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Abstract. Ambient relative humidity (RH) determines the 1 Introduction
water content of atmospheric aerosol particles and thus has
an important influence on the amount of visible light scat- Atmospheric aerosols influence the Earth radiation budget
tered by particles. The RH dependence of the particle lightoy scattering and absorbing light. Further they act as cloud
scattering coefficieniogp) is therefore an important variable condensation nuclei and therefore influence the radiative
for climate forcing calculations. We used a humidification properties and the lifetime of clouds. These two effects
system for a nephelometer which allows for the measure-are called direct and indirect aerosol effect and are esti-
ment of osp at a defined RH in the range of 20-95%. In mated to have an anthropogenic radiative forcing-@k5
this paper we present measurements of light scattering erand—0.7 Wn1 2, compared to+2.66 WnT 2 by greenhouse
hancement factor§(RH)=os,(RH)/osp(dry) froma 1-month  gasesIPCC 2007). The anthropogenic aerosol forcing un-
campaign (May 2008) at the high alpine site Jungfraujochcertainty is substantially larger than that of the greenhouse
(3580 ma.s.l.), Switzerland. Measurements at the Jungfraugases 0.8/—1.5 vs.£0.27 Wnt2) (IPCC, 2007. There-
joch are representative for the lower free troposphere abovéore there is an urgent need to constrain this uncertainty.
Central Europe. For this aerosol type hardly any information To better quantify the direct effect it is important to under-
about thef (RH) is available so far. At this sitef,(RH=85%)  stand how aerosol light scattering properties are influenced in
varied between 1.2 and 3.3. Measurg(RH) agreed well  the atmosphere. At high relative humidity (RH) liquid water
with £(RH) calculated with Mie theory using measurements comprises a major fraction of the atmospheric aerosol, and
of the size distribution, chemical composition and hygro- therefore the light scattering of aerosols expressed by the
scopic diameter growth factors as input. Gop@RH) pre-  scattering coefficientogp) depends on RH. The factor that
dictions at RH<85% were also obtained with a simplified quantifies this dependence is the light scattering enhance-
model, which uses th&ngstm exponent obsp(dry) as in-  ment factor f (RH)=osp(RH)/osp(dry). To ensure compara-
put. RH influences further intensive optical aerosol proper-bility between differentysp measurements at GAW (Global
ties. The backscatter fraction decreased by about 30% fromtmosphere Watch) stations, the World Meteorological Or-
0.128 to 0.089, and the single scattering albedo increasedanization (WMO) recommends measurementsggfto be
on average by 0.05 at 85% RH compared to dry conditionsbelow 40% RH WMO/GAW, 2003, which is considered
These changes insp, backscatter fraction and single scatter- a dry measurement.
ing albedo have a distinct impact on the radiative forcing of At a fixed RH, f(RH) depends mainly on the dry particle
the Jungfraujoch aerosol. size distribution and on the particles’ hygroscopicity, which
is determined by their chemical composition. For a constant
chemical compositiorf (RH) increases with decreasing par-
ticle size (see, e.dzierz-Schmidhauser et a2010.

Many studies have presented measurements of atmo-
spheric aerosol light scattering enhancement factéRH),
e.g. for biomass burning aeros#ldtchenruther and Hobbs
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(Day and Malm 2001), continental Koloutsou-Vakakis et  dle on the north crest of the Bernese Alps, Switzerland, at
al., 2001, Sheridan et a).2001) or urban {ran et al, 2009 3580 m altitude. The JFJ is a Global Atmosphere Watch
sites or close to the se&4drrico et al, 1998 2003 Wang et  (GAW) site and aerosol measurements have been performed
al., 2007. The highestf(RH) were detected in Gosan, Ko- in this framework since 1995. Itis also part of the Swiss Na-
rea, during measurements of pollution aerosols from Chingional Monitoring Network for Air Pollution (NABEL) and
of 2.75 (at 85% RH) and of volcanic aerosols during ACE- the Federal Office of Meteorology and Climatology (Me-
Asia of 2.55 (at 82% RH). During ACE-Asi&arrico et al.  teoSwiss). Baltensperger et al1997 and Collaud Coen
(2003 measured a very lovf (RH) of 1.18 (at 82% RH) for et al. (2007 give more information on the JFJ site and the
dust dominated aerosol. In Brazil, biomass burning aerosolong-term aerosol measurements performed there. Due to
measurements revealet{RH) as low as 1.16 at 80% RH its high elevation the JFJ resides predominantly in the free
(Kotchenruther and Hobb4998. troposphere (FT) but can be affected by continental and re-

The aerosol scattering coefficieat, can be measured gional pollution sources through vertical transport: During
by an integrating nephelometer. To measusg at differ- ~ the warmer months injections of more polluted planetary
ent RH, we built a humidification system for a commer- boundary layer (PBL) air occur due to thermal convection.
cial nephelometer (TSI Inc., model 3563) which allows for Consequently most extensive aerosol parameters undergo an
the measurement afsp at a defined humidity below 95% annual cycle with maxima in the summer months and minima
RH (Fierz-Schmidhauser et aR010Q. The system is able inthe winter monthsRBaltensperger et all991, 1997, Nyeki
to measure how hygroscopic properties and hysteresis efet al, 1998 Weingartner et a).1999 Collaud Coen et al.
fects of the atmospheric aerosol influergg, and it can be ~ 2007). A diurnal cycle due to mixing of convectively trans-
continuously and remotely operated with very little mainte- ported PBL aerosol with the air from the free troposphere
nance. In May 2008 this humidified nephelometer measureds superimposed on this seasonal cycle, which often occurs
in parallel with a dry nephelometer (Rt20%) at the high  during the spring and summer seasons. This diurnal cycle
alpine site Jungfraujoch (JFJ). The Jungfraujoch is located atvas clearly present during the first period of this campaign.
3580 mas.| in the Swiss Alps and is designated a clean con-Throughout the year the station is within clouds about one
tinental background station in Central Europe. JFJ is wellthird of the time Baltensperger et al1998).
suited for the study of background aerosols in climate re-
search Klyeki et al, 1998. 2.2 Instruments

