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Abstract. The scattering and backscattering enhancement
factors (f(RH) and f,(RH)) describe how aerosol particle
light scattering and backscattering, respectively, change with
relative humidity (RH). They are important parameters in
estimating direct aerosol radiative forcing (DARF). In this
study we use the dataset presented in Burgos et al. (2019) that
compiles f(RH) and f,(RH) measurements at three wave-
lengths (i.e., 450, 550 and 700 nm) performed with tandem
nephelometer systems at multiple sites around the world. We
present an overview of f(RH) and f,(RH) based on both
long-term and campaign observations from 23 sites repre-
senting a range of aerosol types. The scattering enhancement
shows a strong variability from site to site, with no clear pat-
tern with respect to the total scattering coefficient. In gen-

eral, higher f(RH) is observed at Arctic and marine sites,
while lower values are found at urban and desert sites, al-
though a consistent pattern as a function of site type is not
observed. The backscattering enhancement f,(RH) is consis-
tently lower than f(RH) at all sites, with the difference be-
tween f(RH) and fi,(RH) increasing for aerosol with higher
f(RH). This is consistent with Mie theory, which predicts
higher enhancement of the light scattering in the forward
than in the backward direction as the particle takes up water.
Our results show that the scattering enhancement is higher
for PM; than PMjo at most sites, which is also supported
by theory due to the change in scattering efficiency with the
size parameter that relates particle size and the wavelength
of incident light. At marine-influenced sites this difference is
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enhanced when coarse particles (likely sea salt) predominate.
For most sites, f(RH) is observed to increase with increas-
ing wavelength, except at sites with a known dust influence
where the spectral dependence of f(RH) is found to be low
or even exhibit the opposite pattern. The impact of RH on
aerosol properties used to calculate radiative forcing (e.g.,
single-scattering albedo, wg, and backscattered fraction, b) is
evaluated. The single-scattering albedo generally increases
with RH, while b decreases. The net effect of aerosol hy-
groscopicity on radiative forcing efficiency (RFE) is an in-
crease in the absolute forcing effect (negative sign) by a
factor of up to 4 at RH=90 % compared to dry conditions
(RH < 40 %). Because of the scarcity of scattering enhance-
ment measurements, an attempt was made to use other more
commonly available aerosol parameters (i.e., wg and scatter-
ing Angstrom exponent, asp) to parameterize f(RH). The
majority of sites (75 %) showed a consistent trend with wg
(higher f(RH =85 %) for higher wp), while no clear pattern
was observed between f(RH =85 %) and ap. This suggests
that aerosol wy is more promising than ap as a surrogate for
the scattering enhancement factor, although neither parame-
ter is ideal. Nonetheless, the qualitative relationship observed
between wp and f(RH) could serve as a constraint on global
model simulations.

1 Introduction

Aerosol particles from both natural and anthropogenic
sources interact with solar radiation through scattering and
absorption. The direct aerosol radiative forcing (DARF) re-
sults from changes at the top of the atmosphere and surface
net fluxes associated with the aerosol scattering and absorb-
ing behavior. The optical properties of the aerosol particles
largely govern the magnitude of their radiative impact. Thus,
uncertainties in these properties contribute to uncertainties in
aerosol radiative forcing and are also important for visibility
estimates.

Depending on their size and chemical composition,
aerosol particles are able to take up water and become larger
in size than their dry equivalents. Water uptake by aerosols
changes not only the particle size but also composition (re-
flected in the aerosol refractive index), and this impacts
the magnitude and angular distribution of scattered light.
Aerosol absorption may also be impacted by RH if absorbing
aerosols become embedded in a scattering shell (Bond et al.,
2006; Fuller et al., 1999). Thus, the magnitude of the DARF
will be affected by aerosol hygroscopic growth. The uncer-
tainty related to parameterizing aerosol water uptake may
be one contributor to the large differences observed among
global climate models (e.g., Burgos et al., 2020) when simu-
lating the direct aerosol effect (Myhre et al., 2013; Boucher
and Anderson, 1995; Curci et al., 2015).
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The influence of aerosol hygroscopicity on the particle
light-scattering coefficient is usually quantified by means of
the scattering enhancement factor, f(RH, A), which is typ-
ically defined as the ratio of the scattering coefficient (o)
at some high relative humidity (RH) to the scattering coeffi-
cient at a low reference RH (RHgry) (Covert et al., 1972), as
shown in Eq. (1):

op(RH, 1)

RH, M) = ————.
A ) osp(RHdry, A)

6]

Hereafter, f(RH) refers to the 550 nm wavelength unless oth-
erwise noted, with the wavelength dependence omitted for
simplicity. Since the 1970s there have been multiple deploy-
ments of surface in situ instrumentation to measure f(RH) of
the atmospheric aerosol across a wide range of aerosol types.
Climatological information on f(RH) can provide useful in-
formation about the diversity of the effect of aerosol hy-
groscopicity on light scattering. Titos et al. (2016) present
a review of many of these previous observations and point
out the need to use a harmonized dataset to perform a joint
f(RH) analysis. Even at individual sites, changes in emission
sources and air masses impacting the sites can cause variabil-
ity in observed f(RH) (e.g., Mclnnes et al., 1998; Carrico
et al., 2003; Zieger et al., 2013; Titos et al., 2014a). Assess-
ing the underlying causes of the diversity both spatially (i.e.,
across sites) and temporally (i.e., at a single site) is impor-
tant, particularly if a goal is to constrain Earth system model
parameterizations.

As mentioned above, water uptake by aerosols can modify
their angular scattering properties and therefore may also af-
fect the backscatter fraction (amount of radiation that is scat-
tered in the backward direction compared with the total scat-
ter radiation), further influencing the DAREF. In order to take
into account the RH dependence of the backscattering coeffi-
cient, the backscattering enhancement factor ( fy(RH, 1)) can
be calculated using Eq. (2):

Obsp (RH, 1)

So(RH, A) = ———,
Obsp (RHdry» A)

2
where f,(RH, 1) is the ratio of the hemispheric backscatter-
ing coefficient at some high relative humidity (RH) to the
backscattering coefficient at a low reference RH (RHgry).
Again, for simplicity, the wavelength dependence is omitted,
with wavelength being 550 nm unless otherwise noted.

The backscatter fraction has been found to decrease with
increasing RH (Fierz-Schmidhauser et al., 2010a). Fierz-
Schmidhauser et al. (2010a) showed that, at Jungfraujoch,
the aerosol radiative forcing efficiency (RFE) increases (in
absolute terms) with RH and that this increase is smaller if
the RH dependence of both the backscattering coefficient and
the single-scattering albedo are taken into account in the RFE
calculation. Most previous studies investigating the effect of
water uptake on the aerosol optical properties focus on the to-
tal scattering coefficient, and less attention is paid to f,(RH).
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That said, Hegg et al. (1996) noted that, based on Mie the-
ory, fp(RH) would be expected to be lower than f(RH) as
it is more sensitive to smaller particles. They were able to
see this in a small observational dataset, although the extent
of the difference between f,(RH) and f(RH) (40 %) was al-
most double what they expected (25 %). Several other ob-
servational studies (Carrico et al., 2003; Koloutsou-Vakakis
et al., 2001; Fierz-Schmidhauser et al., 2010a) show that the
backscattering enhancement is significantly lower than the
total scattering enhancement across a range of aerosol types.
Here, we present an overview of f,(RH) and f(RH) mea-
sured across the globe and evaluate them in relation to other
colocated aerosol optical properties.

One important application of experimentally based f(RH)
and f,(RH) parameterizations is to improve DARF and vis-
ibility estimates (Kanakidou et al., 2005). Such parameter-
izations may also be used to evaluate or constrain models
(Burgos et al., 2020) and to predict and/or estimate the spa-
tial and temporal variability of aerosol hygroscopicity where
water uptake measurements are not available. For example,
an f(RH) proxy could be used to better adjust vertical pro-
files of dry aerosol optical properties to ambient conditions
for comparison to remote sensing measurements rather than
assuming a constant f(RH) throughout the profile, as is of-
ten done when aerosol hygroscopicity measurements are not
available (Andrews et al., 2004; Sheridan et al., 2012). Var-
ious approaches have been used to identify proxies for esti-
mating aerosol water uptake, as described below.

