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Summary: The marine stratocumulus clouds are highly sensitive to aerosol perturba-
tions. In this study, we have explored the cloud susceptibility to aerosol using satellite
observation and multi-model simulations over the Southeast Pacific Ocean (SEP). The
climatology of satellite observation indicates that SEP is a relatively clean area with
low aerosol optical depth (AOD). The SEP is a region of marine stratocumulus deck
with cloud fraction (CF) reaching as high as 90% in many regions, with relatively low
(140 cm−3) cloud droplet number concentration (CDNC) over the marine environment,
and it increases as it moves towards the coast. The joint histogram analysis shows
that the AOD-CDNC relation shows positive sensitivity and a non-linear CDNC-LWP
(liquid water path) relationship; however, a negative sensitivity is dominant. The multi-
model analysis shows that most models have a strong positive AOD-CDNC sensitivity,
suggesting that the cloud albedo effect leads to net cooling. The general circulation
models (GCM) reveal a negative radiative forcing (-0.28 to -1.36 W m−2) at the top of
the atmosphere (TOA) when using the flux method. It supports the positive AOD-
CDNC sensitivity and the resulting negative radiative forcing in GCMs. However, the
CDNC-LWP shows a diverse relation in the models. In the GCMs, the effect of cloud
microphysics is not considered while estimating the net radiative forcing. To include
the effect of cloud microphysics in the radiative forcing estimates, we have proposed a
statistical approach to calculate the net radiative forcing. The results show that the net
radiative forcing is sensitive to the LWP change due to the aerosol perturbation.

Zusammenfassung: Die marinen Stratocumulus-Wolken reagieren sehr empfindlich
auf Aerosol-Störungen. In dieser Studie haben wir die Anfälligkeit der Wolken für
Aerosol anhand von Satellitenbeobachtungen und Multi-Modellsimulationen über dem
Südostpazifik (SEP) untersucht. Die Klimatologie der Satellitenbeobachtung zeigt, dass
der SEP ein relativ sauberes Gebiet mit geringer Aerosol optischer Dicke (AOD) ist.
Der SEP ist eine Region mit mariner Stratocumulus-Decke mit einer Wolkbedeck-
ungsgrad (CF), der in vielen Regionen bis zu 90% erreicht, mit einer relativ niedri-
gen (140 cm−3) Wolkentröpfchenanzahlkonzentration (CDNC) über der marinen Umge-
bung, und sie nimmt in Richtung Küste zu. Die gemeinsame Histogramm-Analyse
zeigt, dass die AOD-CDNC-Beziehung eine positive Sensitivität und eine nicht-lineare
CDNC-LWP-Beziehung (Flüssigwasserpfad) aufweist; allerdings ist eine negative Sen-
sitivität vorherrschend. Die Multi-Modellanalyse zeigt, dass die meisten Modelle eine
stark positive AOD-CDNC-Empfindlichkeit aufweisen, was darauf hindeutet, dass der
Wolkenalbedo-Effekt eine Nettokühlung bewirkt. Die allgemeinen Zirkulationsmodelle
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(GCM) zeigen einen negativen Strahlungsantrieb (-0,28 bis -1,36 W m−2) am Ober-
rand der Atmosphäre (TOA), wenn die Flussmethode verwendet wird. Dies unter-
stützt die positive AOD-CDNC-Empfindlichkeit und den daraus resultierenden nega-
tiven Strahlungsantrieb in GCMs. Der CDNC-LWP zeigt jedoch unterschiedliche Ab-
hängigkeiten in den Modellen. In den GCMs wird die Wirkung der Wolkenmikro-
physik bei der Abschätzung des Netto-Strahlungsantriebs nicht berücksichtigt. Um die
Auswirkungen der Wolkenmikrophysik auf den Strahlungsantrieb einzubeziehen, haben
wir einen statistischen Ansatz zur Berechnung des Nettostrahlungsantriebs gewählt. Die
Ergebnisse zeigen, dass der Nettostrahlungsantrieb empfindlich auf die LWP-Änderung
durch die Aerosolstörung reagiert.

