chen &
Guestrin, 2016) is used to predict LCF or CLWP variations along trajectories with chosen large‐scale MFs. The
interpretation of XGBoost prediction results by SHAP analysis reveals the individual effect of each factor on
cloud variations, which is the primary focus of model‐observation comparison in this study.

We use the 36‐hr variations in LCF or CLWP as the predictands (using 24‐hr variations does not change our main
findings). The chosen large‐scale MFs are recommended by previous studies (Bretherton, 2015; Qu et al., 2015;
Sandu et al., 2010): EIS, SST, FT moisture at 700 hPa (q700), moisture difference between 700 hPa and 1,000 hPa
(dq), large‐scale subsidence rate at 700 hPa (ω700), and surface wind speed at 925 hPa (U925). The initial values
and 36‐hr variations in these MFs are denoted as MF0 and ΔMF respectively. We employed both as predictors.
Physically speaking, the MF0 and ΔMF represent cloud controllers at different time scales: the MF0 represents
synoptic scale influence (i.e., cloud responds to the upstream meteorological through a multi‐day memory or
long‐term impact of an MF) and the ΔMF represents a more immediate effect (short‐term impact of an MF).

In addition to MFs, initial values in cloud properties are also used as predictors, because of “regression to the
mean” (also called “regression artifact”), that is, trajectories starting with higher LCF (CLWP) values tend to
show a more noticeable decrease in LCF (CLWP) over time (Eastman et al., 2021). The effects of regression
artifacts can be easily isolated from physical controls on cloud variations via SHAP analysis. XGBoost models are
trained separately for CESM2 modeling results and observations under two Tadv conditions. Training details can
be found in Text S1 in Supporting Information S1. The machine learning model merits here because it accounts
for the non‐linear effects between MFs, exhibiting higher explained variance score compared to multiple linear
regression (MLR) models (compare Table S1 in Supporting Information S1 with Table S2 in Supporting
Information S1).
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To determine the individual effect of each MF on cloud variations, we employ a statistical approach from
cooperative game theory, SHAP (SHapley Additive exPlanations; Lundberg & Lee, 2017; Lundberg et al., 2018)
to interpret the machine learning model behavior. SHAP analysis explains a model's individual output (e.g., LCF
variations) as a sum of the contributions of each predictor (e.g., MFs) and the mean predicted value through an
explanation model, which can be expressed as:

y = y +∑iϕi, (1)

where y is the final prediction for one case, y is the average prediction across all cases, and ϕi is the marginal
contribution of the ith feature to the prediction for this case (called SHAP values). To calculate SHAP values, an
efficient and exact algorithm, TreeSHAP, is adopted, which was developed for tree ensemble models using the
conditional expectation to estimate the effects of predictors (Lundberg et al., 2018, 2020). In this study, MFs with
larger absolute SHAP values have a greater contribution to predicted LCF/CLWP variations. The sensitivity of an
MF's SHAP values to this factor reveals its individual meteorological control on cloud evolution. Figures S4–S7
in Supporting Information S1 show the SHAP values as functions of initial values and 36‐hr changes in MFs. The
predictant variables, LCF/CLWP variations, are linearly transformed to between 0 and 1. The unit of SHAP
values is thus 1.0.

3. Results
3.1. Evolution of Cloud Properties

Figure 1 compares the ensemble‐mean evolution of LCF and CLWP along the selected trajectories between
observational and CESM2 modeling results under two Tadv conditions. For cloud decks experiencing CADV,
observations show a persistent reduction in both LCF and CLWP (Figures 1a and 1c). CESM2 also shows similar
trends (Figures 1b and 1d) but with some oscillations over time. However, the modeled decrease in cloud fraction
and cloud water (by around 0.35 and 30 g/m2 respectively) exhibits a significantly steeper decline compared to
observations (by 0.13 and 13 g/m2), indicating that the issue of too rapid Sc‐to‐Cu transitions in CESM models
persists, despite the improvements made by the implementation of CLUBB (Bogenschutz et al., 2013). For