Ideally, combined aerosol composition and size distribu-
tion measurements together with Mie theory would be used
to parameterize hygroscopicity when direct measurements of
aerosol hygroscopicity are not available (Zieger et al., 2013).
Zieger et al. (2013) showed that a simple parameterization
for all major aerosol types is difficult to retrieve without
knowledge of certain constraints like the fine-mode composi-
tion or mode diameter and noted that the coarse-mode com-
position can be an important parameter in determining the
magnitude of the modeled f(RH) for total aerosol (Zieger
et al., 2013, 2014). Zieger et al. (2010) demonstrated that, at
the Zeppelin station (ZEP, Ny—Alesund), the measured size
distribution in conjunction with an assumed chemical com-
position could also be used as a predictor of f(RH).

However, because many measurement sites lack the de-
tailed chemistry, hygroscopic growth and size distribution
information used, for example, in Zieger et al. (2015, 2014)
and Fierz-Schmidhauser et al. (2010a, b), other approaches
have been used instead. Towards this end, the IMPROVE net-
work developed an equation for hygroscopicity relying on
bulk PM 5 chemical filter measurements of several species,
including common ions, crustal elements, black carbon, or-
ganic carbon and unspeciated coarse particle mass (Pitchford
et al., 2007; Prenni et al., 2019). Quinn et al. (2005) derived a
simple parameterization that quantitatively describes the re-
lationship between the particulate organic material (POM)
mass fraction and f(RH) for ambient aerosols from three dif-
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ferent field campaigns when the mass was assumed to consist
solely of POM and sulfate. This parameterization was further
extended by Zieger et al. (2015) and Zhang et al. (2015) to
include the contribution of additional inorganic components.
Those studies demonstrated a decreasing trend of f(RH) for
an increasing POM mass fraction (Quinn et al., 2005; Zhang
etal.,2015; Zieger et al., 2015; Jefferson et al., 2017). Burgos
et al. (2020) showed that some global models are unable to
reproduce this relationship between f(RH) and POM mass
fraction (one of the models even simulated the opposite be-
havior).

While f(RH) parameterizations based on chemical and
physical properties of the aerosol are useful, high-temporal-
resolution measurements of aerosol composition or hygro-
scopic growth and complete (fine 4 coarse) size distribution
can be complex and time-consuming to make. They are most
frequently collected during field campaigns with durations
of a few weeks to a few months. Thus, other potential prox-
ies for f(RH), from more widely available observations, are
important to investigate. For example, dry aerosol optical
properties can provide some qualitative information on par-
ticle size and composition and may thus be useful for con-
straining f(RH). An early example of this was provided by
Sheridan et al. (2001), who showed different probability dis-
tribution functions of f(RH) for different single-scattering
albedo (wp) and submicron scattering fraction constraints at
the Southern Great Plains (SGP), a rural site in the conti-
nental US. They linked the decrease in wy to the presence of
smoke aerosol and the increase in particle size to the presence
of dust aerosol. Both cases (lowest wg and highest submi-
cron scattering fraction) showed lower f(RH) values than the
overall f(RH) climatology at the site. Sheridan et al. (2002)
also observed that increases in wq correlated with increases
in f(RH) during research flights over the Indian Ocean. Titos
etal. (2014b) showed a decrease in f(RH) together with a de-
crease in wq at an urban site (Granada, UGR). However, the
relationship between o and f(RH) at UGR varied through-
out the year depending on the contribution of dust (coarse)
particles at the site (Titos et al., 2014b). Nessler et al. (2005a)
reported a strong relationship between f(RH) and ayp at
Jungfraujoch. During the ACE-Asia campaign, the submi-
cron scattering fraction, which is highly correlated with ap
(Delene and Ogren, 2002), was shown to be a good proxy
for some hygroscopicity measurements but less so for others
(Doherty et al., 2005). More recently, Titos et al. (2014a) uti-
lized measurements of aerosol optical properties to develop
an empirical equation quantifying the relationship between
wo and f(RH) at a marine site with anthropogenic influence.
Titos et al. (2014a) showed at Cape Cod (PVC, a coastal site
in the northeastern US) that f(RH) increases as the contri-
bution of absorbing particles to aerosol extinction decreases
(i.e., as wo increases) and that, at PVC, wg could be used
as a proxy to estimate the scattering-related hygroscopic en-
hancement. In contrast, Zieger et al. (2011, 2014) reported
that at Cabauw (CES, in the Netherlands), neither wy nor ap
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were good predictors of f(RH) (Zieger et al., 2011), while
agp was not a good proxy for f(RH) at Melpitz (MPZ, a ru-
ral site in Germany) (Zieger et al., 2014). Zieger et al. (2013)
were unable to develop a general parameterization for f(RH)
based on aerosol optical properties that was valid for multi-
ple sites (Cabauw, Melpitz, Jungfraujoch, Mace Head and
Ny—Alesund).

In this work, we use the scattering enhancement dataset
presented in Burgos et al. (2019), which compiles f(RH) and
Jfo(RH) measurements performed with tandem nephelometer
systems at 26 measurement sites. We first describe the vari-
ability of scattering enhancement at 23 of these sites in order
to present a climatological overview of hygroscopicity obser-
vations (three of the sites in the Burgos et al., 2019, dataset
are not included in this analysis because of their lower time
resolution or because colocated measurements of the aerosol
absorption coefficient were not available). This overview in-
cludes, for the first time, a climatology of the hygroscopicity
of the aerosol hemispheric backscattering coefficient across
diverse sites. Additionally, the impact of measurement wave-
length and size cut on scattering-related hygroscopicity is as-
sessed. We then combine the hygroscopicity dataset with si-
multaneous and colocated measurements of dry aerosol op-
tical properties (i.e., dry spectral aerosol light-scattering and
absorption coefficients) to investigate the impact of relative
humidity on radiative forcing calculations. Finally, we extend
previous investigations of the viability of using aerosol opti-
cal properties (i.e., scattering Angstrém exponent and single-
scattering albedo) as constraints for f(RH) across sites and
aerosol types.

2 Data and methods

We focus on sites from the Burgos et al. (2019) dataset which
include f(RH) and f,(RH) measurements of PMjg (parti-
cles with aerodynamic diameter < 10 um) or total scattering;
some of the measurement sites also have concurrent mea-
surements of f(RH) and f,(RH) for PM; (particles with
aerodynamic diameter < 1um). Table 1 lists the sites in-
cluded in this study and some relevant information for each
site. In this section we present a brief overview of the data
processing of the f(RH) dataset (more details are provided
in Burgos et al., 2019), and then we describe the dry aerosol
optical property dataset.

2.1 Global dataset of hygroscopic scattering
enhancement

In Burgos et al. (2019), the harmonization of the hygro-
scopicity datasets was implemented by starting with raw,
high-resolution wet and dry nephelometer data from the data
providers. Data providers shared site log information so that
invalid data (e.g., due to instrument failure) could be removed
from the dataset. The first processing step was to apply all
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instrument corrections including the truncation and illumi-
nation correction (Anderson and Ogren, 1998; Miiller et al.,
2011), standard temperature and pressure correction, and,
where applicable, dilution. Wet and dry scattering measure-
ments at low RH were compared to determine an offset for
differences in the wet and dry instrument (e.g., due to differ-
ential losses in the humidifier system). The remaining valid
data were fit using an exponential equation (Eq. 3) (Kasten,
1969), where a represents the intercept at RH=0 % and y
the magnitude of the scattering enhancement. Only humi-
dograms complying with strict selection criteria were used
for calculating f(RH) at RH=85 % with Eq. (3) (Burgos
et al., 2019). First, the criteria applied in Burgos et al. (2019)
to generate the f(RH =85 %) data used in this study con-
sist of only humidograms spanning an RH range larger than
30 % in the humidified nephelometer; second, a goodness-of-
fit criterion was applied such that humidogram fits with an
R-squared value less than 0.5 were also flagged as invalid.
A stricter goodness-of fit-requirement was used for Hyytidla
and Jungfraujoch (the R-squared value threshold was set to
0.7 and 0.8, respectively) where higher variability was ob-
served in the RH scans. The same procedure was applied to
obtain the fy,(RH) at RH =85 %. The dataset includes scat-
tering and backscattering enhancement factors at three wave-
lengths (see Burgos et al., 2019, for further details).

