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Abstract

GEOS-Chem TOMAS (GCT) simulations of AERONET-inversion products during 2015 were compared with AERONET-

inversion products from the multi-year climatology of Aboel-Fetouh et al. (2020) (AeF) and for year 2015 acquired over 5

stations in the North American and European Arctic. The GCT simulations of particle size distributions (PSD) did not capture

a spring to summer radius increase of the fine mode (FM) peak observed by AeF but did capture AeF’s springtime coarse mode

(CM) peak (small-sized CM peak with a radius ˜ 1.3 μm) and a weak late summer / fall increase in the amplitude of that peak.

The lack of a spring to summer FM radius increase was likely due to the large GCT cell size (4° x 5°) and associated difficulties in

the modelling of coagulation-induced smoke particle size. Conversely, the GCT simulation of the small-sized CM peak indicated

a successful capture of the springtime influx of Asian dust. The fall increase of that GCT peak was associated with an increase

of a larger (4 -7 μm) PSD mode that AeF suggested was due to local dust. GCT captured the seasonal (climatological-scale)

FM AOD trend, the decreasing CM AOD trend, and the increasing trend of the FM fraction. The GCT CM AOD also showed

a fall increase that was coherent with the increase of the simulated small-sized CM peak and with a lesser rate of decrease of

the AeF CM AOD. Large GCT deviations from the AERONET retrievals were attributed to an extreme July, 2015 forest fire

event.
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Key Points
1. Fine mode effective radius was systematically underestimated by GCT.

This was likely due to underestimated smoke particle size.

2. GCT captured the springtime coarse mode particle size distribution peak
of the climatology as well as a weak but systematic fall increase.

3. GCT captured most fine and coarse mode seasonal aerosol trends previ-
ously observed in a climatology of Arctic AERONET sites.

Abstract
GEOS-Chem TOMAS (GCT) simulations of AERONET-inversion products dur-
ing 2015 were compared with AERONET-inversion products from the multi-year
climatology of Aboel-Fetouh et al. (2020) (AeF) and for year 2015 acquired over
5 stations in the North American and European Arctic. The GCT simulations
of particle size distributions (PSD) did not capture a spring to summer radius
increase of the fine mode (FM) peak observed by AeF but did capture AeF’s
springtime coarse mode (CM) peak (small-sized CM peak with a radius ~ 1.3
µm) and a weak late summer / fall increase in the amplitude of that peak. The
lack of a spring to summer FM radius increase was likely due to the large GCT
cell size (4° x 5°) and associated difficulties in the modelling of coagulation-
induced smoke particle size. Conversely, the GCT simulation of the small-sized
CM peak indicated a successful capture of the springtime influx of Asian dust.
The fall increase of that GCT peak was associated with an increase of a larger (4
-7 µm) PSD mode that AeF suggested was due to local dust. GCT captured the
seasonal (climatological-scale) FM AOD trend, the decreasing CM AOD trend,
and the increasing trend of the FM fraction. The GCT CM AOD also showed
a fall increase that was coherent with the increase of the simulated small-sized
CM peak and with a lesser rate of decrease of the AeF CM AOD. Large GCT
deviations from the AERONET retrievals were attributed to an extreme July,
2015 forest fire event.
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1.Introduction
The importance of studying the impacts of aerosol radiation (direct effect) and
aerosol cloud interaction (indirect effect) on climate change is well established
(see Boucher et al.,2013). The climate forcing of aerosols over the Arctic is of
particular importance due, notably, to climate feedback effects that result in
Arctic amplification. Arctic aerosols are of local and remote (long-range trans-
port) origins (see, for example, Hirdman et al., 2010). Their direct and indirect
climate forcing role depends on their quantity independent (intensive) proper-
ties of chemistry, size and shape and quantity dependent (extensive) properties
such as number, volume, or mass concentration: these properties are intrinsi-
cally related to the nature of the emission sources and the transport pathways
into the Arctic.

Chemical transport models (CTMs) coupled with aerosol microphysics / chem-
istry packages are essential tools for understanding the dynamics of Arctic
aerosols. However, modellers are faced with various challenges: for example,
in the goal of rendering these models computationally fast there is a tendency
to oversimplify their physical and chemical schemes. Table 1 of Schmale et
al. (2021) presents a concise list of model deficiencies (as well as major mea-
surement deficiencies) in simulating Arctic processes for aerosols of both local
and long-range origin. The modelling deficiencies include the microphysics and
chemistry of marine aerosols, the modelling of wet and dry deposition of aerosols
during their transport, inadequate parameterizations of aerosols acting as INPs
(ice nucleating parcels) and cloud / fog processing of aerosols. An important
consideration in that paper was that (spatial/temporal) model resolutions were
generally too coarse to capture particle formation mechanisms, the physical and
chemical processing of aerosols and aerosol cloud interaction in general. The
required model resolution and its degree of sophistication in simulating optical
and microphysical aerosol dynamics is a trade-off that depends on the resolution
of a given process as well as the type and resolution of the aerosol measurement
being simulated.

The process of increasing the accuracy of the aerosol schemes employed in CTMs
will augment the understanding of aerosol processes (including sources and com-
position) and forecasting abilities. The most comprehensive approach to improv-
ing model accuracy is to compare CTM simulations with columnar products of
robust, 1st order, vertically integrated or vertically averaged aerosol parameters:
parameters that models must satisfy before one can aspire to assess their simu-
lation performance with respect to more 2nd order products at, for example, a
single altitude. The Aerosol Robotic Network (AERONET) is a global network
of ground-based sunphotometer/sky radiometer instruments that provide long-
term retrievals of columnar aerosol products (over periods that range up to 20
years for the AERONET sites in the Arctic). The availability of these retrieval
products enables the generation of robust climatological-scale databases that
can form the basis of comparisons with CTM simulations.
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AERONET “ground-truth” retrievals have been widely used in comparisons
with satellite retrievals and model simulations. Hesaraki et al. (2017) provided
a summary of model comparisons with Arctic AOD and Angstrom parameter
retrievals: the performance of the models could be generally characterized as
good to marginal with respect to the simulation of both parameters. Breider et
al. (2014) found reasonable agreement between Goddard Earth Observing Sys-
tem chemical-transport model (GEOS-Chem) simulations of climatological-scale
AERONET/AEROCAN1 AODs. Hesaraki et al. (2017) showed that springtime
CM (coarse mode) AOD peaking due to Asian and/or Saharan dust and FM
(fine mode) AOD peaking due to Arctic haze were approximately captured by
GEOS-Chem. They also observed that FM AOD and CM AOD log-space his-
tograms were better representations than linear-space histograms of the mea-
sured and modelled retrievals2 (with attendant implications, for example, on
the correlation coefficients of the simulations versus the retrievals).

