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Abstract. Results from a measurement study performedderived at 90% RH. It therefore appears that the change in
in the Tropical Atlantic on board the RHaMBLe Discovery the observed hygroscopicity take place between 94 %RH and
Cruise D319 are presented. Measurements of aerosol conthe point of activation. This change may be due in partto a
position, hygroscopicity and CCN activity were used to testchange solution non-ideality, surface tension effects or the
the ability of a single parameter model to describe water uppresence of sparingly soluble compounds for example, but
take in sub- and supersaturated conditions. cannot be reconciled without measurements at higher RHs.
It was found that the magnitude and temporal variability
of the sub-saturated water uptake could be well represented
using the non-refractory composition to derive the model in-1  |ntroduction
put for 2 periods when the large majority of the aerosol mass
was non-refractory. As may be expected, when a significanferosol particles act as condensation nuclei in the moist
fraction of the aerosol volume is refractory the sub-saturatecatmosphere with the potential to take on water and form
water uptake is not well predicted by the non-refractory com-cloud droplets. Aerosol particles in the atmosphere absorb
position. When predicting the cloud activation potential from and desorb water vapour, with a net forcing effect on the
the composition and the hygroscopicity there is a consistengarth’s radiation budget owing to anthropogenic sourBes (
under-prediction of the CCN activity. The prediction of CCN manathan et 311989 Harrison et al.199Q Charlson et a).
activity from the sub-saturated water uptake gives a better1991, 1992 Tegen et al. 1996 Jacobson200]) via var-
prediction of the CCN activity than the composition when ious mechanismsA(brecht 1989 Twomey, 1974. The
the non-refractory components are not fully representative oinagnitude of the radiative forcing as a result of aerosol ef-
the aerosol composition. fects contains the largest uncertainty in estimates of the an-
Based on these observations it appears that a single pahropogenic affect on the earth’s heat buddedréter et al.
rameter cannot always capture the behavior fully across th2007). A large part of the uncertainty results from aerosol ef-
sub- and supersaturated regimes. Measurements made at récts which arise from imperfect knowledge and descriptions
ative humidities (RHs) up to 94% showed that the water ac-of the aerosol size distribution, composition and thermody-
tivity appears satisfactorily represented by a single parametenamics in climate models. In order to simply and accurately
represent aerosol thermodynamics in large scale models the

. most important variables must be identified and described ad-
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Marine stratiform clouds play a major role in determin- 2 Methods
ing the earth’s radiative flux, as they are extensive and their
albedo is very large compared to that of the sea surtdag{  During the D319 cruise, online measurements of the aerosol
mann et al.1992. The relatively large solar flux in the trop- hygroscopic growth, CCN activity and non-refractory com-
ics will enhance the net radiative forcing of clouds in the re- position were made. Their measurements were used to derive
gion compared to more northerly latitudes. The sensitivity ofthe hygroscopicity parametar (Petters and Kreidenweis
the earth’s radiative budget to low level cloud cover, means it2007). The « values derived during the cruise were used
is vital that their properties are well characteriskte{n and  within a simplified form of the Khler equation to reconcile
Hartmann 1993. the aerosol composition, hygroscopic growth and CCN activ-

The composition of a solution determines its water activ-ity. The parameterisations of the online measurements were
ity (aw) and surface tensiorr{). The relationship between used to test the ability of singlevalues to represent the hy-
a droplet’s size and saturation rati§)(can be described groscopicity during the cruise.
in terms of these two properties using théter Equation
(Kohler, 1936 McFiggans et aJ.2006. Numerous aerosol 2.1 Aerosol composition, number and size
thermodynamic models have been developed, which describe
the thermodynamics with varying levels of complexifpp-  On-line measurements of the sub-micron non-refractory
ping et al, 20053 and references therein). Representationaerosol composition were made using a high resolution
of aerosol particle water uptake for atmospheric scale apAerosol Mass Spectrometer (AMSC&nagaratna et al.
plications from cloud parcel to global scale models is lim- 2007 DeCarlo et al.200§. The AMS can determine the
ited by computational power and information, it is therefore mass loadings of non-refractory inorganic (nitrate —3gNO
necessary to make simplifying steps in its description. Anysulphate — S@ and ammonium — Nk and organic (org)
simplification needs to deliver results with the required accu-components in real time. The vaporisation technique em-
racy for the application and will ideally be valid for a wide ployed by the AMS means that fragment ions from lower
range of applications. Simplification of theoKler equa-  volatility molecules such as sodium chloride and mineral
tion requires separate expressions for the Raoult and Kelviglust are not detected.
terms owing to their widely varying contributions as a func- A four stage Compact Cascade Impactor (CCI) with cut-
tion of RH and droplet size, the aim being to represent thenoff diameters of 0.16, 1.0, 5.3 and 9.9 pm was used to collect
in terms of as few variable parameters as is required. A numeaily samples for off-line analysis of the aerosol composition
ber of authors have derived expressions for the Raoult termgDemokritou et al.2004 Allan et al, 2009. The samples
using a minimal number of parameters, applying variouswere analysed for inorganic aqueous ions using ion chro-
simplifying assumptions about the physiochemical proper-matography, UV-visible spectrophotometry and inductively
ties (e.g.Svenningsson et all992 Weingartner et a].1997, coupled plasma atomic emission spectrometry.
Swietlicki et al, 1999 Dick et al, 200Q Petters and Krei- A Differential Mobility Particle Sizer (DMPS) was used to
denweis 2007). In this study thec-model Petters and Krei- measure the aerosol number size distribution between 10 nm
denweis 2007 is used to describe the water uptake. khe and 700 nm \illiams et al, 2007). The DMPS performed
parameterisation is used to examine the relationship betweea complete mobility scan every 10 min. Each mobility was
the measured subsaturated water uptake, the CCN activitget for 12's to give adequate sampling time as the counting
and the water uptake predicted from the aerosol composistatistics in the marine environment can be Idvit{gerald
tion. The ability of singlec values to represent water uptake 1991).
during distinct meteorological periods in the tropical Atlantic
Ocean was assessed. 2.2 Sub-saturated water uptake

