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Abstract. Aerosol-cloud interaction (ACI) is the critical yet most uncertain process in future climate projections. A major
challenge is the sign and magnitude of cloud liquid water path (LWP) response to aerosol perturbations (represented by cloud
droplet number concentration, Ng) at different temporal and spatial scales are highly variable, but potential microphysical-
dynamical mechanisms are still unclear, especially at a diurnal scale. Here, robust observational evidence from geostationary
satellite reveals that the diurnal variation of LWP adjustments is driven primarily by diurnal-related boundary layer decoupling
and cloud-top entrainment. Strikingly, these diurnal adjustments exhibit a distinct regional pattern associated with cloud
regimes. We find that the cooling effect of LWP adjustments would be underestimated by up to 8689% in study regions if
neglecting their diurnal variations, leading to a further 4520% offset of Twomey effect, thus biasing aerosol indirect effect
toward a warming direction. Our findings highlight the key role of diurnal variation of ACI in reducing the uncertainty in

climate projections.

1 Introduction

Marine low-level clouds (MLCs), which cover one-third-part of the global ocean (Klein and Hartmann, 1993), exert a
strong cooling effect by reflecting the incoming solar radiation back into space with-little-impact-on-the-outgeing-longwave
radiation-(Jiang et al., 2023). Their reflectivity to solar radiation is highly sensitive to atmospheric aerosol concentrations
because aerosols can serve as the cloud condensation nuclei (CCN) to modify the mediated variables ef-aeresel-cloud
interactions-{ACH-(e.g. droplet number concentrations, Ng; effective radius, re}—AWhie-the-cooling-effectof) of aerosol-cloud
interactions (ACI). ACl-may i

uncertainty of aerosol radiative forcing and future climate projections. Aerosol-induced increases in CCN can enhance Ng and

contributes the largest

hence reduce re, boosting cloud albedo while holding cloud liquid water content (the Twomey effect) (Twomey, 1977)-which
is-the-instantaneousradiative-foreing. Additional alterations in cloud microphysics may arise from AGCHRFi)—tr-additionto

Fwomey-effect-changes in the quantity of liquid water or cloud macrophysical-propertiescover that are induced by aerosol
variations._These changes can lead to further—alterations—in—cloud—albede,—it—is—called—rapid adjustments {e-g—LWPR
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adjustments)within the cloud in response to aerosol perturbations, indicating that the impact of aerosols on cloud properties is

bidirectional-sign.. For example, it has been documented that liquid water path (LWP) can either increase due to precipitation
suppression (positive LWP adjustments) (Albrecht, 1989) or decrease due to entrainment-drying-{nregative-L\WP-adjustments)

Ackerman-e 004: Bretherton et g 00 mall et a 009 hese large uncertainties-in L\A/P-ad ments-are-nossibly

feedbacks (negative LWP adjustments) (Ackerman et al., 2004; Bretherton et al., 2007; Small et al., 2009). While the Twomey

effect is well-recognized, however, LWP adjustments are highly uncertain as the least understood and most poorly quantified
in all climate forcing (IPCC, 2023).

These large uncertainties in LWP adjustments are generally attributed to the complex interplay of microphysical-

dynamical conditions and aerosol loading (represented by Ng) that vary with different temporal and spatial scales (Bender et
al., 2019; Chen et al., 2014; Glassmeier et al., 2021; Gryspeerdt et al., 2022a).

‘Numerous observational studies have been carried out to understand the extent of this variability and uncertainties of
LWP adjustments, with the aim of constraining model simulations (Gryspeerdt et al., 2019, 2021; Rosenfeld et al., 2019;
Trofimov et al., 2020; Wilcox, 2010). These investigations have spanned various regions and targets, revealing diverse cloud
responses attributable to the varied mechanisms of LWP adjustments. MeanwhHeln addition, it has been confirmed that the
uneertainty—source—of L\WP adjustments—refers—to—various—factors—sueh—as—analysis methods, sampling strategies, and
meteorology covariations_could be a considerable other source of uncertainty in LWP adjustments (Chen et al., 2014;
Gryspeerdt et al., 2022b; Rosenfeld et al., 2019, 2023). Here, we focus on the time-dependence of LWP adjustments (that

is;i.e., diurnal variations) as it is associated with both sampling strategies and meteorology covariations. Actualhy-itlt has been
established that marine cloud properties and_the cloud-topped marine boundary layer exhibit prominent diurnal variations in
response to solar radiation, which are closely related to their regional dependence (Duynkerke and Hignett, 1993; Wood et al.,
2002). The microphysical-dynamical boundary layer feedback, which generally covaries with regional diurnal cycle, could
augment or weaken the LWP adjustments and thus lead to the diurnal variation of LWP adjustments with broad spreads and
even different signs. This means that a one-size-fits-all approach to global-mean LWP adjustments may not provide a robust
constraint, given the regional and temporal mechanisms at play (Michibata et al., 2016).However Additionally, the
microphysical-dynamical mechanisms behind are complex and still poorly understood (Feingold et al., 2024). This drives the
conclusionspeculation that the diurnal variations of LWP adjustments could be one of the most significant yet overlooked
sources of uncertainty of ACI.

However, to date, a majority of researchesstudies have relied on observations from polar-orbiting satellites to investigate
the spatial distribution and long-term variations of Ny due-te-limitations-of-observational-technigues-(Bennartz and Rausch,
2017; Li et al., 2018; McCoy et al., 2018)—Fhese-methods, which are insufficient to depict the time-dependencedependent
nature of LWP adjustments. Based on Himawari-8 geostationary satellite, this-work-demenstrates-that-the diurnal variations
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of cloud microphysical properties and L WP adjustments in two typical regions are-primariy-drivenby-divrnal-related-boundary
layer-decoupling-and-cloud-top-entrainmentleadingas selected, and the associated influencing factors and mechanisms are
presented in this study. Our research aims to large—underestimation—of—the—cooling—effect—These—results—expand our

understanding regarding-the-of the influence of meteorological factors, initial aerosol states (specially Ng), and the covariance

between meteorology and aerosols on cloud LWP, gaining a comprehensive understanding of the diurnal variations efin LWP

adjustments,—furtherconfirming-that-this which is a significantyet-commonly-overlooked;-source-of uncertaintyhighly time-

dependent variable lacking guantification, in conjunction with shifts in regional meteorological conditions.

2 Data and Methods

Our analysis focuses on 1°x 1<°non-precipitation marine low-level cloud samples, aggregated from filtered pixel-level
satellite data;-try. We aim to avoid the impact of precipitation on retrieval of Ny and fecusingfocus only on the development
of clouds in response to aerosol loading associated with microphysical-dynamical conditions over two selected regions. One
is located in the west of Australia (2535, 952105, AUW). The other is in_the East China Sea (20930MN, 120130<E,

ECS), as shown in Figure S1 in Supplementary Materials.