The standard GEOS-Chem aerosol scheme (bulk model) is based on prescribed
particle size distributions (PSDs) of speciated, externally mixed (independent),
aerosol populations (with the exceptions of sea spray and dust, with 2 and 4
size bins, respectively). Bulk models do not incorporate aerosol microphysical
processes that depend on the form of the PSD (nucleation and coagulation are
examples of such processes). In contrast, the “TwO Moment Aerosol Sectional”
(TOMAS) microphysical package (Adams & Seinfeld, 2002) simulates a 40-bin
(sectional) PSD with two moments (aerosol mass and number). The integration
of TOMAS into GEOS-Chem is known as GEOS-Chem-TOMAS (hereafter re-
ferred to as GCT).

GCT has been used to gain insight into a variety of aerosol processes in the Arc-
tic. These studies include (1) the drivers of new particle formation (Croft et al.,
2016a) (2) the season cycle of Arctic PSDs (Croft et al., 2016b) , (3) the role of
marine organic species in shaping the Arctic PSDs (Croft et al., 2019), (4) Arc-
tic black carbon mixing state (Kodros et al., 2018), and (5) the vertical profile
of Arctic aerosol absorption and scattering (Leaitch et al., 2020). While GCT
was evaluated using in situ measurements in each of these Arctic-focused stud-
ies, it has not been evaluated with the comprehensive suite of columnar optical
and microphysical properties that can be derived from the ground-based remote
sensing of spectral AOD and almucantar radiance measurements: specifically
the AERONET optical and microphysical inversions (Dubovik & King, 2000 ,
Sinyuk et al., 2020).

In this paper, we compare GCT simulations with ground-based AERONET sun-
photometer/almucantar radiometer inversions acquired over five Arctic stations
(AboEl-Fetouh et al., 2020; hereafter AeF). We specifically compare seasonal
(climatological-scale) variations of a number of key parameters: PSDs and the

1AEROCAN is the federated Canadian subnetwork of AERONET. From this point on we
will, for the sake of simplicity, just refer to AERONET

2A finding that was validated for total AOD on a global scale (for AERONET and satellite
retrievals) by Sayer & Knobelspiesse (2019).
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radius position of certain seasonal and species dependent aerosol features along
with key optical and microphysical parameters. These latter parameters in-
clude fine and coarse mode (FM and CM) AOD, FM and CM effective radii,
and FM fraction (FMF) (defined in AeF). The seasonal AERONET parame-
ters are compared with a single year of GCT simulations (2015). In doing so
we evaluate GCT by comparing its single-year predictions within the envelope
of a multi-year AERONET climatology as well as with AERONET retrieval
parameters acquired specifically in the simulation year of 2015. This process
enables a better understanding of the robustness of seasonal variations derived
from the AERONET retrievals and how well GCT simulations can be employed
to predict these (climatological-scale) variations across the Arctic. In addition,
an analysis of the departures from seasonal variations by both the AERONET
retrievals and GCT simulations informs our understanding of the optical and
microphysical dynamics of those departure events.

2.AERONET retrievals and models
2.1 AERONET inversions
AeF employed climatological-scale (monthly binned), Version 3, Level 1.5
AERONET inversions from six AERONET sites in the North American
and European Arctic. Microphysical and optical parameters of an extensive-
parameter nature were reported in terms of geometrical means and standard
deviations while intensive-parameter properties such as effective radius, and
semi-intensive parameters, such as the FMF, were reported in terms of
arithmetic means and standard deviations. The AERONET optical parameters
were interpolated to 550 nm to match the typical wavelength of the aerosol
modelling community. Further details on the choice of statistical measures, the
choice of AERONET product level, the interpretation of the seasonal trends
and multi-year histograms can be found in AeF.

The five AERONET stations employed in this study are: 1) Barrow, Alaska,
USA, 2) Resolute Bay, Nunavut, Canada, 3) PEARL-Eureka, Nunavut, Canada,
4) Thule, Greenland, Denmark, and 5) Hornsund, Spitsbergen, Norway. Details
on the latitude, longitude and elevation of each station are given in Table 1 of
AeF along with their MYSP (the multi-year sampling period over which their
aerosol climatologies were derived). Details on the reasons for the selections of
these stations are also outlined in AeF.

2.2 Modelling considerations
The TOMAS aerosol microphysics scheme was originally described in Adams &
Seinfeld (2002). Its coupling to GEOS-Chem is originally described in Trivitaya-
nurak et al. (2008), and the specific model setup and emissions used here are
described in Kodros and Pierce (2017). In this work, we use GEOS-Chem version
10.01 (further details can be found here: https://geos-chem.seas.harvard.edu/ ).
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The model is driven by MERRA-2 (second Modern-Era Retrospective analysis
for Research and Applications) assimilated meteorology (Gelaro et al., 2017).
The latitude/longitude grid size is 4° x 5° with 47 vertical levels up to 0.01 hPa:
for the purposes of our columnar analysis, we focussed on the lower 30 layers,
up to ~250 hPa (around 10 km). Aerosol mass and number concentrations were
recorded every 6 simulation hours.

