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Abstract. The global reduction in shipping fuel sulphur that culminated in 2020 with an ~ 80 % reduction has
created a large-scale natural experiment on the role of aerosol-cloud interaction (ACI) in the climate system.
We compare observations from the Atmospheric Radiation Measurement program’s Eastern North Atlantic site
(ARM-ENA; 39.1°N, 28.0° W) during two June to September periods: 2016-2018 (pre-2020) and 2021-2023
(post-2020). We find a significant (~ 15 %) decrease in cloud condensation nuclei concentrations post-2020,
which resulted in a decrease in cloud droplet number (Ng) and an increase in effective radius (re) of marine
boundary layer clouds. However, cloud liquid water path (LWP) increased post-2020. The increase in LWP offset
the increase in re, resulting in insignificant changes to optical depth. MODIS and CERES data in the vicinity
of ENA during these periods produce similar results also with negligible change in albedo and optical depth.
Regional cloud occurrence declined in line with changes in the large-scale meteorology. Our results highlight
the complex interplay of factors that modulate cloud feedbacks in the Eastern North Atlantic.

1 Introduction

Liquid clouds in the marine boundary layer (hereafter MBL
clouds) are significant cooling agents in the climate system.
Extended sheets of geometrically thin but optically thick stra-
tocumulus cover broad regions of the subtropical eastern
ocean basins in both hemispheres (Wood, 2012; Klein and
Hartman, 1993) and influence the Earth’s albedo and climate
sensitivity (Klein et al., 2017). Indeed, uncertainties in simu-
lating potential changes to MBL clouds in a warming climate
contribute significantly to the uncertainty in our knowledge
of the Earth’s climate sensitivity (Sherwood et al., 2020). In
the past decade, MBL clouds have decreased measurably and
are responsible for an accelerating imbalance in the Earth’s
energy budget (Goessling et al., 2025). This persistent un-
certainty in MBL cloud-climate interaction stems from their
coupling with the large-scale atmosphere (Klein et al., 2017)
and the local conditions that control MBL cloud properties
when present such as the aerosol particles on which cloud
droplets form (hereafter cloud condensation nuclei, CCN).
This coupled system is further complicated by the occur-
rence of precipitation that redistributes water and heat within

the MBL and removes water entirely from the atmosphere
when the precipitation reaches the surface thereby influenc-
ing cloud character and coverage (Albrecht, 1989; Wood,
2005).

The amount of sunlight reflected to space relative to what
enters the earth system at the top of atmosphere (albedo) de-
pends on the total droplet surface area in the vertical column
that, in turn, can be related to the vertically integrated con-
densed liquid water mass (hereafter, liquid water path, LWP)
and the number of drops per unit volume (Ng) within which
the water is partitioned. Often a characteristic droplet size
such as the effective radius (r.) is used as a proxy for Ng
(Stephens, 1978). Twomey (1977) identified how increasing
droplet surface area due to higher concentrations of CCN can
influence the cloud optical depth and albedo for a given LWP.

A direct example of how anthropogenic aerosols influence
marine low cloud properties and radiative effects is the ship
track phenomenon that became apparent at the dawn of the
satellite era (Conover, 1966). Sulphur dioxide emitted from
ship stacks oxidizes into sulphuric acid aerosols to produce
anomalously high CCN concentrations. Because they are of-
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ten readily identifiable on satellite imagery, ship tracks have
been used for decades to understand how CCN influences
marine cloud albedo (e.g. Christensen and Stephens, 2011).
More recently, ship tracks that are not visibly evident in im-
agery have been shown to produce heavily modified cloud
properties (Manshausen et al., 2022). What has been more
difficult to establish until recently is how shipping-related
aerosol influenced clouds globally. While Diamond et al.
(2020) estimate that all anthropogenic aerosol—cloud interac-
tions produce a global cooling of about —1 W m~2, shipping
emissions constitute an important subset of this effect.

