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Abstract The regional climate model RegCM has been modified to better account for the climatic effects
of biomass-burning particles. Smoke aerosols are represented by new tracers with consistent radiative and
hygroscopic properties to simulate the direct radiative forcing (DRF), and a new parameterization has been
integrated for relating the droplet number concentration to the aerosol concentration for marine
stratocumulus clouds (Sc). RegCM has been tested during the summer of 2008 over California, when extreme
concentration of smoke, together with the presence of Sc, is observed. This work indicates that significant
aerosol optical depth (AOD) (~1–2 at 550 nm) is related to the intense 2008 fires. Compared to Ozone
Monitoring Instrument (OMI) and Moderate Resolution Imaging Spectroradiometer, the regional pattern of
RegCM AOD is well represented although the magnitude is lower than satellite observations. Comparisons
with Polarization and Directionality of Earth Reflectances (POLDER) above-clouds aerosol optical depth
(ACAOD) show the ability of RegCM to simulate realistic ACAOD during the transport of smoke above the
Pacific Ocean. The simulated single scattering albedo is ~0.90 (at 550 nm) near biomass-burning sources,
consistent with OMI and POLDER, and smoke leads to shortwave heating rates ~1.5–2°K d�1. RegCM is not
able to correctly resolve the daily patterns in cloud properties notably due to its coarse horizontal resolutions.
However, the changes in the sign of the DRF at top of atmosphere (TOA) (negative to positive) from clear-sky
to all-sky conditions is well simulated. Finally, the “aerosol-cloud” parameterization allows simulating an
increase of the cloud optical depth for significant concentrations, leading to large perturbations of radiative
fluxes at TOA.

1. Introduction

Atmospheric aerosols are known to influence the radiative balance at regional and global scales through their
interactions with clouds (first and second aerosol indirect effect, AIE) and solar to infrared radiations (direct
radiative forcing, DRF). The feedbacks of the absorption of solar radiations due to absorbing particles (smoke,
pollution and mineral dust) on cloud microphysical properties (semidirect effect) is also recognized as an
important radiative perturbation (Ackerman et al., 2000; Johnson et al., 2004). Although AIE represents the
main uncertainty among the different radiative forcings (Forster et al., 2007; IPCC, 2013), the simulation of
direct and semidirect effects attributable to absorbing particles still remain challenging for regional (RCM)
and global climatemodels (GCM). For example, large uncertainties persist in the estimation of aerosol absorb-
ing optical depth (AAOD) by GCMs over regions characterized by important concentration of absorbing par-
ticles such as South America, Southern Africa, and East Asia (Shindell et al., 2013). Over these regions, large
negative biases are observed in simulated AAOD leading to significant uncertainties on the estimation of
aerosol direct and semidirect effects. Recent studies based on remote sensing have shown that the large
positive shortwave (SW) DRF at top of atmosphere (TOA) attributable to smoke over the southeastern
Atlantic Ocean (which can peak at +130 W m�2, DeGraaf et al., 2012) is not well reproduced by GCMs
(DeGraaf et al., 2014). A large intermodel spread in the TOA DRF has been pointed out over this region for
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GCMs and chemical transport models involved in the AeroCOm (Aerosol Comparisons between Observations
and Models) project (Myhre et al., 2013; Stier et al., 2013). Such studies reveal the difficulty of correctly repre-
senting the direct effect of absorbing aerosols, especially when transported above highly reflective marine
stratocumulus clouds (Sc).

In that context, the Californian, Chilean, and Namibian coastal regions of the Pacific and Atlantic Oceans are
of great interest since they are characterized by both the presence of anthropogenic (pollution and smoke)
absorbing particles and persistent Sc (Wood, 2012), which are known to be essential in the global radiative
budget. Sc approximately cover one fifth of Earth’s surface in the annual mean (23% of the ocean surface
and 12% of the land surface) and tend to be located along the eastern peripheries of the major oceans
(Wood, 2012). Sc are characterized by large albedo and strongly reflect incoming solar radiation (Chen
et al., 2000), while they exert only a small effect on outgoing longwave radiation. Hence, they exert a strong
negative net radiative effect and only small changes in their macrophysical (coverage and thickness) or
microphysical (cloud effective radius (CER), cloud optical depth (COD), or liquid water path (LWP)) properties
are required to produce a radiative effect comparable to those associated with increasing greenhouse gases
(Randall et al., 1984). This comes in addition to the complex and uncertain DRF and semidirect effects asso-
ciated with absorbing aerosol discussed above.

Modeling studies over such specific regions are thus especially relevant, from highly resolved large eddy
simulations (Johnson et al., 2004) to GCM (x ~100–200 km). RCM are particularly interesting as they allow
addressing seasonal to decadal time scales with an improved representation of regional features such as
aerosol sources and plume gradients, coastal transition and dynamics, or mesoscale weather patterns. In
complement to GCM approaches, RCM can also allow the study of regional feedbacks to radiative perturba-
tions, with the caveat of not accounting for large-scale dynamical adjustments (Rodwell & Jung, 2008) due to
imposed boundary conditions.

In that general context, our study focuses more specifically on the Californian coastal region, which is among
the U.S. states showing the highest wildfire activity, generally startingmid-May and ending in October (Pfister
et al., 2008). In addition, the wildfire activity in the western U.S. has increased in recent decades mainly due to
combination of severe droughts (Westerling et al., 2006). The transport pattern of biomass burning in coastal
California leads to regular mixing of smoke within Sc (Brioude et al., 2009), which are common during sum-
mer in the eastern North Pacific Ocean (with a maximum in June, Klein & Hartmann, 1993). These particular
situations are favorable to aerosol-cloud interactions and indirect effects, but fewer studies have addressed
the estimation of the different radiative effects of smoke over California using a RCM approach.

Themain objective of this work is to study the optical properties of smoke and the associated direct and indir-
ect radiative effects over California using the RegCM model (Giorgi et al., 2012). In section 2, we propose an
improvement of the representation of smoke particles, their radiative properties, and their interactions with
Sc. Section 3 describes numerical model experiment and evaluation data sets. In section 4, themodel is tested
and evaluated for summer 2008, for which 2,780 individual fires had been observed over Northern California,
burning a surface of 4,686 km2 (Gyawali et al., 2009). The SW aerosol optical depth, absorbing properties
(AAOD and single scattering albedo (SSA)), heating rate, cloud microphysical (i.e., cloud optical depth;
COD, cloud droplet number concentration (CDNC), and CER) properties, and the SW DRF (in clear-sky and
all-sky conditions) exerted at TOA are analyzed and discussed. The main conclusions are summarized in
section 5.

2. New Developments in RegCM
2.1. Aerosol Scheme

The basic aerosol scheme accounts for sulfate, organic and black carbon, and dust and sea-salt particles and is
described by Giorgi et al. (2012) and Solmon et al. (2006, 2008). The model assumes an external mixture of
particles and includes advection by atmospheric winds, diffusion by turbulence, vertical transport by deep
convection, surface emissions, dry and wet (in-cloud and below cloud) removal processes, and gas and aqu-
eous phase chemical conversion mechanisms. In this model, dust and sea-salt emissions are based on Zakey
et al. (2006a, 2006b) with the latest modifications described in Giorgi et al. (2012) and Solmon et al. (2015).
Different studies have shown the ability of RegCM to reproduce the basic regional patterns and
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seasonality of aerosols over Europe (Zanis et al., 2012), Western Africa (Malavelle et al., 2011; Solmon et al.,
2008, 2012 ; Tummon et al., 2010), or India (Solmon et al., 2015). Recently, the thermodynamic equilibrium
model ISORROPIA has been coupled with RegCM to estimate the inorganic aerosol concentrations (Li et al.,
2016), while a treatment of secondary organic aerosols (SOA) has been proposed by Yin et al. (2015).
Concerning primary black and organic carbon species, a bulk approach is applied where aerosol size distribu-
tion is assumed for calculating aerosol properties (Solmon et al., 2006), while for primary mineral dust and sea
salt, a more explicit size representation is used based on 4 or 12 (dust) bins (Tsikerdekis et al., 2017) and 2
(sea-salt) bins. As mentioned previously, particles are treated as externally mixed. This represents a limitation
with regard to black carbon (BC) mixing (internal/external) state, which can significantly affect absorption
(Jacobson, 2000). Knowing that, specific attention is being paid in this study to the characterization of absorb-
ing properties (AAOD and SSA) of smoke simulated by RegCM as well as the associated SW heating rate.

The radiative properties (mass extinction efficiency (MEE), SSA, and asymmetry parameter) of each aerosol
species are calculated for the different spectral bands of the rapid radiative transfer model (RRTM) SW and
longwave scheme (Mlawer et al., 1997). Aerosol DRF at the surface and at TOA, for both clear-sky (aerosol for-
cing with a cloudless column) and all-sky (clouds and aerosol) conditions, is diagnosed using a double call
(with and without aerosols) to the RRTM during the RegCMmodel integration. The semidirect radiative effect,
which represents the modifications of the cloud properties due to absorbing aerosols, is not analyzed in the
present study. In its current version, smoke aerosols are represented by two different tracers (primary BC and
organic carbon (OC)) with fixed microphysical and radiative properties without any consideration of possible
differences between fossil fuel versus biomass-burning emissions. This hypothesis implies that aerosol radia-
tive properties are similar for both anthropogenic and smoke BC/OC emissions.

Concerning the “aerosol-cloud” interactions, an approach based on simple parametrizations is used in a
similar way as in most GCMs. This allows keeping numerical costs low, necessary for climate and ensemble
simulations. The activation of hydrophilic particles to cloud droplets is not resolved. In RegCM, the first
indirect effect is presently implemented for anthropogenic sulfates only (Qian & Giorgi, 1999) and the impact
of aerosols on liquid clouds via the second indirect effect (precipitation modulation due to hygroscopic aero-
sols) is currently under development but not activated here. Recent developments have been also proposed
for the treatments of the first and second radiative effects (Li et al., 2016).