1 Introduction

Aerosols, clouds, and their interaction continue to be the primary contributor to the
uncertainty in assessing the Earth’s radiation budget estimates (Forster et al., 2021;
Mülmenstädt and Feingold, 2018). Atmospheric aerosols can act as cloud condensation
nuclei that modulate cloud micro and macrophysical properties (Twomey, 1977; Charlson
et al., 1992). Twomey (1977) reported the relation between aerosol concentration,
cloud droplet number concentration (CDNC) and cloud albedo. It hypothesized that an
increased aerosol loading could modify the CDCN, which enhances the cloud albedo,
commonly known as radiative forcing due to aerosol-cloud interaction (Bellouin et al.,
2020; Forster et al., 2021). Further, at higher CDNC, the LWP may enhance or decrease,
subjected to rapid adjustments to aerosol-cloud interactions (Albrecht, 1989). Thus,
aerosols influence the cloud via modifying microphysical processes and substantially
impact their radiative forcing (Menon et al., 2002). Satellite imagery has been proven
that ship tracks (Goren and Rosenfeld, 2012) and smoke plumes (Goren and Rosenfeld,
2015) are evidence of aerosol-cloud interaction and subsequent radiative effect.

Quantifying the mechanisms responsible for aerosol radiative forcing and its repre-
sentation in models has been proven to be challenging. Nevertheless, several studies
investigated the aerosol-cloud interaction and estimated radiative forcing with a wide
range of uncertainty (Twomey, 1977; Menon et al., 2008; Quaas et al., 2008; Wood
et al., 2011). The uncertainty may arise from wide observational scales and platforms
(McComiskey and Feingold, 2012).

In-situ observation plays a crucial role in unfolding the uncertainties in aerosol-cloud
interaction. The VAMOS (Variability of the American Monsoon Systems) Ocean-Cloud-
Atmosphere-Land study (VOCALS, Wood et al., 2011) is an international program
designed to understand the physical and chemical processes of the coupled climate sys-
tem of the Southeast Pacific (SEP). The VOCALS campaign is categorized into the
VOCAL regional experiment (in-situ observations) and the VOCAL numerical model
experiment. The Weather Research and Forecasting model coupled to Chemistry (WRF-
chem) and COnsortium for Small-scale MOdeling - Aerosols and Reactive Trace gases
(COSMO-ART) are the regional models actively participating in the VOCALS mod-
elling experiment. They have compared the aerosol and cloud characteristics over the
SEP with observation and are in good agreement (Wood et al., 2011; Wyant et al.,
2015). Additionally, Min et al. (2012) reported a strong correlation between satellite
observation, specifically aerosol and cloud optical properties, with the VOCALS in-situ
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measurements.
This study explores the aerosol-cloud interaction over the SEP during the VOCALS

experiment. For this, we have used satellite observations and multi-model simulations
(both regional and global models) to explore the aerosol-cloud interaction over the SEP
during the VOCALS experiment. Further, to have a better representation of radiative
forcing due to the aerosol-cloud interaction, we have proposed a new statistical method
to calculate radiative forcing by considering the cloud’s optical properties. Detailed
descriptions of numerical models, satellite data sets, and the statistical approach are
given in section 2. Results of the analysis have been described in section 3, and the
summary and conclusions are presented in section 4.

2 Data and methods

2.1 Regional models

In this study, we have considered simulations from the regional model, WRF-Chem (Grell
et al., 2005), and COSMO-ART (Vogel et al., 2006). In both cases, the simulations were
carried out for the time period of 15 October to 15 November 2008, which were run
continuously in free-running mode. There are two sets of WRF-chem model simulations
carried out by the University of Iowa (IOWA, Saide et al., 2012) and the Pacific Northwest
National Laboratory (PNNL, Yang et al., 2012). The IOWA simulation uses the lateral
boundary condition from the National Centers for Environmental Prediction (NCEP)
global Final Analysis (FNL), and the PNNL uses the lateral boundary condition from
the NCEP’s Global Forecast System (GFS) analyses. The COSMO-ART has been
configured, and simulations are carried out by the Karlsruhe Institute of Technology
(KIT) research group. The COSMO-ART is based on the mesoscale model system
(Vogel et al., 2006). It replaces the meteorological module with an optional weather
forecast model COSMO of the Deutscher Wetterdienst (DWD). The modelling system
consists of gas-phase chemistry, and aerosol dynamics are online coupled with the
COSMO model. The model is initialized and forced with the reanalysis data, the global
meteorological model GME (Global Model of the Earth). A detailed description of the
above-mentioned regional models can be obtained from Wang et al. (2011), Wood et al.
(2011), and Wyant et al. (2015).