A series of regulation changes from the International Mar-
itime Organization (Osipova et al., 2024) that culminated in
2020 reduced the sulphur content of global shipping fuel
from ~3.5 % to 0.5 %. This change has been shown to dra-
matically reduce the occurrence of visible ship tracks in
satellite imagery (Yuan et al., 2022). Regional changes in ma-
rine low cloud microphysics associated with the IMO 2020
regulation have also been documented in a major shipping
lane in the tropical Southeast Atlantic off the African con-
tinent (Diamond, 2023). Most recently, Yuan et al. (2024)
have attempted to quantify the global impact of the IMO
2020 regulation concluding that the reduction in sulphur will
produce an increase in net radiation absorbed by the Earth
of 0.2 W m™2. While recent studies have identified substan-
tial reductions in marine low clouds that are directly im-
plicated in rapid and accelerating imbalances in the Earth’s
energy budget (Goessling et al., 2025), the role of aerosols
in these changes are a subject of debate (Goessling et al.,
2025; Hodnebrog et al., 2024; Hansen et al., 2023). Yuan et
al. (2024) hypothesized that this inadvertent change to ma-
rine low clouds could result in accelerated warming of the
Earth. While Yuan et al (2024) suggest that some number
of years will be necessary to observe the effects of the fuel
change globally, regional changes such as in the heavy ship-
ping lanes of the Eastern Atlantic may be identifiable sooner.
We take up that challenge in this study.

We focus on data collected at the U.S. Department of En-
ergy Atmospheric Radiation Measurement (ARM) Eastern
North Atlantic (ENA) site located on the Portuguese Island
of Graciosa in the Azores Archipelago. ARM established the
ENA site in 2015 (Wood et al., 2015). We examine the warm
season (June—September) when the Azores anticyclone mi-
grates northward and brings a higher frequency of north-
easterly flows to the Azores and a high occurrence of MBL
clouds over the ARM-ENA site (Albrecht et al., 1995). As
detailed in Appendix A, we examine cloud properties de-
rived from ARM data collected during periods of northeast-
erly flow that have been shown to have unmodified marine
characteristics. We divide the data into pre-2020 (2016, 2017,
2018) and post-2020 (2021, 2022, 2023) periods (hereafter
referred to as pre and post, respectively). In addition, we also
examine cloud properties from those months and years de-
rived from MODIS and CERES data in the region around the
ARM site.
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2 Results

2.1 Large-Scale Cloud Controlling Factors

Since the large-scale atmosphere creates the conditions for
MBL cloud occurrence, we examine the extent to which sev-
eral Cloud Controlling Factors (CCFs; Klein et al. (2017))
varied in the region surrounding the ARM-ENA site (Fig. 1
and Table S1 in the Supplement). We find measurable
changes in aspects of the large-scale atmosphere. While
the large-scale subsidence, the mid-tropospheric humidity,
and the low-level temperature advection remained nearly
constant, the estimated inversion strength (EIS; Wood and
Bretherton, 2006) and the near-surface wind speed distri-
butions are measurably different. The EIS quantifies the
strength of the temperature inversion that typically exists at
the top of the MBL that separates the generally well-mixed
and humid MBL from the drier and stratified free tropo-
sphere. The tendency for dry air to be entrained into the MBL
is a direct product of the EIS with stronger inversions result-
ing in less mixing and more humid MBLs with higher cloud
cover. Stronger near-surface winds tend to enhance evapora-
tion and mechanical mixing within the MBL promoting in-
creased cloud cover (Brueck et al., 2015; Bretherton et al.,
2013). The MERRA data suggest that EIS is lower in the post
period while near surface winds are slightly stronger. These
CCFs are likely not entirely independent since more mixing
would increase near surface winds.

