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Abstract. Aerosols in the atmosphere affect top of atmosphere radiation through direct interactions with radiation and by
affecting cloud properties. Through aerosol-cloud interactions (ACI), and ensuing adjustments, anthropogenic aerosols have
led to cooling during the industrial era. However, there is substantial uncertainty in our global models regarding the cooling
driven by ACI. In part, global models are subject to substantial disagreement in terms of cloud properties, thermodynamic state,
hydrological cycle, and general circulation. Reanalysis provides a useful avenue for exploring the impact of ACI on clouds and
radiation because its atmosphere is nudged to observations of these quantities, but until now reanalyses have not included
two-moment microphysics coupled to aerosols. Here, we explore the impact of ACI on clouds in the GiOcean reanalysis-
the first to incorporate aerosol-cloud adjustments. We develop souce-sink models of ACI in GiOcean and contrast these to
satellite observations and allow attribution of changes in cloud droplet number (Nd) and liquid water path (LWP) to aerosol

and meteorology.

1 Introduction

The change in reflected solar radiation due to anthropogenic emissions of aerosols (e.g., aerosol forcing) is largely uncertain
due to the complex effects that aerosols can have on climate (Bellouin et al., 2019). Aerosols affect the top of atmosphere radi-
ation by different ways. Aerosol alters the Earth’s energy budget directly by scattering and absorption of radiation, termed as
aerosol radiation interaction. Aerosol can affect climate indirectly by aerosol-cloud interactions (ACI) by 1) modifying cloud
microphysical properties, and altering their reflectivity, termed as Twomey effect (Twomey, 1977), and 2) by altering macro-
physical properties induced by changes in cloud microphysics (Ackerman et al., 2004), such as cloud lifetime, precipitation
formation and cloud cover, denoted as aerosol-cloud adjustment (Albrecht, 1989; Bretherton et al., 2007). ACI and ensuring
adjustment have led to cooling during the industrial era, termed as aerosol indirect forcing., but the degree to which ACI have
affected the Earth’s energy budget remains the largest uncertainty (Bellouin et al., 2019).

We can infer climate sensitivity from the observed temperature record and the historical radiative forcing. Due to the un-
certainty in climate sensitivity engendered by ACI, numerous researchers have attempted to study ACI using observations and
modeling techniques. Observations of aerosol, clouds, precipitation and radiation flux at the top of atmosphere (TOA) neces-

sary to study ACI, are available from various of surface sites, airborne and remote sensing measurements. Modeling at a variety
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of scales is needed as it bridges the gap between Global Climate Models (GCMs) and observations through intermediate scales
from convection-permitting and eddy-resolving simulations. However, both observations and modeling suffer from uncertain-
ties. In-situ observations are sparse in sampling within a complex and chaotic system (Field and Furtado, 2016). Spaceborne
remote sensing can retrieve both aerosol and cloud properties with nearly global coverage, but they must do this indirectly
using remote sensing whose retrievals are typically based on averaged conditions for which the algorithms used for deriving
aerosol and cloud properties are not always valid (Grosvenor and Wood, 2014a). On the other hand, GCMs do not have prob-
lems in sampling in terms of time and space but their representation of cloud, aerosol, precipitation, and other processes that
are important to ACI is parameterized and may be missing key processes altogether (Regayre et al., 2023).

Cloud microphysical processes are hard to represent in GCMs as these processes are small in scale ("um) and GCMs ( 1°)
cannot resolve these small, fast processes. Parameterization of cloud microphysics is needed in GCMs for the foreseeable fu-
ture. Representing billions of individual raindrop or ice crystal clouds in GCMs is difficult due to the excessive computational
expenses. Therefore, cloud microphysics parameterizations in GCMs are simplified to *bulk’ schemes, assuming a fixed math-
ematical form for the particle size distributions. Bulk microphysics schemes use one or more "moments" of the particle size
distribution (PSD) to describe the hydrometeors. A one-moment scheme usually predicts only the mass concentration of cloud
droplets and ice crystals with unchanged-prescribed distribution of number concentration or effective radius of cloud particles
(e.g., droplets and crystals). However, the evolution of droplet number concentration and droplet size distribution with aerosol
perturbations is not captured by one-moment microphysics scheme. In reality, increase in aerosol particles typically leads to
more but smaller cloud droplets, given the same amount of cloud water and the increasing number of smaller droplets reflect
more solar radiation back to space due to increased scattering cross section, leading to a cooling effect on the Earth’s surface
(Twomey, 1977). Therefore, the lack of representation of droplet number concentration and effective radius in one-moment
schemes results in the less robust interaction between aerosols and clouds in models, and by extension the representation of
aerosol indirect forcing. Two-moment schemes predict both the mass and the number concentration of cloud droplets and ice
crystals using prognostic equations, and the evolution of the cloud particle size distribution is explicitly calculated, which pro-
vides a linkage between aerosol emissions and cloud properties by activation of cloud droplet and ice nucleation (Barahona
et al., 2014b). Therefore, the impact of atmospheric aerosols on clouds can be explicitly represented in GCMs. Many GCMs
have implemented the two-moment microphysics scheme into cloud presentations and showed improved representation of
cloud properties (Ghan et al., 1997; Lohmann et al., 1999; Ming et al., 2007; Barahona et al., 2014b; Morrison and Gettelman,
2008).

The radiative forcing from aerosol has a large spatial variability; regionally it can be either positive or negative (IPCC, 2013).
Several factors contribute to such a heterogeneity. Aerosol have a shorter lifespan in the atmosphere than greenhouse gases, of
the order of few days to about two weeks. Despite this, they may be transported around the globe and interact with clouds and
radiation far away from their sources (Uno et al., 2009). Over this time their composition may change due to the interaction
with local pollution sources and from oxidation processes. When aerosol particles reach pristine regions in the North Atlantic
and the Pacific oceans, away from their emission sources, they may substantially impact the regional climate (Fan et al., 2016).

