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Mid-infrared Extinction Spectra and Optical Constants of Supercooled Water Droplets
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Complex refractive indices of supercooled liquid water have been retrieved at 269, 258, 252, and 238 K in
the 4500-1100 cm* wavenumber regime from series of infrared extinction spectra of micron-sized water
droplets. The spectra collection was recorded during expansion experiments in the large coolable aerosol
chamber AIDA of Forschungszentrum Karlsruhe. A Mie inversion technique was applied to derive the low-
temperature refractive index data sets by iteratively adjusting the room-temperature optical constants of liquid
water until obtaining the best agreement between measured and calculated infrared spectra of the supercooled
water droplets. The new optical constants, revealing significant temperature-induced spectral variations in
comparison with the room-temperature refractive indices, proved to be in good agreement with data sets
obtained in a recent study. A detailed analysis was performed to elaborate potential inaccuracies in the retrieval
results when deriving optical constants from particle extinction spectra using an iterative procedure.

Introduction 0.7 —
— liquid water
The quantitative analysis of mid-infrared aerosol extinction %8 —walNEice
spectra in terms of particle phase, composition, volume, and 0.5 |
size distribution relies on accurate complex refractive indices | |
for the various aerosol constituents. Literature data of temper- e 041 / '
ature- and frequency-dependent optical constants, i.e., the real 0.3

and imaginary parts of the complex refractive indexandk, 02] |
are comprehensively tabulated in the HITRAN database of ’

spectroscopic parameters for a majority of important atmospheric 011 \ &_jtt

aerosol species? Recent studies especially underlined the 0.0 . i \ . . :
notable variations of the optical constants with temperature, e.g., 4500 4000 3500 3000 2500 2000 1500
the strong temperature dependence of the water ice spéctrum wavenumber / cm’”’

in the O-H stretching regime at around 3250 thand the Figure 1. Comparison of the absorption indices of liquid water at 298
temperature-induced changes in the dissociation behavior ofK* and water ice at 266 Rin the mid-infrared regime.

supercooled bBOy/H,O, HNOyH,0, and BSOy/H,O/HNO;

solution droplet$; 10 leading to a dramatic variation of the as a slight reduction of the peak intensity of the-@&—H
optical constants in the sulfate and nitrate absorption regime bending mode. To assess these spectral variations in the
with temperature. However, there is one key compound whose absorption spectrum of water with temperature, Figure 1depicts
low-temperature optical constants in the mid-infrared spectral the k spectra of liquid water at room temperature (the recom-
region were unknown until most recently, namely, supercooled mended values from Bertie and L'dnas well as water ice at
water. Before 2005, two studies reported refractive indices of 266 K (from the compilation of Warrép).

water at temperatures below 273 K: Kou et'dhave measured It is evident that the spectral trends observed by Pinkley et
the k spectrum of water at 265 K in the near-infrared at all reflect a slight assimilation of thk spectrum of room-
wavenumbers-4000 cnt?, whereas Zelsmann et Blextracted temperature water to the spectrum of ice upon cooling. One
optical constants from thin film spectra of water at 267 K in might expect that these variations (e.g., the intensity increase
the far IR (456-25 cnm?). In the mid-IR regime, covering the  and low-frequency shift in the ©H stretching regime) will be
O—H stretching mode at about 3400 chand the H-O—H even more pronounced in the spectrum of supercooled water
bending mode at around 1640 chtthe influence of temperature  droplets at temperatures between 273 K and the homogeneous
on the optical constants was only analyzed down to a minimum nucleation temperature of about 236 K.

temperature of 274 K8 The results from Pinkley et &t.indicate In a study published by the end of 2004, Zasetsky éf al.
that the temperature decrease from 300 to 274 K already leadsclearly demonstrated that room-temperature optical constants
to a substantial change in the refractive indices of water, e.g., of water indeed failed to accurately reproduce a measured
a more than 10% increase in the maximum of the absorption spectrum of supercooled water droplets at 243 K in the 6000 to
indexk in the O-H stretching regime, accompanied by a slight 450 cnr? regime (see Figure 4 in their publication). A much
frequency shift of 10 cm' toward lower wavenumbers, as well  better fit result was obtained for a combination of the liquid
water (298 K) and water ice optical constants, indicating that
* Corresponding author. E-mail: Robert.Wagner@imk.fzk.de. the optical constants of supercooled water can roughly be
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reproduced by co-adding a suitable fraction of ice refractive
indices to the room-temperature optical constants of water. This
fraction rises from about 0.02 for extinction spectra recorded (G3HFT AT
at 300 K to 0.30 for highly supercooled water droplets at 240 — F|
K. In view of the results from complementary molecular E

dynamic simulations, this temperature-dependent change in th
spectral signatures was ascribed to an increasing amount o
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crystal-like, low-density domains in supercooled water with [FTIR Spectro
decreasing temperature. In light of the spectroscopic results, th ShCaZD P
refractive indices of these domains, as a first approximation, Hzens e -
can be represented by those of hexagonal ice. As already pointec T
epolarisation

out by Zasetsky et alS these findings clearly demonstrate that

care has to be taken when analyzing mixed phase clouds
composed of supercooled water droplets and ice crystals in mid-

infrared remote sensing applications; particularly when, for lack
of accurate refractive indices of supercooled water, room-
temperature optical constants of water are employed to represenfigure 2. Schematic view of the AIDA chamber facility, showing the
absorption and scattering by supercooled water drofiétghis _major instrumentation used in the expansion _experiments. Scientific
may lead to retrieval errors with respect to the ratio of cloud instruments as well as aerosol generation devices are located on four
. . R . . separate floors surrounding the isolating housing.

liquid water to ice water content, taking into consideration that

the actual refractive indices of supercooled water according to
the Zasetsky et dP study are approximately a mixture of the
optical constants of room-temperature water and ice.

In our present study, we adopted an iterative approach 10 Mmethods
extract mid-infrared optical constants of supercooled water from ) _
measured extinction spectra of supercooled water droplets. Just A Schematic cross section of the AIDA aerosol chamber
when preparing this manuscript, a succeeding work from facility, including the major scientific instrumentation used in
Zasetsky et al? has been published, bringing up the identical thiS study, is shown in Figure 2. _
subject. The authors have derived the first data sets of mid- The cylindrical aluminum aerosol vessel, volume 8% is
infrared optical constants of supercooled water from aerosol located inside a large isolating housing whose interior can be
extinction spectra in the 400@60 cnt! regime for four cooled to any temperature between ambient and 183 K. The
temperatures between 273 and 240 K. Their results nicely revealtemperature inhomogeneity throughout the entire vessel is less
that thek spectra of supercooled water indeed gradually adopt than=0.5 K. The chamber can be evacuated with two vacuum
the spectral features of ice upon cooling. Undoubtedly, these pumps from atmospheric pressure to a final pressure of about

new data sets will improve the accuracy by which mixed phase 0.01 IhPa. Deﬁ?lls ?bOUt thf coollndg and vacuum systems,tgas
clouds composed of ice crystals and supercooled water dropletszléggryk’)eads Vr\" eo ?sreigwr?tera [;‘Ifsaft‘%ﬁ éqrgﬁzu;?em;?:gslr:%ms are
can be analyzed in terms of the relative volume concentrations ! in ou pllj rcatio var

; . ) . the AIDA web page, http://imk-aida.fzk.de. Most important
of both species. Our own independent analysis, carried out at.

nearly the same time, is complementary to the work of Zasetsky instruments in the present study include the FTIR spectrometer,
et al1® by providing a first stringent test of the new refractive the optical particle counter (type WELAS, Palas, size range:

) . 0.8—45um), and the commercial cloud particle imaging (CPI)
:\r/]lqe).( datal Sets. E;ut further?ote, aﬁ we gm;l)loyed a d|ffferent system, offering a resolution of 2/8n.22 The FTIR spectrom-

1€ Inversion technique to derive t e optical constants from g (type IFS 66v, Bruker) is located at medium height of the
the infrared spectra, our results will reveal more clearly the

. - . . . . = AIDA vessel. Using an internal White-type multiple reflection
inaccuracies that might be introduced when applying an iterative cell, infrared extinction spectra can be recorded in situ with

approach to determine optical constants from aerosol extinction o htica| path lengths of up to 250 m. The transmittance of the
measurements. The present experiments were conducted in th@ar, cell windows allows for measurements in the 8@D00
large coolable aerosol chamber AIDA of Forschungszentrum avenumber range. Both the WELAS and CPI instruments are
Karlsruhe. As described in detail in our recent publications, the mgunted in the cold housing below the aluminum vessel and
AIDA chamber may be operated as a moderate expansionpoth use vertical sampling tubes to minimize sampling losses
chamber to study cloud formation over an extended temperature(sampling flows: 5 L/min, WELAS; 200 L/min, CPI).