The increase in surface winds has the potential to mod-
ify the mesoscale organization of the marine stratocumu-
lus fields. (Wood and Hartmann, 2006; Wang and Feingold,
2009; Yamaguchi and Feingold, 2015; Goren et al., 2019).
Increases in wind speed can enhance turbulent fluxes and
drizzle, occasionally promoting transitions toward more open
or organized cellular convection. However, the ENA warm-
season clouds analysed here generally occur in moderate-
wind conditions below the threshold where such mesoscale
transitions are pronounced. We therefore expect mesoscale
organization to have limited influence on the observed cloud
property changes. However, this topic would be an interest-
ing topic of follow up studies.

We also note that the sea surface temperatures (SST) in-
creased modestly (not shown) from the pre to post periods
(~0.3K). However, while increased near-surface tempera-
tures have the potential to increase LWP because of a less
steep moist adiabatic lapse rate, warmer near-surface temper-
atures are also strongly coupled to EIS-related drying. The
studies by Gordon and Klein (2014), Eitzen et al. (2011), and
Sherwood et al. (2014) address the role of warmer tempera-
tures on MBL clouds and conclude that the mixing-induced
drying is predominant in subtropical stratocumulus.
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Figure 1. Comparison of the cloud controlling factors derived from MERRA for the pre- (Black) and post-2020 (red) periods. (a) Esti-
mated Inversion Strength (K), (b) Near-Surface Temperature Advection (K d-! ), (¢) pressure vertical velocity (omega, mb d-! ), (d) mid-
troposphere relative humidity (RH), and (e) Near-surface wind speed (m s_l). Statistics of these distributions are given in Table S1.

2.2 ARM-ENA Observations

MBL cloud occurrence fractions at the ARM-ENA site de-
rived from the times when the microwave radiometer pro-
vided positive LWP and the rain indicator suggested the in-
strument was dry were 0.787 and 0.720 in the pre and post
periods, respectively. Figure 2 shows the frequency distribu-
tions of the CCN, cloud, and precipitation statistics of MBL
clouds when the winds were within the directional limits for
which we can be confident that the aerosol was representa-
tive of marine air during the pre and post periods. Table S2
summarizes the statistics of these distributions.

We find a significant decrease in the 0.2 % supersatura-
tion (SS) CCN concentrations from the pre to post periods.
The mean 0.2 % SS CCN concentrations decreased from 179
to 160cm ™3, and the KS test suggests rejection of the null
hypothesis that the distributions were drawn from the same
sample. With a clear decrease of ~ 12 % in the CCN concen-
trations, the microphysical properties of MBL clouds change
in a manner consistent with Twomey (1977). We find that the
Nq distribution shifts significantly to lower values in the post
period with the mean decreasing from 93 to 62cm™3 while
re increase from 12 to 15 um. These changes in 7. and Ny
would normally be associated with decreases in MBL cloud
optical thickness (r = %L:ZP ; Stephens (1978), where p is
the density of liquid water). However, we find that the t dis-
tributions between the pre and post periods are statistically
indistinguishable from one another. Examining the LWP, we
can see why this is so. From the pre to post periods the LWP
increased from a mean of 68 to 73 gm~2. KS tests indicate
the null hypothesis can be rejected at the 95 % confidence
level suggesting that the LWP distributions appear not to be
drawn from a similar sample population.

https://doi.org/10.5194/acp-26-1041-2026

The formation of drizzle in marine stratocumulus clouds
is strongly linked to microphysics with large cloud droplets
increasing the propensity for drizzle formation (Kang et al.,
2022). Defining precipitation as the occurrence of measur-
able radar reflectivity 100 m below the lidar identified cloud
base, we find that the occurrence frequency of drizzle when
clouds are present increases from 0.62 to 0.69 between the
pre and post periods consistent with the increase in .. How-
ever, the drizzle rate distribution, derived using the Com-
stock et al. (2004) method applied to KAZR data 100 m be-
low cloud base, changes markedly: the occurrence of heavier
drizzle (> 0.1 mmd~") decreases in the post period.