The scattering enhancement at higher RH influences th
direct climate forcing by aerosol particle€t{arlson et a.
1992 Schwartz1996. It is therefore desirable to be able to

transform dryosp into ambientosp values. For this purpose  gince 1995 an integrating nephelometer (TSI Inc., model
we measured the size distribution and the chemical COMPO3563) has measured the dry scattering coefficiegssand
fs,ition of the JFJ aerosol and performe_d a closure study USgry backscattering coefficientssp of total suspended par-
ing a model based on Mie theory, which can calculate thejcate matter (TSP) at three wavelengths-450, 550 and
light scattering enhancement fact6(RH) at different RH.  59q nm) at the JFJ. During the campaign in May 2008 the RH
We also compared our model to another model developed by, his nephelometer was always below 20% RH. No drying
Nessler et al(20053. of the air is needed to achieve this low RH, since the tem-

In this paper we present model calculationg'@RH) with  herature difference between the ambient atmosphere and the
different model assumptions (constant or variable Chem'caf;boratory is typically more than 2%&.

composition and size distribution) for the month of May e pyilt a novel humidification system for a second inte-
2008. The paper presents the sensitivityf@RH) on these grating nephelometer to measure the RH dependenag,of
two input parameters. The predictggRH) results are COM-  andgy,g;at a defined RH in the range of 20-95% RH. The hu-
pared to the measuref(RH). Finally we present the impact - pjgjfication system consists of a humidifier to rise the RH of
of RH on other intensive aerosol properties and the radiativgne aerosol up to 95% RH, followed by a dryer, which dries to
forcing. aerosol to the desired RHFierz-Schmidhauser et a2010).

This system enables us to measure the hysteresis behavior of

deliquescent aerosol particles. The light scattering enhance-

%21 Scattering coefficients at dry conditions and at
high RH

2 Experimental ment factorf(RH) is defined as the ratio @y at high and
2.1 Measurement site low RH:
' osp(RH)
o fRE=—— ()
All data presented here were measured at the high alpine osp(RH=dry)

research station Jungfraujoch (JFJ; @8 N, 7°59 E). The  The light backscattering enhancement facfap(RH), is de-
measurement campaign took place from 1 to 29 May 2008fined similarly withonsp  During the majority of the mea-
The JFJ measurement site lies on an exposed mountain saddrement period the humidified nephelometer measured at
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85% RH 10% RH). During four time periods, humidity cy- controller combined with temperature and pressure sensors.
cles of the scattering enhancement, commonly referred to a¥he sample flow rate was 1 Ipm. In addition, an optical parti-
humidograms, were determined. When both nephelometersle counter (OPC, Grimm Dustmonitor 1.108) measured the
measured at dry conditions (RH0%) (3 May 20:00 LT (lo-  dry size distribution of the larger particles in the optical di-
cal time) to 5 May 10:00 LT) the two instruments agreed well ameter range 0.3 pnD, <25 um. In the OPC the individ-
with a slope of 1.03, an intercept ok30~'m~tand a corre-  ual particles are classified according to their light scattering
lation coefficient 0fR2=0.982 (ath=550 nm). osp andopsp behavior, which depends on the particle size, morphology
were corrected for the truncation error accordinghtaler- and refractive index. The comparison of the size distribu-
son and Ogre1999. They used théngstiom exponens, tion spectra of the OPC and the SMPS showed that the OPC

of the scattering coefficient, which is defined as: diameters need to be slightly shifted (multiplication of the di-
_a ameter by 1.12 on average) to larger sizes to get good agree-
Osp=CA ™. ) ment. A similar disagreement was found in a different study
The factorc (turbidity coefficient) is related to the aerosol 2t the JFJ site bozic et al(200§. _
concentration and is the wavelength of the light. Divid-  The combined SMPS and OPC data were used as input

ing obsp by osp results in the backscatter fractién which for the Mie calculation. All diameter corrected data from the

is the percentage of radiation that is scattered back at anglédPC were taken, whereas the SMPS data were just used up
between 90 and 180. b increases with decreasing particle 0 D,=340nm, to avoid the influence of doubly and triply
size. If the sun is in the zenith, is equal to the upscatter charged particles for larger diameters. A comparison of the
fraction 8. g is the fraction of light that is scattered by a par- integrated size distribution of the SMPS and OPC to a sec-
ticle into the upward hemisphere relative to the local horizon,0nd CPC, measuring the total number concentration, showed
and consequently depends on the zenith angle and the paribat the SMPS measured20% less than the CPC, if large
C|e Size_ In th|s Stud)ﬁ is parameterized from the measured nuc|eati0n events (W|th h|gh Concentrations Of partiC|eS W|th

b using the following equation for the global meaniscome ~ Dp<30nm) were excluded for the comparison. The cor-
and Grams1976in Sheridan et a].1999: rected and combined SMPS and OPC data were used as an
) input for the model calculations (see Sex8).

B =0.081741.8495% —2.9682"~. (3)

Often, the actual RH in the nephelometer differed slightly 2-2-3 ~Hygroscopic properties

from the target RH of REge=85%. Several humidograms
measured at different times could be well described with th
following empirical relationship:

A hygroscopicity tandem differential mobility particle sizer
(H-TDMA), based on the instrument presentedMgingart-
ner et al.(2002, was operated to measure the hygroscopic

H )3, diameter growth factorsg, defined as the diameter ratio

1-RH/ (4) of high RH and dry conditions. The H-TDMA functions

) . - as follows: Particles are dried to RH40% and brought to
vyhere_a is the only free parameter. Thls empirical rela- charge equilibrium before a first DMA is used to select a dry
tionship allows recalculation of (RH) to different RH val-  monodisperse size of the polydisperse aerosol. These parti-
ues, assuming that it generally holds. Recalculgt®@H)  cles with a well defined dry diameter then pass through a hu-
at RHarger=85% were determined in this way frof(RH)  mijgifier before the resulting equilibrium diameters are mea-

f(RH) = <1+a

measured at 75%RHmeas<95%: sured using a second DMA operated at a well defined high
RHiarcer \ 3 RH (typically 90%). The mean growth factgr measured
Srecald RHtarged = <1+amea#> at RH=90%+3%, was obtained from the raw measurement
— RPtarget distributions using the TDMAInv inversion algorithrsysel
3 1-RHmeas RHarget 3 et al, 2009. Dry diameters measured in this study were 35,
= (1+ |:fr’r71eas_1:| RH 1T RA ) ()  50,75,110, 165 and 265 nm.
meas 1— target