2.2 Global models

Although several GCMs are also contributed to VOCALS Rex, we have considered
the Aerosol Comparison between Observations and Models (AeroCom, Myhre et al.,
2013). For this study, we have considered the following models: (i) the global aerosol-
climate model ECHAM6-HAM (European Center for Medium-range Weather Forecast-
ing model, Hamburg version, Zhang et al., 2012), (ii) GISS-modelE (ModelE version
of the Goddard Institute for Space Studies, Koch et al., 2011), (iii) GFDL (Geophysical
Fluid Dynamics Laboratory, Golaz et al., 2011), (iv) HadGEM3 (Hadley Center Global
Environmental Model with the United Kingdom Chemistry and Aerosols, Bellouin et al.,
2011), and (v) two versions of SPRINTARS (Spectral Radiation Transport Model for
Aerosol Species, Takemura et al., 2009) models. The above models are driven by Aero-
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Com emissions for the years 1850 and 2000 (Myhre et al., 2013). A detailed description
of nudging and other model treatments is illustrated in Ghan et al. (2016). To study the
aerosol-cloud interaction, we have used the GCMs with AeroCom emissions for the year
2000 with three hourly outputs. The aerosol-cloud sensitivity analysis is restricted to
the marine stratocumulus clouds over the SEP during the VOCALS intensive experiment
from 15 October 2008 to 15 November 2008. Further, the statistical method to calculate
radiative forcing is only applied to the AeroCom GCMs. Because the statistical method
uses the mean/median change in the LWP over the marine stratocumulus over SEP, that
can be estimated only from the simulations with and without aerosol perturbation. Hence,
we have used present-day and pre-industrial AeroCom solutions to calculate the change
in LWP due to aerosol perturbation. A list of models used in this study, along with their
resolutions, is given in Table 1.

2.3 Satellite observation

Table 1: Details of models used in this study:
No. Models Type Model Resolutions
1. WRF-Chem Regional 0.25◦ × 0.25◦

2. COSMO-ART Regional 0.01◦ × 0.05◦

3. ECHAM-HAM GCM 2.50◦ × 2.5◦

4. HadGEM3 GCM 1.25◦ × 1.875◦

5. GFDL GCM 2.50◦ × 2.5◦

6. GISS GCM 2.50◦ × 2.5◦

7. SPRINTARS GCM 2.50◦ × 2.5◦

We have also used data from the Moder-
ate Resolution Imaging Spectroradiometer
(MODIS, Platnick et al., 2017) onboard
the Aqua satellite. The MODIS satellite
delivers daily information on the average
cloud and aerosol properties within a 1◦

× 1◦ degree resolution (MODIS Level-3
product), with near-global coverage. The
primary quantities of interest when in-
vestigating aerosol-cloud interaction are
aerosol optical depth (AOD) and cloud ef-
fective radius (r4), together with total liquid water path (LWP) and optical depth (g2) of
the cloud. Although CDNC is not retrieved directly, it can be estimated using g2 and A4
that uses the adiabatic assumption (Quaas et al., 2006), is given by; CDNC = U g0.5

2 A−2.5
4 ,

where U = 1.37× 10−5 <−0.5. The CDNC is then filtered for single-layer liquid clouds
with a cloud-top temperature greater than 268 K and pixels with a cloud fraction greater
than 0.9. Additionally, a cloud optical depth of less than two is excluded from the analysis
(Gryspeerdt et al., 2019). The CDNC is a crucial parameter for aerosol-cloud interaction
because it influences cloud albedo by directly linking with aerosol sources (Wood et al.,
2011). The uncertainties in the derived CDNC arise mainly from the cloud droplet
effective radius (Grosvenor et al., 2018; Quaas et al., 2006). Further, they suggested that
in the broken cloud regime and at the low zenith angle, the uncertainties are higher in
the satellite retrieval of CDNC.

In both regional and GCMs, the top cloud CDNC is considered, and the analysis
was restricted to liquid phase clouds. The sensitivity cloud microphysics on aerosol
perturbation is studied using the joint histograms analysed following Gryspeerdt et al.
(2016). In the joint histogram, for instance, the conditional probability is defined as the
probability of finding a certain LWP given that a certain CDNC has been observed (CP
= [P (LWP | CDNC) × 100 ]).
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2.4 Radiative forcing

Atmospheric aerosols play an important role in modifying the Earth’s radiation budget
(Menon et al., 2002; Forster et al., 2007). An aerosol perturbation which alters the
radiative balance at the top of the atmosphere (TOA) is aerosol radiative forcing. It
results in a negative forcing (cooling) at TOA that partly offsets greenhouse warming.
The global mean net radiative forcing estimate at TOA is -0.5 Wm−2 with an uncertainty
of a factor of 2 (Forster et al., 2007). In the global model TOA, radiative forcing is defined
as the difference between the radiative fluxes in the absence (pristine pre-industrial) and
the presence of aerosol (present-day) (Loeb and Manalo-Smith, 2005). This radiative
flux perturbation is a valid option for studying the forcing in different models (Lohmann
et al., 2010). In this study, we have used AeroCom models (detailed description in
section 2.2) with a baseline state of the atmosphere under pre-industrial conditions and
the present state of the atmosphere under present-day conditions (Myhre et al., 2013).
From these simulations, aerosol radiative forcing can be expressed as,

