Complex refractive index of ammonium nitrate
in the 2-20-pm spectral range

Maurice A. Jarzembski, Mark L. Norman, Kirk A. Fuller, Vandana Srivastava, and Dean R. Cutten

Using high-resolution Fourier-transform infrared absorbance and transmittance spectral data for am-
monium sulfate (AMS), calcium carbonate (CAC), and ammonium nitrate (AMN), we made comparisons
with previously published complex refractive-index data for AMS and CAC to infer experimental pa-
rameters to determine the imaginary refractive index for AMN in the infrared wavelength range from 2
to 20 pm. Subtractive Kramers—Kronig mathematical relations were applied to calculate the real
refractive index for the three compositions. Excellent agreement for AMS and CAC with the published
values was found, validating the complex refractive index obtained for AMN. We performed backscatter
calculations using a log-normal size distribution for AMS, AMN, and CAC aerosols to show differences in

their backscattered spectra. © 2003 Optical Society of America
OCIS codes: 290.3030, 300.0300, 010.0010, 120.4530, 300.6340, 280.0280.

1. Introduction

Atmospheric aerosols can have both a direct and an
indirect climatic forcing effect on the thermal budget
of the atmosphere,-2 depending on how they scatter
solar and terrestrial radiation. Their complex re-
fractive index is an important factor in the modeling
of their scattering as a function of wavelength. De-
pending on their composition, aerosols can have vary-
ing complex refractive-index values from the visible
to the mid-infrared (IR) regions of the electromag-
netic spectrum. This is the spectral region for cli-
matic interest where some atmospheric aerosols may
have a more dramatic effect than others. Realizing
that the complex refractive index of aerosols is such
an important atmospheric parameter, the need to
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know its value as a function of wavelength for the
more prevalent and important climatically signifi-
cant aerosols becomes apparent. Except for water
and ice? and a few atmospheric aerosols such as sul-
furic acid,* nitric acid trihydrate, aluminum oxide,®
sodium chloride,® ammonium sulfate,®? and certain
dust?12 compositions, the complex refractive index of
many aerosols found in the atmosphere is not well
known in the mid-IR spectral range.

The complex refractive index for aerosol compo-
sitions could be determined from several different
spectroscopic techniques. Absorbance and trans-
mittance measurements with Fourier-transform in-
frared (FTIR) spectroscopy is commonly performed,
and spectra of many compositions have been mea-
sured in various research institutions with this
method!3-15 for industrial, technical, or pedagogical
reasons. Even though FTIR spectroscopic measure-
ments of many compositions have been made and
cataloged, absorbance and transmittance spectra are
not, in general, converted to a complex refractive in-
dex over the measured wavelength regime; also, key
measurement parameters to do so at a later time are
also not always available. Furthermore, atmo-
spheric scientists requiring aerosol compositional
and complex refractive-index information either for
climate or meteorological studies may not have the
necessary instrumentation to go from spectral mea-
surements to optical properties. Therefore in this
paper we present use of existing high-quality FTIR
spectroscopic data to infer necessary but unknown
variables from that data to determine the complex



refractive index of various compositions. Ammo-
nium nitrate (NH,NO3) (AMN), ammonium sulfate
[(NH,);SO,] (AMS), and calcium carbonate (CaCO5)
(CAC) were chosen for the analysis. The complex
refractive index for the last two compositions have
already been documented®1¢ in the near- to mid-IR
spectral region and are used here for comparison.
However, the complex refractive index for AMN in
the 2—-20-pm wavelength, to the best of our knowl-
edge, could not be found in the literature. AMN is of
special interest17-19 because it is considered a signif-
icant anthropogenically produced constituent of the
atmospheric particulate matter (PM, ;) of extreme
impact to pollution and climate forcing. In the at-
mosphere, sulfates and nitrates compete for ammo-
niation, so where there are less sulfur-based
compounds present (e.g., in regions of fewer power
plants such as the western United States), then ni-
trates scavenge the available ammonia, becoming an
important aerosol component. The determination of
AMN’s complex refractive index in this wavelength
regime is presented here together with AMS and
CAC as reference and subsequent validation of the
technique. Obtaining more knowledge of optical
properties of important aerosols like AMN leads for
better prediction of the aerosol’s contribution to cli-
mate forcing. Therefore we present a determination
of the complex refractive index for AMN as well as a
methodology to determine the complex refractive in-
dex of other aerosol compositions using already pub-
lished FTIR spectra.