range from 273 to 193 R From recent expansion experi- The following section will be divided into two subsections.
ments at temperatures between 270 and 235 K, we obtainedn the first part, we will briefly review the operation of the AIDA
series of infrared extinction spectra of micron-sized supercooled yessel as a moderate expansion cloud chamber and describe
water droplets. As in the Zasetsky et'&}? studies, Mie fits  two types of expansion experiments from which series of
using room-temperature optical constants of water poorly infrared extinction spectra of supercooled water droplets with
mimicked our measured spectra. Using a standard optimizationdiameters ranging from 2 to Zdm were obtained. Our iterative
technique, the room-temperature refractive indices from Bertie approach to extract the optical constants of supercooled water
and Lar¥* were iteratively adjusted by minimizing the summed from these infrared spectra series will be presented in the second
squared residuals between measured and calculated infraregart.

spectra. Thereby, we derived four discrete data sets of optical AIDA Expansion Experiments. Previous AIDA expansion
constants for supercooled water at 269, 258, 252, and 238 K inexperiments have proven to be successful in studying the ice
the 4500-1100 cnt spectral range. Independent measurements nucleation potential of a variety of atmospheric aerosols such
of cloud droplet diameters with an optical particle counter were as HSQyYH,O solution dropletd! soot, and mineral dust

[
Pump 2

used to assess the accuracy of our iterative approach to derive
the refractive index data sets.
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particles?® as well as internally mixed aerosol particles (e.g., 255 1000

soot coated with sulfuric aci) in the 233-193 K temperature 254.] HBEHE

range. . _ . _ g I v L 950
A typical ice nucleation experiment involves the following f.50] o

steps: (i) Cleaning of the aerosol vessel by evacuating the o =

. ; 251 900 o

chamber t0<0.01 hPa and performing several flushing cycles o]

with particle-free synthetic air. Background aerosol number | =

concentrations are typically below 0.1 cfafter refilling the o [N SO . A

evacuated chamber with synthetic air to 1000 hPa. (ii) Coating -0 0 50 100 150 200 250

of the aluminum walls of the aerosol vessel with a thin ice layer, time relative to onset of pumping / s

made by filling the chamber with humidified air at some higher i

temperature and subsequent cooling to a lower temperature, |
chosen as the initial temperature for the expansion experiment. 0.6

This ensures that expansion cooling experiments are started at 1
054+

an ice saturation rati&c(T) close to unity, whereSc(T) is g ]

defined as the ratio of the actual water vapor presgu(e) 3 04-

and the saturation water vapor pressure ovepjge(T) at the g 1

same temperature. (iii) Addition of the desired seed aerosol, g ¥,

with number concentrations typically ranging from 10 to 1000 0.24

cm~3, and subsequent aerosol characterization by, e.g., filter

sampling and size distribution measurements (Figure 2). (iv) 0.1+

Start of the expansion cooling to initiate ice nucleation by &5

establishing large supersaturations with respect to the ice phase. 6000 5000 4000 3000 2000 1000

Typically, the AIDA pressure is reduced from 1000 to 800 hPa R

within 4._10 min (depending on .the pumping Sp?ed of the Figure 3. AIDA expansion experiment with redispersed Sahara dust
mechanical pump). At slow pumping speeds, cooling rates as aerosol particles acting as cloud condensation nuclei. Top: time profiles
low as 0.1 K mirt! can be controlled; the maximum pumping of total pressure and mean gas temperature during the expansion. Time
speed, in contrast, leads to a cooling rate of initially more than zero denotes the start of pumping. Note that pressure and temperature
4 K min—L. During pumpingpwice €Xponentially decreases with are already decreasing, albeit much more slowly, before the mechanical

: pump was started at= 0 s. This is due to the large sampling rates of
decreasing AIDA gas temperature wherpaslecreases at most the optical particle counters. Dotted vertical lines indicate the time when

linearly with the total pressure. As a consequence, ice saturationingividual FTIR extinction spectra were recorded in course of the
ratios >1.6 can be established in the course of the expansion expansion. The spectra are shown in the bottom panel; spectrum b was
cooling. Ice nucleation occurs upon exceeding a critical upscaled by a factor of 10.

threshold relative humidity, its magnitude critically dependent

on the nature of the seed aerosol and the temperature. The onsdty immersion freezing of the cloud droplets at a sufficiently
of ice nucleation can be detected using a variety of independentlow temperature. However, depending on temperature and the
diagnostic techniques (Figure 2): (i) Increase in depolarization Specific ice nucleating ability of the mineral dust samples,
of backscattered laser light, (ii) detection of large ice crystals deposition nucleation and/or immersion freezing may also fail
with the WELAS optical particle counter, (jii) imaging of to appear. Exactly from such expansion cooling experiments
nucleated ice crystals with the CPI system, (iv) appearance of With the absence of ice formation, as exemplarily shown in
the characteristic extinction features of ice in the infrared spectra. Figure 3, infrared spectra series of supercooled water droplets
Complementarilyp,, is measured in situ by tunable diode laser Were obtained.

absorption spectroscopy with a time resolution of 1 s, thus  In the experiment presented in Figure 3, dry redispersed dust

allowing for a direct determination of the critical ice saturation @erosol particles from the Sahara desert region were used as
ratio at the onset of ice formation. seed aerosol. The expansion was startel=at254.5 K and at

. - . an ice saturation ratio of about 0.98 (corresponding to a
Recent studies addressed the efficiency of mineral dustsaturation ratio with respect to liquid water of about 0.82). After

particles as water and ice cloud nuclei at temperatures between[he start of pumping, ETIR extinction spectra were recorded in
273 and 250 K as well as the homogeneous freezing of almost,. - . ’ . .
time intervals of 10 s at a resolution of 4 chby co-adding

ﬁur%nrer]rlgtrgcri]-k)slﬁ?%izuegziizcaﬂ%ﬁifvzvﬂa(tle,/wg gl;ﬁi;r: darr(?ulggs 23640 scans. As a consequence of its low number concentration
9 yiig . : 2 P . (200 cn73), the spectral signatures of the dust aerosol are not
during an AIDA expansion experlment. Both typ_es c.)f EXPEM” yisible in the infrared spectra, cf. Figure 3 (lower panel, trace
mems’ although p”m."?“"y dedicated to ourongoing interest in a). Extinction features of a liquid water cloud became apparent
the ice nucleatlng_ablhty_ of aero_sol_ particles, a_lso_proved to be about 45 s after the start of the expansion, i.e., when 100%
adequate to acquire series of mid-infrared extinction spectra of . 51ive humidity with respect to supercooled water was

supercooled water droplets. exceeded (spectrum b). The FTIR spectra series nicely reveals
Expansion Cooling Experiment with Mineral Dust Particles. the continuous growth of the cloud droplets. Spectrd dare
At temperatures between 273 and 250 K, ice formation on a pronounced Mie interference structure at nonabsorbing wave-
mineral dust particles during AIDA expansion experiments may numbers>4000 cnt?, indicating a very narrow size distribution
proceed in two ways. Once the chamber air is supersaturatedof the water dropletd* The simultaneous measurements with
with respect to ice, deposition nucleation, i.e., direct growth of the CPI system provided evidence that ice was formed neither
ice on the mineral dust surface by vapor deposition, may occur. by deposition nucleation nor by immersion freezing in this
Alternatively, the mineral dust particles can act as cloud particular experiment. Note that ice particles can be clearly
condensation nuclei once water saturation is surpassed, followeddentified with the CPI because they immediately grow to much
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larger sizes than the supercooled droplets owing to the high ice 90

supersaturation in their presence. Thereby the imaging system 80+

is sensitive to ice particle number concentrations as low as 0.01 70

cm~3. Hence, the series of five extinction spectra of growing “c 60

water droplets (spectra-tf) from this AIDA expansion was Z 4]

used to extract mid-infrared optical constants of supercooled o ip]

water atT = 252 K (i.e., the mean temperature over the time ar]

period of recording the five spectra). From similar expansion iaker droplels Wit auskiaion
experiments with the absence of ice formation, two further L pure water droplets

spectra series of supercooled water droplets were obtainked at " 12_ )

= 256 and 260 K. The extinction spectra from both expansions & 2]

were used to derive an averaged refractive index data set for T (1):

supercooled water at 258 K. As opposed to these purposely B,

selected AIDA expansion experiments, which only resulted in 44(c)

liguid activation of the seed aerosol without freezing, other types x 24

of mineral dust, e.g., from different regions of the Sahara desert 0

or samples from desert regions in Asia, proved to be efficient 6000 5000 4000 3000 2000 1000

deposition and immersion freezing ice nuclei, especially at

Femperaturgs be"??"’ about .253 K. The detglled analysis of the Figure 4. (a) Calculated extinction cross sectioi@.), (i) for pure,

ice nucleating ability of various types of mineral dust aerosol jog.normally distributed water droplets (count median diamefems

will be presented in a manuscript currently in preparation. mode width 1.3) and (ii) for a cloud of water droplets with identical
As noted above, expansion experiments with mineral dust overall size distribution parameters, but all droplets containing a

particles as seed aerosol were also started at initial gasmonodlsperse spherical dust inclusion of @& in diameter. The

. . - percentage difference between spectra (ii) and (i), shown in panel b, is
temperatures being as high as 273 K. However, as will be compared with the absorption indd® gpectrum of the dust inclusion,

justified in the next section, different AIDA expansion experi-  employed for calculating the extinction features of the composite
ments, addressing the efficiency of environmental bacteria particles with the coated sphere approach (panel c).

