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Abstract. The extinction spectra of laboratory generated seaof aerosols are particularly important as they are required to
salt aerosols have been measured frgmmilto 20um using  perform radiative transfer calculations in global climate mod-

a Bruker 66v/S FTIR spectrometer. Concomitant measureels and allow the radiative effect of such aerosols to be esti-
ments include temperature, pressure, relative humidity andnated Hess et al.1998 Dobbie et al. 2003. In fact the

the aerosol size distribution. The refractive indices of the seaneed for refined optical aerosol models for improving satel-

salt aerosol have been determined using a simple harmonilite retrieval algorithms has been identified by many authors
oscillator band modellthomas et a).2004) for aerosol with  (Torres et al.1998 King et al, 1999 Dubovik et al, 2002.

X o ) . 0
relative humidities at eight different values between 0.4% Marine aerosols provide a significant contribution to the

to 86%. The resulting refractive index spectra show signif aerosol environment due to the large source area of the

|cant_ dls_crgpanmes when cqmpared to e>§|s_t|ng sea salt re(Sceans, which cover approximately 70% of the Earth’s sur-
fractive indices calculated using volume mixing rul&hét-

o o . face. Sea salt aerosol (SSA) is a component of marine
Fle and Fenn1979. S_pecmcally, an additional band is found aerosol made up of seawater and dry sea salt particles, and
in the refractive indices of dry sea salt aerosol and the ne

data sh . 4 val f refractive ind tal tVY produced by any mechanism releasing spray from the sea
aals OV\{E |n$ﬁa§e l\./a utc:]s&hre ralc Ve Index a allmos Aurface. As well as acting as cloud condensation nuclei
wavelengins. 1his implies that tn€ volume mixing ruies, Cur'gTwomey and McMasterl955 SSA can also act as a sink

rently used to calculate the refractive indices of wet sea sal or condensable gases, affecting the deposition rate of nitro-

aerosols, are inadequate. Furthermore, the existing data fogren in the form of ammonia to the ocean and thus possibly

the real and imaginary parts of the refractive indices of dryinhibiting the formation of other aerosol particleSayoie

sea salt aerosol are found not to display the Kramers—Kronlgand Prospero1983. Coarse SSA particles cause corro-
relationship. This implies that the original data used for theSion and are,a main contributor to ocean-atmosphere fluxes

volume mixing calculations is also inaccurate. of organic substances, electric charge, micro-organisms etc.

SSA also plays a part in the atmospheric cycles of chlo-

rine and other halogeng-ifilayson-Pitts and Hemminger

1 Introduction 2000. Finally, recent observations suggest that the major-
ity of accumulation mode aerosols in the marine boundary

Atmospheric aerosols cause direct and indirect forcing Oflayer (0.1um<Radius<1 zm) contain sea salt, and that this

the atmosphere’s radiation budget. Aerosol particles maysea salt aerosol is responsible for the majority of aerosol-
act as cloud condensation nuclei and affect the lifetime ofgcattered lightNiurphy et al, 1998.

clouds Penner et al.2001, Lohmann and Feichte2005 ,
or they can influence radiative transfer by scattering and ab- FOr the lowest tens of metres above the ocean, SSA parti-

sorbing solar radiatiolPCC, 2007. The optical properties cles usually exist in liquid form. Above this height, at rela-
tive humidities (RH) between 45% and 75%, SSA particles

may be in either liquid droplet or dry salt form depending

Correspondence taR. Irshad on the relative humidity of the particle on creation. As SSA
BY (rirshad@atm.ox.ac.uk) particles are usually formed as liquid droplets, and the RH
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Table 1. Chemical composition of Maldon sea salt. Calcium car- tive indices fromVolz (1972 and Shettle and Fen(1979.
bonate precipitates first upon evaporation and this is removed beford Nerefore the scope for more accurate measurements of SSA

the salt is harvested. This may explain the high NaCl content of theéoVer a range of wavelengths remains.