Classically, the first indirect effect is represented in RegCM using a simple relationship relating the mass (or
number) of hydrophilic aerosols to the cloud droplet number concentration (CDNC). In the presence of sul-
fate aerosols, the method of Hegg (1994) is applied to estimate CDNC as a function of calculated sulfate mass
mixing ratio (Qian & Giorgi, 1999). In a second step, CDNC is used to calculate the cloud droplet effective
radius (CER) through the following relation:

CER ¼ 3L=4πρwkCDNCð Þ1=3 (1)

where L is the cloud water content, ρw is the density of water, and k is the cube of the ratio of the mean
volume radius and the effective radius of the cloud droplet spectrum, which is assumed to be equal to
0.67 over continent and 0.80 over ocean (Martin et al., 1994). In the current version and in the absence of
anthropogenic sulfate particles, CER is fixed to the value of 10 μm over oceans, typical of clouds determined
by a background cloud condensation nuclei (CCN) population (Briegleb, 1992), while over land it is given as a
function of temperature (Alexandri et al., 2015). The radiative properties of liquid clouds, in the shortwave
spectral region, are given by the following parameterizations (Briegleb, 1992):

COD λð Þ ¼ CWP a λð Þ þ b λð Þ=CERð Þ½ � (2)

SSA λð Þ ¼ 1� c λð Þ � d λð Þ� CER (3)

g λð Þ ¼ e λð Þ þ f λð Þ CER (4)

where λ denotes the spectral interval and CWP the cloud water path. Hence, two parallel simulations, mod-
ifying or not the CER, allow the determination of cloud albedo.

2.2. Inclusion of New Smoke Radiative Properties for DRF Calculations

Two new tracers are implemented in RegCM, describing respectively the mass concentration of fresh and
aged smoke aerosols. Aging from the fresh mode to hygroscopic aged is quantified using an e-folding
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time of 6 h according to Abel et al. (2003). For each tracer, dry-state aerosol size distributions are assumed
based on lognormal function (Table 1) similar to those implemented in the Hadley Centre global climate
model, HadGEM2-ES (Bellouin et al., 2011). The refractive indices (in dry state) of smoke are also indicated in
Table 1. Radiative properties at different wavelengths in the solar spectral range are calculated for the specific
wavelength bands of the RRTM. The calculated radiative properties are the following: the mass extinction and
absorption efficiencies (MEE and MAE, in m2 g�1), single scattering albedo (SSA), and asymmetry parameter
(g). The values in the visible (VIS) and near infrared spectral ranges are reported in the supporting information
(Figure S1). At 550 nm and in dry state, the calculated radiative properties are 5.0 (6.0) m2 g�1, 0.81 (0.90), and
0.67 (0.80) for MEE, SSA, and g, for fresh (aged) smoke tracers, respectively (Table 1).

Smoke particles are known to be hydrophilic (Rissler et al., 2006), and the dependence of the radiative proper-
ties to relative humidity (RH) has been included for both tracers. This dependence is formulated as for sulfate
aerosols (Solmon et al., 2006).

MEEwet ¼ MEEdry 1� RHð Þ�α (5)

where MEEwet and MEEdry are for wet and dry conditions. We have selected a value of 0.26 and 0.15 for the
parameter α in order to reproduce the changes of MEE with RH for aged and fresh smoke, respectively (not
shown, Figure S1 in the supporting information). At very high humidity (RH > 99%) maximum thresholds of
8.5 and 16.9 m2 g�1 are considered for fresh and aged smoke, in order to avoid unrealistic values of MEE. In a
similar way, we have also implemented a dependence of smoke SSA on RH.

SSAwet ¼ SSAdry 1� RHð Þ�α (6)

where SSAwet and SSAdry are for wet and dry conditions. Here the values of α have been fixed to 0.015 (0.02)
for aged (fresh) smoke to represent the variations of smoke SSA with RH (Figure S1 in the supporting infor-
mation) as reported in Bellouin et al. (2011). Contrary to MEE and SSA, there is no correction of the asymmetry
parameter (ASP) with RH in our simulations due to the absence, to our knowledge, of available data for smoke
particles. Our simulations indicate that the ASP values (at 550 nm) simulated near sources are about ~0.55
and ~0.58–0.60 during the transport, which are close to climatological Aerosol Robotic Network (AERONET)
observations (~0.60 at 550 nm) for biomass-burning particles (Dubovik et al., 2002). However, due to its
importance on the estimation of the direct radiative forcing and as ASP is sensitive to RH (Zhuang et al.,
2017), sensitivity tests have been performed by perturbing ASP by ±10% to quantify the uncertainties related
to this hypothesis. The results (not shown, Figure S2 in the supporting information) indicate that the SW TOA
DRF can be increased by about +5 W m�2 (ASP increased by 10%).

2.3. Implementation of the First Indirect Effect of Smoke for Stratocumulus Clouds

The prediction of CDNC in regional and global model remains a challenging task but is crucial to reduce
the uncertainties related to the aerosol first indirect effect. The number of cloud droplets formed in a ris-
ing air parcel is dependent on different variables such as the number, size, and chemical composition of
aerosols as well as the meteorological conditions (i.e., the updraft velocity). All these factors are highly
variable at global scale between different regions and for different cloud regimes within the same region
(Pringle et al., 2009). Because of the number of variables carried in climate models, and as microphysical
processes in clouds operate on much smaller scales than global or regional model grid cells, the estima-
tion of CDNC is often simplified in such models and involves parameterizations. A widely used approach
to represent aerosol-cloud interactions is to define empirical relationships between number (or mass) of

Table 1
Parameters Describing Aerosol Components in the RegCMModels for the Two Smoke Tracers and the Resulting Aerosol Optical
Properties, Based on Bellouin et al. (2011)

Aerosol components r0 σ Density m MEE SSA

Fresh smoke 0.10 1.30 1,350 1.55–0.029i 4.2/4.8/8.4 0.84/0.85/0.92
Aged smoke 0.12 1.30 1,350 1.54–0.018i 5.1/6.5/16. 0.91/0.92/0.97

Note. Here r0 and σ are the median radius (in μm) and geometric standard deviation of the lognormal distribution. Mass
density is reported in kg m�3, m is the complex refractive index, and MEE and SSA the mass extinction efficiency and
single scattering albedo in dry state and reported at 550 nm. The values for MEE and SSA are reported here at 0%,
60%, and 100% of relative humidity.
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aerosols and CDNC based directly on observations, as proposed by Menon et al. (2008). Such an approach
offers a simple and effective way, associated with a reasonable numerical cost to predict CDNC but is
associated to important limitations (Pringle et al., 2009). The first is that these relationships do not
account for the dependence of the droplet nucleation on aerosol size distribution, chemical composition,
and updraft velocity and hence are limited in their applicability. The second is obviously linked to the in
situ observations themselves, generally obtained for a limited geographical region, limiting their extrapo-
lation to other regions. Incidentally, such methods, that is, based on in situ observations derived over a
particular region, are certainly more adapted to RCM than GCM.

In RegCM and as mentioned in section 1, only sulfate aerosols are able to modify cloud microphysical proper-
ties through the first indirect effect even if very recent developments have been also proposed for the treat-
ments of the first and second radiative effects (Li et al., 2016). In this study, we have implemented a linear
relationship between CDNC and the accumulation mode number concentration (AMNC) as proposed by
Hegg et al. (2012) for marine Sc. The linear relationship is primarily based on aircraft measurements of cloud
condensation nuclei (CCN), accumulation and Aitken mode aerosol number concentrations and CDNC
obtained for the three large, semipermanent marine Sc decks of the Earth (in the Pacific offshore of
California and Chile and in the Atlantic offshore of Namibia). The data used by Hegg et al. (2012) are derived
primarily from the multiyear CARMA-II and CARMA-III experiments, conducted off the California coast of
North America from 2004 to 2007 (Hegg et al., 2007) and the VOCALS-Rex study conducted off the Chilean
coast of South America in 2008 (Allen et al., 2011). Additionally, a small amount of data from the Sc deck
off the Namibian coast of Africa has been used from a data archive of the SAFARI 2000 (Haywood et al.,
2003) program. Based on these observations, the Hegg et al. (2012) proposed relationship is the following:

CDNC ¼ 0:72 AMNCþ 47 (7)

where AMNC is the number concentration (in cm�3) of aerosols in the accumulation mode.

This relationship indicates that CDNC were typically about ~75% of AMNC in Sc environments, which is
consistent with the results obtained by Twohy et al. (2005) during the Dynamics and Chemistry Marine
Stratocumulus-II (DYCOMS-II) experiment over the eastern Pacific Ocean, off the coast of San Diego,
California. The prognostic tracer mixing ratios Χ (kg kg�1) are first used to calculate the aerosol mass concen-
tration (AMC, in μg m�3) for fresh and aged smoke, using the following relation:

AMC ¼ ρ� Χ� 10�9 (8)

where ρ is the density of dry air. In a second step, the aerosol number concentrations (in cm�3) of the two
smoke tracers are calculated as

AMNC ¼ 106=ρp
� ��

6=πð Þ� 1=Dg
3

� ��
AMC� exp �4:5 logσð Þ2

� �
(9)

where ρp is the particle density, Dg the geometric mean diameter, and σ the geometric standard deviation,
which are reported in Table 1. The total AMNC is then calculated by adding smoke particles number to sulfate
and fine sea salt. The new CDNC is then estimated from equation (4), impacting CER and COD through equa-
tion (1), which are used as input to the radiative transfer scheme. As the relationship between CER and CDNC
is not a linear function (Twohy et al., 2005) and to avoid unrealistic low CER values possibly calculated under
extreme smoke concentrations, a minimum CER is fixed to 3.5 μm in RegCM. This value corresponds to the
lowest CER reported in Table 2 for in situ observations over California. Finally, in order to quantify uncertain-
ties related to the choice of hygroscopic properties of smoke on microphysical properties of Sc, two
additional sensitivity tests have been realized by using hygroscopic efficiencies of 50 and 60%. The results,
in terms of CER and CDNC, are discussed in sections 4.4.1 and 4.4.2.