2.1 Nq retrieval based on geostationary satellite product

In this study, 4 years (2016-2019) of hourly cloud microphysical properties data from the Satellite Cloud and Radiation
Property retrieval System (SatCORPS) Clouds and the Earth's Radiant Energy System (CERES) Geostationary Satellite (GEO)
Edition 4 Himawari-8 over the Northern Hemisphere (NH) (Southern Hemisphere (SH)) Version 1.2 data product
(CER_GEO_ED4 HIM08 NH_V01.2, CER_GEO_ED4 HIM08 SH_V01.2) arewere collected (NASA/LARC/SD/ASDC
2018b, a)- i i :

. The datasets are derived from the Advanced Himawari Imagers (AHI) on Himawari-8 geostationary satellite, using the

Langley Research Center (LARC)s SatCORPS algorithms in support of CERES project (Minnis et al., 2021; Trepte et al.,

2019). The retrievals are at 2-km resolution (at nadir) and are sub-sampled to 6 km. The sub-sampled resolution meets the

needs of the CERES project without having a data implosion. The cloud optical thickness (CLOT), cloud effective radius (re)

and cloud-top temperature (CLTT) from the SatCORPS product during the daytime were used to retrieve Ng in our study.

Other cloud properties such as cloud-top height (CLTH), cloud base height (CLBH) and cloud thickness (H) were used in
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further analysis. The SatCORPS is based on the CERES Ed4 cloud retrieval algorithm, providing more accurate CLTH and

H parameterizations (Minnis et al., 2011, 2021). Briefly, CLTH is estimated as the altitude where the cloud-top temperature

(CLTT) occurs in the temperature profile. The temperature profile is provided by CERES Meteorology, Ozone, and Aerosol

(CERES MOA) dataset. CLTT is derived from an empirical parameterization of cloud-top emissivity at channel 4 and cloud

effective temperature. H is computed using empirical formulas with t: H = 0.391n7 — 0.01 for liquid clouds. CLBH s
directly obtained by subtracting H from CLTH.

The SatCORPS retrievals providedprovide cloud effective radius (re) inthe 3.9 um near-infrared band (Kang et al., 2021),
which is closest to the cloud top and—leads%e@ less bias in further calculation of Ng (Grosvenor et al., 2018). Both-Ng-and

number—eeneem;aneﬁrgm%lem-base%ewpm can be estimated as (Bennartz, 2007)—Ng-can-be-estimated-as::

1
_ ﬂ(fadcw‘[)i
¢ 2mk \Qpy .S

where 7 represents cloud optical depth and py is liquid water density. The extinction efficiency Q = 2, as Q relies less on the

€y

size parameter in near—infrared. k, related to droplet size distribution, is set as 0.8 for maritime cloud (Martin et al., 1994;

Painemal and Zuidema, 2011). cy represents the condensation rate determined by temperature in cloud (here is cloud-top

active-sateHiteretrievals—Additionalhy,-thethe cloud-top temperature from SatCORPS). A constant adiabatic value (fag) of 0.8

is used to represent the deviation from the adiabatic profile (Bennartz, 2007). This-Sa

from passive satellite observations (Bennartz, 2007; Bennartz and Rausch, 2017; Li et al., 2018; McCoy et al., 2018) and has

been validated as a reliable technique for observing changes in long-term variations of Ny (Boers et al., 2006). Li et al. (2018)

demonstrated that passive satellite Ng retrievals exhibit strong consistency with active satellite retrievals. The SatCORPS
Himawari-8 retrievals agree well with in-situ observations according to Kang et al. (2021). In this study, the LWP from

SatCORPS is calculated as gpw‘n‘e in sub-adiabatic conditions, following the method by Wood and Hartmann (2006). The
combination of these two retrieval methods of Ny and LWP has been widely used in the satellite investigations of LWP
adjustment (Fons et al., 2023; Gryspeerdt et al., 2019; Qiu et al., 2023; Smalley et al., 2024).
Followingpreviousstudies-Several sampling strategies were adopted in this study to select cloud pixels to meet the above
retrieval assumptions (Grosvenor et al., 2018; Gryspeerdt et al., 2019; Li et al., 2018)-several-samplingstrategies-are-adopted
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. Only pixels in the liguid phase with cloud-top temperature warmer than 268 K under 3.2 km were included. To maintain
consistency with previous studies (Bennartz and Rausch, 2017; Li et al., 2018), we adopted 268 K as the threshold of CLTT
for liquid clouds, rather than 273 K. In fact, 96% (97%) of the samples exhibited CLTT above 273 K in AUW (ECS) region.

Therefore, the threshold has a negligible impact on the overall results. The lower bounds of re (z) were set as 4 um (4) to reduce

uncertainties. Moreover, pixels with solar zenith angles larger than 65 °were excluded. Filtered data was used to calculate Ng

and then aggregated to 1°x1<grid. Each grid containing at least 30 pixels is considered a cloud sample. On average, each
grid contains 83 (87) pixels in AUW (ECS) region.
We followed the previous methods to filter cloud pixels. But this classification only limits cloud top properties and cloud

phase, inevitably including different cloud regimes, such as low-level cumulus clouds. This willmight introduce uncertainties
beecauseas cumulus clouds and stratocumulus clouds have different adiabatic properties but we have set the adiabatic lapse-rate
lue i ieval . . ‘ » . - | eval of

Ng:rate as a constant value in the retrieval process. Uncertainties may occur as fag varies with cloud depth (Grosvenor et al.,

2018; Min et al., 2012). As acquiring hourly f,q on a global scale is difficult, to date, studies investigating diurnal variations

based on geostationary satellites continue to employ a constant fag value (Fons et al., 2023; Qiu et al., 2024; Smalley et al.,

2024). Also, the choices of constant k might introduce bias into the retrieval of Ng. Studies have found that k parameter varied

with the height within cloud and cloud types (Brenguier et al., 2011; Martin et al., 1994; Painemal and Zuidema, 2011). Alse;
uncertainties-may-oceur-as-f.-varies with-cloud-depth-(Grosvenor-et-al—2018- Min-et-al2012)-As-acquiring-hourlyf..-ona

contributes equally to all samples, it may change the magnitude of variables without changing the diurnal patterns or the

mechanisms behind them. Consequently, the above uncertainties will not greatly affect the conclusions of this paper.

In-orderteTo minimize the influence of precipitation, particularly the bias introduced in Nq and LWP retrievals due to

invalidating the adiabatic (or sub-adiabatic) assumption, only non-precipitating clouds are discussed in this study. Therefore,

GPM IMERG Final Precipitation L3 Half Hourly 0.1 degree x 0.1 degree V07 (GPM_3IMERGHH) is-alsewas used as an
auxiliaryjudgmenta precipitation criterion (Huffman et al., 2020)-TFhe-deuble-checkis-applied-since-there-are distinctelements

that-do-net-overlap-of the-two-criteria-. To align these two satellite products, SatCORPS cloud pixels within each 0.1<grid of
GPM_3IMERGHH are assigned the same precipitation value. Cloud samples are regarded as non-precipitation only if the

averaged-effective radiusis-underM4wm-and- GPM_3IMERGHH precipitation rate equals 0 mm/hr in 1=x1<grid. In total, we
collect 246762480189 cloud samples in AUW and 161581173181 cloud samples in ECS using 4-year (2016-2019) hourly
record from SatCORPS Himawari-8.
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2.2 Quantification of LWP adjustments

To quantify LWP response, both direct and indirect methods have been used in previous studies. The logarithmic

dlnLWP

relationship between Ng and LWP ( TN ) is a direct way to quantify LWP sensitivity to aerosol perturbations, where Ng is
d

considered as-a proxy of CCN. Another indirect way of describing the variation of cloud water due to aerosols (—

Alnr) .
Alnrg

deduced from the contributions of changes in LWP and r. to the changes in cloud optical depth (% = ALLV‘V/‘;P — %) (Christensen

and Stephens, 2011; Coakley and Walsh, 2002). Whereas the latter method is put forward with a default condition that Ar is

always negative, it is only applicable to small-scale pollution tracks like industry tracks, volcano tracks or ship tracks, etc.
(Rahu et al., 2022; Toll et al., 2019). Therefore, the former method is applied in this study, which has been commonly used in
researches efon aerosol-cloud interactions based on large-scale satellite observations {(Glassmeieret-al—2021-Gryspeerdt-et
al—2019: Rosenfeld-etal-2019)(e.q., Glassmeier et al., 2021; Gryspeerdt et al., 2019; Rosenfeld et al., 2019).

