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Frequency Dependent Complex Refractive Indices of Supercooled Liquid Water and Ice
Determined from Aerosol Extinction Spectra
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Complex refractive indices of supercooled liquid water at 240, 253, 263, and 273 K, and ice at 200, 210, and
235 K in the mid infrared from 460 to 4000 crhare reported. The results were obtained from the extinction
spectra of small (micron-size) aerosol particles, recorded using the cryogenic flow tube technique. An improved
iterative procedure for retrieving complex refractive indices from extinction measurements is described. The
refractive indices of ice determined in the present study are in good agreement with data reported earlier. The
temperature region and range of states covered in the present work are relevant to the study of upper tropospheric
and stratospheric aerosols and clouds.

Introduction to the two macroscopic dimensions leads to early freezing,

More than half of the total solar radiation incident upon Earth Making deep supercooling of samples (below 255 K)
is absorbed by water, of which approximatelyl&®&g is extremely 'dl.ffICU|t to gchleve. In the case of the aerosol
normally present in the atmosphere. A major portion of this @PProach, itis very difficult to prepare samples of small (less
water exists as vapor, making it the largest contributor to than 0.3um) liquid water particles with high enough number
greenhouse warming of the atmosphere. The contribution of thedens_Ity to provide reasqnaple ;lgnal-to-n0|se ratio. Due to the
condensed phases to radiative forcing is far less certain. Kelvin effect and the rapid diffusion of water molecules, as well

Depending on the size of particles and their shape, water aerosofS_ collision induced coagulation, these small particles grow
may contribute either to cooling, or warming, or to both. Itis 9Uickly to larger ones having diameters on the order pfrl.
therefore essential to quantify the effects of these particles on These have a 5|gn|_f|pant_ scattering amplitude in the extinction
the Earth's radiative balance. This, in turn, requires optical data SPeCtrum. These difficulties have been overcome recently with
for a variety of thermodynamic states over a wide range of (€ invention of a new method to correct the imaginary part of
temperatures the refractive index, starting with approximate values as a first
o . ) ) 12 i i

Because of their great importance, the optical properties of 9U€SS* On the basis of this approach, we have developed an
liquid water and ice in the mid infrared at atmospheric pressure 2utomated procedure for the determination of optical constants
are well-documente#:® Accurate data for the wavelength- from extinction measurements_of scattering aerosols. _
dependent complex refractive indices of in&,= n + ik, cover _ Our motivation was to obtain a set of complex refractive
the temperature range between 100 and 266 K. For water indices for supercooled water, for use in our analysis of the
however, broad band mid infrared data are only available at iduid-to-crystal transition in water aerosdfs,and also to
room temperature, and there is a significant gap in the data atprowdg more accurate da_ta to_th_e remote sensing and climate
temperatures below 273 K. Supercooled liquid water droplets mod(_allng communities. With this in mind, we calculated water
smaller than about 10m in diameter can exist for long times and ice optical constants over a range of temperatures using
at temperatures down to about 23§ Knd it is the purpose of the extinction spectra of small particles that were generated using
the present work to fill this gap in the temperature and the cryogenic flow Fube technlql}é.l“l_n the present paper, we
wavelength dependent optical data. These conditions occyrshall report the optical constants for ice and supercooled liquid
naturally in the lower stratosphere/upper troposphere, where Water in the frequency range between 460 and 4000'cAn

supercooled water aerosol is observed in deep convective andMProved iterative procedure for retrieving complex refractive
cirrus cloud< indices from extinction measurements is also reported.