(pseudomonas syringae) as ice nuclel at 270—265 K, were
used to retrieve an additional refractive index data set for
supercooled water at these higher temperatures. Specifically,

an infrared spectra series of water droplets recorded during an ~rease in extinction in the composite particles compared to

QID{A‘ _expansmrcli experlrpek:t ?t .269. KdW|t_k;henV|ron|r|nental tthe pure water droplets. Nonetheless, the calculations clearly
acteria as seed aerosol (bacteria mixed with a small amoun reveal that the extinction spectra of water droplets, obtained

of residual aerosol particles after wet dispersion of the bacterial from AIDA expansion experiments with dust particles as seed

suspgpsmn), not acting as ice nugle| under our experlmentalaerosol, can be treated as pure droplet spectra in our subsequent
conditions, was used to retrieve this data set. analysis to derive the optical constants of supercooled water.
Strictly speaking, we do not generate pure water droplets in we expect the same to be true for the expansion experiment
the course of the AIDA expansion experiments. Instead, the \ith the environmental bacteria as cloud condensation nuclei,
pre-added seed aerosol particles are embedded in the supehaying a similar median diameter as the dust aerosol particles.
cooled water droplets after the liquid activation. Hence, we have  Expansion Cooling Experiment with Supercoole®&y/H,0
to check that the presence of these small inclusions does notsolution Dropletsin addition to the infrared spectra series of
significantly alter the extinction spectra of micron-sized water supercooled water droplets Bt= 269, 258, and 252 K, another
droplets compared to pure water spectra. For this purpose, Weset of FTIR extinction spectra was obtained close to the
have made the following test calculations, addressing the homogeneous nucleation temperature of pure water droplets
experiments with mineral dust particles as cloud condensationfrom an AIDA expansion experiment with supercooled sulfuric
nuclei: As a reference, we have calculated frequency-dependentcid solution droplets as seed aerosol (number concentration
extinction cross sections of log-normally distributed water ~250 cni3, median droplet diameter0.3 um, initial composi-
droplets with a count median diameter ofufn and a mode  tion ~31 wt % H,SQ, at 70% relative humidity). The expansion
width of 1.3 using the optical constants of Bertie and E&n.  was started af = 243 K, and the time profiles of total pressure
Thereafter, we have recalculated the reference spectrum withand mean gas temperature as well as selected FTIR extinction
all droplets containing a monodisperse spherical dust inclusion spectra recorded during the expansion experiment are shown
of 0.5 um, which is the typical median diameter of the in Figure 5. As the optical path length of the White cell was
redispersed mineral dust samples employed in our studies. Thereduced to avoid saturation of the infrared spectrum when a
dust inclusion simply replaces an equivalent volume fraction cloud of large droplets and/or ice crystals is formed during the
of liquid water in the droplets, thus leaving the overall particle expansion, the spectral features of the small amount of pre-
diameters unchanged. The extinction spectrum of the compositeadded sulfuric acid droplets remain below our detection limit.
particles was calculated using the coated sphere subroutineFor the same reason, the initial dilution of theS@yH,O
provided by Bohren and Huffma,extended to average over droplets (“haze formation”) upon start of expansion cooling,
log-normally distributed particle sizes. The dust inclusion was driven by the increasing relative humidity, is not detectable.
mimicked as internal mixture of 10 vol % hematite and 90 vol However, once water saturation is surpassed, the activated
% quartz. The corresponding optical constants were obtainedH,SQy/H,0 aerosol patrticles rapidly grow to micron-sized cloud
from the HITRAN database (refractive index data tabulated by droplets, as can be nicely seen in the series of FTIR extinction
E. P. Shettle}:? The calculated extinction spectra of water measurements (spectra-@).
droplets with and without dust inclusion are compared in Figure  In the later course of the expansion experiment, the mean
4, panels a and b. Obviously, the dust inclusion leaves the watergas temperature gradually approaches and eventually falls below

wavenumber / cm”’

extinction features virtually unaffected. Marginal spectral devia-
tions can be seen at about 1100 ¢nHere, the intense silicate
absorption band of quartz (see Figure 4, panel c) leads to a slight
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244 accounted fof® The subsequent Kramet&ronig integration

then yields the correspondimgspectrum. When dealing with

particle extinction spectra as in our present study, a straight-

I forward approach to extract the optical constants is only feasible

-gcng given that the particle diameter is small enough that the
& extinction cross sectio@ey approximately equals the Rayleigh

- 850 absorption cross sectid®i". For transmission measurements

in air, C:2" is given by
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whereV denotes the particle volunféTaking into account that
also the real and imaginary parts of the composite fundtion

_N-1
N* + 2

f ®3)

optical depth [ a.u.

whose imaginary part appears in eq 2, are related through a
Kramers-Kronig transform?’ the optical constants may be
derived from small-particle absorption spectra given that the
wavenumber / cm'’ particle volume is known. Applying this methodology to extract
Figure 5. AIDA expansion experiment with supercooled30,/H,0 the mid-infrared optical constants from transmission spectra of

solution droplets as seed aerosol. Top: time profiles of total pressure . .
and mean gas temperature during the expansion. Dotted vertical ”nessupercooled water droplets, however, requires droplet dRLayPeters

indicate the time when individual FTIR extinction spectra were recorded Pelow about 0.2«m to fulfill the condition thatCex = Cgps.
in course of the expansion. The corresponding spectra are shown inWater droplets of that size cannot be made and maintained in

the bottom panel; spectrum f was offset for clarity. The dashed vertical a chamber experiment. Hence, a different strategy has to be
line in the top figure marks the freezing onset of the cloud droplets, geayised for the analysis of our extinction spectra of micron-
afore generated by liquid activation of the sulfuric acid droplets. sized water droplets obtained from the AIDA expansion
experiments. In the following, we will outline an iterative
the homogeneous ice nucleation temperature for supercooled@pproach whose underlying idea consists of a stepwise adjust-
water droplets. At about 210 s after the start of pumping, our ment of the room-temperature optical constants of water to
ice-detecting diagnostics indicate the onset of freezing of the minimize the summed squared residuals of Mie fits to our
cloud droplets. An exemplary FTIR extinction spectrum after measured infrared spectra of supercooled water droplets. The
ice formation is shown in Figure 5 (spectrum f), clearly revealing procedure, inspired by several similar Mie inversion techniques
the characteristic extinction minima (Christiansen bands) of large described in the literatur, 30 involves the following steps:
ice crystals at around 3500 and 950 T The analysis of (i) A series of typically five infrared extinction spectra of
this expansion experiment in terms of water freezing and growing water droplets provides the basis for the derivation of
homogeneous nucleation rates will be addressed in a futurethe optical constants. The recorded optical depth is proportional
report. As for the present study, the set of droplet extinction {5 the aerosol number densily; the size-averaged extinction
spectra ae was used for the derivation of ir!frared optical  ¢ross sectionCey] and the optical path length All spectra
constants of supercooled watefTat- 238 K. As will be shown  ecorded during an expansion experiment were normalized to
in a later section, the median diameters of the water droplets yiye equal weight to each individual spectrum in the subsequent
are in the range 2:25.9um, corresponding to residual sulfuric  551vsis. Spectra calculated from Mie theory were then fitted
acid weight fractions in the range 0.88.004 wt %. ThiS  , the measured FTIR extinction spectra, using the room-
insignificant amount of BSO; will be neglected in the o erature optical constants of water from Bertie and“t.an

subsequent an_alygls; .., measuremerits @ill be treated as as input values and assuming log-normally distributed particle
pure water extinction spectra. sizes

