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Abstract

The extinction spectra of laboratory generated sea salt aerosols have been measured
from 1µm to 20µm using a Bruker 66v/S FTIR spectrometer. Concomitant measure-
ments include temperature, pressure, relative humidity and the aerosol size distribu-
tion. The refractive indices of the sea salt have been determined using a simple har-5

monic oscillator band model (Thomas et al., 2004) for aerosol with relative humidities
between 0.1% to 100% sea salt. The resulting refractive index spectra show significant
discrepancies when compared to existing sea salt refractive indices.

1 Introduction

Atmospheric aerosols cause direct and indirect forcing of the atmosphere’s radiation10

budget. Aerosol particles may act as cloud condensation nuclei and affect the lifetime
of clouds (Penner et al., 2001; Lohmann and Feichter, 2005) or they can influence ra-
diative transfer by scattering and absorbing solar radiation (IPCC, 2007). The optical
properties of aerosols are particularly important as they are required to perform ra-
diative transfer calculations in global climate models and allow the radiative effect of15

such aerosols to be estimated (Hess et al., 1998; Dobbie et al., 2003). In fact the need
for refined optical aerosol models for improving satellite retrieval algorithms has been
identified by many authors (Torres et al., 1998; King et al., 1999; Dubovik et al., 2002).

Marine aerosols provide a significant contribution to the aerosol environment due to
the large source area of the oceans, which cover approximately 70 % of the Earth’s20

surface. Sea salt aerosol (SSA) is a component of marine aerosol made up of seawa-
ter and dry sea salt particles, and is produced by any mechanism releasing spray from
the sea surface. As well as acting as cloud condensation nuclei (Twomey and McMas-
ter, 1955) SSA can also act as a sink for condensable gases, affecting the deposition
rate of nitrogen in the form of ammonia to the ocean and thus possibly inhibiting the25

formation of other aerosol particles (Savoie and Prospero, 1982). Coarse SSA parti-
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cles cause corrosion and are a main contributor to ocean-atmosphere fluxes of organic
substances, electric charge, micro-organisms etc. SSA also plays a part in the atmo-
spheric cycles of chlorine and other halogens (Finlayson-Pitts and Hemminger, 2000).
Finally, recent observations suggest that the majority of accumulation mode aerosols
in the marine boundary layer (0.1µm<Radius<1µm) contain sea salt, and that this5

sea salt aerosol is responsible for the majority of aerosol-scattered light (Murphy et al.,
1998).

For the lowest tens of metres above the ocean, SSA particles usually exist in liquid
form. Above this height, at relative humidities (RH) between 45% and 75%, SSA parti-
cles may be in either liquid droplet or dry salt form depending on the relative humidity10

of the particle on creation. As SSA particles are usually formed as liquid droplets, and
the RH rarely drops to below 45%, it may be assumed that they always exist as liquid
solution drops in the atmosphere (Lewis and Schwartz, 2004).

The refractive indices of sea salt have previously been obtained using reflectance
and transmittance measurements made on bulk samples (Volz, 1972). These were15

made using pellets of KBr with a layer of powdered sea salt pressed onto the surface,
and not using actual aerosol. There is also some ambiguity as to whether or not the
pellets remained dry during measurement.

Currently, the refractive indices of wet SSA are calculated using mixing rules, i.e. tak-
ing a weighted average of the refractive indices of water and dry sea salt (Shettle and20

Fenn, 1979). While this method may be valid for solid particles suspended in water, it
may not hold for solutions of salts such as sodium chloride, which readily dissolve in
water. The salts dissociate into separate ions when dissolved in water, for example,
sodium chloride dissociates to Na+ and Cl− ions. Therefore, the values of refractive
index of sea salt used in current climate and retrieval models may not be physically25

realistic. There is therefore a pressing need for measurements of the optical properties
of SSA to quantify and improve on the accuracy of those currently in use.

Previous methods of determining optical properties of aerosol substances include
aerosol extinction spectroscopy from small particles and thin films. Refractive index
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is then calculated from extinction measurements using a Kramers-Kronig method that
has been described extensively in literature (Milham et al., 1981; Clapp et al., 1995).
In this case thin film techniques were rejected due to the possibility of heterogeneous
nucleation and interaction with a substrate.