Their emission rate changes over time, with marked seasonal cycles (McCoy et al., 2017; Kasibhatla et al., 1997), and long-
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term decadal trends (Bellucci et al., 2015; McCoy et al., 2018a). Volcanic events and even policy decisions (Yuan et al., 2024)
add variability to the atmospheric aerosol concentration (Bellucci et al., 2015). It is known that over the time scale of days to
months, aerosols have an observable, local effect on clouds and radiation (Fan et al., 2016; Breen et al., 2020). These effects
can result in persistent radiative flux and cloud property anomalies, strong enough to modify large scale atmospheric patterns
(Morcrette et al., 2011; Bellucci et al., 2015; Ekman, 2012).

The interaction of aerosol with climate is typically neglected in operational forecasting systems and climate reanalyses. In
reanalyses that include an aerosol representation, a carefully crafted aerosol climatology is allowed to interact with radiation
as a way of representing the aerosol direct effect, however neglecting ACI (e.g., Bozzo et al., 2020). This 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 prognostic aerosols showed
the correct surface cooling. In some cases the usage of aerosol climatologies may lead to degradation of the forecast skill, since
without the feedback between aerosol and meteorology, anomaly centers associated with aerosol emissions become permanent,
imprinting spurious temperature gradients that perturb global circulation (Morcrette et al., 2011). Ekman (2014) suggested that
the explicit representation of ACI in climate models improves the simulation of the historical surface temperature trend. This
has been further shown during dust storms over Europe and north Africa where neglecting 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 significant 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, seasonal forecasting models, and climate
reanalyses (Board et al., 2016).

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., 2020b).
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 time scale. Cloud droplet number concentration
(Nd) and liquid water path (LWP) are two important microphysical and macrophysical cloud properties in evaluating ACI
(Bellouin et al., 2019). Look up tables of Nd and LWP as a function of their sinks and sources are built up for both GiOcean
reanalysis data and remote sensing observations, respectively. Sensitivity tests are applied for the look up tables of Nd and
LWP by forcing their sources and sinks a constant, respectively. While the large scale meteorological aspects of GiOcean will
be analyzed in future studies, we show that GiOcean allows for the assessment of the sensitivity of key ACI variables (e.g., Nd

and LWP) to their sinks and sources relative to remote sensing observations.



95

100

105

110

115

120

https://doi.org/10.5194/egusphere-2024-4108
Preprint. Discussion started: 15 January 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

2 Methods
2.1 The GiOcean Coupled Reanalysis

GiOcean is a "one-way coupled" reanalysis that spans from 1998 to the present, with a time lag of approximately six months.
It includes atmosphere, aerosol, ocean, and sea ice components with spatial resolutions of approximately 50 km for the at-
mosphere and 25 km for the ocean. Data assimilation is based on the Global Earth System Model Subseasonal-to-Seasonal
(GEOS-S2S) prediction system (Molod et al., 2020b). The main components of the GEOS-S2S are the GEOS Atmospheric
Global Circulation Model (AGCM) (Molod et al., 2015; Rienecker et al., 2008), the catchment land surface model (Koster et al.,
2000), the MOMS ocean general circulation model (Griffies et al., 2005; Griffies, 2012), and the Community Ice CodE-4 sea
ice model (Hunke, 2008). Ocean data assimilation follows the Local Ensemble Transform Kalman Filter approach (Penny et al.,
2013). All components are coupled together using the Earth System Modeling Framework (Hill et al., 2004) and the Modeling
Analysis and Prediction Layer interface layer (Suarez et al., 2007). GEOS-IT, produced for NASA’s instrument teams, serves as
a stable meteorological dataset for GiOcean (https://gmao.gsfc.nasa.gov/GMAQ_products/GEOS-5_FP-IT_details.php). Sim-
ilar to the Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) (Gelaro et al., 2017b),
GEOS-IT is a multidecadal retrospective reanalysis integrating both aerosol and meteorological observations (Gelaro et al.,
2017b; Randles et al., 2017). However, it incorporates recent model enhancements that provide more accurate representations
of moisture, temperature, and land surfaces as well as the latest satellite observations through updated analysis techniques.

The NASA GEOS system serves as the modeling foundation for GiOcean. In GEOS-AGCM, transport of aerosols and
gaseous tracers such as CO are simulated using the Goddard Chemistry Aerosol and Radiation model (GOCART; Colarco
et al., 2010). Aerosols being both interactive and radiatively active, thus allowing GiOcean to represent the aerosol direct ef-
fect. GOCART is a mass-based aerosol transport model that explicitly calculates the transport and evolution of dust, black
carbon, organic material, sea salt, and sulfate. Prescribed size distributions were used to calculate mass-number conversion
factors as detailed by Barahona et al. (2014a). Dust and sea salt emissions are prognostic whereas sulfate and biomass burning
data are prescribed (Randles et al., 2017). Volcanic SO, emissions are constrained by observations from the Ozone Monitor-
ing Instrument (OMI) on-board NASA’s EOS/Aura spacecraft (Carn et al., 2017a). Aerosol fields are assimilated using The
Goddard Aerosol Assimilation System (Buchard et al., 2016b), with the overall cycle controlled by meteorology.

