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Abstract. Aerosols in-the-atmosphere-affeet-top-of-atmosphereradiation-influence the Earth’s radiative balance through di-
rect interactions with radiation and by affecting cloud properties. Through—aerosel-cloud-interactions(ACH;and-ensuing

adjustments;-anthropogenie-Anthropogenic aerosols have led to cooling during the industrial era through aerosol—cloud interactions

ACI), including aerosol effects on cloud microphysical properties and the subsequent adjustments. However, there-is-substantial
Jarge uncertainties remain in Earth system models (ESMs

regarding the magnitude of this cooling. In part, ¢
substantially disagree on cloud properties, thermodynamie-state-thermodynamics, the hydrological cycle, and general circu-
lation. Reanalysis provides a useful avenue for exploring the impact of ACI on clouds and radiation because its atmosphere

to—aeroselsforced to match realistic conditions through the assimilation of observations. Here, we explore the impact of ACI
on clouds in the GiOcean reanalysis—reanalysis - the first to incorporate aerosol-cloud adjustments—We-develop-souce-sink
models-of-ACIHr-GiOecean—and-contrast-these—to—interactions. We contrast variables important for ACI between GiOcean

and satellite observations and aHew-attribution-of-develop 2-dimensional lookup tables of ACI for both using a source-sink
budget perspective to attribute the changes in cloud droplet number (Nd) and liquid water path (LWP) to aerosol and meteo-

rology. A compositing analysis using lookup tables shows that GiOcean captures key aspects of aerosol—cloud—precipitation
interactions, including (1) activation of aerosol into cloud droplets, (2) effective precipitation scavenging of Nd, (3) su i
of precipitation by high Nd in regions with heavy aerosol emissions. In contrast, satellite observations do not exhibit clear
patterns for processes (2) and (3). Random Forest analysis shows that interannual variability in Nd and LWP over the Northern
Hemisphere ocean in GiOcean is primarily driven by precipitation, consistent with satellite observations.

1 Introduction

Climate change is driven by imbalances in Earth’s energy budget, known as climate forcings, which result from changes in
atmospheric composition (e.g., greenhouse gases, aerosols, ozone, stratospheric water vapor) and in surface properties such as
surface albedo (Smith et al., 2021). Among these, the net effect of anthropogenic aerosols on Earth’s energy budget (aerosol

radiative forcin

remains one of the largest uncertainties in our projections of future warming (Bellouin et al., 2019; Watson-Parris and Sm



25 . The change in reflected solar radiation due to anthropogenic emissions of aerosols (e.g., aerosol radiative forcing) is largely
uncertain due to the complex effects that aerosols can have on climate (Bellouin et al., 2019). Aerosols affect the top—of
atmesphere—radiation—by—differentEarth’s radiation balance in several ways. Aerosol alters the Earth’s energy budget di-
rectly by scattering and absorption of radiation, termed as-aerosol-radiation-interactionaerosol-radiation interactions. Aerosol
can affect climate indirectly by-through aerosol-cloud interactions (ACI) by 1) modifying cloud microphysical properties,

30 and altering-theirreflectivity;termed-as-thereby altering cloud reflectivity, known as the Twomey effect (Twomey, 1977),
and 2) by altering macrophysical properties induced by changes in cloud microphysics 2)(Ackerman et al., 2004), such as
cloud lifetime, precipitation formation and cloud cover;—denoted—. This effect is referred to as aerosol-cloud adjustment

adjustments (Albrecht, 1989; Bretherton et al., 2007
. The combined radiative forcing from the Twomey effect and aerosol-cloud adjustment is referred to as the effective radiative

35 forcing due to ACI (Bellouin et al., 2019). ACI have led to cooling during the industrial era, termed-as-acrosoHndireetforeing;
but the degree to which ACI have affected the Earth’s energy budget remains the-largest-uneertainty-uncertain (Bellouin et al.,

2019).