3. Model Configuration and Data Used
3.1. Simulation Designs and Important Physics Options

Simulations extend from 15 June to 15 July, considering a period of 5 days of spin-up as the intense
smoke activities starts around 20 June. The simulation uses lateral boundary conditions from National
Centers for Environmental Prediction reanalyses (Kalnay et al., 1996). Sea surface temperatures (SST) are
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prescribed as boundary conditions using NOAA OI-SST products (Reynolds et al., 2002). For this
simulation, long-range transport of aerosols is not forced at the lateral boundary conditions, and we
defined a domain large enough to take into account the main biomass-burning sources during this
specific episode. The latter extends from 20 to 55°N and from �135 to �110°W, with a horizontal
resolution of 10 km (300 × 250 points in the grid model) and 23 vertical levels (from 1,015 to 10 hPa).
A 120 km buffer zone is considered where a relaxation method allows a smooth transition in order to
avoid an abrupt change between simulated fields and lateral boundary conditions. The important
physical options used for this study are the biosphere-atmosphere transfer (BATS) scheme (Dickinson
et al. 1993) and the Grell convection scheme. Of primary importance, we use the University of
Washington turbulence scheme, which has been evaluated over the Californian region by O’Brien et al.
(2012), showing notably an improvement of the representation of low Sc.

The RRTM radiative transfer scheme is used to calculate interactions between aerosol radiative properties and
shortwave and longwave (for coarse dust and sea-salt particles only) radiations. Finally, it should be
mentioned that the possible impact of aerosol sea surface dimming on the sea surface temperature (SST),
as described in Solmon et al. (2012, 2015), has not been activated here and is outside the scope of this work.
This limitation might, however, be of secondary importance here, given the relatively short integration and
fact that SST is strongly driven by ocean dynamics in upwelling region.

For atmospheric particles sources, the daily biomass-burning emissions from the APIFLAME emissions model
are used (Turquety et al., 2014). For this study, the emissions are calculated based on Moderate Resolution

Imaging Spectroradiometer (MODIS) fire observations at 500 m, combined
to MODIS land use classification for the same year, both at 500 m resolution.
The biomass burned is derived using biomass density simulated by the
ORCHIDEE (Organising Carbon and Hydrology In Dynamic EcosystEms)
(Krinner et al., 2005) vegetation and carbon cycle model, and specific emis-
sions are then calculated using factors compiled by Akagi et al. (2011). Here
only the emissions of black carbon (BC), organic carbon (OC), and sulfur gas-
eous SO2 are used. Smoke particles are emitted at the first vertical level of the
model, without any considerations of pyroconvective processes, as no clear
consensus of such processes exist over the region of interest. For example,
Labonne et al. (2007) have showed that smoke plumes are generally confined
in the planetary boundary layer near smoke sources. Accordingly, smoke
emissions have been used to force themodel at the first model level following
the recommendations from the first phase of AeroCOm (Dentener et al., 2006,
section 7 and Figure 9). Fire emissions from savannah are assumed to have
small plume rise and are emitted at the lowest model level, allowing
subgrid-scale turbulence to mix these through the boundary layer. One of
the limitations concerns the diurnal cycle of smoke emission which is not
taken into account, which could impact temporal variations of the aerosol
loadings and optical properties (Xu et al., 2016). As mentioned previously,
the lateral boundary conditions do not include the possible long-range trans-
port of smoke within the domain used (Figure 1). Although focused on smoke,
the RegCM simulations include also different aerosol tracers, which are

Table 2
Aerosol Number Concentration, Cloud Droplet Number Concentration, Cloud Optical Depth, and Cloud Effective Radius Obtained During the Different Experimental
Campaigns for Marine Sc and Over the Californian Region

Aerosol influence
Aerosol concentration

(cm�3)
CDNC
(cm�3) COD CER (μm) Campaigns/regions References

Not specified—all # 40–400 2.5–33 3.8–7.4 CARMA-II and CARMA-III/Californian coast Hegg et al. (2007)
Ship emissions # 100–140 43.6–67.3a 6.9–9.7 FIRE IFO/coast of Southern California King et al. (1993)
Not specified—all 160–530 50–300 7–40 4.5–12 DYCOMS-II/off the coast of San Diego, California Twohy et al. (2005)
Not specified # 200–800 20–40 4–8 MASRAD/Point Reyes, California McComiskey et al. (2009)

aEstimated at 0.744 μm.

Figure 1. RegCM domain used for the simulation.
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secondary sulfate (SO4) produced from SO2 oxidation and mineral dust (represented by four different bins
here, with two in the accumulation and two in the coarse size fraction).

Through aging, biomass-burning particles mass is known to increase due to the condensation of volatile
organic compounds. However, and in the absence of secondary organic aerosols (SOA) production in
RegCM, a correction factor (i.e., ratio of organic matter (OM) to primary OC) has been used for artificially repre-
senting SOA formation within the smoke plume. The lack of a complete representation of SOA in current cli-
mate models obviously represents an important source of uncertainties in the estimation of the smoke
aerosol concentration (Johnson et al., 2016). At this time, referenced values of this ratio are scarce and mainly
based on Aerosol Mass Spectrometer in situ observations. The average OM to OC ratio is found to be ~2.5 by
Bougiatioti et al. (2014) over a remote Mediterranean background site, which is consistent with the value (2.2)
reported by Hildebrandt et al. (2010). In addition, Sciare et al. (2005) indicate a value of 2.1 to convert OC to
OM for a mass reconstruction during summer over the Eastern Mediterranean. For example, the value of 1.6 is
actually retained in the HadGem global model (Bellouin et al., 2011, Johnson et al., 2016). In this work, the OM
to OC ratio of 2.0 has been used and represents an average of published values. This correction factor has
been applied directly to the emissions of primary OC. In order to quantify the uncertainties related to the
OC to particulate organic matter ( POM) ratio, some sensitivity tests have been performed using two different
values (1.5 and 2.5) and show an impact of ±0.2 (not shown, Figure S3 in the supporting information) in
calculated aerosol optical depth (AOD) (at 550 nm). Finally, it should be recalled that the possible influence
of brown carbon particles, especially for ultraviolet (UV) radiations, has not been taken into account in the
present simulation. Such aspect is outside of the topic of this study, but further developments are scheduled
in a future version of RegCM.

Different aerosol and cloud properties, estimated from surface and (passive and active) satellite remote sen-
sing techniques, as well as reanalysis data, have been used in this work for evaluating RegCM simulations.
They are presented in the following parts and summarized in Table 3.

3.2. Monitoring Atmospheric Composition and Climate and Modern-Era Retrospective Analysis for
Research and Applications-II Aerosol and Clouds Reanalysis

The European Center for Medium-Range Weather Forecasts (ECMWF) has developed a reanalysis of global
atmospheric composition since 2003, which includes the five main aerosol species. The first generation of
ECMWF reanalysis (Morcrette et al., 2009), issued by the GEMS (Global and regional Earth-System (atmo-
sphere) Monitoring using Satellite and in situ data) project, covers the period 2003–2008. The Monitoring
Atmospheric Composition and Climate (MACC) is the second-generation product and provides improve-
ments in sulfate distributions and has extended to the 2003–2011 period (Benedetti et al., 2009). Here we
use MACC daily data sets at 1.125° resolution, including anthropogenic aerosol, mineral dust, and sea-salt
AOD (at 550 nm); anthropogenic andmineral dust AAOD (at 550 nm); and anthropogenic SW direct and indir-
ect forcing (at TOA) in all-sky conditions (Table 3). In MACC, the indirect forcing calculation is based on the
change in cloud albedo exerted by a change in cloud droplet number concentration due to anthropogenic
aerosols (Quaas et al., 2008). In addition, we have used the Modern-Era Retrospective Analysis for Research
and Applications (MERRA) reanalysis, which was generated with version 5.2.0 of the Goddard Earth
Observing System (GEOS) atmospheric model and data assimilation system (DAS). The system, the input

Table 3
Satellite and Reanalyses Data Used in This Work to Evaluate the RegCM Simulations of Aerosol and Cloud Properties (the
Horizontal and Temporal Resolution Are Reported)

Aerosol variables Cloud variables Spatial resolution Temporal resolution

MYD08_D3 AOD CER, COD 1° Daily
MATDMOS AOD CER, CF 10 km Daily
OMI AOD, AAOD, ACAOD # 1° Daily
POLDER ACAOD, ACSSA, ACDRF # 18.5 km Daily
MERRA reanalyses # CF 0.5° × 0.625° 3 h
MACC reanalyses AOD, AAOD, DRF AIE 1.125° Daily

Note. The above-cloud DRF (ACDRF), DRF, and aerosol indirect effect (AIE) are reported at TOA and in the SW spectral
ranges.
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data streams and their sources, and the observation and background error statistics are fully documented in
Rienecker et al. (2011). In the present work, we have only used the cloud fraction product at 1,000 hPa, at
0.5° × 0.625° spatial resolution (Table 3). It should be recalled that especially due to their coarser horizontal
resolutions, reanalyses generally underestimate the cloud fraction and boundary layer depth in the eastern
Pacific.

3.3. Ozone Monitoring Instrument, POLDER, and MODIS Products for Aerosols and Clouds

We use the Ozone Monitoring Instrument (OMI) sensor, operating since October 2004 onboard of the EOS
Aura satellite, which is a spectrometer with high spectral resolution (Levelt et al., 2006). OMI offers nearly glo-
bal daily coverage with a spatial resolution for the UV-2 and VIS (UV-1) channels ranging from 13 × 24 km2 at
nadir. Here we use data from the OMAERUV_v003 product containing retrievals from the OMI near-UV algo-
rithm (Torres et al., 2007). This algorithm derives a variety of aerosol radiative properties, such as an aerosol
index (AI), AOD, AAOD (uncertainty of ± (0.05 + 30%)), and SSA (uncertainty of ±0.03) for clear-sky conditions.
For this study, we used SSA retrieved at 380 and 500 nm (Table 3). OMI above-clouds aerosol optical depth
(ACAOD) (Jethva et al., 2016) have been also analyzed.