Aerosol assimilation uses the Goddard Aerosol Assimilation System (GAAS), and is carried out in two steps. First the
aerosol optical depth (AOD)), is assimilated using the observing system described in Table 2 of Randles et al. (2017). Then in a
second step the analysis increment is distributed vertically and among the different aerosol species to update their mass mixing
ratios. In GiOcean the overall assimilation cycle is controlled by the meteorology. The meteorological observing system is
also much larger than the one used in GAAS (Gelaro et al., 2017b). Thus GAAS can be seamlessly and efficiently run using a
previously generated meteorological analysis. This feature was used by Buchard et al. (2016a) to generate the version 1 of the
Modern Era Retrospective analysis for Research and Applications aerosol reanalysis (MERRAaero), by “replaying” (Takacs
et al., 2018) the MERRA-1 meteorological fields, and by direct assimilation of AOD in MERRA-2. However in both cases
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clouds were driven by a single moment cloud microphysical scheme and neither MERRA-2 nor MERR Aaero had a direct link
between aerosol and clouds hence lacked a representation of the aerosol indirect effect.

Of significance to this work is that cloud microphysics is described using a two-moment scheme, allowing GiOcean to
explicitly represent the aerosol indirect effect. The microphysics scheme calculates the mixing ratio and number concentration
of cloud droplets and ice crystals as prognostic variables for stratiform clouds, and convective clouds (i.e., stratocumulus,
cirrus) (Barahona et al., 2014a). Cloud droplet activation is parameterized using the approach of Abdul-Razzak and Ghan
(2000). Ice crystal nucleation is estimated using a physically-based analytical approach (Barahona and Nenes, 2009) that
includes homogeneous and heterogeneous ice nucleation, and their competition. The description of heterogeneous ice droplet
formation by immersion freezing and contact ice nucleation follows (Ullrich et al., 2017; Tan and Barahona, 2022). Vertical
velocity fluctuations are constrained by non-hydrostatic, high-resolution global simulations (Barahona et al., 2017). Using this
configuration GEOS has been shown to reproduce the global distribution of clouds, radiation, and precipitation in agreement

with satellite retrievals and in situ observations (Barahona et al., 2014a; Molod et al., 2020b).
2.2 Observations
2.2.1 MODIS Nd and AOD

Throughout this study, the aerosol metric we used was the AOD, which is the column-integrated aerosol amount. Although
AOD does not provide information for the vertical distribution of aerosols or the aerosol sizes and species in the column,
remotely-sensed AOD provides an estimate of column integrated aerosol loading nearly globally, in contrast to sparse in-situ
observations of aerosols made by aircraft, and can be compared relatively directly between models and observations. In this
work, observations of AOD for the period of 2003-2015 are taken from a passive imaging radiometer - Moderate Resolution
Imaging Spectroradiometer Collection 6 (MODIS C6), retrieved at 550 nm on the Aqua (1:30 P.M. local solar Equatorial
crossing time) platform.

Nd is key in understanding processes associated with ACI (Wood, 2012). Knowledge of the spatial and temporal variability of
Nd is of importance for gaining insights into ACI. Observations of Nd in this study are derived from cloud optical thickness (7..)
and cloud effective radius (r,) retrievals from MODIS C6 for the period of 2003-2015 based on adiabatic clouds assumptions
(Grosvenor et al., 2018). 7. and r, are simultaneously retrieved by a bispectral algorithm that relies on the cloud reflectance
measured from both a non-absorbing visible wavelength and an absorbing shortwave infrared wavelength (Nakajima and
King, 1990; Zhang et al., 2016b). MODIS Nd has been shown to be un-biased relative to in-situ measurements from aircraft
and provides nearly global coverage of observations (Gryspeerdt et al., 2022). However, there are several potential sources
of uncertainty that affect the Nd calculated from this method including low sun-angle (Grosvenor and Wood, 2014b), cloud

heterogeneity (Grosvenor et al., 2018), and contamination by upper level cloud and aerosol (Zhang et al., 2016b).
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2.2.2 MAC-LWP

Cloud liquid condensate mass provides a diagnostic of the liquid cloud adjustment to aerosol-induced changes in cloud micro-
physics (Bellouin et al., 2019; Song et al., 2024). In practice, liquid condensate mass is usually observed as column-integrated
liquid water from remote sensing observations, which is known as liquid water path (LWP). In this study, we took observations
of LWP from the Multi-Sensor Advanced Climatology of Liquid Water Path (MAC-LWP) for the period 2003-2015 (Elsaesser
et al., 2017). MAC-LWP is an updated version of the University of Wisconsin (UWisc) cloud LWP (CLWP) climatology
(O’Dell et al., 2008). Oceanic monthly-mean MAC-LWP at 1 ° spatial resolution is constructed from 7 sources of satellite
microwave data sampling different parts of the diurnal cycle at 0.25° spatial resolution. One of the major updates to UWisc
LWP is that the MAC-LWP bias was corrected by matchups to clear-sky scenes from MODIS in cases where clear-sky is
observed but non-zero cloud LWP is retrieved due to retrieval cross-talk. Because it is difficult to differentiate cloudwater from
rainwater using passive microwave signal from cloudwater, uncertainty in MAC-LWP is usually larger in heavy-precipitating

regions (Elsaesser et al., 2017).
2.2.3 IMERG

Observations of precipitation 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 precipita-
tion estimates, microwave-calibrated infrared (IR) satellite estimates, gauge analyses, and other estimators via intercalibrating,
merging, and interpolating the sources of precipitation estimates. IMERG provides precipitation data with global 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) final run daily data for the period of 2003-2015 for analysis (Huffman
et al., 2023).