40

45

50 The uncertainty in ACI forcing arises not only from the understanding of the complexity of ACI processes, but also from

how aerosols and clouds are represented in Earth system models (ESMs). Cloud microphysical processes are hard to represent
in GEMs-ESMs as these processes are small in scale (- m)and-GEMs<1°, and ESMs (100 km) cannot resolve these small,

fast processes —Parameterization-of-cloud-microphysies-is-needed-in-GCMsfor-the-foreseeablefuture—Representing-billions

55

s-dynamically (Liu and Kollias, 2023; Morrison et al., 2020)

SO parameterizations are necessary to describe these physical processes. Most ESMs use simplified “bulk” schemes (Morrison and Gettelma
. One-moment schemes typically predict only the mass i i i i
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cloddseanbeexplicitly representeth-GCMsManyGEMsimprovethis by prognosinghothmassandnumberconcentrations,

tion of cloud properties (Ghan et al., 1997; Lohmann et al., 1999; Ming et al., 2007; Barahona et al., 2014b; Morrison and
Gettelman, 2008).

approach has shown to improve the prediction of the African Easterly Jet (Tompkins et al., 2005) and tropical cyclogenesis

(Reale et al., 2014). On the other hand, Zhang et al. (2016a) showed that numerical weather prediction (NWP) systems using
aerosol climatologies overestimated surface temperature during a strong biomass burning event, whereas models with prognos
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tic aerosols showed the correct surface cooling. In some cases the usage of aerosol climatologies may lead to degradation of th
forecast skill, since without the feedback between aerosol and meteorology, anomaly centers associated with aerosol emission
become permanent, imprinting spurious temperature gradients that perturb global circulation (Morcrette et al., 2011). Ekman
(2014) suggested that the explicit representation of AGlimatemedelsE SMsimproves the simulation of the historical sur-

dust emissions and their effect on clouds can lead to overestimation of surface temperature in NWP (Bangert et al., 2012).
Aerosol effects have been shown to play a signi cant role in the modulation of dust transport by the Madden Julian Oscillation
(MJO) (Benedetti and Vitart, 2018) as well on hurricane development (Nowottnick et al., 2018). Given all of these potential
interactions between aerosol and climate, there is a growing consensus that ACI must be represented in weather, season:
forecasting models, and climate reanalyses (Board et al., 2016).

(Smith et al., 2021)Severafactorscontributeto sucha heterogeneityAerosolhavea shorterlifespanin the atmospherghan

greenhousgasespf the orderof few daysto abouttwo weeks.Despitethis, they may be transportecaroundthe globe and

This study introduces a new coupled reanalysis dataset - GiOcean, which incorporates two-moment microphysics scheme
for stratiform and convective clouds, enabling the explicit representation of ACI (Barahona et al., 2014b; Molod et al., 2020).
We focus on evaluating the impact of ACI in warm clouds by comparing it with observations of clouds, precipitation, and

aerosol during periods of substantial emission changes over a multidecadal timecssadbdropletnumberconcentration
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2 Methods
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atmosphereland, aerosol, ocean, and sea ice components with spatial resolutions of approximately 50 km for the atmo-
sphere and 25 km for the oceas imilationi asenal
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The GiOceanreanalysisemploysweak or_“one-way” coupling, meaningthat the oceanand aerosolcomponentgise a
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ment teams, serves as a stable meteorological dataset for GiOcean (https://gmao.gsfc.nasa.gov/GMAO_products/GEOS-5
FP-IT_details.php). Similar to the Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-
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is also much larger than the one used in GAESTFhusGAAS-canbeseamlesshandefeiently—run-usingapreviously
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Nenes, 2009) that includes homogeneous and heterogeneous ice nucleation, and their competition. The description of heteroge

neous ice droplet formation by immersion freezing and contact ice nucleation f@¢iiblish-et-al- 2017 Fan-and Barahona;2022)

We focuson variablesthat canbe comparedelatively directly betweenGiOceanand spaceborngemotesensingincluding

The aerosolmetric we useis the aeroselmetric we-tusedwasthe AOD, whichis measureshe column-integrated aerosol

the columnyemeotety-senseAOD provides an estimate of column integrated aerosol loading nearly globétylimitation
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' (Mikkelsen et al., 2025)To evaluatehow thesevariablesarerepresenteéh GiOceanwe compareAOD, Nd, LWP, and

240 precipitationratefrom the GiOceanreanalysigvith satelliteohservationsasdetailedin Section2.3.