F(RH, 1) = a(l —RH/100%) 3)

The Burgos et al. (2019) dataset includes two f(RH =85 %)
and f,(RH =85 %) values: one is referred to a reference RH
value of 40 %, while the other is referred to RH in the range
0 %-40 % (as measured in the reference nephelometer). The
difference between the two calculations is small for most
of the sites (see Fig. S11 in Burgos et al., 2020). In this
study, we have used the f(RH=285 %) and f,(RH=285 %)
referenced to RH 0 %—40 % because of higher data availabil-
ity and consistency with previous f(RH) comparison studies
(Titos et al., 2016; Zieger et al., 2013). Finally, Level 2 data
as described in Burgos et al. (2019) have been used. Briefly,
Level 2 means the data have undergone review, have all cor-
rections applied and are averaged over an appropriate time
period for each site (e.g., 1 h averages for sites with high
aerosol loading, 6 h averages for very clean sites). In Bur-
gos et al. (2019), the range in uncertainty (calculated as error
propagation) was found to depend on aerosol loading, RH
and particle composition being in the range 25 %-30 % and
25 %75 % for f(RH=285%) and f,(RH =285 %), respec-
tively, for moderately hygroscopic aerosol (y = 0.6). The
data availability (measurement period and number of valid
data points) for each site can be found in Burgos et al. (2019)
(their Fig. 1 and Tables 5 and 6). Table S1 of the Supple-
ment includes the number of available f(RH =85 %) and
fo(RH =85 %) values.

https://doi.org/10.5194/acp-21-13031-2021



13035

G. Titos et al.: A global study of hygroscopicity-driven light-scattering enhancement

"S00T HAY ¢ “910T Y2IBIN £ ‘600T 190100 | 1ep a8uryd syuawnnsuy *(L00T)

or[pag pue uois3unids :£00zSS (0107) U130 01020 (6661) T8 12 puog :66619 1eworoyd uondiosqe d[3ue-nnuw vy ‘(QUIUNNSUL IY) JO SUOISIOA [ISUIPARM-IIY) PUB -9[3UIS 0] 19J2I M- PUB M-1) Jo1awoloyd uondiosqe 100s aponted :JvSd

A ‘01N 01020 ‘66619 dvsd M€ (L00T) 0uI[S pue IB[[IA uasa(q 1o3IN ‘KowreIN WIN

SuON /U dVVIN (ar10T T102) T8 12 souy, ueqin ureds ‘epeueln ¥oN

TN OV 01020 ‘66614 dvSd M-€ (L107) 'Te 10 yung ueqin ®IpU ‘TENIUTEN HOd

TN OV 01020 ‘66619 dvSd M-€ (6107) Te 19 eprow]y ueqin [1zexg ‘nindeoeuejy OVIN

TINd 0TI 01020 ‘66619 dvSsd M€ (8107) T pue nI'g ueqin BUIYD ‘UBIXNOYS H4H

A 0T 01020 ‘66614 ¢dVSd M-€ Pue M| (L107) 'Te 19 UOSIDYS[ *(S10T) T8 10 UBWISYS [eany VS[ ‘sure[d Jed1D uIynog dos
(#100)

OTd /U dVVIN  '[e10108017 1(9107) '[e I° NRUEZ ((810T) e 12 Y[opued [emny Kuewron ‘zydjoN TAN

auoN LOOTSS ‘66619 dvsd M-€ (S100) Te 10 198317 {(6107) ‘& 12 ewon] [emny pueut] ‘B[ENALH AAH

TIAd “OTINd 01020 ‘66619 dvsd M-€ (1107) e 10 1y [eny 3N ‘SSOIN duIOH WTH

TN OVAd 01020 ‘66614 dvVSd M-€ (50107) T& 10 IoSNeYPTUIYOS-ZIAL] [emy AueuiIon) 15910, Yor[g I
(1100)

OTiNg e/u AVVIN  '[e10 103017 :(9107) ‘e 10 eneueZ (8107) T8 12 Y[opueq ey SpueIayIaN ‘Mneqe) SO

INd “OTINd 01020 ‘66619 V1D PUe dVSd M-€ (S10T) Te 10 UBWLISYS [einy VSN ‘erg uergoereddy ddv

TIAd “OTINd 01020 ‘66619 1dVSd M-€ Pue M-I (#00T) 'Te 19 ystireq QuLIEA VSN ‘PeoH pepuLL], dHL

A 0T 01020 ‘66614 dvSd M€ (1102) 'Te 19 ZmodIeg SuLIEIA VSN ‘sokay 1urog HAd

A OV 01020 ‘66619 dvSsd M€ (e5107) T8 12 souy, SuLIEA vsn ‘poD ode) OAd
(9010) 'T& 32 JosneypruydS-ZIaL]

SuoN /U dVVIN “(€00) 'Te 10 sSuruudf SuLIEA pueai] ‘peoH 20BN AH

SOAIP[EIA

A OV 0102066619 dvSd M-I (200) 'Te 10 SuLIdpIH “(2007) ‘Te 12 ML) QULIEI Y “'SqO QIRWI[) 0OUPIYsEE] (eJ0)

TN 0TI 01020 ‘66619 dvsd m-1 (S000) Te 10 Aurayo QuLIEA 2103 'S ‘ULSOD NSO

TINd 0TI 01020 ‘66619 dvsd M-€ (S10T) T2 12 poom QuLIEA [eSn1I0d ‘esoloeln AID

TN OV 0102066614 dvSd m-1 (900) "T& 19 PIRJUAsYd] (010T) Te 10 sudAIg QUL epeue)) JuI0d an30qaY) f3l: 0]
(2102) T 10 198917 1(9107)

QUON e/u dVVIN  Te 19 poammoyng :(eQ[(g) ‘T 10 I9Sneypruyos-zIarg Uurejunoj puR[aZIIMS ‘YoofnerSuny Ar

SuoN 0102066614 dVSd M-1 (0102) 'T& 12 198017 (8107) ‘[¥ 10 I9sSIOWYOS onory KemioN ‘urjoddoz ddz

A 0TI 01020 ‘66614 dvSd M-€ (8107) 'Te 19 19ss1OWYOS onory VSN ‘eysey jo ado[g yuoN mag

9718 1) Uo1931I0)) juownysur uondiosqy Q0UQIRJOY od£y ang A1unod ‘oweu uone}s 1 uoneis

-9[qeorjdde jou 103 spuels e/u ([ uonels Aq [eonoqeydye 31 uryim pue ad£3 911s £q ST J9pIO IS 9ZIS N
PUE ‘U01o21109 Judwnnsul uondiosqe pue 9)1s Yoea Je pasn sjudwinisur uondiosqe ‘(d[qe[reAe J1 90ua1JaI (Hy)/ PuB 90UI9JAI [IdUAS) $90uaIaal ‘9dA) 931s ‘sal1s Sunsi| 9[qeL, °T d[qeL

Atmos. Chem. Phys., 21, 13031-13050, 2021

2/10.5194/acp-21-13031-2021

1.0

//doi

https



13036

2.2 Dry aerosol optical property dataset

The sites where the f(RH) measurements were performed
also typically included measurements of additional aerosol
properties, including dry aerosol scattering and absorption
coefficients (ogp and oyp, respectively). Dry scattering co-
efficients were needed for the f(RH) calculation and were
acquired from the data providers as raw data, which then
underwent the data processing explained in Burgos et al.
(2019). Quality-controlled and hourly-averaged absorption
data (Level 2) for these sites have been obtained from the
EBAS database (http://ebas.nilu.no, last access: 1 March
2019) or, in the case of the US Department of Energy mobile
facility sites (GRW, PVC, PYE, FKB, HLM, HFE, MAO,
PGH and NIM), from http://www.arm.gov/data (last access:
1 December 2018) (AIPAVG1OGREN.c1 data streams).

For scattering, all dry nephelometer measurements (ex-
cept for HY'Y) were made using TSI integrating nephelome-
ters. The TSI instruments measure total scattering and hemi-
spheric backscattering at three wavelengths (450, 550 and
700nm). At HYY, an Ecotech Aurora 3000 nephelometer
(wavelengths: 450, 525, and 635 nm) was used to obtain dry
total scattering. As noted above, the nephelometer data are
corrected to account for angular truncation errors and instru-
ment non-idealities using the method proposed by Anderson
and Ogren (1998) (for the TSI nephelometers) or by Miiller
et al. (2011) (for the Ecotech nephelometer). Table 1 lists the
absorption instruments used in this analysis and describes
corrections applied in each case. The absorption data cor-
rections are necessary to account for scattering artifacts and
other instrument limitations (Bond et al., 1999). For this anal-
ysis, both the scattering and absorption data are adjusted to
standard temperature and pressure.