3 Results
3.1 Spatial variability

This study focuses on the evaluation of ACI in warm clouds in GiOcean. We limit the scope of our study to examining variables
related to the amount of aerosol, its activation into droplets, and the changes in the cloud macrophysical state and precipitation
rate in response to changes in cloud microphysics (aerosol-cloud adjustments). We focus on variables that can be compared
relatively directly between GiOcean and spaceborne remote sensing: AOD, Nd, LWP and precipitation rate.

AOD provides a column integrated estimate of aerosol. AOD is not a direct analogy for the amount of aerosol that is
relevant to the budget of cloud condensation nuclei available to liquid clouds because it does not directly characterize size
distribution and chemistry and is column integrated. However, it does provide a measure of the column loading of aerosol
that can be compared relatively directly between GiOcean and observations from spaceborne remote sensing. AOD from

GiOcean compares favorably to MODIS AOD with similar AOD in regions of heavy anthropogenic pollution, Saharan dust,
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and biomass burning (Figure 1ab). MODIS AOD at high latitudes is noticeably affected by lack of clear skies and surface
contamination, particularly in the northern hemisphere. This is particularly striking in the zonal-mean (Figure 2a). AOD in
GiOcean is systematically low in the Southern Ocean compared to MODIS (Figure 2a). GiOcean AOD is assimilated from AOD
measurements collected by both the Terra and Aqua satellites (Buchard et al., 2016b). The Terra satellite crosses the equator
in the morning, while the Aqua satellite crosses in the afternoon. Since AOD is influenced by the diurnal cycle (Balmes et al.,
2021), this difference in crossing times should result in differences in the AOD observed between the two satellites. Contrasting
satellite AOD sampled during a given overpass should also lead to small discrepancies relative to the GiOcean AOD that is
averaged over the day (Figure 2a). Several drivers may enhance this disagreement since they may cause divergence between
the assimilated and observed AOD including: the effects of aerosol humidification (Twohy et al., 2009) and lack of cloudiness
in GiOcean in this region, lack of new particle formation events (McCoy et al., 2021; Gordon et al., 2017), or simply a lack
of aerosol in the pristine Southern Ocean. Lower AOD in GiOcean is also apparent in the area downwind from Kilauea and
Vanuatu, which are areas of substantial effusive volcanic emissions (McCoy et al., 2018a; Carn et al., 2017b) (Figure lab).
Volcanic SO, emissions in GiOcean are constrained by observations from the Ozone Monitoring Instrument (OMI) on board
NASA’s EOS/Aura spacecraft (Carn et al., 2015). The dataset however only provides annual SO, emission rates. Such an
approach however fails to capture degassing events, as for example for Kilauea in 2008 and 2018, for which daily varying
emissions are required (Breen et al., 2021).

There are qualitative similarities between GiOcean Nd and MODIS Nd over oceans (Figure 1cd). Nd is high in the an-
thropogenically perturbed regions near heavily-industrialized regions and in the outflow of biomass burning in Namibia and
Saharan dust, consistent with regions of enhanced AOD (Figure 1ab). A significant difference in Nd between GiOcean and
MODIS is that GiOcean has a much larger range of Nd with high Nd near aerosol sources and low Nd in pristine, remote ocean
regions compared to MODIS. In Figure 1 we highlight the outflow regions from North America and East Asia. These regions
have been characterized in previous studies examining Nd variability (McCoy et al., 2018a) and have relatively high Nd in both
GiOcean and MODIS. We will focus on these regions through the remainder of our study. Overall, the dominance of relatively
pristine regions in the oceanic zonal-mean is apparent with lower zonal-mean Nd over oceans in GiOcean than observed by
MODIS (Figure 2). This is especially pronounced in the remote Southern Ocean, which is a long-standing problem for global
models and relevant to our understanding of aerosol forcing (McCoy et al., 2020b; Mulcahy et al., 2018).

Liquid water path is systematically lower in GiOcean than observed by microwave radiometers as aggregated and harmo-
nized in the MAC-LWP data set (Figure lef and Figure 2¢). However, some of this discrepancy may be attributable to potential
systematic errors in microwave LWP as discussed in section 2.2.2. Within the extratropics we estimate this error to be £10%
(Song et al., 2024; Elsaesser et al., 2017), which may bring the observations closer, but cannot entirely explain this observation-
reanalysis discrepancy (Figure 2c). The discrepancy is larger in relatively low precipitation regions in the subtropics. Overall
this points to a lower LWP in GiOcean, despite observational uncertainty.

Precipitation rate in GiOcean is consistent with IMERG observations in both the zonal-mean (Figure 2d) and in spatial
variability (Figure 1gh). Some slight disagreement is apparent in a sharper transition to very low rain rates in the subtropical dry

zones near the western side of continents in GiOcean (Figure 1gh). This may be partially attributable to biases in GiOcean, but
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may also relate to IMERG struggling to detect the prevalent drizzle in this region (Pradhan and Markonis, 2023). Precipitation
rate in heavy-precipitating tropics is relatively lower in GiOcean .

The variable of state linking aerosol and clouds is the Nd (Wood, 2012). While the patterns of Nd in GiOcean and MODIS
are qualitatively similar, there is a broad discrepancy between the datasets in the polluted to pristine gradient away from
continents (Figure 1cd). Cloud droplet number is an approximate steady-state balance between CCN activating into cloud
droplets and removal of cloud droplets through evaporation or precipitation (Wood et al., 2012). While there is no global
observation of CCN, we can examine AOD as a proxy for this term (Figure lab). AOD from GiOcean and MODIS are in
good agreement except at very high latitudes (Figure 1ab). This is not entirely surprising since MODIS AOD is assimilated in
GiOcean. AOD is not a direct proxy for liquid-cloud relevant CCN since it doesn’t directly relate to size or contain information
about hygroscopicity and is column integrated, but the agreement in AOD between GiOcean and MODIS supports relatively
similar sources of CCN. Similarly, precipitation rate from GiOcean is in good agreement with IMERG (Figure 2b). One caveat
to this broad consistency is the stronger gradient in precipitation rate away from coasts over southern subtropics in GiOcean
compared to IMERG (Figure 1gh), which could explain the relatively strong gradient of Nd away from the coast in GiOcean
as a function of a too strong sink term of Nd as opposed to too strong a gradient in Nd sources.