Figure 1. Time series of the ensemble‐mean (a) low‐cloud fraction (LCF) and (c) cloud liquid water path (CLWP) under
CADV (blue) and WADV (red) conditions for all selected trajectory cases in observations. Panels (b, d) show the same ones,
but for CESM2. The error bars represent the expanded standard error (SE) of 10 for visualization. The standard error is
calculated as SE = σ/

̅̅̅
n

√
with σ the standard deviation and n the total sample size.
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WADV, observations show decreasing LCF and increasing CLWP trends. Similar trends are observed in CESM2
but with different amplitudes of variations. The modeled decrease in LCF is generally consistent with that in
observations (by around 0.15), whereas the increase in CLWP is significantly overestimated by CESM2 (by 50 g/
m2) as opposed to the flat increase in observations.

Two questions arise here: What causes the too rapid Sc‐to‐Cu transition under CADV conditions in CESM2?
Why does CESM2 simulate a greater increase in CLWP under WADV conditions than observations? We address
these questions by examining modeled individual effects of MFs on the evolution of cloud properties through an
explainable machine learning approach.

3.2. Evolution of Meteorological Factors

Figure 2 shows the time series of MFs. Generally, observations and CESM2 display similar trends for these
variables. We first examine the trend of these MFs under CADV conditions, marked by blue lines in Figure 2.
Mean EIS tends to decrease over time (Figure 2a), as a result of increased SST (Figure 2b) or enhanced surface
fluxes (dominated by latent heat fluxes in Figures 2g and 2h). For background FT moisture changes, we find a
large drop and a subsequent slight increase in q700 (Figure 2c). dq tends to increase sharply (Figure 2d), indicating
that entrainment is drying clouds more efficiently (see the entrainment drying term in Equation 1 in H. Zhang
et al. (2023)). Meanwhile, drying effects by subsidence tend to become weaker as ω700 is decreasing (Figure 2e),
resulting in less drying air being brought downward. Surface winds show a decreasing trend (Figure 2f), and thus
the wind‐shear‐driven turbulence near the surface might weaken.

Compared to CADV, some key MFs exhibit the opposite trends under WADV conditions (red lines in Figure 2),
which are essentially caused by the reversed SST forcings (Figure 2b). Specifically, with decreasing SST, the
surface‐atmosphere interface becomes more stabilized, which increasingly suppresses surface fluxes (Figures 2g
and 2h). dq and surface winds show the opposite trends compared to those under CADV conditions as well.
Similar trends are only found for q700 and ω700. But it is noteworthy that under WADV conditions CESM2
simulates a much more rapid increase in q700 compared to observations (Figure 2c), possibly related to the more
rapid drop in the simulated ω700 (Figure 2e). This misrepresented increase in q700 partly explains the too rapid
increase in CLWP under WADV conditions.

Figure 2. Time series of the ensemble‐mean (a) EIS, (b) SST, (c) q700, (d) dq, (e) w700, (f) U925, (g) sensible heat flux, and
(h) latent heat flux under CADV (blue) and WADV (red) conditions for all selected trajectory cases in observations (solid
lines) and CESM2 (dashed lines), respectively. The error bars represent the expanded standard error of 10 for visualization.
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3.3. Meteorological Controls on Cloud Evolution