The measurements reported here formed part of the
Aerosol Characterisation and Modelling in the Marine Envi- A hygroscopicity tandem differential mobility analyser (HT-
ronment (ACMME) studyAllan et al, 2009 on the Reactive = DMA) was deployed to measure on-line size resolved wa-
Halogens in the Marine Boundary Layer (RHaMBLe) Dis- ter uptake between 10% and 94% RH. HTDMAkiu
covery Cruise D319 which took place between 19 May 2007et al, 1978 McMurry and Stolzenburgl989 size select
and 11 June 2007. The initial transit from Lisbon, Portugal toa dry aerosol mobility using a Differential Mobility Anal-
Mindelo, Cape Verde took 5 days. From Cape Verde the shigyser (DMA) which is then humidified and sized again us-
surveyed the region East of Cape Verde towards the Mauriing a second DMA which measures the size distribution of
tanian coast before heading Northwards towards the Canarthe humidified aerosol. In this study an HTDMA was de-
Islands. The region is of interest as a remote marine environployed Cubison et al.2005 selecting and humidifying to
ment and as an area where primary sources of halogens m®0% RH aerosol particles with dry diameterf3j of 24 nm,
be active in the atmospheric chemistry impacting on aeroso#t3 nm, 81 nm, 129 nm, 169 nm, 211 nm and 254 nm respec-
formation and processind e et al, 2010. tively with 1 h resolution. Periodically humidograms were

recorded where the RH the particles were conditioned to was
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stepped fron~40% to~94% over~4 h for a subset of the approximations ofViedensohle (1988 and the methodol-
7 dry diameters. ogy described byzood et al.(2010. The CCN counter is
The HTDMA was modified for operation at sea by replac- operated at an inlet temperature ©20°C throughout the
ing the water cooling system with an insulated temperaturecalibrations and ambient measurements.
controlled box enclosing the second humidified DMA. APID  The simultaneously measured CN and CCN number size
(Proportional-Integral-Differential) controlled (using Super- distributions are used to calculate the activation spectra (the
cool's PR59 software) peltier cooler (Supercool AA-060-12- number of CCN divided by the number of CN as a function
22) maintained the second DMA a constant temperature obf dry diameter). The activation spectra are then used to de-
18+0.1°C, approximately 2C lower than the mobile labo- fine the Dsg (the Dg at which 50% of the particles activate).
ratory situated in a container on the foredeck, Alken et al. The Ds5q defines the critical supersaturatio$t (Dso) where
(2009. The residence time of the humidified aerosol prior S is the S set by the CCN counter whilst the spectra are
to entering the second DMA was15s. Quality assurance acquired. This definition of; has been applied by various
and inversion of the HTDMA data was performed using the authors interpreting CCN data, although the precise manner
procedures and multi-triangle inversion method described byn which the data are processed varies Ragse et al(2008);
Gysel et al(2009. Shilling et al.(2007); Prenni et al(2007).

2.3 Cloud forming potential 2.4 Describing the aerosol composition

The ability of the aerosol particles to act as Cloud Con-The ionic composition as measured by the AMS is used to
densation Nuclei (CCN) is measured using a continuousdetermine the composition of the sub-pm aerosol. The mix-
flow thermal-gradient CCN counteiRpberts and Nenes ing rule applied byZaveri et al.(20095 was used to deter-
2005. The CCN counter is calibrated using nebulised mono-mine the electrolytes formed from the $O NHjlr and NGy
disperse ammonium sulphate99.5%, Sigma Aldrich) and detected by the AMS. The mixing rule defines 2 regimes;
sodium chloride £99.5%, Sigma Aldrich) aerosol accord- sulphate poor and sulphate rich. In sulphate rich regimes,
ing to the procedure described @ood et al.(2010. The there is an excess number of mole$§ ¢f SO%‘ compared
calibration aerosol is nebulised, dried and size selected usio nyy+.  In sulphate rich conditions the rule provides a
ing a DMA. The mono-disperse aerosol is then split betweemnmethod to estimate bisulphate formation. The concentration
a CN counter (TSI, 3010) and the CCN counter. The ac-of H* is automatically defined according to the concentra-
tivated fraction (number of CCN divided by the number of tion and stoichiometry of the following salts predicted to oc-
CN) is then measured as a function of the supersatration igur: H,SO, HNO3, NH4HSOs, NH4NO3, (NH4)>SO; and
the CCN counter’s column at a seriesiofs between 30nm  (NH4)3H(SQOy4),. The organic mass measured by the AMS
and 130 nm. The supersaturation corresponding to 50% actis assumed to have a density of 1400 kg nand a molec-
vated fraction was deemed to be the critical supersaturationlar weight of 500 gmot! in order to represent to repre-
(Good et al. 2010. The supersaturation is calibrated using sent larger molecular weight primary marine organic mate-
theoretical values from ADDEMIppping et al.20053. The  rial. The organics are assumed to only interact only with the
number size distribution produced by the nebuliser is thenyater and not with the inorganic ions.
measured to assess the impact of multiply charged particles, |t should be noted that only bulk, not size resolved AMS
which was found to be negligible owing to the shape of the composition is available for this study. This means that we
distribution. cannot model the size resolved composition dependence of
During ambient sampling, the CCN counter is operatedthe water uptake from the AMS measurement. This could
in parallel to a CN counter (TSI, 3010) downstream of aresult in the non-refractory composition being more repre-
DMPS (the same DMA and CPC used for the calibrations).sentitive at sizes closer to the mode of the aerosol mass size
The DMPS is stepped across 20 diameter bins between aptistribution.
proximately 20 nm and 500 nm, allowing the simultaneous
determination of the CN number size distribution and the2.5 Describing the aerosol water uptake — Khler
CCN number size distribution at a specific supersaturation. theory
The size distributions are measured over a 10 min period, in-
cluding 3 min settling time for the temperatures in the CCN The Kdhler equation describes the water uptake as two com-
counter. 5 supersaturations (0.11%, 0.18%, 0.34%, 0.5%eting effects, known as the Raoult term and the Kelvin
and 0.75%) are repeatedly stepped through at 10 min interterm. Raoult's law describes the ideal relationship between
vals, an additional 10 min settling time was added to thesolute and solvent in a dilute solution. Particles in the atmo-
step between the highest and lowest supersaturations resuiphere can be present in both concentrated and dilute solu-
ing in a 1 h measurement resolution. The ambient CCN andions. Therefore to calculate the amount of solvent (water)
CN number size distributions are corrected for the effectsassociated with each component in the aerosol particle at a
of multiply charged particles using the charging probability specific equilibrium Relative Humidity (RH) the deviation
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from ideality must be known. Activity coefficients for each tension is equal to that of pure water and that the partial mo-
component describe the non-ideality of the solution and thdar volume of water can be represented by the molar volume
interactions between all solutes and between the solvent andf water. Combinindl and2 gives:

solutes must be considered in order to explicitly describe the GE 1 4

water activity. The Kelvin term acts to increase the equilib- R4 — DO.RH exp < owMw ) ©)
rium vapour pressure of water vapour above a curved sur- GF‘E’)O,RH - (1-x) RT pw DoGFpo,RH

face. By coupling the Kelvin and Raoult terms the equilib- \ypare the droplet size is represented in terms of the the

rium conditions for a particle are described. The magniIUdehygroscopic growth factor (Gfore); D divided by (D).
of the Kelvin term increases for smaller particles i.e. as the-l-he validity of the assumptions‘within Eqsand2 is based
curvature increases. primarily on data from single component aerosol particles.
The most complete model approaches search for the globgt,r example taking measured and modelled data (thermo-
C_-:-ibbs free energy minimum whilst allowing for int_erac— dynamically rigorous models e.@legg et al. 1999 for
tions between all components present for exaroipping 5 selection of inorganic and organic aerosols over a range
etal.(2005ab). Analytical determination of the Kelvin term a1 conditions (RHs an@dgs) it is seen that generally their
which manifests itself through the surface tension of the SOfygroscopic behaviour falls on lines of constanwithin
lution droplet and subsequent change to the solution bulkoasurement erroPgtters and Kreidenweig007). There
caused by the removal of surfactants to the surface layefave however been few atmospheric studies wherecthe
is non-trivial for most multi-component systems. Aerosol y,qdel has been used to parameterise the measured and pre-
thermodynamic models have so far only been used 10 rigoryjicted aerosol water uptakBetters and Kreidenweiz007).
ously apply Gibbsian thermodynamics to simple (binary andtherefore it has been cautioned that the sparsity of atmo-
ternary) systems to calculate the surface tension and bulk €fspperic CCN studies in particular limits the broad generali-
fect of the Kelvin termLi et al., 1998 Sorjamaa etal2004  sations that can be made especially since the accuracy with
Topping et al, 2007). which aerosol water uptake needs to be described in pertinent
A detailed analysis of the errors associated with the Com-gpplications (e.g. climate models) is not well definBdtters
monly used assumptions is presentedBogchtel and Krei-  gpd Kreidenweis2007).
denweig2000. The most simplified form of the Kelvinterm  As « is derived directly from measured or modelled data,
uses two main assumptions; that the surface tension is equaly definition it will give the “correct” answer at the input
to that of pure water and that the partial molar volume of conditions. So an initial test of the model's general appli-
water can be replaced by the molar volume of wakee(-  capility will be to see if it gives acceptable results over the
denweis et a).2009. range of RHs and dry sizes found in atmospheric environ-
In the current study the-Kohler-model Petters and Krei-  ments. The applicability of the parameter as a function of
denweis 2007) is applied and investigated. Themodel  particle size and RH has been assessed for a wide variety of
represents the relationship between water activities and thgerosols of known composition and generally gives consis-

solution strength using a single paramatesuch that: tentx values (20%) (Petters and Kreidenweig007 Krei-
denweis et a).2008. Secondly the-model offers a way to
-1 X : L .
aw=(1+ KE (1) parameterise atmospheric CCN activity; for example it may
e Vw be possible to describe the hygroscopicity in broad aerosol

classes e.g. marine or continental in terms of just a single
wherea, is the water activityys is the volume of solute and  for modelling purposesAndreae and Rosenfel@008. In
Vw is the volume of water, thereby capturing the composi-this paper the applicability of the-model will be tested in
tional information. x can then derived from measurements poth these respects for the aerosol in the marine boundary
of a particle’s water uptake or theoretically from a thermody- |ayer of the cruise region. The variability efas a function

namic model when combined with a suitable expression forof dry size over a range of sub-saturated RHs and at the point
the Kelvin term.Petters and Kreidenwe{2007) suggestthat  of activation was determined.