A novel feature of the GiOcean reanalysis is that it has two-moment microphysics and the ability to produce precipitation
suppression and aerosol-cloud adjustments. Mean-state LWP contains information about aerosol-cloud adjustments in the
context of the precipitation rate enforced by the environment through the large-scale circulation and the pattern of sea surface
temperature (Song et al., 2024; Mikkelsen, 2024). The effects of the enforced convergence of moisture by the atmosphere and
ocean are apparent in the similar precipitation rates in GiOcean and observations from IMERG (Figure 1gh). In this context,
we can consider LWP as the amount of cloud needed to satisfy the precipitation flux enforced by the environment. While there
are many factors that can influence the precipitation efficiency in liquid cloud, Nd is important as it affects the precipitation
efficiency by autoconversion in global models, where a increase in Nd results in precipitation suppression, and a increase in
cloud amount satisfies stronger precipitation rate. (Khairoutdinov and Kogan, 2000; Michibata and Takemura, 2015; Jin and
Nasiri, 2014). In this context, there is consistency between the lower Nd away from continental sources of aerosol in GiOcean
relative to observations and the lower LWP in GiOcean given small differences in precipitation rate between GiOcean and
IMERG 1gh. The gradient of Nd from the coast into the ocean is steeper in GiOcean with lower Nd in GiOcean away from the
coast (Figure 1cd). This is consistent with a higher precipitation rate in GiOcean and a lower amount of liquid cloud (Figure
lef) needed to satisfy the precipitation rate demanded by the large-scale convergence of moisture.

Our characterization of aerosol amount, cloud droplet number, liquid cloudiness, and precipitation rate show regional biases
in terms that act as sources of cloud droplet and cloud water as well as sinks in GiOcean. This highlights the need to examine
ACI in the context of steady state models of droplet number and liquid cloud mass. We will develop simple steady-state model

characterizations of these terms in Section 3.3.
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3.2 Seasonal cycle and decadal trends

Having characterized the spatial patterns in clouds, aerosol, and precipitation we examine temporal variability. We focus on
the North American and East Asian outflow regions identified in Figure 1 and examine the seasonal and decadal variability in
each region.

AOD seasonal variability agrees between GiOcean and MODIS (Figure 3ab). Peak AOD occurs in spring in the East Asian
outflow region. In the North American outflow region it occurs in summer. While the AOD cycle agrees between GiOcean and
MODIS with an explained variance of GiOcean by MODIS greater than 90%, seasonal cycles in Nd do not agree well and
are negatively correlated. There is a pronounced seasonal cycle apparent in the East Asian region in GiOcean, but no seasonal
cycle to speak of in MODIS (Figure 3c). GiOcean and MODIS generally agree that there is no seasonal cycle in the North
American outflow region (Figure 3d).

The seasonal cycles of GiOcean and MAC-LWP are roughly in agreement with peak LWP occurring in winter in both
regions (Figure 3ef). The better agreement between GiOcean and MAC-LWP during winter might be due to the relatively
accurate MAC-LWP estimates during cold season over the study regions (Elsaesser et al., 2017). However, correlation between
MAC-LWP and GiOcean is weakly negative in East Asia and the explained variance in GiOcean LWP by MAC-LWP is 60%
in the North American outflow.

Seasonal variability in precipitation rate matches between GiOcean and IMERG (Figure 3gh). There is an explained variance
in the East Asian outflow of near 100% where a strong seasonal cycle exists. In the North American outflow where the seasonal
cycle is weaker there is only an explained variance 55%. High explained variance in GiOcean precipitation rate when there is a
strong seasonal cycle is consistent with GiOcean assimilating towards sea surface temperature (SST) from GEOS-IT reanalysis
data, as SST is a strong control of moisture convergence, and by extension precipitation, by the large-scale circulation (Seager
etal., 2010).

The decadal trend in aerosol and cloud properties is a useful proxy for understanding the radiative forcing from ACI (Wall
et al., 2022; McCoy et al., 2018a; Bennartz et al., 2011). Decadal trends in AOD, Nd, LWP, and precipitation rate in the focus
regions match between GiOcean and observations (Figure 4).

Trends in AOD are in good agreement between GiOcean and MODIS (Figure 4ab). There is an overall downward trend in
AOD in both focus regions in this study. This is consistent with trends in sulfur dioxide emissions in these regions driven by
emissions control measures in the United States of America and Peoples Republic of China (McCoy et al., 2018a).

The trend in Nd from MODIS and GiOcean broadly agrees with the trend in AOD with a downward trend through the obser-
vational period (Figure 4cd). During the period with concurrent observational data (2003-2015) Nd shows an anti-correlation
between GiOcean and MODIS and is relatively saturated in the East Asian outflow, while Nd decreases steadily in the North
American outflow. This is consistent with previous evaluation of trends in Nd in these regions (McCoy et al., 2018a).

Decadal trends in LWP are relatively consistent between MAC and GiOcean (Figure 4ef). GiOcean has the microphysics
necessary to produce precipitation suppression and this may lead to the qualitative agreement in the increase in LWP and Nd

until around 2010 and then a decrease towards 2020 in the Asian outflow region in GiOcean. Decadal trend in LWP shows
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relatively large interannual variability in the North American outflow and the LWP trend is broadly consistent with the trend in
precipitation rate in GiOcean.