MODIS level 2 and 3 daytime products at 10 km and 1° resolution, respectively, are used for evaluating aero-
sol and cloud properties (Table 3). Data sets include AOD, liquid COD, and liquid CER. The accuracies of MODIS
aerosol and cloud optical depth measurements are about 0.05 over the ocean and 0.15 over the land, respec-
tively (Remer et al., 2005). The MODIS uncertainty for CER is ~10% but can be larger depending on the corre-
sponding COD, vertical homogeneity, and solar/viewing geometry (Nakajima et al., 2010). Comprehensive
MODIS validation has been reported by Painemal and Zuidema (2011) and showed high correlations
between MODIS COD, CER, and in situ measurements. Zhang and Platnick (2011) found that CER computed
using three different MODIS bands were consistent within ±2 μm for spatially homogeneous coastal Sc,
which is the cloud regime studied here.

In addition, the POLDER (Polarization and Directionality of Earth Reflectances) retrieval combines the sensitiv-
ity of multidirectional polarized and total radiances to the presence of aerosol above liquid clouds. The
6 × 6 km2 POLDER products come from the PARASOL (Polarization and Anisotropy of Reflectances for
Atmospheric Science coupled with Observations from a Lidar) Collection 2 v03.02. To ensure the quality of
the products, several filters are applied to reject, notably, inversions associated with COD< 3 and/or inhomo-
geneous clouds, as defined by Waquet, Cornet, et al. (2013). A detailed description of the POLDER method
and the filters is provided by Waquet, Cornet, et al. (2013), Waquet, Peers, et al. (2013), and Peers et al.
(2015). The aerosol and cloud properties (i.e., the COD, the above-cloud AOD, and SSA) retrieved by
POLDER are then used to calculate the instantaneous direct radiative effect (DRE) of aerosols above clouds.
The procedure is described in Peers et al. (2015).

3.4. Surface AERONET Data

AERONET (Aerosol Robotic Network) is a well-known federated network of ground-based Sun photometers
and the associated data inversion and archive system that routinely performs direct Sun observations and
both almucantar and principal plane sky radiance measurements, to retrieve and distribute global aerosol
columnar properties. Along with AOD observations, the AERONET aerosol retrieval algorithm (Dubovik &
King, 2000) delivers the complete set of column-effective aerosol microphysical parameters, including
volume size distribution, refractive index at four wavelengths (440, 670, 870, and 1,020 nm), and fraction of
spherical particles (Dubovik et al., 2006). In addition, using these microphysical parameters, the retrieval algo-
rithm provides other column-effective aerosol optical properties, such as wavelength-dependent SSA, phase
function, and asymmetry parameter (Dubovik et al., 2002). In the present study, we have used the AOD,
AAOD, and SSA for AERONET level 2.0 inversion products. The uncertainty of retrieved AAOD is estimated
at the level of ±0.01 at wavelengths 440 nm and greater, whereas SSA uncertainty is estimated to be ±0.03
for AOD >0.2 and ±0.07 for AOD <0.2 (Dubovik et al., 2000, 2002).

4. Results
4.1. Stratocumulus Cloud Macrophysical-Microphysical Properties

Although this study is not dedicated to the evaluation of simulated Sc (already discussed in O’Brien et al.,
2012), we have conducted some comparisons on cloud macrophysical properties (cloud fraction (CF) and
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vertical extend). To do so, we have compared CF calculated by RegCM with CF obtained from the MERRA
(Naud et al., 2014) reanalyses, both of them at 1,000 hPa. The CF estimated by RegCM and MERRA are
reported in Figure 2 (from 9 to 14 July).

The spatial resolution of MERRA reanalyses does not allow to detect CF near the coast, limiting the compar-
isons over this zone. However, we obtain a reasonable representation of CF by RegCM in terms of spatial
patterns and order of magnitude, and in both cases, CF higher than 0.5–0.6 are generally observed off the
coast of California. During this period, CF is relatively well simulated, especially for 10 and 12 July, where
spatial patterns and amplitudes (CF higher than 0.7) are captured. For 11 July, the regional pattern is,
however, not captured by the model, which simulates higher CF for Northern California compared to
MERRA reanalyses. For 9, 13, and 14 July, it is somehow difficult to evaluate the ability of RegCM to simulate
CF, as most of Sc are observed close to the Californian coast where MERRA information is missing. Away from
the coast, Figure 2 shows that CF are reasonably represented by RegCM with values around 0.5–0.7, consis-
tent with MERRA reanalyses. For these days, we can also note higher simulated CF over oceans compared to
MERRA reanalyses.

In addition to reanalyses, we have also used Level 2 (resolution of 10 km) MODIS CF products. Figure 2 indi-
cates the CF retrieved by MODIS and calculated by RegCM for 10, 12, and 13 July (the MODIS CF for the whole
period is provided in the supporting information, Figure S4). RegCM values are calculated using the random
overlap assumption (Oreopoulos & Khairoutdinov, 2003) for the atmospheric levels between 1,010 and 850
hPa. The results indicate that the total CF is relatively well reproduced by RegCM with values ~0.8–1 for those
days over a large part of the domain. For 12 July, the CF is overestimated by RegCM in the bay of Los Angeles

Figure 2. (top left) RegCM model and (top right) MERRA reanalysis of the cloud fraction (CF) estimated at 1,000 hPa and for the 9 to 14 July period. (bottom left)
RegCM (calculated using the random overlap assumption over the 1,010–850 hPa vertical levels) and (bottom right) MODIS (Level 2) CF are also reported for 10,
12, and 13 July.
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and for 13 July, some low values (CF ~0.2–0.3) detected by MODIS near the coast (south of San Fransisco) are
also overestimated by RegCM. On the contrary, the CF away from the coast (around 120–125°W) is underes-
timated by RegCM maybe due to the presence of middle clouds. This figure indicates that RegCM is able to
reproduce the main CF regional pattern even if some bias are identified due to the fact that such regional
models are not able to reproduce correctly Sc cloud properties and dynamics (notably due to their coarse
horizontal/vertical resolution).

In addition, we have compared LWP derived from MODIS and estimated by RegCM (for atmospheric levels
between 975 and 950 hPa) for the whole period (Figure S4 in the supporting information) and for 10 and
13 July (Figure S5). One of the main information is that the calculated LWP are around 25–150 g m�2 over
the whole domain in agreement with those (~ 30–150 g m�2) derived by MODIS. However, biases are iden-
tified especially in the bay of Los Angeles, and near the coast for 13 July, where LWP is generally overesti-
mated by the model. Away from the coasts, the LWP is consistently simulated, except for 13 July
around ~120°W.

In parallel to CF and LWP, we have also evaluated the estimated top of Sc by comparing RegCM simulations
with Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) observations for transects cutting California.
Here we just report comparisons for 9 July. Figure 3 represents the simulated aerosol and cloud typing cor-
responding to CALIOP transect over the region (Figure 3a). CALIOP observations have been obtained at
~10:00 UTC. Figure 3b indicates the aerosol number concentration in the accumulation mode and the CF
simulated by RegCM for the same CALIOP transect. RegCM simulates a CF of about ~0.3–0.4 between the
sea surface and 500 m of altitude near the coast, from 36.5°N to 34°N. The top of Sc is shown to slightly
increase away from the Californian coast, from 32°N to 26°N in latitudes. At these latitudes, the Sc top reaches
altitudes of about ~1,000 m. The comparison of the RegCM simulated vertical extends of Sc with CALIOP
observations indicates that RegCM is able to correctly simulate the top of marine Sc observed over this region
and during this period. CALIOP data indicate also that marine Sc (light blue color in Figure 3a) are confined
below 500 m near the Californian coast, in accordance with simulations. CALIOP retrieved Sc top is also
shown to increase for latitudes above 32°N as already mentioned for RegCM. Finally, the vertical distribution
of smoke particles is reasonably simulated with aerosols located between the sea surface and 6 km high, in
agreement with CALIOP observations (orange points). The presence of aerosol at latitudes ~26–28°N
detected by CALIOP (located between 1 and 3 km) is also consistent in the model. Figure 3 indicates a pos-
sible separation between the smoke and cloud layers. However, it does not preclude aerosol-cloud interac-
tion as the lidar signal could be attenuated and only sensitive to the top of the aerosol plume. Hence,
smoke is possibly transported both within the marine boundary layer (MBL) and above the MBL, confirming
that this event represents a good case study for estimating the DRF at TOA and possible interactions between
smoke and Sc.

4.2. Simulation of Smoke Radiative Properties
4.2.1. Aerosol Optical Depth—Comparisons With Satellite Retrievals
Figure 4 displays the AOD simulated by RegCM (at 550 nm) from 9 to 14 July over the whole simulation
domain. The reported AOD are taken at 21:00 UTC, which corresponds to the overpass time of MODIS-
AQUA (between 20:00 and 21:30 UTC) and OMI (between 20:00 and 22:00 UTC) over California. RegCM
AOD is the sum of smoke and dust AOD for comparison with MODIS and OMI AOD, also reported in
Figure 4 (at 500 and 550 nm, respectively). MODIS and OMI AOD retrievals are limited to cloud-free sky, which
restricts the comparisons between RegCM and satellite observations over the Pacific Ocean. To overcome this
restriction, we also use the ACAOD product derived from the POLDER and OMI sensors (Jethva et al., 2016;
Peers et al., 2015, Torres et al., 2012; Waquet, Cornet, et al., 2013; Waquet, Peers, et al., 2013).