Transmittance measurements were undertaken using Fourier-transform-infra-red5

(FTIR) spectroscopy and the resulting spectra were converted to complex refractive
indices over a range of wavelengths using a classical damped harmonic oscillator
(CDHO) model, to fit the shape of absorption bands, combined with a Mie scattering
algorithm (Thomas et al., 2004). The resulting refractive index spectra are presented in
this paper and, where possible, compared with current data from HITRAN (Rothman,10

2005).

2 Methodology

Sea salt crystals were dissolved in analytical reagent grade water to make a salt solu-
tion. Maldon sea salt was used: this is obtained by evaporation of seawater collected
from the east coast of England. As the ratio of the major constituents of sea water are15

thought to vary minimally with geographical location (Culkin, 1965; Wilson, 1975; DOE,
1994; Lewis and Schwartz, 2004), these salt crystals may be considered representa-
tive of the sea salt in the atmosphere. Seawater samples were not used due to likely
presence of contaminants that would be evident in the spectral measurements.

The salt solution was aerosolised using an OMRON NE-U17 ultrasonic nebuliser.20

The aerosol was transported in a buffer flow of nitrogen gas and dried using diffusion
dryers (Blackford and Simons, 1986). The dry aerosol was then carried into a 2 l glass
conditioning vessel where the RH of the aerosol was varied by the introduction of water
vapour from a heated water bath. The conditioner was of a sufficient volume to allow
the aerosol particles to grow to a stable size before entering the aerosol cell. This is a25

double-walled stainless steel cell with length 25 cm and internal volume approximately
145 cm3.
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The aerosol cell was mounted horizontally an evacuated chamber attached to a
Bruker 66V/s Fourier transform spectrometer. Here, intensity measurements were
made over a range of wavenumbers. Particle size and number density measure-
ments were also made using a GRIMM Sequential Mobility Particle Sizer plus Counter
(SMPS+C) and an API Aerosizer instrument (an aerodynamic particle sizer).5

Background spectra were recorded to account for the spectral response of the
Fourier transform spectrometer and any artefacts introduced by the windows of the
optical cell. A Kalman smoother (Kalman, 1960; Maybeck, 1979) was used to match
an appropriate background spectrum to each aerosol measurement, and the transmis-
sion spectra were calculated using the following equation:10

Tc(ν) =
I(ν)
I0(ν)

(1)

where I0(ν) is the background intensity, I(ν) is the sample intensity and Tc(ν) is the
transmission.

Transmission measurements of sea salt aerosol were obtained from 500 to
8000 cm−1 at a number of different RH values (Table 1). Several spectral measure-15

ments were taken at each RH value and averaged to obtain the final transmission
spectrum. The error on these final spectra was estimated by calculating the variance
of each spectral point in time from the original averaged data. The transmission data
was then processed to retrieve the complex refractive index. The error for each mea-
surement was also updated during the retrieval process to add the uncertainty for each20

parameter in the model to the measurement error.
Some of the transmission spectra showed evidence of contamination by gas lines

of carbon dioxide and water. These were modelled and removed using an iterative
non-linear least squares fit retrieval (Rodgers, 2000). However, in some of the spectra,
particularly at high RH values, there is still evidence of some remaining lines. This25

leads to increased uncertainty in the areas where water lines are expected for these
spectra.
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3 Results

3.1 Classical damped harmonic oscillator model

The final transmission spectrum was used to derive the complex refractive index using
a CDHO model after Thomas et al. (2004). In this method, the molecular absorption of
aerosol molecules is modelled using a CDHO model that provides a best estimate of5

the shape of the absorption bands. A Mie scattering algorithm is then used in conjunc-
tion with the CDHO model to fully describe the absorption spectrum (Grainger et al.,
2004). The final model of the spectrum is fitted to measurements using a numerical
optimal estimation algorithm and the complex refractive index is retrieved. Concomi-
tant measurements of size and number density were used as a priori information for10

the retrieval. Final retrieved parameters are shown in Table 1.
As the absorption band parameters contain information about the composition of the

aerosol compound the ideal a priori band set would be defined by infrared absorption
features of component compounds of the aerosol. However, this information was not
available in the literature. The most reliable method of obtaining the a priori band15

set therefore entailed inclusion of expected absorption bands from prior knowledge,
and the addition and removal of subsequent bands based on a trial and error method.
Table 2 shows the set of band parameters for 70% RH sea salt aerosol. As the RH
of the aerosol increased, the size and width of the parameters corresponding to water
bands increased. Similarly, as the RH decreased, the size and width of the water bands20

decreased until they disappeared for the dry sea salt aerosol.

