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Abstract

Aerosol particles experience hygroscopic growth in the ambient atmosphere. Their
optical properties – especially the aerosol light scattering – are therefore strongly de-
pendent on the ambient relative humidity (RH). In-situ light scattering measurements
of long-term observations are usually performed under dry conditions (RH<30–40%).5

The knowledge of this RH effect is of eminent importance for climate forcing calcula-
tions or for the comparison of remote sensing with in-situ measurements. This study
combines measurements and model calculations to describe the RH effect on aerosol
light scattering for the first time of aerosol particles present in summer and fall at the
high Arctic. For this purpose, a field campaign was carried out from July to October10

2008 at the Zeppelin station in Ny-Ålesund, Svalbard. The aerosol light scattering co-
efficient σsp(λ) was measured at three distinct wavelengths (λ=450, 550, and 700 nm)
at dry and at various, predefined RH conditions between 20% and 95% with a re-
cently developed humidified nephelometer (WetNeph) and with a second nephelome-
ter measuring at dry conditions (DryNeph). In addition, the aerosol size distribution15

and the aerosol absorption coefficient were measured. The scattering enhancement
factor f (RH,λ) is the key parameter to describe the RH effect on σsp(λ) and is defined
as the RH dependent σsp(RH,λ) divided by the corresponding dry σsp(RHdry,λ). During
our campaign the average f (RH=85%, λ=550 nm) was 3.24±0.63 (mean ± standard
deviation), and no clear wavelength dependence of f (RH,λ) was observed. This means20

that the ambient scattering coefficients at RH=85% were on average about three times
higher than the dry measured in-situ scattering coefficients. The RH dependency of the
recorded f (RH,λ) can be well described by an empirical one-parameter equation. We
used a simplified method to retrieve an apparent hygroscopic growth factor g, defined
as the aerosol particle diameter at a certain RH divided by the dry diameter, using the25

WetNeph, the DryNeph, the aerosol size distribution measurements and Mie theory.
With this approach we found on average for g values of 1.61±0.12 (mean± standard
deviation). No clear seasonal shift of f (RH,λ) was observed during the 3-month period,
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while aerosol properties (size and chemical composition) clearly changed with time.
While the beginning of the campaign was mainly characterized by smaller and less
hygroscopic particles, the end was dominated by larger and more hygroscopic parti-
cles. This suggests that compensating effects of hygroscopicity and size determined
the temporal stability of f (RH,λ). During sea salt influenced periods, distinct deliques-5

cence transitions were observed. At the end we give a method on how to transfer the
dry in-situ measured aerosol scattering coefficients to ambient values for the aerosol
measured during summer and fall at this location.

1 Introduction

Continuous measurements of aerosol properties, such as the wavelength dependent10

aerosol light scattering coefficient, are in the field often performed under dry condi-
tions (relative humidity RH<30–40% as recommended by WMO/GAW, 2003) which
differ from the ambient, climate relevant ones. Since ambient aerosol particles experi-
ence hygroscopic growth, their optical properties are strongly dependent on RH. The
response of an ambient particle to RH depends mainly on the size and the solubility15

of the particle. The water pressure above a water droplet containing dissolved ma-
terial is lowered by the Raoult effect. The size and the fraction of soluble material in
an aerosol particle will determine at which supersaturation it will be activated and will
become a cloud droplet. The equilibrium size of a droplet was first described by Köhler
(1936), who considered the Raoult (solute) and Kelvin (curvature) effect. Quantitative20

knowledge of this RH effect is of substantial importance when comparing ground based
observations with other optical aerosol measurements (e.g. lidar), for the purpose of
aerosol correction of satellite retrievals, or in general for climate models.
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Hygroscopic growth and its impact on the aerosol light scattering coefficient is usually
described by the scattering enhancement factor f (RH,λ):

f (RH,λ)=
σsp(RH,λ)

σsp(RHdry,λ)
, (1)

where the scattering coefficient σsp depends on the wavelength λ and the relative hu-
midity RH. Since no clear wavelengths dependency of f (RH) was found, λ will be omit-5

ted from now on for simplicity reasons. Dry means a RH lower than 30–40% inside the
nephelometer.

Modeled and measured enhancement factors were already described in previous
studies, including maritime (Wang et al., 2007; Carrico et al., 2003), urban (Yan
et al., 2009; Fitzgerald et al., 1982), continental (Sheridan et al., 2001), biomass10

burning aerosol (Kotchenruther and Hobbs, 1998) or free tropospheric aerosol (Fierz-
Schmidhauser et al., 2009; Nessler et al., 2005a). This study presents the first ex-
perimental data set quantifying the RH effect on aerosol light scattering of an Arctic
aerosol.

2 Experimental15

A recently developed humidified nephelometer (WetNeph), an aethalometer, a scan-
ning mobility particle sizer (SMPS) and an optical particle counter (OPC) were oper-
ated for three months (15 July–13 October 2008) at the Zeppelin station in Ny-Ålesund,
Svalbard. The Zeppelin station (78◦ 54′ N, 11◦ 53′ E) is situated at 475 m a.s.l. on the
Zeppelin mountain ridge about 2.3 km south of the settlement Ny-Ålesund, which is20

located at sea level. The station is part of the Global Atmosphere Watch (GAW) pro-
gram. Long-term aerosol light scattering measurements have been performed since
May 2001 at this station. Detailed information on the GAW measurement program
at Ny-Ålesund and Zeppelin mountain can be obtained through the GAW station in-
formation system (GAWSIS, http://gaw.empa.ch/gawsis). Observations made at the25
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Zeppelin station are in general less affected by local particle production occurring in
the surf zone and are assumed to represent boundary layer conditions (Ström et al.,
2003). The WetNeph, aethalometer, OPC, and SMPS instruments were all connected
to one inlet (without a specific aerosol diameter size cut). The RH inside the sam-
pling lines was always very low (RH<20%), due to the large temperature differences5

between inside and outside the laboratory.