Based on OMI and MODIS retrievals, one can observe that significant AOD are detected by both sensors
between 35°N and 40°N, consistently with RegCM. However, Figure 4 also indicates that the regional extent
of AOD is not well captured by RegCM for 9–12 July. After 12 July, simulations represent more consistently the
location and the magnitude of AOD over this intense biomass-burning source region. During this period, sig-
nificant AOD are simulated by RegCM, around ~1 to 2 (at 550 nm) near smoke sources and between ~0.3 to
0.7 in the Pacific outflow. In addition, comparisons between AOD derived from MACC reanalysis and RegCM
indicate also large differences, especially between 11 and 14 July (note that MACC reanalysis Is daily aver-
aged). We can observe that the regional extent of AOD is generally better reproduced by MACC compared
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to RegCM especially over land, when compared to satellite AOD retrievals. We can also observe that RegCM
captures the intense fires activity at the end of the episode (13 to 14 July). For this period, themodel simulates
the extreme AOD (~ 1.5 at 550 nm) observed by MODIS over north of California.

Additional comparisons, between OMI, MACC, and RegCM, have been performed over the intense biomass-
burning source region detected by MODIS and OMI in Northern California. Both AOD values, averaged over
the 120/125°W to 38/42°N domain, are reported in Figure 5. We also report mineral dust AOD for both RegCM
and MACC, as well as smoke AOD (RegCM) and anthropogenic (MACC) AOD. First, Figure 5 indicates that the
simulated AOD is consistent with OMI observations even if an underestimation is generally observed and

Figure 3. (a) CALIOP vertical profiles obtained for 9 July, showing clouds (light blue color) and aerosols (orange color), and the location of the transect is indicated.
(b) The vertical profiles of aerosol accumulation number concentrations (in cm�3) and CF estimated by RegCM is indicated for the similar transect (bottom).
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characterized by a negative bias of �0.3 over the whole period. For the total AOD, the two maxima detected
by OMI (AOD of ~ 1 at 500 nm) are well captured by RegCM; the first (24–29 June) being underestimated by
RegCM compared to MACC. At the end of the period (9 to 14 July), a significant increase in AOD is simulated

by RegCM, with values reaching ~0.75 (14 July), in accordance with OMI
observations. However, a delay can be observed in the simulated maximum.

In addition, Figure 5 indicates that dust-only AOD is found to be almost similar
between MACC and RegCM, showing a contribution of about ~0.1–0.2 (at
550 nm) for both modeling systems. The RegCM dust AOD is shown to contri-
bute to the total AOD only for the first maxima, while the contribution is low
for the second period, with dust AOD ~ 0.05 (at 550 nm). Finally, it should be
noted that the temporal correlation is about 0.39 for RegCM for the period of
interest. This time delay detected between simulated and observed AOD, espe-
cially for the second period (9 to 14 July), could be linked to dynamical errors in
the absence of spectral nudging technique in RegCM. The fact that there is no
simulated diurnal cycle but only a day to day variability in the prescribed
emission could represent another reason explaining the time delay detected
between simulated and observed AOD.
4.2.2. Aerosol Optical Depth—Comparisons With AERONET
In addition to satellite observations, we used AOD observations at three different
AERONET stations; Trinidad, Monterey, and University of California, Santa
Barbara (UCSB) (Santa Barbara, California). Figure 6 reports simulated AOD (every
3 h), the daily MACC AOD reanalyses, MODIS AOD, and instantaneous AERONET
(Level 2) observations. The dust AOD is also reported for RegCM and MACC

Figure 4. Aerosol optical depth (AOD) retrieved from (a) MODIS, (b) OMI, (c) MACC reanalysis, and (d) RegCM simulations (here at 21 UTC) for the 9 to 14 July period.

Figure 5. Mean AOD (550 and 500 nm) estimated for the 120–125°W/
38–42°N domain, from OMI, RegCM, and MACC. RegCM total AOD and
AOD due to smoke and dust are reported (solid and two dashed blue
lines) at 21:00 UTC. Total daily MACC AOD and AOD due to dust and
anthropogenic particles are reported (solid and two dashed red lines).
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reanalysis. Concerning the Monterey station, the two distinct periods characterized by significant observed
AOD are well captured by RegCM even if the duration of the first event (from 25 to 29 June) is shorter
than observed in AERONET and MODIS data. For this specific period, we clearly observe that MACC
reanalysis better represent the length of this episode, including a more pronounced contribution of dust
AOD (~0.1–0.15 at 550 nm), which is totally absent in RegCM. The second period (8 to 15 July) is
reasonably well captured by RegCM, in terms of intensity and duration, even if some low AOD detected by
AERONET (~0.1–0.2) and MODIS (~0.3–0.4) between 9 and 11 July are significantly overestimated by RegCM.
Figure 6 indicates that simulated AOD for 10–11 July are about ~0.8–1.0 (at 550 nm). For 8 to 15 July, MACC
data generally underestimate AERONET AOD even if the timing, especially in the AOD increase, is better
captured at the beginning of the smoke event (7–8 July) compared to RegCM.

For the UCSB (34.41°N/119.8°W) station, Figure 6 shows that the range of AERONET andMODIS AOD (0.1 to 0.6,
at 550 nm) iswell representedby RegCM, even if an overestimation clearly appears for 9 to 15 July. Figure 6 also

Figure 6. AOD derived at 550 nm at three different locations (Monterey, Trinidad, and UCSB). Instantaneous AERONET (Level 2) AOD data are reported by the blue
triangles and the MODIS AOD (550 nm) by the red stars. The total and dust RegCM AOD are reported by solid and dotted cyan lines, respectively. MACC AOD for
total (solid) and dust (dotted) aerosols are also reported (at 550 nm) by black lines. The bias and temporal correlation are only reported for RegCM (outputs every 3 h)
based on phased (in time) AERONET AOD. For the Monterey AERONET site, the total RegCM AOD calculated with the two tests on emissions are indicated with
the yellow and purple lines.
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indicates that RegCM is able to capture the temporal variability of AOD, especially the increase observed
between 7 and 13 July. It should also be noted that the RegCM dust AOD is important (AOD~ 0.15–0.3, at
550 nm) for 10 to 14 July. Results obtained at the Trinidad (41.05°N/124.15°W) station indicate similar conclu-
sions. Indeed, the magnitude of the first AOD maxima is well represented by RegCM and MACC, with a better
temporal timing in MACC data. For the second period of time (8 to 15 July), RegCM captures the significant
increase in AOD observed by AERONET and MODIS (up to ~2 at 550 nm) without reaching the extreme
observed values. RegCM does a better job in capturing the decrease in AOD occurring around 11–12 July.
For this second period, RegCM simulates the large observed (MODIS and AERONET) AOD with a better agree-
ment thanMACC. For this specific station, it should bementioned that the contribution of other aerosols to the
total AOD is found to be low (except RegCM dust AOD for 28–29 June). The comparisons between RegCM and
AERONET data shows reasonable performance of the model to simulate the magnitude of AOD during this
smoke event despite a general underestimation (negativemean bias ranging from�0.03 to�0.11, at 550 nm).
4.2.3. Above-Cloud AOD
Figure 7 reports the ACAOD derived from POLDER (top left), RegCM (top right), and OMI (bottom row). RegCM
ACAOD has been estimated from 850 hPa to the top of the model to be vertically consistent with satellite
data and at 21:00 UTC (time of POLDER overpasses). As reported in Figure 7, the exploitable period is 11 to
14 July when POLDER data are available. The 13–14 July period provides information on smoke ACAOD near
sources and close to the Californian coast, while 11, 12, and 14 July allow some comparisons with simulations
during the transport of smoke to the Ocean. For 13 and 14 July, the significant ACAOD (~0.6) observed by
POLDER near the coast (at ~40°N) are realistically reproduced by RegCM in terms of magnitude and regional
extent. For 14 July and at these latitudes, Figure 7 shows that RegCM slightly underestimates ACAOD during
the transport with values around ~0.4, compared to POLDER (~0.6). For these two days, a second biomass-
burning plume located southern (~35°N) is simulated by RegCM, which is absent in POLDER observations.

Figure 7. ACAOD estimated from (top left) POLDER (11 to 14 July), (bottom row) OMI (11 to 14 July), and (top right) RegCM (9 to 14 July).
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During 11, 12, and 14 July, POLDER indicates trans-
ported smoke plumes characterized by ACAOD of
~0.1–0.4 (for 12 July) and ~0.2–0.6 (for 12 and 14
July). Figure 7 shows that the values of ACAOD is
well respected by RegCM for 12 July during the
transport (ACAOD around ~0.2–0.3), while a slight
underestimation is observed for 11 July compared
to POLDER. For 14 July, the calculated ACAOD by
RegCM (~0.3–0.4) is underestimated compared to
POLDER (~0.6) data. In addition, for this case,
RegCM ACAOD is located to the south of the
plume compared to POLDER observations.

The comparisons of OMI and POLDER ACOAD
retrievals clearly reinforce the presence of signifi-
cant aerosol concentration above the cloud deck
due to biomass-burning emission. As observed by
POLDER, OMI shows also significant ACAOD
(values larger than 0.6 at 550 nm) above the
Pacific Ocean. We can also note an interesting con-
sistency between the two sensors for 13 July near
the coast and during the transport for 11 and 14
July, even if some differences in the magnitude of
ACAOD are also observed.
4.2.4. Aerosol Absorbing Optical Depth
In this section, AAOD and SSA are analyzed as well

as their spectral dependence. As already performed for AOD, we first compared AAOD derived from OMI (at
500 nm) with RegCM simulations (at 21:00 UTC) for the whole domain and for the 9 to 14 July period. These
comparisons are illustrated in Figure S6 (supporting information). The results indicate that the location of
AAOD maxima is well represented by RegCM, but the regional extent and its magnitude are clearly underes-
timated, except for 12, 13, and 14 July. In particular, the significant AAOD derived from OMI over land for 9
and 10 July is totally absent in the RegCM simulations with AAOD between 0.05 to 0.1 (at 550 nm).