In keeping with the seasonal cycle, decadal trends in precipitation flux are consistent between GiOcean and IMERG. While
consistent there isn’t a particularly strong overall trend in precipitation in either study region (Figure 4gh). Given the overall
magnitude of precipitation flux in these regions (Figure 1h), this points to a fairly large interannual variability in the pre-
cipitation flux demand by the atmosphere that makes it difficult to disentangle meteorological and aerosol driving of cloud
macrophysical properties as well as scavenging of cloud droplet number (Wood et al., 2012; Kang et al., 2022). In the follow-
ing section we attempt to disentangle these factors with a set of simple source-sink models of cloud droplet number and cloud

liquid mass.
3.3 Source-sink models of cloud microphysics and macrophysics

As outlined above, GiOcean generally replicates spatial and temporal patterns of AOD and precipitation rate (Figure 1, 3,
and 4). The correspondence between GiOcean and observations regarding cloud microphysics and macrophysics (i.e. Nd and
LWP) is less robust. Understanding the sources of these biases and whether this points towards issues related to how liquid
clouds in GiOcean respond to aerosols or how they respond to the moisture demands from the large scale environment requires
partitioning their behavior into those factors. Here, we consider cloud droplet number and cloud liquid mass in terms a simple
source-sink approximate steady state model to evaluate monthly patterns of both quantities in the outflow regions identified in
Figure 1.

The source sink model of Nd is based on Wood et al. (2012), which represents the steady state Nd as a function of activation
of CCN into Nd from free tropospheric sources and removal of Nd through precipitation. In Wood et al. (2012), the steady
state model was explicitly adapted for airborne observations and was able to show that the gradient of Nd off the coast of Peru
was mostly due to increasing precipitation sinks as opposed to decreasing CCN sources. Here we do not have the same data
available and instead of characterizing Nd in terms of precipitation rates estimated from radar reflectivity and airborne in-situ
CCN measurements we characterize it in terms of precipitation rate and AOD (Figure 5). While these terms are imperfect
analogs to CCN near cloud and coalescence scavenging in cloud, we can compare GiOcean to spaceborne observations of
these quantities.

The dependence of Nd on AOD and precipitation rate for each outflow region and for GiOcean and observations is shown in
Figure 5. We don’t expect Nd to depend linearly on either AOD or precipitation rate (Wood et al., 2012), so we formulate our
source-sink model as a look up table. Due to the large range and log-normal distributions of precipitation rate and AOD we use
logarithmic bins.

In both observations and GiOcean the range of precipitation rate and AOD in the North American outflow region is much
smaller than in East Asia (Figure 5). AOD is nearly an order of magnitude lower with a smaller range in the North American
outflow region in both observations and GiOcean. However, within the data available from observations the pattern of Nd as a
function of AOD and precipitation rate from observations is similar to GiOcean in East Asian with increasing Nd in response

to AOD and decreasing Nd in response to precipitation, consistent with the expected behavior in response to sources and sinks
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(Figure 5ac). There is a less pronounced but similar behavior in the pristine North American outflow apparent in GiOcean, but
not in observations (Figure 5bd).

Overall, the dependence of Nd on AOD and precipitation rate inferred from the compositing in Figure 1 is consistent with
our a prior expectations based on Wood et al. (2012). Increasing precipitation removes droplets via coalescence scavenging,
resulting in a decrease in Nd with increasing precipitation rate. Increasing AOD corresponds to an increase in CCN-relevant
aerosol and an increasing in Nd. This behavior is clearer in GiOcean than in observations. The larger data volume and greater
range of AOD and precipitation rate in the East Asian outflow makes this pattern more apparent in this region. This may
indicate that the dependence of Nd on sources and sinks in GiOcean is too strong, which is consistent with the strong off-coastal
gradients in Nd Figure 1d compared to observations in Figure 1c. Of course, it may also be due to imperfect observations of
Nd, AOD, and precipitation rate relative to the output from GiOcean which provides an exact representation of these quantities
in the reanalysis grid.

The simple source-sink model of LWP is based on previous work examining extratropical ACI in the context of the pre-
cipitation rate imposed by the large-scale moisture convergence (McCoy et al., 2020a, 2018b). In turn, the amount of cloud
dictated by the precipitation rate is set by the precipitation efficiency of the cloud. One determinant of precipitation efficiency
is the cloud droplet number (Song et al., 2024; Khairoutdinov and Kogan, 2000; Albrecht, 1989). In this context, we com-
posite LWP on Nd and precipitation rate (Figure 6). Overall, the dependence of LWP on Nd and precipitation rate follows
our a priori expectation. In both regions and in observations and GiOcean LWP increased with precipitation rate in keeping
with a greater removal rate of converging moisture by clouds. In both regions in GiOcean (Figure 6ab), LWP increased with
Nd due to decreased precipitation efficiency, which retains more liquid cloud amount, while this behavior is less apparent in
observations (Figure 6¢d). Similarly to Figure 5, the range of LWP in the North American outflow region is smaller than in
East Asia. The observed dependence of LWP on Nd is much weaker than predicted by GiOcean. This may indicate that the
effects of precipitation suppression may be too strong in GiOcean.

To answer the question of how these inferred dependencies translate to trends in cloud microphysics and macrophysics we
used the look up tables from Figure 5 and Figure 6 to predict the decadal trends of Nd and LWP for GiOcean and observations
over the study regions. Sensitivity tests are applied for the look up tables by setting AOD, Nd, precipitation rate to a constant
value and letting all other terms vary (Figure 7, 8) to understand the relative importance of sources and sinks on temporal
variations of Nd and LWP.