3.1.1 Refractive index retrieval

The retrieval algorithm fits extinction curves calculated from the measured data. Fig-
ure 1 shows the extinction calculated from measurements of dry sea salt aerosol com-
pared with the extinction from previous values of dry sea salt refractive indices. The25

latter data are obtained from the HITRAN database (Rothman, 2005) and are based on
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measurements taken by Volz (1972), and calculations performed by Shettle and Fenn
(1979).

The results of the refractive index retrieval for dry sea salt aerosol are shown in Fig. 2.
The results show that the retrieved values of the imaginary part, k, the refractive index,
follow the shape of the HITRAN data but the experimental data reveal an additional5

peak at ∼1300 cm−1. The overall magnitude of the imaginary part is much larger than
that of the HITRAN data, up to ∼7000 cm−1. The retrieved spectrum also shows greater
detail than the HITRAN data due to a higher resolution. However, the real part of the
refractive index, m, from the experimental data looks very different to that presented
by HITRAN. These data were originally obtained by reflectance measurements (Volz,10

1972), rather than from transmittance measurements.
The retrieved refractive index data for sea salt aerosols of approximately 50% and

90% RH are shown in Figs. 3 and 4. A clear decrease in the values of the real part
of the refractive index at large wavenumbers is observed as the RH increases. Again,
the general trend of the variation of refractive index with wavenumber is similar for15

both data sets in that peaks occur at approximately the same wavenumber values.
However, there are significant differences in the size and shapes of these peaks, and
the overall magnitude of the real part of the refractive index is consistently greater in
the experimental data when compared to the HITRAN data.

4 Discussion20

4.1 Comparison with HITRAN data

There is a clear similarity between the two extinction curves shown in Fig. 1. How-
ever, the HITRAN data consist of far fewer points and, possibly as a result of this lower
resolution, do not show the peak at ∼1300 cm−1 which is evident in the experimental
data. The peaks at ∼1625 cm−1 and ∼3430 cm−1 are also much larger in the HITRAN25

data. The positions of these peaks correspond to the positions of peaks expected due
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to water features. This suggests that the sea salt pellets used to make these measure-
ments were not completely dry. Any subsequent calculations made using these values
for dry sea salt would therefore also be incorrect. In addition, the extinction curve of
the HITRAN data tends towards a much lower value at high wavenumbers than for the
experimental data.5

To further investigate the discrepancies between the data sets, attempts were made
to retrieve band parameters from the refractive index data from HITRAN. It was antici-
pated that these would provide the basis of a priori information for retrievals from sea
salt experimental data. These attempts proved unsuccessful, indicating that the real
and imaginary parts of the refractive index data from HITRAN did not correspond ac-10

cording to the equations used to relate these parameters in the CDHO model (Thomas
et al., 2004).

A priori information was then obtained from particle size and number density mea-
surements made during the experiments, and the refractive indices of dry sea salt
aerosol were retrieved (Fig. 2). As it had been concluded that the real and imaginary15

parts of the refractive index data from HITRAN did not correspond, the significant dif-
ferences between the experimental and HITRAN data for the real part of the refractive
index for dry sea salt are unsurprising. The new retrieved real values are relatively
constant, although slight disturbances are observed at the wavenumber values where
peaks are evident in the HITRAN data. Two of these peaks are expected to be the re-20

sult of water at ∼1625 cm−1 and ∼3430 cm−1, and these were evident in the extinction
graph (Fig. 1). Once more, there is a feature at ∼1300 cm−1 in both the real and imag-
inary 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 the current
HITRAN data is the increased magnitude of the real part of the new data. A similar25

increase in magnitude is seen in the imaginary part of the new data; however, in this
case, both the new and the current HITRAN data tend to zero at ∼7000 cm−1.