From these dry aerosol optical properties, several param-
eters can be derived which provide qualitative information
about inherent characteristics (size and composition) of the
aerosol particles: scattering Angstrdm exponent, backscat-
ter fraction and single-scattering albedo. The equations and a
short description of each property are provided below. Sher-
man et al. (2015) present information on calculating uncer-
tainties for these properties.

The scattering Angstrém exponent parameterizes the spec-
tral dependence of light scattering.

_log(ogp(21)/0p(32))
log(A1/A2)

This parameter for atmospheric aerosol particles typically
ranges between —1 and 3 and is sensitive to the size dis-
tribution of the aerosol. Values of ag, near 2 or greater in-
dicate the aerosol is dominated by submicrometer particles,
while ap values less than 1 indicate a significant contribu-
tion of coarse-mode aerosol to the observed scattering. The
scattering Angstrém exponent has often been used to dif-
ferentiate between natural aerosol such as dust and sea salt,
which tend to dominate the coarse mode, and anthropogenic

asp(ry, A2) = 4)
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aerosol, which consists of smaller (primarily submicrome-
ter) aerosol (e.g., Carrico et al., 2003; Anderson and Ogren,
1998). The asp used here was calculated from the 700 and
450 nm wavelength pair, except for HY'Y where it was calcu-
lated from the 635-450 nm wavelength pair.

The hemispheric backscattering fraction characterizes the
amount of light scattered back to the light source:

Obsp (A)

b(r) = )

®)

where opsp(A) is the hemispheric backscattering coefficient
and oy, (1) is the total scattering coefficient at a certain wave-
length. The hemispheric backscattered fraction is sensitive to
the accumulation-mode size distribution, especially particles
in the 0.1-0.4 um size range (Collaud Coen et al., 2007). In
this study, b has been calculated for the 550 nm wavelength.
Typical values of b for the atmospheric aerosol at this wave-
length range from approximately 0.05 to 0.20, with lower
values of b indicative of larger accumulation-mode particles
(i.e., primarily forward scattering) and higher values indica-
tive of smaller accumulation-mode particles which backscat-
ter light more efficiently. The hemispheric backscattering co-
efficient is often used to parameterize the angular distribution
of scattered light and has been used to estimate the asymme-
try parameter (Andrews et al., 2006).

The single-scattering albedo is the ratio of the scattering to
extinction coefficient (extinction is the sum of scattering and
absorption):

Osp )

N a0+ o)

(6)

where o,,(A) is the absorption coefficient at wavelength
M. For atmospheric aerosols, wg typically varies between
0.5 and 1.0 (e.g., Laj et al., 2020). Sites dominated by
primarily scattering aerosols (e.g., clean maritime sites)
exhibit wg values close to 1, with wy = 1 implying all of the
extinction is due to scattering. In contrast, sites impacted
by combustion sources have lower wg values. Bond and
Bergstrom (2006) suggest that the wo at 550 nm for fresh
atmospheric combustion aerosol is in the range of 0.2-0.3. In
this study, wy was calculated for the 550 nm wavelength. The
absorption coefficient was interpolated to this wavelength
using the calculated absorption Angstrbm exponent, ap.
For sites performing absorption coefficient measurements
at a single wavelength, an a,, of 1 was assumed. This is
a reasonable assumption for anthropogenically influenced
sites where black carbon is the main light absorber, but it can
differ for sites influenced by dust or biomass burning, which
show higher spectral dependence (Kirchstetter et al., 2004).
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2.3 Calculation of RFE RH dependence

In this study, the radiative forcing efficiency, RFE, is calcu-
lated following Haywood and Shine (1995):

AF(RH) ~—DSyT? (1 —Ac)wo(RH)B(RH)
SRE) 0L atm c)wo B

{079~ (i ) [ (i) 1} @
S BRH) ) | \ wo(RH) ’

where the parameters fractional daylight, D, solar flux, So,
atmospheric transmission, Ty, fractional cloud amount, Ac,
and surface reflectance, Rs, are independent of the RH. The
RH-dependent variables are the aerosol optical depth, 8, up-
scatter fraction, §, and single-scattering albedo, wy.

B is calculated from the measured b using the following
formula (Sheridan and Ogren, 1999):

B =0.0817 + 1.8495b — 2.9682h°. ®)

The radiative forcing efficiency at a certain RH relative to
dry conditions (RH < 40 %) depends on Rs, f(RH), wo(RH)
and b(RH) in the following way (Sheridan and Ogren, 1999;
Fierz-Schmidhauser et al., 2010a):

S B(RH)

AFRH<40%) B(RH < 40%)f(RH)

§(RH<40 %)
2 2R 1
(1= Rs)” — (ﬂ(Rlsi)> [(meH)) - ]}

2R 1
(1= Rs)? - (ﬂ(RH<ZO%)> [(wo(RH<40%)> - 1]

©))

RFE does not take into account the fact that the properties
and concentration of aerosol particles vary vertically in the
atmospheric column. Fierz-Schmidhauser et al. (2010a) and
Luoma et al. (2019) have shown the importance of using the
appropriate Rg values at each site. In this study, we have used
the average annual value as a function of site type (for rural,
urban and mountain sites Ry = 0.25, for marine sites Rg =
0.10, and for Arctic sites Ry = 0.65; based on Hummel and
Reck, 1979). These values are just rough estimates and will,
of course, vary with the specifics of ground cover at each
site, as well as season and factors related to site latitude and
altitude.

3 Results and discussion
3.1 Overview of f(RH) and f;,(RH) observations

Figure 1 shows the dry total scattering (top plot) and
S(RH=285%) statistics (bottom plot) for individual sites
obtained over the entire measurement period at each site.
Some sites have multiple years of f(RH) data, while oth-
ers performed f(RH) measurements just for a few months,
so the f(RH) values shown are not necessarily representa-
tive of the annual climatological value at each location. The
f(RH =85 %) values shown are for measurements made for
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total or PM ¢ aerosol. The sites in Fig. 1 are grouped by their
assumed dominant aerosol type (e.g., marine, rural, urban).
Since previous research has shown systematic variability be-
tween loading and proxies for aerosol size and composition
at individual sites (e.g., Delene and Ogren, 2002, their Figs. 8
and 9), within the groupings, the f(RH =85 %) values are
ordered by the aerosol loading (using the dry aerosol scatter-
ing coefficient as a proxy for aerosol amount).

As we can see in Fig. 1, f(RH =85 %) values both within
and outside the different site type groupings do not follow
a consistent trend, with oy, suggesting that aerosol loading
does not control the magnitude of f(RH =285 %). Further,
while there are general differences in f(RH=85%) as a
function of aerosol type, there is also substantial overlap in
the f(RH =85 %) statistics, meaning there is no clear sepa-
ration in f(RH = 85 %) values amongst most site types. The
lack of dependence of f(RH) on aerosol loading amongst
site types is likely due to sites experiencing different aerosol
sources and/or types throughout the measurement period,
which cannot be disentangled when looking at the over-
all statistics of f(RH) and loading. This is looked at in
more detail in Sect. 3.4. Overall, urban sites and a dust-
dominated site tend to show the lowest hygroscopicity based
on f(RH=285%) values, while the two Arctic sites (ZEP
and BRW) show high f(RH = 85 %) values. Most clean ma-
rine sites (THD, GRW, PYE and MHD) are characterized by
higher f(RH =85 %) than polluted marine sites (KCO and
GSN).

Figure 1 is consistent with the general pattern summarized
in the Titos et al. (2016) f(RH) review paper in that marine
sites tend to exhibit higher f(RH) than rural sites, which ex-
hibit higher f(RH) than sites dominated by dust-laden air
masses. The consistent processing by Burgos et al. (2019) en-
ables presentation of more detailed f(RH =85 %) statistics
than was possible with literature-reported values provided in
the Titos et al. (2016) overview study. However, there is still
no clear distinction of f(RH) values as a function of gen-
eral site type. This is due, at least in part, to variability in
aerosol type impacting each location, creating a wide range
in observed f(RH) at individual sites, as discussed below.