2.1 Humidified nephelometer

The humidified nephelometer (WetNeph) is described in detail by Fierz-Schmidhauser
et al. (2010). Briefly, the aerosol scattering coefficient σsp(λ) and the back scattering co-
efficient σbsp(λ) are measured at three distinct wavelengths (λ=450, 550, and 700 nm)10

at defined RH between 20% and 95%. For this purpose a specifically designed humidi-
fication system (consisting of a humidifier and followed by a dryer) brings the initially dry
aerosol to a defined RH before its scattering properties are measured by an integrat-
ing nephelometer (TSI Inc., Model 3563). The WetNeph was programmed to measure
RH cycles. In the first part of the cycle, the dry particles experience elevated RH in15

the humidifier, after which they are passed through the turned off dryer before their
scattering properties are measured in the nephelometer (hydration mode). It should be
emphasized that the temperature in the nephelometer’s detection cell is ∼1 ◦C higher
than in the humidifier, thereby causing a slight RH decrease of approximately 2–6%
(see Fig. A1 in Fierz-Schmidhauser et al., 2010) and with that a concurrent shift of20

the observed deliquescence RH. Deliquescence is known as a sudden uptake of wa-
ter of an initially dry and solid particle at the defined deliquescence relative humidity
(DRH). The deliquescence occurs at the RH where the Gibbs free energy of the wet
particle becomes lower than the one of the dry particle. The behavior of dehydrating
particles following the upper hysteresis branch of the growth curve is measured by set-25

ting the humidifier to its maximum RH (∼95%), followed by RH reduction in the dryer
and measurement in the nephelometer (dehydration mode). The lowest possible RH
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in this mode was ∼65%, limited by the capacity of the dryer at the high sample flow of
16.6 l min−1 chosen for this campaign.

A second nephelometer (DryNeph, TSI Inc., Model 3563, operated by the Stock-
holm University – SU) measured the scattering coefficient as a reference in parallel
always under dry conditions. The RH inside the DryNeph was always below 20%. The5

DryNeph was connected to another parallel inlet.
Both nephelometers measured within the scattering angles of 7◦ to 170◦. The scat-

tering coefficients for the complete angle between 0◦ and 180◦ were retrieved by cor-
recting the measured values using the scheme proposed by Anderson et al. (1996)
(truncation error correction).10

2.2 Measurement of the aerosol size distribution

The aerosol size distribution was measured with a scanning mobility particle sizer
(SMPS), which consists of a bipolar particle charger (85Kr source), a differential mobility
analyzer (DMA) and a condensation particle counter (CPC). Number size distributions
in the diameter range between 14 and 820 nm were recorded with a time resolution of15

6 min. A correction accounting for multiply charged particles was applied. However, the
data at diameters >462 nm was ignored, because higher moments of the size distribu-
tion (such as surface area distribution) are significantly influenced by multiply charged
particles with diameters >820 nm.

An optical particle counter (OPC, Model Grimm Dustmonitor 1.108) was used to20

measure the number size distribution of particles with an optical diameter between 0.3
and 25 µm (like the SMPS at dry conditions). OPC data was recorded with a time
resolution of 1 min.

The complete size distribution for diameters between 14 nm and 25 µm was obtained
by combining the SMPS data at diameters below 462 nm with the OPC data at diam-25

eters above 462 nm. No remarkable difference between the two instruments was ob-
served at the merging point, even though the SMPS measures a mobility diameter and
the OPC an optical diameter.
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The coarse mode fraction VOPC/Vtot is defined as the volume concentration mea-
sured by the OPC (Ddry>462 nm, after the last SMPS bin) to total volume concentration
measured by SMPS and OPC.

2.3 Measurement of the aerosol light absorption

To determine the absorption properties, an aethalometer (Magee Scientific, Model AE-5

31) was used. It measures the light attenuation by the aerosol particles (deposited
on a filter) at 6 wavelengths (λ=370, 470, 520, 590, 880, and 950 nm). The 660-nm
channel did not work properly and had to be excluded from the analysis. The light
absorption coefficient σap(λ) is then derived from the light attenuation:

σap(λ)=
A
Q
∆ATN(λ)

∆t
1

C ·R(ATN(λ))
, (2)10

where A is the filter spot area, Q the volumetric flow, and ∆ATN(λ) the change of light
attenuation during the time interval ∆t (Weingartner et al., 2003). The empirical con-
stant C corrects for multiple scattering in the unloaded filter. Here, a value of C=2.81
was used, as determined for a remote background aerosol from aethalometer and
multi-angle absorption photometer (MAAP) measurements at the high alpine research15

station Jungfraujoch (JFJ) (Collaud Coen et al., 2009). The wavelength and ATN de-
pendent factor R corrects for effects caused by the amount of particles deposited on
the filter, which decrease the optical path in the filter (also called the shadowing effect).
Due to the high single scattering albedo of the measured aerosol at Zeppelin station,
R was set to be unity (Weingartner et al., 2003), similar to the measurements at the20

JFJ (Fierz-Schmidhauser et al., 2009).
The 880-nm channel is used to measure aerosol black carbon (BC) concentrations,

with the manufacturer’s calibration. Aethalometer raw data were recorded with a time
resolution of 2 min. The data was later averaged to 1 h values. A comparison with
a soot absorption photometer (PSAP) running in parallel showed a good agreement25

with ∼10% difference and a high correlation (R2=0.86).
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2.4 Aerosol filter sampling and analysis

Aerosol filter samples for the analysis of water soluble calcium (Ca2+), chloride (Cl−),
magnesium (Mg2+), potassium (K+), sodium (Na+), sulphate (SO2−

4 ), nitrate (NO−
3 ) and

ammonium (NH+
4 ) were collected using a three-stage filter pack with a Teflon (2 µm

Zefluor) particle front filter followed by a potassium hydroxide impregnated cellulose5

filter (Whatman 40) and finally an oxalic acid impregnated cellulose filter (Whatman 40)
(EMEP, 1995). In general, the filter pack cannot be used to separate between gas and
particle phase in the case of semi-volatile compounds. Thus, for constituents that
are subject to volatilization and adsorption processes on the filter, e.g. NO−

3/HNO3,

NH+
4/NH3, Cl−/HCl, only the sum can be determined accurately. Ca2+, K+, Mg2+,10

Na+, SO2−
4 , however, can be determined from the Teflon filter alone. The filter pack

was operated at flow rate of 16 l min−1 and the sampling time was 24 h (starting time
06:00 UTC).