LWP adjustment at any given moment is the result of all available data at that moment. The regression slope of Ng and

a;Tan/p) is calculated on 1<=grid scale. Following previous studies (Fons et al., 2023; Rosenfeld et al.,
d

LWP in log-log space (

2019), we choose the median LWP in each In(Ng) bin as the feature point for the entire sample space making the regression
more representative of the overall characteristics of theall samples (black dots in Figure 1, A and D). Since the relationship

between Ng and LWP in non-precipitation clouds shows a non-linear trend_in ECS region, turning points in Ny with the lowest

LWP are found to characterize LWP adjustments #awith two different Ngy stages (greensi.e., purple and blue lines in Figure 1;

2.3 Reanalysis datasets

Aerosol property is represented by the total column extinction optical depth (AOD) at 550 nm from hourly time-averaged

2-dimensional data collection in Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA-2),

with a spatial resolution of 0.5°%0.625<(Buchard et al., 2017). It is interpolated onto a 1 =>1<grid using bilinear interpolation

method.

agv)-are either obtained
or calculated by ERAS reanalysis data (Hersbach et al., 2020)-, including sea surface temperature (SST), lower-tropospheric
stability (LTS), relative humidity on 700 hPa and 1000 hPa (RH700 and RH1000), vertical velocity on 700 hPa (omega700)

and 800 hPa (omega800), horizontal wind field on 700 hPa and horizontal temperature advection at the surface (SSTaq,). The

ERAG5 is the fifth-generation atmospheric reanalysis of global climate and is produced using the ECMWEF’s Integrated Forecast

6
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System cycle 41r2 with a 4-dimension variation assimilation system. Compared to the ERA-Interim, the ERAS5 has higher

spatial (0.25°x0.25<) and temporal resolutions (hourly), and the representation of atmospheric processes has been further
improved. In this study, the ERA5 reanalysis data is matched to SatCORPS data in the same way as GPM_3IMERGHH.

The LTS is expressed as the difference of potential temperature between 700 hPa and_the surface (Klein and Hartmann,
1993). For the horizontal temperature advection at the surface (SST.av), it may-beis expressed in spherical coordinate as Jian

et al. (2021) and Qu et al. (2015):
u dSST 4 v 0SST
Rgcosd dA Ry 0o

where Re is the mean Earth radius, SST is the surface skin temperature, u and v are the eastward and northward horizontal 10

SSTap = 2

m wind components, respectively. ® and A represent the radians of latitude and longitude. A positive/negative SSTaqv indicates
warm/cold advection, which influences the surface latent and sensible heat fluxes then the moisture transport within the cloud
layer and the cloud thickness (George and Wood, 2010) and, consequently, influenceinfluences the cloud liquid water.

3 Results

3.1 LWP adjustments vary alongside microphysical-dynamical conditions
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Figure 1. LWP adjustments in log-log spaces and their diurnal patterns in two typical regions (the west of Australia,
AUW} and the east China sea, ECS). Non-precipitation cloud samples_are scattered in Ng-LWP log space at 1400 LT in (A)
AUW and (D) ECS region. Colored dots are samples in different cloud thickness (H) bins (unit: m). Black dots represent the
median LWP in each Ng bin. The colored lines are the fits of black dots at different stages-_in ECS region. Diurnal variations
of LWP adjustments binned by H in (B) AUW and (E) ECS regienregions are shewedshown. Colored lines in (S)-ane<F) are
diurnal variations of different stages in (Ayard-(D), while black lines in (C) and (F) are the overall diurnal variations of LWP
adjustments in two regions, respectively. The incompletion-ef-greenblue line in (F)-Hs-because-the-processes-are-not-obviocus-at
0800 LT—and-1600-LT-C) represents the diurnal variation of H. Dashed lines represent the average LWP adjustments
considering diurnal variations, —0.1931 for AUW (C) and 0.3302 for ECS (F).

Figure 1 (A and D) shows the scatter plots of Ng-LWP relationship in log-log space for AUW and ECS regions at 1400
LT (local time), respectively. The complete pictures of all available daytime periods are presented in Figure S2. The Ng-LWP
relationships show similar patterns during daytime in each region but eppesitedifferent results in two regions, with an overall
negative {peositive}-adjustment in AUW-ECS);, meaning that LWP decreases {inrereases)-with increased Ng-, while the LWP

adjustments in ECS region exhibit both positive and negative throughout the day. For non-precipitation clouds, both positive

and negative LWP adjustments have been reported (Glassmeier et al., 2021; Michibata et al., 2016; Rosenfeld et al., 2019;
Toll etal., 2019)caused-by and attributed to different mechanisms (e.g-., lifetime effect and entrainment feedbacks) (Michibata

et al., 2016)-tn-fact-conflicting LWP-adjustments-are ultimately subject to-the dominant microphysical-dynamical-mechanism
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the sign of LWP adjustment is ultimately subject to the dominant microphysical-dynamical mechanisms for each Ny stage.

Before about 300 cm3, LWP adjustments are dominated by processes at the cloud margins, such as sedimentation-entrainment

235 feedback (Ackerman et al., 2004) and evaporation-entrainment feedback (Small et al., 2009), leading to negative LWP

adjustments in both regions (Figure 1A and purple line in Figure 1D).
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Figure—3. Comparisons between Ng-LWP relationship and Ng-Thickness relationship in two regions. Relationship

between Ng and (A) LWP, (B) cloud thickness in AUW region. Relationship between Ng and (C) LWP, (D) cloud thickness in

ECS region. The orange solid and dashed lines show the change of cloud top height (CLTH) and cloud bettembase height
260 (CLBH) with Ng.

However, LWP begins to rise at high Nq in ECS (blue line in Figure 1D), which is the primary reason causing the overall
positive LWP adjustments in this region. Positive sensitivity over ECS has been reported but not fully understood (Bender-et
ek —(Bender et al., 2019; Gryspeerdt et al., 2019;

265 Zhang et al., 2021). Michibata et al. (2016)-a

11



geographical-region-(Figure-S5). attributed the positive LWP response in non-precipitation clouds over East Asia to the cloud
275 lifetime effect (Albrecht, 1989). Here in ECS region, clouds are heavily affected by anthropogenic aerosols, showing LWP

increases with Ng at high Ng (>300 cm®). This behavior is related to the deepening of cloud depth with aerosols (Figure 2, C

and D), indicating warm invigoration by aerosols (Koren et al., 2014).