salt. Currently, the refractive indices of wet SSA are calculated
using mixing rules, i.e. taking a weighted average of the re-
Chemical compound  Percentage (%) fractive indices of water and dry sea s&hgttle and Fenn
1979. While this method may be valid for solid particles

sodium chloride 98.501 . . .

potassium chloride 0.018 suspended in water, |_t may n_ot hold for s_olutlons_ of salts
magnesium sulphate 0.100 such as sodium chloride, which readily dissolve in water.
calcium sulphate 0.548 The salts dissociate into separate ions when dissolved in wa-
water 0.798 ter, for example, sodium chloride dissociates ta"Nad CI-
insoluble residue 0.035 ions. This means that the values of refractive index of sea salt

used in current climate and retrieval models may not be phys-
ically realistic. For exampléyVinter and Chyle1997) use
_ SSA refractive index data fror8hettle and Fenfil979 to
rarely drops to below 45%, it may be assumed that they al¢4|cylate the planetary clear sky albedo. However, the values
ways exist as liquid solution drops in the atmosphee(s  they obtain for optical depth are slightly lower than measured
and Schwartz2004. Studies byCziczo et al.(1997 also  y51yes, and no verification of the mixing rules is undertaken.
confirm that sea salt aerosols may exist in liquid form downpis suggests that there remains a pressing need for mea-
to quite low RH values. surements of the optical properties of SSA to quantify and
The refractive indices of sea salt have previously beenimprove on the accuracy of those currently in use.
obtained using reflectance and transmittance measurementsPrevious methods of determining optical properties of
made on bulk sampled/§lz, 1972. These were made us- aerosol substances include aerosol extinction spectroscopy
ing pellets of KBr with a layer of powdered sea salt pressedfrom small particles and thin films. Refractive index is then
onto the surface, and not using actual aerosol. The origin andalculated from extinction measurements using a Kramers-
composition of the sea salt used are not given. There is als&ronig method that has been described extensively in liter-
some ambiguity as to whether or not the pellets remainedature Milham et al, 1981; Clapp et al. 1999. In this case
dry during measurement. The current refractive index datahin film techniques were rejected due to the possibility of
for dry sea salt is based on thi®lz (1972 data, after it  heterogeneous nucleation and interaction with a substrate.
has been extended up to 50000¢n0.2.m) by Shettle and Transmittance measurements were undertaken at 298 K
Fenn(1979 using data compiled bfporsey(1940. While  ysing Fourier-transform-infra-red (FTIR) spectroscopy and
additional measurements have been made on bulk solutionge resulting spectra were converted to complex refractive in-
of NaCl Querry et al. 1976 Yunus 1992 Weis and Ewing  dices over a range of wavelengths using a classical damped
1999 Neto et al, 2004, these may not be directly applica- harmonic oscillator (CDHO) model, to fit the shape of ab-
ble to sea salt aerosol which contains additional compoundsorption bands, combined with a Mie scattering algorithm
other than NaCl. AdditionallyWeis and Ewing1999 made  (Thomas et a).2004. The resulting refractive index spec-
measurements of NaCl droplets under controlled RH rangingra are presented in this paper and, where possible, compared
from 15 to 95%. However, above 44% RH the aerosol waswith current data from HITRANRothman 2005.
given insufficient time to reach equilibrium with surround-
ings. Tang et al(1997) have made measurements on sea salt
solution using the single particle levitation methddifigand 2 Methodology
Munkelwitz, 1991). However the solution used was made
up of four salts selected to approximate sea salt compositioisea salt crystals were dissolved in analytical reagent grade
rather than actual sea salt. The particle on which measurewater to make a salt solution. Maldon sea salt was used:
ments were made was 6u8n in diameter when dry, mean- this is obtained by evaporation of seawater collected from
ing that when the RH was increased the particle was signifthe east coast of England. The chemical composition of this
icantly larger than accumulation mode aerosol and thereforesea salt, obtained from the manufacturer, is given in Table
not necessarily representative of atmospheric SSA. AdditionAs the ratio of the major constituents of sea water are thought
ally both the single particle levitation method and the meth-to vary minimally with geographical locatiol€(lkin, 1965
ods employed byrunus (1992 and Neto et al.(2004) in- Wilson, 1975 DOE, 1994 Lewis and Schwart2004), these
volve measurements made at a single wavelength rather thagalt crystals may be considered to approximate the sea salt in
over a range of wavelengths. A parameterisation of the exthe atmosphere. However, it should be noted that limesscale
tinction coefficient, single scattering co-albedo and asymme-recipitates first during the evaporation process, and is re-
try parameter has been undertakerLbgt al. (2008 overa  moved before the remaining compounds are harvested as the
limited RH range. However, these are derived using refracimanufacturers do not consider this to be a part of sea salt.
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While this would affect the spectra in the near-infrared, it Table 2. The RH, molality,Msgo, number density, particle size and