Δ� 5 = (�↓
=4C − �

↑
=4C)%� − (�↓

=4C − �
↑
=4C)%�

where, �=4C = Shortwave + Longwave, PD = Present day, and PI = Pre-industrial
(1)

Similarly, from the pre-industrial and present-day model simulation, one can also
estimate the net radiative forcing at TOA using cloud optical properties. For this, one
can use a joint histogram of CDNC (N3) and LWP (L), one can choose most likely LWP
corresponding to mean/median CDNC (N3) for present-day and pre-industrial scenarios,
the difference between the two LWP (L) isΔL. With present-day g2, N3 ,ΔL and assuming
one of the g (asymmetry parameter)values (for example, g = 0.85), one can calculate the
change in planetary albedo ΔU

ΔU =
5
6
(1 − 6) (02 − 01)
(g2 (1 − 6) + 02)2

g2

!
Δ !

Where a1 and a2 are constants, the corresponding values are 0.092, 1.43 respectively .
Along with the TOA, incoming solar radiation F↓

B and fractional coverage with liquid
clouds f;8@ yields TOA radiative forcing and can be expressed as (Quaas et al., 2008),

Δ�2 = − 5;8@�
↓
BΔU (2)

In this study, the radiative forcing is representative of the months October and Novem-
ber, the intensive VOCALS experiment period and the forcing estimates are restricted to
GCMs.

3 Results

3.1 Satellite climatology: aerosol optical depth and cloud optical properties

The monthly climatology of MODIS aqua-derived aerosol and cloud optical properties
over SEP has been analyzed for the period of 15 October to 15 November 2004 - 2014.
Fig. 1 shows the climatology of the spatial distribution of AOD, cloud fraction (CF), LWP,
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Table 2: The net (Shortwave + Longwave) radiative forcing at the TOA over SEP:

No Models
ΔF2 at

TOA (W m2)
AOD CDNC (c m−3) LWP (g m−2)

Flux
method

Statistical
method

PD PI PD PI PD PI

1 ECHAM-HAM -1.64 -0.47 0.074 0.067 67 55 102.10 107.52
2 GFDL -1.25 -3.29 0.076 0.058 22 11 61.84 46.77
3 HadGEM3 -3.58 0.78 0.098 0.072 73 56 75.11 72.16
4 GISS -1.59 0.49 0.062 0.054 177 138 133.10 192.84
5 SPRINTARS -1.03 1.05 0.071 0.063 50 47 111.80 111.71
6 SPRINTARS∗ -1.08 1.08 0.066 0.058 51 47 96.39 95.23

R.F.: Radiative Forcing;
PD: Present Day
PI: Pre-Industrial
SPRINTARS∗: SPRINTARS-KK

However, the negative radiative forcing didn’t show any signs of the aerosol-cloud
interaction (diverse CDNC-LWP sensitivity in GCMs); the statistical method could
circumvent it. Similar to the diverse CDNC-LWP relation, the radiative forcing estimated
using the statistical method shows different forcing in the GCMs. The ECHAM-HAM
and GFDL models show similar radiative forcing (negative) in the statistical and the flux
method. In the flux method, the estimated radiative forcings are -0.47 and -3.29 W m−2,
respectively, for the ECHAM-HAM and GFDL. The rest of the models depict positive
radiative forcing of 0.776, 0.495, 1.051, and 1.08 W m−2, respectively, for the models
HadGEM3, GISS, and SPRINTARS. The CDNC-LWP joint histogram analysis shows a
positive CDNC-LWP sensitivity in ECHAM-HAM and GFDL models. It implies that,
as the CDNC increases, the LWP also increases, which leads to a negative radiative
forcing. However, the rest of the GCMs are susceptible to a negative CDNC-LWP
sensitivity, resulting in the positive radiative forcing. The statistical approach accounts
for the effect of aerosol on the cloud’s microphysical properties in the climate models,
resulting in the diverse magnitude of the radiative forcing. Further, it can be due to the
cloud microphysics (marine stratocumulus) parameterization in respective GCMs. The
global liquid cloud fraction climatology from the GCMs shows large spatial and inter-
model variability. Besides the SPRINTERS models, SEP marine stratocumulus clouds
are represented quite well in the models, with varying magnitudes, though. Additionally
the cloud representation in the GCMs, the factor contributing to the statistical radiative
forcing is the sign of the ΔL (change in LWP, ΔL = L?3 − L?8). Thus, it is noticed
that in the ECHAM-HAM and GFDL models, marine stratocumulus clouds are more
susceptible to aerosols (-ΔL), resulting in a negative radiative forcing. However, in
other GCMs, the marine stratocumulus clouds are not susceptible to aerosol perturbation
(+ΔL), resulting in a positive radiative forcing.