Aerosol extinction spectroscopy has been used to determine
optical constants since the pioneering works by Avery ét al.
and Milham et al? Later, the refractive indices of ice at lower This section describes the iterative procedure for determining
temperatures were obtained using the extinction spectra of icecomplex refractive indices from a set of IR extinction spectra,
aerosol particle.The starting point in both cases is “small I(v), and a first guess absorption spectru@{y). The details
particle spectra”— for which the scattering amplitude is of the algorithm are given in Appendix. Extinction spectra for
negligible in the infrared, and hence the measured spectrum isthis purpose can be computed using various techniques, such
a first approximation for the imaginary part of the refractive as Mie Theory®> T-matrix!® or Discrete Dipol&”-18 methods.
index k. Another way of obtaining an initidk spectrum is by Here we use the spherical approximation (Mie theory) and the
the thin film techniqué! Neither of these methods, however, Bohren and Huffman codefor ease of calculation, and because
is applicable to supercooled water. For thin film measurements, it is formally correct in the case of liquid particles. Although
the interaction with the optical substrate changes the infrared the ice particles are not spherical, they are small (less than 2
absorption features significantly and also, the large volume dueum in diameter), so a spherical approximation is adequate for
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them as well. The initial guesses for the imaginary part of the 0.08 7 A

refractive indexko(v), have been taken from the data of Bertie 3

and Lart for water and of Warréhfor ice. ol
The initial guess spectr&g(v), were extended down to 0.1 % 004 |

cmt according to the following assumptions: first, we added §

the temperature-dependent librational mode at around 708,cm & 0.02

which is resolved in our experiment for ice and almost resolved
for liquid supercooled water; second, we included the transla-  0.00°
tional mode, which is assumed to have a weak temperature ¢ goz2
dependence due to its vibrational origin; and finally, we have

added the dielectric relaxation mode in the microwave region ~ 0-001]
with the temperature-dependent parameters taken from experi- 0.000 £y
mental studie’¥ and our MD simulation3® With all of these E 3
modes included, and taking into account the fact that the -0.001
spectrum of water has very weak absorption features from 4000
cm1 up to 40000 cmt, we expect the KramerKronig integral

to be computed accurately.

Next, we address the problem of choosing values for the real

—— Clappetal.
——— Present work
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fo g ) Figure 1. Extinction spectrum of ice aerosol at 200 K together with
part of the refractive index at infinite frequenethe so-called its best fits using the optical constants of Clapp et al. (solid line) and

anchor pOInts,'noo, which are to be used in the subtractive the results of the present work (dotted line). The differences between
Kramers-Kronig transforn?2! The n,, value for ice has been  the fits and spectra are shown in the bottom plot.

chosen to be the same as in ref 3. The anchor point values for
water were taken from ref 22 (at 0.5148n) and ref 23 (at  of about 10 independent calculations for different particle size
0.5893um), where the refractive indices for water in the visible distributions have been used for each temperature.
at temperatures as low as 263 and 268 K were reported. For e refer interested readers to refs 12 and 24 for the details
the lower temperatures we use the extrapolated values. Com-of how the uncertainties in the refractive indices were estimated.
parison between these two sets of data has shown a negligiblyin brief, the errors in the reported data arise from several sources,
small difference in the final results. For the purpose of the including detector and electronics noise (the signal-to-noise ratio
present study, we have chosen the following values for the was well above 19across the frequency region employed),
anchor point at a wavelength of 0.5148: 1.3350, 1.3363,  uncertainties in the minimization procedures, and error in the
1.3368, and 1.3371 for water at 240, 253, 263, and 273 K, anchor point values. Taking into account all of these sources,
respectively. we estimate that the uncertainties in both the real and imaginary
The procedure, which follows the general approach given in part of the refractive index are frequency dependent and are
ref 12 and 24, consists of two loops. The inner loop is a standard largest (4%) in the ©H stretch region between 3100 and 3400
steepest descent iteration procedure, in which the imaginary partcm™*. For the rest of the spectral region, the uncertainty in the
of the refractive indexk(v), is scaled linearly through the real partis below 2%, and the uncertainty in the imaginary part
variablek' (scaling coefficient). After each scaling, a Kramers S about 1.5%.
Kronig transform is performed on the adjusi€d) to produce
a new set of optical constanty(v). Then Mie calculations using ~ Experimental Details

the new optical constants are done to compute the extinction The cryogenic flow tube technique was used to record the