2.5 Comparison of dry nephelometer measurements

A comparison of both nephelometers measuring dry (RH<40%) showed that the15

DryNeph measured about 28% less than the WetNeph (y=1.28x+1.64×10−7 m−1,
R2 = 0.98 for λ=550 nm, similar for the other wavelengths). A second comparison
between the integrated size distribution measured by SMPS and OPC (same inlet as
WetNeph) and a differential mobility particle sizer (DMPS) (same inlet as DryNeph) in
the size range of 15 to 750 nm showed that the DMPS was as well measuring 27% less20

in total number concentration than the SMPS+OPC (y=1.27x+2.21 cm−3, R2=0.99).
The reason for this could be losses in the SU inlet system, due to longer pathways
and a lower volumetric flow of 5 l min−1. Most of these losses were seen in the accu-
mulation and partly in the coarse mode. These differences were almost constant in
time throughout the entire measurement period. The high correlation between the two25

nephelometers and the two size distribution measurements and the temporal stability of
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the differences legitimate that all dry scattering coefficients had to be corrected for the
entire period in order to make them comparable to the WetNeph data (e.g. at λ=550 nm
with y=1.28x+1.64×10−7 m−1 as described above).

3 Model description

A computer model based on Mie theory has been developed for the calculation of5

f (RH). It calculates optical properties for polydisperse, internally mixed aerosol parti-
cles, which are assumed to be spherical and to have a homogeneous chemical com-
position. The Mie routine is based on the code of Bohren and Huffmann (2004). The
aerosol size distribution and the complex refractive index are needed as input parame-
ters. Both input variables change with changing RH due to hygroscopic growth.10

The hygroscopic growth factor g of an aerosol particle is defined as the particle
diameter Dwet at a certain RH divided by its dry diameter Ddry:

g=
Dwet(RH)

Ddry
. (3)

The RH dependence of g can be parametrized in a good approximation by a one-
parameter equation, proposed e.g. by Petters and Kreidenweis (2007):15

g=
(

1+κ
aw

1−aw

) 1
3

. (4)

Here, aw is the water activity, which can be replaced by the relative humidity RH, if the
Kelvin effect is omitted. This is justified in our case, because the Kelvin effect is small
for large particles, which are relevant to light scattering and absorption. The coefficient
κ is a simple measure of the particle’s hygroscopicity and captures all solute properties.20

The change of the dry number size distribution can be calculated as follows: First,
the wet particle diameter Dwet has to be determined by multiplying Ddry with g:

Dwet =gDdry . (5)
3667
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Normally, g will be a function of Ddry. Here, g is assumed to be independent of the
diameter, therefore the wet number size distribution dN/dlogDwet will just shift with the
increasing diameter.

The complex refractive index of grown particles at high RH is obtained by a vol-
ume weighting of the dry refractive index mdry with the refractive index of water5

mH2O(λ=550 nm)=1.333 (Hale and Querry, 1973):

mwet =
mdry+mH2O(g3−1)

g3
. (6)

In this work, a fixed dry refractive index of (NH4)2SO4 (ammonium sulphate)
mdry(λ=550 nm)=1.53 (interpolated from Toon et al., 1976) was used. It will be shown
in Sect. 5 that this is a reasonable assumption.10

3.1 Forward calculation

If the growth factor, the refractive index and the size distribution are known, the scat-
tering properties can be calculated for the dry and the high RH case (using Eqs. 3–6
and Mie theory). f (RH) is then determined by Eq. (1). These calculations were done
for the entire scattering angle (0–180◦). The resulting f (RH) were then compared to15

the measurements, which were corrected for the nephelometer truncation error (see
Sect. 2.1). In this study, direct measurements of both refractive index and hygroscopic
growth were not available. The refractive index was assumed to be equal to the one
of (NH4)2SO4 (see above). The hygroscopic growth was retrieved via Mie theory (see
Sect. 3.2) and for comparison assumed to be constant throughout the entire period20

(see Sect. 5.5).

3.2 Backward calculation – retrieval of the apparent hygroscopic growth factor

Independent measurements of the hygroscopic growth behavior were not available for
this study, which makes it impossible to directly calculate or predict f (RH) (as done
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e.g. by Fierz-Schmidhauser et al., 2009, for JFJ). However, measured wet and dry
scattering coefficient data and the Mie model can be used to infer the hygroscopic
growth of the detected aerosol, following the retrieval scheme depicted in Fig. 1. For
this purpose g was varied until the calculated f (RH) for the measured size distribution
matched the measured value within 2%. The dry refractive index was again assumed5

to be equal to the value of (NH4)2SO4. The retrieval was performed at RH=85% and for
λ=550 nm. g can be transformed to κ using Eq. (4) to calculate g at additional values
of RH.

These calculations were performed in the specific scattering angles of the neph-
elometer (7–170◦), to avoid the truncation error correction. The nephelometer lamp10

sensitivity was also accounted for Anderson et al. (1996) in the Mie code.
Although this retrieval is based on strong simplifications (spherical particles, internal

homogeneous mixture, and a fixed dry refractive index for the entire period), it will give
useful insights to the apparent physical growth of the measured aerosol.

4 Simulation of a passive sea salt tracer15

A sea salt tracer was simulated for the Zeppelin station by combination of the La-
grangian particle dispersion model (LPDM) FLEXPART (Stohl et al., 2005) and sea
salt aerosol sources parameterized from model wind speeds. In a simplified approach
the released sea salt aerosol was treated as a tracer with an e-folding lifetime of 24 h.
This analysis gives additional insights concerning the aerosol origin and its composition20

and is used to support our hypotheses formulated in Sect. 5.

4.1 Dispersion model

FLEXPART was set up in backwards mode and operated on 3-h global meteorological
fields as retrieved from ECMWF analysis and forecasts with a horizontal resolution of
1◦ by 1◦ on 91 vertical levels. The output of residence times was stored with a horizontal25
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resolution of 0.5◦ by 0.5◦ covering the area north of 45◦ N and for vertical level tops at
100, 500, 1000, and 3000 m above model ground. The model was initialized every 3 h
for the period 15 June to 15 October 2008 and integrated backwards in time for 120 h.
50 000 particles were released in each run at the Zeppelin station at 475 m a.s.l.