4 Summary and conclusions

The aerosol-cloud interaction in the marine stratocumulus cloud over the SEP has been
invested using satellite observation and multi-model simulations. The MODIS climatol-
ogy of AOD indicates that SEP is a region of relatively low aerosol loading. The SEP
coastal and adjoining regions are relatively polluted compared to the maritime atmo-
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sphere. Over the SEP, the MODIS AOD varies between 0.1 to 0.6. The CF climatology
shows there is a persistent cloud cover over the ocean, which attributes to the marine
stratocumulus deck over the SEP. The annual mean CF exceeds 60% in most regions,
except over the coast, where topographic irregularities exist. The corresponding LWP is
dominant over the coastal region, which varies between 30 to 300 g m−3. Additionally,
the CDNC climatology shows a latitudinal gradient with maximum CDNC observed in
the coastal region. It is consistent with previous studies (Wyant et al., 2015).

To explore the cloud susceptibility to aerosol loading, we have used a joint histogram
of AOD-CDNC and CDNC-LWP. The MODIS satellite analysis shows that on both
monthly and climatological time scales, the AOD-CDNC relation shows a dominant
positive relation, despite the non-linearity at lower AOD. In contrast, the CDNC-LWP
shows a negative sensitivity. A positive AOD-CDNC suggests the cloud albedo effect in
the marine stratocumulus clouds (Twomey, 1977; Albrecht, 1989). However, the CDNC-
LWP relation shows that the cloud albedo effect (a positive CDNC-LWP relation) is
observed only at lower CDNC. The CDNC-LWP relation is dominant, with a negative
CDNC-LWP sensitivity that accounts for the cloud droplet entrainment and evaporation
(Han et al., 2002).

Further, we have explored aerosol-cloud interaction over the SEP using regional and
climate model simulations. The joint histogram analysis shows that both WRF-chem
models show a relatively strong AOD-CDNC relation in the regional model compared
to the COSMO-ART model. The weak AOD-CDNC relationship in the COSMO-ART
model may be due to the poor representation of aerosols in the model compared to
WRF-chem. The PDF shows that the AOD distribution is skewed to the right in the
COSMO-ART. However, the CDNC shows the normal distribution in the COSMO-ART,
which is comparable with WRF-chem. Furthermore, besides the SPRINTERS model,
the GCMs also show a positive AOD-CDNC sensitivity over the SEP region. In the
case of the CDNC-LWP sensitivity, both the WRF-chem models show a strong negative
relationship. At the same time, in the COSMO-ART, the CDNC-LWP shows a strong
positive relationship. Likewise, the Aerocom models also depict a diverse CDNC-LWP
relationship. In ECHAM-HAM and the GFDL model, a positive CDNC-LWP relation
is observed, whereas a negative CDNC-LWP relation is seen in HadGEM, GISS, and
SPRINTARS models, respectively.

From the satellite analysis, it is noticed that the AOD-CDNC relation mainly accounts
for the cloud lifetime or cloud albedo effect. However, the non-linear CDNC-LWP
relation suggests both cloud albedo and entrainment effects. In the case of AOD-CDNC
sensitivity derived from the models, most of the model represents the cloud albedo
effect. It suggests that, as the aerosol concentration increases, the CDNC also increases,
leading to the cloud albedo effect, consequently, a negative radiative forcing. Notably,
all the GCMs reveal a negative radiative forcing at the TOA while using the flux method,
which is similar to the global mean radiative forcing. However, the radiative forcings are
diverse when we use the statistical method, which would also consider the effect of LWP
sensitivity to aerosol perturbation. The above analysis suggests that the flux-derived
radiative forcing results in net cooling at the TOA irrespective of the model, even though
aerosol and cloud parameterizations are treated differently. Further, the GCM models
are tuned radiatively to get similar radiative forcing at the TOA. So our analysis suggests
that the statistical approach using planetary albedo and cloud properties would be more
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appropriate for radiative forcing estimates in which aerosol-mediated indirect effects
are also considered. Importantly, the statistical method assumes that the CDNC-LWP
sensitivity is linear and the LWP is susceptible to aerosol loading. However, recent
studies (in addition to this analysis) suggest that the CDNC-LWP relation is non-linear
(Gryspeerdt et al., 2019). So further research would be needed to improve the statistical
method to predict the radiative forcing.
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