the Kelvin term can be represented as:
2.6 Predicting aerosol hygroscopicity using the AMS

Ke= exp UwOsol/v ~ exp 4 owMy (2) o )
RTD RTpwD The ZSR mixing rule $tokes 1966 was used to predict the
growth factor of the aerosol particles at 90% RH, by adding
where K¢ is the Kelvin term,uvy, is the partial molar vol-  the volume weighted growth factors of their individual com-
ume of water,oso)y is the surface tension of the solution ponents Gysel et al. 2007 using Eq.4. The growth fac-
droplet,oy, is the surfaced tension of wateé,, is the molec-  tors of the inorganic solutes (as determined by the scheme
ular weight of waterR is the universal gas constafitjs the  in Sect.2.4) were calculated using ADDEMIppping et al.
temperaturep,, is the density of water anf) is the droplet 20053, a detailed thermodynamic model capable of predict-
diameter. The assumptions being made are that the surfadag single component inorganic aerosol growth factors with
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high accuracy and precision. The hygroscopicity of the O Table 1. x-values for particles derived from ADDEM predictions of

ganic fraction was estimated to be equivalent to @alue g, o for the inorganic compounds formed by the mixing rule.
of 0.085 which is equivalent to a growth factor ofL.2 at '

90% relative humidity (forDg=00). The assumed organic

| d within EG t timate its si d Compound KHTDMA,30 nm _ KHTDMA.100 nm _ KHTDMA,300 nm
« value was used within EcB to estimate its size depen- H,S0s 1103 0915 0.870
dent growth factor. The pure component growth factors were Hno, 1.243 1.043 0.999
then combined using the volume fractions to predict the en- NH;HSO, 0.686 0.556 0.543
; NH4NO3 0.754 0.622 0.597
semble growth factor using E4. To calculate the volume (NH2)2(801) 0.626 0.509 0.483
fraction of the organic aerosol its density was assumed to be (NHj)iH(sa)z 0.750 0.611 0579

1400 kg nT3, representitive of oxidised organic aerosais (
farra et al, 2006 Dinar et al, 2006 Gysel et al. 2007). To
test the sensitivity of the predictions to the choices of the or-

ganic's properties densities of 1200 and 1600 kg°’ran_d./<. the inorganic ions and organics (ii) the HTDMArpma)
values qf 0.01 and 0.2 were also applied. The sensitivity O_fusing the mean Gfp,g0 and (iii) the CCN counterxcen)
the p_redlcted ensemble particle gromh factors to the organising s.(Do) as input were derived.
density was<+0.015 and to the organicwas<+0.03, both
relatively small changes. 2.8 Predicting the potential of the aerosol particles to
actas CCN

GFRH ~ 3 (e;GF,- (RH)3) e (4)

i Once « values from the 3 different derivationscpvs,
Thek value for an ensemble particle can be defined in termscHTMDA @ndkcen) have been established, they can be used to
of the sum of its componentsvalues using the ZSR mixing predict the CCN number using the measured number size dis-
rule in exactly the same manner as described for the growtfiributions as a function of supersaturation usingdtraodel.
factor in Eq.4, such that the ensembleis defined as the Thex-model formulation presented here has only one hygro-
volume weighted sum of its componenksvalues. Thec  Scopicity dependent parameter) @nd therefore any and
value derived a particle of a given composition may vary, de-Do pair can only be described by a single-Kohler” curve
pending upon the size and RH it is derived at. This can be@t a single temperature). If the hygroscopicity of the en-
due to the non-ideality of the solution and/or that the repre-tife number size distribution is represented using a constant
sentation of the Kelvin term such that E§sand2 are not & value for a given supersaturation there will be a minimum
is not strictly followed. Therefore the value derived from  diameter above which the particles will be deemed as poten-
the growth factor at 90% RH using the AMS composition tial CCN. These threshold diamete®fred can be calcu-
as input will not necessarily be the same as predicted at théated by holdingc constant and searching for tii& which
point of activation for the same particle. What is assumed isdives the critical supersaturation equal to the required super-
that the any change in with RH or Dy is not large enough saturation.Dynresis then used to estimate the CCN number as
to significantly bias the end product e.g. CCN number. Ta-2 function of supersaturation using the ambient number size
ble 1 shows the pure Componemt\/a|ues derived from the distribution to define the CN number at ean Thus inte-

ADDEM predicted growth factors at 90% RH Bos of 30, grating the ambient number size distribution frdges to
100 and 300 nm. the largest measurddy (~700 nm) gives the potential CCN

number at a given supersaturation.
2.7 Parameterising the aerosol hygroscopicity

The Raoult term in the &hler equation was parameterised 3 Results

using the hygroscopicity parameter « values are de-

rived independently from the AMS (non-refractory com- The results of this study are presented in the context of
position), HTMDA (hygroscopic growth factor) and CCN 3 case study periods, broadly characterised by their distinc-
counter (critical supersauration) measurementglues are  tive meteorological conditions and represent the prevalent
derived from the AMS by first predicting the growth factor sampling conditions during the scientific phase of the D319
at 90% RH as described in Se2t6. Once Ghpgrn is pre-  cruise. ECMWEF back trajectories\fan et al, 2009 were
dicted a corresponding value can be computed directly us- used to classify the air masses. Figdrehows the cruise
ing Eq.3. The hygroscopic growth factor measured by the track of the Discovery with the 3 periods indicated. Pe-
HTDMA at 90% RH was also used to calculatdy taking riod 1 was from 25 May 2008 18:00:00 UTC to 27 May 2008
mean Glpg,90 from each measured growth factor probabil- 10:00:00 UTC and was characterised by 5 day back trajecto-
ity density distribution and Eq3. Similarly usingSc(Do), ries originating from the North over the open ocean. Dur-
« values were derived from the CCNc measurements. Thuéng this period, the aerosol number size distribution is typ-
a time series ok values from: (i) the AMS £ams) using ical of the remote marine boundary layer, with low total
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Fig. 1. Discovery D319 cruise track. The coloured sections of the Fig. 2. The average number size distribution for each of the 3 study
track indicate the 3 study periods. The grey sections transitiongeriods.