Iterative Approach To Derive the Optical Constants of
Supercooled Water.The derivation of the real and imaginary b
parts of the complex refractive ind&#) = n(¥) + ik(¥) from [Cexi= [ """ CouDp) (D) dD,, #(Dy) =
transmission spectra exploits the Krameksonig transform?* P

T ¥ T ¥ T b4 L]
6000 5000 4000 3000 2000 1000

2
relatingn andk according to 1 expl — (InD, —In CMD) @
. v2rD,In o, 2(Ing,)?
. 2_ 0 KW
n(vo) —1=-=P 0~2 =2 v (1)
4 V=7, with ¢(Dy) dD, denoting the fraction of particles per unit volume

having particle diameters betweBg andD,, + dD,. The droplet
As the imaginary paik is directly proportional to the absorption  number concentratioN as well as the count median diameter
coefficient for light propagation in a homogeneous bulk sample, CMD and the mode widthy of the log-normal size distribution
the completék spectrum can be, in principle, accurately retrieved were retrieved by minimizing the summed squared residuals
from, e.g., thin-film absorption measurements, provided that between measured and calculated spectra, using the downhill
reflections occurring at the sample interfaces are properly simplex algorithm as the optimization technicdé? Thereby,
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constants to attain a corrected set of size distribution parameters,

0] . marked by asterisks,
= 0.8+ f
g spectrum 1:Nx; 0%, CMDsx,
- <
3 08 A spectrum 2:Nx, 0%, CMDsx,
3 04 spectrum 3: Nk, 0%, CMDx,

- — spectrum 4:Nx, 0%, CMDx,

| ——Miefit spectrum 5:N>k5 0*9’5 Cl\/|D>l<5 (6)

0.0 T T T T T
6000 5000 4000 3000 2000 100G

e which in turn was used to reiterate step (ii). Steps (i) and (ii)

. . o were then alternately repeated until the spectral changes in the
Figure 6. Comparison between a measured extinction spectrum of tical tants aft t i had b I that th
supercooled water droplets at 238 K (trace d in Figure 5) and a Mie fit optical constants after step (i) ha €come so sma at the
using the room-temperature optical constants of water from Bertie and N€Wly derived size distribution parameters differed by less than
Lan** as input. The droplet parameters retrieved in step (i)Nare= 0.1% from the values of the previous iteration step.

235 cm'3, g4 = 1.20, CMD;, = 5.32um. As an important advantage of the AIDA expansion experi-
ments, our iterative approach to extract the optical constants
we obtained an initial set of size distribution parameters for relies on a series of extinction spectra of variably sized water

each spectrum: droplets, all of them exhibiting varying fractional amounts of
light scattering and light absorption. This provides for a unique
spectrum 1:N; gy, CMD, retrieval r(_asult in terms of the o_ptical constants, b_ecause our
spectrum 2:N, g,, CMD, newly den\_/edn ar_ldk_ c_iata are simultaneously applled to all,
spectrum 3:N; 043 CMD, equally Wellght.ed individual spectra. In contr{:\st, with only one
spectrum 4:N, o "~ CcMD droplet extinction spectrum at hand, there mlgh_t be some tr_ade
P Tt Ted 4 off between the optical constants and the size distribution
spectrum 5:Ns 05 CMDy ®) parameters, leading to a nonunique fit result. However, it proved

to be necessary to include at least two droplet spectra corre-

An exemplary Mie fit result is presented in Figure 6, revealing sponding to median diameters 86 um in the fit algorithm to
that the room-temperature data only poorly reproduce our pptain a consistent fit result for the spectrum of the imaginary
measured extinction spectrum of supercooled water droplets.indexk. Larger droplet spectra, as being increasingly dominated
As a quantitative measure for the performance of the optical py |ight scattering, are less sensitive to small changes itk the
constants, the summed squared residuals of all individual Mie spectrum, e.g., in the regime of the-® stretching mode. The
fits were co-added. In the next step, this quantity was minimized sjze of the cloud droplets generated in the course of the AIDA
by adjusting the optical constants employed in the Mie calcula- expansion experiments depends on the seed aerosol number
tions. concentration as well as the prevailing water vapor concentra-

(i) In this minimization process, we used the complete tion, which, due to the ice-covered chamber walls, exponentially
spectrum of the imaginary indel from 6000 to 800 wave- increases with increasing temperature. For temperatpés
numbers as optimization parameters, corresponding to 675 gridk and seed aerosol number concentratiot®0 cn1?, the
points when limiting the spectral resolution to 8 tmThis generated water droplets rapidly grow to diamete&d um
proved to be sufficient to resolve the broad-band extinction within the time frame of only two successive FTIR extinction
features of our droplet spectra. Again, the downhill simplex measurements. Under such conditions, being representative for
method was employed as the optimization technitjuEhe k the expansion experiments with mineral dust particles as seed
spectrum from Bertie and L&hwas used as starting point. Once aerosol aff > 265 K, the recorded FTIR spectra series does
the algorithm proposed a newspectrum, the correspondimg not provide a suitable basis for a unique retrieval of the refractive
spectrum was calculated via Krameisronig transformation, indices. Exactly for this reason, we used the AIDA expansion
as will be described in detail in a separate paragraph below. experiment with environmental bacteria as cloud condensation
With this new set ofn and k, we recalculated the droplet nuclei to retrieve the refractive index data set for supercooled
extinction spectra using the size distribution parameters obtainedwater at 269 K. Here, a higher seed aerosol number concentra-
in step (i), thereby obtaining a new value for the sum of all tion was provided, thus resulting in a high number concentration
residuals between measured and calculated infrared spectraof comparatively small cloud droplets during the activation,
Depending on its magnitude, the newly propogespectrum having a maximum diameter of6 um.
either was rejected by the optimization algorithm or was used  Kramers—Kronig Transformation. As an essential step in
as starting point for a new iteration. Typically, up to 10000 our iterative approach to derive the optical constants of
iterations were performed in this step. To avoid the occurrence supercooled water, the Kramerkronig transformation is
of singular spikes, newly proposédspectra were subjected to  applied to calculate tha spectrum from a new guess for the

a weak smoothing function prior to the Krameisronig spectrum of the imaginary indelk As inherent in eq 1, this
transformation (Savitzky-Golay smoothing filter, quadratic integration requires tha is known over the complete wave-
polynomial fit, 5 points in the moving windot). number range and not only over a finite region from 6000 to

(iii) In step (ii), the room-temperature optical constants of 800 cntl, the experimentally accessible wavenumber regime
water were fine-tuned by improving the quality of the Mie fits of our present study. Therefore, it is essential to expandkthe
to our measured spectra of supercooled water droplets. The Miespectrum to wavenumbers beyond the regime covered by the
calculations, however, still relied on size distribution parameters actual measurements. Many studies have demonstrated that the
that were obtained from Mie fits using the original Bertie and inaccuracies, which are introduced by the extension of the
Lan'* data. Therefore, after about 10 000 iterations, the Mie wavenumber regime, are significantly reduced by employing
fits of step (i) were repeated with the modified set of optical the so-called subtractive Kramer&ronig relation328:343%Here,
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Figure 7. Top panel: thé spectra of liquid water and ice in the 2600
70 wavenumber range. A dashed vertical line indicates the low-
frequency cutoff of the Bafwindows integrated in our White cell setup.
Bottom panel: comparison of the originalspectrum of liquid water
from Bertie and Lai from 6000 to 800 cm! with the n spectra
obtained from subtractive Kramer&ronig transformations of the
Bertie and La# k spectrum in the 600670 and 6006-400 cnt?
ranges.

the real part of the refractive index has to be known at some
anchor point’, within the accessible wavenumber range:
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Subtracting eq 7 from eq 1 then yields the subtractive Kramers
Kronig expression to calculateat any given wavenumbé:

20 = D) e k(@)¥
Pl 7o) = 7,0)

n(¥o) = n(¥,) +

8)

As n(7) is now determined in relation to the anchor point value
n(vy), the errors introduced by an imprecise extrapolation of
the k spectrum can be considerably reduced.

Despite the better performance of the subtractive Kramers
Kronig transformation, the extension of tkepectrum remains
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made use of the Maclaurin’s formula method as described by
Ohta and Ishidd® As evidenced by the comparison, tike
spectrum of water has to be extended to include both the
intermolecular rotational and translational modes to properly
reproduce the spectrum of the real refractive index in the 6000
800 wavenumber regime via the subtractive Kraméfsonig
analysis.