280 unstable-and-moist-atmosphere-in-ECS-Additionally—accordingThe above opposite responses of LWP (either enhanced or

decreased) to increasing aerosol loading depends on the environmental conditions and cloud characteristics (Altaratz et al.,

2014). On the one hand, they indicated that more droplets delay the collision-coalescence and provide more surface area for

condensation, releasing latent heat and promoting cloud vertical development, thus increasing LWP (warm invigoration). On

the other hand, more small droplets can be more likely to evaporate due to enhanced entrainment, leading to a decreased LWP

285 (entrainment feedbacks). According to Dagan et al. (2015), the competition between these two processes determines the

response of cloud macrophysical properties to aerosols. The Ng-LWP relationship in ECS indicates that warm invigoration

takes over after around 300 cm® leading to cloud deepening. Here, we will demonstrate that ECS region is favorable for warm

invigoration to occur from three aspects: environmental conditions, cloud regimes and aerosols.
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290 Figure 3. 4-year meteorological conditions of non-precipitation clouds in AUW and ECS regions from 2016 to 2019.

Histograms of meteorological factors are presented here. The mean values are labeled in the top-left corner. Data are directly

or indirectly derived from ERAS. For vertical velocities on 800 hPa (omega800), positive (negative) values indicate downdraft

(updraft).
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Although the microphysical-dynamical processes are challenging to observe directly, environmental conditions can be

considered as proxies and provide further support for the invigoration effect. The cloud deepening in ECS region is mainly

attributed to increasing CLTH (Figure 2D). Unstable boundary layers (low LTS) favor the formation of more convective clouds

(Manshausen et al., 2022), while high RH provides moisture for cloud vertical development. The unstable and moist

atmosphere in ECS provides such conditions with a mean lower-tropospheric stability (LTS) of 15.94 K and a peak in relative
humidity on 700 hPa (RH700) of 70% (Figure 3). Gryspeerdt et al. (2019) also reported this rising behavior at high Ng,

especially in moist conditions, consistent with our results noted here. Christensen and Stephens (2011) found elevated cloud-

top height from open cell clouds in response to ship pollution in relatively unstable and moist conditions.

Secondly, the more prevalent convective clouds in the ECS region would be another favorable condition for warm

invigoration. Zhang et al. (2021) also attributed the positive LWP adjustments to warm invigoration with the widespread low-

level convective clouds (Sc and Cu) in ECS. According to the division from Rosenfeld et al. (2019), we categorize the clouds
into three regimes, i.e., Sc (LTS > 18 K), Sc to Cu transition (14 K < LTS < 18 K}), and Cu (LTS < 14 K)). (Figure 4, G, H
and I). CleudsWe show that clouds in ECS region are dominated by the Sc to Cu transition regime.

The formation of this transition regime is associated with increasing sea surface temperature (SST) due to “deepening-
warming decoupling” (Albrecht et al., 1995; Bretherton and Wyant, 1997). Sc presents over the relatively shallow and stable
boundary layer with cooler sea surface along the coast (Figure 4, A and B) -and most of Sc may be mainhr-advected from the
southeast Chinese plain- (Klein and Hartmann, 1993). According to the cloud advection scheme by Miller et al. (2018), cloud
advection can be approximated as thea translation of the cloud field with the wind field. The advection height_is assumed to
correspond to the height of the cloud top. Therefore, we can simply deduce from the wind field at700-hPa-thatcloudsin-ECS

stratus-and-trade-eumulus).on 700 hPa (Figure 4A) that clouds in ECS have the possibility of advection from the Chinese plain

in the west. As air moves offshore, MBL deepens and cloud layer decouples with the surface mixed layer over the warmer sea

surface. Cu forms in the moist and unstable subcloud layer and rises to the upper cloud layer, resulting in a local cumulus-

coupled MBL.
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Figure 4. Distributions of meteorological factors and different cloud regimes in ECS region. (A) Sea Surface Temperature
(SST), the composite wind field (arrows) on 700 hPa and (B) lower-tropospheric stability (LTS) are from ERA5 reanalysis

data. (C) LWP skewness, (D) cloud-top height (CLTH), (E) cloud base height (CLBH) and (F) cloud thickness are directly or

indirectly derived from SatCORPS Himawari-8 product. The numbers in the lower right corner represent regional averages

being weighted by the cosine of latitude. Distribution of the proportion of cloud regimes for (G) Stratocumulus (Sc, LTS > 18
K), (H) Cumulus (Cu, LTS < 14 K), (1) Sc to Cu transition regime (Trans, 14 K <= LTS <= 18 K).

Finally, at high aerosol-loading conditions, warm invigoration has been found in numerous studies. For instance, Kaufman

et al. (2005) reported larger LWP in higher aerosol loading conditions over Atlantic warm clouds (a mix of stratus and trade

cumulus) using MODIS observations. Yuan et al. (2011) found increased cloud amount and higher cloud top heights associated

with volcanic aerosols in trade cumulus near Hawaii with A-Train satellites. In contrast to the model results of Koren et al.

(2014), who suggested that warm invigoration saturates at higher aerosol loading (AOD ~ 0.3), our findings indicate a higher
AOD of 0.441 (Figure 32), which is reasonable because the saturation value of AOD exhibits regional variability. For example,
Kaufman et al. (2005) reported a maximum AOD of 0.46, while Zhang et al. (2021) found that the AOD in the ECS region is

approximately 0.4. Considering-the-different processes-associated-with-cloudregimesw ycted milar-analysisfo
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suggesting-that they-can-be-studied-collectivelyTo summarize, these evidences all confirm the plausibility of warm invigoration

in the ECS region, causing the positive LWP adjustments at high Na.
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Figure 5. 4-year long-term variations of N4 and total aerosol optical depth (AOD) from MERRA-2 at 1200 LT in AUW
(A) and ECS (B) region. The correlation coefficients (corr) between Ng and AOD are 0.35 and 0.83 (significant at the 95%

confidence level), respectively.

Note that we select the column AOD as an aerosol proxy to remain consistent with the above studies. Although AOD

may not represent aerosol concentrations in some conditions, Figure 5 shows significant correlations observed between the 4-

year long-term variations of AOD and Ngat 1200 LT in both regions, particularly in ECS with a correlation of 0.81. Meanwhile,

both regions show the similar distribution patterns, with higher Ng and smaller r. near the continental coastal area, aligning

with the average AOD spatial distribution (spatial correlation coefficients of 0.84 in AUW and 0.91 in ECS) (Figure S1),

suggesting the availability of AOD as an aerosol proxy.

Furthermore, a sensitivity analysis is conducted to exclude the influence of Simpson’s Paradox. Due to thicker cloud

samples along the coast with larger Ngq and thinner ones with smaller Ng offshore in ECS region, we divide the samples into

coastal and offshore groups and find that the observed pattern is not significantly affected by the geographical region (Figure

S3). Considering the different processes associated with cloud regimes, we conducted a similar analysis for each cloud regime.

