Atmos. Chem. Phys., 3, 1147-1164, 2003 T 4 -*

www.atmos-chem-phys.org/acp/3/1147/ € Atmospherlc

Chemistry
and Physics

A guantitative test of infrared optical constants for supercooled
sulphuric and nitric acid droplet aerosols

R. Wagner!, A. Mangold?, O. Méhler!, H. Saathofft, M. Schnaiter!, and U. Schurath*

1Forschungszentrum Karlsruhe, Institute of Meteorology and Climate Research, Karlsruhe, Germany
2Forschungszentruniilich, Institute of Chemistry and Dynamics of the Geosphere | (ICG-): Stratospliics, Germany

Received: 18 March 2003 — Published in Atmos. Chem. Phys. Discuss.: 8 May 2003
Revised: 23 July 2003 — Accepted: 28 July 2003 — Published: 8 August 2003

Abstract. In situ Fourier transform infrared (FTIR) extinc- Atmospheric Trace Molecule Spectroscopy (ATMOS) exper-
tion spectra of supercooled,BO4/H,0 and HNQ/H2O so-  iment (Eldering et al., 2001), the Improved Limb Atmo-
lution droplets were recorded in the large coolable aerosokpheric Spectrometer (ILAS) (Sasano et al., 1999), and the
chamber AIDA (Aerosol Interactions and Dynamics in the Michelson Interferometer for Passive Atmospheric Sounding
Atmosphere) of Forschungszentrum Karlsruhe for a range of Balloon borne (MIPAS-B), aircraft-borne (MIPAS-STR),
aerosol compositions and at temperatures extending down tand satellite-borne (MIPAS-ENVISAT) versions (Echle et
192 K. The measured spectra were quantitatively analysed ial., 1998; Hpfner et al., 2002; Bpfner, 2003).
terms of aerosol composition and mass concentration by us- The accurate retrieval of aerosol parameters depends on
ing Mie theory in combination with published refractive in- rejiable optical constants, i.e. the real and imaginary parts
dex data as input parameters. Simultaneously, total sulphurigf the complex refractive index. Recently, the data base
acid and nitric acid mass concentrations from filter analysisyf optical constants for binary sulphuric acid and nitric
and total water concentrations measured with the Lyman- 5cid aerosols as well as ternary, $04/H,O/HNO3 solu-
hygrometer of Forschungszentruiilidh were used to calcu-  tjgn droplets (PSC — type Ib) has been significantly im-
late the aerosol composition at thermodynamic equilibriumproved owing to several extensive laboratory measurements
inside the aerosol chamber. By comparing these measureghich cover a wide range of aerosol compositions and tem-
aerosol parameters with those retrieved from the analysis operatures. An extraordinary result of these studies was the
the FTIR spectra, the accuracy of the literature data sets oftrong temperature dependence of the optical constants due
refractive indices could be assessed. In summary, four datg, temperature-dependent ion equilibria in the sulphuric and
sets were tested in the;BO/H20 system as well as two  pitric acid systems. Tisdale et al. (1998) published the first
data sets in the HN&H2O system, partly revealing signifi-  gata set of infrared optical constants of low-temperature sul-
cant discrepancies in the retrieved aerosol properties. POtefbhuric acid solutions between 45 and 80 wt%S@, at a
tial explanations for these differences are discussed in thi%emperature around 215K, noting that the change in optical
paper. constants with temperature would considerably influence the
retrievals of aerosol mass concentrations and compositions
from satellite measurements. While in this study the complex
1 Introduction refractive indices were determir_led from FTIR .tran'.smission
measurements through sulphuric acid films, Niedziela et al.
Mid infrared remote sensing instruments are becoming &1999) and Norman et al. (1999) retrieved optical constants
valuable tool to derive chemical composition, phase, vol-for the supercooled liquid $5Qu/H20 (32-87 wt% HSG,
ume, and size distribution parameters of stratospheric sul200—-300 K) and HNGQ/H>0 (35-70 wt% HNQ@, 220K) sys-
phuric acid aerosols and polar stratospheric clouds (PSCsféms directly from FTIR extinction spectra of laboratory-
Mid infrared spectra can be obtained from ground-based, bal9enerated aerosols in a flow cell. Water vapour in equilib-
loon, aircraft, and satellite experiments. Examples for thesdiUm Wwith the aerosol was measured with a tuneable diode
types of instruments include the Improved Stratospheric and@Ser (TDL) system to calculate the aerosol composition us-

Mesospheric Sounder (ISAMS) (Grainger et al., 1993), theing the thermodynamic model of Carslaw et al. (1995). Most
recently, the authors succeeded in deriving the first infrared
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Fig. 1. Comparison of different data sets of optical constants for supercooled lig8®{H,0 and HNG/H»O available in the literature.
Upper panels: 45wt% $80;, 215 K; lower panels: 45 wt% HN§) 220 K.

solution droplets, however limited to a narrow range of com-  Nevertheless, there remain significant differences between
positions (Norman et al., 2002). Biermann et al. (2000) ap-the individual laboratory data sets of optical constants, the
plied FTIR spectroscopy of thin films of aqueous sulphuric reason for which, as Biermann et al. (2000) noted, is still
and nitric acid to derive optical constants in the compositionunclear. A comparison of the different data sets is pre-
and temperature range of 10-80 wt%3®, (183-293K) sented in Fig. 1, that shows an example of th&8y/H,O

and 10-54 wt% HN@ (213-293K). Furthermore, the au- as well as the HN@H>O systems. Note that especially in
thors have proposed a mixing rule to calculate the complexhe wavenumber region of 1500-1000¢h which covers
refractive indices for the ternary solutions from the data setsa major part of the sulphate and nitrate absorption region,
of the two binary systems. Finally, Myhre et al. (2003) have the deviations between the refractive indices are up to 30%.
derived complex refractive indices of 38-81 wt% aqueousClearly, the results of the retrieval algorithms in remote sens-
H>SO, solutions in the temperature range 298—-203 K froming applications will strongly depend on which of the indi-
the analysis of specular reflectance IR spectra. vidual data sets of complex refractive indices is used. So far,
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Fig. 2. Left: Schematic cross section of the AIDA facility. Part of the instrumentation, e.g. the in-situ laser scattering/depolarisation unit and
the optical particle spectrometer were not used in this study. Right: Cross sectional view of AIDA level 2 showing the set-up for the in situ
FTIR extinction measurements. A White cell arrangement is availabe for in-situ measurements of extinction spectra in the UV/VIS region.