Hence, once the downhill simplex optimization algorithm
proposes a new spectrum for supercooled water in the 6600
800 wavenumber regime during step (ii) of our iterative
approach, we have to extend the spectrum down to 70 ¢mn
properly account for the low-frequency absorption bands of
water in the subsequent Krametisronig analysis. To estimate
the shape of th& spectrum of supercooled water in the 800
70 wavenumber regime, we remember the results of Zasetsky
et al.1® noting that the infrared spectra of supercooled water
droplets can roughly be reproduced be co-adding the refractive
indices of warm water and ice. Thus, we apply a simple mixing
rule to analyze a newly proposkdpectrum Kqe) by co-adding
fractional amounts of th& spectra from Bertie and Lahas
well as Warrert?

knew: aKNate +(1- a)kice

The mixing factora, which best reproducekhey in the 6006~

800 cnt! regime, i.e., in our experimentally accessible wave-
number range, was used to calculate the spectrum of the
imaginary index below the low-frequency cutoff of the BaF
windows, i.e., at wavenumbers from 800 to 70 énThereafter,

this low-frequencyk spectrum was properly scaled to match
knew at 800 cnt! and the subtractive Krameréronig trans-
formation was performed. Using the Lorentizorenz relation,

9)

n2

1_ constp
n’+2 H20

(10)

the room-temperature anchor point valug5000 cnTl) =
1.3023, from the Bertie and L&hdata set was adjusted to
account for the actual AIDA temperature, using temperature-
dependent densities of supercooled waggrd) measured by
Hare and Sorenséhas input.

Not surprisingly, eq 9 proved to be only a crude approxima-
tion to describe our retrievekl spectra of supercooled water
droplets. For example, the percentage deviations in the peak
absorption of the ©H stretching mode can be as large as 20%.
Hence, the same degree of uncertainty may be introduced into
the spectral habitus of the low-frequericgpectrum, calculated

a crucial issue in our present application. As demonstrated by using the simple mixing rule. To estimate the effect of these

the top panel of Figure 7, showing thespectra of room-
temperature water and ice in the 26000 wavenumber range,
our low-frequency cutoff of 800 cni just cuts the intense
intermolecular rotational modes of water and i¢egntered at
about 600 and 800 cmd, respectively. Further dominant

inaccuracies in the expandé&dspectrum on the results of the
Kramers-Kronig transformation, we have made some test
calculations as follows: We combined our newly derived
spectrum for supercooled water at 252 K from 6000 to 800cm
with three different low-frequency expansions, thus mimicking

absorption features, corresponding to intermolecular translationalsome degree of uncertainty about the actual spectral habitus in

motions?* are located at wavenumbers below 400-éniTo

this wavenumber regime. In the first place, we used the mixing

assess the importance of these low-frequency absorption bands$actor a which best reproduced the 606800 cnt! spectrum

in the Kramers-Kronig transformation, the lower panel of
Figure 7 compares the originalspectrum of water from Bertie
and Laf* with the results from two different subtractive
Kramers-Kronig integrations. In both calculations, the Bertie
and Lai* k spectrum was used for the integration, the anchor
point was set to 5000 cm with n = 1.3023; in case (i) th&
spectrum was limited to the 606@00 cnt?! range, in case (ii)

to 6000-70 cntl. To perform the numerical integration, we

(a = 0.73) to calculat& from 800 to 70 wavenumbers using
eq 9. Two further low-frequency extensions were calculated
using mixing factors of 0.65 and 0.81. The three differkent
spectra are shown in the top panel of Figure 8.

The spectral deviations in the 8800 cnt! regime, being,
e.g., as large as 25% for the intermolecular rotational mode,
should be representative for the maximum inaccuracies that
might be introduced by mimicking tHespectrum of supercooled
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Figure 9. Newly derivedk spectrum for supercooled water at 252 K

in comparison with thé& spectrum from Kou et &t (supercooled water
at 265 K) in the 6006-3500 cn1? regime.
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Figure 8. Top panel: A newly derived spectrum for supercooled
water at 252 K with three different low-frequency (8000 cnt?)

0.2+

extensions, calculated using eq 9 with mixing factora ef 0.65, 0.73, J v |

and 0.81. Note that the 8600 cni* spectra were scaled to fit the 1.0 21

6000-800 cn1? k spectrum at 800 cmt. Bottom panel: spectra of 1 1

the real refractive index obtained from the subtractive Kramers & 8 A 0.0 et —
Kronig transformation of the thrdespectra shown above. The attached AG00. 2000 <500: 3000, 2000 2000 100 4500 4000: 3500 3000.2500. 2000 1500

panel shows the relative deviation of thepectra corresponding wavenumber / e’ wavenumber / cm’

= 0.65 and 0.81. Below about 1100 cinthis percentage error starts  Figure 10. Real and imaginary parts of the complex refractive index
to exceed 2%. for supercooled water at four temperatures between 269 and 238 K

) o ) ) _ (black lines), as retrieved from our measured infrared extinction spectra.
water with the mixing rule (eq 9) in this wavenumber region. The room-temperature optical constants for water from Bertie antf Lan
Then spectra, obtained from the subtractive Kramefsonig (gray solid lines) as well as the water ice refractive indices from
transformation of the three differekspectra, are shown inthe ~ Warrert® (gray dotted lines) are shown for comparison.

bottom_ pan(_al of Figure 8. Obviously, the various Iow-freq_uency 269, 258, 252, and 238 K, demonstrate the improved quality of
extensions in thé spectrum hardly affect the Kramerkronig Mie fits to our measured extinction spectra compared to Mie

results for wavenumbers 2000 cnt™. First, weak spectral o0 lations using the room-temperature optical constants of
variations between the differentspectra can be made outin  \yater and compare retrieved droplet diameters with those
the dispersion regime around 1600 cirthe percentage error, iy ianeously measured with the WELAS optical particle

however, still being as low as 0.5%. Only below 1100-¢m spectrometer. The second part is dedicated to a thorough

the relative difference between thespectra corresponding o comparison of the present data sets with those recently derived
a= 0.65 and 0.81An/n, starts to exceed 2%, thereafter rapidly by Zasetsky et a®

increasing to about 6% at 800 cf Hence, we will restrict Figure 10 compares our retrieved and k spectra for

our data sets of optical constants to Wayenumbdrisoo cnt supercooled water with the room-temperature data from Bertie
as a result of the uncertain spectral habitus of the low-frequency ;4 | ad4in the 4506-1100 cnrt regime. Also shown are the
absorption bands of supercooled water beyond the 800 cm \ater ice (266 K) optical constants from the compilation of
cutoff of our infrared measurements. Warren!® Substantial temperature-induced changes in the
_ At wavenumbers between 6000 and 4000"énthe absorp-— 5pqarption index spectra can be made out in both the regime of
tion indices of water are generally very low, exhibiting only a 1o o-H stretching mode and the-HD—H bending mode. The
weak absorption band at around 5150 €mAlthough our  ition of the G-H stretching band is gradually shifting to
retrieved k data sets for supercooled water indeed Show o er wavenumbers, i.e., from about 3405 crat 298 K toward
enhanced absorption in the 5288000 cn1* regime (Figure 3300 cny1 gt the lowest temperature (238 K), thus approaching
9), the applied iterative approach is not sensitive enough 10 yhe frequency of the respective absorption band of ice, located

accurately reproduce this absc_)rptiqn band, as can be seen by; 3550 ot Accompanying this band shift, the maximum of
the strong scatter of our data in this frequency range. Hence, o absorption indek increases by about 30% from 0.31 at

we propose to extend otrspectra beyond 4500 cthwith the 298 K to 0.40 at 238 K. In contrast, the peak intensity of the
near-infrared Opt"lzf‘l constants of supercooled waler (265 H—0—H bending mode significantly decreases with decreasing
K) from Kou et al. temperature, which, however, also reflects that the spectra of
water gradually adopt “ice-like” character upon cooling, as first
observed by Zasetsky et ®l.The temperature-dependent
In the first part of this section, we will present our newly variations in thek spectra systemically propagate into the
derived refractive index data sets for supercooled watér=at correspondingy spectra. Here, the amplitude of dispersion in

Results and Discussion



Refractive Indices of Supercooled Liquid Water J. Phys. Chem. A, Vol. 109, No. 32, 200B6L07