4.2 Emission calculation5

Sea salt sources were calculated following the parameterization given by Gong (2005)
based on simulated 10-m wind speeds. Wind speeds were taken from ECMWF analy-
sis and +3 h forecast fields and were available every 3 h with a 1◦ by 1◦ horizontal reso-
lution. Sea salt in 3 different size ranges was considered: 0.01–10 µm, 0.1–10 µm, and
1–10 µm. Emission was only considered for the open sea, and the fraction of open sea10

water was obtained from daily sea ice analysis (http://cersat.ifremer.fr/data/discovery/
by parameter/sea ice/psi ssmi) and multiplied with the sea salt aerosol source.

The sea salt aerosol number concentrations at the receptor site were calculated by
summation of the products of residence times and sea salt over all grid boxes and for
each simulated time, t:15

SN (t)=
∑
l

∑
i ,j

exp
(−Tl
τss

)
τi ,j,l

FNi ,j

Vi ,j
, (7)

where Tl is the time before arrival, τss the life-time of the sea salt tracer, τ the residence
times in units of s, FN the sea salt source in units of N/(m2 s) and V the grid box volume
of the lowest FLEXPART output grid (100 m level top). The summation runs over all
horizontal grid boxes i , j and along the integration time l .20

5 Results

Figure 2 shows one day of the recorded data (20 August 2008). The hourly recorded
webcam pictures from the Zeppelin station (with view towards the settlement of
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Ny-Ålesund and the Kongsfjorden) are helpful additional information about the current
weather conditions (see Fig. 2a, webcam pictures are provided by NILU on their web-
server ftp://ftpguest:guest@ftp.npolar.no/In/kim/zepold/ZeppelinCam.jpg, last checked
on 9 December 2009). The beginning of the measurement period was characterized by
24 h of sunlight per day (until mid September when the day-night cycle returned). The5

RH inside the WetNeph was periodically increased and decreased (see Fig. 2b) and
the corresponding scattering coefficients measured (blue line in Fig. 2c). The DryNeph
measured constantly at dry conditions (red line in Fig. 2c) in parallel to the WetNeph.
The dry number size distribution was measured by the SMPS and OPC at the same
inlet as the WetNeph (see Fig. 2d). On 20 August the number size distribution was10

characterized by two distinct modes at 40 nm and 110 nm. The aerosol absorption
coefficients determined by the aethalometer (using Eq. 2) are seen in Fig. 2e, show-
ing that the absorption coefficients were about two orders of magnitude lower than the
scattering coefficients.

An overview of the entire measurement period can be found in Fig. 3. The aerosol15

particle number concentration (blue curve in Fig. 3e) shows a temporal decrease to-
wards October, while the total surface area concentration shows no clear increase or
decrease (orange curve in Fig. 3e). A maximum in the aerosol number concentration
in the summer has been previously observed by Ström et al. (2003) at the Zeppelin
station and also at other Arctic sites, e.g. at Barrow, Alaska by Bodhaine (1989) and20

Quinn et al. (2002) who mention that the maximum particle concentration in summer in
the Arctic could relate to the formation of biogenic sulfur particles. The temporal evolu-
tion of the scattering coefficient shows no clear trend, but certain events with elevated
values are observed (Fig. 3a). These events are probably caused by sea salt particles
(larger particles with higher scattering efficiency and larger surface area), which is also25

reflected in a more dominant coarse mode in the surface size distribution during these
periods (Fig. 3d). Bodhaine (1989) and Quinn et al. (2002) also found for Barrow,
Alaska, a minimum in the scattering coefficient in summer and an increase towards
fall and winter, attributing this increase to an enhanced sea salt influence. The single
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scattering albedo ω0 is as well very high at these sea salt events (ω0>0.98), meaning
that the particles are almost pure scatterers (see Sect. 5.4). Quinn et al. (2002) found
similarly high values of ω0 during summer for Barrow, Alaska.

No clear long range transport of pollution to the measurement site has been ob-
served within our measurement period. The BC concentrations measured by the5

aethalometer were on average 7.2 ng m−3 (90th percentile: 31 ng m−3), which is similar
to the findings of Eleftheriadis et al. (2009) who determined a mean value of ∼7 ng m−3

for June to September from 1998 to 2007. The aerosol filter analyses were only partly
available for our 3-month period (see Fig. 4). Major sea salt constituents such as Na+

and Cl− were always present though they were more dominant during the last third of10

the campaign and during short periods in between, when the relative mass fraction of
non-sea salt NO−

3 and NH+
4 concurrently decreased. FLEXPART backward simulations

showed that the air masses reaching the Zeppelin station mainly originated from the
Arctic region surrounding Svalbard and the North Atlantic Ocean (see Fig. 5). Hence,
the measurement period was characterized by maritime and rather clean air masses.15

The scattering enhancement factor f (RH) was calculated using Eq. (1). Since no
pronounced wavelength dependency of f (RH) was found, we will focus on the 550 nm
wavelength only.

Humidograms of f (RH), defined as a plot of f (RH) vs. RH, were determined as daily
median values of f (RH) (with a 2% RH bin size and synchronized to the aerosol fil-20

ter sampling intervals). As mentioned above, measurements at RH<65% are always
part of the hydration branch. It was therefore technically not possible to detect any
efflorescence at RH<65%. Measurements above ∼65% RH were done in both the hy-
dration and dehydration mode (see Sect. 2.1). Unfortunately, no clear efflorescence
was observed at RH>65%.25

An example humidogram characterized by a smoothly increasing f (RH) and without
a distinct deliquescence transition is seen in Fig. 6a (daily average), indicating that the
particles were always liquid. A second example humidogram with a distinct increase
of f (RH) at RH∼70% is shown in Fig. 6b. This increase, known as deliquescence,
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can be explained by a sudden water uptake of the solid aerosol particle becoming
(at least partly) liquid. It has to be repeated that the actual DRH of the aerosol is
a few percent higher than what the WetNeph measures due to temperature differences
between humidifier and nephelometer (see Sect. 2.1).