between study periods. 5 day back-trajectories are shown along the

track to illustrate the air mass origins.

the dominant ions, with a relatively small contribution from

number 1000 particles per cA) and distinct Aitken and the other lons detecteq. The upper panel in Elghows the
Accumulation modes. Period 2 (28 May 2008 14:00:00 UT mass fraction of each ion detected from the impactor analy-
to 1 June 2008 14:00:00 UT) is characterised by air masse§is normalised to the sulphate. Further details of Period 1 are
which have been influenced by the African mainland. The9'VeN !nAIIan _et al.(2009. )

total aerosol number concentration during the African pe- DPUring Period 2 the total volume derived from the AMS
riod is higher than the Marine period ranging fror2000 ~ COMPprises about half of the DMPS derived volume (upper
to 5000 particles crP. Comparing the number size distribu- panel F|g.3): indicating a subs?antlal fraction of the aerosol
tions measured during the Marine and African periods it isPel0W 1Hm is refractory. The impactor ana'yse? for the pe-
additional Aitken sized particles which contribute the major- 110d (lower panel Fig3) confirm this observation; there are
ity of the additional number. During Period 3 (2 June 2008'S|gn|f|cant fractions of Sodium, Chloride, Calcium and Mag-
08:00:00 UT to 4 June 2008, 10:00:00 UT), the air masses argesium. As a result of their production mechanisms Sodium
more varied but generally show northerly trajectories origi- 21d Chloride tend to make up a significant fraction of large
nating in southern continental Europe and passing over th&'arine aerosol particles3{anchard and Woodcogkl957

Canary Islands. Figur2shows the average number size dis- D- @nd Smith1993 Tegen and Lacisl99§ (>1 um) whilst
tributions for each period and their variability. smaller particles tend to have larger fractions of sulphate and

organics. This is observed in the impactor analysis where
the modes of the Calcium, Chloride and Sodium mass dis-
tributions are seen at larger sizes than sulphate and with de-
During Period 1, the non-refractory composition is dom- creasing particle size the fraction of sulphate compared to
inated by inorganic compounds, with organic compoundsthese ions increases substantially. Therefore the presence of
making up~20% of the mass for the period. In order to es- Calcium, Sodium and Chloride ions does not mean there will
timate the fraction of the aerosol accounted for by the AMSnecessarily be a large mass fraction of the individual particles
the masses of each ion are converted to volumes assuming the number modes<200 nm) where the majority of po-
densities for each. The lower panel in Figshows the vol-  tential CCN reside. However during Period 2 there is strong
ume fraction of the ions detected by the AMS with respectevidence of a Sodium Chloride dominated mode and an in-
to the volume measured by the DMPS across the particlesoluble fraction (pertaining to a mineral dust source) in the
diameters measured by the AMS. Comparing the total parhygroscopic growth factor distributions B of 127 nm and
ticle mass derived from the DMPS to the total AMS mass above Allan et al, 2009.

loadings for the period indicates that a large fraction of the During Period 3 the AMS total volume loading appears to
sub-pm aerosol is accounted for by the AMS. Analysis of thecapture a large fraction of the DMPS derived volume. The
sub-um impactor samples show sulphate and ammonium anenpactor analysis shows the higher Calcium fractions which

3.1 Aerosol composition
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persisted through Period 2 are no longer present and that 1.0 —

sulphate and ammonium comprise the majority of the ionic &
mass which is consistent with the AMS detecting a large frac- 2
tion of the aerosol mass. -

[}
3.2 Measured growth factors ‘E -
Growth factor probability density distributions were mea- g - - SO
sured as described in Se@.2 During Period 1 the & Ca4
growth factors fall into a single dominant mode between 1.56 £ I NH
and 1.74 at 90% RH. The smaller sized particles tend to have 0.0 - —_ . — = Na4
lower growth factors. During Period 2, up to three distinct cl
growth factor modes are detected; a mode betwek6 and 1.0 — B NO;
~1.8 comprises the largest number fraction, a mode at be- o =m Mg
tween~1.8 and~2.2 becomes more prominent for the larger g Org

dry sizes and a hydrophobic mode appears occasionally forQ
the largest sizes. During Period 3 the growths factors tend to'c
fall within a single mode with the mean growth factor varying
between 1.48 and 1.8, although a mode betweé&r8 and
~2.2 does appear sometimes at larger sizes. Figjstows
the retrieved growth factor probability density distributions
for the Dgs 43, 127 and 254 nm for each of the periods. Fig-
ure 4 illustrates the differing behaviour between the periods g o
and as a function of dry size. Period 1 Period 2 Period 3