no laboratory study has addressed the question which of thaluminium vessel, volume 84.3%ris mounted inside a huge
data sets is the most reliable and should be used as input fasolating housing whose temperature can be controlled in the
the retrieval algorithms. range +60 to-90° C. The temperature inhomogeneity in the
In the present study, a comprehensive test of the differentierosol chamber is less that®.3 K. Details concerning the
data sets of optical constants is presented to assess the amoling system and the temperature measurements are de-
curacy by which experimental low-temperature FTIR spec-scribed by Mhler et al. (2003). The following section will
tra of supercooled liquid sulphuric and nitric acid droplets be divided into two subsections. Firstly, the AIDA instru-
can be quantitatively analysed in terms of aerosol composimentation for the aerosol generation and characterisation is
tion and mass concentration based on the published complesummarised, focussing on the determination of the aerosol
refractive indices. The experiments were conducted at thanass concentration and composition. Secondly, the experi-
AIDA aerosol chamber facility of Forschungszentrum Karl- mental set-up for the in situ FTIR measurements as well as
sruhe which can be cooled to simulate the conditions prevailthe retrieval procedure to derive aerosol parameters from the
ing in the upper troposphere and lower stratosphere. FTIRnfrared extinction spectra will be discussed in detail.
spectra of supercooleh80y/H,0O and HNQ/H,O droplets
were recorded for different aerosol compositions and were2.1  Aerosol generation and characterisation
analysed by applying a fitting algorithm based on Mie the- ] . ] ]
ory. The published data sets of low-temperature optical COnSme|Cron sulphuric acid aerqsol pa}rtlcles were generat'ed
stants were used in this fit algorithm to retrieve aerosol com-CUtside the AIDA chamber by dispersing a 20 wt% sulphuric
position, volume, and mass concentration of the aerosol par2cid solution in a nozzle at a backing pressure of about 2 bar.
ticles. The results of the retrieval procedure are then comAfter passing a conditioning tube partly filled with 96 wt%
pared to simultaneously measured aerosol parameters usifd@SQs the aerosol particles were added to the cooled AIDA

complementary methods (filter analysis, humidity measure-8€rosol vessel (for details seedhler et al., 2003, Fig. 3).
ments, and thermodynamic equilibrium model). The size distributions, measured with a differential mobil-

ity analyser (DMA) connected to a condensation particle
counter (CNC3010, TSI), closely fitted log-normal distribu-
2 Experimental tions with count median diameters between 0.2 ang.én3
The number concentration of the aerosol was typically in the
Figure 2 (left side) shows a schematic cross section of theange from 10 000 to 15 000 particles percm
AIDA aerosol chamber facility together with the major sci-  To form supercooled nitric acid solution droplets, two syn-
entific instrumentation used in this study. The cylindrical thetic air flows of 1l/min were passed over thermostated
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reservoirs of nitric acid and water. The temperatures of bothbound HNG content of the chamber. To correct for break-
reservoirs were adjusted to achieve molar ratig©HHNO3 through effects, HN@was collected on two Nylon filters in
of about 3 in the combined carrier gas, which was directlyseries. Goldan et al. (1983) reported no measurable break-
injected into the cold aerosol vessel through a Teflon tubethrough of HNQ for filter loadings up to 2.2.g/cn?. How-
heated to about 293 K. Nitric acid droplets then formed by ever, in our experiments up to 10% nitric acid was recovered
nucleation and condensation of the supersaturated4#%@  on the back-up filters at loadings up tg.8/cn?. Thus, the
water vapours. total loss was of the order of 1% in our experiments. Includ-
The final composition of the sulphuric and nitric acid ing the uncertainty of the ion chromatographic analysis we
droplets inside the AIDA chamber is a function of the gas estimate the relative uncertainty in the sulphuric and nitric
temperature and the relative humidity. By pre-coating theacid mass concentration to be 10% or better, as confirmed by
aluminium walls of the aerosol chamber with a thin ice film a good agreement between sulphate volume concentrations
to establish ice-saturated conditionsdMer et al., 2003), di- derived from filter analyses and from size distribution mea-
lute droplets are obtained. Under these conditions the comsurements in recent AIDA experiments (Fig. 4 iroMer et
position of supercooled sulphuric and nitric acid droplets atal., 2003).
200K amounts to 37 wt% $804 and 41 wt% HNQ, cal- To calculate the composition of aerosol particles in the
culated with the AIM thermodynamic model (Carslaw et al., chamber with the AIM model, the total water mixing ra-
1995; Clegg et al., 1998), available via the world wide webtio must be known in addition to the sulphate or nitrate
under http://mae.ucdavis.edu/wexler/aim. To generate morenass concentrations. The total water mixing ratio was mea-
concentrated solution droplets which span a larger part of thgured with the fast in-situ Lymas-hygrometer (FISH) of
concentration range of the published data sets of optical conForschungszentruniilich (Zoger et al., 1999), run however
stants, several experiments were performed at lower relatives an ex-situ instrument during these experiments. The over-
humidities. In summary, three experiments were conductedill accuracy of the FISH instrument is reported to be about
in the HLSOy/H20 system, covering compositions of about 6% with a detection limit of about 0.2ppm. As a heated
40, 55, and 80 wt% bS5y, as well as two experiments inthe  stainless steel sampling tubeZ0° C, inner diameter 10 mm)
HNOs/H,0 system with an aerosol composition of about 45 was used, the water mixing ratio recorded by the FISH in-
and 55wt% HNQ. The temperature range of the measure-strument corresponds to the sum of interstitial and evapo-
ments extended from 235K down to 192K (Table 1). rated particle water. The aerosol water content and thus the
Total aerosol sulphate and nitrate mass concentrationaerosol composition is obtained by partitioning total water
were determined by ion chromatographic analysis of nylonbetween the gas and the liquid phases according to the AIM
filter samples (type Nylasorb®, GelmanSciences). Unex-model. For the experiment with the most concentrated sul-
posed filters were analysed in the same manner as loadgshuric acid droplets (about 80 wt%,B0Qy), the relative hu-
filters for background correction. The filter holders were midity was outside the validity range of the Clegg and Brim-
located outside the cold housing. Sulphuric acid was col-blecombe model. Therefore a recent parameterisation of the
lected on a Nylon filter through a stainless steel tube of 1.5 mH,S04/H,0 aerosol composition by Tabazadeh et al. (1997)
length and 4 mm inner diameter. Less than 1% sulphuric acidvas employed. Their expression for the water vapour pres-
aerosol is lost in the cold sampling line for this configura- sure in equilibrium with agueous230; is consistent with
tion. Sulphuric acid is partially lost by evaporation when the Clegg and Brimblecombe model in the temperature range
sampled on Teflon filters at room temperature under very dryof 185 to 260 K but applicable up to a composition of 80 wt%
conditions. However, this breakthrough effect does not oc-H,S0y.
cur on Nylon membrane filters, as was shown by using Ny-
lon back-up filters. Since HN®adsorbs on stainless steel, 2.2 FTIR measurements and retrieval of aerosol parameters
a Teflon tube maintained at 293K was used to sample this
compound. Neuman et al. (1999) reported that significantExtinction spectra of supercooled solution droplet aerosols
adsorption of nitric acid on Teflon occurs only above 60% were measured in-situ with a White-type multiple reflec-
relative humidity at this temperature. Under our conditionstion cell yielding a horizontal optical path of 254.3m, 3.5m
(relative humidity<1% at 293 K) nitric acid is quantitatively above the bottom of the 7m high AIDA vessel, as shown
passed to the Nylon filter. We could show by detecting HNO schematically in Fig. 2. Spectra were recorded with a Bruker
with a chemical ionisation mass spectrometer that significantFS 66v FTIR spectrometer in the wavenumber range from
adsorptive losses occurred only when the Teflon tube tem# = 800 to 6000 cm? at a resolution of 4 cmt, using bar-
perature drops below 240 K. The Nylon filters collect nitric ium fluoride as window material. 500 scans were co-added
acid vapour from particles evaporating in the sampling tube to yield sample spectr&(v). Background spectri(v) were
residual particles, and interstitial HNQrapour in equilib-  recorded before each experiment with no aerosol particles
rium with the particles from the aerosol vessel. However, duepresent. To prevent icing and to minimise the deposition of
to the low temperatures, interstitial HN®@apour represents acid droplets, the mirrors of the White system were heated to
a very small fraction{1%) of the predominantly particle- well above the AIDA wall temperature.
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Table 1. Comparison of aerosol parameters retrieved from the analysis of the FTIR extinction spectra using different optical constants (lower
part) with those derived from filter sampling and humidity measurements (top part)