The temporal evolution of the ambient f (RH) at RH=85% is shown in Fig. 7d5

(black points, daily median values between 84%<RH<86%). The values measured
at RH=85% are in the range of f (RH)∼2–6, which means two- to sixfold increase of
the ambient scattering coefficient compared to dry conditions. Campaign average and
percentile values of f (RH=85%) are given in Table 1. This can be compared e.g. to
values for biomass burning aerosols, where Kotchenruther and Hobbs (1998) mea-10

sured lower values of f (RH=80%, λ=550 nm)=1.01–1.5 or to free tropospheric aerosol
measured at Jungfraujoch (including Saharan dust events) with values of f (RH=85%,
λ=550 nm)=1.2–3.3 (Fierz-Schmidhauser et al., 2009). Similarly high values were
measured for maritime air by Carrico et al. (2003) with f (RH=82%, λ=550 nm)=2.45,
although at slightly lower RH.15

5.1 Parameterization of f (RH)

The humidograms of f (RH) measured at Zeppelin station can be well described using
an empirical γ-model, which has also been used in previous studies e.g. by Gassó
et al. (2000) and Kotchenruther and Hobbs (1998) and goes back to the work of Kasten
(1969):20

f (RH,λ)= (1−RH)−γ (8)

where γ parameterizes the magnitude of the scattering enhancement. Although more
advanced multi-parameter equations have been proposed in the literature e.g. by Car-
rico et al. (2003), it turns out that Eq. (8) is sufficient to parameterize the behavior of
f (RH) observed in this study. f (RH) measured at high RH (>75%) and low RH (<65%)25

were fitted separately to get a criterion for the presence or absence of a deliquescence
transition. The time series of the high RH fit parameter γ>75% is seen in Fig. 7a. The
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error bars denote the 95% confidence level of the fitted parameter and are in general
very small, showing that the γ-model works well for the aerosol type measured at the
Zeppelin station. Larger error bars are mostly the result of extremely low concentra-
tions, where the noise of the measured scattering coefficients caused a high uncer-
tainty in f (RH). It can also be caused by air mass changes during the averaging period5

of one day. The advantage of using the fit-parameter γ>75% instead of f (RH=85%)
is that measurements taken at different RH can be directly compared, and that γ>75%
describes the humidity dependence of f (RH) for the entire range RH>75%. Campaign
average and percentile values of γ>75% can be found in Table 1.

5.2 Deliquescence caused by sea salt10

The fit parameters γ>75% and γ<65% can be used to check for possible deliquescence
transitions. We can define a hysteresis index η:

η=1−
γ<65%

γ>75%
, (9)

which describes the magnitude of a deliquescence transition at 65%<RH<75% within
the range of η=0 (no deliquescence) and η=1 (very distinct deliquescence, i.e. com-15

pletely undissolved at RH<75%). The time series of η is shown in Fig. 7b. It can be
seen that deliquescence is more often observed during the last third of the campaign
(15 September to 15 October 2008). The color code of the circles in Fig. 7b denotes the
aerosol volume fraction VOPC/Vtot, which hereafter will be called coarse mode fraction.
The coarse mode is most likely dominated by sea salt particles because the observed20

f (RH) would be much smaller if it was mineral dust (e.g. f (RH=82%)=1.69 measured
by Carrico et al., 2003). A high coarse mode fraction (reddish color in Fig. 7b) thus in-
dicates high sea salt influence. High values of η occurred whenever the coarse mode
fraction was high, indicating that the appearance of a distinct deliquescence is linked
to the presence of sea salt. The few values of η<0 are not physically reasonable and25

are caused by possible air mass changes within the averaging time of one day or noisy
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data at times with extremely low concentrations (especially at the beginning of Septem-
ber). Figure 8b shows the scatter plot of η versus the coarse mode fraction, where the
color code denotes the Na+-mass fraction determined from the filter analysis. A posi-
tive correlation can be seen between the possibility of a deliquescent transition and the
sea salt content. It should be mentioned that organic species in the aerosol chemical5

composition will most probably lower the magnitude of the deliquescence (Ming and
Russel, 2001) as organics will also decrease the hygroscopic growth in general (see
Sect. 5.3).

The sea salt number concentration derived from the FLEXPART analysis (see
Sect. 4) also indicates that sea salt is more abundant during the last third of the cam-10

paign. The times for which elevated sea salt number concentrations are predicted (see
red line in Fig. 7c), correspond partly to the times when deliquescence is clearly ob-
served (high η values in Fig. 7b). The simplified sea salt tracer analysis only provides
qualitative information, while the modeled number concentrations did not match to the
SMPS and OPC measurements quantitatively.15

5.3 Compensating effects of size and hygroscopicity

Neither the observed f (RH) nor the γ>75% showed a clear seasonal trend (see Fig. 7a,
d), nor were they positively correlated with the occurrence of sea salt (see Fig. 8a), as
inferred from the coarse mode fraction.

Two hypotheses can be put up for the explanation of these findings:20

1. The aerosol properties are constant in time.

2. Compensating effects of different varying aerosol properties cause an almost con-
stant f (RH).

The first hypothesis can be excluded given the observed variations of the size distribu-
tion, the chemical composition and the influence of sea salt. The temporal evolution of25

the coarse mode fraction and the Na+-mass fraction is shown in Fig. 7c. The coarse
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mode fraction is increasing towards the end of the sampling period, pointing towards
a higher sea salt influence. The clear change in the aerosol number and surface area
size distribution was already seen in Fig. 3. As mentioned above, the aerosol filter
analysis showed a clear change in aerosol chemical composition (see Fig. 4). The
FLEXPART sea salt tracer analysis showed as well a possible change in chemical5

composition, with a higher sea salt probability especially during the second half of
September (red line in Fig. 7c). This confirms that the aerosol properties did change
with time.