4 (a) A (B}
3 3 3 9 3
@ m L] m
£ £ . £
g : § ] :
3 B 3 B
% % & 5
fit, 208 K 1
6000 5000 4000 3000 2000 1000 6000 5000 4000 3000 2000 100C 6000 5000 4000 3000 2000 1000 6000 5000 4000 3000 2000 100C
wavenumber / cm” wavenumber { cm wavenumber / em”’ wavenumber f cm”’
4 (d) E (e) J (d)
; 7 ] 5 .. ft2s2K s fit, 252 K
= £ 4 £
§ § § §
B = i w T J
£ 2 //f\ - £ fit, 298 K
g £ | 288K | 5 g g
6000 5000 4000 3000 2000 1000 6000 5000 4000 3000 2000 100C

6000 5000 4000 3000 2000 1000 6000 5000 4000 3000 2000 100C
wavenumber / cm’”’ wavenumber / cm’’

Figure 11. Measured infrared extinction spectra (gray solid lines) of

supercooled water droplets at 238 K in comparison with best fit results

from Mie calculations (black dotted lines) using (i) the newly derived
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Figure 12. Measured infrared extinction spectra (gray solid lines) of
supercooled water droplets at 252 K in comparison with best fit results
from Mie calculations (black dotted lines) using (i) the newly derived
optical constants of supercooled water at 238 K and (ii) the room- OPtical constants of supercooled water at 252 K and (ii) the room-
temperature optical constants from Bertie andas input. Measured ~ témperature optical constants from Bertie and'£as input. Measured

and calculated spectra corresponding to case study (i) are offset forand calculated spectra corresponding to case study (i) are offset for
clarity. The FTIR spectra were recorded during an AIDA expansion clarity. The FTIR spectra were recorded during an AIDA expansion
experiment with HSQ/H,O solution droplets as seed aerosol. Retrieved experiment with mln_eral dust particles as seed aerosol. Retrieved droplet
droplet diameters are ranging from 2:h (panel a) to 5.3:im (panel diameters are ranging from Zdn (panel @) to 11.km (panel d).

d).

the O-H stretching regime is increasing with decreasing s[ze distribution qf the water droplets are fgnda}mgntally
temperature whereas the opposite trend is apparent in the spectraglﬁerent' FTIR extinction spectra are recorde_d In situ in the
region of the H-O—H bending mode erosol vessel (F|g_ure_ 2), thereb_y measuring horizontally
) S ) averaged cloud extinction at medium height of the AIDA

Experimental FTIR extinction spectra of supercooled water cpamper. In contrast, the WELAS instrument operates in an ex
droplets from two AIDA expansion experiments at 238 and 252 gy, mode, sampling chamber air from a distant point near the
K'and best fit results from Mie calculations using the newly pqttom of the aerosol vessel. Due to these operational differ-
obtained refractive indices as well as the room-temperature gnceg, the droplet size distributions measured by WELAS were
optical constants from Bertie and Lérare shown in Figures ot directly used as input in our iterative algorithm (eq 5).
11 and 12. As proposed in the preceding section, the near-nsiead, the size distribution parameters, initially obtained from
infrared optical constants of supercooled water from Kou &t al. e fits with the Bertie and LaH optical constants, were
were appended to olrspectra at 4500 cm, thereby extending  jteratively adjusted together with the optical constants in steps
the wavenumber regime of the Mie fits to 6000 ¢m (i) and (i) of our inversion technique. We have, however,

Note how accurately measured and calculated extinction checked the consistency of our retrievals with the droplet
spectra agree after having optimized the optical constants bydiameters measured by the WELAS optical particle spectrom-
the iterative procedure described in the Experimental Section. eter; cf. Figure 13. The temporal evolution of cloud droplet sizes
Again, it is worth emphasizing that our measured droplet spectra, retrieved from the FTIR extinction spectra, using the newly
as having been successively recorded during AIDA expansion derived low-temperature refractive indices as input, agrees well
experiments, cover a broad range of different droplet diameters.with the WELAS data, thus validating our strategy to consecu-
That indeed each individual spectrum is well reproduced by tively adjust both the size distribution parameters and the
the Mie fit therefore underlines the precision of the newly refractive indices. Minor deviations may be due to the different
derived low-temperature refractive index data sets for water. sampling geometries of the two techniques, as outlined above.
In contrast, as already convincingly demonstrated by Zasetsky After having presented our newly derivedandk spectra,
et al.}®19the poor quality of the Mie fits with the Bertie and  we will now proceed with comparing these data sets to those
Lan'4 n andk data might intimate the presence of a mixed phase recently obtained by Zasetsky et!8Three individuain andk
cloud although only supercooled water droplets are present,data sets from both studies are displayed in the upper panels of
because adding a suitable volume fraction of ice would reduce Figure 14. In addition, the lowermost panel shows the temper-
the residuals between measured and calculated spectra. ature-induced spectral changes in the#stretching regime

As a final point, we want to compare the cloud droplet revealed by thek spectra obtained from our own work and
diameters that were retrieved from the FTIR spectra analysesspectra retrieved by Zasetsky etéln general, both data sets
with those simultaneously measured with the WELAS optical bare the same overall spectral variations in the mid-infrared
particle spectrometer for two selected expansion experimentsspectrum of water upon cooling, e.g., the low-frequency shift
(Figure 13). Remember that the two techniques for deriving the and intensity increase of the €M stretching band. The
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& 8 - different iterative techniques to derive the refractive indices, as
& g B shown in Figure 14, is more illustrative to make clear the
2 6] ——FTR e magnitude of the uncertainties that can be introduced into the
E retrieved optical constants. Potential explanations for the small
= discrepancies between tkepectra obtained in the present study
% 41 and the data sets from Zasetsky etalill be discussed in a
[ / succeeding paragraph. Via the Krameksonig transformation,
g 2] these spectral differences in the absorption indices directly
2] propagate into the correspondimgspectra. In addition, the
60 B0 100 120 140 160 180 200 220 minor offset between the various spectra at nonabsorbing
time relative to onset of pumping /s wavenumbers- 4000 cn is caused by slightly different values
i for n at the an_chor points used in the subtractive Kramers
E 5] Bxpansions Kronig integration.
:E: 8] —:—\;\;EI;AS . In Figure 15, we compare the best fit results from Mie
g 71 B rEle calculations using our own as well as the Zasetsky éf al.
3 5] andk data sets for two selected extinction spectra of supercooled
_e§ 5] 3 water at 238 and 270 K. Calculated spectra are based on a log-
2 4] normal number distribution of cloud droplet diameters. The Mie
E 3] fits with the Zasetsky et dP refractive indices as input also
8 2] lead to an overall accurate reproduction of our measured infrared
v spectra, nonetheless revealing slight spectral mismatches that
60 80. 100120 140 160 180 200 220 exactly reflect the differences of their optical constants from
time relative to onset of pumping /8 our own data, as discussed in the previous paragraph. So the

Figure 13. Temporal evolution of count median droplet diameters extinction maximum at 3000 cm is underestimated and, at
retrieved from the WELAS and FTIR measurements during two AIDA  the same time, the peak intensity at 1600 ~&nslightly

expansion experiments with supercoolegsBy/H,O solution droplets overestimated in the Mie calculated spectra Tore= 238 K
as seed aerosol. Both expansions were started at a mean AIDA gasCOncernin the fit example At= 270 K. the calculated s ecfral
temperature of about 243 K. The data shown are restricted to the time 9 P ' p

period before freezing onset of the cloud droplets (see, e.g., Figure SthitUS O_f the extinction band in the- stretching regime i_S
for comparison). The FTIR retrievals are based on the newly derived slightly distorted compared to the measured one. The retrieved
refractive index data set for supercooled water at 238 K. The original droplet diameters, however, are virtually unaffected by the

WELAS data, comprising about 4000 individual size channels between choice of the refractive index data sets, i.e., are insensitive to
0.8 and 45um, were fitted by log-normal number distributions of these slight spectral discrepancies.

particle sizes. o . . )