Additionally, we have conducted comparisons between OMI, RegCM, and MACC AAOD for the same box as
defined for AOD (section 4.2.1) where a maximum of AAOD is detected. The results are presented in Figure 8,
where the same variables as presented in Figure 5 are reported but for AAOD. As for AOD, the first maxima
(~ 0.05–0.08 at 500 nm) in AAOD observed from OMI (24 to 29 June) is well detected by RegCM and MACC,
but both modeling systems underestimate its magnitude. For this specific period, it should be noted that
RegCM indicates a moderate contribution of dust AAOD (~0.015 at 550 nm) to the total AAOD, which is
absent in MACC reanalysis. For the second smoke episode and even if the AAOD simulated by RegCM
increases for this period (8 to 15 July), the maxima observed from OMI (~0.12 at 500 nm) are not reproduced
by RegCM (maxima of ~0.06 at 550 nm). For this period, RegCM AAOD is found to be higher than MACC,
which simulates AAOD comprising between 0.01 and 0.03 (at 550 nm). It should be mentioned that, for both
models, dust AAOD is found to be low during this period. The RegCM underestimate compared to OMI is
quantified by a mean negative bias of �0.03 (at 550 nm) for the whole period, which is equal to the one
calculated from MACC data.

In addition, we have investigated the AAOD spectral dependence, which is an important optical property for
absorbing smoke (Russell et al., 2010). This aspect is generally studied using the absorbing Angström
exponent (AAE) calculated between two different wavelengths (Russell et al., 2010). The results (not shown,
Figure S7 in the supporting information) indicate the OMI and RegCM AAE estimated in the box
(120–125°W/38–42°N) and for the whole period of the simulation. Results indicate higher AAE values for
OMI compared to RegCM, when calculated using similar wavelengths (400 and 550 nm). Such comparisons
indicate that RegCM AAE is lower than OMI observations, the latter being consistent with values (from 1.42
to 2.07; calculated between 405 and 870 nm) reported by Gyawali et al. (2009) during July 2008 in Reno
(Nevada). We obtain similar conclusions when comparing OMI and RegCM AAE with data reported by

Figure 8. Mean AAOD (550 and 500 nm) for the 120–125°W/38–42°N domain estimated by OMI, RegCM,
and MACC. RegCM total AAOD and AAOD due to smoke and dust aerosols are reported by solid, dotted,
and dashed blue lines, respectively, at 21:00 UTC. Daily total MACC AAOD and AAOD due to anthro-
pogenic and dust particles are reported by solid, dotted, and dashed red lines.
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Clarke et al. (2007) or Chung et al. (2012), who report AAE comprising between 1.2–2.5 (470–670 nm), and
1.4–2.1 (405–870 nm) for biomass-burning aerosols. This could be due to the absence of specific
parameterizations of absorbing properties of brown carbon particles in the present version of RegCM. As
such aerosols are able to absorb ultraviolet radiations (Feng et al., 2013), they need to be taken into account.
This first analysis indicates that further developments are required, possibly by using more realistic refractive
index of smoke in the UV, to improve the spectral dependence of absorbing radiative properties.
4.2.5. Smoke Single Scattering Albedo
Figure S8 (supporting information) represents the instantaneous (21:00 UTC) smoke SSA estimated at 400
and 550 nm by RegCM and for 9 to 14 July. This figure indicates OMI SSA ~0.85–0.90 (at 500 nm) around
40°N–122°W, especially for 9 and 11 July, consistently with the significant OMI AOD and AAOD due to smoke
(Figures 4 and S5). For the rest of the period, OMI SSA is not derived near biomass-burning sources. Over land,
OMI indicate higher values ~0.95 (at 500 nm), which is likely due to the mixing of smoke with dust particles.
For 9 and 11 July in particular, the results indicate that RegCM SSA is in a good accordance with OMI observa-
tions near smoke sources with RegCM SSA ~0.85–0.90 (at 550 nm). Such estimates are found to be also
consistent with values reported by Gyawali et al. (2009) who derive SSA at the Nevo station comprising
between 0.88 and 0.93 (at 405 nm) during July 2008. Finally, RegCM SSA is increasing, reaching values
~0.93–0.95 (at 550 nm) when smoke particles are transported over the Pacific Ocean.

We have also evaluated RegCM SSA with OMI observations for the whole period over a specific box (120–
125°W/38–42°N) (Figure 9) for UV (left) and VIS (right) spectral ranges. The OMI AOD (red dashed line) is also
reported for both wavelengths. This figure indicates clearly the decrease in OMI SSA (for both spectral ranges)
for the two periods already identified. For AOD higher than 1 (at 388 nm), OMI SSA is ~0.95–0.96 (388 nm) for
23–25 June and between ~0.92 and 0.95 (388 nm) for 8 to 13 July corresponding to extreme AOD (~1.5 at
388 nm). Outside of these two periods, OMI SSA is nearly 1 associated with a weak day to day variability.
Similar conclusions are obtained at 500 nm with lowest values compared to 388 nm. Concerning RegCM
calculations, Figure 9 indicates that daily SSA comprise between 0.91–0.94 (at 400 nm) and 0.90–0.93 (at
550 nm) for the whole period and the day to day variability is less pronounced than OMI retrievals.
For both spectral ranges, RegCM correctly simulates (SSA ~0.92–0.93 at 380 nm) the magnitude of OMI
SSA (~ 0.91–0.92 at 388 nm) for the second episode (8 to 13 July), while a negative bias is observed during
the first event. When calculated over the whole period, a mean negative bias of �0.06 (UV) and �0.05
(VIS) is estimated between RegCM and OMI SSA, mainly due to the significant bias observed outside of the
two smoky periods.
4.2.6. Above-Cloud Single Scattering Albedo
In order to study smoke absorbing properties during the transport, we have used the above-cloud single scat-
tering albedo (ACSSA) products recently developed for the POLDER sensor (Peers et al., 2015; Waquet, Cornet,
et al., 2013; Waquet, Peers, et al., 2013). The results (not shown, Figure S9 in the supporting information) indi-
cate ACSSA (550 nm) from POLDER and RegCM, respectively, for 13 and 14 July. For 13 July, POLDER provides

Figure 9. Aerosol SSA estimated in the ultraviolet (UV) and visible (VIS) spectral ranges by RegCM (21:00 UTC) and OMI and averaged over the 121 to 124°W and 38 to
41°N domain. The corresponding OMI AOD are also indicated for both wavelenghts (red dashed lines).
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estimates of ACSSA near the Californian coast, characterized by a large variability with values mostly ranging
between 0.90 and 0.95 (at 550 nm). Some isolated values reaching nearly 1 are also derived by POLDER further
from the Californian coast for this day. The lower values (~0.90–0.92) are derived near the coast. For the same
event, RegCM simulates realistic values of ACSSA (at 550 nm) comprising between 0.91 and 0.93, associated
with low variability compared to POLDER retrievals. We observe also the absence of values of ~1 for ACSSA
calculated by RegCM during the transport. On 14 July, POLDER data indicate clearly an increase of ACSSA in
the outflow with values around ~0.96–0.98 for most of the detected pixels. Absorbing smoke (ACSSA ~0.90–
0.92) is detected near the coast and curiously for some isolated pixels away from the coast (for longitudes of
130–135°W), maybe due to the recirculation of smoke. The calculated ACSSA by RegCM is found to be
similar to that of 13 July, and this case underlines a clear overestimate of ACSSA during the transport by
RegCM. Indeed, the gradient in ACSSA detected by POLDER during the transport is absent in RegCM
calculations, which could be due to the dependence of this optical parameter to grid cell relative humidity
as implemented in the model or to a poorly representation of SOA aerosols in the current version.

4.3. Smoke SW Radiative Heating and TOA DRF
4.3.1. SW Heating Rate
Figure 10a displays the daily mean simulated SW radiative heating rate only due to absorbing smoke and
averaged for the 9 to 14 July period (at 925 hPa). The results indicate significant SW heating within the smoke
plume advected over the Pacific Ocean and near biomass-burning sources. Near sources, the additional SW
heating is about ~2–3°K/d and decreases during the transport to ~0.5–1.5°K by day. Contrary to other radia-
tive parameters, the SW heating rate is not derived by satellites and not provided by reanalyses to our knowl-
edge. Hence, in order to evaluate the simulated SW heating, we used the study of Wilcox (2010), who
provides useful estimates of SW heating attributable to smoke for different cloud fractions established over
the Namibian region. In this work, the mean (averaged within the smoke plume) SW heating ranges between
1.5 and nearly 2°K/d for smoke AOD of 1.0, in cloud-free conditions, and for CF of 1 (Wilcox, 2010, Figure 3). To
compare with those estimates, we reported in Figure 10b the SW heating rate averaged over 123–126°W/37–
40°N within the smoke layer located above clouds. We also indicated (Figure 10b) the smoke ACAOD and the
CF averaged between 1,010 and 950 hPa. Although the ACAOD calculated in our situation does not reach
those reported by Wilcox (2010), we can observe ACAOD ~0.5 (at 550 nm) for the 8 to 15 July period with
CF comprising between 0.2 and 0.5. In the absence of smoke, the (diurnal mean) SW heating rate is about
~0.5°K d�1. When smoke is included in the simulations, the SW heating increases and comprises between

Figure 10. Daily SW heating rate (in °K/d) exerted by absorbing smoke particles at (a) 925 hPa averaged for the 9 to 14 July period and (b) over the 123–126°W/37–
40°N domain. SW heating rate calculated by RegCM is reported for simulations including or not smoke (red and blue lines). The daily heating rate directly due to
smoke is represented by the dotted black line. The daily RegCM AOD (at 550 nm) and CF are also included.
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0.7 and 1.2°K d�1. Such values are found to be slightly lower than those reported by Wilcox (2010), for smoke
ACAOD ~ 0.4. Indeed, Wilcox (2010) has indicated that the SW heating is going from 1°K d�1 in the absence of
smoke to values comprising between 1.5 and 2°K d�1 within the smoke layer, located between 600 and 700
hPa pressure levels. Such values are found to be consistent with those reported in Figure 10b, with a value of
SW heating around 0.5 K d�1 due to smoke. The slightly lower warming observed in our case may be due to
smoke SSA, which is higher in our study (0.95 at 550 nm) compared to Wilcox (2010) (0.89 at 550 nm).
4.3.2. TOA SW Direct Radiative Forcing
In this section, different estimates of the SW TOA DRF in all-sky conditions have been compared, using
POLDER and RegCM data for the 11 to 14 July period. Figure 11 indicates the instantaneous RegCM (21:00
UTC) (top) and POLDER (bottom) estimates. It should be recalled here that DRF form POLDER is not a satellite
estimate since it is based on radiative transfer calculations. For RegCM and MACC, the direct radiative forcing
is estimated by using the difference of two simulations including or not aerosols, all other variables being the
same. The differences in the net SW radiative fluxes at TOA (without any change in the meteorological fields)
are used to estimate the direct radiative forcing.