The TOMAS module in GCT is a comprehensive aerosol microphysics model
that explicitly simulates PSD evolution by condensation, coagulation, nucle-
ation, size-dependent emissions, and size-dependent deposition. In contrast,
simpler bulk aerosol schemes tend to make PSD and aerosol mixing simplifica-
tions for reasons that are often related to operational considerations (see, for
example, the sectional vs bulk PSD analysis of cloud-condensation-nuclei impact
carried out by Kodros & Pierce (2017) for a comparison of the impacts of the
two types of models). GCT tracks total particle number and speciated particle
mass (i.e. the output of the model at any given time, grid cell and vertical layer
is total particle number and speciated mass) across 40 size bins with dry bin
radii ranging from approximately 0.0005 µm to 5 µm. Within each size bin, all
species except black carbon are assumed to be internally mixed (multi-species
particles) while black carbon is externally mixed.

Mie (spherical-particle) optical theory (see, for e.g., Bohren & Huffman, 2004)
was employed to calculate 550 nm AODs offline (“offline” in the sense that the
speciated mass of any given radius bin at any given grid cell was transformed,
post GCT simulation, into radius and refractive index inputs required by the
Mie program). The real and the imaginary parts of the refractive indices (n
and k) and the densities of the pure GCT aerosol types are listed in Table 1.
The assumed n and k values for each species must be weighted by the species
volume-fractions to obtain composite n and k value for the mixture in any given
GCT grid cell at any given simulation time (see Lesins et al. (2002) and Curci
et al. (2015) for a general optical discussion on mixed aerosol components).

@ >p(- 8) * >p(- 8) * >p(- 8) * >p(- 8) * >p(- 8) * @ Aerosol Type & n
& k & Density

(kg/m3) & Reference for density
Water (H2O) & 1.33 & 1.96E-9 & 1000 &

•

Sulphate (SO4) & 1.43 & 1.00E-8 & 1780 & Tang (1996)
Sea-salt (SS) & 1.50 & 1.00E-8 & 2165 & Tang (1996)
Black Carbon (BC) & 1.95 & 0.79 & 1800 & Bond & Bergstrom (2006)
Organic Carbon (OC) & 1.53 & 6.00E-3 & 1400 & Dick et al. (2000)
Dust & 1.53 & 5.50E-3 & 2650 & Tegen & Fung (1994)

Table 1 Nominal values of the mass density as well as the 550 nm values of the
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real and imaginary parts of the refractive index employed to characterize GCT
aerosol types.

The coarse TOMAS spatial resolution of 4° x 5° that we employed in the con-
text of this paper is limited in its capacity for monitoring high frequency aerosol
events in the spatial and temporal domain. It is better suited to climatological
scale comparisons with AeF’s detailed, multi-parameter seasonal climatology.
The GCT ingestion of smoke emission information from satellite hot-spot re-
trievals is dynamic but of relatively low frequency (daily temporal resolution).
As a means of better understanding significant event-level departures of GCT
from AeF’s seasonal climatology (specifically for a 2015 case of high frequency
smoke intrusions into the Arctic), the Navy Aerosol Analysis and Prediction
system (NAAPS) model was employed to simulate speciated 550 nm AODs at a
relatively high spatial resolution (1° x 1°). NAAPS is a global aerosol transport
model which simulates four externally mixed species of aerosols (FM smoke, FM
anthropogenic and biogenic aerosols, CM dust and CM sea salt). It uses bulk
microphysics in order to achieve fast (operational) computational times. The
NAAPS reanalysis version that we employed in this study (the NAAPS-RA
model described by Lynch et al., 2016) assimilates quality controlled (550 nm)
MODIS-retrieved AODs. At sub-Arctic latitudes, NAAPS-RA benefits from a
rapid sampling of biomass burning (MODIS hot-spot) emission sources (hourly
database) coupled with assimilated MODIS AODs that are significantly more
spatially comprehensive than those acquired over the Arctic. The underlying
meteorology that drives NAAPS also incorporates meteorological observations
through data assimilation at its analysis time. More information on NAAPS-RA
can be found in the supplementary material.

3. Methodology
3.1 On the general nature of our GCT vs AERONET com-
parisons
AERONET does not provide speciated aerosol products. However, as pointed
out by AeF, the algorithmic division into FM and CM aerosols is a form of
speciation since the formation and transportation mechanisms governing aerosol
dynamics is very much bimodal in nature. This bimodality feature provides a
basis for investigating the extensive and intensive parameters of interest from
both the ground-based retrievals and model simulations (AeF) .

The approach taken in this comparison analysis was to contextualize the 2015
GCT simulations (and the 2015 AERONET retrievals) in terms of the MYSP
climatological-scale findings of AeF: namely the seasonal, monthly-binned trends
of the fundamental FM and CM retrieval parameters of the AERONET inver-
sion. We then analysed the similarities-to or departures-from the climatological-
scale seasonal MYSP results. In the case of significant departures, we performed
more detailed investigations of the 2015 retrievals and simulations in order to
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better understand the reasons for those departures. The underlying rationale
for this approach is that GCT, even GCT constrained to a single year, can
largely simulate the seasonal (climatological-scale, month to month) variations
of a variety of optical and microphysical, extensive, and intensive parameters
acquired by the AERONET extinction/sky radiance retrievals.

It must be emphasized that the number of per-month AERONET retrievals are
typically small3 (notably in the case of one single year of retrievals). A threshold
of 10 retrievals per month was (somewhat) arbitrarily set for admissible monthly
averages (thus, for example, only Thule had a sufficient number of retrievals to
pass the 10-retrieval threshold for the month of April 2015). That threshold
aside, the small-N (small sample number) AERONET statistics of 2015 (see the
AERONET-inversion retrieval numbers for 2015 in the legends of Figure 1) are
generally expected to be at the margins of significance (Barrow, for example,
shows no month with higher than 23 retrievals).

The AERONET Level 1.5 inversion products are cloud screened. GCT simu-
lations can be processed through a crudely analogous filtering process wherein
simulation points of a certain relative humidity (RH) threshold are excluded
from the monthly averaged statistics. As a check on the statistical impact
of this GCT “cloud screening” process we compared monthly “cloud screened”
FM and CM AOD GCT averages with the standard monthly averages that were
free of any RH filtering (the results, discussed below, employed a RH thresh-
old of 95%). The temporal irregularity of AERONET retrievals can have an
effect on comparisons between the GCT and AERONET averages of 2015. We
tested this potential source of sampling bias below by limiting GCT FM and
CM AODs admissible to the monthly averaging to times that were synchro-
nized to AERONET retrieval times (where “synchronized” refers to AERONET
retrievals being within ±3 hours of the nominal GCT times).