List of Experiments Case 1 Case 2 Case 3 Case 4 Case 5
aerosol type H,SO4/H,O H,SO4/H,O0 H,SO4/H,O HNO;/H,O HNO;/H,O
AIDA temperature / K 234.8 232.8 195.4 195.0 191.6
wt% H,SO4,HNO3 79.2+£0.5 56.0+£0.5 37.7+£3.0 462+1.8 524+20

m(sulphate, nitrate) /
pg/m

FTIR fit results

Niedziela et al., 1999/
Norman et al., 1999

wt% H>SO4,HNO3 80+2 55+2 39+2 47+2 56+2

710+ 70 470+ 50 320+ 30 200+ 20 380 + 40

m(sulphate, nitrate) /
ug/m’
Biermann et al., 2000

800 40 500+ 25 37525 200+ 10 480+ 20

wt% H,SO4,HNO3 80+2 61+2 37+£2 41+£2 -
m(sulphate, nitrate) /
pg/m

Tisdale et al., 1998

800 £ 40 620 + 30 330+20 165+ 10 -

wt% H,SO4 80+2 55+2 - - -

m(sulphate) / pg/m’ 770 £40  505+25 - - -

Myhre et al., 2003
wt% H,SO4 81 (fixed)* 53+£2 38 (fixed)* - -

m(sulphate) / pg/m’ 875+45  510+25  335+25 - -

* no retrieval of aerosol composition

The quantitative analysis of the FTIR spectra is based orwhere¢ (Dp)d D, denotes the fraction of particles per unit
the Lambert Beer Eq. (1). The optical density of an aerosolvolume having diameters betweddp and Dp + dDp
is proportional to the aerosol number densNy the size-  (Hinds, 1999). Using Powell's multidimensional optimisa-
averaged extinction cross secti@ey;), and the optical path tion method (Press et al., 1988, 1992), the aerosol num-

lengthL: ber densityN as well as the count median diame@vD
_ o 1(D)  N@@)(Cex(P))L and the mode widtly, of the log-normal size distribution
optical density(v) = —log o) 1o (1) were retrieved by minimising the summed squared residu-

Spect lculated f Mie th fitted 1o th als between experimental and calculated spectra. As dis-
pectra caicuiated rom Ve theory were Tited 1o the mea-, \ooq 4 in numerous publications (Bertram and Sloan, 1998;
sured FTIR extinction spectra of the spherical supercoolecE

lution droplets. Al dat ts of optical tant ted isselkamp et al., 1996; Echle et al., 1998; Eldering et al.,
.S‘otl:] 'o.nt r?jp et.s. ata sg s ol opt|ca Iconsf antr? quo e|2001), the fit becomes insensitive to the parameé@d® and
Icnulat(ieolr?sroTl;]ce:: '82%?@#;? sz Il:?a?;e dvir?(?tieoailgo?i?ﬁn?z_ . When the particle radii are small compared to the wave-
' ength of the incident radiation, i.e. approach the Rayleigh
Bohren and Huffman (1983), extended to average the com 9 bp yielg

ted extincti " | v di limit of Mie theory. In the limit of very small particles,
puted extinction cross sec longg-over log-normally dis- the absorption cross section is proportional to the volume
tributed particle sizes,

of the particles, independent of their sizes. Therefore, since
(InDp —1In CMD)Z} @ the radii of the supercooled 230y/H,O and HNG/H,0

¢(Dp) = —\/ZDPInO'g expi 2(Inoy)2 droplets studied in this work were in the spim size range,
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Fig. 4. Experimental FTIR extinction spectra of supercooled nitric
acid droplets and best fit results from Mie calculations using differ-
ent data sets of published optical constants. Top: case 4 (46.2 wt%
HNO3); bottom: case 5 (52.4wt% HN{). The retrieved aerosol
compositions and mass concentrations are summarised in Table 1.

well below the wavelength range of the FTIR spectra, we
can obtain different sets @¥, o, andCMD which lead to
almost the same summed squared minima. These sets of size
distribution parameters, however, correspond to the identi-
cal aerosol volume density. Consequently, only volume
densities can be retrieved unambiguously from our measured
FTIR spectra. To derive the composition of the droplets, re-

Fig. 3. FTIR extinction spectra of supercooled sulphuric acid peated Mie-fits were performed for each of the available in-
droplets obtained in this work and best fit results based on Mieput data sets of optical constants, usiMgo, andCMD as
calculations with different published data sets of optical constantsfitting parameters. Based on the interpolation schemes pro-

Top: case 1 (79.2wt% $8Qy), middle: case 2 (56.0 wt% +50y),
bottom: case 3 (37.6 wt%4$5Cy). The retrieved aerosol composi-

tions and mass concentrations are summarised in Table 1.

Atmos. Chem. Phys., 3, 1147-1164, 2003

vided in the papers cited above, sets of optical constants were
calculated in steps of 2 wt% 430, or HNQOg, respectively.

The best fit and thus the most likely aerosol composition min-
imised the summed squared residuals. From the fit parame-
tersN, o, andCMD, the total aerosol volume densitywas

www.atmos-chem-phys.org/acp/3/1147/
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calculated using the analytical expression the same reason, the FTIR extinction spectrum of the con-
centrated nitric acid droplets (case 5) could not be fitted with
V(N, o5, CMD) = }ﬂ . N .CMD3 exp<9(|ngg)2) ©) the Biermann et al. (2000) data set. Furthermore, the aerosol
6 2 compositions in case 1 and case 3 are close to the high and
(Echle et al., 1998; Lee et al., 1984). The total aerosollow concentration limits of the interpolation scheme pro-
mass concentration can then be calculated by multiplying the/ided by Myhre et al. (2003). The authors have pointed out
aerosol volume density with the density of the supercooled that there is significant disagreement (up to 10%) between
H,S04/H,0 and HNQ/H,O droplets. To estimate the low- the experimentally obtained complgx refracnye indices and
temperature densities of aqueousS@ and HNG;, we used those calculated by means of the mterpolaﬂon scheme for
the extrapolation formula given by Carslaw et al. (1995), eq_Iow temperatures and low concentrations. Therefore, in case