The f(RH =85 %) values presented in Fig. 1 represent all
tandem nephelometer measurements at each site — they have
not been filtered for different aerosol types. This is likely
one reason why some relatively clean (based on loading) ma-
rine sites (PVC and CBG) have f(RH =85 %) values more
similar to the polluted marine sites. PVC and CBG are situ-
ated relatively close to each other on the NE coast of North
America (Cape Cod and Nova Scotia, respectively). Titos
et al. (2014a) show that when PVC was impacted by anthro-
pogenic emissions from the region, the f(RH) values were
lower than when the site was affected by clean marine air.
The aerosol at CBG will also vary between clean marine and
anthropogenically influenced aerosol as well as being im-
pacted by biogenic aerosol from forests (Fehsenfeld et al.,
2006). While “clean” vs. “polluted” is a simple binary way
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Figure 1. Box plot of dry scattering coefficient (a) and f(RH =85 %) (b) at A = 550 nm (A = 525nm at HY'Y) . The black stars in the lower
panel indicate the median backscattering enhancement factor f,(RH =85 %). Sites are sorted by site type and scattering coefficient (from
low to high). For each box, the central mark is the median, the box extends vertically between the 25th and 75th percentiles, and the whiskers

extend to the most extreme data that are not considered outliers.

to differentiate air mass types, sites can be impacted by multi-
ple different types of air masses (urban, regional background,
dust, etc.). For example, Zieger et al. (2013) present a table
for five European sites detailing f(RH) values based on all
measurements at each site and then segregated by the differ-
ent air mass types identified at each site. Another possible
explanation for the observed variability among sites is that
measurements at each site covered different seasons (while
some sites have measurements just for a few months cov-
ering one or more seasons, other sites cover more than a
year). This is likely the case at MEL, which shows higher
f(RH =285 %) values compared to the other rural sites. The
MEL f(RH =85 %) values are similar to Arctic (BRW and
ZEP) and clean marine sites (e.g., PYE), perhaps because
they correspond to winter when the aerosol is dominated by
inorganic compounds (Zieger et al., 2014). Detailed infor-
mation about the aerosol size distribution and chemical com-
position would be needed to better understand the observed
differences amongst sites. Section 3.4 further explores this
variability using o, and wp as qualitative indicators of pre-
dominant aerosol size and composition due to the lack of
concurrent size distribution and chemical composition mea-
surements at most sites.

Also included in Fig. 1 is the median value of the backscat-
tering enhancement factor, f,(RH=285 %), indicated by
the star overlaid on the f(RH =85 %) plots. Box—whisker
plots of f,(RH) are available in the Supplement (Fig. S1).
The backscattering enhancement factor is useful as it indi-
cates how the angular distribution of aerosol light scattering
changes with RH and is thus a key factor in aerosol forcing
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calculations for ambient atmospheric conditions. In general,
the f,(RH =85 %) values track the f(RH = 85 %) variations
at each site, with the median f,(RH =85 %) always being
lower than the median f(RH = 85 %). It should be noted that
the f(RH=285 %) and f,(RH =85 %) information in Fig. 1
refers to all available f(RH =85 %) and all f;,(RH =285 %)
values at each site, and the two parameters do not necessarily
have the same temporal coverage — there were fewer success-
ful fits of f,(RH =85 %) than there were of f(RH =85 %)
(Burgos et al., 2019). The number of available f(RH = 85 %)
and f,(RH =285 %) values is included in Table S1 and in
Tables 5 and 6 of Burgos et al. (2019). The percentage of
fo(RH =285 %) coinciding with f(RH = 85 %) ranges from
< 10% at JFJ and ZEP to > 75 % at CES and MEL. The
fo(RH =85 %) measurements at HYY and MAO were not
included due to instrument issues.

The relationship  between f(RH=85%) and
fo(RH=85%) is further explored in Fig. 2. This fig-
ure shows that there is a linear trend between f(RH =85 %)
and f,(RH=285 %) with a slope of 0.58 +0.12, intercept
of 0.31£0.23 and strong correlation (R?=0.81). These
parameters have been retrieved from a weighted bivariate
fit according to York et al. (2004), taking the standard
deviation of the average values as an input for the uncer-
tainty calculation. Note that for this analysis, only data with
coincident f(RH =285 %) and f,(RH = 85 %) measurements
are included. The relationship between f(RH =285 %) and
Jo(RH =285 %) is supported by observations from other sites
reported in the literature, and these have been added to Fig. 2
(gray dots). Similar relationships between f,(RH =85 %)
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Figure 2. Scatterplot of fi,(RH =85 %) versus f(RH=285%) at
A =550nm. Dots represent the mean value and error bars 1 stan-
dard deviation. The figure includes the results of a weighted bivari-
ate fit according to York et al. (2004). The colors indicate the site
type (dark green for mountain site, light green for rural, cyan for ma-
rine, dark blue for Arctic and black for urban sites); other studies are
plotted in gray. Those studies are as follows. SAG refers to Sagres
(Portugal), with SAGP and SAGC referring to polluted and clean
conditions, respectively (Carrico et al., 2000); CGO refers to Cape
Grim (Australia) (Carrico et al., 1998); BND refers to Bondville
(Illinois, USA) (Koloutsou-Vakakis et al., 2001); H1 and H2 are av-
erage values from two flights made off the west coast of the US
(Hegg et al., 1996); CM, CP, CV and CD refer to marine, polluted,
volcanic and dust-dominated conditions during the ACE-Asia cam-
paign in the North Pacific Ocean (Carrico et al., 2003); and RA and
HS refer to regional southern African air and heavy smoke, respec-
tively (Magi and Hobbs, 2003).

and f(RH=85%) are also observed for the temporally
matched data points for the individual sites (Fig. S2 of the
Supplement shows some examples). Hegg et al. (1996) sug-
gest that Mie theory predicts a reduction of approximately
25% in f,(RH) relative to f(RH) for typical atmospheric
aerosols, but they did not have access to a database of
aerosol water uptake impact on aerosol optical properties
such as Burgos et al. (2019) to demonstrate the relationship.

Figure 2 exhibits a general pattern relating f(RH) and
Jo(RH), which might be useful due to the scarcity of f,(RH)
measurements. Hegg et al. (1996) noted that enhanced re-
ductions in f,(RH) could confound the attribution of aerosol
water content in aerosol optical depth (AOD) retrievals from
backscattered radiation if water uptake assumptions were
based on f(RH) rather than fi,(RH). At that time, Hegg et al.
(1996) also noted that many models implicitly assumed that
the humidity dependence of backscattering was identical to
total scattering. Later, Wang and Martin (2007) suggested
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that satellite retrievals make assumptions about RH when
they use algorithms to retrieve aerosol information from mea-
sured reflectances. Therefore, if the aerosol is at a different
RH than the RH assumed by the satellite algorithms for the
aerosol properties (like backscattering) it could lead to incor-
rect retrievals. Wang and Martin (2007) noted that in satellite
retrieval algorithms for AOD that employ angular-dependent
radiance observations, the aerosol hygroscopicity must be
explicitly considered.

3.2 Impact of size cut and wavelength on f(RH)

The f(RH) is controlled by both the size and composition of
the aerosol particles, although size and composition are not
completely independent variables. Further, Mie theory dic-
tates that, for a given composition and concentration, aerosol
scattering will depend on both the size of the particle and the
wavelength of the incident light. Thus, there may be some
information about the character of the underlying aerosol
gained by studying differences in f(RH) as a function of
measurement size cut and spectral dependence.

The size split between PM; and PMj¢ is roughly a size
split between anthropogenic and natural aerosol (e.g., Car-
rico et al., 2003; Anderson and Ogren, 1998), although at
clean marine sites this is less true (due to secondary par-
ticle formation from natural emissions and submicron sea
salt). Thus, understanding the difference in hygroscopicity
between these two size cuts may provide information about
the different behaviors of man-made and natural particles
in a humid atmosphere. Figure 3 shows the difference be-
tween f(RH=285%)pm, and f(RH=285%)pm,, at 550 nm
as a function of dry ap binned in 0.2 o increments. As in
Andrews et al. (2011), only bins that have a standard error
less than a certain threshold (3 % in this case) of the typi-
cal value of that variable were included (standard error is the
standard deviation of the sample divided by the square root
of the number of points in the sample). For simplicity, a typ-
ical value of ag, was assumed to be 2.0, meaning that 3 %
of the typical value is 0.06. Bins with a larger standard error
were omitted, since they may not be representative of actual
systematic aerosol variability at the site.