The measured refractive indices of 50% and 90% RH sea salt aerosol are shown in
Figs. 3 and 4 respectively for further comparisons with the current data from HITRAN.
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Once again the magnitude of both parts of the measured refractive indices are greater
than the magnitude of the current data, although this difference becomes smaller as the
RH increases. At 50% RH the peaks of the real part of the HITRAN data are greater
in amplitude and better defined than those of the new measurements, suggesting a
greater level of water than in the aerosol produced for the new measurements. The HI-5

TRAN data also show a peak at ∼400 cm−1 in the real part of the refractive index that
is not present in the new measurements. However, this peak does appear in the new
measurements of 90% RH sea salt aerosol, suggesting that it is due to a high water
content. The new 90% RH measurement also shows much more structure in both the
real and imaginary parts than the current HITRAN data. The peaks at ∼1625 cm−1,10

∼2000 cm−1 and ∼3430 cm−1 are all attributable to water, and the increased resolution
of the new measurements compared to that of the original Volz (1972) measurements
allows the structure of the peaks to be better defined. However, the scattering of data
points around ∼1625 cm−1 in the new data indicates remnants of water lines that may
provide an additional source of error. Therefore more work is necessary to improve the15

method of eliminating gas lines. The amplitude of these water peaks is much greater
in the new measurements than in the HITRAN data. Also the large O-H stretch fea-
ture at ∼3330 cm−1 in the HITRAN data is centred at the slightly higher wavelength
of ∼3430 cm−1, although the positions of the remaining peaks remain unchanged be-
tween the two data sets. Currently the O-H stretch feature is modelled using a number20

of overlapping bands. This is due to limitations of the CDHO model that require absorp-
tion bands to be symmetric. However, it is anticipated that further work on the model
may include an asymmetry parameter to better model this feature.

The differences between the new measurements and the current data are attributed
to the inaccuracy of the volume weighting model used to calculate the refractive indices25

in the HITRAN data. The possible presence of water and the apparent inconsistencies
between the real and imaginary parts of this refractive index data is also a source
of error. The retrievals of water lines from the new measurements of dry sea salt
aerosol indicate a relative humidity value of 0.4%, which is assumed to be negligible
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for this analysis as minimal water features are observed in the retrieved refractive index
spectrum.

4.2 Variation with increasing relative humidity

At high wavenumbers, the real part of the refractive index for sea salt aerosol tends
towards a constant value (Figs. 2, 3 and 4). As the aerosol becomes wetter, this value5

decreases (Figs. 3 and 4). This is to be expected as more water is present in the
aerosol and so its refractive index should become closer to that of water (1.33). This is
particularly noticeable in the variation of the refractive index at infinite frequency (minf)
shown in Fig. 5.

Figures 6a to b show the retrieved refractive index spectra for sea salt aerosol at10

various different RH values. It can be seen that, in the real part of the refractive index,
the size of the O-H stretch feature at ∼3430 cm−1 increases with RH, as does the size
of the peak at ∼1625 cm−1. The imaginary part of the refractive index exhibits similar
trends. The peak due to the O-H stretch from water at ∼3430 cm−1 grows significantly
larger in amplitude as the RH increases, as does the peak at ∼1625 cm−1. However,15

the peak at ∼1800 cm−1 becomes smaller as RH increases, suggesting that it is due
to the sea salt rather than water. The trough at ∼800 cm−1 in the real part of the data
becomes deeper and more defined as the RH increases and the peak at ∼400 cm−1

begins to appear.

4.3 Volume mixing rules20

The calculations performed by Shettle and Fenn (1979) used sea salt data from Volz
(1972) and water refractive indices from Hale and Querry (1973). Further and more
comprehensive measurements have been made of the refractive indices of water, most
recently by Segelstein (1981). To confirm that the discrepancy between the new mea-
surements and the refractive indices calculated by Shettle and Fenn (1979) are not25

merely due to inaccurate data for water, the volume mixing calculations are repeated
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here using the new measurements of dry sea salt aerosol, and the Segelstein (1981)
data for the refractive indices of water. The refractive index spectrum for 70% RH sea
salt aerosol was calculated using the volume weighting formula (following Shettle and
Fenn, 1979):

n = nw + (n0 + nw )[
r0

r(aw )
] (2)5

where n0 is the refractive index of dry sea salt aerosol, nw is the refractive index of wa-
ter, r0 is the dry aerosol particle size and r(aw ) is the size of the wet sea salt aerosol for
which the refractive index is required. The calculated refractive indices are compared
with the new measurements in Fig. 7. It is clear that, while the positions and shapes
of the peaks are similar, the two refractive index spectra are sufficiently different that10

it may be assumed that the volume mixing rules used to calculate refractive index for
wet aerosols provide an inaccurate result compared to direct measurements. This is
expected as the dissociation of salt ions upon dissolution of the salt means that the
resulting solution cannot merely be considered as a mixture of whole salt particles and
water.15