should not have a significant effect over the range investi-gpreaq values for the sea salt aerosols produced and measured.
gated for this study. Seawater samples were not used due to

likely presence of contaminants that would be evident in the RH (%)
spectral measurements, as well as the low concentration of

Molality Msgg No(x1Pcm™3) Ry (um) S

: : . . 0.4 7.697 1557 3.806 0.355  1.379
salt in the water WhICh would res_ult in poor yields of seasalt. .. 7016 1562 0.469 0499 1166
The salt solution was aerosolised using an OMRON NE- 295 6.016  1.555 0.639 0516  1.156
U17 ultrasonic nebuliser. The aerosol was transported in a 385 4.827 1530 0.756 0.543  1.142
buffer flow of nitrogen gas and dried using diffusion dryers 488 3.856  1.499 0.676 0573 1161
(Blackford and Simongl986. The dry aerosol was then car- 4.2 2.285 1434 0.385 0.r64 1171
blac _ n - 1hedry 76.7 2074  1.425 0.543 0.756  1.239
ried into a 2 litre glass conditioning vessel where the RH of gg4 1.234  1.386 0.526 0.897  1.010

the aerosol was varied by the introduction of water vapour
from a heated water bath. The conditioner was of a suffi-

cient volume to allow the aerosol particles to grow to a stable|g 4 squares fit retrievaRpdgers2000). However, in some

siz_e before entering _the aerosol cell. This_, is a double-walledyf e spectra, particularly at high RH values, there is still
stainless steel cell with length 25 cm and internal volume ap-yidence of some remaining lines. This leads to increased

proximately 145 crfy _ _ uncertainty in the areas where water lines are expected for
The aerosol cell was mounted horizontally in an evacuatedyoge spectra.

chamber attached to a Bruker 66V/S Fourier transform spec-

trometer. Here, intensity measurements were made over a

range of wavenumbers. A Honeywell RH and temperature3 Results

sensor was mounted at the entrance of the cell to measure the

exact RH of the aerosol within the cell. The cell tempera-3.1 Classical damped harmonic oscillator model

ture remained at approximately 298 &7 K) throughout the

experiment. Particle size and number density measuremeniEhe final transmission spectrum was used to derive the com-

were also made using a GRIMM Sequential Mobility Particle plex refractive index using a CDHO model aft€homas

Sizer plus Counter (SMPS+C) and an API Aerosizer instru-et al. (2004. In this method, the molecular absorption of

ment (an aerodynamic particle sizer). aerosol molecules is modelled using a CDHO model that pro-
Background spectra were recorded to account for the specides a best estimate of the shape of the absorption bands.

tral response of the Fourier transform spectrometer and anmj Mie scattering algorithm is then used in conjunction with

artefacts introduced by the windows of the optical cell. A the CDHO model to fully describe the absorption spectrum

Kalman smoother{alman 1960 Maybeck 1979 was used  (Grainger et al.2004. The final model of the spectrum is

to match an appropriate background spectrum to each aerosfitted to measurements using a numerical optimal estimation

measurement, and the transmission spectra were calculatedgorithm and the complex refractive index is retrieved.