A10. Recent measurements of the low-temperature densitied W€ used the original real and imaginary parts of the refrac-
of sulphuric acid solutions agree with the extrapolation re-tVe index (then andk data set) for 38 wi% bB50, (213K)

sults to within+2% (Beyer et al., 1996; Myhre et al., 1998: to fit the measured FTIR spectrum instead of varying the in-
Myhre et al., 2003). Using the retrieved particle composi- put data set in steps of 2 wt% sulphuric acid. Also, in case

tion, the particle water content was subtracted from the totaft e experin;ental spectrum was fitted with the original data
particle mass concentration yielding finally the sulphate re-S€t for 81wt% HSOy (267 K). The results of the retrieval

spectively nitrate mass concentration which can be directiyProcedure, i.e. the aerosol composition and mass concentra-
compared to the values determined with the filter samplingtion derived from the analysis of the FTIR spectra, are pre-

technique. sented in the lower panel of Table 1. The uncertainties of the
sulphate and nitrate mass concentrations reflétivt% un-
3 Results and discussion certainty in composition, which was the step size used in the

retrieval procedure.
3.1 Overview of results
3.2 The BSOy/H20 system

The results of the retrieval procedure are presented in the
following order: Cases 1, 2, and 3 refer to the experimentsvery good agreement between experimental FTIR and Mie-
with supercooled KSO4/H,0 solution droplets, cases 4 and fitted spectra is obtained when applying the Niedziela et
5 to the HNG/H,O system. The corresponding AIDA tem- al. (1999) data set of optical constants to theSBy/H>0
peratures and the aerosol composition and mass concentraystem (Fig. 3). In all cases the recorded infrared spec-
tions based on filter analyses and measurements of total w4ra are nicely reproduced by the Mie fit, except for a very
ter are listed in the upper panel of Table 1. The errors of thesmall spectral mismatch in the broad OH extinction feature
tabulated aerosol compositions were determined by takingentred at around 3300 crh in case 3 (38wt% bSOy).
into account the uncertainties of the measured aerosol masghis is most likely due to the difference between the ac-
concentration4£10%), the AIDA gas temperature-0.3 K), tual AIDA temperature (195K) and the lowest temperature
and the total water measurements with the FISH instru-{(210K) for which the optical constants for aerosol of this
ment &-6%) when applying the AIM model to calculate the composition are available. Table 1 shows that the retrieved
droplet composition. Figures 3 and 4 show FTIR extinc- aerosol compositions agree to withit? wt% with the mea-
tion spectra of the aerosol particles measured in this worksured ones and also the retrieved sulphate mass concentra-
together with the best fit results from the Mie calculations tions agree within their error limits with the filter analytical
based on different data sets of optical constants. Note thatesults. These results contrast with the quality of the Mie
the Mie-fitted extinction spectra cover different wavelength fits based on the optical constants of Biermann et al. (2000)
ranges, depending on the validity ranges of the published opwhich is much poorer. As shown in Fig. 3, large residuals
tical constants. The temperature for which the optical con-remain at wavenumbers below 2000chespecially in the
stants were extracted from the various interpolation schemegegime of the absorption bands associated with f1%@d
are noted in the figure panels. soﬁ— around 1100 cm?!, where the optical density is sig-

When discussing differences between experimental andhificantly underestimated. Note that the poor quality of the
Mie-calculated infrared spectra it should be kept in mind thatBiermann et al. (2000) data set in this frequency region does
in some cases either the complex refractive indices were onlyiot necessarily lead to large errors in the retrieved aerosol
measured at a single temperature or the tabulated values dicbmposition and mass concentration: in cases 1 and 3 of this
not extend to temperatures below 200 K. Hence there remaistudy the retrieved aerosol parameters are as good as those
occasionally differences between the actual AIDA tempera-etrieved with the Niedziela et al. (1999) data set of optical
tures and the temperatures for which the adopted optical coneonstants. In both cases, the overall good agreement between
stants were determined. Due to its limited aerosol composimeasured and calculated spectra in the 5000 to 2008 cm
tion range, the data set of Tisdale et al. (1998) could only beregime compensates for the spectral mismatch in the low
adopted in cases 1 and 2 of the sulphuric acid system. Fofrequency region. Only in case 2 are the retrievetsg,
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concentration and sulphate mass concentration considerably Myhre et al. (2003) have pointed out that special care has
overestimated. to be taken when performing the Kramers-Kronig transfor-

But it is important to note that, in cases 1 and 3, themation which is an essential step in deriving the real and
derived aerosol parameters are only in good agreemeritnaginary parts of the complex refractive index in all of the
with the measured ones when the whole wavenumber rangstudies mentioned in the introduction. In particular, they
from 5000 to 800cm? is included in the fit. In remote found that the neglect of the far infrared spectral region in
sensing applications, however, large parts of this regimethe Kramers-Kronig integral might lead to large errors in the
are obscured by strong gas absorption features and thumbsorption index of 5-75%. Therefore, the authors have ar-
cannot be used to retrieve particle properties. Furthergued that the observable discrepancies between their data set
more, the accessible wavenumber range for measurements$ optical constants with the Niedziela et al. (1999) and
with infrared emission sounding instruments is limited due Biermann et al. (2000) sets are due to the fact, that (a)
to the strongly decreasing thermal emission of the atmo-Niedziela et al. (1999) only investigated the 4700-825¢tm
sphere at shorter wavelengths (e.g. wavenumber regimesgion (but including the room-temperature optical constants
2410-685cm?! with MIPAS-ENVISAT, http://envisat.esa. of Palmer and Williams (1975) in the 825-400chre-
int/instruments/mipas/descr/charact/). For example, Eldergion), and that (b) Biermann et al. (2000) have assumed a
ing et al. (2001) in an analysis of ATMOS measurements,monotonous decrease in the far infrared absorption in con-
used two wavenumber intervals from 820-990¢nand trast with the measurements of Myhre et al. (2003) which
1070-1240cm?! to study sulphuric acid aerosols. As a even showed an increase of reflectance in this spectral region.
check, we have repeated the retrieval procedure for case 1, Yet we believe that potential inaccuracies in the applica-
now limiting the wavenumber regime of the Mie fit proce- tion of the Kramers-Kronig transformation are only one cri-
dure to these spectral intervals. This leads to a sulphatéerion to account for the apparent differences between the
mass concentration of about 926/m® when using the Bier-  various data sets of optical constants. Firstly we want to note
mann data set for 80 wt% 4$0Os/H2O solutions, compared that the differences between the Niedziela et al. (1999) and
to 710ug/m® based on filter analyses. Similar overestima- Myhre et al. (2003) data sets are much smaller compared
tions of the sulphate mass concentration are obtained in casgés the Biermann et al. (2000) optical constants. Myhre et
2 and 3. This contrasts with fit results based on refractive in-al. (2003) reported that in individual cases their absorption
dices of Niedziela et al. (1999) which are nearly insensitivespectrumk(9) differs from the Niedziela et al. (1999) study
to the wavenumber interval chosen. by as much as 10-20%. In other cases, however, the agree-