As a preliminary note to the remaining part of this section,
deviations between the individuakndk spectra are not severe; W& émphasize the generally good agreement between our and
however, an obviously systematic discrepancy can be made outh® Zasetsky et &f refractive index data sets. Nevertheless,
in the spectra collection. Our owkspectra consistently feature we consider it wc_)rthwhlle to focus on the_small discrepancies
a more intense ©H stretching band whereas the peak intensity P€tween the variouk spectra shown in Figure 14. That two
in the regime of the HO—H bending mode is systematically groups_employed dlffer_ent Mie inversion techniques to de_r|\_/e
lower than in the data sets obtained by Zasetsky éf al. the optical c_onstants gives us the unique chan_ce to e_pr|C|tIy
Maximum deviations in the peak intensities of the two absorp- 2SS€sS the inaccuracies which can be associated with these
tion bands are in the order of 10%. It appears unlikely that algqut_hms. To elaborate poss[ble explar_latlons for the spectral
spectral changes of that magnitude are due to the S"ghtdewatlons, we ha_ve to consider fou_r important differences
differences in temperature between the compared spectra. |nbetween our iterative approach to derive the optical constants
addition to these discrepancies in the peak intensities, there are@nd the strategy employed by Zasetsky efal.
occasionally frequency shifts in the peak position of theHD (i) As a significant advantage of the Zasetsky et®atudy,
stretching band, particularly apparent in the data sefE at infrared extinction spectra of the supercooled water droplets
270 K shown in the top row of Figure 14. Whereas our dwn  were measured down to 460 cfthus including the intermo-
spectra series exhibits a smooth and continuous low-frequencylecular rotational modes of water and ice. Especially in the-800
shift of the O-H stretching mode upon cooling, no such smooth 460 cnT? regime, the variation of thek spectrum with
transition occurs from the Bertie and L!4spectrum to the low- temperature proved to be quite pronounced. Hence, the authors
temperature data sets of Zasetsky éf&lere, the temperature  had only to approximate the temperature dependence of the
decrease from 298 to 273 K already leads to a pronounced low-remainingk spectrum<460 cnt? prior to the KramersKronig
frequency shift of about 50 cm, much in contrast to our own  integration to calculate the correspondimgspectrum. In
study and the earlier results from Pinkley et'dlas addressed  contrast, as discussed in the Experimental Section, we had to
in the introductory section. Further cooling to 240 K then only mimic the complete 80870 cm ! k spectrum by applying a
results in a comparatively small additional band shift of the simple mixing rule approach, i.e., approximating knspectrum
O—H stretching mode. Zasetsky et!8keported an uncertainty  as linear superposition of tHespectra from Bertie and L&h
in their refractive index data sets of 4% in the-8 stretching and Warreri® Inaccuracies in this low-frequency extension will
regime. However, error estimation is complicated when an directly infect then spectrum obtained from the Kramers
iterative Mie inversion technique is employed to derive the Kronig transform but will also propagate into thespectrum
optical constants from measured extinction spectra. The samein course of the optimization procedure. But with the Zasetsky
is true for our own study; we therefore find it problematical to et al!® k data at hand, we can check our previous error
specify such a definite value for the uncertainty of alandk estimation concerning the influence of the 8G® cnt?
spectra. Rather, the direct comparison of the results of two extension on the Kramer¥ronig result.
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Figure 14. Comparison of the refractive index data sets of supercooled water obtained in the present study with those retrieved by Zasgtsky et al.
First row: n andk spectra at 269 K (this work) and 273 K (Zasetsky et®alSecond row:n andk spectra at 252 K (this work) and 253 K
(Zasetsky et al9). Third row: n andk spectra at 238 K (this work) and 240 K (Zasetsky €nlThe lowermost panels display expanded views

of the O—H stretching regime between 4000 and 2500 tfor all k spectra obtained in this work (left side) and in the preceding study by Zasetsky

et al®® (right side). In each case, the room-temperatuspectrum of water from Bertie and Lris shown for comparison.

Exemplarily, Figure 16 shows again the top panel of Figure the 3506-3000 cnt! region is hardly influenced by any
8, i.e., ourk spectrum for supercooled water at 252 K with three variations in the low-frequencl spectra.

different low-frequency extensions, but including now the actual

k spectrum of supercooled water from 800 to 460 €mt 253
K as derived from Zasetsky et ¥l.Obviously, the truek
spectrum falls within the error regime covered by the thkee

spectra calculated using eq 9 with different mixing factors. We

therefore conclude that the approximation of kepectrum of
supercooled water at 8670 cnt! by eq 9 cannot explain the
apparent differences between our and the Zasetsky *étkal.
data sets in the 45601100 cnT?! regime, as shown in Figure
14. Note again that especially the Kramekgonig result for

(i) In our present study, we adopted a log-normal number
distribution of droplet sizes to fit our measured infrared
extinction spectra. In contrast, Zasetsky et?atmployed an
inversion technique with no functional constraints on the
retrieved droplet size distribution (see, e.g., Figure 3 in their
publication). We purposely decided to analyze our spectra on
the basis of a log-normal distribution because of two reasons.
First of all, the droplet size distributions measured with the
WELAS instrument indeed quite accurately fitted to log-normal
distributions. Second, relaxing the constraints on the droplet size



7110 J. Phys. Chem. A, Vol. 109, No. 32, 2005 Wagner et al.

T=238K T=270K 4 T=270K 4 —s—case (a)
{Zasetsky | zasetsky T |+ case )
etal, 240K etal. 273K 1 h
. . 3 b
3 2 2 1
L] T L] T = 4
- - £ 2
g Wagner £ Wagner [~ )
g detal, 238K 2 Jetal, 269K 3 ] 3 1
o - E_g = o
@ ® £ ] 2
g 4 2 4 2 4
g 5 e ]
- (a) log-normal constraint 7
§ 4 1 (b) no constraint 1
—T—— T o s SR
P S S— S ——— 6000 5000 4000 3000 2000 1000 0.1 1 10 10C
6000 4500 3000 1500 6000 4500 3000 1500 wavenumber / cm’ d/um
wavenumber / cm” wavenumber / cm” Figure 17. Left panel: Measured infrared extinction spectrum of

Figure 15. Comparison of the performance of theandk data sets supercooled water droplets & = 270 K (gray solid lines) in
obtained in the present study with those retrieved by Zasetsky'®t al. comparison with the best fit results from Mie calculations using the
Measured infrared extinction spectra of supercooled water droplets (graywater refractive index data set from Zasetsky €0 §273 K) as input.
solid lines) at 238 K (left panel) and 270 K (right panel) in comparison In (a), shown offset for clarity, a log-normal number distribution of
with best fit results from Mie calculations, assuming log-normally particle sizes was assumed (see right panel of Figure 15). The log-
distributed particle sizes. Left side: Mie fits using the newly derived normal constraint was discarded in (b). Retrieved volume distributions
238 K as well as the Zasetsky et!dR40 K data sets. Right side: Mie  of droplet diameters are shown in the right panel.

fits using the newly derived 269 K as well as the Zasetsky & 2.3 . . .

K data sets. Measured and calculated spectra corresponding to fits withthe refractive index data sets obtained in the present study and
the Zasetsky et &P data sets are offset for clarity. The retrieved count those deduced by Zasetsky ef&[Figure 14, top row, right
median droplet diameter is insensitive to the choice of the refractive panel), showing 5% deviation in the peak intensity of theHD
index data set and is about 34 for both fit examples. stretching band as well as a frequency shift of about 25'cm

in the peak position of this absorption band. In the specific

S T——a=0es example shown in Figure 17, a significant volume fraction of
A i smaller droplets has to be included to improve the performance
054 Zasetsky etal. of the Mie fit with the Zasetsky et &P n andk data set. Note
0.44 data set, 253 K that the small droplet model ¢~ 1 um) is even more dominant
= ] ' in the corresponding number distribution of droplet diameters.
X Our simultaneous measurements with the WELAS optical
021 particle spectrometer, however, do not support such a pro-
0.14 nounced bimodal number distribution of particle sizes. We
0.0 . . : . therefore favor our approach of minimizing the number of
4500 3500 2500 1500 500 independent fitting parameters by imposing a log-normal size
wavenumber / cm’’ distribution on our retrieval procedure.
Figure 16. Our newly deriveck spectrum for supercooled water at (i) The analysis of the preceding paragraph has clearly