using the following equation: Two iterations of the refractive index retrieval were per-

formed in total. A first order approximation of the refractive

T.(v) = 1) Q) index was obtained by using concomitant measurements of
To(v) size and number density as a priori information for the re-

wherelp(v) is the background intensity,(v) is the sample trieval. From this, the variation with molality of the refractive

intensity andr. (v) is the transmission. index at a fixed point could be derived. At high wavenumbers

Transmission measurements of sea salt aerosol were olthe real part of the refractive index tends towards a constant
tained from 500 to 8000 cnd at a number of different RH value. The refractive index at 20 000 th (500 nm) was
values. These are given in Talfalongside estimated mo- used to represent this value, as this was the highest wavenum-
lality values. Several spectral measurements were taken dier at which measurements were taken. The trend in these
each RH value and averaged to obtain the final transmissiomsgo values was then modelled (Fid@) to provide a fixed
spectrum. The error on these final spectra was estimated byalue to be used in the final refractive index retrieval. Final
calculating the variance of each spectral point in time fromretrieved parameters are shown in Tahle
the original averaged data. The transmission data was then The a priori band set was built up by the inclusion of
processed to retrieve the complex refractive index. The erexpected absorption bands from prior knowledge, and the
ror for each measurement was also updated during the readdition and removal of subsequent bands based on a trial
trieval process to add the uncertainty for each parameter irand error method. These band sets were later cross-checked
the model to the measurement error. with current data on the infrared absorption features of arti-

Some of the transmission spectra showed evidence of corficial seawaterziczo et al. 1997 and the component com-
tamination by gas lines of carbon dioxide and water. Thesepounds of SSA in the literatur&Cgiczo and Abbatt2000).
were modelled and removed using an iterative non-linearTable 3 shows the set of band parameters for 74% RH sea
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Fig. 2. Sea salt aerosol extinction from current HITRAN data
Fig. 1. Variation of refractive index at 500 nm with molality for sea (green) and from new measurements (black). Calculated assum-
salt aerosol. The initial point at 0 molality is that of pure water and ing a particle size of 0.199m and a particle number density of
is included for comparison. 9.05x 106° cm 3,

Table 3. Band parameters for 74% RH sea salt aerosol. The positrieved values of the imaginary pakt,of the refractive index,
tion refers to the wavenumber position of the oscillator centre, thefollow the shape of the HITRAN data but the experimental

width is the damping constant and the strength gives the maximunljata reveal an additional peak-a1330 entl This peak is

intensity of each band described by the CDHO model. Bands due . . .
to water are present at1650 cntt and~3430 cnr L. not present in the HITRAN data, but is present in the FTIR

extinction spectra of N|HSO, and NH;NO3, components
of sea salt Cziczo and Abbaft2000. The retrieved spec-
trum also shows greater detail than the HITRAN data due to

Position (cnt1)  Width (cm™1)  Strength (crm?)

351.5 168.4 438015 a higher resolution. However, the real part of the refractive
607.7 277.9 207943 index,m, from the experimental data looks very different to
1146.8 1403 10706 that presented by HITRAN. These data were originally ob-
1447.5 376.7 70858 tained by reflectance measurememsi, 1972, rather than
1643.4 86.4 109899

from transmittance measurements.

The retrieved refractive index data for sea salt aerosols of
approximately 49% and 86% RH are shown in Figand5.
A clear decrease in the values of the real part of the refractive
index at large wavenumbers is observed as the RH increases.
salt aerosol. As the RH of the aerosol increased, the sizegain, the general trend of the variation of refractive index
and width of the parameters corresponding to water bandgyith wavenumber is similar for both data sets in that peaks
increased. S|m|lar|y, as the RH deCfeaSEd, the size and Widtbccur at approximate|y the same wavenumber values. How-
of the water bands decreased until they disappeared for thgyer, there are significant differences in the size and shapes

2094.3 251.9 39014
3470.8 152.1 1137066

dry sea salt aerosol. of these peaks, and the overall magnitude of the real part of
o ) the refractive index is consistently greater in the experimen-
3.1.1 Refractive index retrieval tal data when compared to the HITRAN data.