With the Tisdale et al. (1998) data set the agreemeniment is excellent. An example is presented in the top part
between the Mie fits and the measured extinction spectraf Fig. 5, which compares the Niedziela et al. (1999) and
falls between the two former data sets. There is also a tenMyhre et al. (2003): and k data sets for 81 wt% $80;
dency to underestimate the measured optical density in that 267 K. Another example is presented in the lower part of
HSO;/SO%‘ extinction regime. However, as already noted Fig. 5 for 58 wt% BSO, at 233 K. Interestingly, in the lat-
by Niedziela et al. (1999) when comparing their data sets ofter case the agreement between the data sets is fairly good
optical constants with those of Tisdale et al. (1998), at leasver the whole frequency regime, but the spectral shape of
part of the differences might be due to the fact that the Tis-the sulphate absorption band at about 1100%tis quite dif-
dale et al. (1998) data sets were determined at temperaturderent. We believe that this might be explained by the iter-
around 215K, thereby introducing an error as a result of theative approach employed by Niedziela et al. (1999) to ex-
temperature dependent ion equilibria in theS8@/H,0 sys-  tract the optical constants from their aerosol extinction spec-
tem. Nonetheless, the retrieved aerosol parameters based o1, previously applied to a large variety of different aerosol
the Tisdale et al. (1998) optical constants agree very wellspecies like water ice, NAD and NAT (Clapp et al., 1995;
with the measured ones when including the whole wavenum«Niedziela et al., 1998; Richwine et al., 1995). They used
ber regime in the retrieval procedure. a “non-scattering” spectrum of very small aerosol particles

Finally, we want to address the Myhre et al. (2003) data sefor an initial guess ok (v), assuming that the optical density
of optical constants. Unfortunately, as already mentioned inwas directly proportional to the imaginary indexThe cor-
Sect. 3.1, only in case 2 the optical constants could be interresponding real part of the refractive index is then obtained
polated to the actual AIDA temperature. The quality of this from a subtractive Kramers-Kronig calculation. The imagi-
fit result is impressive: the Mie calculation is in excellent nary index scaling factor is afterwards determined by fitting a
agreement with the FTIR spectrum measured in the AlDAlarge particle spectrum exhibiting a strong scattering compo-
chamber, and so are the retrieved aerosol parameters. In casent. However, according to Rayleigh theory, the absorption
3 the difference between the AIDA temperature and the tem-cross section g for transmission measurements in air is
perature for which the employed optical constants were dewritten as
termined is 18 K, and in case 1 even 32K (see Fig. 3), which
most likely explains the poorer quality of the Mie fits in these _ 8?8 : (n —ik)* — 1}

Cabs= Im 5 ) 4)

cases. A (n —ik)=+2
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Fig. 5. Comparison of the Niedziela et al. (1999) and Myhre et al. (2003) data sets of optical constangS@yHpO. Upper panels:
81 wt% HSOy, 267 K; lower panels: 58 wt% $80;,, 233 K.

wherer denotes the particle radius, amd k) the optical con-  rectly be obtained from the transmission spectra using Eq. (4)
stants of the particle (Bohren and Huffman, 1983). So, thewith the assumption that the scattering is small and the mea-
optical density, even when recording a truly non-scatteringsured extinction is the same as the absorption. After the
aerosol spectrum, is not directly proportionaktas in bulk  Kramers-Kronig integration the optical constants can be eas-
absorption spectra. Therefore, the authors had to adjust theily calculated from the real and imaginary partsfaf.). By
initial set of n andk data by an iterative procedure, noting using this method, the iterative adjustment of the original,
that a Mie calculation using the originalandk spectrum re-  approximated andk spectrum in the Niedziela et al. (1999)
sulted in differences between the experimental small-particleapproach could be avoided. The top part of Fig. 6 shows
spectrum and the result of the fit (Clapp et al., 1995). a calculated small-particle extinction spectrum of 58 wt%
We believe that a more straightforward and mathemati-H2SOs at 233 K, based on the optical constants of Myhre et
cally proven method to derive optical constants from smallal. (2003). The lower panel presents thepectrum obtained
particle transmission spectra was presented by Ossenkopf 8y assuming that the optical density is directly proportional
al. (1992). They have noted that the Kramers-Kronig rela-to the imaginary index. The comparison with the actuél
tion also applies to the composite functigin) = {[n (1) — spectrum used to calculate the small-particle spectrum makes
ik()12—1}/{[n(1) —ik(M)]?+2}. Itsimaginary part can di-  clear that the error introduced in this initial guésspectrum
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within the experimental uncertainty range of our measure-
ments these small spectral differences are not significant, as
clearly shown by the fit results in Table 1.

Concerning the Biermann et al. (2000) data set of opti-
cal constants, an incorrect application of the Kramers-Kronig
transformation would only influence theirv) spectra but
cannot explain the large discrepancies already existent in the
k(V) spectra (see e.g. Fig. 1), which were directly obtained
from their measured thin film transmission spectra. In their
recent study dealing with the optical constants of supercooled
ternary HSOs/H2O/HNO;3 solution droplets, Norman et al.
(2002) found considerable differences between their mea-
sured optical constants and those extracted from the mix-
ing scheme proposed by Biermann et al. (2000), which they
traced back to possible problems with the Biermann et al.
(2000) binary optical constants. As in the present study, they
were unable to accurately fit an experimental FTIR spectrum
of 55wt% HSOy/H,0 at 220K (conditions similar to case
2 of this study) with the Biermann et al. (2000) data set
of optical constants, especially in the H§;CSO?{ extinc-
tion regime near 1100 cnt. However, they could not give
a plausible explanation for the mismatch. Heathfield et al.
(1999) pointed out, that measurements on actual aerosol par-
ticles might provide data, which are more appropriate for
describing real atmospheric aerosol particles than data ex-
tracted from thin film measurements, avoiding for example
surface interactions between a thin film and its substrate.
However, when using a substrate material which is resis-
tant to HSOy/H>0, there seems to be no ad-hoc reason not
to apply thin film optical constants in aerosol particle cal-
culations when the particle sizes are large enough to avoid
quantum size effects (Bohren and Huffman, 1983). Another
source of a systematic error in the Biermann et al. (2000)
data may be due to a simplifying assumption made in their
analysis of the thin film data. They determined their opti-
cal constants from transmission measurements through sul-
phuric acid films sandwiched between two AgBr windows.

is quite large in the sulphate absorption regime. After theStating that “the refractive index of AgBr is low enough to

Kramers-Kronig transformation the quality of the initial
spectrum will be equally poor in this spectral region. The
further empirical adjustment of the originelandk spectra
in the Niedziela et al. (1999) approach will certainly im-

prove the quality of the data set. As can be seen in the fit7 (V) = Io(D) exp

avoid strong interferences at the transitional layers between
the strongly parallel windows and the liquid film”, they anal-
ysed their transmission spectra by applying

A k(D)
(-=22).