2.3 MODIS and CERES Observations

Figure 3 and Table S3 summarize the MODIS and CERES
properties from MBL cloud data collected within 250 km of
the ARM-ENA site. These statistics are compiled from cloud
covered pixels deemed to contain MBL clouds following the
method outlined in Mace et al. (2023) and represent the prop-
erties of clouds when clouds are present. For these statistics
we sample all overpasses of the region and do not filter by
wind direction as was done in the ARM-ENA data. The qual-
itative results comparing the pre and post periods are similar
from ARM-ENA and MODIS. Recall that the MODIS bis-
pectral algorithm retrieves the r. and t from visible and near
infrared solar reflectance measurements of 1km pixels (Plat-
nick et al., 2003), and the LWP and Ny are inferred from the
retrieved T and r. (Grosvenor et al., 2018). The MBL cloud
data suggest that r. increased while v remained largely the
same during the pre and post periods. This result implies that,
like the surface-based data, the Ng and LWP would have de-
creased and increased respectively which is what the MODIS
data demonstrate. Also like the surface-based data, the 7 dis-
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Figure 2. Cloud and precipitation derived property distributions measured during the pre (black) and post (red) periods at the ARM ENA
site when wind and cloud conditions were appropriate. There are 20990 and 15650 5 min samples of data in the pre and post periods,
respectively. There are 187 and 134 unique days in the pre and post periods, respectively.

tributions are very similar although not statistically indistin-
guishable at the 99 % confidence level. We do note, however,
that the MODIS decrease in Nd is much closer to the de-
crease in CCN found at ENA than the larger increase in the
derived Nd at the surface (Fig. 2c). We do not have a ready
explanation for this difference aside from the possibility that
the MODIS observations are weighted to cloud top while the
surface results are weighted to the cloud base region.

The Terra and Aqua satellites have the CERES instrument
to directly infer the planetary albedo (Ajp) that is defined as
the fraction of sunlight reflected to space. The CERES data
are measured at coarser resolution than MODIS (~20km
versus ~ 1km). We find that the CERES A, distributions
from the pre and post periods when clouds are present are
also very similar.

We emphasize that our cloud property analysis applies
only to periods when clouds are present. MODIS allows us
to examine the occurrence frequency of low clouds. Figure 4
illustrates that the Azores Archipelago sits within a south-
easterly gradient in low cloud occurrence. The data, however,
show that the pre and post periods had significantly different
distributions of MBL clouds with the gradient weakening and
overall cloud occurrence decreasing between the two peri-
ods. Recall also that the ARM-ENA cloud fraction decreased
from the pre to the post periods by an amount like that shown
in Fig. 4. The MODIS cloud fraction of the 1 pixel located
over the ARM-ENA site decreased from 0.76 to 0.64 in the
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pre and post periods, respectively. These findings are con-
sistent with the results presented in Goessling et al. (2025)
who show that the Eastern Subtropical Atlantic is within a
region of increasing absorbed solar radiation anomalies and
decreasing cloud cover.

3 Discussion and Conclusions

The ENA region, dominated by MBL clouds during the warm
season months and a major route for international shipping
(Osipova et al., 2024), has undergone substantial change in
the past decade. However, the aerosol changes did not occur
in isolation. The large-scale atmosphere also changed during
this time with the EIS becoming measurably weaker while
near-surface winds increased. These changes occurred dur-
ing a period of persistently weak La Nina conditions during
the post period that could also have influenced the large-scale
atmosphere of the Eastern North Atlantic (Knight and Scaife,
2024). Unfortunately, the simultaneous changes in aerosol
and large-scale forcing complicate any simple conclusions
that can be drawn from the surface- and satellite-based mea-
surements of low cloud properties and occurrence.