Finally, we note that while AERONET bins have fixed radii, the exact GCT
bin radii are dynamic: bin radii depend on mass to radius conversion factors
(including the contribution of RH-driven aerosol water uptake) in each grid cell
of the simulation domain. Practically, this means variations in radius bin centers
of <~1% at the smallest radii to <~ 5% at the largest radii (from computations
of the coefficients of variation computed for all stations and all months of the
2015 simulation).

3.2 Aerosol parameters and their comparison protocols
The AERONET-derived, monthly-binned parameters that we employed were
the arithmetically averaged PSD, the 550 nm geometric means and geometric
standard deviations of the FM and CM optical depths (�f,g, �f,g ×µf

±1 and
�c,g, �c,g × µc

±1) the arithmetic means and standard deviations of the FM and
CM effective radii (<reff,f> ± �(reff,f) and <reff,c> ± �(reff,c)) as well as the

3within a context of the retrieval histogram of a given month being representative of its
large-N probability distribution.
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550 nm FMF (details on the climatological-scale MYSP statistical approach
for deriving monthly-binned averages can be found in AeF). Implicit in this
choice of parameters is the question of the opto-physical significance of any
given retrieval parameter: this is intrinsically related to the trade-off between a
finer (high order) choice of parameters (i.e. “order” in the sense of a Taylor series
function of the dependent parameters of wavelength and almucantar angle) and
the level of significance that one can aspire to from the AERONET retrievals
given the typical errors in spectral AOD and almucantar radiance. The FM /
CM characterization is, for typical AOD and almucantar radiance accuracies,
essentially a low order type of retrieval (see, for example Table 1 of O’Neill et al.
2003). We, nonetheless, also considered details of the full-fledged PSD retrieval
product in order to investigate the possibility of higher order sensitivities.

We derived off-line GCT parameters analogous to all the AERONET retrieval pa-
rameters and then computed monthly binned analogues to the monthly binned
AERONET retrievals defined in the previous paragraph. As part of the compari-
son protocol, we defined a FM versus CM cut-off radius that simulated as nearly
as (practically) possible the cut-off radius of the AERONET processing stream.
That cut-off radius was taken as the minimum of the retrieved particle-volume
size distribution retrieval where the minimum is limited to four prescribed bin-
center choices (approximately 0.439, 0.576, 0.756 and 0.992 µm). We chose the
average AERONET-derived, station-dependent cut-off radius for each month.

AERONET PSDs are retrieved over 22 equally spaced logarithmic bins (Dubovik
et al., 2002) while the GCT bin radii, as noted above, vary by a small percentage.
A more substantive element in the PSD comparisons is that the AERONET
radius bin-center range extends up to 15 µm whereas the center of the largest
GCT bin is only ~4.5 µm. At the lower end of the radius scale, GCT extends an
order of magnitude below the AERONET PSD retrieval range. When deriving
bin constraints analogous to AERONET, we simply cut off the GCT range
at the AERONET minimum (lowest bin edge of 0.04 µm radius as per Table
S1.2 in the supplementary material). At the upper radius range, we excluded
AERONET bins of bin-centre radius greater than 4 µm when calculating reff,c
from the AERONET PSD retrievals.

The fixed temporal sampling resolution of the GCT simulations produces 4
points per day or 120 points per 30-day month. In contrast, the AERONET
sampling rate is nominally higher (once per hour) but, because of cloud obscura-
tion, light-season limitations and other sampling constraints, it is very irregular
(to the extreme limit of the polar night for the high Arctic stations when there
are no retrievals from late September to late March).
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4.Results
4.1 PSD comparisons
Figure 1 shows AERONET PSDs (left column) vs GCT simulations (right col-
umn) for 2015 (the MYSP PSDs of AeF were excluded, for the sake of simplicity,
in this one case). The AERONET admissibility threshold of 10 retrievals can
significantly curtail the seasonal extent of the 2015 results (to the point, for
example, that only Thule statistics were admissible for the month of April).

AeF reported a systematic spring to summer increase in the radius of the FM
peak over the MYSP of all stations (except Resolute Bay). They attributed
this increase to the seasonal transformation from a dominance of smaller FM
Arctic haze aerosols in the spring to a dominance of larger FM smoke aerosols
in the summer. The retrieved 2015 AERONET PSDs of Figure 1 generally show
a similar spring to summer FM increase (see, respectively, the grey and dark-
grey dashed vertical lines superimposed on the May and July peaks) as that
reported by AeF4. The singular month of August at Resolute Bay, PEARL and
Thule did not follow this Figure 1 trend (while the trend at Hornsund could
not be evaluated given only two months of admissible retrievals). GCT shows
no significant spring to summer increase in the radius of the FM peak: a null
result that was, at least, in part due to GCT underestimating smoke particle
size (see Sections 4.2.1 and 4.3.1 below). The AERONET retrievals and the
GCT simulations both show the general maximum amplitude of the FM peak
in July5 (the results of an extreme July smoke event as we discuss below).

All AERONET stations capture the April/May component of the springtime
CM peak at 1.3 µm (peak that AeF attributed to Asian dust) while also cap-
turing a June peak whose radius position is more variable than the (largely 1.3
µm) “weaker amplitude peak in June” reported by AeF. The capture of peak
springtime bin-center values from 1.2 to 1.5 µm by GCT is roughly in agreement
with the Asian dust peak of the AERONET retrievals.