®)

results presented in Fig. 3, our measured FTIR spectra are
indeed excellently reproduced by Mie calculations based orwhere I (v) denotes the light intensity attenuated by a sul-
the Niedziela et al. (1999) data set of optical constants. Nevphuric acid film of thickness, and Ip(V) is the reference
ertheless, we believe that the occasionally visible small dif-spectrum of the empty cell. Thus, multiple reflections occur-
ferences in the shapes of theand k spectra between the ring between phase boundaries were completely neglected in
Myhre et al. (2003) and Niedziela et al. (1999) data setstheir analysis, whereas Tisdale et al. (1998) explicitly con-
in the sulphate absorption regime (see Fig. 5) might be exsidered these reflections in the analysis of their thin film spec-
plained by the fact that the initial guessandk spectra are tra. Recently, Rajaram et al. (2001) presented a re-analysis
a poor choice for the actual data sets in the 1500-800cm of a transmission spectrum of a water ice sample sandwiched
spectral region and might lead to a wrong scaling ofithe between two glass windows, analysed previously without
and k values in the further iterative adjustment performed taking into account multiple reflections within the windows
by Niedziela et al. (1999). However, we have to state thatand the ice sample. They found that thealues retrieved
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Fig. 7. Light transmittance through a sulphuric acid film (80 wt%3®,, 240 K) sandwiched between two AgBr windows according to
the cell model described in Appendix A. Top: transmittance through films of varying thicknesBestom: k values derived from the cell
transmittance by using Eg. (5) in comparison with the Niedziela et al. (1899)spectrum used to calculate the transmittance spectra and
the corresponding Biermann et al. (2000) data set for 80 w3%®4, 240 K.

when applying the correct cell model for the light transmis- films sandwiched between two AgBr windows, considering
sion deviate from the results using Eq. (5) by more than 20%reflection losses at the air/AgBr and AgBy$I0, interfaces.

in some frequency regions. The calculations were performed for various film thicknesses

In order to elucidate whether the simplified treatment of between 1 and 2m (i.e. the range covered in the work of

light transmission by Eq. (5) explains some of the deviationsBiermann et al., 2000) using alternatively theS®s/H>0O

of the Biermann et al. (2000) data set of optical constantsoptical constants of Niedziela et al. (1999) and Myhre et al.
we performed some test calculations as follows. Based o0rf2003) as input values. These simulated transmission spectra
the matrix formalism described by Heavens (1991), we cal-were then analysed in terms of Eq. (5) yielding the imaginary
culated the exact light transmission through sulphuric acidindexk as a result of the Biermann et al. (2000) data analysis
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procedure, which then can be compared tokh&lues of  ysis approach employed by Biermann et al. (2000) to extract
Niedziela et al. (1999) or Myhre et al. (2003) originally used optical constants from their thin film measurements.
to calculate the transmission spectra. The reader is referred to
Appendix A for a thorough description of the theoretical ba- 3.3 The HNQ/HO system
sis for the model calculations. Figure 7 shows an exemplary
result for sulphuric acid droplets of 80 wt%80, at 240 K.  When using the Norman et al. (1999) data set of optical
The top section of the figure shows the calculated transmitconstants to fit the extinction spectra of supercooled nitric
tance for HSOy/H,0 films of different thicknesses (case 1: acid droplets measured in the AIDA chamber (cases 4 and 5,
x = 1.0um, case 2x = 2um, case 3 and 4 = 1.5um). Fig. 4), the experimental spectra are for the most part nicely
Calculations 1-3 were performed by explicitly taking into reproduced by the Mie calculations. Table 1 shows that in
account phase and amplitude of the light in the thin films case 4, the retrieved aerosol parameters (composition and ni-
resulting in an interference pattern most pronounced in thdgrate mass concentration) agree very well with the measured
spectral regions of negligible absorption, i.e. at wavenum-ones, whereas in case 5 the nitrate mass concentration and
bers>3600cnT!. As a comparison, calculation 4 shows the the HNQ; concentration seem to be overestimated. How-
light transmission assuming an incoherent film. In all casesever, we cannot exclude that the filter technique underesti-
it was assumed that coherence of the light is not maintainednates m(nitrate) due to sampling losses in the inlet tube. This
as the light passes the AgBr cell windows. In the bottom sec-assumption is supported by the fact that when using the re-
tion of Fig. 7 are compared: (a) the imaginary index of the trieved nitrate mass concentration of 489/m® as input for
Niedziela et al. (1999) data set used to calculate the transmighe AIM model, an aerosol composition of 55 wt% HRIS
sion spectra in the top section, (b) the corresponding Bier-obtained which closely fits the value retrieved from the anal-
mann et al. (2000} data set for 80 wt% b50, at 240K, ysis of the FTIR extinction spectrum. In spite of the good
and (c) thek values derived from the cell transmittance by agreement between measured and retrieved aerosol parame-
simply applying Eg. (5). For clarity, these plots are shown inters, it has to be stated that the overall accuracy of the Mie
separate graph windows for each simulation. fits is not as satisfactory as for the sulphuric acid spectra fit-
Biermann et al. (2000) stated that some uncertainty ofted with the Niedziela et al. (1999) data set of optical con-
their data is caused by their need to calibrate the film thick-stants. Pronounced deviations occur in the 1700%fre-
ness using tabulated optical constants of sulphuric acid aguency region, covering the features from themode of
room temperature published by Palmer and Williams (1975)H20 at 1640 cm?, the v, mode of HNQ at 1672cn1?,
However, as also noted by the authors, in their approach @nd thevs mode of HO™ at 1742 cni! (Querry and Tyler,
calibration error in the film thickness would only lead to a 1980). In both cases, the spectra calculated with the Norman
linear scaling error of theik(v) spectrum. When compar- etal. (1999) data set significantly overestimate the extinction
ing the Biermann et al. (2000) and Niedziela et al. (1999)at 1672 cntt. An explanation for this discrepancy might be
k(v) spectra for 80wt% HSO, at 240K, there are spec- that cooling from 220K (the temperature where the optical
tral regions where the imaginary indices of Biermann et al.constants were determined) down to 195K (the actual AIDA
(2000) are much higher than the corresponding values detetemperature) further promotes the conversion of HNi@o
mined by Niedziela et al. (1999) (especially between 2200nitrate and hydronium ions. On the other hand, the authors
and 1300 cm?), whereas the opposite behaviour is evident have stated in their recent paper that the temperature depen-
in the qu/sof; extinction regime. So this inconsistency dence of the optical constants should be unimportant over the
cannot simply be accounted for by an incorrectly calibratedrange 190-220 K at these acid concentrations (Norman et al.,
film thickness. But it is interesting to note, that exactly these2002). Furthermore, Koehler et al. (1992) recorded a FTIR
spectral differences are the result of the simplified analysisspectrum of a liquid 53 wt% nitric acid solution at around
of the cell transmittance when using Eqg. (5). Especially in223 K (see spectrum d in Fig. 3 of their publication, compo-
case 3 there is an excellent agreement between the originaftion similar to case 5 of this study), showing a band shape in
Biermann et al. (2000)(7) spectrum and thevalues which  the 1700 cm? frequency regime similar to our aerosol spec-
are obtained when the Biermann et al. (2000) approach igrum measured at 195 K.
applied to the theoretical cell transmittance spectrum calcu- In addition to the spectral differences in the 1700¢m
lated with the optical constants of Niedziela et al. (1999), frequency region, for which no reasonable explanation can be
including interference effects. Another example is presentedjiven at this place, there is also a slight spectral mismatch in
in Fig. 8, this time using the Myhre et al. (2008)and the range from 2500 to 3600 crh, where extinction features
k data set for 58 wt% bSO, (233 K) to calculate the thin  from H,O and HO' dominate (Querry and Tyler, 1980).
film transmission spectra. Here the Biermann et al. (2@00) Clearly, the overall results of the retrieval algorithms are
data are closely matched by the retriewé€d) spectrum for  not affected by these small spectral differences. Nonethe-
x = 1.2 um (case 2). Hence we strongly suggest that the dedess, we believe that the slightly poorer performance of the
viations between the different data sets of optical constant$iNO3/H,O optical constants is at least partly a consequence
can be at least partly traced back to the simplified data analef the modified approach employed by Norman et al. (1999)
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Fig. 8. Light transmittance through a sulphuric acid film (58 wt%3®;,, 233 K) sandwiched between two AgBr windows according to the
cell model described in Appendix A. Top: Transmittance through films of varying thicknesdBsttom: k values derived from the cell
transmittance by using Eq. (5) in comparison with the Myhre et al. (2003)spectrum used to calculate the transmittance spectra and the
corresponding Biermann et al. (2000) data set for 58 wigs®, 233 K.