5 Conclusions

The refractive indices of sea salt aerosol have been obtained for a range of relative
humidity values. A single set of measurements was previously made by Volz (1972). In
these measurements the real and imaginary parts of the refractive index were derived
by two different measurements: the real part using transmission measurements and20

the imaginary part using reflectance measurements, both from dry, bulk samples. We
found that the real and imaginary parts of the refractive indices from these measure-
ments did not correspond according to the CDHO model.

The refractive indices for wet sea salt aerosols were previously calculated using a
volume weighting formula, the Volz (1972) refractive index data for sea salt and re-25

fractive index data for water that have since been superceded. Calculations performed
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using the new refractive index data for sea salt and more recent data for the refractive
indices of water are inconsistent with each other, suggesting the volume mixing rules
are inadequate for describing the refractive indices of solutions.

The results presented here have been retrieved from direct measurements of
aerosols and are therefore more representative of the natural aerosol than previous5

data. This means that the infra-red scattering and absorption of sea salt aerosols can
now be more accurately predicted, and more realistic parameters may be used in at-
mospheric models. Possible further work may involve improving the retrieval of gas
lines from transmission spectra to improve accuracy in the spectral regions where wa-
ter is expected, as well as extending the CDHO method to allow for the presence of10

asymmetry in the absorption bands.
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Table 1. The RH, Minf, number density, particle size and spread values for the sea salt aerosols
produced and measured.

RH (%) Minf N0 (×106 per cm3) Rm (µm) S

0.4 2.189 9.058 0.182 1.521
22.9 1.948 6.170 0.139 1.690
29.5 1.706 0.851 0.417 1.245
38.5 1.678 0.954 0.451 1.202
48.8 1.656 0.889 0.466 1.205
68.6 1.592 0.344 0.588 1.100
74.2 1.544 0.418 0.696 1.100
76.7 1.540 0.483 0.751 1.100
86.4 1.490 0.771 0.715 1.100
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Table 2. Band parameters for 70% RH sea salt aerosol. The position refers to the wavenumber
position of the oscillator centre, the width is the damping constant and the strength gives the
maximum intensity of each band described by the CDHO model. Bands due to water are
present at ∼1650 cm−1 and ∼3430 cm−1.

Position (cm−1) Width (cm−1) Strength (cm−2)

64.4 121.5 16328
483.1 222.6 234671
607.4 173.1 60835
730.6 227.2 99506
1167.6 368.1 102725
1399.8 153.3 45139
1468.8 25.1 10683
1530.3 58.5 56452
1637.5 70.9 161602
1754.5 80.5 10272
2135.0 683.5 251862
3275.8 129.7 213404
3436.6 104.7 913822
3540.6 117.2 415340
3849.4 61.8 22485
4092.2 912.8 490112
4861.0 732.2 207949
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Fig. 1. Sea salt aerosol extinction from current HITRAN data (green) and from new measure-
ments (black). Calculated assuming a particle size of 0.199µm and a particle number density
of 9.05×106 cm−3.
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Fig. 2. Refractive index retrieval for dry sea salt aerosol. Variation of extinction with wavenum-
ber 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.
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Fig. 3. Refractive index retrieval for 50% RH sea salt aerosol.
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Fig. 4. Refractive index retrieval for 90% RH sea salt aerosol.
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Fig. 5. Variation of refractive index at infinite wavenumber with relative humidity for sea salt
aerosol. The final point at 100% RH is that of pure water and is included for comparison.
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Fig. 6a. Variation of the real part of the measured refractive index, m with relative humidity.
The 0.4% RH data are shown at the correct scale. Successive plots are displaced vertically by
+1 unit each time.
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Fig. 6b. Variation of the imaginary part of the measured refractive index, k with relative humid-
ity. The 0.4% RH data are shown at the correct scale. Successive plots are vertically displaced
by +0.25 units each time.
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Fig. 7. Refractive index spectra of 70% RH SSA from new, direct measurements (green), and
calculated from the volume mixing rules using the newly measured dry SSA refractive index
(black). The real part of the refractive index is shown in the top plot, and the imaginary part in
the bottom plot.
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