The retrieval algorithm fits extinction curves calculated from

the measured data. Figu2eshows the extinction calculated 4 Discussion

from measurements of dry sea salt aerosol compared with

the extinction from previous values of dry sea salt refrac-4.1 Comparison with HITRAN data

tive indices. The latter data are obtained from the HITRAN

databaseRothman 2005 and are based on measurementsThere is a clear similarity between the two extinction curves

taken byVolz (1972, and calculations performed [8hettle  shown in Fig.2. However, the HITRAN data consist of far

and Fenr(1979. fewer points and, possibly as a result of this lower resolu-
The results of the refractive index retrieval for dry sea salttion, do not show the peak at1330 cnt! which is evident in

aerosol are shown in Figg. The results show that the re- the experimental data, and in the infrared extinction spectra
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Fig. 3. Refractive index retrieval for dry sea salt aerosol. Variation of extinction with wavenumber is shown in the top left with measured

values shown as black points and the modelled fit shown in green. The residual is shown in the plot to the bottom left. The right hand graphs

give refractive index data retrieved from measurements in black with the error bounds in blue. Current data from HITRAN are shown in red
for comparison.

of NH4HSO, and NH;NO3, components of sea salfticzo To further investigate the discrepancies between the data
and Abbatt2000. When plotted at the same resolution and sets, attempts were made to retrieve band parameters from
sampling as the HITRAN data, the new data no longer ex-the refractive index data from HITRAN. It was anticipated
hibits this additional peak, confirming that the lower reso- that these would provide the basis of a priori information for
lution of the HITRAN data would have made this peak un- retrievals from sea salt experimental data. These attempts
detectable. The resolution of the HITRAN data varies overproved unsuccessful, indicating that the real and imaginary
the whole wavenumber range specified. However, the avparts of the refractive index data from HITRAN did not cor-
erage resolution of this data is approximately 87 érver respond according to the equations used to relate these pa-
the wavenumber range 500-8000cimwhereas the average rameters in the CDHO modeThomas et a).2004. This
resolution of our data is 4 cnt over the same range. Some implies that the real and imaginary refractive indices pre-
spectra were recorded at a higher resolution (approximatelgented byolz (1972 do not display the Kramers-Kronig
0.2 cnT1) but no finer structure was visible due to this higher relationship.

resolution, other than at those places in the spectra where gas o ) ) ) )
lines were present. A priori information was then obtained from particle size

and number density measurements made during the experi-
The peaks at~1625cnt! and ~3430cnt! are much  ments, and the refractive indices of dry sea salt aerosol were
larger in the HITRAN data. The positions of these peaksretrieved (Fig.3). As it had been concluded that the real and
correspond to the positions of peaks expected due to watémaginary parts of the refractive index data from HITRAN
features. This suggests that the sea salt pellets used to makié not correspond, the significant differences between the
these measurements were not completely dry. Any subseexperimental and HITRAN data for the real part of the re-
guent calculations made using these values for dry sea saftactive index for dry sea salt are unsurprising. The new
would therefore also be incorrect. In addition, the extinction retrieved real values are relatively constant, although slight
curve of the HITRAN data tends towards a much lower valuedisturbances are observed at the wavenumber values where
at high wavenumbers than for the experimental data. peaks are evident in the HITRAN data. Two of these peaks

www.atmos-chem-phys.net/9/221/2009/ Atmos. Chem. Phys., 923912009
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are expected to be the result of water~at625cnt?! and 10
~3430cn1l, and these were evident in the extinction graph
(Fig. 2). Once more, there is a feature a330cnT? in
both the real and imaginary parts of the refractive indices that -
suggests the presence of a peak undetected by the HITRAN=
data. The greatest difference between the new data and thef;f 6
current HITRAN data is the increased magnitude of the real
part of the new data. A similar increase in magnitude is seen
in the imaginary part of the new data. The imaginary parts
of both the new and the current HITRAN data tend to zero at
~7000cnT?,