How would the optical properties of an aerosol with a constant chemical composition
react to a change only in size? This is illustrated by assuming a certain constant hygro-10

scopic growth and refractive index and performing Mie calculations to calculate f (RH)
exemplarily at RH=85% (as described in Sect. 3.2) using the measured size distribu-
tions as input. The result for assuming a strongly hygroscopic salt (sodium chloride,
NaCl), an intermediately hygroscopic salt ((NH4)2SO4) and for weakly hygroscopic or-
ganics is shown in Fig. 7d. For NaCl and (NH4)2SO4 the growth factors were taken15

from Topping et al. (2005) and the refractive indices from Toon et al. (1976). For the or-
ganics, a value of g=1.2 (at RH≈aw=85%) was taken from Sjogren et al. (2008), which
is representative of aged organic aerosol in the free troposphere and a corresponding
refractive index was taken from Nessler et al. (2005a). f (RH) of pure NaCl would be
in general much higher (mean 7.4 at RH=85%, blue points in Fig. 7d) than measured.20

The blue points, assuming pure NaCl, clearly illustrate that the increase in particle size
during the period after 15 September would lead to distinctly lower f (RH) if the chem-
ical composition was constant. Assuming pure organics results in much lower f (RH)
(mean 1.6 at RH=85%, green points in Fig. 7d). The size effect is also seen though less
pronounced. f (RH) calculated for pure (NH4)2SO4 (mean 3.1 at RH=85%, red points25

in Fig. 7d) are in the range of our measurements. The size effect during the period with
high coarse mode fraction is also seen for pure (NH4)2SO4, while the measured f (RH)
decreased only very little (see also Fig. 8a).
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The compensating effects of changes in size and hygroscopicity (chemical composi-
tion) on f (RH) can be illustrated by performing Mie calculations with a model aerosol
consisting of various fractions of a highly hygroscopic inorganic salt (NaCl) and weakly
hygroscopic organics. The corresponding growths factors and refractive indices (refer-
ences see above) were obtained through volume weighting (also known as Zdanovskii-5

Stokes-Robinson approach). A single log-normal size distribution with varying mode
diameter Dmod and a fixed geometric mean deviation width of 1.8 was chosen as input.
Figure 9 shows a clear decrease of f (RH=85%) with increasing size when assuming
the chemical composition to be constant. It also decreases with increasing organic
contribution. This is reasonable, since organic species reduce the hygroscopic growth10

of sea salt particles significantly (Ming and Russel, 2001). The measured values of
f (RH=85%) versus the number mean diameter Dmean are included in Fig. 9. They do
not follow the isolines of constant chemical composition but show a rather constant
f (RH=85%) with a clear change in particle diameter. Compared to the model cal-
culations they show an increased inorganic contribution (more NaCl) with increasing15

size, which results in a higher hygroscopic growth. Note that Dmean (obtained from the
measured size distribution by Dmean=N

−1∫∞
0 (DdrydN/dlogDdry)dlogDdry) is not directly

comparable to Dmod of the log-normal size distribution, but gives the right range for the
measured values.

The fact that the measured f (RH=85%) showed no significant change during sea20

salt periods, with a concurrent increase of mean particle size, implies that also particle
hygroscopicity increased during these periods. Lacking a direct measurement of parti-
cle hygroscopicity, the magnitude of hygroscopic growth factors and their trends were
estimated using the WetNeph, the DryNeph, and the size distribution measurements
(see Sect. 3.2 and the retrieval scheme in Fig. 1). (NH4)2SO4 was assumed as complex25

refractive index for the entire period, which is a reasonable guess as can be seen in
Fig. 11 where the dry calculated versus measured values of σsp(λ=550 nm) are shown.
The growth factor g was calculated in 2-h intervals and then averaged to daily values.
Figure 7e reveals a higher retrieved g during sea salt periods especially in the last third
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of the campaign. This is reasonable because sea salt is amongst the most hygroscopic
atmospheric aerosol (Swietlicki et al., 2008). The other time of the measurement period
could be dominated by secondary inorganic or organic aerosol, especially during the
first half of the campaign, where 24 h of sunlight probably promoted secondary aerosol
production. The scatter plot of κ (calculated from g at RH=85% using Eq. 4) versus5

VOPC/Vtot shows again that the sea salt contribution has an influence on the magnitude
of the hygroscopicity (see Fig. 8c). Campaign average and percentile values of g (and
its κ value) are given in Table 1.

These findings confirm the hypothesis that compensating effects of hygroscopicity
and size determined the temporal stability of f (RH=85%) at Zeppelin station during10

our campaign. While the beginning of the campaign (July and August) mainly was
dominated by smaller and less hygroscopic particles, the end (September and October)
was dominated by larger and more hygroscopic particles.

5.4 Impact of f (RH) on climate relevant parameters

To demonstrate the impact of f (RH) on properties which are important to estimate the15

radiative forcing of aerosol particles, the single scattering albedo ω0 was determined
from the dry in-situ measurements as well as for the actual ambient RH. ω0 gives
the fraction of the radiation attenuated by aerosol particles due to scattering. It is
defined as the ratio of the aerosol scattering coefficient σsp to the total aerosol extinction
coefficient, which is the sum of σsp and the absorption coefficient σap:20

ωdry
0 =

σsp

σsp+σap
. (10)

All variables are dependent on the wavelength λ, which is omitted in Eq. (10) for simplic-
ity reasons. ω0 is here determined by the (dry) in-situ measurements of σsp (DryNeph)
and σap (aethalometer, using Eq. 2). Since the aethalometer measures at different
wavelengths than the nephelometer, the absorption coefficients were recalculated to25
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the wavelengths of the nephelometer using the Ångström law:

σap(λ)=βλ−α , (11)

where λ is the wavelength of the aethalometer, β a concentration dependent constant
and α the Ångström exponent.

To retrieve the real ambient value of ω0 – from now on called ωamb
0 – the daily average5

of the RH measured outside of the Zeppelin station is used (see Fig. 10a, error bars
denote the standard deviation). Using the ambient RH, the daily value of γ>75% (see
Fig. 7a) and Eq. (8) is used to calculate the ambient f (RH) (see Fig. 10b, for λ=550 nm).
The outliers in Fig. 10b with f (RH) values above 20–30 are on the one hand the result
of the large uncertainties in γ>75% on days which were characterized by extremely10

low concentrations. On the other hand, values at high RH>95% have to be treated
with care, because small uncertainties in the ambient RH measurement have a strong
impact on the determined f (RH) (e.g. f (RH)→∞ for RH→100% in Eq. 8).