to analyse their aerosol extinction spectra in comparison withconstants may be traced back to the simplified Biermann et
the Niedziela et al. (1999) study. Before addressing this asal. (2000) data analysis. Figure 9 (top) compares the Bier-
pect, we want to state that a much poorer agreement betweenann et al. (2000) and Norman et al. (19%9y) spectra
experimental and Mie calculated spectra (case 4) is obtainefbr 35wt% HNG; at 220 K. Once again, characteristic de-
when using the Biermann et al. (2000) data set of optical conviations of the Biermann et al. (2000) data from those of
stants for HNQ/HO, except from the 1700 cm extinction Norman et al. (1999) are evident, e.g. highevalues in
feature which is better reproduced than by the Norman datathe 2000-1500 crmt range as well as lower values in the

As in the case of the $804/H,0 system, some of the dis- nitrate extinction regime at around 1300ch But in ad-
crepancies between the two data sets of HNMRO optical dition, there is a substantial disagreement betweerk the
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040 contribution at higher wavenumbers. Therefore, the authors

Norman et al. (1999) subtracted this scattering contributib(v) from their extinc-
Biermann et al. (2000)

tion spectra assuming frequency-independent polarisability
1(v) = av?, (6)

wherew is a scaling factor chosen to fit the experimental
spectrum at high frequencies. The remaining absorption
spectrum was then analysed in the same manner as in the
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3 o] R\ rtrieved absorption specirum absorption spectrum (after the subtraction of the scattering
o oo, o (@) contribution) by means of the Ossenkopf et al. (1992) ap-
o proach. This will only lead to an accurateandk data set
o provided that the approximated absorption spectrum can still
be accurately described by Rayleigh theory (i.e. by Eqg. 4).
e e H I ——— Figure 9 (middle) shows a Mie calculation for “small” nitric
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0.0006 - Rayleigh absorption, eq. (4) al. (1999) reported that they generated “small” aerosol parti-
E cles in the diameter range of 0.4xIn whose FTIR spectra
;4 0.0004 were then analysed as described above. Also shown in this
1 plot is the absorption spectrum obtained by subtracting the
© 0.0002 scattering componert(v) from the extinction spectrum as-
suming Eg. (6) to be valid. This spectrum is then fitted with
0.0000 an absorption spectrum calculated from Rayleigh theory us-

LN LA B DL B L L L |
5000 4500 4000 3500 3000 2500 2000 1500 1000 500

wavenumber / cm™

ing Eqg. (4). Obviously, the retrieved absorption spectrum

is not well reproduced by the Rayleigh fit. Especially the

shape of the broad OH absorption feature centred at around
1 . .

Norman et al. (1999) approach. Top: comparison of &h@) 3300 cnT+ is not matched. For comparison, on the bottom of

spectra from Norman et al. (1999) and Biermann et al. (ZOOO)Fig' 9 Rayl_eigh and Mie ca_lcuIaFions are shown for nitric acid
for 35wt% HNO; at 220K. Middle: comparison of the absorp- droplets with a count median diameter of Qufn. The close
tion spectrum retrieved by subtracting an estimated scattering concorrespondence between the two spectra clearly validates the
tribution from the Mie extinction spectrum with the best fit result use of Eqg. (4) to analyse truly non-scattering aerosol extinc-
using the Rayleigh absorption formula, Eq. (4). The calculationstion spectra as in the 4$04/H,0 study by Niedziela et al.
were performed for 35wt% HN@at 220K using the Biermann et  (1999). Although it is difficult to quantitatively assess the
al. (2000) data set of optical constan®MD=0.6um, o = 1.4).  inaccuracy of the retrieved HN{fH,O optical constants, we
Bottom: comparison of Mie extinction and Rayleigh absorption for pelieve that the simplified subtraction of the scattering con-
small size nitric acid dropletgMD=0.1um, og = 1.4). tribution by using Eq. (6) might explain the small spectral
mismatch between our experimental FTIR spectra of nitric
acid droplets and those calculated with the data set of optical

spectra in the wavenumber range from 2500 to 3600%cm  constants by Norman let al. (1999) in the wavenumber range
which cannot be attributed to the simplified analysis of thefom 2500 to 3600 cm” as well as the differences between
thin film spectra of Biermann et al. (2000). the Norman et al. (1999) and Biermann et al. (200@)
spectra in this wavenumber regime.