The results indicate that the SW DRF simulated at TOA by RegCM can be both negative or positive during the
transport of smoke over the Pacific Ocean (the values reported at 21:00 UTC being logically higher than the
diurnally averaged), while the SW TOA forcing over the continent is negative. Figure 11 indicates that RegCM
is able to simulate the change of sign in the SW DRF at TOA when absorbing smoke is advected over Sc. The
positive values of the TOA forcing estimated by RegCM can peak to +20–25 W m�2, which is found to be
consistent with the values reported by DeGraaf et al. (2014) over the Namibian region, who indicated TOA
forcings between +10 and +40 W m�2.

As for RegCM calculations, POLDER estimates also indicate positive and negative DRF at TOA over the ocean.
Significant positive values are clearly observed for 11, 13, and 14 July with forcings being locally about +5 to
+15 W m�2, especially near the coast for 13 July and along the transport for 11 and 14 July, consistently with
the significant ACAOD detected by POLDER for these days. An interesting result is the two opposite forcings

Figure 11. Direct radiative forcing (DRF) estimated at TOA in the shortwave (SW) from (top row) RegCM at 21:00 UTC and (bottom row) POLDER for 11–14 July and in
all-sky conditions.
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derived from POLDER for two distinct smoke plumes located at 32–34°N and 40–
42°N, which are characterized by positive and negative forcings, respectively.
This difference in the sign could be due to the difference in the optical (COD)
and microphysical (CER) properties of Sc located under the absorbing smoke
(Figure 3) and to the absorbing properties of smoke. ACSSA derived from
POLDER indicate highest values (~1 at 550 nm) at 40–42°N, compared to those
(0.90–0.96 at 550 nm) detected for the second plume (32–34°N). Hence, for 14
July, the two smoke plumes transported over the ocean lead to different SW
direct forcing at TOA, mostly negative for the first event and positive for the sec-
ond. This underlines the complexity of simulating the sign itself of transported
smoke over Sc regions, due to the variability of biomass-burning radiative prop-
erties, which could be due to the type of burned vegetation and/or modification
during the transport (changes with the relative humidity). During 13 July, the sig-
nificant ACAOD observed from POLDER (Figure 7) associated with ACSSA com-
prising between 0.90 and 0.95 (at 550 nm) near the coast leads to a positive
direct forcing at TOA peaking at +20 W m�2.

The results reported in Figure 11 indicate that the RegCM DRF estimates are
found to be consistent with POLDER observations. For 13 July, when smoke is
mostly observed near the coast, the positive TOA DRF detected by POLDER is

reasonably well estimated by RegCM at 40°N, in terms of location and magnitude. However, and for this
day, the significant positive DRF calculated by RegCM at latitudes lower than 38°N are not detected by
POLDER. This is due to the differences in ACAOD for this specific event. Indeed, as shown in Figure 7, the sec-
ond smoke plume (located at latitudes lower than 38°N) simulated by RegCM is absent from POLDER

Figure 12. Averaged SW direct radiative forcing at TOA over the
domain 118–130°W/30–38°N from POLDER (red line), RegCM (21:00
UTC, dashed blue line), RegCM (daily, in clear-sky and all-sky
conditions; solid and dashed blue lines and solid black line for POM to
OC ratio of 2.5), and MACC reanalysis (yellow line).

Figure 13. Cloud droplet number concentrations (CDNC) estimated by RegCM for the whole period and for 1,010–850 hPa using three different assumptions on the
smoke hygroscopic properties: (top) 75% (control CTL simulation), (bottom left) 60%, and (bottom middle) 50%. (bottom right) The CDNC derived from MODIS for
the whole period is also indicated.
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observations. For 14 July, the positive DRF detected by POLDER above the
oceans (~ 32°N/130°W) is also well reproduced by RegCM. In this case, DRF is
approximately +20 W m�2 for both RegCM and POLDER estimates.

Additionally, we have calculated the mean SW DRF over the following domain:
120° to 130°W/30°to 38°N. The results are reported in Figure 12 for the MACC rea-
nalysis (daily value), RegCM (instantaneous at 21:00 UTC and daily), and POLDER
(21:00 UTC). The RegCM instantaneous estimates (dashed blue) are only indi-
cated for the period corresponding to POLDER observations. We first observe
that the daily mean DRF estimated by RegCM ranges from �2.55 W m�2 in
clear-sky conditions to �0.17 W m�2 in all-sky conditions. The mean SW DRF
obtained by using a POM to OC ratio of 2.5 is also reported in Figure 12 and indi-
cates a value of�0.22 Wm�2 in all-sky conditions. When calculated at 21:00 UTC
(corresponding to the time of POLDER overpasses), the RegCM instantaneous
DRF is found to be positive (+2.5 W m�2) in all-sky conditions, in a better accor-
dance with POLDER estimates. However, the mean RegCM value is found to be
higher than the averaged DRF obtained with POLDER (+ 0.81 W m�2) observa-
tions during the 11–14 July period. Based on these comparisons, combining
RegCM simulations with the original POLDER products (Peers et al., 2015), this
analysis demonstrate that RegCM is able to simulate the positive DRF exerted
by absorbing aerosols in case of biomass burning transported over marine Sc.
However, some differences appear in the magnitude of the forcing between
RegCM and POLDER which could be due to difference in ACAOD, ACSSA and
cloud properties.

4.4. Smoke First Indirect Radiative Effect
4.4.1. Cloud Droplet Number Concentration
As mentioned previously, a relationship was implemented to estimate the first
indirect effect of smoke aerosols. The calculated CDNC (in cm�3) over the whole
period and averaged between 1,010 and 850 hPa, as well as MODIS retrievals, is
shown in Figure 13. The results obtained from the two sensitivity tests are also
indicated. This figure indicates that CDNC are in the order of magnitude of about
400–1,000 cm�3 near the coast and ~200–400 cm�3 during the transport for the
control (CTL) simulation. The extreme values of CDNC (~1,000 cm�3) are
obtained near biomass-burning sources. The results obtained from the two sen-
sitivity tests show that the CDNC concentration is considerably reduced, by
about 100 to 300 cm�3 depending on the hygroscopicity of smoke. For example,
the simulation using the hygroscopic factor of 50% indicates CDNC around 200–

400 cm�3 for most of the domain, which is in a good agreement with the values obtained from MODIS by
Painemal and Minnis (2012) over the Californian region. We also report in Figure 13 the mean MODIS
CDNC (estimated from equation 5 of Painemal and Minnis (2012)) for the whole period, indicating that,
except near the coast, the CDNC is well reproduced by RegCM, especially for the test using the hygroscopicity
of 50%, with values around 200–300 cm�3. This highlights the important sensitivity of estimated CDNC to the
hygroscopic properties of smoke and could explain the larger values of calculated CDNC compared to the
available literature over this region, as presented below.

Indeed, over the Californian region, comparisons with published values show that CDNC estimated by RegCM
are generally higher than in situ surface observations. As an example, King et al. (1993) and Twohy et al.
(2005) reported values of about ~100–400 cm�3 and ~50–300 cm�3, respectively. In addition, McComiskey
et al. (2009) have reported CDNC ranging from 200 to 800 cm�3 during the MASRAD campaign at Point
Reyes. The authors indicate that CDNC retrievals could be unstable due to the use of ground-based instru-
ment with different field of view. Obviously, the differences between simulated and referenced CDNC could
be due to disparity in the intensity of smoke sources. Compared to intense smoke events occurring in Brazil,
the RegCM estimates are found to be consistent with those (CDNC concentrations from 100 to 1,400 cm�3)
reported by Reid and Hobbs (1998) for biomass-burning aerosols.

Figure 14. (top) Mean (over the 120–125°W/30–40°N domain) liquid
cloud effective radius (CER) (μm) estimated from RegCM simulations
(at 975 hPa and for the whole atmospheric column) including
(or not) the new parameterization and MODIS observations. (bottom)
The CER observed for Sc during experimental campaigns conducted
over the Californian region (listed in Table 3) are also indicated,
inlcuding the maximum and minimum values.
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4.4.2. Cloud Effective Radius
The calculated CDNC is used to estimate CER using equation (1). As for CDNC,
the RegCM-calculated CER is compared with referenced values only for Sc
and over the Californian region (Table 2). In addition, this analysis includes
comparisons with CER derived from MODIS (Level 2 product) for 10, 12, and
13 July (not shown, Figure S10 in the supporting information) and for the
whole period (Figure S11). Results for 10, 12, and 13 July indicate that near
the coast, the CER derived by MODIS could reach values ~6–7 μm, in agree-
ment with RegCM estimates. Some low values (CER ~6–7 μm) are also
detected by MODIS away for the coast, in a similar manner to RegCM within
the smoke plume. However, the result indicates also some differences in the
regional pattern of CER which cloud be due to bias in the meteorological
fields simulated by RegCM (possibly due to the absence of spectral nudging
in our simulation).