A second set of 2015 AERONET peaks from ~ 3 to 7 µm in July and/or August
for all stations is roughly coherent with the ~ 4 to 7 µm6 late summer and early
fall CM peaks reported by AeF7. They argued that an increase in the amplitude
of the 4 to 7 µm CM peaks might be attributable to an increasing influence of
wind-induced sea-salt and / or local dust aerosols. They also noted that local
dust might represent the key influence since sea-salt particle sizes (estimated
to be in the 2 – 4 µm volume-mean-radius range) were at the lower margin of

4who reported increases from .04 to 0.08 �m from a springtime value close to 0.15 �m
5The word “amplitude” is used frequently below. With respect to the PSD of Figure 1, we

mean the magnitude of some dV/dlogr feature (notably associated with some modal peak)
6There is an incoherence in AeF wherein the peak range is sometimes referred to as “5–7

�m” and sometimes “4 to 7 �m”. We retained the more general 4 to 7 �m AeF range for use in
the current paper.

7the increase (noted by AeF) in the amplitude of that feature from July to August for
Barrow, Resolute Bay and Hornsund is inconclusive for the 2015 retrievals with only Resolute
Bay having a (marginally) significant number of retrievals
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the 4 to 7 µm peak. Ongoing, local-dust investigations of AERONET PSDs,
supported by microphysical PSDs and lidar at the 0PAL Eureka site suggest
that a (very flat) local dust peak occurs at a radius ~ 3 – 6 µm during July and
August (co-author K. Ranjbar).

The lack of such a 4 to 7 µm peak in the GCT PSDs as well as their tendency
(unlike the 3 to 7 µm AERONET peaks) to rapidly decrease in amplitude as
the season progresses merits further comment. The spring to summer amplitude
decrease of the GCT CM peaks is coherent with the amplitude decrease of the 1.3
µm (Asian dust) AERONET peaks of AeF and with the AERONET retrievals
of 2015 for certain stations (namely Barrow, PEARL, and Thule; the decrease
is of marginal significance for Hornsund and does not exist for Resolute Bay).
The decreasing-amplitude trend of the GCT peaks goes through a noteworthy
reversal with an amplitude increase at all stations in September (as well as an
apparently modest increase in the radius position of the GCT peak at Barrow
and Hornsund in August). These fall (late summer) increases in the amplitude or
position of the GCT peaks suggest a GCT sensitivity to the increasing amplitude
of winds (and thus wind-generated sea-salt and/or local dust) in the fall (late
summer)8 with a limitation to small-sized CM particles (the CM peak of 1.2 to
1.5 µm radius noted above coupled with the modal extent of that feature). We
will return to a discussion of those moderate increases in the sections on the
seasonal variation of the CM AOD and effective radius below.

8see, for example, the iconic high- and low-wind soil plot (Figure 11) of Sirois & Barrie,
1999 and AeF’s GEOS-chem-generated seasonal plot (Figure 1b) of salt and dust (CM) AOD.
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Figure 1 Monthly averaged volume PSDs of the five Arctic stations for 2015
AERONET retrievals (left column PSDs) and the GCT simulations (right col-
umn PSDs). The reader is referred to Table S1.1 and Table S1.2 of the supple-
mentary material for specific bin center and bid edge values. The color of the
curves corresponds to specific months where blue/green represents the spring
months, orange/red the summer, and purple/bright pink the fall months. The
total number of retrievals/points are shown in parentheses for each month. The
vertical dashed grey and dark-grey lines indicate the spring and summer peaks
respectively. In order to not burden Figure 1 with an excess of PSD details we
purposely omitted the MYSP climatology PSDs of AeF. The reader is accord-
ingly referred to that paper in order to make comparisons between the 2015
GCT and AERONET PSDs above with AeF’s AERONET climatology.

4.2 AOD comparisons
4.2.1 FM AOD

Figure
2 shows AeF’s seasonal FM AOD climatology: the red solid-line shows the
geometric means (𝜏𝑓,𝑔) while the pink envelope indicates the geometric standard
deviation limits (𝜏𝑓,𝑔 × 𝜇𝑓

±1). The analogous statistical parameters for the
2015 GCT simulations are shown, respectively, as a green solid line surrounded
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by a green envelope. The cloud screening test (the impact of excluding GCT
points for which the RH > 95%) showed that cloud screening had no significant
effect. The impact of restricting GCT 𝜏𝑓,𝑔 computations to times that were
synchronous with AERONET retrieval times yielded differences of <~ 0.006
(33%) for large-N months (N � 20) and significantly larger differences of small-N
months. In other words, GCT inevitably suffers from the same small-N
statistical precariousness expected for the AERONET retrievals. It is worth
noting that, non surprisingly, small N GCT values were generally associated
with small-N AERONET retrievals.

The 2015 GCT results of Figure 2 are, with the exception of specific cases which
we will explore below, reasonably close to the seasonal AeF variations (𝜏𝑓,𝑔values
that are generally well within each other’s standard deviation). Large-amplitude
negative biases relative to the AeF climatology are most evident in the month
of April for the GCT estimates at Barrow, Resolute Bay, Thule and Hornsund.
The GCT seasonal simulations of Croft et al. (2016) underscored the (pan-
Arctic, tropospheric) competition between accumulation (fine) mode (Arctic
haze) increase in number density (largely due to northward transport of pollu-
tants and Aitken mode condensation) and the decrease in accumulation mode
lifetime due to wet deposition during the April-May spring transition (their Fig-
ure 8). The level of agreement between the GCT version chosen for their Figure
8 results (NEWSCAV+COAG) and surface measurements at Alert suggest that
a modification of one or more of the three critical Figure 8 processes (with a
focus on higher altitude impacts) would achieve a better match with the April
𝜏𝑓,𝑔 results of AeF9. Large negative biases between GCT and the AeF climatol-
ogy also occur at Barrow and Thule in September (the only sites for which there
was a threshold value of 10 or more retrievals during that month). The GCT
decrease is generally consistent with the (Figure 5, “NEWSCAV+COAG”) Au-
gust to September decrease of (“N20” and “N80”) accumulation mode surface
number density reported by Croft et al. (2016). AeF, on the other hand, noted
the small-N precariousness of FM AOD statistics in the AERONET climatology
during that month.