252 K with three different low-frequency (8600 cnt?) extensions, demonstrated that the trade off between the optical constants
calculated using eq 9 with mixing factors af= 0.65, 0.73, and 0.81  and the simultaneously retrieved size distribution parameters
(seﬁe1 top panel of Figure 8), in comparison with the actual GBD may be a crucial issue in the retrieval algorithm. Therefore, as
cm* k spectrum at 253 K as retrieved by Zasetsky efal. already highlighted in the Experimental Section, a series of
distribution might favor the trade off between the retrieved extinction spectra corresponding to largely varying droplet
optical constants and the simultaneously retrieved droplet sizediameters was employed as basis for the derivation of optical
distribution, now offering an even larger number of independent constants for supercooled water to improve the uniqueness of
fitting parameters. To test the influence of different assumptions the retrieval results. Minimum droplet diameters were usually
on the droplet size distribution on the retrieval results, we have in the order of 2um; maximum droplet diameters, depending
repeated the Mie fit shown in the right panel of Figure 15 with on temperature (i.e., the available water vapor concentration)
the Zasetsky et &P optical constants, now applying an inversion and seed aerosol number concentration, were abgum Gor
technique with no constraints on the number distribution of the the 238 and 269 K expansion experiments, and aboutri1
droplet diameters, except for limitation to positive values and for the spectra series recorded at 252 and 258 K (i.e., the
application of a weak smoothing function, as described by Arnott collection of spectra monitored dat= 256 and 260 K). Also
et al®8 The best fit results with and without imposing a log- Zasetsky et al® used a series of infrared spectra of differently
normal constraint on the number distribution of particle sizes sized water droplets as input for their retrieval approach,
are compared in the left panel of Figure 17; the right panel however, usually spanning only the-4 um diameter range.
depicts the retrieved volume distributions of droplet diameters. For larger cloud droplets, whose infrared spectra are increasingly
It becomes evident that the quality of the Mie fit result in dominated by light scattering, they reported problems to achieve
the O-H stretching regime can be indeed improved when stable solutions for the retrieval results. As described in the
relaxing the constraints on the droplet size distribution. Figures Experimental Section, we encountered the same problem when
15 and 17 illustrate that there is definitely some trade off trying to derive a water refractive index set in the 2650 K
between the optical constants and the size distribution param-temperature range from expansion experiments with low number
eters; i.e., a similar fit result can be obtained when (a) using concentrations of mineral dust particles as seed aerosol, where
our 269 K refractive index data set and assuming a log-normal the generated cloud droplets rapidly grew to diameteir@um.
number distribution of particle sizes and (b) using the Zasetsky However, our algorithm provided stable results when applied
et all® 273 K data set with no functional constraint on the size to a spectra series including at least two spectra with droplet
distribution. This at least partly accounts for the differences in diameters<6 um. This slightly improved performance compared
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AT — for T = 242 K, we linearly interpolated between duspectra
retrieved at 238 and 252 K and performed the Kramé&m®onig
integration to attain the correspondingspectrum. Note how

3] el precisely also extinction spectra of submicron water droplets
£ ] & ] are mimicked in Mie calculations with our new refractive index
3 roranecl 25 é?ge-?wa" data sets as input. This underlines that our Mie inversion
% b - % 1 | technique yields consistent retrieval results for the refractive
. e — . Wagner et al, indices, although only relying on infrared spectra of larger (
. 1242 - J ¥ > 2 um) water droplets.
1. T D =] (iv) Finally, we want to take a closer look at the different
6000 5000 4000 3000 2000 1000 6000 5000 4000 3000 2000 100C methodologies used to optimize the complex refractive indices
wavenumber / cm’' wavenumber / cm’ of supercooled water. In both our and the Zasetsky tsilidy,

Figure 18. Measured infrared extinction spectra of supercooled water the room-temperaturk spectrum from Bertie and Lahwas
clouds (gray solid lines) made by activating SOA particles at 242 K | ;sed as the starting point for the retrieval procedure. In the

(left panel) and 250 K (right panel) in comparison with best fit results S L :
from Mie calculations (dotted lines), assuming log-normally distributed _cours_e of the optlmlzat'lor? _processe_s, this spectrum was
cloud droplet sizes. Left side: Mie fits using the newly derived 242 K iteratively adjusted by minimizing the residua between observed

data set (linear interpolation between our 238 and 252 K data sets) asand calculated extinction spectra. In our own approach, all data
well as the Zasetsky et #l.data set for 240 K. Right side: Mie fits  points of thek spectrum were used as independent optimization
using the newly derived 252 K as well as the Zasetsky &253 K nharameters. As the only functional constraint on the retridved

data sets. Measured and calculated spectra corresponding to fits WlthSpectra a weak smoothing function was applied to avoid the

the Zasetsky et aP data sets are offset for clarity. Spectral regions f hvsical spikes in th h
contaminated by strong infrared absorption bands of cyclohexane (which appearance of unphysical spikes in the data sets. On the contrary,

had been added to scavenge OH radicals from the ozonolysis of the inversion technique applied by Zasetsky et%atonsisting
o-pinene) are omitted in the recorded spectra. The good agreementof an inner and outer iteration loop, involves two explicit
betwe_en measu_red_ and calculated spectra indicates that the residughathematical expressions to adjust the Bertie and'4.an
organic matter inside the cloud droplets does not alter the water spectrum. In the inner loop, thespectrum is linearly scaled
extinction features. : . . )

by a frequency-independent scaling coeffici€nT his approach
to the Zasetsky et &P approach might be attributed to the was adopted from an algorithm originally presented by Clapp
reduced number of independent fitting parameters by using theet al3 to retrieve the low-temperature optical constants of ice
log-normal distribution to represent the cloud droplet size from measured infrared extinction spectra. Here, the coefficient
distribution. Nevertheless, one might argue that the different k' was introduced when a first guess for thepectrum of ice
size ranges of the water droplets, whose infrared spectra werewas derived from a nonscattering aerosol extinction spectrum.
included in the retrieval algorithms, might explain the discrep- The scaling factok’ simply accounts for the fact that the exact
ancies between the two refractive index data sets (Figure 14).number and volume concentrations of the ice particles were
Specifically, one might criticize that our infrared spectra are ynknown. But note that transferring this approach to adjust the
usually more dominated by light scattering than the spectra k spectrum of water might be dangerous, becussll equally
recorded by Zasetsky et aP.thereby being less sensitive to  gcgje both the magnitude of the absorption bands in th&lO
small changes in the spectrum of the absorption index. Very gyretching and HO—H bending regime. However, upon

recent AIDA expansion experiments, however, give us the cooling, the intensities of these water absorption bands evolve
chance to check whether our newly derived refractive index data, ihe opposite direction, the-€H stretching mode becoming

sets are also appropriate to accurately reproduce the extinction,, .o intense and the HO—H bending mode becoming less

SpeCtra of very small CI.OUd droplets W'th. < 1 pm. These intense. It appears possible that the implementatios lefads
experiments were dedicated to determine the temperature

dependence of the yield of secondary organic aerosol (SOA) to the small systematic deviations of the Zasetsky &t latata

from the ozonolysis of monoterpenes as well as to test the abilit sets from our own results, i.e,, may explain the different
oty P . Y intensities in the two water absorption bands (see Figure 14).
of the organic aerosol to act as nuclei for cloud formation

(droplets and/or ice crystals) in the 25338 K temperature Lnsthsc?rl:?rg?rr?g?nr:ggpbOf;helZ.isefg;:?#;?g?ing.on
range. SOA particles (CMB- 300 nm,N ~ 40 000 cn13) were P ine-tu y applying ; :

. L . iginally adopted by Clapp et &land explicitly derived in the
generated by the controlled, stepwise oxidation-gfinene with origina .
an excess of ozone. After the depletionwpinene and the work by Dohm et af? (eq 12 therein). Clapp et &lhad to

determination of the aerosol yields, standard AIDA expansion COTTect their first guesk spectrum, obtained from the nonscat-
experiments were started as described in the Experimentalte“ng extinction §pect_rum_ of ice crystals, because the absorpnon
Section. Note that despite the significant SOA mass concentra-SPectrum of particles is different from that of the corresponding
tion, absorption features of the organic matter were not detected®Ulk sample, i.e., is not directly proportional to the imaginary
in the reference spectra recorded before the start of theindexk(cf. eq 2). Hence, the difference between observed and
expansions. Two selected FTIR extinction spectra recorded calculated extinction spectra of larger ice crystals was used to
during expansion experiments'ﬁ[‘: 242 and 250 K are shown adjust the initial guesbspectrum. HOWeVer, itis not InIUItlver

in Figure 18. These expansions only resulted in cloud droplet €vident why the same mathematical correction should properly
activation of the SOA particles; i.e., droplet freezing did not correct for the spectral inaccuracies introduced in the inner loop
occur. Due to the high SOA number concentration, the water of the Zasetsky et @f approach by using a frequency-
extinction spectra are only slightly distorted by light scattering independent scaling factéf to adjust thek spectrum of water.

as the cloud droplets did not grow to sizes larger thamlin These procedural differences in extracting the optical constants
diameter. Measured spectra are compared to the best fit result©f supercooled water from the recorded extinction spectra most
from Mie calculations with our own and the Zasetsky et%al. likely explain the small differences between the various refrac-

refractive index data sets. To obtain a refractive index data settive index data sets, as shown in Figure 14.
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