Figure 3 summarizes the individual effects of each MF on LCF variations. The effects of an MF are classified into
the long‐term (background) effect and the rapid effect, quantified by the slopes of the changes of SHAP values
with MF0 and ΔMF, respectively. Before we address the two questions raised in Section 3.1, we first summarize
the observed controls of different predictors on cloud evolutions. Overall, observations show results consistent
with our previous understandings. For instance, a larger EIS tends to increase LCF because stronger cloud‐top
inversion caps more moisture in the MBL (Bretherton et al., 2013). Increased SST dries clouds because the
corresponding increased LHF enhances the buoyancy‐driven mixing of dry air in the free troposphere into the
boundary layer or entrainment drying (Rieck et al., 2012). But a reversed influence is observed for its rapid effect
under CADV conditions (see the left blue bar in Figure 3h), which warrants further investigation. The influence of
free‐troposphere moisture (q700) is still controversial. Some studies found that more emissive free‐troposphere
desiccates clouds owing to weaker moisture transport by turbulent/convective mixing (Bretherton, 2015;
Christensen et al., 2013) while others revealed that it increases clouds due to less entrainment drying by offsetting
cloud‐top radiative cooling (Myers & Norris, 2016; van der Dussen et al., 2015). Our findings corroborate the
second mechanism. An increase in dq is expected to decrease clouds as it makes entrainment drying more
efficient. Stronger subsidence tends to dry clouds as it brings more dry air from the free troposphere downward
(van der Dussen et al., 2016). Enhanced winds tend to moisten clouds as enhanced surface driven shear mixing
increases latent heat flux and clouds (Bretherton et al., 2013; Brueck et al., 2015). The relative contributions of
these factors are shown in Figure S8 in Supporting Information S1. Our findings suggest that EIS is the most
crucial meteorological determinant for LCF evolution under CADV conditions with a particularly pronounced
long‐term impact, whereas SST stands out as the most influential factor under WADV conditions.

To answer the first question, we dive into the investigation of modeling errors that lead to a rapid decrease in LCF
under CADV conditions (Figure 1b). One robust cause of the LCF rapid decrease is due to an overestimation of
SST‐induced drying effects. This overestimation is notably observed for the long‐term or background impact of
SST (Figure 3b). That makes CESM2 tend to simulate a larger decrease in LCF over time given the close initial
conditions between simulations and observations. Moreover, the short‐term drying effect induced by SST is also
overestimated (Figure 3h), further accentuating the LCF decline given the rising SST trend (Figure 2b). However,
some MFs display competing effects between long‐term and short‐term impacts, complicating the analysis. For
instance, the long‐term moistening impact of EIS is underestimated, thereby amplifying a rapid decrease in
simulated LCF, but its underestimated short‐term moistening impact slows down the LCF decrease as EIS de-
creases over time (see blue lines in Figure 2a). Similar offsetting dynamics are observed for other MFs. Factors
like the overestimated short‐term drying effect of dq and the overestimated long‐term drying impact of subsidence
contribute to the rapid decrease in simulated LCF. However, these impacts are often counterbalanced by opposing

Figure 3. Barplot of the sensitivity of SHAP values to initial values (MF0; the first row) and 36‐hr variations in meteorological factors (ΔMF; the second row) when
predicting LCF variations, derived from observational data (blue) and CESM2 simulation results (red) under CADV/WADV conditions. This sensitivity is determined
by initially sorting a predictor's SHAP values into 15 equal bins based on the values of this predictor, followed by conducting a least squares regression on these binned
averages against the predictor. The slope of the regression line quantifies the sensitivity (see its unit below the MF name), and its standard error is represented by the
error bar. μ means 1 × 10− 6.
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forces within the same MF, making net effect assessments intricate. In contrast, under WADV conditions, many
of the errors simulated under CADV conditions are substantially diminished, such as the short‐term effects of EIS,
SST, ω700 and U925. These make substantial improvements in LCF simulations under WADV conditions.

The observed meteorological controls on LWP evolution (Figure 4) are similar to those discussed for LCF. To
answer the second question, we probe into the causes of the substantial increase in CLWP under WADV con-
ditions (Figure 1d). Compared to CADV, modeling errors of meteorological effects are larger under WADV
conditions, particularly with factors like EIS, SST, q700, w700, and U925. Examining these errors, we find that the
overestimated moistening effects of q700 (Figures 4c and 4i) and U925 (Figures 4f and 4l) robustly explain the
significant increase in simulated CLWP since no competing effects are observed. Additionally, the overestimated
long‐term moistening effects induced by EIS and the overestimated short‐term drying effects induced by SST, dq,
and w700 contribute to CLWP increase, although these are somewhat moderated by corresponding counter‐effects
within each MF.