dinNd
245 Sud Ao0 = GinAoD. M)
Similarly, to.guantify the extentof. cloud macrophysicatdjustmentge.g.,changesn LWP).in. responsgo microphysical

dinLWP
Siwp Nd = “dinNd (2
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tropospherigourcesandsinksfrom removalby precipitationscavengingWood et al., 2012)n Wood et al. (2012)asteady-state

Nd asa sourcetermof LWP becauséNd is a key determinanbf LWP

environmentaln uence onliquid cloudthroughthe large-scaleirculationandthe patternof seasurfacetemperatureWe use

moistureconvergencgvia precipitationrate), The resultsarediscussedn Section3.4.1
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radiometer the Moderate Resolution Imaging Spectroradiometer Collection 6 (MODIS C6), retrieved at 550 nm on the Aqua
(1:30 P.M. local solar Equatorial crossing time) platfarm

(https://ladsweb.modaps.eosdis.

nasa.gov/search/order/1/MYDO08_M3-)6A0D.is notadirectanalogior theamountof aerosothatis relevanto thebudgeof

et al., 2018b). . andr, are simultaneously retrieved by a bispectral algorithm that relies on the cloud re ectance measured
from both a non-absorbing visible wavelength and an absorbing shortwave infrared wavelength (Nakajima and King, 1990;

and provides nearly global coverage of observations (Gryspeerdt et al., 2022). However, there are several potential source:
of uncertainty that affect the Nd calculated from this method including low sun-angle (Grosvenor and Wood, 2014), cloud
heterogeneity (Grosvenor et al., 2018b), and contamination by upper level cloud and aerosol (Zhang et al., 2016b).

dNd _elds_across27 vertical levelsfor stratiformandconvectiveclouds.
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(MAC-LWP) for the period 2003—-2015 (Elsaesser et al., 2017). MAC-LWP is an updated version of the University of Wiscon-
sin (UWisc) cloud LWP (CLWP) climatology (O'Dell et al., 2008). Oceanic monthly-mean MAC-LWP atatial resolution
is constructed from 7 sources of satellite microwave data sampling different parts of the diurnal cycle at 0.25° spatial resolu-

tion. One of the major updates to UWisc LWP is that the MAC-LWP bias was corrected by matchups to clear-sky scenes from

2.3.3 IMERG

Observations of precipitatiorate are taken from the Integrated Multi-satellitE Retrievals for Global Precipitation Mission
(IMERG) (Huffman et al., 2020). IMERG is a merged precipitation product that contains information from passive microwave
precipitation estimates, microwave-calibrated infrared (IR) satellite estimates, gauge analyses, and other estimators via inter-
calibrating, merging, and interpolating the sources of precipitation estimates. IMERG provides precipitation data with global

11



coverage spanning the entire Tropical Rainfall Measuring Mission (TRMM) and the Global Precipitation Measurement (GPM)
mission record. In this study, we used IMERG version 07 (V07) nal run daily data for the period of 2003-2015 for analysis
355 (Huffman etal., 2023).

3 Results

3.1 Spatiatvariabitity-

360 and Ea
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AOD . from GiOceanand MODIS arein good agreementexceptat very high latitudes(Figuresla, b andc). MODIS AOD

and biomass burningMarmercolorsin Figure lab)MOBIS-AOB-athighlatitudesis-noticeablyaffectedby-tackof-elear
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ments collected by both the Terra and Aqua satellites (Buchard et al., 20J®ig)(the Terra satellite crosses the equa-
tor in the morning, whilehe-Agua-satelite Aqua crosses in the afternopnSince AOD is in uenced by the diurnal cycle

(Balmes et al., 2021 }his-differencein-erossingtimes sheuldresultin-differeneesin-thesedifferencesin overpasgimes
canleadto discrepanciegn the AOD observe ftes: thgby eachsatellite. Comparing satel-
lite AOD sampled duringa-giv eadto-small-discrepancieselativ i 3 i

averageebvertheday-Aqua satellite ncontributeto small differences (Figure 2apeveraldriversmay

between the assimilates

pristirein GiOceanin the SouthernOceanboundarylayer may leadto underestimatioof aerosolconcentrationgnd AOD
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