Fig. 9. Analysis of HNG;/H2O extinction spectra employing the

To account for these differences, we want to briefly con-
sider the Norman et al. (1999) method to derive optical con-
stants from their aerosol extinction spectra. In their study4 Conclusions and outlook
dealing with the optical constants of the${O4/H,0 sys-
tem, Niedziela et al. (1999) had been able to record trulyFTIR extinction spectra of supercooled binaryS®y/H,O
non-scattering aerosol spectra. However, the initial spectrand HNG/H,O aerosols were quantitatively analysed in
of the smallest nitric acid droplets that Norman et al. (1999)terms of aerosol composition and mass concentration us-
were able to generate, still contained a significant scatteringng Mie theory with different laboratory data sets of optical
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constants as input values. Close agreement between retrieveLayer 0 n,=1,k,=0
and independently measured aerosol parameters was four l

when using the Niedziela et al. (1999) data set for the 1 n, =217,k =0
H2SOy/H0 system and the Norman et al. (1999) data set for AgBr

HNO3/H,0 aerosols. In the sulphuric acid system, the ex-
perimental FTIR spectra were excellently reproduced by the
Mie calculations. Minor spectral differences occurred in the 2 |4,
nitric acid system presumably due to the fact that the small-
particle spectra initially used by Norman et al. (1999) to ex-
tract the optical constants still contained a significant scat-
tering contribution. When using the Biermann et al. (2000)
data base of optical constants, the measured infrared spect
were only poorly reproduced by the Mie fits, especially in the
wavenumber regime 1500-1000cth It was shown that the
simplified analysis of their thin film spectra, i.e. neglecting Fig. 10. Schematic of the absorption cell used in the Biermann et
multiple reflections at the air/window and window/thin film al. (2000) study, adopted from Rajaram et al. (2001).
boundaries, might explain some of the differences between
their data sets and those measured by Niedziela et al. (1999)
and Norman et al. (1999) The qua“ty of the Tisdale et al. mann et al. (2000) with the binal’y data sets of Niedziela et al.
(1998) and Myhre et al. (2003) data could not be ultimately (1999) and Norman et al. (1999) to calculate the refractive
assessed, as some of the deviations between measured dfglices of STS particles. They observed a better agreement
calculated extinction spectra might be explained by the factith their measured optical constants compared to the values
that the actual AIDA temperature differed significantly from obtained when using the Biermann et al. (2000) binary data
the temperature for which the adopted optical constants hagets in the ternary calculations. Nevertheless, differences still
been determined. remained which the authors traced back to deficiencies of
Clearly, the present results point the way to future studiesthe simple mixing model. As a result, they announced the
dealing with supercooled ternary,804/H,O/HNO; solu-  Publication of a modified model which should lead to quan-
tion (STS) drop|et5, representing type Ib PSC partides_ Sd|tat|Ve agreement with their measured ternary refractive in-
far, only the mixing scheme developed by Biermann et al.dices. Clearly, a quantitative test of these new optical con-
(2000) permits the calculation of optical constants in the STSStants by comparing retrieved STS aerosol compositions and
System which cover a broad range of Compositions and temmass concentrations with independent measurements — ex-
peratures_ However’ as recent'y shown by McPheat et a|pel’iments for which the instrumentation of the AIDA aerosol
(2002) on the basis of a measured extinction spectrum of STShamber is ideally suited — is highly warranted.
aerosols of approximately 21 wt%B0O, and 12 wt% HNQ
at around 182K, the Mie calculation using the Biermann et )
al. (2000) optical constants differed significantly from the APPendix A
experimental spectrum in the important 750—-1300 &me- ) _ . .
gure 10 shows a schematic of the absorption cell used in

gion. They proposed that the temperature dependence of tHe o X .
sulphate feature in this regime might explain the poor Miethe thin film study of Biermann et al. (2000). According to

fit, since the HSQu/H,O binary optical constants needed the notation given by Heavens (1991), the cell transmittance

in the mixing scheme to calculate the ternary refractive in- . through this four-layer system for the case of normal inci-

dices were only measured down to 253 K. But note that thed€NCe is written as

cz_ilculation of the ternary refractive indit_:es of ST_S particles (tatatata) (¢ E5E51S)
with 21 wt% HSO, and 12 wt% HNQ using the Biermann T = )
et al. (2000) mixing rule does not require optical constants
for a binary solution containing 21 wt%J30, (which were where 1, is the Fresnel transmission coefficient for light
in fact only measured down to 253 K), but for a binary so- crossing thém — 1)|m interface andj, is its complex conju-
lution containing 33 wt% KSO; (corresponding to 21wt% gate. DefiningV,,—1 = ny—1 — ikm—1 aNdNy, = np — iky
H,S04+12Wi% HNG; in the ternary STS particles) which as the complex refractive indices of the — 1) andm'”
is accessible down to 193K in the data base of Biermann etayer, the Fresnel coefficients for transmissiop) and re-
al. (2000). Rather we suggest that the generally poor qualitflection (r,,) can be calculated using
of the data sets for binary solutions in this frequency region
could be responsible for the observed spectral mismatch.

In view of the problems with the Biermann et al. (2000) n?2 | +k3 | —n2—k2
data sets, Norman et al. (2002) used the mixing rule of Bier-5" = (=1 + 1) + (k=1 + k)2

thin film n,, k,

= =

AgBr n,=n,=2.17,k;=k, =0

4 ng=ny=1,k;=ky=0

K.

(@)

aa*

Fm = &n + ihy, andt, = 1+ g, + ih,,, with

)
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"= 2 (m—1km — nmkm—1) ) (9) by this method because of the different refractive indices of
(-1 + 1) + k=1 + km)? the Hb,SOuw/H,O films and air. Furthermore, in the wavenum-
ber regions of negligible absorptios 8600 cnTl), the cell
transmittance through sulphuric acid films is higher than the
transmittance of the empty cell, so that by rigorously apply-
ing the Biermann et al. (2000) data analysis procedure, one
would get negativé values in this wavenumber regime. For
example, the cell transmittance for 80 wt% %0, (240K)
at 4500 cnm! (wheren=1.385 andk=0.00348) amounts to
edm-1 p eiOm-1 T=0.695, whereas the transmittance of the empty esill(
(Cm) = < ) ) (11) andk=0) isT=0.637. Hence we believe that the authors must
have scaled their empty cell transmittance spectrum to match
With d,,—1 denoting the thickness of the: — 1) layer,  the transmittance of the sulphuric acid films in the high fre-

h

The coefficient: and its complex conjugaté* are obtained
from the matrix product

b
(C1)(C2)(C3)(Cq) = (i d), (10)

where each individual matrix is defined as

r’ne_ifsm—l e_i8771—1

the phase term exps,,_1) in them'” matrix is given by quency region. Thus, in our model calculations we divided
o2 the cell transmittance spectrum of the sulphuric acid films
expidy—1 = exp—— (Mm-1 — ikm—1) dm—1 through a frequency-independehi(v) equal to the maxi-

(12) mum transmittance in the sample spectrum. The resulting
absorbance spectrum was then analysed by applying Eq. (5)
o o yielding thek(v) spectrum as a result of the Biermann et al.
with a1 = —ky_1dy—1 andy,—1 = —ny_1dy—1. (13) (2000) data analysis procedure. Two examples of these cal-
A A culations were presented in the main text (Figs. 7 and 8).
The refractive index of AgBr was taken from a handbook Both calculations clearly point out the differences between
of optical constants (Palik, 1998). As there seems to be onlythek values originally used as input for the calculation of the
a small variation of:1(AgBr) over the wavelength range of cell transmittance and those obtained from the Biermann et
interest, a constant value of = 2.17 was employed in the al. (2000) approach.
calculations. The optical constants for the thipS@s/H,0
films (n2, k2) were extracted from the data base of NiedzielaAcknowledgementsie thank C. E. L. Myhre and M. épfner for -
et al. (1999) and Myhre et al. (2003). As already men- useful discussions and we would like to acknowledge the continu-
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