Our findings reveal that the pattern of LWP adjustments are-resttsis insensitive to cloud regime (Figures S4-S6), suggesting
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that they can be studied collectively.

We further analyze the influence of meteorological eevariationsconditions (i.e., LTS and RH) on LWP adjustments in the

two regions (Figure S7). Overall, LWP adjustments cannot be explained by a single meteorological factor. For example, in

ECS reqgion, despite the similarity in diurnal patterns of LWP adjustment within different LTS bins, the magnitudes exhibit

significant differences due to different aerosol loadings. Samples with LTS > 18 K are concentrated in coastal areas with higher

aerosol loadings. Warm invigoration is stronger for these samples, thus the overall LWP adjustment is positive. In contrast,

samples with LTS < 18 K have a larger proportion of smaller aerosol loadings. The effect of entrainment feedback is more

pronounced. This further highlights the importance of aerosol loadings in requlating LWP adjustments in ECS region.

Meanwhile, the intricate interplay among meteorological factors, clouds, and aerosols makes it difficult to exclude the
influences from meteorological factors (Chen et al., 2014; Engstr&m and Ekman, 2010; Zhang and Feingold, 2023). \When-we

Previous studies have-employed various methods to exclude environmental confounding factors, such as opportunistic
experiments from ship-track or volcano eruptions (Chen et al., 2022; Toll et al., 2019), where an overall weak LWP adjustment
tswas observed. For satellite studies, Rosenfeld et al. (2019) pointed out that cloud thickness (H) explained almost three-fourths
of meteorological impacts on cloud radiative effect (CRE) and they demonstrated an overall positive LWP
adjustmentsadjustment when separating H. However, apphying-their—method-andwe find that LWP adjustments become

negative after constraining H in aHthe intervals of Figure 1 (B and E), wefind-that-L\WPRadjustmentsbecome—negative,
indicating thatthe dominant effect of entrainment processes-deminate- L\WPR-adjustments. The discrepancy may arise from their
focus on samples in convective cores (top 10% of cloud optical thickness), which are closer to adiabatic, whereas our samples

suggest more exchange with the free atmosphere.
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Fons et al. (2023) suggested H is an important confounder using a causal approach and should be conditioned on. Here,
our results indicate the physical significance of constraining H. The sensitivity of LWP adjustments to H is elearhy-observed
in Figure 1. In AUW region, negative LWP adjustments become weaker as H increases. Fhis-indicates-thatclouds-of different
H-respond-differenthy-to-entrainment—Thicker clouds with-targer+c-are less sensitive to entrainment-feedbackfeedbacks with
increasing Ng compared to thinner clouds (Figure ZA1B). In other words, LWP in different H intervals responds differently to
Ng, SO it is necessary to restrict H in-erder-to exclude the effects of covariation. However, in ECS region, negative LWP
adjustments for clouds with H < 900 m become stronger with increasing H, while for clouds with H > 900 m, quite the contrary:
it weakens with increasing H. The bidirectional sensitivity of LWP adjustments to H is likely attributed to distinct mixing
characteristics among different cloud regimes in ECS region, reflecting the complex interactions between meteorological
factors, clouds, and aerosols. Additionally, clouds above 800m are associated with warm invigoration precess-(Figure 32D).

In this condition, H serves as a mediator but not a confounder. This implies that constraints on H in ECS is inappropriate
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because itthey fundamentally restrietsrestrict a majority of mechanisms influencing cloud vertical development.

In summary, the above results revealindicate that LWP adjustments stronghy—depend on microphysical-dynamical
processes{e-g-—precipitation-suppressien;entrainment feedbacks with increasing Ng in AUW region. While in ECS region, LWP
adjustments are results of the competition between entrainment feedbacks and warm invigoration)-and—meteorological

conditions-{e.g—moisture-and-stabiity-of the-boundary-layer).. Given that someLWP adjustment is influenced by a complex

interaction of meteorological factors, we think that cloud conditions provide more reliable indications. Specifically, cloud

thickness is important in AUW region, whereas aerosol loading (represented by Ng) is a better indicator in the ECS region.

Therefore, the diurnal variations of these factors émplay—dmmal#aﬂane%—m—mspense—te—the-selauad}anen—eyele—%

conditions-at-any-—given-time—are-respensiblecan provide important indications for us to investigate the ebservedpotential
mechanisms driving diurnal variations of LWP adjustments.-Fe-verify-this-hypothesis,we-investigated-the-diurnal-variations
in-LEWP-adjustments-and-their-potential-influencingfactors:

3.2 How LWP adjustments change over diurnal scale and mechanisms

In AUW region, the negative LWP adjustments strengthen from around 0800 LT to 1300 LT, reaching the strongest at —

0.41, and then weakening to —0.34 (Figure 1C). In ECS region, the positive LWP adjustments exhibit two local peaks during

the observation period, occurring at 1200 LT and 1600 LT, with peak values of 0.07 and 0.21, respectively (black line in Figure
1F). And two local minima LWP adjustments are observed at 0800 LT and 1400 LT, with values of —0.11 and —0.06,

respectively. Meteorological conditions have a small impact on the diurnal patterns of LWP adjustments in both regions (Figure

S7). Therefore, it is necessary to start with the diurnal variations of cloud properties to analyze the mechanisms behind the

diurnal patterns of LWP adjustments.

AUW is one of the subtropical Sc regions over the eastern part of the ocean away from eentinentcontinents (Klein and
Hartmann, 1993), characterized by large LTS and strong large-scale subsidence (Figure 23), which are eonditions-favorable
for the formation of Sc. Figure 56 depicts the diurnal variations of cloud properties in the Sc-like AUW region. The diurnal
variation of LWP shows a typical pattern with a peak in the morning and a gradual reduction until early afternoon.

TFhisAccording to previous studies, this pattern efvariation-is subject to the diurnal cycle of solar insolation (Bretherton et al.,
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2004; Mechoso et al., 2014; Wood et al., 2002). Specifically, during the daytime, solar radiation absorption within the cloud
layer and long-wave cooling at the cloud top drive the turbulent mixing within the cloud layer and inhibit turbulence to the sea
surface, thus leading to the decoupling of MBkthe cloud-topped marine boundary layer (MBL) (Buynkerke-and-Highett-1993;

Ghesh-et-al—2005;-Shinge-et-al—1982)(Duynkerke and Hignett, 1993; Ghosh et al., 2005; Slingo et al., 1982). As decoupling
cuts off the moisture source from the sea surface, the imbalance between entrainment drying and upward moisture flux may

thin the cloud layer. The decrease of LWP before 1300 LT is primarily attributed to the lifting of the cloud base, indicating

that entrainment drying originates from evaporation at the cloud base, which is in line with_an early modeling study for typical
Sc cloud regimes (Bougeault, 1985)- i .. After 1300

LT, EWPR-no-longerdecreases-and-even-shghthy-increases—Fhis-is-because-the gradual reduction of solar heating-after1300-LF

hinders the intensification of decoupling and helps rebuild the turbulence between the cloud and subcloud layer. Therefore,

LWP remains—nearly—constantincreases after 1300 LT likely due to—the—balancebetween—entrainment—drying—and the

reconstruction of turbulence.
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Figure 56. Diurnal patterns in AUW region. (A) Cloud liquid water path (LWP), cloud-top height (CLTH)-and), cloud
bettombase height (CLBH):) and vertical velocity on 700 hPa (omega700, positive values indicate downdraft) from ERA5
reanalysis. (B) LWP skewness and decoupling index in AUW region. (C) Cloud droplet number concentration (Ng) and
effective radius (re). (D) Aerosol optical depth (AOD).