2.2.2 Particle number size distributions 2.2.4 Chemical composition

A scanning mobility particle sizer (SMPS) measured the dryAn Aerodyne High Resolution Time-of-Flight Aerosol Mass
particle size distribution in the particle mobility diameter Spectrometer (AMS) measured the size resolved aerosol
range 12 nm: D, <562 nm. This instrument consists of a dif- chemical composition of non-refractory submicron aerosol
ferential mobility analyzer (DMA) followed by a conden- particles. The instrument has been characterized in detail
sation particle counter (CPC, TSI Inc., model 3772). Theelsewhere DeCarlo et al.2006§ Canagaratna et al2007).
SMPS had a closed loop configuration for the sheath and exBriefly, aerosol is introduced into the instrument via an aero-
cess air. The volumetric sheath air flow rate was held con-dynamic lens which focuses the aerosol into a tight beam.
stant at 5lpm (liters per minute) by means of a mass flowThe particle beam impacts on an inverted conical tungsten
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Table 1. Microphysical properties of selected aerosol compounds used for the model predictions. The imaginary part of the complex
refractive index: was omitted for all components except for black carbon (BC). All values are interpolated to the nephelometer wavelengths.
Mean concentrations (and standard deviations) are for the entire measurement period.

A Organics NHNO3 (NHg)2SO; NH4HSO, H»SO; BC

450 nm 1.55¢ 1.536P 1.438¢  1.75+0.46i€
n; 550nm 1.4&h  1556P  1.530P 1.473¢h  1.4349 1.7510.44i¢

700 nm 1.55% 1.524P 1.4329  1.75+0.43i¢
pi (g/cm) 1.4f 1.729 1.779 1.789 1.839 1.72
mean conc. 0.703 0.370 0.450 0.097 0.013  0.057
(Mg/md) (std)  (0.808)  (0.638) (0.611) (0.111) (0.027) (0.054)

@ Nessler et al(20053; b Software from Andrew Lacis (frorhttp://gacp.giss.nasa.gov/daets/ last visited on 19 May 2009) based on
Toon et al.(1976; Gosse et al(1997); Tang(1996); ° Li et al. (2001); d paimer and Williamg1975; € Hess et al(1998; f Alfarra et al.
(2006; Dinar et al.(2006; 9 Lide (2008, h'No wavelength dependence assumed.

vaporizer at 600C, where the non-refractory components are  The black carbon (BC) concentration was calculated from
flash vaporized. The resulting gas phase plume is ionized by, at 880 nm using an optical absorption cross-section of
electron ionization at 70eV. A high mass resolution massthe manufacturer (16.6/m?/g=5.91nt/g). It is a com-
spectrometer (H-TOF, Tofwerk AG, Thun, Switzerland) pro- mon practice to use this wavelength for the determination
duces mass spectra which are processed using custom sofif equivalent BC concentrations since smaller wavelengths
ware to give mass concentrations of non-refractory speciesnay have stronger contributions by other aerosol compo-
At the JFJ the AMS measured with a collection efficiency nents (such as organic matter or mineral dust).

of 1. This collection efficiency was determined based on in- The aerosol single scattering albagd@describes the rela-
tercomparisons of the AMS with both SMPS and dry neph-tive contribution of scattering to the total light extinction:
elometer measurements at JFJ. This particular instrument has

been deployed at several other locations where intercompag, — _ 9 (7
isons with other instruments including other AMS instru- OsptOap

ments consistently report a collection efficiency of 1 for am-

bient aerosol. Tabl&lists the mean concentrations measureds'ncew0 is wavelength dependeat, andogp need to be at

at the JEJ the same wavelength. Therefore we transforraggdmea-
| sured by the aethalometer to the nephelometer wavelengths
2.2.5 Light absorption coefficient 450, 550 and 700 nm by using the measukedstiom expo-

nent for the absorptiod, (in analogy to Eq2).
The aethalometer (AE-31, Magee Scientific) has measured
light absorption coefficientsofy) of TSP at seven wave- 2.3 Mie calculations to predict f(RH)
lengths {=370, 470, 520, 590, 660, 880, 950 nm) at the JFJ _ _ _ _
since 2001. According tiVeingartner et al(2003 ogpwas ~ 2-3.1 Using measured physical and chemical properties

calculated with: _ ) ) )
A AATN 1 We predictedf (RH) with a model based on Mie theoiie,
Oap=——— ————, (6) 1908 where the core Mie routine is based on the code of
Q At CR(ATN) Bohren and Huffman2004. The particles are assumed to

where A is the filter spot areaQ the volumetric flow rate  Pe spherical and homogenously internally mixed. As input
andAATN the change in attenuation during the time interval the number size distribution and the complex refractive index
At. C has a value of 2.81 for the JFJ and is a wavelengthn of the measured aerosol are needed. The SMPS and OPC
independent empirical correction fact@dlaud Coen et a|. measured number size distribution; both were combined at
2009. It corrects for multiple reflections of the light beam at 340nm (see Sec2.2.9. The complex refractive index was
the filter fibers, which enhances the optical path in the filterc@lculated using the chemical composition measurements of
of the aethalometer.R corrects for the loading dependent the AMS and the aethalometer. A time resolved mean refrac-
shadowing effect.R=1 is used for the aged aerosol at the tive index was then determined by a volume fraction averag-
JFJ Weingartner et al2003. Ing:

n(h) = Zmp;ﬁn,-(k), ®

1
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wheremf; is the mass fractiony; is the density and; () 3 Results and discussion

is the wavelength dependent complex refractive index of the

compound:. We took the values for; and p; as listed in  First we give an overview of the measured light scattering
Tablel. enhancement factors(RH) in combination with other mea-