spectra for 96 discrete radii spanning the size range of the gyiinction spectra of liquid water and ice aerosols. A description
measured aerosol. The result is a new set of basis spectra (they ihe apparatus and details of the experiment can be found
matrix K, see ref 25 for detail) that are then used in the least- g|ge\her@214 The flow tube has four independently coolable
squares fitting of the measured spectrum, producing a new sections, each 38 cm long, with an inner diameter of 9 cm. The
solution vector (size distributior. The technical details on  agjacent sections are connected by thin-walled stainless steel
solving the nonnegative least squares problem with constraintSpellows that allow each section to be maintained at a different
have been described in our earlier wétkThese iterations are  temperature. The entire assembly is enclosed in an evacuated
repeated while the incremerkk remains greater thae (in stainless steel jacket to provide thermal isolation. The temper-
the present work this value was chosen to be 0.0005). In the ature deviations along a section are withif.5 K. Externally
outer loop, the values d{(v) are corrected at each frequency generated particles and water vapor were introduced in a
according to the method proposed earlfet? The entire nitrogen flow (0.5-3.0 SLPM) through a heated inlet at the
procedure is repeated until the difference between the norms atop of the flow tube, where they were mixed with pre-cooled
previous and current outer loop steg¥;vous — U™ becomes  nitrogen carrier gas (710 SLPM). Water droplets with median
less thane;. In the present work, we use the linear norm sizes of 2.0 and 4.@m were produced by a constant output
(1-norm), which is the sum of absolute differences between the atomizer (TSI 3076, TSI Inc.) and by an ultrasonic nebulizer
experimental and computed extinction spectra. The convergencgUltaNeb 99, De Vilbiss Co.), respectively. The smallest
is reasonably fastit requires 16-20 outer loop iterations to  particles, at about 1.2m, were generated by heterogeneous
reduce the difference between previous and current normscondensation of water vapor on 5 nm sodium chloride particles.
(Previous — yourreny tg 0.05. The total number of iterations does A series of additional experiments (not reported here) showed
not normally exceed 1000. The final values of the optical that NaCl at this very low concentration (¥0V) affects neither
constants were computed by averaging the results for a set ofoptical nor freezing properties of water aerosol.

experimental extinction spectra of aerosols with different size  After conditioning in the first section at 283 K, aerosol was
distributions. In the present case, the outcomi&) values) cooled in the subsequent sections to the desired temperature
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087 e 235K (this work) : indipes of ice determiqed by us and by Clapp et dhe .
——— lce 213K - 266K (Warren) residuals from the two fits are also shown. Good agreement is
--------- Ice 210K (Clapp et al.) evident from about 1500 to 3100 cfa The divergence in the

region below 1500 cmt is likely due to errors associated with
the contribution from the low-frequency absorption modes to
the Kramers-Kronig integration. A noticeable improvement in
the Mie fits indicates that our data are quite accurate in this
low-frequency region. There are still some discrepancies in the
O—H stretching region where uncertainties are the largest due
to very strong absorption, but the deviations are not dramatic
(<2%).

One of the aims of the present work was to obtain the optical
constants of ice at a temperature close to the freezing point of
0.0 T T T T 1 micron-sized supercooled water aerosols (roughly around 235

1000 1500 2000 2500 3000 3500 4000 K). We require this to obtain a quantitative measurement of
Frequency (cm™) the phases present during the freezing transiiohhe tem-

Figure 2. Comparison between the imaginary parts of the refractive P€rature dependence of the optical constants is significant in
indices of ice at different temperatures. The result of the present work this region, as demonstrated in Figure 2, which shows the
(235 K) is shown by solid lines, Warren (266 K) and Clapp et al. (210 imaginary part of the refractive indices of ice determined at
K) data are shown by dashed and dotted lines, respectively. 235 K in comparison with the data of Clapp eB4210 K) and
Warrerf (compiled from the data measured in the temperature
(230-278 K). Infrared spectra were recorded by passing a range from 213 to 266 K). The differences between these data
collimated IR beam, modulated by a Michelson interferometer sets are primarily due to the temperature dependence of the
(Bruker Tensor 37), through the optical ports in the bottom optical constants, except for the frequency region below 1500
section. After passing across the aerosol flow, the beam wascm1, in which we believe our data are more accurate due to
focused by an off-axis parabOHC mirror onto an MCT detector proper accounting for the |0W_frequency region in the Kramers
(FTIR-22-1.0, Infrared Associates). Each spectrum is an averageronig integration.
of %? scans coilected n the frequency range from 450 to 6000 The extinction spectra of water at 240 K together with their
cm, at 1 cnt® resolution and 40 kHz metrology frequency. best Mie fits are shown in Figure 3. The fits are calculated using