4. Implications for High ECS in CESM2
Gettelman et al. (2019) and Bacmeister et al. (2020) have shown that the higher equilibrium climate sensitivity
(ECS) of 5.3 K in CESM2 compared to CESM1 mainly results from increased cloud feedback. A key contributor
to increased cloud feedback is the cloud‐phase feedback (Tan et al., 2016). CESM2's correction of supercooled
liquid underestimation in CESM1 leads to a weaker negative cloud‐phase feedback, hence contributing to the
higher ECS (Bjordal et al., 2020; Gettelman et al., 2019). In addition to mixed‐phase ice nucleation, mis-
representations of other physical processes could also contribute to the increased ECS. Our findings, exemplified
in Figures 3 and 4, show an overall overestimated drying effect induced by SST in midlatitudes across varied
timescales and Tadv conditions, contributing to an increase in positive cloud feedback. For instance, the over-
estimation biases shown in Figure 3b for CADV suggest that in a warmer climate, a rise in background SST tends
to amplify the reduction in LCF along the Sc‐to‐Cu transition, thereby exacerbating global warming. One po-
tential reason for the overestimated drying effects is that in CESM2 an increase in SST causes an excessive
enhancement of buoyancy‐driven mixing of dry free tropospheric air into the MBL. This suggests that some
CLUBB parameters influencing the boundary layer mixing like C7/C7b (Guo et al., 2015) should be tuned to
decrease the sensitivity of LCF (or CLWP) to SST variations. Furthermore, the model overrepresents long‐term
moistening effects from FT moisture and surface winds on cloud properties under CADV and WADV conditions.
The overestimated moistening biases caused by surface winds in the model may stem from CLUBB's overly
efficient turbulence production due to near‐surface wind shears, suggesting that pressure changes due to wind
shear (see Equation 4.11 in Larson (2022)) might be too large, hence producing excessive clouds. Given the
declining trend in FT moisture and surface winds in a warming climate in midlatitudes in GCMs (Myers
et al., 2021), these simulated stronger meteorological effects also hint at greater positive feedbacks, which shed
light on the increased ECS in CESM2.

Figure 4. Same as Figure 3, but for CLWP variations.
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5. Summary
This study evaluates the evolution of marine stratocumulus clouds and associated meteorological controls under
two contrasting temperature advections—cold‐air advection (CADV) and warm‐air advection (WADV)—in
CESM2 against observations through a Lagrangian framework. Our investigation reveals that under CADV
conditions, CESM2 simulates a too rapid stratocumulus‐to‐cumulus transition regarding low‐cloud fraction
(LCF) and cloud liquid water path (CLWP). In contrast, a closer alignment of LCF evolution with observations is
exhibited under WADV conditions, but with a significant overestimation of CLWP increases. Employing an
explainable machine learning approach, we probe into the potential causes of misrepresented cloud evolution by
examining the effects of meteorological factors. The simulated rapid reduction in LCF and CLWP under CADV
conditions is found to be related to the overestimated drying effects induced by sea surface temperature (SST),
whereas the substantial increase in CLWP is associated with the overestimated moistening effects of free‐
tropospheric moisture and surface winds. Other meteorological factors may also contribute to the bias, but
with uncertainties due to the competing effect between long‐term and short‐term impact within each factor.
Moreover, our findings suggest that overestimated drying effects due to SST and moistening effects from free‐
tropospheric moisture and surface winds might contribute to the high equilibrium climate sensitivity in
CESM2. This study showcases a useful machine‐learning‐based framework for assessing the representation of
cloud physics in climate models, offering the potential for its application in CMIP6 model comparisons regarding
meteorological controls on clouds in future studies.

Data Availability Statement
The CESM2 model code is available at Danabasoglu et al. (2020). The ERA5 reanalysis data are available at
Hersbach et al. (2020). The CERES SYN Ed4 products are available at CERES Science Team (2021). CESM2
simulation results are available upon request via email.
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