Across all sites the difference in f(RH =85 %) between
PM; and PM tends to be positive, indicating that PM; par-
ticles exhibit relatively more scattering enhancement than
their PM g counterparts. This is consistent with previous
f(RH) values reported in the literature when both PM;
and PM9 f(RH) were measured (Carrico et al., 2000;
Koloutsou-Vakakis et al., 2001; Carrico et al., 2003; Titos
et al., 2014a; Jefferson et al., 2017) and is consistent with
Mie modeling of f(RH) (Zieger et al., 2010, 2013). This may
seem counterintuitive (for example, at marine sites where
PMj¢ aerosol is dominated by very hygroscopic coarse-
mode sea salt). However, it is consistent with Mie theory,
whereby a stronger increase in the scattering efficiency in the
accumulation-mode size range would be expected, while the
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Figure 3. Difference in the f(RH =85 %) in PM| and PM size fractions at 550 nm as a function of the dry scattering /f\ngstr(jm exponent,
asp, calculated between 700 and 450 nm. The solid line represents the mean value, and the shaded region represents +1 standard deviation.
The points are binned in increments of 0.2 asp. Only bins with standard error below 0.03 are considered.

scattering efficiency for super-micrometer aerosol at visible
wavelengths is relatively constant. This may result in smaller
particles having less diameter change due to water uptake
(lower hygroscopicity) but more scattering enhancement due
to a larger relative increase in the scattering efficiencys; this is
in contrast to larger particles, which may have more diameter
growth (higher hygrosocopicity) but exhibit only a little rel-
ative change in the scattering efficiency. Zieger et al. (2013)
show this effect by plotting f(RH) as a function of parti-
cle size for some common atmospheric constituents (their
Fig. 2 and Table 3). The compensating effects of size and
hygroscopicity have been observed and explained for Arc-
tic aerosol (Zieger et al., 2010), with smaller but less hygro-
scopic particles exhibiting a similar f(RH) as larger, more
hygroscopic particles.

Figure 3 also shows that, at marine and Arctic sites,
the separation between PM; and PMjg f(RH =285 %) is
more variable and exhibits a dependence on og,. The
S(RH=285%)pm, — f(RH=85 %)pm,, separation increases
as agp decreases, which likely suggests that the marine sea
salt aerosol is not confined to the coarse mode or there are
other hygroscopic components in the fine marine aerosol.
The behavior observed is also consistent with Carrico et al.
(2000, 2003) and Titos et al. (2014a), reporting larger differ-
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ences between PM; and PM o f(RH) for clean marine air
(lower osgp) than for polluted marine air (higher ap). Quinn
et al. (2002) showed that at BRW, at some times of the year,
sea salt contributes as much to the PM; aerosol as it does to
the super-micrometer aerosol.

A similar, but less marked, dependence of the
f(RH=285%)pm, — f(RH=85%)pm,, separation with
ap is observed at two of the three urban sites investigated
here. The anthropogenic urban emissions are likely to be
different across these three sites, especially concerning
the types of fuel burned and burning conditions. At PGH,
Dumka et al. (2017) observed higher f(RH) values for lower
ap, and this was associated with biomass burning events.
According to Dumka et al. (2017), coarse carbonaceous
aerosols predominated during winter, leading to lower
S(RH). It is important to note that at PGH o, values were
always < 1 (see Fig. 3), indicating a predominance of coarse
particles, so the distinction between coarse and fine particle
predominance cannot be well addressed at this site with
the agp parameter. At MAO, Almeida et al. (2019) reported
that when fine particles predominate the aerosol tends to be
less soluble, which could lead to lower f(RH). The study
of Almeida et al. (2019) is not directly comparable with
ours, since these authors focused on the fine-mode fraction.
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Therefore, more study is needed with additional information
from the individual sites about composition, size and sources
to explain the observed behavior at urban sites.

Differences in f(RH =85 %) for the two size cuts as a
function of ap are not observed for rural sites (Fig. 3).
The likely explanation for this is twofold. First, the
S(RH=85%)pm, at these sites is probably dominated by
organic aerosols, which are typically less hygroscopic than
soluble components such as sulfate (Zieger et al., 2013). Sec-
ond, when significant coarse aerosol is present at these sites,
it most likely is dominated by dust, which is also less hygro-
scopic (Titos et al., 2014b; Fierz-Schmidhauser et al., 2010a).
Both these factors would result in little observed difference
between PM; and PMo hygroscopicity at sites with these
characteristics. This is consistent with Koloutsou-Vakakis
et al. (2001), finding a minimal difference between PM; and
PMjo f(RH) at a rural site in central Illinois (USA).

Understanding spectral changes in f(RH) is also impor-
tant since surface solar irradiance and, hence, radiative forc-
ing are a function of wavelength (e.g., Kiehl and Briegleb,
1993; Kotchenruther and Hobbs, 1998). Some previous re-
ports on the spectral dependence of f(RH) describe diver-
sity in spectral dependence for different air mass types (e.g.,
Carrico et al., 2003, 2000; Fierz-Schmidhauser et al., 2010a;
Magi and Hobbs, 2003), but generally, most studies do not
discuss their spectral findings in detail or put them in a wider
context. Our review of the literature indicates that in the ma-
jority of cases in which spectral values of f(RH) are pre-
sented, f(RH) increases for increasing wavelength (Carrico
et al., 1998, 2000; Kotchenruther et al., 1999; Koloutsou-
Vakakis et al., 2001; Zieger et al., 2014, 2015; Magi and
Hobbs, 2003). There are a few cases in the literature in which
the spectral dependence of f(RH) is found to be negligible:
polluted marine (Carrico et al., 2003), smoke (Kotchenruther
and Hobbs, 1998) and clean Arctic (Zieger et al., 2010).
There are even fewer cases in which the spectral depen-
dence of f(RH) increases with decreasing wavelength: two
occurred during dust-impacted f(RH) measurement periods
at different sites in Asia (Carrico et al., 2003) and at a high
alpine site (JFJ) (Fierz-Schmidhauser et al., 2010a). Fierz-
Schmidhauser et al. (2010a) also reported this type of spec-
tral dependence at JFJ for some times that were not impacted
by dust; they attributed this to shifts in aerosol size distribu-
tion but did not associate it with a specific aerosol type.

Figure 4 provides an overview of spectral dependencies
across the range of sites and aerosol types studied here by
presenting the frequency of occurrence of the difference
in spectral f(RH=85%) at 700nm and (RH=285 %) at
450 nm. These wavelengths bracket the 550nm data pre-
sented in other plots and represent the extreme of the wave-
length dependence available with this dataset. Figure 4 shows
that the f(RH=85%) at 700nm is typically larger than
the f(RH =285 %) at 450 nm for most sites. Similar behav-
ior is observed for f,(RH=285%) (not shown here). For
the marine sites, Fig. 4 suggests that the wavelength differ-
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ence of f(RH =285 %) is always positive except for GSN —
a site which was likely impacted by dust during the mea-
surements (e.g., Doherty et al., 2005). This higher scattering
enhancement at longer wavelengths was observed by Haarig
et al. (2017) for pure marine aerosol. Rural and urban sites
show a higher variability in the observed wavelength depen-
dence, with most sites showing data points for which the
difference f(RH =285 %, 700 nm) — f(RH =85 %, 450 nm)
is negative (frequencies of occurrence are shifted towards
more negative values relative to what is observed for ma-
rine sites, but on average the differences are positive). Sites
like UGR (urban) and SGP (rural) show frequency distri-
butions centered around 0. This could be due to the influ-
ence of dust particles at these sites (Sheridan et al., 2001;
Titos et al., 2014b). For JFJ, we found that, for most of
the measurements, the f(RH =85 %, 700 nm) is larger than
f(RH =85 %, 450 nm), in agreement with Bukowiecki et al.
(2016), although measurements showing the opposite behav-
ior also exist. This could be associated with dust-influenced
periods as shown by Fierz-Schmidhauser et al. (2010a). It
should be noted that the measurement period at JFJ in Fierz-
Schmidhauser et al. (2010a) is different from the data time
frame used in this study. In general, the wavelength depen-
dence observed for f(RH = 85 %) across sites is constrained
within the f(RH =85 %) range of £0.5, but the wavelength
dependence is smaller for most sites that show narrower fre-
quency distributions (exceptions are GSN, UGR and SGP).