Hygroscopic growth was accounted for in two alternative surements, then we demonstrate ht{RH) can be predicted
ways: either by directly using the size resolved H-TDMA and finally we investigate the impact of RH on further climate
measurements of diameter growth factors or by calculatingelevant intensive properties.
the hygroscopic growth factor from AMS and aethalometer
measurements. The H-TDMA growth factgyRH=90%) 3.1 Measuredf(RH)
were extrapolated to different RH using Eqg. (3) fr@ysel et
al. (2009, which uses the-model introduced bfPettersand  3.1.1 Overview
Kreidenweis(2007). For the wet refractive index a volume
weighting between the refractive indices of water and the acFigurel shows an overview of the measured scattering coef-
cording dry aerosol was choserdle and Querryl973. ficientosp and the light scattering enhancement fagt(RH)

The AMS plus aethalometer measurements can also bat 85% RH of the campaign in May 2008 at the JFJ. Every
used to calculate the hygroscopic growth factor. For this, wedata point represents hourly averaged data. All time scales
used the individuag values for the retrieved salts and acids are Central European Summer Time (CESITCH2h).
that were derived frorffopping et al(2005. For the organic ~ Figure l1a displays the scattering coefficiesd, at 550 nm
component, we used a growth factor of 1.2 at-R8%%, wavelength. The nephelometer measured hourly averaged
which is representative for aged organic aerosol at the JFdsp values between 0 and x10-*m~1. The highest scat-
(Sjogren et a.2008. The BC is believed to be insoluble, tering signal occurred on 28 May, during a strong Saharan
i.e. g=1. An mean growth factor is then calculated from the dust event (SDE). The meany, of the measurement cam-
growth factors of the individual components of the aerosolpaign is shown in Tabl& (without SDE and for SDE only).
and their respective volume fractions with the ZSR relationosp shows higher values during the first half of the measure-

(Stokes and Robinsot966). ment campaign (1 to 16 May) than during the second half (16
. to 26 May), until the SDE started. We will treat the time pe-
2.3.2 Using theAngstrom exponent as only directly riod of the SDE separately (Se@t1.2. We explain the low
measured input scattering coefficients of the second half of the measurement

N ) campaign by high cloud coverage and precipitatiog.val-
Nessler et al(20053 proposed a specific algorithm for the yes pelow 106 m=2 for hourly means were included in the
JFJ site to adapt dry nephelometer measurements to ambjz|culation of means afsp but not for further data analysis.
ent conditions. They used a coated sphere model also basegle highlighted these data points in light green in the curve
on Mie theory to calculat¢’(RH). The fine mode was mod- ¢ ospin Fig. 1. For the prediction off (RH) (see SecB.2)
eled assuming an insoluble core and a homogeneous solubjﬁp values below 510-8m~1 were not used, and are shown
coating, which absorbs an increasing amount of water within grey in Fig.1a.

increasing RH. The relative amounts of insoluble and solu-  giq re 1 presents light scattering enhancement factors
ble material in the fine mode were derived from experlmentalf(RHZSS%) at 450, 550 and 700 nm wavelength. These

chemical composition and hygroscopic growth data. To gefyata points originate from scattering coefficients that were
a representative range of the JFJ size distributiNessleret o< red by the humidified nephelometer at a RH be-
al. (20053 combined 15 months of averaged SMPS and OPCeen 75 and 95% and were recalculated to=F83% with

data and fitted them with the sum of three log-normal distri- Eq. (). During most of the time the instrument measured at
butions. By varying the geometric standard deviations, me-ggo, RH (£10% RH), andf (RH=85%) varied between 1.2
dian diameters, and coarse mode concentrations within thg,4 3 3 (mean shown in Tab®. Daily averaged values of
+15% interval of the fitted parameters, they obtained size (RH=85%) were between 1.65 and 2.82, with low values
distributions considered representative for the JFJ aeroso <2) on 6, 18 and 26 May and values abové 2.70n10. 12 and
The coarse mode is considered to be insoluble (no hygrog 3 pay. A back trajectory analysis (FLEXTRA) for the days
scopic growth), as it is mainly mineral dust which is de- ith r(RH=85%)~2.7 showed that the air masses reaching
tected in this size range. Thengstibm exponent; (S€€ 3k j often did not pass below 1000 ma.s.l. within the last 7
Eq. 2), is used as a proxy for the relative contributions of yas The few times they did it nonetheless was over the At-
fine and coarse mode particles, and is beside the RH in the,iic Ocean. On these days we measured inorganic mass
nephelometer the only input parameter required to calculatge,ctions higher than 0.57, largest particle mean diameters
f(RH). The parameterization is given for a sepaorate SUMMEL Ly high hygroscopic growth factors(RH=90%)>1.55 for

and awinter case and is valid in the range-0(25<a, <2.75  paricles with a dry diameter of 265 nm). The air masses that
and 0%<RH<90%. Our measurement period lies within the 5 hed the JFJ on days with Igi{RH) either passed at less
proposed summer case scenario. than 1000 m a.s.l. in eastern Europe (6 May), in southwestern
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Table 2. Scattering coefficientsp, light scattering enhancement faciRH=85%), light backscattering enhancement fagifRH=85%),
backscatter fractiorb, single scattering albeda, Angstrom exponentd; and hygroscopic growth factor of 265nm dry particles
g(D=265nm, RH=90%) averaged over the whole campaign excluding Saharan dust event (SDE) and averaged exclusively during the

SDE.

Campaign average
Excluding SDE Exclusively SDE
<20% RH 85% RH <20%RH  85%RH

osp (550 nm) [nT1] 1.19x10°° 2.05x10°°
f(RH=85%) 2.23 1.72
f»(RH=85%) 1.60 1.54
b 0.128 0.089 0.122 0.101
wQ 0.907 0.954 0.930 0.960
& 1.787 0.839 1.671 1.111
¢(D=265nm, RH=90%) 1.522 n.a.
@ 400x10° - —+—5,,550 nm
T'; gg ] 0,550 nm < 10° m”
= 40— 5,550 nm < 5*10° m”"
> 20 -
° O_MM:::? Al
(b) 4.0 o SDE
S 30 Poon MRRERCIRRENRY cn
; ek, PR 2 SR
© s o, o “f . IR <
1 204% @i"ﬁx;é $ e, c % pCERTEL 3 it
= LU S fIRH) 450 mo $ee¥ pac SRRt PE
1.0 o f(RH)550nm oo ¥ B0 g, oF e
i o fRH)700nm ° #5% o 3. b
(c) 10— SDE
g 08 = Nos
g 06+ m S04
9 04 NH4
g o2-W m BC
E 00 — e e —— - - . — -SDIE
LIS L L L L O L L L L L L L L I L L L L L B I L B
6/5/2008 11/5/2008 16/5/2008 21/5/2008 26/5/2008