The hydrophobic mode is likely to result from sampling
of dust particles. The dominant mode which appears beFig. 3. Aerosol composition for the 3 case study periods. The top
tween 1.48 and 1.8 depending on the period is consistent witlpanel shows the mass fraction of each ion normalised to sulphate
sulphate aerosol particles, with a varying influence from or-from analysis of the impactor samples in the 0.16 um to 1.0um
ganic components. The mode betweeh8 and~2.2 during ~ Stage averaged over each study period. The bottom panel shows the
Period 2 i likely due in part to the influence of Sodium Chlo- composition (converted to volume) measured by the AMS averaged
ride and is consistent with the increased Sodium and Chlo®Ver each period as a fraction of the averaged total aerosol volume
ride levels from the impactor analysis. The resolution of themeasureq by the DMPS. The 'nd'Y'dual Compounds.are indicated
HTDMA is limited by the system’s transfer functiobi- by colour: sulphate (red), ammonium (orange), calcium (yellow),

S s sodium (dark green), chloride (light blue), nitrate (dark blue), mag-
son et al, 2009 and therefore it is not always clear if there |ociym (purple) and organics (light green). The grey bands indi-

is a continuum of growth factors or distinct modes particu- caies the differences between the AMS and DMPS volumes.
larly in the externally mixed cases. Additional analysis of the

measured growth factors is presentedilfan et al.(2009.

AMS - fraction

and 1.67. During Period 3, there is well correlated variability

3.3 Prediction and parameterisation of the between the measured and predicted growth factors. The
sub-saturated water uptake measured growth factors vary from 1.48 to 1.8, whilst the

predicted growths factors vary from 1.42 to 1.85.
The hygroscopic growth factor at 90% RH was predicted us- The agreement between the DMPS volume and the AMS
ing the sub-pm ionic composition measured by the AMS asvolume during Period 1 shows that a large fraction of the
input. Figure5 shows the growth factors predicted from the aerosol is non-refractory and the ionic composition derived
AMS measured composition plotted against the correspondfrom the AMS for input to the mixing rule should be rep-
ing measured values. The ability to predict the growth factorresentative. The growth factor predictions during Period 1
varies between the 3 case study periods. For Period 1 then average agree very well with the predicted values, with
measured mean growth factors vary between 1.56 and 1.74he differences consistent with the measurement and model
the predicted growth factors between 1.54 and 1.72. Theauncertainties. The variability resulting from the uncertainty
spread of predicted growth factors largely results from themakes it difficult to say whether there is a correlation, but
Kelvin effect reducing the growth factor of smaller particles there seems to be overall agreement. This could be a result
rather than variability in the compositional input. During of the small range of the values and the low mass and num-
Period 2 the range of measured growth factors is relativelyber concentrations during the period making the data noisy.
large; from 1.46 to 1.91 whilst the predicted growth factors Values of the hygroscopicity parametewere predicted for
vary only as a function of their dry diameter between 1.56the average measured and predicted growth factor at each
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Fig. 4. The retrieved growth factor probability density distributions for the 3 study periods at 90%Rbpfoof 43, 127 and 254 nm. White
gaps indicate periods when the HTDMA was performing humidograms or was being calibrated.
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Fig. 6. Time series of the fraction of CN activation into CCN as a functioigfat the set supersaturations. The 5 panels correspond to the
5 supersaturations set by the CCN counter (0.11%, 0.18%, 0.31%, 0.485% and 0.75%). The left hand akgsaadttee colour scale is
the activated fraction.

measured dry diameter. Best agreement is found at the larger During Period 3 the DMPS-derived total volume concen-
sizes; the smallest diameter (24 nm) giving the largest differtrations show good agreement with the AMS indicating that
ence ink values. The dry size dependantalues were then a large fraction of the composition will be captured in the
used to produce an evenly weighted averageross the size  model input. The predicted and measured growth factors
range of 20 nm to 300 nm. The averagelerived from the  during Period 3 show good agreement with the measurement
measured growth factors was 0.47. The averagierived  and model uncertainties. On average the predicted growth
from the predictions was 0.45. factors are higher than the measured values. The average
During period 2 there was generally a significant differ- values from the measured growth factors is 0.46 and from the
ence between the DMPS volume and AMS derived totalpredicted values is 0.47. In summary: For Periods 1 and 3,
mass, by on average a factor oR (illustrated in Fig.3). there is good agreement within the measurement and model
The fact that there is a significant refractory mass fractionuncertainties. For Period 2 the model tends to under-predict
means that the growth factor predictions may not be accuthe growth factors and does not capture their variability, this
rate. The impactor measurements (Bpshow significantly  is caused by the significant refractory aerosol fraction. The
increased fractions of sodium, chloride and non sea salt callower panels in Figs show the comparisons betweegus
cium during Period 2, these ions are not detected by the AMSand«yTpma -
and are therefore likely to account for the discrepancy. It is
also likely that it is this “missing” composition that causes 3.4 Measured CCN activity
the variability in the measured growth factors that is not seen
in the model predictions. Further evidence is seen on examiT he fraction of particles activating as a function of their dry
nation of the growth factors distributions where there is cleardiameter was measured at 5 set supersaturations. Fégure
evidence of an externally mixed more hygroscopic mode forshows the activated fraction as a function of dry diameter
the larger dry diameters (127 nm and above). The growthat each set supersaturation. The activated fraction increases
factors of the particles in the more hygroscopic modes arevith dry size as expected, the variability in activated frac-
consistent with particles containing sodium chloride. The tion with time at constant diameter is caused by the chang-
values averaged across all sizes derived from the measurdtlg aerosol composition. Sigmoids are fitted to the averaged

growth factors is 0.495 and from the modelled growth fac- spectra at each set supersaturation from whiclDigigis cal-
torsis 0.41. culated, defining the critical supersaturatidiz((Dsp)).
the current study, the sigmoids fit closely to the measured
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Fig. 7. Averaged CCN data and derivedvalues for the 3 study periods. The upper panels show the averaged CCN activation spectra at the
set point supersaturations (0.11%, 0.18%, 0.31% and 0.485%). The sigmoid fits for each activation spectrum are overlaid (dash grey lines).
The lower panels show thevalues derived from th®sgg at each set supersaturation. The error bars show the rargeadiies in the 10th,