We examined the proportion of variance in the annual means of Nd explained by the look up table (Figure 5) when given
precipitation rate and AOD and when setting AOD and precipitation rate a constant, respectively. For both GiOcean and
observations, the Nd look up table mostly captures the decadal trend of Nd over East Asia and North America outflow regions
when the look up table uses a fixed precipitation rate, with an explained variance of Nd annual means by Nd look up table
predictions with fixed precipitation rate greater than 94%. However, with fixed AOD, the Nd look up table model is unable to
reproduce the decadal trend of Nd (Figure 7 abcd) with an explained variance of Nd annual means by look up table predictions
with a fixed AOD less than 25%. This suggests that the temporal variations in Nd is largely driven by aerosol (as encapsulated

by the AOD) and is consistent between GiOcean and observations in both East Asia and North America regions. This is in
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contrast to Nd spatial variations where a stronger gradient in precipitation rate away from coasts in GiOcean compared with
observations is accompanied with sharper decrease in Nd in GiOcean. However, this is consistent with the findings in Wood
et al. (2012) that precipitation drives droplet concentration variability spatially in marine liquid clouds. Overall, precipitation
scavenging on Nd is too strong in GiOcean compared with observations (Figure 1bd and 5).

The look up table for LWP (Figure 6) was able to reproduce the observed LWP trend in the East Asia and North America
outflow regions with fixed precipitation rate in GiOcean. 74% of the variability in LWP annual means is explained by LWP
annual means predicted with a constant precipitation rate in the East Asia outflow region, and 49% in the North America outflow
region. However, the look up table is unable to capture the LWP trend when forcing the Nd a constant in both outflow regions
in GiOcean (Figure 8ab). Correlation between LWP annual means and the LWP annual means predicted with a constant Nd is
close to 0 in the East Asia outflow region in GiOcean (Figure 8a), indicating Nd drives the most of LWP temporal variation by
precipitation suppression effect in the East Asia outflow region in GiOcean. In the North America outflow region in GiOcean
(Figure 8b), the correlation coefficients between LWP annual means with scenarios of either setting precipitation rate or Nd a
constant are both positive and are greater than 0.5. In other words, both Nd and precipitation rate temporal variations contribute
to LWP decadal trend, while Nd drives the majority of LWP temporal variation by precipitation suppression effect with a larger
correlation coefficient of 0.7, while large scale precipitation scavenging plays a small role in LWP decadal trend in the North
America outflow region in GiOcean. In contrast to GiOcean, the decadal trend of observations from MAC-LWP is largely
caused by variations in IMERG precipitation in the East Asia and North America outflow regions (Figure 8cd). This indicates
the precipitation suppression effect induced by Nd variation is too strong in GiOcean compared with observations in both

regions.

4 Conclusions

Global climate models have implemented two-moment cloud microphysics scheme and achieved more realistic representation
of clouds (Ghan et al., 1997; Lohmann et al., 1999; Ming et al., 2007; Barahona et al., 2014b; Morrison and Gettelman, 2008),
but until now reanalyses have not included two-moment microphysics coupled to aerosols. In this study, we evaluate the new
GiOcean reanalysis with two-moment cloud microphysics against satellite retrievals.

To evaluate ACI in warm clouds in GiOcean, we first compare variables important for ACI from GiOcean with available
spaceborne remote sensing in terms of spatial and temperal variability. The GiOcean is in good agreement with MODIS AOD
and IMERG precipitation overall but with lower AOD in GiOcean in the Southern Ocean and areas of substantial effusive
volcanic emissions. The correspondence between GiOcean and observations regarding Nd and LWP is less robust (Figure
1,2,3.4).

A key question in GiOcean is whether the addition of two-moment cloud microphysics has created aerosol-cloud adjustments
that are realistic. This is difficult to do because of the causally-ambiguous nature of aerosol-cloud adjustments (McCoy et al.,
2020a; Gryspeerdt et al., 2019). The majority of variability in cloud macrophysical properties (i.e. LWP) is driven by variations
in the meteorological state of the atmosphere, not the microphysical state of the clouds (i.e. Nd) (Wall et al., 2022; Bender et al.,
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2019; McCoy et al., 2018b). In terms of understanding aerosol-cloud adjustments through precipitation suppression, the key
driver of this behavior has been argued to be precipitation rate (McCoy et al., 2020a). While less complex, Nd also suffers
from some degree of causal ambiguity and the primary driver of spatial patterns of Nd is found to be precipitation rather than
aerosol (Wood et al., 2012; Kang et al., 2022). This means that errors in cloud properties may be dominated by errors in how
meteorology and large-scale moisture convergence translates to precipitation rate.

To tackle attribution of liquid cloud properties to ACI we put forward simple models of liquid cloud microphysical and
macrophysical properties. We expect that the relationships between sources, sinks, and state variables will be non-linear (Wood
et al., 2012; McCoy et al., 2018b) and we build up look up tables of both microphysical and macrophysical liquid cloud state
variables. These are: Nd (microphysical state variable) as a function of precipitation rate (sink) and AOD (source); and LWP
(macrophysical state variable) as a function of precipitation rate (sink) and Nd (source).

Our framework allows us to characterize Nd variability in terms of sources and sinks (Wood et al., 2012). As expected,
larger AOD corresponds to larger Nd and shows that aerosol and cloud properties are linked through aerosol activation. This
behavior is clearer in GiOcean than in observation and suggests that Nd in GiOcean is too strongly dependent on sources and
sink compared to observations (Figure 6).