We find both a long-term change in cloud occurrence and
a microphysical response in MBL cloud properties to a de-
crease in CCN that is contemporaneous with the reduction
in shipping fuel sulphur content. However, both the ARM,
MODIS and CERES data suggest that the radiative effect

https://doi.org/10.5194/acp-26-1041-2026
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Figure 4. Occurrence of MBL clouds during the respective years
diagnosed from MODIS data. There were approximately 400 Terra
and Aqua daytime overpasses of this domain during each of the pre
and post periods.

of this change to microphysics is buffered by a slight up-
ward adjustment to the LWP that mostly offsets the Twomey
effect when clouds are present. LWP adjustments in MBL
clouds under varying aerosol have been reported to be both
positive and negative (Chen et al., 2014; Manshausen et al.,
2022; Lebsock et al., 2008; Toll et al., 2019; Christensen and
Stephens, 2011). The adjustments are often shown to be as-
sociated with changes to precipitation since precipitation is
anticorrelated with increases in aerosol (Toll et al., 2019).
While we find that the occurrence frequency of precipita-
tion does increase slightly as the r, increases as theoretically
expected, the occurrence of heavier drizzle (> 0.1 mmd~")
decreases. To determine if the change to precipitation rate
distribution is significant, we integrate the frequency distri-
butions in Figure 2f as described in Appendix Sect. AS. We
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find that in the pre period the drizzle loss to LWP by precip-
itation (qlporses) amounted to 0.159 mm per unit cloud fraction
while in the post period the loss was 0.103 mm per unit cloud
fraction. Thus, while drizzle occurs slightly more frequently
in the post period with higher r¢, the change in precipitation
rate distribution is significant and cuts the loss of cloud wa-
ter due to precipitation per unit cloud fraction by a factor
of ~40%. Had the large-scale cloud controlling factors re-
mained unchanged, we speculate that the MBL cloud fraction
would have perhaps increased due to the reduction in loss of
cloud water to drizzle perhaps resulting in a negative feed-
back to the climate system. While this scenario runs counter
to the conclusions of Manshausen et al. (2023), such a nega-
tive feedback was hypothesized theoretically by Stevens and
Seifert (2008) and Glassmeier et al. (2021).

It appears that, at least in the region near the ARM-ENA
site, the aerosol impact on the radiative balance since the
fuel change in 2020 is negligible. This conclusion is con-
sistent with the findings of Goessling et al. (2025) in a global
study who find that the role of aerosol in the long term up-
ward trending radiative imbalance is unclear. Goessling et al.
(2025) do, however, link the trend in radiative imbalance to
decreasing coverage of MBL clouds — especially in the Sub-
tropical Eastern Atlantic — also see our Fig. 4. The change we
find in the MERRA EIS is consistent with a decrease in MBL
cloud cover during the period under study. There have been
many papers based on both observations and modelling that
have suggested that increased mixing of dry air into the MBL
can act to decrease cloud cover and may constitute a positive
climate feedback (Sherwood et al., 2020). As an independent
constraint on the MERRA EIS, we hypothesize that if mix-
ing into the lower troposphere increased between the pre and
post periods, then this should be measurable as a reduction
in column water vapor. Figure 2g shows that this is indeed
the case with the column integrated water vapor measured

Atmos. Chem. Phys., 26, 1041-1051, 2026
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at the ARM ENA site decreasing slightly but significantly in
the post period consistent with the idea that increased mixing
of mid tropospheric dry air increased during this period due
to a weaker marine inversion.

Finally, returning to cloud properties, the question remains
whether the near cancellation in the radiative response of
the clouds by offsetting changes in LWP and r¢ is a case of
buffering in the guise of Stevens and Feingold (2009) or if the
small decrease in column water vapor and/or the weaker in-
version strength acted to influence the distribution of drizzle
rates. Given the extensive measurements at the ARM ENA
site, there remains much to explore regarding the interactions
between MBL clouds observed at the ENA site, sensitivity to
aerosol, and interactions with local meteorology and bound-
ary layer structure. In summary, changes in the Eastern North
Atlantic are acting in concert to decrease the cooling effect
on the climate system imposed by MBL clouds and much
work remains to understand the intricate interactions on mul-
tiple scales that are acting to drive the climate system farther
from radiative balance.