25th, 75th and 90th percentiles.

values so a higher order fit function is not required. From theto the values derived from the CCN measurementg().
(Sc(Dsp)) derived from each activation spectra are then usedThe « values from Period 1 show that the particles mea-
to calculate their corresponding values by solving Eql sured by the CCN counter are more CCN active than ei-
iteratively. The activation spectra averaged over each casther the AMS or HTDMA derivedc values suggestsccen
study period are shown in Fi@.for each period for each su- measured during Period 2 are higher thafs, kHTDMmA IS
persaturation set point up to 0.485%. At 0.75% the aerosohigher thancams and therefore closer taccn, but generally
particles are generally close to 100% activated at all the meastill lower. During Period 3cams, kHTDMA andkccen are in
sured sizes. closest agreement, the measuredhlues being only slightly
During Period 1 the aerosol particles are most CCN active higher than the predicted values.
The average-values derived from each activation spectra at To analyse the effect of the differences snvalues the
0.11% to 0.485% were between 1.15 and 1.40 (shown in theneasured and predicted CCN number are compared. This
left hand lower panel of Figr). There is no significant trend is done using the averaged number size distributions for each
in « with dry size. period. The range of values from each period for each
The CCN activity measured during Period 2 shows a stepof the inputs (CCN, HTDMA and AMS) were used to pre-
in the derivedc at 0.11% supersaturation (Figlower centre  dict the minimum dry diameter for CCN activatio®ged
panel). Thec values forDg below 100 nm are between 0.8 for supersaturations between 0.01% and 1%. TR@es
and 0.92 whilst the for 110 nm is 1.24. This change inis was used to predict the potential CCN number at each su-
perhaps indicative of a change in composition with increas-persaturation by integrating the number size distribution for
ing Do. The same trend is observed in the HTDMA measure-Do> Dires  The differences in the measured and predicted
ments of the sub-saturated water uptake, which show an in€ECN number for the 3 periods (illustrated in FR).can be
crease in the growth factors with dry size beyond that causedummarised as follows:
by the Kelvin effect alone.
During Period 3 thec values range from 0.89 to 0.75 1. (i) For Period 1 there is a systematic under-prediction

(Fig. 7 lower right hand panel). The values derived at of the potential CCN number by10% to ~20% at
0.11% and 0.18% supersaturation are slightly lower than ~ Supersaturations above 0.2% The percentage difference
those derived at the higher supersaturations, but the differ- ~ increases at supersaturations below 0.2%, owing to the
ence is within measurement uncertainty. fact that theDires values are close to the edge of the

size distribution.

3.5 CCN predictions
2. (i) For Period 2 the agreement depends quite strongly

The « values using the AMS composition as inpuhs) on thek values chosen. Choosing the averaged values
and using the HTDMA £HT1DMA) @S input were compared from the 3 derivations ot gives a difference 0f~20%
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Fig. 8. CCN concentrations as a function of supersaturation for the 3 study periods. The top panels show the fraction of the CCN counter
derived CCN concentration predicted from the AMS and HTDMA (X CCN=Cfelcted CCNmeasuredt The bottoms panels show the CCN
concentrations based on thgparameterisations derived from the AMS (light blue symbols), HTDMA (brown symbols) and CCN counter
(dark blue symbols). The error bars on the AMS and HTDMA derived concentrations represent the 10th and 90th peveduieicfor the
respective period. The error bars on the CCN counter derived concentrations represent the xaradeesffrom the period averaged CCN

data.

to ~30%, but by choosing “optimum” values at the lim- the fractional RH and thus parameterisation was expressed
its of the respective ranges gives a difference-686. according to Eq. (2) id\llan et al.(2009. A least squares fit
) ) o was applied to fit the free parameters to the measured data.
3. (iii) For Period 3 there is a smaller under prediction than 1 empirical fits allow the calculation of the growth fac-
Periods 1 and 2. The difference is largest at lower SU-qy 4t any RH within the measured humidograms range. The
persaturations;-10% to~20% below 0.3% supersatu- jis are then used to calculateas a function of RH for each
ration. The d.|fference reduces to less than 5% at h'ghe'humidogram. Figure® shows the fitted growth curves (in
supersaturations. The range«Qius and«utoma Val-  he top panel) derived from the humidograms which were
ues is relatively wide in the period, indicating a variabil- ,a5sured for dry sizes of 43nm, 127 nm and 211 nm and the
ity of historical influences on the air mass being sam- corresponding values are shown in the lower panel. The
pled consistent with the back trajectories described ear;. | 51ues do not change significantly with RH. There tends
lier (as illustrated inAllan et al, 2009andLee et al, to be a small downwards trend i(RH) for RHs less than
2010. 94% (the highest measurement RH, as indicated by the black

The increase in the discrepancy for supersaturations beloyg@shed line in Fig9), though this is within the measurement
0.2% cause by the shape of the number size distributiontNcertainty. Above the highest measurement R thalues

may turn out to be important. Supersaturations in strati-Tollow their existing trajectory untit-98% RH. Above 98%
form clouds tend to peak at fairly low values, in the range the x values appear to increase sharply, however the uncer-

of 0.15% to 0.4% Nlartin et al, 1994 Hudson and Svens- t@inty in these point is very large. This points to a limita-
son 1995 Hoppel et al, 1996. Therefore the discrepancy tion of the HTDMA for validating thec-model’s applicabil-

appears largest for atmospherically relevant supersaturationy- Overall below 94% RH the-model does a good job at
capturing the behaviour with a single parameter within the