The measured refractive indices of 49% and 86% RH sea
salt aerosol are shown in Figé.and5 respectively for fur- ‘ 2o‘oo — 40‘00 — 60‘00 T
ther comparisons with the current data from HITRAN. Once Wavenumber (cm™)
again the magnitude of both parts of the measured refractive
indices are greater than the magnitude of the current data, al-
though this difference becomes smaller as the RH increases$ig. 6a. Variation of the real part of the measured refractive index,
At 49% RH the peaks of the real part of the HITRAN data are with relative humidity. The 0.4% RH data are shown at the cor-
greater in amplitude and better defined than those of the ne\ﬂact scale. Successive plots are displaced vertically by +1 unit each
measurements, suggesting a greater level of water than in tHane-
aerosol produced for the new measurements. The HITRAN

1 .
data also show a peak &400 cnt ™ in the real part of the  \hich is assumed to be negligible for this analysis as min-

refractive index that is not present in the new measurement§y | water features are observed in the retrieved refractive
However, this peak does appear in the new measurements gf yo, spectrum.

86% RH sea salt aerosol, suggesting that it is due to a high
water content. The new 86% RH measurement also showg 2 \variation with increasing relative humidity
much more structure in both the real and imaginary parts
than the current HITRAN data. The peaks-at625cnt?, At high wavenumbers, the real part of the refractive index for
~2000cnT! and~3430cnt?! are all attributable to water, sea salt aerosol tends towards a constant value (Figsnd
and the increased resolution of the new measurements con®). As the water content of the aerosol increases, this value
pared to that of the origindolz (1972 measurements allows decreases (Figd.and5). This is to be expected as more wa-
the structure of the peaks to be better defined. However, théer is present in the aerosol and so its refractive index should
scattering of data points arourdl625 cnt! in the new data  become closer to that of water (1.33 at 500 nm). This is par-
indicates remnants of water lines that may provide an additicularly noticeable in the variation of the refractive index at
tional source of error. Therefore more work is necessary tdb00 nm (n500) Shown in Fig.1.
improve the method of eliminating gas lines. The amplitude Figure 6a to b show the retrieved refractive index spectra
of these water peaks is much greater in the new measurder sea salt aerosol at various different RH values. For the
ments than in the HITRAN data. Also the large O-H stretch three data sets at 22.9, 29.5 and 38.5% RH, no refractive in-
feature at~3330 cnT! in the HITRAN data is centred at the dex data is shown below 2000 crhdue to a low absorption
slightly higher wavelength 0£3430 cnt?, although the po-  signal in the measurements in this region. It can be seen that,
sitions of the remaining peaks remain unchanged between thia the real part of the refractive index, the size of the O-H
two data sets. Currently the O-H stretch feature is modelledstretch feature at-3430cnT?! increases with RH, as does
using a number of overlapping bands. This is due to limi- the size of the peak at1625cnT!. The imaginary part of
tations of the CDHO model that require absorption bands tathe refractive index exhibits similar trends. The peak due
be symmetric. However, it is anticipated that further work to the O-H stretch from water at3430 cnT? grows signif-
on the model may include an asymmetry parameter to betteicantly larger in amplitude as the RH increases, as does the
model this feature. peak at~1625cnT!. This is consistent with the data from
The differences between the new measurements and thé/eis and Ewing1999 which showed similar trends in the
current data are attributed to the inaccuracy of the volumeO-H stretch regions for aqueous NaCl spectra with increas-
weighting model used to calculate the refractive indices ining RH. However, the peak at1330 cnt! has disappeared
the HITRAN data. The possible presence of water andin the spectrum at 48.8% RH, suggesting that it is due to the
the apparent inconsistencies between the real and imaginasea salt rather than water. The trough-@®00 cnt ! in the
parts of this refractive index data is also a source of error. Theeal part of the data becomes deeper and more defined as the
retrievals of water lines from the new measurements of dryRH increases and the peak-a400 cnt begins to appear.
sea salt aerosol indicate a relative humidity value of 0.4%,

dex

A 86.4% RH |

e 1n
[ec]

48.8% RH™|

4

Real part of ref

/B B B L B B B 520 B B
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Fig. 6b. Variation of the imaginary part of the measured refractive Fig. 7. Refractive index spectra of 70% RH SSA from new, direct

index, k with relative humidity. The 0.4% RH data are shown at measurements (green), and calculated from the volume mixing rules

the correct scale. Successive plots are vertically displaced by +0.28sing the newly measured dry SSA refractive index (black). The

units each time. real part of the refractive index is shown in the top plot, and the
imaginary part in the bottom plot.