The July 2015 AERONET 𝜏𝑓,𝑔retrievals (dashed red lines in Figure 2) are near
the limits of or extend above the pink AeF envelope for all stations except
Resolute Bay (which displays a 𝜏𝑓,𝑔 peak in June10). Except for Barrow, the
2015 GCT 𝜏𝑓,𝑔 values increase in July as well: the increases are inevitably sensi-
tive at the event level to the dynamic (satellite-derived) GCT hot-spot emissions
database but are considerably muted relative to the AERONET retrievals. Sioris
et al. (2017) and Ranjbar et al. (2019) noted that the ( 𝜏𝑓 ~ 1) peak during the
7-14 July 2015 period was an extreme smoke event at the PEARL site (with a
confidence of ~ 99.6% if we employ the extreme-event statistics of the latter cita-

9although one would need to be wary of the precarious small-N results for Resolute Bay
10𝜏𝑓 variations from the much higher temporal resolution AERONET-SDA product show

a precipitous drop exactly from June 30 to July 1. This is an example of the precariousness
of the assignment of 𝜏𝑓,𝑔 values to a specific monthly bin in the presence of an extreme or
near-extreme smoke event near the bin border between two months
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tion). Movie S1 shows site by site 𝜏𝑓 temporal variations alongside animations
of daily-averaged 𝜏𝑓 maps generated by GCT and NAAPS: the 𝜏𝑓 time series at
all 5 sites show that GCT does not capture the higher frequency AERONET 𝜏𝑓
variations while NAAPS smoke AODs produce variations that respond in a sim-
ilar higher frequency fashion to AERONET variations. The spatial animations
and the synchronized temporal profiles support an argument that the difference
in results is largely due to the AOD-driven features of NAAPS-RA coupled with
differences in the spatial resolution of the two models. We note that the objec-
tive of the GCT simulations is to successfully model climatological-scale seasonal
variations: the low frequency filtering of extremely high frequency events like
the July 2015 smoke event is what we seek at the climatological scale.

In Section 4.3.1 below, we show that the GCT FM effective radii (<reff,f>) were
significantly and systematically smaller than those of the AeF climatology and
the 2015 AERONET retrievals (for all stations). The generally large-amplitude
negative bias of GCT 𝜏𝑓,𝑔estimates relative to the AERONET July 2015 re-
trievals are magnified in Figure S1 (solid-green curve) for all five stations. An
approximate Mie transformation applied to the OC component of the GCT 𝜏𝑓,𝑔
values (assuming a change in reff,f from the GCT to the 2015 AERONET <reff,f>
values of Figure 6) yielded the dashed green (“enhanced”) curve of Figure S1.
The agreement of the enhanced curve relative to the 2015 AERONET values
is significantly better (with greater differences for the small-N, large geometric
standard deviation values of Barrow and Hornsund (c.f. the N values of Fig-
ure 1). This approximate argument supports the hypothesis of Section 4.3.1
that the GCT <reff,f> underestimates of Figure 6 are largely attributable to
shortcomings in estimating smoke (OC) particle size.

14



4.2.2 CM AOD

Figure 3 shows the 2015 GCT 𝜏𝑐,𝑔 simulations and the 2015 AERONET re-
trievals superimposed on AeF’s original climatology. The 𝜏𝑐,𝑔 cloud screening
impact was indentical to the 𝜏𝑓,𝑔 tests (negligible). The impact of restricting
GCT 𝜏𝑐,𝑔 computations to AERONET-synchronous retrieval times yielded sim-
ilar results to the fine mode analysis: differences of <~ 0.0004 (9%) for months
with N � 20.

The AeF and 2015 AERONET retrievals show a seasonal tendency that is similar
to the GCT simulations: a general spring to summer decrease that AeF ascribed
to the diminishing influence of Asian dust. The 2015 AERONET and GCT
curves are usually well within the blue-coloured geometric standard deviation
envelope of the AeF climatology: the notable differences relative to the 2015
retrievals occur for July at Barrow and August at Resolute Bay. The July
Barrow results are likely influenced by small-N statistics (that actually impact
all 2015 Barrow retrievals).

The GCT 𝜏𝑐,𝑔 values show a significant fall (August or September) increase for
all stations. This behavior is coherent with the increasing amplitude of the small-
sized (1.2 to 1.5 µm radius peak) GCT modal feature described above (which we
suggested was linked to the appearance of wind-induced sea-salt and/or dust par-
ticles). The optical influence of this modal feature extends to radii significantly
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above those peak radii (extends well into radius regions where the modal feature
has fallen well off from the peak) because of the associated increase in particle
size: the (per particle) extinction cross section (effective optical extinction area)
increases rapidly with increasing radius. The 2015 AERONET 𝜏𝑐,𝑔 retrievals
are largely insensitive to what is likely a real upturn in CM AOD while AeF
noted a less rapid decrease of 𝜏𝑐,𝑔 at Barrow, Resolute Bay and Hornsund. We
note that the effective limit of August for (sufficiently high-N) AERONET in-
versions (even at the climatological scale) unfortunately inhibits our analysis of
this GCT feature precisely when fall winds become stronger and more influential
in generating substantial sea-salt and / or local dust events: the exploitation
of moonphotometry (which already exists at several AERONET Arctic sites)
and/or starphotometry11 would help to better characterize the fall transition
period.

4.2.3 FMF

The seasonal 2015 AERONET FMF results (Figure 4) largely follow the AeF
climatology trend with the largest differences occurring in the early spring and
late summer / fall when the weak number of retrievals has some impact (in
spite of large �f,g differences in July, the FMF difference is minimal because �f,g
is dominant over �c,g and the FMF is, accordingly, a rather insensitive near-unity
value). Similarly, the GCT 2015 FMF largely agrees with the FMF from the AeF
climatology (the differences in Figure 5 are somewhat magnified by the relatively
small extent of the FMF scale). The rough FMF similarity of all the curves is
coherent with the reasoning reported in AeF: that the generally increasing FMF
seasonal behaviour is driven by the generally decreasing seasonal amplitude of
�c,g.

11currently located at Eureka and at Ny Alesund (some 240 km northwest of Hornsund)
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Figure 4 Seasonal FMF variation for all five Arctic stations. Same caption as
Figure 2 (with appropriate changes to reflect that the statistics are represented
by the arithmetic means and standard deviations of FMF).