Appendix A: Materials and Methods

We examine warm season (June—September) aerosol and
cloud properties from the 20162019 period and compare it
with data collected in the same months from the 2021-2023
period after the IMO 2020 change was fully implemented.
We refer to these periods as “pre” and “post” periods, re-
spectively.

A1 ARM Data

The ARM ENA data streams used in this study include the
following

— Cloud Condensation Nuclei: CCN were measured using
the DMT CCN 100 (2016-2019) and the DMT CCN
200 (2021-2023). The two models share identical tech-
nology with the difference being that the DMT 200 adds
the ability to measure CCN at two supersaturations si-
multaneously (Uin and Enekwizu, 2024). These instru-
ments cycle through multiple supersaturations (SS) be-
tween 0.05 and 1, typically spending ~ 5 min at each
SS, completing a full cycle about once per hour. Be-
cause the CCN 100 became unreliable at SS exceeding
0.3 in 2019 and was replaced in 2021, and because the
SS measured were slightly different during the pre and
post periods, we estimate the CCN at 0.2 SS by lin-
early interpolating the CCN at supersaturations below
0.3 during both periods. Mirrielees and Brooks (2018)
evaluated sources of uncertainty in the DMT CCN in-
struments and found that the greatest uncertainties oc-
curred for undercounting under high aerosol conditions.
Such conditions are rare at ARM-ENA. Under ideal
conditions Mirrielees and Brooks (2018) report that un-
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certainty in CCN concentrations are typically less than
5%.

— Cloud Radar: The Ka ARM Zenith Radar (KAZR,
Widener et al., 2012) has been deployed at the ENA
site since 2015. The radar collects zenith profiles of
radar Doppler spectra using several operational modes
designed to optimize detection of various hydrometeor
types with a beamwidth of 0.3° and time resolution of
~ 10 s in 30 m range bins. For this study we use the Gen-
eral Mode that is characterized by no pulse compression
that allows for detection of drizzle to the lowest useful
range bins. For this study, we use only the zeroth mo-
ment of the Doppler spectrum or equivalent radar re-
flectivity factor. We apply a +3 dB correction factor to
the radar reflectivity as reported by Kollias et al. (2019)
and assume an uncertainty in radar reflectivity factor of
3dB.

— Microwave Radiometer (MWR): The MWR deployed
at ENA is an RPG-LWP-U90 system that measures
downwelling radiances at 23.8 and 31.4 and 90 GHz
with a temporal resolution of approximately 3s. In-
tegrated water vapor mass known as precipitable wa-
ter vapor (PWV) and integrated condensed liquid water
also known as liquid water path (LWP) are derived us-
ing the algorithm described by Turner et al. (2016) with
an uncertainty in LWP of approximately 20 % for LWP
exceeding 20 gm™2.

— Micro Pulse Lidar (MPL): The MPL (Muradyan et al.,
2010) provides copolarized and cross polarized zenith
profiles of attenuated backscattered 523 nm laser light
in 15 m vertical bins with a time resolution of ~ 10s.
For the methods described below we do not require cal-
ibrated attenuated backscattered measurements.

In addition, twice daily radiosonde soundings (Keeler et
al., 2012) are used as well as a surface meteorological data
(Kyrouac et al., 2024) that includes wind speed and direction.
To ensure that the data are minimally modified by flow over
the island and the CCN are representative of marine clouds,
we filter measurements to when the surface wind at the ENA
Site are at least 2.5ms~! and from directions between 330
and 70° and between 220 and 280° (Gallo et al., 2020).