In parallel, Figure 14 indicates the mean RegCM CER (averaged over box
120°–125°W/30°–40°N at 975 hPa) for the whole atmospheric column and
including the indirect parameterization. The calculated CER at 975 hPa is
reported in Figure 14 as well as the fixed value used without the indirect
parameterization. In addition, Figure 14 (bottom) reports the different refer-
enced CER values obtained from in situ observations and for Sc for the dif-
ferent experiments (Table 2).

First, we can observe the decrease of CER simulated by RegCM for the period
from 8 to 14 July, when the smoke concentration increases. During this period,

CER is going from ~10–11 μm (6–7 July) to ~6 μm (14 July) at 975 hPa (the decrease in CER is less pronounced
for the RegCMwhole atmospheric estimates: from 10 μm to 9.5 μm). Even if the CER variability is not captured
by the model, the decrease in CER is also observed from MODIS data, showing that CER is passing from
12–17 μm (27 June to 06 July) to 10–11 μm (8–15 July). It should be recalled here that the bias between
MODIS and RegCM CER could be due, in part, to the impact of above-cloud absorbing smoke aerosols on
the MODIS retrievals of cloud properties (Meyer et al., 2015). Although this does not represent a real assess-
ment of the parameterization, Figure 14 (bottom) underlines that the simulated CER (for the period character-
ized by significant smoke concentration) is in the range of in situ observations, which comprise between 5 and
8 μm for Sc. For example, and in the case of the MASRAD experiment (McComiskey et al., 2009), which is char-
acterized by important CDNC concentrations, CER observed at Point Reyes (California) comprise between 4
and 8 μm and are well within the range of RegCM estimates (from 6 to 8 μm). The only real CER observations
available during this period were obtained from MODIS sensor and revealed large differences in CER. Even if
the decrease of CER observed by MODIS for 8 to 15 July is consistent with RegCM simulations, there is clearly
a discrepancy between the absolute values of CER obtained from simulations and from observations
(Figure 14, top). However, Twohy et al. (2005), who compared MODIS data with in situ aircraft observations
for nine Sc over the Eastern Pacific Ocean, in the framework of the Dynamics and Chemistry of Marine
Stratocumulus-II (DYCOMS-II) experiment, indicate that the magnitudes of the MODIS CER are also much
higher than measured in situ values (14.5 μm from MODIS versus 7.6 μm from in situ). More recently, Noble
and Hudson (2015) reported similar differences between in situ observed and MODIS CER over northeastern
Pacific region for Sc. Based on the comparison with MODIS data and different published values over the
Californian region, it is shown that RegCM is able to simulate the order of magnitude of CER in a realistic
way for marine Sc polluted by biomass-burning aerosols, even if some limitations are underlined.

4.4.3. Implications for Cloud Optical Depth and SW Radiative Fluxes at TOA
In this last section, the changes in optical properties of clouds (COD) and the net SW radiations at TOA are
analyzed using two simulations. The first simulation uses the developed indirect parametrization, and the
second is realized without activating it. RegCM simulations and MODIS observations have been studied over
the 120–125°W/30–40°N domain. It should be noted that the difference in the SW net radiative fluxes at TOA
between both simulations does not represent rigorously the so-called indirect radiative forcing, which is not
diagnosed in the present version of RegCM. Here we rather evaluate the radiative perturbations at TOA
induced by smoke on Sc using the difference in the net SW fluxes between two RegCM simulations.

Figure 15. COD estimated from RegCM and MODIS. RegCM daily mean
and instantaneous (21:00 UTC) including the parameterization and with-
out the parameterization are indicated by solid dark blue, red solid, and
solid light blue lines, respectively. The MODIS COD is indicated by the
dashed red line. The spectral range for estimated COD are 0.69–1.19 μm
and 0.66–1.24 μm, for RegCM and MODIS, respectively. Averaged values
are indicated for the whole period, while the bias between RegCM and
MODIS are calculated for the RegCM instantaneous estimates only and for
the 8 to 14 July period.
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In terms of cloud optical properties, Figure 15 shows that the RegCM COD is generally lower than MODIS
COD observations for the studied period, which could be due to the liquid water content and microphy-
sical properties of Sc. The objective here is not to analyze the absolute bias between simulated and
observed COD but to compare its relative evolution occurring during the smoke event. Furthermore, it
should be noted that absorbing aerosols residing above clouds can lead to important biased retrievals
of COD, with errors on the order of 10–20% (Haywood et al., 2004). When averaged over the whole per-
iod, the mean COD is about ~7 for MODIS and between ~2 and 3 for the different RegCM estimates for
similar spectral ranges (0.69–1.19 μm and 0.66–1.24 μm, for RegCM and MODIS, respectively). Figure 15
also illustrates the increase of the COD between 9 and 14 July (compared to the rest of the period) for
the simulation including (red line) the new parameterization. In this model configuration, the estimated
COD reaches values of about ~8 for the 10–11 July period, in accordance with the decrease of CER
obtained during this period (Figure 18). The second RegCM simulation, which does not include the
changes in CER due to aerosols, indicates smaller COD that remains between 3 and 5 for 9 to 14 July.
For this period, the parameterization is shown to improve the comparisons of RegCM COD with MODIS
observations, even if RegCM COD remains lower.

Smoke particles induce a negative perturbation at TOA between�10 and�40 Wm�2 during the 8 to 14 July
period. This significant effect on SW radiative fluxes at TOA estimated by RegCM is absent in MACC reanalysis.
This can be due to differences in the aerosol loading, vertical layering in the diagnostic itself, as RegCM
simulations do not directly calculate the indirect radiative forcing (contrary to MACC data; see section 3.2)
as explained previously. This result indicates that the positive direct forcing exerted by absorbing smoke is
probably counterbalanced by a large increase in SW radiations at TOA due to change in the
microphysical/optical properties of Sc.

5. Conclusion

The objective of this work is to study the direct and indirect radiative effects of smoke aerosols over California
based on the RegCM regional climate model (Giorgi et al., 2012). The representation of biomass-burning
radiative properties and aerosol-cloud interactions for smoke particles and marine Sc in the model has been
improved. These new radiative properties have been coupled with the RRTM radiative transfer scheme for
simulating the SW direct radiative forcing (DRF), in both clear-sky and all-sky conditions. In addition, a new
parameterization has been integrated for relating the cloud droplet number concentration (CDNC) and
CER to the aerosol number concentration for marine Sc.

The new RegCM configuration has been tested during the extreme biomass-burning period of summer 2008
in California. The RegCM simulations, forced by the APIFLAME biomass-burning emissions inventory, have
been performed for the 15 June to 15 July period, and the analyses are focused on 8 to 15 July, when extreme
concentration of smoke together with the presence of Sc are observed. The SW smoke optical depth, absorb-
ing properties, heating rate, cloud microphysical/optical (i.e., COD, CDNC and CER) properties, and finally the
TOA SW DRF (in clear-sky and all-sky conditions) are particularly investigated.

This study indicates that the intense 2008 fire events are related to significant simulated AOD ~1–2 (at
550 nm) near smoke sources. At local scale, RegCM AOD are generally found to be lower than AERONET data,
revealing a negative bias between �0.05 and �0.20 (at 550 nm). In parallel, the regional pattern of AOD is
well reproduced by RegCM even if the order of magnitude is also found to be lower than OMI or MODIS
observations. For cloudy-sky pixels, the comparisons with POLDER ACAOD data demonstrate the ability of
RegCM to simulate realistic ACAOD during the transport of smoke above the Pacific Ocean and Sc.

In terms of absorbing properties, the simulated smoke SSA is shown to be around ~0.90 (at 550 nm) near
biomass-burning sources in accordance with OMI SSA and POLDER ACSSA observations. On the contrary,
our results indicate that smoke aerosols appear too absorbing during the transport in the model compared
to POLDER data which indicate mostly scattering smoke over the Pacific Ocean. In parallel, simulated AAOD
are found to comprise between 0.03 and 0.06 (at 550 nm) near smoke sources and be lower than OMI (~0.1)
observations. Our analyses indicate also that RegCM is not able to correctly represent the spectral depen-
dence of AAOD leading to AAE of nearly 1 and lower compared to OMI within the smoke plume. Further
developments appear necessary (i.e., implementation of brown carbon optical properties) in a future version
for improving the spectral dependence of absorbing properties and the potential impact of smoke on UV
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radiations. Finally, our results indicate that RegCM simulates diurnal SW heating rates attributable to smoke of
~ 0.5°K d�1 (for ACAOD ~0.5).

Concerning the DRF exerted by smoke particles at TOA, an innovative approach has been used here, mainly
based on RegCM outputs and POLDER observations. Even if the model is not able (due to its coarse
vertical/resolution) to correctly resolve the daily patterns in cloud properties (cloud fraction, liquid water
path, and effective radius), one of the main results highlights the ability of RegCM to represent the changes
in the sign of the SW TOA DRF exerted by absorbing smoke from clear-sky to all-sky conditions. Indeed, when
calculated at 21:00 UTC (corresponding to the time of POLDER overpasses), the RegCM instantaneous DRF is
found to be positive (+2.5 W m�2) in all-sky conditions, in better accordance with POLDER estimates. Such a
study underlines the great added value offered by these new remote sensing observations for evaluating
radiative forcing estimated by RCM over cloudy scenes.

Finally, the smoke indirect effect is analyzed by implementing a new parameterization, allowing themodifica-
tion of the Sc CER (and COD) when smoke is transported within clouds. Our results demonstrate that the simu-
lated CER is decreased for the 8 to 14 July period, when the smoke concentration is increasing. During this
period, CER is passing from ~10 μm to ~6–7 μm at 975 hPa. In accordance with these microphysical changes,
the COD increases between 9 and 14 July, reducing the negative bias with MODIS COD observations. These
changes in Sc clouds properties lead to a significant perturbation in the net SW radiations at TOA.
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