Fig. 1. Time series of the scattering coefficientf) at 550 nm wavelengtfa), measured (RH) recalculated to REH85% of three distinct
wavelengthgb) and the mass fractions of organics, nitrate, sulfate, ammonium and black ¢eyb&DE indicates the time period, when
a Saharan dust event was present. The scattering coefficients shown in light green are b&low4,0those shown in grey are below

5x10~6m=1.

and mideastern Europe (19 May), or in northern Africa (263.1.2 Saharan dust event (SDE)
May). By passing over populated areas the air probably
picked up more organic matter which results in a decreasg the end of the measurement campaign a strong Saharan
of f(RH). This hypothesis can be only confirmed for one gyst event took place (26 May 12:00 LT to 29 May 12:00 LT).
day, because of gaps in the AMS measurements on the othgfyring a SDE the aerosol exhibits properties significantly
days. On 6 May the mean mass fraction of the inorganicgiferent from the background conditionS¢hwikowski et
compounds was 0.43. al., 1995 Collaud Coen et al.2004. Such a SDE event

In the beginning of the measurement campaign (1-significantly increases the coarse mode mass concentration
3 May) the f(RH=85%,1=700 nm) was lower compared to pyt it also has an important influence on the accumulation
J(RH=85%,1=450 nm) while it was larger in the middle of mode. The H-TDMA was not running at this time, but typ-
the measurement campaign (11-14 May). This spectral beizally shows an external mixture at 250 nm when there is
havior is explainable by a smaller coarse mode fraction andsignificant influence of dust particles, which was also re-
generally smaller particles in the latter case. ported by Sjogren et al.(2008. The f(RH=85%) dur-

ing the most intensive time of the was the lowest during
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the whole measurement campaign, with an hourly averagec s

value of 1.2. SimilarlyCarrico et al(2003 measured in the 6 May 20:00 -7 May 13:00

ACE-Asia campaign during the most dust-dominated period 5 « 13May13:00-18:00

a f(RH) at 82% of 1.18. Our findings also agree with the * ;g m:ﬂggg]ggg {siron SDE}

ones ofLi-Jones et al(1998, who investigated the’(RH) T 4

of long-range transported Saharan dust. § ¥ 2

. - z ] o4
3.1.3 Diurnal variations = o
2 ry :p‘

At the JFJ extensive aerosol properties undergo diurnal vari- R n jt‘t"‘

ations, which are strongest in spring and sumnial{ T F e dgreete

tensperger et 311997 Lugauer et al. 1998 Weingartner 0 3'0 4'0 5'0 6'0 7'0 8'0 9'0

et al, 1999. In May 2008 (without SDE)psp also varied

throughout the day with a maximum in the late afternoon

to early evening and a minimum before noon. The max- _

imum was on average 1.5 times higher than the minimum £ ]

(9.5x10-m1). The intensive parametgi(RH=85%) did 2 X

not experience a clear diurnal pattern in the same time pe-z “ | . ;{‘

riod. A further analysis showed that herg, increased due =~ . o LUVALH Foo e

to an increase in the aerosol load rather than a change inthc ]| b ACS ed dndied *

chemical composition or the size distribution. The time pe- ' J ' J : ' J
20 30 40 50 60 70 80 90

riod of 6 to 11 May had long sunshine duration, favoring
thermal convection. During this period the diurnal pattern of
osp Was much more distinct, with the maximum being more fig. 2. Light scattering enhancement factgi(RH) (top) and

than three times higher than the minimum (88~°m=1). light backscattering enhancement factg(RH) (bottom) at 550 nm

In this period, averagefl(RH) values did indeed exhibita di- wavelength vs. RH at four different time periods when the RH in the
urnal variation, with the maximum roughly at the same time humidified nephelometer was cycled (max. 2 cycles per period).
asosp, suggesting that the chemical composition (or the size

distribution) of the aerosol from the PBL was different from

the one in the free troposphere. It can, however, be expected There is no significant difference g¢f,(RH) between the
that also the reverse diurnal variation is possible, WitRH) ~ SDE and the other days. Smaller particles scatter rela-
being minimal wherrsp shows its maximum. tively more light in the backward direction, so when water
is added thef, (RH) is much smaller than thg(RH). During

a SDE the particles are larger and grow less and therefore the
f»(RH) increases by about the same factor as without a SDE.

RH in the nephelometer [%]

3.1.4 Humidograms

During four time periods the RH in the humidified neph- 32 prediction of f(RH)

elometer was cycled between 20 and 95% RH thus provid-

ing f(RH) over a wide range of RH, also commonly referred 3.2.1 RH dependence

to as humidograms. No distinct efflorescence or deliques-

cence effects were seen, which is in line with previous H-The scattering coefficients were calculated for each measure-
TDMA humidograms recorded at this sité/¢ingartner et  ment point of the humidified nephelometer. The calculated
al., 2002 Sjogren et al.2008. Figure 2 presentsf(RH) dry and humid scattering coefficients wer@0% below the
(top) and f,(RH) (bottom) at 550 nm wavelength of four measured ones (with a correlation coefficik#=0.97 at
measured humidograms. Each humidogram consists in max650 nm wavelength), which we attribute to a systematic bias
imum of two RH cycles, with 10-min means at each RH. in the measured model input parameters. The scattering co-
The humidograms plotted with the diamond markers (6/7, 13efficient at dry conditions depends on the aerosol chemical
and 14 May) all have a similar shape and similar magnitudecomposition (via the refractive index), on the shape of the
of f(RH). On 6 May there is much more variability in the aerosol size distribution (or mean size) and on the aerosol
f(RH) data compared to 13 and 14 May, also seen in Fig. concentration. The influence of the refractive index is not
for ospdata, which is attributed to a lower signal to noise ratio large enough to account for the encountered discrepancy of
due to a lower aerosol loading. The humidogram in yellow 20%. It is speculated that this discrepancy is manly caused
was measured when the Saharan dust event was strongeby a small systematic error in the measurement of the size
The aerosol grows very little with increasing RH, resulting distribution (i.e., either in the determination of the diameter
in an f(RH) at 85% of~1.2. or number concentration, or a combination of both). Since
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Fig. 3. Humidograms showing measured (black symbols) and predj¢tBéH) vs. RH in the nephelometer for four example days in May
2008. The grey lines are calculated according to the approablebsier et al(20053. The red and blue lines are calculated with Mie theory
using a combination of size distribution, chemical composition and hygroscopicity data. The latter are inferred either by the H-TDMA (blue
lines) or the AMS/aethalometer data (red poin{gl) shows a humidogram from the time period of the Saharan dust event (SDE). For 13
and 28 May, no H-TDMA data was available, whereas no AMS/aethalometer data was available on 13 and 14 May.