A2 Cloud Properties from ARM Data

In addition to LWP derived from the MWR, we also derive
Ng and re using a method described in Mace (2024) that com-
bines the MPL vertical profile of attenuated backscatter, the
cloud boundaries from KAZR and MPL, and the near cloud
top radar reflectivity with constraints provided by the CCN
measurements. This method attempts to exploit the informa-
tion available from the lidar near cloud base. We find (Mace,
2024) that the vertical rate of change of the lidar signal above

https://doi.org/10.5194/acp-26-1041-2026
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cloud base provides a quantitative constraint on Ng when we
have additional constraints on LWP from an MWR and cloud
layer thickness from the combination of a cloud radar (top)
and lidar (base) that takes the following form:

-1
No= (B0’ Trian f21) (A1)

where rpax is the distance from cloud base to where the verti-
cal rate of change of the lidar attenuated backscatter changes
sign. B is a proportionality constant, 1 is the lidar multiple
scattering factor, I'| is the temperature dependent adiabatic
liquid water lapse rate, fiq is the adiabaticity of the cloud
layer. The cloud top 7, then follows using an equation from
Grosvenor et al. (2018):

13

—4,3,};, I faa (A2)

Vo = _—
¢ kN4

where £ is the cloud layer thickness and & is the cubed ra-
tio of the volume mean droplet radius to r.. A drawback of
the analytical expressions is their sensitivity to rpax and their
requirement for vertical resolution better than 5m. There-
fore, as described in Mace (2024), we add additional infor-
mation such as cloud top radar reflectivity, and lidar derived
extinction (Li et al., 2011) and cast the solution to Ny and
re in terms of a Bayesian Optimal Estimation Inversion al-
gorithm (Maahn et al., 2020) using Egs. (A1) and (A2) as
first guesses. This approach allows us to derive Ny to within
~ 100 % and r. to within 30 % for 30s averaged observa-
tions. Note that the derived Ny is not entirely independent of
CCN, since CCN concentration is used as an upper constraint
in the inversion algorithm. We further restrict our analysis of
the ARM ENA microphysical retrievals to when cloud base
and top are less than 4 km above the surface and the LWP is
greater than 20 gm~2 and the “rain flag” indicates that the
MWR instrument was dry.

A3 Satellite Data

We also examine cloud properties derived from MODIS in-
struments on the Terra and Aqua satellites when they pass
within 500 km of the ARM ENA site (Platnick et al., 2015a,
b). The MODIS algorithm uses reflected sunlight in visible
and near infrared spectral bands to derive the optical depth
(r) and r. (Nakajima and King, 1990) from which LWP
and Ny are derived (Grosvenor et al., 2018). Our approach
to compiling MODIS cloud property statistics is described
in Mace et al. (2023) where we restrict analysis to ice-free
MBL cloud scenes with LWP <300 gm™2 to avoid drizzle
that complicates the retrieval (Xu et al., 2022). Furthermore,
we restrict our analysis to view zenith angles less than 30.
Our analysis is restricted to the June-September periods of
the years considered for the ARM ENA data (2016-2019
and 2021-2023). In Mace (2024) and Mace et al. (2024) we
present comparisons of MODIS and surface-based retrievals
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of Ny, re, LWP, and 7. In addition, we use the observed collo-
cated MBL cloud albedo from the Clouds and the Earth’s Ra-
diant Energy System (CERES) Energy Balanced and Filled
(EBAF) v 4.0 (Loeb et al., 2018) data from instruments on
the Terra and Aqua satellites that are coincident with the
MODIS MBL cloud scenes. For this analysis we have ~ 400
MODIS passes during each 3-year period that provide data
within 500 km of the ARM ENA site.

A4 Large-Scale Meteorology

The large-scale meteorology was obtained from the Modern-
Era Retrospective analysis for Research and Applications 2
(MERRA?2) product (Gelaro et al. 2017). We focus on the
cloud controlling factors (CCFs) highlighted in Klein et al.
(2017) and examine the Estimated Inversion Strength (EIS,
Wood and Bretherton, 2006), free tropospheric subsidence,
cold air advection, free tropospheric humidity, sea surface
temperature, and surface wind speed. Like the surface-based
and satellite cloud data, we compare the CCFs within 500 km
of the ARM ENA site for the warm season months (May-
September) and in the 2016-2019 and 2021-2023 periods.
We make no attempt to subsample the MERRA?2 data in the
region for the presence of MBL clouds.