The ambient single scattering albedo ωamb
0 is then calculated as followed:

ωamb
0 =

f (RH)σsp

f (RH)σsp+σap
. (12)15

The absorption coefficient σap is assumed not to change in a significant way with in-
creasing RH, which is a reasonable assumption for the Arctic aerosol. Nessler et al.
(2005b) e.g. showed in a model study the negligence of the absorption enhancement
for an aerosol with high values of ω0 (here for the free tropospheric aerosol found at
the JFJ).20

The dry and ambient values of ω0 are seen in Fig. 10c (the error bars were calculated
by Gaussian error propagation using the standard deviation of RH, assuming a 5%
uncertainty of the nephelometer, a 10% uncertainty of the aethalometer and the error
of the γ>75% coefficient, which is the difference of the 95% confidence level). The dry in-

situ measured values of ωdry
0 are already close to one (mean ωdry

0 =0.95, 90th percentile25
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ωdry
0 =0.99), which means that most of the light extinction by aerosol particles is caused

by scattering. In the high humidity ambient environment, the ωamb
0 increases to values

even closer to one (mean ωamb
0 =0.98, 90th percentile ωamb

0 =0.997). For some days
the difference between the dry and the ambient ω0 is quite large. Such cases could be
important for the critical single scattering albedo (Haywood and Shine, 1995), which5

is a threshold of ω0 that determines whether the radiative forcing will be a negative
(cooling) or a positive (warming) one. Over a high albedo surface there are cases
where ωdry

0 and ωamb
0 even can cause opposite signs in the radiative forcing.

5.5 Predicting f (RH)

The humidograms in Fig. 6 and the time lines in Fig. 7 already demonstrated through10

their relatively high values of f (RH) the need to correct the dry in-situ measured scat-
tering coefficients. Recommendations will be given in this section on how to transform
dry measured scattering coefficients to ambient conditions. This is only valid for Arctic
aerosol similar to the one found at Zeppelin station during summer and fall.

The model calculations to predict f (RH) measured by the WetNeph were repeated15

with modified input parameters. As input, daily averages of the measured dry number
size distribution and a constant dry refractive index of (NH4)2SO4 were used. The cal-
culations were done for a larger RH range of RH=75–95%. The RH dependency of g
was accounted for by using the κ model (Eq. 4). Different κ values of the hygroscopic
growth were used to test the sensitivity of f (RH) to hygroscopicity. The calculations20

were performed for κ=1.11, 0.57, and 0.24, corresponding to the maximum, mean and
minimum retrieved hygroscopic growth factor, respectively. In addition, κ was parame-
terized as a function of VOPC/Vtot, our proxy for sea salt contribution. Regression of the
data shown in Fig. 8c gives the linear relationship:

κ =0.28
VOPC

Vtot
+0.43. (13)25
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A comparison of the dry calculated scattering coefficients (daily averages) for the en-
tire measurement period showed a good agreement with the measured values (see
Fig. 11). Therefore, a fixed dry refractive index could be used here. Figure 12 shows
the result as a histogram of the ratio of predicted to measured f (RH). For compari-
son, the calculations were also done with the exact daily mean κ (see magenta line5

in Fig. 12). Both using the maximum or minimum κ causes a clear over- or under-
prediction of f (RH) by a factor of ∼1.7 or ∼0.6, respectively. Expressing κ as a function
of VOPC/Vtot generally gives a better performance with the prediction ratios centered
around 1. However, just taking the campaign mean κ∼0.57 is already sufficient, when
predicting f (RH). Pure (NH4)2SO4 has a κ value of 0.48 at RH=85% (Topping et al.,10

2005), thereby explaining the good agreement between the measurement and the pre-
diction for pure (NH4)2SO4 as already shown in Fig. 7d.

6 Conclusions

High scattering enhancement factors f (RH, λ=550nm) (mean ± standard deviation =
3.24±0.63 at RH=85%) were observed during summer and fall 2008 at the Zeppelin15

station in Ny-Ålesund, Svalbard. No clear wavelength dependency of f (RH) was found.
The measured RH dependency of f (RH) at RH between 75% and 95% can be well de-
scribed by an empirical one-parameter equation. Filter measurements and FLEXPART
simulations revealed considerable influence from sea salt aerosol during about one
third of the time, also reflected in an enhanced coarse mode fraction. Distinct deli-20

quescence was frequently observed during sea salt influenced periods, while water
uptake on the hydration branch was gradual during the other periods. No distinct or
even a slightly negative correlation was found between sea salt influence and f (RH)
at RH=85%. This is explained by the fact that equal diameter growth factors trans-
late into smaller f (RH) at bigger dry sizes. The mean dry size was indeed larger25

during sea salt influence, and reverse Mie calculations indicate that hygroscopic diam-
eter growth factors were actually slightly higher than during periods without sea salt
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influence. However, variations of the inferred hygroscopic growth were rather small,
such that assuming a constant mean hygroscopicity of κ=0.57 for the entire campaign
introduces little additional uncertainty in model predictions of f (RH) based on size dis-
tribution data. Although these results were obtained specifically for the Zeppelin sta-
tion, they might as well be valid for other Arctic areas during summer and fall periods5

without the clear influence of anthropogenic pollution.
It is important to include f (RH) when deriving aerosol forcing properties like the

single scattering albedo ω0 at ambient conditions. These results will be used in a future
study to compare the in-situ measured scattering coefficients (now brought to ambient
conditions) at the height of the Zeppelin station (at 475 m) with lidar measurements,10

which are regularly performed from the town of Ny-Ålesund located at sea level.
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measurements at Zeppelin station, Ny-Ålesund, Svalbard from 1998–2007, Geophys. Res.
Lett., 36, L02809, doi:10.1029/2008GL035741, 2009. 3672