3.6 Reconciliation measurement uncertainties. Above 94% RH it cannot be said
how « varies.
Based on the observation that for each period the CCN ac- If the « parameterisation of tha,, is working well i.e. it
tivity is under-predicted, possible causes of this discrepancyemains constant as the RH approaches 100% then it could
were investigated. The parameter as defined in Efjas-  be the formulation of the Kelvin term in themodel that is
sumes that there is a linear relationship betwagmand the  causing the under-prediction of the CCN activity. To inves-
ratio of solute to solventi.e. that there is no significant changeigate the possible role of surface effects the time series of
in the solution non-ideality as function of RH. This assump- the composition (determined as described in S2d). was
tion was investigated in the sub-saturated regime using theised within ADDEM to match the predicted CCN activity
humidograms measured by the HTDMA. An empirical 3 fac- to the measured CCN activity by varying the surface tension
tor parameterisation was used to give an expression for theequired at the point of activation. To achieve this, a matrix
growth factor as a function of RH (Eq. 17 Kreidenweis  of critical supersaturations were calculated using assumed
et al, 2005. The water activity is assumed to be equal to surface tensions between 50 mN/m and 80 mN/m, spaced at
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pronounced external mixing at 90% RH. Inconsistency be-
tween the CCN mixing state and the mixing state at 90% RH
or smoothing of the mixing state as a result of instrumental
or analytical artefacts may cause an inconsistency between
the approaches.

4 Conclusions

Simultaneous measurements of aerosol CCN activity, hygro-
scopic growth and composition were made and used to in-
vestigate the representation of aerosol water uptake using a
single parameter. It was found that the bulk composition was
largely consistent with measured hygroscopic growth. The
African influenced period saw raised concentrations of re-
fractory aerosol particles affecting the growth factors and as
such the AMS was not the best tool to derive the composition
for the growth factor predictions. However wheis derived
from the HTDMA measurement it should be representative
of the full composition. When the ionic composition of the
aerosol was well represented the simplified models used to

The bottom panel shows the fitted humidograms for RHs betweerpredict the growth factors give good results within the uncer-
80% and 95%. The dashed line indicates the highest RH the HTtainty of the measured values.

DMA measures at.

0.1 mN/m intervals. A nonlinear least squared algorithm was

then applied to the matrix to find th® closest to the mea-

sured value to estimate the surface tension at the point o

activation required to give agreement between the composi
tional input and the measured. To match the measured and

predicted CCN activity it was found that on average surface

tensions of~52 mN/m for Period 17~54 mN/m for Period 2
and~60 mN/m for Period 3 were required. Such reductions
in the dilute solutions present at the point of activation are
thought to be unphysical and hence surface active behavio
of organic molecules will be unlikely to contribute signifi-
cantly to the apparent discrepancy.

The limitations of the measurement and analysis tech
niques must be also considered. Throughout this paper ca
culations ofkytmpa andkcen have assumed internal mix-
ing. Whilst the growth factors during Periods 1 and 3 tend
to fall within a single mode, during Period 2 there is clear
external mixing resolvable by the HTDMA. This means par-
ticles within an aerosol sample will have a range afalues
which will translate into a range of CCN activities. Therefore
the assumption that 50% activation equates taSthmay not
be consistent with the mixing state at 90% i.e. when there ar
2 externally mixed hygroscopic modes of comparable magni
tude theS; derived from theDg at 50% activation will fall be-
tween the modes. Itis difficult to say anything about the CCN
mixing state based on the analysis performed here, withou
more thorough analysis of the CCN droplet spectra couple
to a model of droplet growth inside the CCN counter. The
CCN activation spectra (Fi§) do not show greater broaden-
ing during the African influenced period, which has the most
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The growth factors at 90% RH measured by the HTDMA
and predicted from the composition were used to derive the
hygroscopicity parametar. The x-model was used to pre-
dict the CCN activity with varying results. The difference
Petween the predicted and measured CCN number at super-
saturations greater than0.2% are typically between 10%
and 20%. There is marked increase in the disagreement at
supersaturation lower than 0.2%. The CCN concentration
at these lower supersaturations is an important parameter, as
marine stratiform clouds tend to generate peak supersatura-
tions in this range. Uncertainty in CCN number will prop-
gate into uncertainties in cloud radiative properties. It is
difficult to estimate the effect the different CCN parameteri-
sations presented here would have, without their explicit in-
clusion in a cloud microphysical model with the appropriate

fpetrological conditions. The sensitivity of marine stratocu-
mulus cloud radiative properties (e.g. cloud albedo and op-

tical depth) to CCN number tends to increase sharply below

CN concentrations 0f1000 cnt3 (Lu and Seinfelg2005,
indicating that effects will be more pronounced for the Ma-
rine Period. Hill et al. (2008 used a model to predict the
CCN concentration dependence of indirect aerosol forcing in
marine stratocumulus clouds. The most accurate model sim-
ulations (2 day averaged, size resolved large-eddy simulation
model) suggest a change in radiative forcing in the order of
1 to 3Wn1?2 for 20% changes in CCN number concentra-

tion. Facchini et al(1999 estimate a 20% increase in cloud

groplet number in all stratus clouds would have a global ra-
iative forcing effect of-1 Wm~2. Whilst the impact of the
observed discrepancy cannot be precisely stated, it appears

that such differences in the CCN number are likely to have a
significant impact on cloud properties.
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