4.3 \olume mixing rules

i 5 Conclusi
The calculations performed I8hettle and Fen(l979 used onclusions

sea salt data frorvolz (1972 and water refractive indices
from Hale and Querry1973. Further and more comprehen-
sive measurements have been made of the refractive indic
of water, most recently b8egelsteir{1981). To confirm that

The refractive indices of sea salt aerosol have been obtained
efgr a range of relative humidity values. A single set of mea-
surements was previously made ¥glz (1972. In these

the discrepancy between the new measurements and the rgw_easurements_ the real and maginary parts of the refractive
index were derived by two different measurements: the real

fractive indices calculated yhettle and Fen(l979 are not X o ; .
part using transmission measurements and the imaginary part

merely due to inaccurate data for water, the volume mixing" ", flect is. both f arv. bulk
calculations are repeated here using the new measuremenlffIng reriectance measurements, both from dry, bulk sam-
es. We found that the real and imaginary parts of the re-

of dry sea salt aerosol, and tBegelsteir{1981) data for the ][3 tve indi f h ts did not d
refractive indices of water. The refractive index spectrum for ractivé Incices from these measureéments did not correspon

74% RH sea salt aerosol was calculated using the volum(ff‘ccOrdlng to the CDHO model, and therefore did not follow

weighting formula (followingShettle and Fenri979: the Kramers-l_(ror_ug _relatlonshlp.
The refractive indices for wet sea salt aerosols were pre-

n=ny + (n0+nw)[r_0] 2) viously calculated using a volume weighting formula by
r(ay) Shettle and Fen{L979. The calculations were performed
whereng is the refractive index of dry sea salt aerosg), ~ USing refractive index data for sea salt fravolz (1972.
is the refractive index of waterg is the dry aerosol particle The refractive index data for water used in the calculations
size and-(ay,) is the size of the wet sea salt aerosol for which Were fromHale and Querrf1973 and have since been su-
the refractive index is required. The calculated refractive in-Perceded by water measurements fréegelstein(1981),
dices are compared with the new measurements in7Fi. ~ @mong others. Further calculations were performed using
is clear that, while the positions and shapes of the peaks are new refractive index data for sea salt presented in this
similar, the two refractive index spectra are sufficiently dif- Paper and more recent data for the refractive indices of wa-
ferent that it may be assumed that the volume mixing rulest€r from Segelstein1981). The resulting refractive indices
used to calculate refractive index for wet aerosols provide arPf wet SSA are different to direct measurements of SSA at
inaccurate result compared to direct measurements. This i€ Same RH. This suggests that the volume mixing rules are
expected as the dissociation of salt ions upon dissolution ofnadequate for describing the refractive indices of solutions.
the salt means that the resulting solution cannot merely be The results presented here have been retrieved from di-
considered as a mixture of whole salt particles and water. rect measurements of aerosols and are at a higher resolution
than previous data. This means that the infra-red scattering
and absorption of sea salt aerosols can now be more accu-
rately predicted, and more precise parameters may be used
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in atmospheric models. Possible further work may involve Kalman, R. E.: A New Approach to Linear Filtering and Prediction
improving the retrieval of gas lines from transmission spec- Problems, J. Basic Eng., 82, 35, 1960.

tra to improve accuracy in the spectral regions where wateKing, M. D., Kaufman, Y. J., Tanre, D., and Nakajima, T.: Remote
is expected, as well as extending the CDHO method to allow sensing of tropospheric aerosols from space: past, present and

for the presence of asymmetry in the absorption bands. future, Bull. Am. Meteorol. Soc., 80, 2229-2259, 1999.
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