Following the quantification method of Zheng et al. (2018) and Kazil et al. (2017), this study presents auxiliary
verifications of the decoupling process. First, according to Zheng et al. (2018), decoupling of the subtropical Sc decks during
cold advection is often unstable (negative temperature advection). The formation of Cu beneath the Sc will render local
coupling threughby feeding moisture into the upper cloud layer, thus causing a positive skewness of the probability density
function (PDF) of LWP. Therefore, the skewness of LWP PDF can be used to estimate the degree of decoupling for each cloud
sample:

E(x—u)?
skewness = ———— 3)
o
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where E is the expected value, 1 and o is the mean standard deviation of x, respectively. Positive skewness indicates more data

tends to be distributed to the right, and vice versa. Larger L\WP skewness indicates a larger decoupling degree.

As shown in Figure 56, LWP skewness increases before 1300 LT and then decreases, illustrating the decoupling process
and-turbulencereconstruction-discussed above. Note that while the cumulus penetration alters LWP, small variations in LWP
skewness suggest that it cannot be directly compared with the reduction of LWP caused by decoupling, thus having no evident
effect on the diurnal variation of LWP over AUW region. Additionally, due to the fluctuation of LWP skewness before 0900
LT, another decoupling index defined by Kazil et al. (2017) shows-similarvariation-with-L\WP-skewnessis used for further
indication, quantifying the relative position between the CLBH and the lifting condensation level (LCL). A larger index implies

a stronger degree of decoupling:

CLBH — LCL
B (4)
LCL is derived from ERAS reanalysis following Wood and Bretherton (2006). The two indexes support each other and confirm

decoupling index =

the decoupling process.
Unexpectedly, there is no evident diurnal variation of AOD in AUW, but Ng continually declines from 0700 LT to 1600

LT and re does not change significantly before 1200 LT and then rises. It is thus reasonable to infer the diurnal variations of

Ng and r. are related with dynamic process on account of the disagreement with aerosols variations. Before-1200-LF-the

patterns of cloud properties in Figure 6, we discuss the possible mechanisms for the diurnal variation of Ng and r. based on

earlier cloud microphysics studies. According to

(2018), the shortwave heating counteracts longwave cooling during daytime, resulting in weakening of cloud-top entrainment.

Meanwhile, the decoupling that cuts off moisture transport suppresses condensational growth. The combination of these two

processes may lead to the little variation in re before 1200 LT. Additionally, the decoupling process leads to the suppression

of both surface moisture transport and cloud base updrafts, which may in turn reduce the supersaturation and hence the number

of activated cloud droplets. This may explain the continuous decrease in Ngq before 1300 LT. Furthermore, according to the

relationship between CLTH, ws (always negative) and entrainment rate (we) (dC;tTH = w, + w,) in the mixed-layer model

framework (Painemal et al., 2013), we explain the variations after 1200 LT. CLTH begins to decrease after 1200 LT, suggesting

an intensification of large-scale subsidence (ws, always negative in Sc region) and/or a weakening of entrainment rate (we). As

fargeLarge-scale subsidence on 700 hPa from ERAS reanalysis becomes strongers-enhaneing_(gray line in Figure 6A). It may

enhance the temperature-inversion jump, which will in turn decrease the entrainment rate (Painemal et al., 2013). During this
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period, the condensational growth by the reconstructed water vapor supply will enhance r.. Meanwhile, the coalescence process,
enhanced by an increase in r. leads to a decrease in Ng. This process could be more dominant than the increase in activated
cloud droplets caused by water vapor reestablishment for an increase in Nqg to be observed in this study.

Based on the diurnal mechanisms of MBL discussed above, the diurnal pattern of LWP adjustments is primarily a

consequence of the influence of these diurnal-related mechanisms on the relationship between Ng and LWP across different

microphysical-dynamical conditions.

the diurnal variations of the overall LWP adjustments (black line in Figure 1C) and cloud thickness (blue line in Figure 1C)

demonstrate a strong consistency with a turning point at 1300 LT. The variation of LWP adjustment here is mainly attributed

to the gradual thinning of clouds, which reflects the differential LWP responses to Ng with varying H. LWP adjustment

becomes more negative with the thinning of cloud, which is consistent with the results in Figure 1B. After 1300 LT, cloud

thickness remains almost unchanged. The variation in LWP adjustments is mainly governed the weakening of entrainment due

to the intensification of large-scale subsidence (Figure 6A). During this time, the weakening of the entrainment process leads

to a weakening of the negative LWP adjustments over AUW region.
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Figure 7. Diurnal patterns in ECS region. (A) Cloud liquid water path (LWP), cloud-top height (CLTH) and cloud base
height (CLBH). (B) LWP skewness and coefficient of variation (c,) of cloud optical depth (CLOT) in AUW region. (C) Cloud

droplet number concentration (Ng) and effective radius (r). (D) Aerosol optical depth (AOD).

In contrast, conditions efin MBL in ECS region are more complicated. As mentioned in the last section, ECS is a transition

region due to the “deepening-warming” process. Under this condition, MBL is seldom fully coupled but exhibits local cumulus

coupling. Apparently, LWP skewness is a more appropriate indicator to reflect cumulus coupling in this region. Furthermore,
the spatial distribution of LWP skewness can indicate the influence of cumulus coupling offshore (Figure 4C). never=futly

effshoreFigureAC)-For diurnal variations in ECS in Figure 67, there is a general decrease ofin LWP before 1300 LT followed

by an increase. This is_in contrast to the pronounced cloud thinning observed in the AUW region due to the decoupling of

MBL by solar heating. In the ECS region, the overall change of LWP is not significant (less than 10 g/m?). Since MBL is never

fully coupled, these minor observed changes are mainly caused by local cumulus coupling. The variations of LWP and LWP
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skewness exhibit a strong consistency. We also calculate the coefficient of variation (cy) of CLOT to represent the uniformity

of each cloud sample. c, is defined as the standard deviation (o) divided by the mean(p):

Cy =— (5)
u

The smaller the cy is, the less dispersion there is among the cloud pixels in the cloud sample, resulting in a more uniform

sample. It turns out that the cloud layer is influenced primarily by the strength of cumulus coupling, rather than other factors.