4.3 Effective radius
Effective radius, being an intensive parameter in the context of FM or CM
aerosols, is largely insensitive to the high (spatial and temporal) variations that
characterize extensive parameters such as AOD. This robustness, as we will see
in the following subsections, can provide clues to the nature of certain aerosol
mechanisms or aerosol characteristics.

4.3.1 FM effective radius

Figure 5 shows the seasonal variation of monthly (arithmetically) averaged FM
effective radii (⟨𝑟𝑒𝑓𝑓,𝑓⟩). AeF pointed out that the >~ 0.02 µm seasonal increase
in ⟨𝑟𝑒𝑓𝑓,𝑓⟩ from spring to summer was likely due to the influence of large-particle
FM smoke and the waning influence of FM Arctic haze. We supplied event-level
evidence above on the extreme nature of the July 2015 smoke event. The GCT
⟨𝑟𝑒𝑓𝑓,𝑓⟩ values of Figure 5 are biased negatively with respect to the AERONET
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retrievals12. This is a bias that is significant relative to AeF and its pink envelope
(except for Hornsund, the GCT mean is separated from the AeF mean by at
least one AeF geometric standard deviation).

The
key influence on GCT underestimation relative to the AERONET July 2015
retrieval averages during the heavy smoke month of July 2015 is likely related
to GCT underestimation of smoke particle size 13. Ramnarine et al. (2019)
showed that the coarseness of a GCT spatial resolution of 4° x 5° (the
same as ours) resulted in a substantial underestimate of smoke particle size
due to inadequate simulation of coagulation mechanisms (for a simulation
corresponding to 24 hours of particle trajectory time). The diameter (and
radius) of the number density PSD was ~ 60% larger with subgrid coagulation
compared with a run without subgrid coagulation. The surface and volume
PSDs and thus the effective radii likely go through a similar relative increase
(see the log translatable PSD discussion of O’Neill et al., 2005), at least during
smoke-impacted retrievals. In comparison, the increase from the GCT to

12biased negatively with respect to both AeF retrievals and the 2015 retrievals: in fact, the
AeF climatology and 2015 retrievals are generally quite close. This is in keeping with the
robustness of intensive parameters such as the FM effective radius

13We note that GCT also underestimates the springtime ⟨𝑟𝑒𝑓𝑓,𝑓⟩ values by <~ 0.03 µm.
While we did not investigate the springtime difference in detail it is known that springtime
smoke can be a factor of consequence that is even dominant in certain years (see the 2008
emissions and (PEARL) ⟨𝜏𝑓⟩ variations shown in Figure 3 of Ranjbar et al.(2019).
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AERONET ⟨𝑟𝑒𝑓𝑓,𝑓⟩ values of Figure 6 was <~ 60%. In terms of the remote
sensing relevance of AERONET 𝑟𝑒𝑓𝑓,𝑓 retrievals in actual smoke conditions,
O’Neill et al., (2005) multi-station AERONET analysis amounted to an indirect
validation of such retrievals: they showed a systematic reff,f increase of 0.034
m per day of particle trajectory time for mid-latitude U.S. and Canadian
AERONET stations during an extreme smoke event induced by intense fires
near Hudson’s Bay.

4.3.2 CM effective radius

The arithmetic means of the CM effective radii (⟨𝑟𝑒𝑓𝑓,𝑐⟩) are plotted in Figure
6. The 2015 AERONET values are moderately close to the climatology curve
(well within or near the edges of one AeF standard deviation). AeF attributed
the spring to summer ⟨𝑟𝑒𝑓𝑓,𝑐⟩ increase to the decreasing influence of the 1.3 µm
(Asian dust) CM peak and the attendant increasing influence of the larger-radius
4 to 7 µm peak. GCT, as indicated above in the discussion of the 2015 PSDs
(section 4.1), can not, given its bin-center upper limit of 4.5 µm, capture this
second CM peak. However, we also noted that GCT did capture an amplitude
increase and (not always) a moderate radius-position increase in the small-radius
(1.2 to 1.5 µm) CM peak in August or September (with an attendant increase
or lesser rate of seasonal decrease in �c,g). However, Figure 6 also shows a
slow, seasonal GCT increase which is not confined to the months of August and
September: while that seasonal increase is certainly influenced by the increase
in amplitude and radius position of the small-radius GCT peak observed in
Figure 1, it is complicated by the nature of the effective radius calculation: the
minimum of the general CM GCT PSD (Figure 1) as well as the AERONET
driven cut-off between the FM and CM regions are variable(see Section 3.2).
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Figure 6 Seasonal <reff,c> variation for all five Arctic stations. Same caption
as Figure 5 (with a colour change of red to blue for the AERONET retrievals).

5. Conclusions
GCT simulations of AERONET-inversion products during 2015 were compared
with the AERONET-inversions products from the multi-year climatology of
AeF and event-level (2015) AERONET products acquired over 5 stations in the
North American and European Arctic. Monthly averaged (seasonal) analyses
were carried out in the context of the spring to summer transition, the relatively
stable summer period and the summer to early fall transition. A single year of
GCT simulations was evaluated within the context of the geometrical/arithmetic
means and geometrical/ arithmetic standard deviations of AeF’s climatology
as well as the 2015 AERONET retrieval parameters. This process enabled
a better understanding of the robustness of seasonal variations derived from
the AERONET retrievals and how well single-year GCT simulations could be
employed to predict (climatological-scale) variations across the Arctic. When
the 2015 AERONET retrievals departed excessively from the AeF climatology
we sought to better understand the nature of these departures and how a single
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year of GCT simulations could (i) help us understand the physical and optical
dynamics of the AERONET (columnar) retrieval parameters at the event and
climatological scale and (ii) understand any shortcomings of GCT in simulating
those retrieval parameters.