3.3 Changes in RFE-relevant properties as a function
of RH

Figure 5 shows the RH dependence of the single-scattering
albedo, backscatter fraction and the ratio of the radia-
tive forcing efficiency at a certain RH to dry conditions
(RH < 40 %) for different site types. Absorption is assumed
to be independent of RH, and the potential absorption en-
hancement due to a water coating is neglected. This is a
simplified assumption since the absorption enhancement due
to coating and water uptake can be a very complex pro-
cess and it strongly depends on the coating material and
the RH history to which the absorbing particle has been ex-
posed (Yuan et al., 2020). Nevertheless, several authors (e.g.,
Nessler et al., 2005b; Yuan et al., 2020) reported that the ab-
sorption enhancement is minimal compared to the scatter-
ing enhancement, and calculations of RFE usually assume
that the RH absorption enhancement can be neglected (e.g.,
Fierz-Schmidhauser et al., 2010a; Luoma et al., 2019). Yuan
et al. (2020) reported that the RH scattering enhancement of
black carbon coated with ammonium nitrate was 5 times the
enhancement observed in the absorption coefficient. Since
measurements of absorption RH enhancement are not avail-
able for this study, we assumed that the absorption was not
dependent on RH as done in previous studies, and the results
are consequently discussed in light of this simplification.
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Figure 4. Frequency of occurrence of the difference in the f(RH =85 %) at 700 and 450 nm segregated by site type.

Overall, as shown in Fig. 5, wg increases with RH for all
site types, with a larger slope for some marine (KCO and
GSN), urban (UGR) and rural sites (CES, HLM). The in-
crease is, of course, because of the enhanced scattering due to
water uptake simultaneous with the assumed lack of change
in aerosol absorption. Any enhancement in the absorption
coefficient due to water uptake will result in a lower wg en-
hancement with RH than observed in Fig. 5. In contrast, b
shows opposite behavior to wy (i.e., b decreases with in-
creasing RH) because as particles grow the amount of light
scattered in the backward direction is reduced. A similar
RH dependence of wp and b has been shown in previous
studies at individual sites (e.g., Carrico et al., 2003; Fierz-
Schmidhauser et al., 2010b, a). As shown in Fig. 5, some
sites show less dependence of b on RH than others, but there
is no consistent pattern with site type, suggesting a complex
interplay of aerosol composition and size distribution.

All sites show an increase in the forcing efficiency at
elevated RH, indicating the importance of considering the
RH effect in the aerosol optical properties when estimat-
ing aerosol forcing. The forcing efficiency is negative for all
sites, indicative of a cooling effect which becomes larger (in
absolute terms) with the increase in RH. However, there does
not appear to be a clear trend related to site type. The range
of forcing enhancement among sites varies from almost no
enhancement up to a factor of 3—4 at RH=90 %. The en-
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hancement in forcing efficiency due to RH at each site is
modulated by the RH dependence of wg and b. As noted by
Luoma et al. (2019), the tendencies of wqg to increase with
RH and of b to decrease with RH will have opposite ef-
fects on the aerosol radiative forcing efficiency, and thus to
some extent the RH dependencies of these two parameters
will counterbalance each other. However, as shown in Fig. 5,
the differences in the RH dependence of wg and b can result
in significant changes in the forcing efficiency. For example,
CES and APP exhibit very similar trends of » with RH, but
CES exhibits a stronger increase in wg with RH than is ob-
served at APP. This difference results in a larger increase in
the forcing efficiency due to RH at CES, the site which shows
the largest enhancement in the forcing efficiency at high RH
(4-fold) relative to dry conditions. Sites with higher f(RH)
values do not necessarily exhibit higher forcing efficiency en-
hancement at elevated RH. For example, ZEP and JFJ show
similar forcing efficiency enhancement, but the f(RH) val-
ues at ZEP are much higher than those at JFJ (see Fig. 1).
Figure S3 of the Supplement shows the forcing efficiency en-
hancement as a function of f(RH). This figure demonstrates
that the forcing efficiency dependence on f(RH) is differ-
ent from site to site. Rural and urban sites show a higher
rate of increase in the forcing enhancement as a function of
f(RH) (curves above the 1:1 line), while for marine and
Arctic sites most of the curves lie below the 1: 1 line (ex-
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ceptions are BRW and PVC). In other words, for the same
f(RH) value the impact on the radiative forcing would be
higher at rural and urban sites than at marine and Arctic sites.
This is likely due to the lower wq at rural and urban sites
that show a significant increase with RH, while marine and
Arctic sites are characterized by wg values already close to
1, so the effect of RH is lower. Luoma et al. (2019) show
that at HY'Y the seasonal variability of parameters impacting
RFE (aerosol- and location-specific parameters such as cloud
cover and sun angle) can have a profound impact on the re-
sulting radiative forcing. Since we have kept the focus on the
effect of RH on the radiative forcing efficiency, assumptions
regarding those parameters were not necessary (see Eq. 9).
Nevertheless, the simplified assumptions regarding Rg val-
ues which we know depend on season, surface properties, al-
titude and latitude, as well as neglecting the potential RH de-
pendence of the absorption coefficient, might have an impact
on the results obtained. The latter assumption is expected to
have a small effect in the calculated RFE because the scat-
tering is dominant in the calculation of wq and it is expected
to show higher RH dependence than the absorption coeffi-
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cient. Concerning the use of a constant Rs value for each
site type, Fierz-Schmidhauser et al. (2010a) showed that at
JFJ, changes in Rg between 0.05 and 0.25 lead to changes
in the RFE between approximately 2.2 and 2.5. Therefore,
the results obtained in this study of the RFE at multiple sites
around the world offer a comprehensive picture of the im-
portance of RH for RFE, despite the intrinsic limitations dis-
cussed above.

3.4 Relationship between f(RH =85 %) and dry
aerosol optical properties

Predicting aerosol hygroscopicity is critical for understand-
ing aerosol-water interactions which impact climate, visibil-
ity and cloud formation. As shown in Burgos et al. (2020),
there is a large diversity in f(RH =285 %) simulated by
Earth system models. The diversity among different mod-
els is primarily driven by differences in model hygroscop-
icity parameterizations and model chemistry (Burgos et al.,
2020). Aerosol hygroscopicity measurements, such as the
Burgos et al. (2019) dataset used here, are not very com-
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mon, so developing methods to estimate hygroscopicity from
other measurements would be helpful in setting constraints
for models and explaining physical processes in the atmo-
sphere. Our approach here is to utilize aerosol optical mea-
surements such as wy and ap, which indirectly provide qual-
itative information about aerosol composition and size. As
noted in the Introduction, there has been some success with
this approach for individual stations (e.g., Sheridan et al.,
2002, 2001; Titos et al., 2014a; Doherty et al., 2005; Nessler
et al., 2005b). However, there have also been some efforts
when this approach did not work for individual sites (Zieger
etal., 2014, 2011; Doherty et al., 2005) or across several sites
(Zieger et al., 2013). Here, with a much larger and more di-
verse group of sites, we further explore relationships between
f(RH =285 %) and several readily available observed aerosol
optical properties.

Figure 6 shows f(RH =285 %) segregated by wg (upper
panel) and by agp (lower panel). The segregation has been
performed based on the 25th and 75th percentiles of wp and
asp, respectively, at each site, ensuring enough data in each
category while looking at relatively extreme situations. The
values of the 25th and 75th percentiles for each site are noted
in Fig. 6. The ¢ test (at the 5 % significance level) has been
used here to determine if the segregation of f(RH =285 %)
either by wg or ayp is statistically significant (i.e., if the
f(RH =85 %) values for the < 25th percentile category and
the f(RH =85 %) values for the > 75th percentile category
are statistically different from each other). We also tested if
the wp and oyp values were statistically different. According
to the results of the 7 test, all wg and asp divisions are statis-
tically significant, while f(RH =85 %) segregation was not
statistically different for ZEP and PGH for wq segregation
and for GSN, MEL, CES, HFE and MAO for o segregation.
The significance tests failed at NIM because of limited data.
The sites showing non-statistically significant differences are
represented with thinner lines in Fig. 6.