EMEP: Manual for sampling and chemical analysis, Kjeller, Norwegian Institute for Air Re-15

search, EMEP/CCC Report 1/95, Last rev. 2006, 1995. 3666
Fierz-Schmidhauser, R., Zieger, P., Wehrle, G., Jefferson, A., Ogren, J. A., Baltensperger, U.,

and Weingartner, E.: Measurement of relative humidity dependent light scattering of
aerosols, Atmos. Meas. Tech., 3, 39–50, 2010,
http://www.atmos-meas-tech.net/3/39/2010/. 366320

Fierz-Schmidhauser, R., Zieger, P., Gysel, M., Kammermann, L., DeCarlo, P. F., Baltensperger,
U., and Weingartner, E.: Measured and predicted aerosol light scattering enhancement fac-
tors at the high alpine site Jungfraujoch, Atmos. Chem. Phys. Discuss., 9, 20063–20101,
2009,
http://www.atmos-chem-phys-discuss.net/9/20063/2009/. 3662, 3665, 3669, 367325

Fitzgerald, J. W., Hoppel, W. A., and Vietti, M. A.: The size and scattering coefficient of urban
aerosol particles at Washington, DC as a function of relative humidity, J. Atmos. Sci., 39,
1838–1852, 1982. 3662
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Table 1. Campaign mean, standard deviation (STD), and percentile values of the scatter-
ing enhancement factor f (RH=85%), its fit parameter γ>75% (both at λ=550 nm), the apparent
hygroscopic growth factor g (at RH=85%), and its κ value (both derived via Mie theory as
described in Sect. 3.2).

mean STD median 10th perc. 90th perc.

f (RH=85%) 3.24 0.63 3.12 2.54 3.93

γ>75% 0.58 0.09 0.57 0.47 0.69

g(RH=85%) (Mie) 1.61 0.12 1.60 1.47 1.77

κ (Mie) 0.57 0.17 0.55 0.39 0.80
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Fig. 1. Scheme of the growth factor retrieval (backward calculation). See text for details.
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Fig. 2. Example of the recorded data for 20 August 2008 (local time). Panel (a): Hourly
webcam pictures from Zeppelin station. Panel (b): Relative humidity inside the WetNeph.
Panel (c): Measured scattering coefficients σsp(λ=550 nm) in the DryNeph (red line, hourly
averages) and in the WetNeph (blue line, 2 min values). Panel (d): Number size distribu-
tion measured by SMPS and OPC. Panel (e): Absorption coefficient σap determined by the
aethalometer at different wavelengths (one hour moving mean applied). The 660-nm channel
was not working properly and had to be excluded.
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Fig. 3. Overview of recorded data of the entire campaign. Panel (a): Dry scattering coefficients
at 450, 550, and 700 nm (DryNeph, hourly averages). Panel (b): Absorption coefficients at
different wavelengths (aethalometer, hourly averages, without 660 nm). Panel (c): Normalized
number size distribution (SMPS and OPC, 6 h averages). Panel (d): Normalized surface size
distribution measured (SMPS and OPC, 6 h averages). Panel (e): Total number concentration
(blue line) and total surface area (orange line) measured by SMPS and OPC (6-h averages).
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Fig. 4. Normalized filter measurements of aerosol components (colored bars) and the total
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completely (exception: 26 and 27 July, where no BC measurements were available, but are
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Fig. 5. Total surface residence time for the Zeppelin station (ZEP, see grey cross) for the period
15 July to 15 October 2008.
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Fig. 6. Measured humidograms of f (RH,λ=550 nm), given as daily median values, where
the error bars denote the standard deviation. Panel (a): Example from 20 August 2008.
Panel (b): Example from 11 October 2008. Solid lines are γ-fits for the values with RH>75%
(blue line) and for RH<65% (red line). The time periods correspond to the filter sampling time
(local time).
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Fig. 7. Panel (a): Time series of fit-parameter γ>75%, error bars indicate the 95% confidence
level. Panel (b): Hysteresis index η, color code indicates the coarse mode volume fraction.
Panel (c): Measured coarse mode fraction (black line), normalized sea salt number concentra-
tion for the 1–10 µm particle diameter size range as derived from FLEXPART analysis (red line)
and measured Na+-mass fraction (blue points). Panel (d): Calculated f (RH=85%, λ=550 nm)
using the measured size distribution and assuming a constant chemistry (constant hygroscopic
growth and complex refractive index) and measurement of f (RH=85%, λ=550 nm) (black cir-
cles, error bars are standard deviation of daily median values). Panel (e): Retrieved growth
factor (g). See retrieval scheme in Fig. 1. Data is only shown for periods with available Wet-
Neph measurements.
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Fig. 8. Panel (a): Fit-parameter γ>75% of f (RH) versus coarse mode fraction. Panel (b): Hys-
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versus coarse mode fraction VOPC/Vtot. Color code in all panels indicates the Na+-mass fraction
determined from filter measurements (only for days where the mole fraction 0.3<Na+/Cl−<3).
Black lines represent a weighted least-square regression.
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Fig. 9. Scattering enhancement f (RH=85%, λ=550 nm) modeled for various NaCl to organic
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values of f (RH=85%, λ=550 nm) versus the number mean diameter Dmean measured by SMPS
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Fig. 10. Single scattering albedo the measured dry aerosol and recalculated to ambient con-
ditions. Panel (a): Relative humidity (RH) outside Zeppelin station (error bars denote standard
deviation of daily average). Panel (b): Scattering enhancement factor f (RH,λ=550 nm) at am-
bient RH. Panel (c): Single scattering albedo ω0(λ=550 nm) measured at dry conditions (red
points) and recalculated to ambient RH (blue points, daily averages, error bars are determined
by error propagation).
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Fig. 11. Dry calculated versus dry measured scattering coefficients (at λ=550 nm) using a re-
fractive index of (NH4)2SO4 for the entire campaign and the measured dry size distribution
(daily averages, error bars denote standard deviation of the calculated and measured one-hour
values). A weighted linear least-square regression is added to the plot (black line).
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minimum (κ=0.24, red line), the maximum (κ=1.11, blue line), and the mean (κ=0.57, green
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fraction (black line). Using the exact daily mean κ derived from the backward calculation is also
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