Similarly, we examine the dependence of LWP on Nd as a function of the sink enforced by precipitation rate. Larger Nd
corresponds to larger LWP at fixed precipitation rate consistent with the implementation of two-moment cloud microphysics
and precipitation suppression in GiOcean (Figure 6). Broadly, the dependence of LWP on Nd appears to be more pronounced
in GiOcean than observations, suggesting that aerosol-cloud adjustments through precipitation suppression may be too active
in GiOcean.

Ultimately, in terms of understanding climate we are concerned with the cloud response to long-term changes in emissions
(McCoy et al., 2018a; Wall et al., 2022). We find that GiOcean is able to predict decadal trends in AOD and Nd off the coasts
of the Peoples Republic of China and the United State of America (Figure 4abcd). We leverage this to both test our look up
tables of Nd and LWP derived from observations and GiOcean and use them for attribution. To do this we fix source and sink
terms once at a time. Temporal variations in Nd in GiOcean and observations in outflow regions are dominated by AOD and
the attributed variation to this term is consistent between observations and GiOcean (Figure 7). Variations in LWP in GiOcean
is largely driven by Nd variation through precipitation suppression off the coasts of the Peoples Republic of China and the
United State of America (the fixed Nd and full look up table prediction are far apart), in contrast to observations which driven
by the precipitation sink term (Figure 8; the fixed Nd and full look up table predictions are relatively close together compared
to the fixed precipitation rate prediction).

In summary, GiOcean’s climatology of aerosol and liquid cloud properties compares favorably to observations (Figure 1 and
2). Analysis of GiOcean in the context of a simple source-sink model of ACI shows that the two-moment cloud microphysics
scheme in GiOcean (i) represents the activation of aerosol into cloud droplets (Figure 5) and (ii) represents precipitation
suppression due to enhanced aerosol (Figure 6). However, we find that the dependence of cloud droplets on aerosol and removal
of cloud droplets by precipitation may be too strong in GiOcean compared with spaceborne remote sensing observations . We

also find that the precipitation suppression effect in GiOcean might be too strong (Figure 8b). Nevertheless, GiOcean is the only
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reanalysis to date that explicitly includes aerosol-cloud interactions, and we expect it to significantly advance our understanding

of the critical, yet still poorly understood role of ACI on climate, particularly on decadal time scales.

425

Data availability. Data assimilation for GiOcean reanalysis is based on the Global Earth System Model Subseasonal-to-Seasonal (GEOS-
S2S) prediction system and is described in detail in Molod et al. (2020b). Table 1 of Molod et al. (2020a) summarizes the various in situ
profile observations used for data assimilation. Aerosol assimilation uses the Goddard Aerosol Assimilation System (GAAS). The aerosol
optical depth (AOD), is assimilated using the observing system described in Table 2 of Randles et al. (2017). The atmosphere component of

430 GiOcean is replayed to GEOS-IT which assimilates all the datasets used in MERRA-2 (Gelaro et al., 2017a).
GiOCean dataset is on its way to become public at https://portal.nccs.nasa.gov/datashare/. This is a temporary repository we will use to

share the GiOcean data, but it would likely be moved to a more permanent location eventually.
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Figure 1. Comparison of the variables examined in this study between remote sensing observations (a,c,e,g) and GiOcean (b,d,f,h). GiOcean
aerosol optical depth is compared to MODIS (a,b); Nd is compared to MODIS (c,d); liquid water path is compared to MAC (e,f); and
precipitation is compared to IMERG (g,h). Study areas off the coast of the US and China are highlighted in white.
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Figure 2. Comparison of zonal-mean oceanic quantities from GiOcean (a) aerosol optical depth from MODIS; (b) precipitation rate from

IMERG:; (c) LWP from MAC-LWP; (d) Nd from MODIS. Shading denotes inter-annual variability.
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Figure 3. Comparison of seasonal cycles in the outflow regions of East Asia (a,c,e,g) and North America (b,d,f,h) for AOD (ab), Nd (cd),
LWP (ef), and precipitation rate (gh).
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Figure 4. Comparison of decadal trends in the outflow regions of East Asia (a,c,e,g) and North America (b,d,f,h) for AOD (ab), Nd (cd),

LWP (ef), and precipitation rate (gh).
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Figure 6. Liquid water path composited on Nd and precipitation rate in GiOcean (ab) and from observations (cd) and in the regions off the

coast of East Asia (ac) and North America (bd). The density of points in each bin is indicated with grey contours. NB redo plots with 30+min

points.
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Figure 7. The decadal trend in Nd in GiOcean (ab) and from observations (cd) and in the regions off the coast of East Asia (ac) and North

Anmerica (bd) as predicted by the look up table in Figure 5. The residual between the look up table prediction and model is shown using error

bars. Setting AOD or precipitation equal to a constant value is shown in pink and green, respectively. Using the look up table from GiOcean

(Figure 5ab) is shown using solid lines. Using the look up table from observations (Figure 5cd) is shown using dashed lines. Correlation

coefficient (r) is calculated between the decadal trend of Nd with look up table predictions with fixed sink and source, respectively.
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Figure 8. The decadal trend in LWP in GiOcean (ab) and from observations (cd) and in the regions off the coast of East Asia (ac) and North

Anmerica (bd) as predicted by the look up table in Figure 5. The residual between the look up table prediction and model is shown using error

bars. Setting Nd or precipitation equal to a constant value is shown in pink and green, respectively. Using the look up table from GiOcean

(Figure 5ab) is shown using solid lines. Using the look up table from observations (Figure 5cd) is shown using dashed lines. Correlation

coefficient (r) is calculated between the decadal trend of LWP with look up table predictions with fixed sink and source, respectively.
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