Diurnal-variations-of-cumulus-coupling-can-be-alseln the ECS region, the weakest cumulus activity occurs at 1300 LT

(the lowest LWP skewness in Figure 7B), which may be attributed to solar insolation. In the Sc to Cu transition region, the

decoupled cloud layer and subcloud layer are often separated by a stable transition layer, which has been widely observed by
the Atlantic Stratocumulus Transition Experiment (ASTEX) conducted over the northeast Atlantic Ocean. Based on ASTEX,
Roger-etal- {Rogers-et-al—1995)Rogers et al. (1995) suggested that the shortwave radiation would hinder convection during
daytime by increasing the stability of the transition layer. Miller et al. (1998) extended this theory to the diurnal variations and
believed that the diurnal variation of Cu development was regulated by the stability of the transition layer.-Apphyingthe-theory

In terms of microphysical properties, Ny in ECS decreases before 1100 LT and then increases. Variations of r. are just the
opposite except insignificant change since 1400 LT. The crucial mechanism leading to such changes may be attributed to the
weakest entrainment drying at 1100 LT, resulting in the highest values of r. and lowest values of Ng. And-the-change-before

coupling-after 1400 (Martinet-ak—1995)-Such diurnal variations in entrainment have also been observed in other coastal

areas. Caldwell et al. (2005) reported the weakest entrainment rate at 1100 LT during East Pacific Investigation of Climate
(EPIC) stratocumulus cruise in 2001. Rainemalet-al(2047)Painemal et al. (2017) found the minimum of entrainment occurred

between 0900-1100 LT over the northeast Pacific region, attributing the diurnal pattern to the turbulence caused by long-wave

radiative cooling. Additionally, other factors may also contribute to the diurnal variations of Ng and re. For example, the

changes before 1100 LT may include the impacts of reducing aerosol loadings. Subsidence from both cloud top and bottom

occurred after 1400 LT may limit the entrainment and the continuous decline of r.. Cumulus coupling may also contribute to

the increase of Ng, Martin et al. (1995) found local increase in Ng induced by the intrusion of cumulus clouds during ASTEX.
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575 FigureZIn ECS region, based on the above mechanisms, t

he diurnal variation of LWP is relatively small, yet Ng exhibits

a distinct diurnal pattern. Changes in Nq lead to LWP adjustments that correspond to two microphysical-dynamical processes.

The turning point between the two stages exhibits the same di

urnal variation as the average Nq (Figure S8). Before noon, a

decrease in Ng weakens the warm invigoration (blue line in Figure 1F), while the entrainment feedback intensifies (purple line

in Figure 1F). After 1200 LT, the trend reverses. The opposing

patterns between warm invigoration and entrainment feedback

580

further reflect their competitive nature. The interaction of these two processes drives the overall diurnal variation in LWP

adjustments (black line in Figure 1F).
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Figure 8. Schematics of diurnal dominant mechanisms observed in AUW and ECS regions. See text for details. Only
the primary mechanisms are presented, while the relatively unimportant ones are omitted. Note that we represent the lifting
condensation level (LCL) and transition layer at the same altitude for intuition. However, this depiction does not imply that

their heights remain constant throughout the diurnal variation.

Given that the samples include four seasons over four years, we conduct a sensitivity analysis regarding seasonal

influences as cloud properties and environmental conditions can vary significantly across different seasons. Overall, the diurnal

pattern of LWP adjustments is not sensitive to seasonal changes in AUW region (black lines in Figures SOF-S12F compared

to Figure 1). Since the AUW region is a persistent stratocumulus area, the diurnal variations of cloud thickness remain

consistent across all seasons, with the thickest clouds in the morning and the thinnest in the early afternoon, followed by a

slow increase. This implies that the decoupling process in the persistent Sc region is not affected by seasonality, resulting in

the similar patterns of LWP adjustments. ECS region exhibits seasonal differences (Figures S9-S12). Among the total samples

(173181), spring, summer, autumn, and winter account for 31%, 3%, 22%, and 44%, respectively. Due to the limited summer

samples (3%), their results are statistical insignificance (p > 0.05), especially after eliminating the samples with precipitation

by applying the threshold (GPM = 0 mm hr1). The LWP adjustments in other seasons exhibit similar diurnal patterns and

magnitudes, peaking at noon (black lines in Figures S9F, S11-S12F). This similarity may be due to the weak seasonal variations

in the diurnal patterns of LWP and Ng (not shown). The diurnal patterns of warm invigoration in spring and winter are similar

to the overall results (blue lines in Figures S9F and S12F compared to Figure 1F). The minimum Ng at 1100 LT coincides with

the weakest warm invigoration (i.e., minimal LWP enhancement). Autumn exhibits the lowest Nq among seasons (Figure
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S11F), corresponding to the weakest warm invigoration (~50%/31% lower than spring/winter) and the largest diurnal

fluctuations. The diurnal pattern of entrainment feedbacks in spring differs from other seasons, possibly due to its distinct

entrainment rate diurnal variation, which can be illustrated by the variation of cloud-top height (CLTH). Here, based on the

dCLTH
dat

relationship between CLTH, ws (always negative) and entrainment rate (we) ( = w, + w,) (Painemal et al., 2013), the

diurnal variations of we (entrainment rate) can be qualitatively analyzed with the diurnal variations of CLTH and large-scale

subsidence (ws) (Figure S13). Before 1400 LT, the variation of large-scale subsidence is unrelated to CLTH, thus the change

in CLTH can only be attributed to entrainment rate. It weakens before 1200 LT, possibly due to the decreasing cloud-top

longwave cooling after sunrise. It then increases until 1400 LT which may be caused by the enhanced longwave cooling. After

1400 LT, the decrease in CLTH is caused by the enhancement of large-scale subsidence.

To summarize, Figure 8 depicts schematics of the dominant mechanisms in the two regions. In AUW region the primary

mechanism behind the diurnal variation of LWP adjustments is the cloud thinning driven by MBL decoupling before 1300 LT.

After 1300 LT, the gradual weakening of cloud-top entrainment mitigates the negative LWP adjustments. In ECS region, the
diurnal variation of LWP adjustments is jointly determined by competing microphysical-dynamical processes (i.e., entrainment

feedback and warm invigoration). Failure to accurately capture these diurnal variations in LWP adjustments and the underlying

physical processes in observational studies may result in substantial inaccuracies in the guantification of regional and global

LWP adjustments, and the associated radiative forcing.

3.3 Impacts on aerosol indirect radiative effect if neglecting diurnal variations

-Regional geostationary sateHitessatellite observation reveals the significant impact of regional diurnal dynamic processes
on LWP adjustments. LWP adjustments vary from —0.3841 to —0.2027 in AUW and from —-0.0411 to 0.3321 in ECS. Diurnal
averaged LWP adjustments are —0.4931 and 0.3302 considering the diurnal processes, respectively. The averaged LWP
adjustment (dashed line in Figure 1, C and F) is not a simple average of the values, rather, it is derived from all available data
within the region, accounting for diurnal covariation. This implies the inadequacy of previous observations only based on
polar-orbiting satellites. For example, for Sc in AUW region, if LWP adjustments observed by polar-orbiting satellite (such as
MODIS overpass for aqua at 1330 LT or terra at 1030 LT) are applied to represent the whole day, the negative LWP
adjustments will be obviously overestimated because the polar-orbiting observations failed to capture the weaker entrainment
process in the late afternoon. This bias will ultimately affect our estimation of cloud brightening in Twomey effect. The cloud
albedo (Ac) susceptibility to aerosols can be estimated as (Bellouin et al. {2020):

s=ﬂ=AC(1_AC)( EdlnLWP)
dNy 3Ng 2 dInNy

where S is the sensitivity of cloud albedo. According to this equation, LWP adjustments serve to regulate the cooling effect of