At the majority of sites (75 % of the sites) higher hy-
groscopicity, based on the median value of f(RH =285 %),
is observed for aerosols with higher values of wy. This is
consistent with the hypothesis that scattering aerosol is of-
ten composed of soluble ions (e.g., sea salt and sulfates),
which are hygroscopic, while combustion aerosols, which
contribute to lower wy, tend to be less hygroscopic to non-
hygroscopic. However, the opposite trend is observed (i.e.,
higher f(RH =85 %) for lower wq values) at five sites (JFJ,
CBG, KCO, MAO and HYY). Although for CBG, KCO and
MAQO the difference between the f(RH =85 %) segments is
small, it is statistically significant. These five sites are quite
different in terms of site type (high altitude, marine, rural),
making it difficult to identify an obvious reason for their
different behavior with respect to wg. Additionally, as noted
above, general site categories can encompass a variety of air
mass types depending on transport and seasonality, so further
investigation (e.g., trajectory analysis and aerosol chemistry
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information similar to Zieger et al., 2013) would be needed.
That level of detail is beyond the scope of this work.

Figure 6 also shows f(RH =285 %) segregated by «asp. In
general, Fig. 6 shows that approximately half of the sites ex-
hibit larger f(RH =285 %) values when the oy, is lower (this
is the case for most marine sites). Lower oy values indicate
the presence of coarse aerosol. Depending on the site, coarse
aerosol could be associated with sea salt, which is hygro-
scopic and would lead to higher f(RH). However, lower o
may also be associated with the presence of dust aerosol,
which is often considered to be non-hygroscopic depend-
ing on age and atmospheric processing (Fierz-Schmidhauser
et al., 2010a; Titos et al., 2014b). The range in hygroscopic-
ity properties for different types of coarse particles explains
why o), is less useful as a constraint of f(RH =85 %) than
wo (Zieger et al., 2013, 2014).

Figure 7 shows the scatterplot of the median
f(RH=285%) versus wo color-coded by ag for the
sites considered in this study. The site type is indicated by
the different symbols in Fig. 7. At PVC, Titos et al. (2014a)
found that aerosol scattering-related hygroscopicity followed
an exponential relationship with wg and that particles with
higher f(RH) and wy also tended to have the lowest agp
values (predominance of bigger particles). When taking
into account all the median values for all sites of this study
using concurrent f(RH=85%), wo and oy, data, Fig. 7
shows a similar pattern, whereby more hygroscopic and less
absorbing particles tend to be larger (lower asp). This is true
for most marine sites, while Arctic sites (BRW and ZEP)
show a similar behavior but exhibit lower wqy values than
the marine sites. Other sites characterized by considerably
lower wg than PVC, such as UGR, HLM, FKB and KCO,
exhibit higher scattering enhancement than predicted by
the exponential relationship observed at PVC (Titos et al.,
2014a). Additional exceptions to this trend are CES and
MEL, which have much higher scattering enhancement
than would be estimated based on their respective wgy or
ap values. A distinct pattern depending on site type is not
clearly observed. It is important to bear in mind that using
the median value for each site hides the strong variability
in aerosol properties at each site (as shown by the large
standard deviations in Fig. 7) and that the separation of the
individual sites’ datasets by wind direction or air mass origin
may clarify the pattern observed. The individual relationship
between f(RH=85%) and wq for each site is shown in
Fig. S4. Most sites show no trend between the analyzed vari-
ables, except for some of the marine sites (e.g., PVC, PYE,
GRW, MHD and THD). Although using aerosol optical
properties as an overall predictor of f(RH =85 %) seems of
limited utility based on the high variability observed among
sites, the patterns we observe between f(RH =285 %) and
wo (and to a lesser extent ap) may still be a useful constraint
for models on a site-by-site basis.
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4 Conclusions

In this paper we have presented an extended overview and
analysis of the range and variability of the scattering en-
hancement factor, f(RH =285 %), at 23 diverse sites across
the globe based on the dataset developed by Burgos et al.
(2019). There are no clear patterns in f(RH=85%) as a
function of site type, although in general marine sites tend
to exhibit higher f(RH =85 %) than rural and urban sites.
The variability in f(RH =85 %) observed at each site sug-
gests that simple assumptions about f(RH) based on domi-
nant aerosol type will not capture the actual range observed
in this parameter for a given location.

We have also studied in detail the climatology of
the hemispheric backscattering enhancement factor
fo(RH=85%) across the same set of diverse sites.
The value of f,(RH =85 %) is highly correlated with that of
f(RH=285%), and the difference between f,(RH =285 %)
and f(RH =85 %) increases with f(RH =85 %), suggest-
ing that the more hygroscopic the aerosol, the lower the
scattering enhancement in the backward direction relative
to the total scattering enhancement, which is in agreement
with Mie theory and consistent with previous observations
at individual sites.

We investigated the influence of size cut and wavelength
on f(RH=85%). f(RH=285%) is found to be higher for
PM; than for PM|g at most sites, which is a result of the size
dependence of scattering efficiency according to Mie theory.
Specifically at marine and Arctic sites, a larger difference in
f(RH =85 %) as a function of size cut is observed for lower
agp (predominance of larger particles), which is explained
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by the fact that sea salt is not only confined to the coarse
mode. Small differences in f(RH =85 %) for rural and ur-
ban sites are observed as a function of size cut. Additionally,
f(RH =285 %) increases as wavelength increases for the pair
of wavelengths we studied here (450 and 700 nm). In con-
trast, the spectral dependence is negligible or even shows the
opposite pattern for sites impacted by dust.

The light-scattering enhancement influences the estimates
of direct radiative aerosol forcing by changing the single-
scattering albedo and the angular distribution of scattered
light. We assessed this influence across the sites in this study
and found that wq increases with increasing RH, while b de-
creases. These results are in agreement with previous studies
performed at individual sites. The aerosol radiative forcing
efficiency (RFE) at high RH is larger (more negative) than
the dry RFE, although the magnitude of the RH effect can be
rather small in some cases, while for other cases a factor of
3—4 enhancement in RFE is observed (e.g., for clean Arctic
sites). This RFE enhancement with RH is more pronounced
at sites with lower wg values despite the lower f(RH) values
at those sites. In spite of the simplified assumptions made to
calculate RFE (constant Ry value and neglecting any absorp-
tion enhancement due to water uptake) we present an analysis
of the effect of RH on RFE at very diverse sites, demonstrat-
ing the importance of considering RH in the calculation of
RFE, especially at sites with low wy.

We explored the relationship between readily available in
situ aerosol optical properties (single-scattering albedo, wy,
and scattering Angstrém exponent, oyp) and f(RH=85%).
The f(RH =285 %) values for each site were segregated by
the outer quartile ranges of colocated wy and agp proper-
ties. With a few exceptions, lower wq tended to be asso-
ciated with lower f(RH =85 %), consistent with the hy-
pothesis that combustion-related aerosol tends to be less hy-
groscopic. Splitting f(RH=85%) by ayp was less defini-
tive. At marine-influenced sites, lower agp (likely indi-
cating the presence of sea salt) tended to coincide with
higher f(RH=85%). At other sites which may have a
dust influence the opposite was observed; i.e., lower agp
was associated with lower f(RH = 85 %). Further informa-
tion on aerosol size, chemical composition or air mass his-
tory would help to better constrain the relationship between
f(RH =85 %) and other variables.

This study provides a detailed analysis of multi-
wavelength aerosol scattering and backscattering enhance-
ment as a function of RH based on the harmonized dataset
developed in Burgos et al. (2019). This dependence on RH is
important for radiative forcing estimations. Measurements of
f(RH) are necessary to address the impact of RH on aerosol
optical properties. The relationship between f(RH =85 %)
and other aerosol optical properties such as wp or ap could
be useful to constrain f(RH) values within Earth system
global models, but it appears to be of limited utility for pre-
dictions of f(RH) in the absence of direct f(RH) measure-
ments. Future studies with this f(RH) dataset could explore
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other aerosol properties like size distribution (fine + coarse)
and aerosol chemistry as proxies for f(RH). Furthermore,
separation of each dataset by predominant wind direction or
air mass history could help to better constrain the relationship
between f(RH) and other aerosol properties.
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