W%tt?r \;agofrr srgetﬁtran:ecor?eg at rthe IS a)r(r:ii tgrr:lperatutrres Welthe optical constants derived by the procedure described in the
sublracted fro € measured aerosol extinction spectra. present paper and our earlier publicati®&xcellent agreement

between the experimental and computed extinction spectra is

evident in all cases. As can be seen from volume size
We report the complex refractive indices of supercooled water distributions corresponding to these fits, we can vary the particle

and ice in an extended frequency range from 460 to 4000-cm  size in the range between 0.5 andg®n using different

and compare these with previous studies. To assess the accuracgxperimental techniques to generate parti¢tedle note that

of our procedure, we calculated the refractive indices of ice at more stable solutions are achieved by using the spectra of

200 K for which previous accurate measurements &¥gajure smaller (0.5um < r < 2.0um) particles; a plausible explanation

1 shows an extinction spectrum of ice aerosol at 200 K that of this fact is that the spectra of small particles are less distorted

has been fitted using the frequency dependent complex refractiveby scattering and, therefore, provide more accurate retrieval

0.6

x 0.4

0.2

Results and Discussion

Extinction (a.u.)

1e3 2e3 3e3 4e3 5e3 6e3 1e3 2e3 3e3 4e3 5e3 6e3 1e3 2e3 3e3 4e3 5e3 6Ged
Frequency (cm™) Frequency (cm™) Frequency (cm™)

dV/log(dr)

4567400 2 345667401 40
r(pm) r{pm)

56710D 2 3455?10|

Figure 3. Experimental extinction spectra of water aerosols (thick gray lines) together with their best fits (solid black lines) at 240 K. Corresponding

volume size distributions are shown below for each spectrum.
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Figure 4. Temperature-dependent refractive indices for liquid water Figure 5. Same as in Figure 4 for the frequency range from 1000 and
determined in the present study: solid (240 K), dashed (263 K), and 4000 cnt?.

dotted (273 K) lines in comparison with those of Bertie (298 K,

triangles) and the refractive indices of ice (Warren) in the frequency 1.0

range from 450 and 1000 crh <~ new constants
results. The broad particle size range used here allows us to 087
overcome the issue of nonuniqueness of the particle size
distribution. This problem was raised previoudlyhere the £ 06
authors noted that the use of particles larger tharuhSmay B
“guarantee uniqueness” of the size distribution. & [ )
There is a very large uncertainty in the freezing nucleation S04
rate constari®-29so it is necessary to establish that the particles %
in Figure 3, for which we have derived optical constants, are 02 -
indeedliquid. If we assume an upper limit of 100 cths™! for '
the ice nucleation rate constant at 240 K, which is an order of ﬁ
magnitude greater than the generally accepted Vltren 10 0.0 T : 3 T .
um droplets, which are at least twice as large as we observed 230 235 240 245 250
in our experiments, would requirk® to 1(° s to freeze. The Temperature (K)
average residence time in the flow tube is less th@s. Thus, Figure 6. Freezing transition in micron-size aerosols. The use of the