f(RH) is not sensitive to the total number concentration andtions based ong values derived either from H-TDMA
only slightly sensitive to the aerosol size distribution shapeor AMS/aethalometer measurements underestinigiRH).
(see Sect3.2.2, we can neglect the constant difference in Neither AMS/aethalometer nor H-TDMA data are available
the absolute values. on 13 May and only partly on 14 May (Figb, c). Predic-

The predictedf(RH) depends on the aerosol size distri- tions avai!able for the;e days agree quite; well with measure-
bution, on the chemical composition of the aerosol and onMeNts, with the limitation that the algorithm Byessler et
the RH in the nephelometer. The chemical composition is&l- (20053 overestimateg (RH) above 85% RH. On 28 May
used to determine the refractive index and the hygroscopiéFig- 3d), when the SDE was present, the Mie calculation
growth factorg. g can be calculated from measurements of With ¢ from the AMS/aethalometer results infgRH) that

the chemical composition by the AMS and the aethalometefS quite different from the measured one (no H-TDMA data
or direct measurements with the H-TDMA. were available on this day). This is reasonable since Sa-

. . - haran dust contains a large fraction of refractory material
Figure3 presents the same humidograms as in Eigop) (Schwikowski et al. 1995 Collaud Coen et al.2004 Co-

(6/7, 13, 14 and 28 May),_ along with predicted humido- zic et al, 2008 which is not detected by the AMS. In addi-
grams. The black points in all four panels represent the,

. tion, the AMS does not measure super-micrometer particles,
g?etazutr)edg%RH). tThedcollored pour’:ts showggﬁ(RTHr)] pre(—j which are much more abundant during a SDE. The Nessler
cted by dilierent model approaches (see S2G. The re algorithm predictsf (RH) quite well during the SDE. As ex-
points denotef (RH) predictions based op values calcu- lained above, the only input variable is tﬁ\agstrﬁm expo-
I_ated from the AMS ar!d _aethalometer data, Where_as the bluEent (values in Tablg), which is a proxy for the detected size
lines showf (RH) predictions from thg values obtained by d

. i istribution. At low values; <1) the aerosol size distribu-
the H-TDMA. The grey points were calculated using the aP~tion is dominated by the coarse mode which exhibits much
proach ofNessler et al(20053.

less hygroscopic growth than the accumulation mode.
On 6/7 May (Fig. 3a) all instruments needed for

these predictions were running. All model approaches Figureda and b present the sensitivity of the model pre-
agree well with the measurements and are similar up tadictions to the source of the hygroscopic growth data. The
80% RH. Above 80% RH, the algorithm byessler et al. x-axes always show the measurg@RH), whereas the y-
(20053 overestimatesf(RH), whereas the Mie calcula- axes display the predictef{RH), with ¢ obtained from the
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Fig. 4. Comparison of predicted and measurg@RH) (6-min means, entire measured RH range, SDE excludadiprediction includes
size distribution and usesfrom the H-TDMA measurementgb) same aga) but usingg calculated from the AMS/aethalometer data as
a proxy for the chemical compositioric) predictedf(RH) according ta\essler et al(20053 vs. measured'(RH). (d) f(RH) predicted
according ta\essler et al(20053 vs. f(RH) predicted with the method usingof the H-TDMA. The color code represents the RH in the
nephelometer, whereas the grey symbols are data pointsowyjtb x 10-9m~1. The blue solid line represents a non-linear least square

regression.

H-TDMA (Fig. 4a) and from the AMS/aethalometer data estimatesf(RH), or the H-TDMA measurements underesti-

(Fig. 4b). The colors indicate the RH in the nephelometer. mate f (RH) with the assumptions made.

All points in grey aref(RH) values from scattering coeffi-

cients smaller than the threshold o 50-®m~. They have  3.2.2 Sensitivity of f (RH) to size distribution shape and

a high uncertainty and were therefore not used for the linear chemical composition

regression (blue line) and the correlation coefficient. We ex-

cluded all data from the time period of the SDE because ofTo investigate the influence of the size distribution and chem-

missing H-TDMA data. ical composition onf(RH), we repeated the model predic-
By using all measured input parameters we get a goodions by keeping one or both parameters constant. For a con-

agreement between measured and predigi¢RH). How- stant shape of the size distribution, the monthly mean nor-

ever, wherg from the AMS/aethalometer is used instead of malized size distribution was multiplied with the concentra-

g from the H-TDMA measurements, the predictg(RH) is tion for each data point instead of using the measured size

lower than the measuref(RH) at high RH and higher at distributions. For a constant chemical composition one mean

low RH. We conclude that we are able to perform a closurerefractive index and the meanfrom the H-TDMA at the

of the f(RH) measurements with our model calculations us-diameter of 265 nm were taken.

ing a combination of SMPS, OPC, AMS, aethalometer and For the sensitivity analysis we only considerg(RH) at

H-TDMA data. RH between 80 and 86% and used hourly means. The x-axes
The same correlation plot but with predictions using the of all four panels of Fig5 show the best possible prediction

approach byNessler et al(20053 is shown in Fig4c. The  considering measurements of the size distribution, the chem-

correlation between measurement and prediction is goodical composition ang:, which is used as a reference case

At higher RH the Nessler algorithm overestimatg@H) for the simplified predictions. The marker color represents

slightly. As described above\lessler et al(20053 give the RH in the nephelometer and the grey symbols represent

90% RH as an upper limit. In Figdd we compare the f(RH) values withosp below the threshold of 510 6m1.