GCT showed no significant spring to summer increase in the radius of the FM
peak: an insensitivity that was likely due to a general GCT underestimation of
smoke particle size. The small-sized (springtime) GCT CM peak feature (1.1
to 1.5 µm radius peak) is roughly coherent with the 1.3 µm (Asian dust) peak
reported by AeF. The GCT PSDs did not appear to capture any element of the
larger-sized (4 to 7 µm CM peaking) reported by AeF (who suggested that this
was more likely to be due to local dust). The small-sized GCT CM peak feature
tended to rapidly decrease in amplitude as the season progressed (a tendency
that was coherent with the amplitude decrease of AeF’s 1.3 µm peak). How-
ever, this decreasing-amplitude trend went through a reversal with amplitude
increases at all stations in August and/or September. Those increases might
have physical links to AeF’s larger-sized (4 to 7 µm) CM peak feature in the
fall months: i.e., similar types of CM particles where the GCT variations are re-
stricted to lower radius sizes by the constraints of the PSD source functions (see
Gong, 2003 and Zhang et al., 2013) for sea-salt and dust respectively) combined
with the upper-bin limitation of 4.5 µm.

The 2015 GCT 𝜏𝑓,𝑔estimates were generally close to the seasonal AeF variations.
GCT springtime biases of large amplitude (relative to the April AeF climatology)
were thought to be linked to the simulated nature of the competition between
accumulation FM increase in number density (Arctic haze) and its decrease in
lifetime due to wet deposition. The July 2015 AERONET 𝜏𝑓,𝑔retrievals were,
in general, significantly larger than the AeF climatology (as were the GCT
simulations but considerably muted relative to the 2015 retrievals). GCT did not
capture the higher frequency AERONET 𝜏𝑓 variations while the smoke AODs
predicted by the NAAPS model were similar to the high frequency AERONET
variations. This was likely attributable to the higher temporal resolution of
NAAPS biomass burning emissions, the employment of assimilated AODs (and
their general higher spatial resolution).

The GCT simulations and the 2015 AERONET 𝜏𝑐,𝑔retrievals showed a spring
to summer decrease that was similar to the tendency that AeF ascribed to the
diminishing influence of Asian dust. GCT showed a systematic late summer /
fall (August or September) increase at all stations. This behavior was coherent
with the increasing amplitude and/or radius position of the small-sized CM
GCT peaks observed in the PSD analysis. The GCT FMF simulations largely
followed AeF’s seasonal trend of increasing FMF (a trend that was driven in
both cases by the decreasing seasonal amplitude of �c,g).

GCT ⟨𝑟𝑒𝑓𝑓,𝑓⟩ values were underestimated relative to both AeF and the 2015
AERONET retrievals. It was argued that inadequate simulation of sub-grid
coagulation smoke particles was a plausible reason for the underestimation and
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that an <reff,f> increase from the GCT to AERONET values for the heavy
smoke month of July 2015 (for all stations) increased the GCT 𝜏𝑓,𝑔 values to
levels which were close to the AERONET 𝜏𝑓,𝑔 retrievals. The 2015 AERONET
⟨𝑟𝑒𝑓𝑓,𝑐⟩ values were generally close to the AeF climatology curve (a variation as-
cribed to the decreasing influence of the Asian dust CM peak and the increasing
influence of the larger-radius 4 to 7 µm peak). Because GCT only captured the
lesser amplitude increase in the small-sized CM peak in August / September, its
seasonal increase corresponded to a significantly lesser rate than the AERONET
retrievals.

The seasonal GCT (PSD, FM and CM) results reported in this paper are gener-
ally robust and sufficiently accurate to have a significant accuracy influence on
aerosol, aerosol-cloud-interaction and radiative forcing models over the Arctic.
A knowledge of the seasonal variation of smoke and dust optical depths will
have important consequences on the simulations of the deposition impacts of
absorbing aerosols on snow reflectance. The prediction of both extensive and
intensive CM and FM parameters, as well as key features of the PSD, represent
an advancement over the use of classical extensive and semi-extensive colum-
nar parameters of AOD and (regression) Angstrom exponent that tend to be
the source of evaluation of the opto-physical packages of current aerosol-cloud
models.
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AeF Aboelfetouh et al. (2020)
AEROCAN Federated Canadian subnetwork of AERONET run by Environment and Climate Change Canada (ECCC)
AERONET Aerosol Robotic Network: World-wide NASA network of combined sunphotometer / sky-scanning radiometers manufactured by CIMEL Éléctronique. See http://aeronet.gsfc.nasa.gov/ for documentation and data downloads
AOD Aerosol optical depth: The community uses ”AOD” to represent anything from nominal aerosol optical depth which hasn’t been cloud-screened to the conceptual (theoretical) interpretation of aerosol optical depth. In this paper we use it in the latter sense and apply adjectives as required.
BC Black Carbon
CM coarse mode (supermicron particle radius)
CTM Chemistry Transport Model
FM fine mode (submicron particle radius)
FMF fine mode fraction
GC GEOS(Goddard Earth Observing System)-Chem
mp Complex refractive index (where p=r for the real part & p=i for the imaginary).
MERRA-2 Modern-Era Retrospective analysis for Research and Application, Version 2
MYSP Multi-year sampling Period (different for each station) for which we acquired AERONET/Dubovik retrieval products.
NAAPS Navy Aerosol Analysis and Prediction system
NAAPS-RA NAAPS Reanalysis
NETCARE Network on Climate and Aerosols: Addressing key uncertainties in Remote Canadian Environments
NSERC Natural Sciences and Engineering Research Council of Canada
OC Organic carbon
PEARL Polar Environmental Atmospheric Research Laboratory
PSD particle size distribution (precisely, the volume particle size distribution)
RH Relative humidity
SS Sea-salt
GCT GEOS-Chem-TOMAS (TwO Moment Aerosol Sectional)
x x = f or c (fine mode or coarse mode)
⟨reff,x⟩ Arithmetic mean of the effective radii for monthly averaging bins
���x) Arithmetic standard deviation for monthly averaging bins for AODs
��reff,x) Arithmetic standard deviation for monthly averaging bins for effective radii
�x,g Geometric mean for monthly averaging bins. 𝜏𝑥,𝑔 = 10log 𝜏𝑥> (see Table 1 of O’Neill et al., 2000).
µx Geometric standard deviation for monthly averaging bins. 𝜇𝑥 = 10𝜎(log 𝜏𝑥) (see Table 1 of O’Neill et al., 2000).
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