we can safely state that the particles we observe at 240 K arerefraction indices of supercooled water makes possible an accurate
composed of liquid water. Moreover, when nucleation of ice description of the liquid-to-crystal transition in water aerosol. “Old”
does occur, we observe that it is followed immediately by constants ‘\‘Nere"taken from Warfefor icg anq from Bertie and Lan
extensive mass transfer of water vapor from the remaining liquid " Water. “New” constants are determined in the present work.
droplets to the nascent ice crystals, leading to a significant features shift smoothly and continuously toward the correspond-
increase in scattering above 4000¢nn the infrared spectra.  ing ice refractive indices, which are shown for comparison,
We did not observe such changes in scattering in thesesuggesting that supercooled water acquires “ice-like” charkcter.
experiments. This smooth shift makes it difficult to describe the freezing
Figures 4 and 5 show the refractive indices determined in transition in water aerosol. Using the new refractive indices for
the present study; data for water at room temperature and iceliquid supercooled water and ice over the temperature range
at 240 K are also presented for comparison. The refractive from 237 to 235 K, however, we now can determine this
indices of liquid water show significant temperature dependence freezing transition in liquid water aerosols quite accurately.
over the temperature range between 273 and 240 K. In the lowerRecording the spectra of the aerosols as a function of temper-
frequency region (see Figure 4), the librational mode, which is ature in the cryogenic flowtube, and using the retrieval procedure
centered at 600 cm for liquid water at room temperature, shifts  described previousl§f, we obtain the results shown in Figure
toward higher frequencies, and reaches 700 cfor deeply 6. The two curves are the results of analyzing the same measured
supercooled liquid water and 800 chfor ice. Therefore, we data using the two sets of optical constants. Because of the
would like to stress, once again, that the addition of the smooth transition in the optical properties of water with
temperature-dependent translational, librational, and dielectric temperature, noted above, the use of the previously available
relaxation modes to the KramerKronig integration is critical optical constants for water at 298 K leads to erroneous retrieval
to improving the accuracy of the data for frequencies less thanof a significant fraction of ice in the liquid droplets. The
about 1500 cmt. (The accuracy in the vicinity of the librational  refractive indices obtained in the present study enable a much
mode was reported to be a problem in the previous studies of more accurate description of this freezing transition, permitting
ice3.) the quantification of supercooled water and ice from infrared
The refractive indices in the-€H stretching region also show  measurements. This has applications in atmospheric remote
significant temperature dependence. The main peak shifts towardsensing as well as in laboratory measurements. Because water,
lower frequencies: from 3400 crhfor water at room temper-  supercooled water and ice aerosols all have different radiative
ature to 3330 cmt for supercooled water at 240 K. These characteristics, the accurate quantification of all three in the
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atmosphereusing infrared satellite remote sensing, for example In the above equationslz(i"'i is the aerosol extinction cross
will greatly improve our ability to calculate their effects on  section at the frequenay, normalized to the volume of a sphere
radiative forcing. with radiusrj; Q®tand Q%@ are the extinction and scattering

efficiency coefficients, respectively1*(v) = n(v) + ik(v) is
Acknowledgment. We are grateful for the financial support the complex refractive index; is the particle radius; and is
of the Natural Sciences and Engineering Research Council ofthe frequency. The vectobris the (observed) extinction spectrum
Canada. We thank Professor Richard Niedziela for encourage-and 1 is the identity matrix. The description of the mati$
ment and valuable discussions. can be found in ref 25. The solution vec®gives the volume
size distribution after normalization by the total volume of
Supporting Information Available: The refractive indices  aerosol particles. The matrik is anN x M matrix column, in
of supercooled water and ice. This material is available free of whichN is the number of frequencies-4000),M is the number

charge via the Internet at http://pubs.acs.org. of discrete radii, andN®*tis the number of points used in the
discrete KramersKronig integration, which is different from
Appendix N as an extended frequency range is used. hgquantity is

) ] ) ] the refractive index at infinite frequenc¥k is the scaling
The present iterative procedure is based on algorithms thatcoefﬁcient’ and, is the norm. The quantities ande, are small

have been successfully applied to aerosol extinction spectra to;mpers that are used to specify the stop criteria for the outer
obtain complex refractive indices of various materfals!?The and inner loop, respectively.

general algorithm used in the present study is given below
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