prediction usingg from the H-TDMA with the model of  Figure5a shows the model prediction using a constant size

Nessler. The two models predict simila(RH) up to about  distribution on the y-axis, which reproduces the reference

85% RH, but at higher RH either the Nessler approach overprediction within+8%. This shows that variations of the

www.atmos-chem-phys.net/10/2319/2010/ Atmos. Chem. Phys., 10,2333-2010
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Fig. 5. Sensitivity analysis off (RH) on the chemical composition and size distribution. Hourly means of different predictions vs. the best
possible prediction (using size distribution, chemical composition and hygroscopic growth measurements, excluding thef GHp)adf
RH=80-86%: f(RH) predicted with constant size distributi¢e), predicted with constant chemical compositi@), and with combined
constant size distribution and constant chemical compoditioiid) shows measurefl(RH) with standard deviation vs. the best possible pre-
diction of f(RH). The color code represents the RH in the nephelometer, whereas the grey symbols are data po‘gﬁs%tﬂﬁ‘s m1.

The blue solid line represents a non-linear-least-square regression.

shape of the number size distributions have very little effectacross a wide range of RH (see Fiig), where changes in
on the variability of f (RH) at the Jungfraujoch. A major rea- RH have the dominant influence of(RH). Furthermore,
son for this is that the shape of the accumulation mode sizéNessler’s approach is also able to capture SDEs (se&dhig.

distribution varies little at the JF¥\eingartner et al. 1999,
which was also true for this time period. Figdiie shows the

by inferring the relative contributions of hygroscopic fine
mode patrticles and non-hygroscopic coarse mode dust parti-

model prediction using constant mean chemical compositioncles from theAngst®m exponent, which is a measure of the
Neglecting the temporal variability of the chemical compo- average size of the aerosol particle population. In contrast,
sition reduces the correlation to the reference case signifithe other two approaches which use AMS and aethalometer
cantly. This demonstrates that the temporal variability of theor H-TDMA derived growth factors for prediction gf(RH)
chemical composition has some influence on the variabilityare both biased during SDE events because they essentially
of f(RH). Nevertheless deviations from the reference caseanmiss the dust component. The AMS does not measure refrac-
remain smaller than a factor of 1.25, showing that knowingtory material such as dust and is limited to the submicron size
the mean chemical composition is still sufficient for a fair range. The H-TDMA, which also captures non-hygroscopic
prediction of f(RH) for this month of measurement, always dust particles, is limited to particles with diameters below
excluding SDE. The model prediction keeping both chemi-265nm. The dominant contribution of dust is found at sizes
cal composition and size distribution constant has the lowestabove 265 nm and therefore the overall contribution of dust
correlation with the reference case, even though absolute dés underestimated also with the H-TDMA approach.

viations remain similar to the previous simplification.

The effects of changing chemical composition become3.3 RH dependence of derived climate relevant

even more important than shown in the above sensitivity

analysis, if SDEs are included. Figug clearly shows

properties

that f(RH) drops dramatically if the scattering is dominated 3.3.1 RH dependence of the backscatter fraction and

by non-hygroscopic dust particles. The fact that knowing

the single scattering albedo

the mean chemical composition and typical size distribu-

tion of the Jungfraujoch aerosol is sufficient for fair predic- Beside f(RH) other intensive properties depend on RH: the
tions of f(RH) explains the good performance of Nessler’s Angstn‘jm exponendy, the backscatter fractidnand the sin-
approach when comparing predictions with measurementgle scattering albedeg. In this section we will focus on

Atmos. Chem. Phys., 10, 2312333 2010
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single scattering albedo (w,) Every box containd\ 10-min data, measured withit5% of the

indicated RH. The circles are the mean values, the horizontal lines
Fig. 6. Frequency distribution (hourly means) of the backscatter N the boxes are the medians, the bottom and top limits of the boxes
fractionb (a) and of the single scattering albeag (b) at 85% RH are the 25th and 75th percentiles and the whiskers extend to the 10th

(white) and below 20% RH (grey). The Saharan dust event (SDE) afnd 90th percentiles.
the end of the campaign as well as data points w106 m=1

were excluded. .
and between 0.96 and 0.98 for about 50% of the time. On

, o averageawg increases by-0.05 due to water uptake (see also
andwg. Figure6 presents frequency distributions of hourly Table2).

means ob andwp at 550 nm wavelength from 110 26 May,  gjnce the interest is not only on the two RH ranges shown

excluding the last three days of the measurement ca.mpaig.r?n Fig. 6, we display box plots ob anday for different RH
when the Saharan dust event was present. Data points Witfs in Fig.7. Here we present a subset of the whole dataset

osp<10-6m~1 were also omitted. where humidograms were measured (totally 51 h of measure-
Figure6a displays the relative frequency of 262 h of mea- ments).

suredb at RH<20% and RH=85%. Theb(RH=85%) orig- The backscatter fractioh decreases with increasing RH

inates fromosp andopsp values at RH between 75 and 95% from about 0.13 at 285% RH to about 0.09 at 965% RH.

recalculated to RH:85% using Eq.%). Theb(RH<20%) is  The decrease is not perfectly monotonous, but we assume

between 0.08 and 0.18 for 90% of the time, with the modethat this is mainly due to the low number of points measured

being at 0.115. Thé(RH=85%) is lower (between 0.06 at 50% RH.«wo shows the opposite behavior above 50% RH,

and 0.11 for 90% of the time), since the aerosol particles aret increases with increasing RH. The observed deviation at

larger and hence scatter more in the forward direction. The50% RH is again caused by poor statistics which is based on

meanb(RH<20%) andb(RH=85%) are listed in Tabl&. 12 data points. For both(RH=50%) andwo(RH=50%) a
Figure 6b presents the frequency distribution of single outlier influences the mean values.

wo(RH<20%) and wg(RH=85%). The latter was de- o )

termined from o, values recalculated to REB5% as S:3-2 RHdependence of the radiative forcing

described above and dr alues assuming that the . .
' v Yap Vall uming As osp, wp andb are all RH dependent, the radiative forcing

absorption does not change with RNessler et a).20051). . L X .
AF, given by the radiative forcing equation bByaywood and
0,
Out of 259 h of measurementy(RH<20%) was between Shine(1995, is also RH dependent:

0.83 and 0.95 for more than 90% of the time and between
0.91 and 0.94 for more than 50% of the time. In contrast,
wo(RH=85%) was below 0.9 for less than 7% of the time,
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at 40% RH. Two effects influence this behavior: first and
2.5 —¢—only o is RH dependent most important is the RH dependencesgf, shown as green
—— B, oyand oy, are RH dependent Rg=0.15 curve, wherewg andb are assumed to be RH independent.

only § and w, are RH dependent The total RH dependence &fF gets slightly smaller, when
the RH dependence @fp andb is taken into account. The
reason for this is that decreases with increasing RH.
E@l To be able to trar_13f0rm the radiative forcing from one RH

to another we studied the red curve of Rag.It tells us that
the radiative forcing increases by 24%, 19%, 14%, 11%, if
T | T T T T | the RH increases from 70% to 75%, 75% to 80%, 80% to
20 30 40 50 60 70 80 90 85% and 85% to 90%, respectively.
RH [%] The radiative forcing due to aerosols does not only depend

on the aerosol properties but also on the surface albedo of

at dry conditions (RH-20%) for R¢=0.15, depending on RH for _the ground underneath t_he aerosol. The last term of §g. (
three different cases where the RH dependence of the following pa'-n Curly_ brackets determines V\_/hether an a_erosol layer above
rameters is considered: oryp (green curve)osp, wp andg (red @ certain surface leads to cooling or warmiktaywood and

curve), and onlysg andg (yellow curve). The red area shows the Shing 1999. The sensitivity of the red curve ay is shown
Rg dependence of the red curve (0:08g <0.25). with the red area, which displays the variability of the red

curve with Rg between 0.25 (upper limit) and 0.05 (lower
limit). For the aerosol sampled at the JFJ and so in the
free troposphere the critica#tg, at which this aerosol layer
N 2 would change from a net cooling to a net warming effect,
AF(RH) ~ =D SoTam(1— Ac)wo(RH)B(RH)S(RH)- is at Rg=0.51 for dry conditions an&s=0.61 at 80% RH.
.{(1_ Rs)2— ( 2Rs ) [( 1 ) _ 1} } . (9)  Surface reflectance of this level would be found above snow
B(RH) wo(RH) and ice.

The following parameters in the equation are RH inde-
pendent: fractional daylighD, solar flux So, atmospheric
transmissionl 3y, fractional cloud amoun# ¢, surface re-
flectanceRs. The RH dependent upscatter fractiBrnwas

20%)

2.0

1.5

AF(RH)/AF(RH

1.0+

Fig. 8. Ratio of radiative forcing at a certain RH to radiative forcing

4 Summary and conclusions

o During a month-long measurement campaign at the high
calculated from the backscatter fractibmith Eq. (3). The alpine site Jungfraujoch we measured light scattering en-

spectrally weighted aerosol optical deptliepends on RH hancement factorg'(RH) at different RH, but mostly be-

via osp and ozp. With Eq. (7) oap can be displaced in the 00y 80 and 90% RHf (RH=85%) reached values up to
following way: 3.3, whereas the lowesf(RH=85%) values of 1.2 were
osp(RH) detected during a Saharan dust event (SDE). The mean
wo(RH) f(RH=85%) of the measured free tropospheric aerosol
o a0
which results in an RH dependent aerosol optical depth of: ézérzosg?(;f izlgé]frrot;]:rég;f; ;RB:ESEZZ/O )(f zgogﬁgei'aagrﬁlf:n
/Usp(RH)d (11) et al, 2000, but lower than marine aerosol (2.42 at 82%
wo(RH) < RH, Carrico et al. 2003 or polluted aerosol of East Asia
(f(RH=85%)=2.75,Kim et al, 2006. At the JFJ the RH
dependence of (RH) was similar on three different days,

To investigate the RH dependence of the radiative forcing

— 0, i 1
gnf’ (;/:/ae ecnﬂzilféi‘éF}?s%Aj(lz:gbz_o %) which is now excluding the SDE event, indicating that on these days the
y dep 5 10 ' aerosol had similar physical and chemical properties in the
AF(RH) B(RH) relevant size range.
= = — f(RH)- - ,
AF(RH=20% B(RH=20% Measuredf (RH) were compared to predictions obtained

1-R )2_< 2R )[( 1 )_1] with two different model approaches: the first model uses
§ BRH) J | \ wo(RH) (12) Mie theory with measured size distributions, chemical com-
(1— Rg)2— (ﬂ(RIiRSZOO/)) [( (RHl 200/)) _ 1] ' position and a hygroscopicity parameter to calculgteH).
— 0) wQ = 0

The hygroscopicity parametercan be calculated from mea-
Ry is taken as 0.15 (global averagdummel and Reck  surements of the chemical composition by the AMS and the
1979 and the RH dependence ©f andb is taken from the  aethalometer or direct measurements from the H-TDMA.
parameterization presented above (Fig. The second simplified approach is based on the model of
Figure8 clearly shows that the radiative forcing increases Nessler et al(20053, which uses Mie theory and the mea-
for RH>50% and is more than twice as high at 90% RH than sured,&ngstrbm exponent of the dry scattering coefficient to
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calculate f(RH). Both models reproducg(RH) quite well.
The Nessler model works fine up to RH values of 85%,
whereas at higher RH it overestimatgéRH). It also pre-
dicts f(RH) quite well during the SDE. The first model has
constraints during the SDE: The AMS does not measure re
fractory material such as dust and it is limited to the submi-
cron size range. The H-TDMA, which also captures non-
hygroscopic dust particles, is limited to particles with diame-
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by Small Particles, Wiley-VCH, New York, USA, 2004.

ical composition and size distribution). We found that the Canagaratna, M. R., Jayne, J. T., Jimenez, J. L., Allan, J. D., Al-

variability of the chemical composition has a dominant influ-
ence of the variability off (RH), but also a mean size distri-
bution is required to predict(RH) well.

The RH influences also other intensive properties than
f(RH): the backscatter fractioh and the single scattering
albedowg. b gets smaller with increasing RH, due to particle
growth andwg gets closer to 1 with increasing RH, because
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