A5 Statistical Significance Testing

We compare frequency distributions of quantities observed
and calculated from the pre and post periods. Our goal is
to assess whether the distributions changed significantly. To
quantify this evaluation, we use Kolmogorov—Smirnov (KS)
statistical tests as described in Peacock (1983) and Lopes
et al. (2009). The KS statistic uses differences in the cu-
mulative probability distributions of two samples to quan-
tify the likelihood that the two samples are drawn from the
same population. It can be shown that if two samples are
drawn from the same population, then the maximum differ-
ence Dpax in their cumulative distribution functions is ex-
pected to be ﬁ where N, is the effective number of inde-
pendent measurements. The sampling distribution of the test
statistic Zsim = Dmax+/Ne is well known for large N, and
allows for a determination of the probability p that Zgp, is
greater than a value of Z derived from two measured distribu-
tions. As p increases, it becomes increasingly likely that the
two measured distributions are drawn from the same popula-
tion (the null hypothesis). As commonly implemented (Press
etal., 1993), we reject the null hypothesis when p<0.01 (i.e.,
99 % confidence) and infer that the two distributions cannot
be claimed with certainty to have been drawn from the same
population. Because the number of independent samples, Ne,
is an important but potentially ill-defined parameter, we as-
sume that measurements collected during a particular day or
during a particular overpass of the satellite occurred within
the same large-scale regime and were likely not necessarily
independent. Therefore, N, is taken to be the average num-
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ber of MODIS overpasses in the pre and post periods for
the MODIS data (400 overpasses in each period), the av-
erage number of sampled days for the ARM ENA periods
when clouds were present from the appropriate wind direc-
tion (150 d) and days of MERRA reanalysis data in each pe-
riod (600). For the LWP and PWV data presented in Fig. 2,
we did not filter by wind direction and therefore use the num-
ber of individual days in the pre and post periods.

A6 Evaluation of Precipitation

Our objective is to compare how the clouds in each period

lost water to precipitation, qﬁ)esrsl(’d, where period refers to pre
and post with units of mm per unit cloud fraction. Each ob-
servation of precipitation (P) is given as a rate (mm s~L let’s
say). There exist some number of occurrences (n) of P in
some number (N) of precipitation rate bins (Pyins) as de-
picted in Fig. 2f. Each observation of P represents a 30s in-
terval (dr). Therefore, each observation of P*dt would have
units of mm, and summing all the observations in each rate
bin (Ppins) would have units of mm of water lost from the

clouds at that rate. In other words, simply summing > Pd¢
n
approximates the total water in mm lost to precipitation in

that P bin. Summing across the N Pyj,s bins gives the total

number of mm of precipitation that the frequency distribu-
period
loss

o = Y5 P
N n

However, to compare the efficiency at which water is lost
to precipitation between the two periods, pre and post, to
evaluate which loses more water to precipitation in a relative
sense, we find it instructive to normalize by the cloud occur-
rence, f,of a period, fP¢°d. Let’s say that there were twice
as many clouds in the post period as the pre period, but the
precipitation rate frequency distributions were the same, then

i .
Qi;’sss = ZQEfSeS. In our case, we have less clouds in the post
post

period but more precipitation overall and comparing Q,

with Q¢ would be ambiguous without some normalization.

loss .
So, normalizing Qf’;g()d by the cloud fraction, £, of that pe-

riod, allows us to compare the efficiency with which clouds
in each period lost water to precipitation relative to the other,
or

tion represents, Q . In other words

period
period __ Qloss
loss fperiod
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Feng et al., (2025, https://doi.org/10.5439/1891991); Keeler
et al, (2012, https://doi.org/10.5439/1595321): Koontz et
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