(6)

the Twomey effect (the first term).
Following the method of (Glassmeier et al., 2021), we assume that climatological A is approximated as a constant value
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of the steady-state. Then the impact of LWP adjustments on S depends on (1 + gd;TnL;‘;P

)according to Eq. 6. If we only

consider LWP adjustments at fixed moments but neglect the diurnal variations, the cooling effect of LWP adjustments
(strengthen Twomey effect) will be severely underestimated. For example, the average LWP adjustments at MODIS Aqua and
Terra overpasses (1030 LT and 1330 LT) are —0.3#39 in AUW region and -0.2604 in ECS region, respectively. The daily

average LWP adjustments for the two regions are —0.£931 and 0.3302, respectively. After substituting these values into

(1 5dInLWP
2 dInNg

), the cooling effect of LWP adjustments will be underestimated by |(0.525225-0.675025)/0.525225|><100% =

8689% in AUW region if neglecting the diurnal variations. This bias will lead to a further {{-|(=0.37(
39—(=0.1931))/(—0.4)|x100% = 4520% offset of the Twomey effect, as the Twomey effect is completely offset when the LWP
adjustment is —0.4. Thereby the offset will steer aerosol indirect radiative effect towards a warming direction. Similarly, these
two estimates are £814% and 3615% for ECS region.

4 Discussion
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results-since-thefull-cloud-lifecycle-and-evelution-isOur observed diurnal LWP adjustment pattern in the AUW region is

consistent with Qiu et al. (2024)'s findings in the eastern North Atlantic, where thick-thin cloud transitions dominated daytime

variability. However, unlike Qiu et al. (2024)'s method, which focused on regional cloud internal evolution and calculated

LWP adjustment within each 1<grid box without considering meteorological covariations, this investigation preserves the

influence of meteorological covariations at each moment. By stratifying analyses by cloud thickness according to Rosenfeld

etal. (2019), we disentangle meteorological covariations from cloud internal feedbacks. Additionally, cloud thickness remains

relatively stable after 1300 LT in our results. The weakening of negative LWP adjustments is primarily due to the weakening

of entrainment induced by the strengthening of large-scale subsidence.

Furthermore, we conduct the same analyses in ECS region with completely different environmental background, and

obtain entirely different results. In humid and unstable environments, aerosol-induced warm invigoration is more likely to

occur. In this condition, cloud thickness is no longer suitable for distinguishing meteorological conditions as a mediator of Ng-

LWP relationship. The cloud thinning mechanism is also insufficient to explain the diurnal variations of LWP adjustments.

This demonstrates that the significant regional differences in the diurnal variations of LWP adjustments, depending on aerosol

loadings, cloud regimes and meteorological conditions.

It is worth noting that our results also reveal diurnal variations of Ng, a core indicator in ACI, which are also attributed to

the MBL diurnal processes. While previous studies have analyzed the long-term variations of Ng, highlighting the key role of
aerosols (Hu et al., 2021; Li et al., 2018; McCoy et al., 2015, 2018; Quaas et al., 2006), unexpectedly, there is no good

consistency between them in diurnal variations. This discrepancy may stem from previous polar-orbiting satellite observations

at fixed times have overlooked the crucial role played by other physical mechanisms at different times. Figure 5 suggests a

pronounced impact of anthropogenic activities on cloud microphysical properties on a long-term scale. Note that the

correlations between AOD and Ng at certain fixed times are not statistically significant (not shown). This may be due to the

relatively insignificant impact of aerosol effects at these moments, while other physical processes may exert a more pronounced

influence. Future researches should broaden its scope to investigate effects of other physical processes on Nq at specific times,

in addition to the roles of aerosols. Moreover, in the context of global warming, whether these physical processes will be

affected and consequently contribute to variations of Ny deserves further investigation.

Several limitations should be acknowledged in this study. First, the time-dependence of LWP adjustments we discussed

differs from the cloud evolution process, emphasizing diurnal variations caused by changes in dominant mechanisms at

different times rather than tracking the evolution of individual clouds. This approach may introduce uncertainties into our

results since the full cloud life cycle and evolution are not the same with diurnal variations. The full cloud lifetime evolution

associated with LWP adjustments is not the scope of this study and warrantwarrants further exploration. Additionally, given
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the scarcity of observational data at fine scales, certain mechanisms are indirectly inferred from the observational index (e.g.,
decoupling process inferred from LWP skewness), which needs further microphysical-process--based in-situ observations as
well as model simulations. Finally, uncertainties of retrievals have been discussed in Data and Methods, which provides further

context for the limitations of eurthis study.

This study reveals the diurnal variations of LWP adjustments in two specific regions within the sight of Himawari-8,

along with the possible mechanisms contributing to these variations. The studied regions have significant differences in

environmental conditions and aerosol loadings. Although some conclusions are similar to the previous studies, we have also

discovered some new phenomena. The observational studies demonstrate LWP adjustments in two regions are determined by

the dominant microphysical-dynamical processes in different Nq stages (entrainment feedbacks and warm invigoration), while

their diurnal variations depend on the dynamical conditions of the boundary layer. Important findings from this investigation

are as follows:
(1) In AUW region, the diurnal variations of LWP adjustments are insensitive to seasonality. The overall negative LWP
adjustments decrease from —0.27 to —0.41 before 1300 LT and then increase to —0.34. Cloud thickness in AUW

region can serve as a confounder to separate the effects of meteorological covariations. The diurnal pattern is

primarily associated with cloud thinning induced by decoupling process of MBL quantified by LWP skewness before

1300 LT and the weakening of entrainment induced by intensification of large-scale subsidence after 1300 LT.

(2) In ECS region, diurnal variations of LWP adjustment exhibit seasonal differences. Samples from winter and spring

dominate the overall variations (accounting for 75% of the total samples). For the overall results, LWP increases and

then decreases with Ng, suggesting possible competition between entrainment feedbacks and warm invigoration. The

diurnal pattern of LWP adjustments is determined by the combined diurnal variations of these two mechanisms.

Warm invigoration is related to the diurnal variation of the Nq at the turning points of the two processes. Lower Ngq

in the ECS region implies a weaker warm invigoration.

(3) We indicate an overall underestimation of the cooling effect by LWP adjustment up to 89% (14%), with a further

20% (15%) offset of the Twomey effect when neglecting the diurnal variations of LWP adjustments in AUW (ECS)

region. Furthermore, our results quantify the regional impact of boundary layer dynamic conditions on LWP

adjustments. For example, diurnal decoupling process in AUW region results in a 219% variation of LWP

adjustments within the daytime relative to the daily mean (the diurnal variation range divided by the daily mean),

assuming other conditions remain relatively unchanged.

Our research provides a detailed discussion for the diurnal variations of LWP adjustments and how they are influenced

by existed boundary layer mechanisms. We underscore the importance of fully considering the covariation with environmental
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conditions, indicating different potential influencing factors on cloud brightening and radiative forcing in terms of the regional

and diurnal daytime scale. It is a highly time-dependent variable lacking quantification and should be taken into consideration

of future research in aerosol indirect effects on climate.
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