2. Methodology

Reviewing the literature shows that an extensive
compilation of well-documented FTIR spectra for
over 10,000 chemical compositions (organic and inor-
ganic) is found in the Sigma Library of FT-IR Spec-
tra.'®> The high-resolution spectra are given in
terms of absorbance and transmittance as a function
of wave number (wavelength) between 4000 cm !
(2.5 um) and 400 cm ! (25 um). Many of the spectra
are measured in the chemically inert mineral oil Nu-
jol. The published spectra show extremely fine de-
tails of the signature characteristic for each
substance. However, the spectra were not used for
determination of optical properties of the substance.
Consequently and unfortunately, concentrations of
the chemical compositions in Nujol as well as sample
thickness per spectra were not documented in the
published text. Had these key parameters been
measured and documented, then the imaginary re-
fractive index could be easily determined from the
absorbance data that could lead to the real refractive
index by use of the subtractive Kramers—Kronig
(K-K) mathematical relations.20.21

Nonetheless, the spectra cited in the Sigma Library
have high resolution, and the spectra in terms of their
baseline behavior and absorption line strengths are
of high quality. Therefore it is possible with simpli-
fied calculation methods to use these spectra to derive
an excellent estimation of the complex refractive in-
dex for a chemical composition, such as AMN, whose

optical properties are not well understood provided
that a good comparison could be made with another
chemical composition, such as AMS, in the Sigma
Library whose complex refractive indices have been
more rigorously derived as a function of wavelength.
Therefore our procedure in this research is to use the
measured absorbance and transmittance spectra of
the known chemical composition in the Sigma Li-
brary. Then we calculate the imaginary refractive
index of that composition by determining both an
effective sample thickness d. and a simple conver-
sion factor C (C takes into account the surface reflec-
tion and internal scattering losses of the chemical
powder in the composite medium and lumps as an
effective absorption extinction) that match these val-
ues with published imaginary refractive-index val-
ues. The values of d g and C that would reproduce
the already known imaginary refractive index of a
known substance could be used as the representative
values for the samples given in the Sigma Library of
the measured transmission of radiation through the
composite medium. The spectra in the Sigma Li-
brary were mostly made from samples prepared in
the same manner as Nujol and were investigated
with a similar experimental configuration.22 Hence
de and C for the known composition will also repre-
sent d ¢ of other not so well-known substances. For
further mandatory confirmation, d s and C were also
determined from a second well-known chemical com-
position, CAC, whose spectra were also given in the
Sigma Library and that are similar to the one ob-
tained for AMS. Hence, in this way, an estimate of
d.and C for the uncharacterized chemical substance
in the Sigma Library could be made that can then be
used for the estimation of their 2 and n.

A. Imaginary Refractive Index

For FTIR measurements, the composite sample con-
tains the chemical of interest dispersed in Nujol me-
dium. For our study, the FTIR measurement is
viewed as a composite dielectric medium of two com-
positions with effective thickness d 4, and we assume
that all scattering losses within the sample and re-
flection losses at all surfaces will be lumped into a
single conversion factor C, where d «and C need to be
determined. Then for incident intensity I, on the
sample and intensity I after traversing distance d g
through the thin composite sample, the transmit-
tance T(\) = I/I, at wavelength \ is given by®

T(\) = [(1 — R)® exp(— ady)]
/[1— R? exp(— 2ad.gq) ]. 1

Here « is the absorption coefficient of the composite
sample given by o = 4mk/\ where & is the imaginary
refractive index at A of the chemical-in-Nujol compos-
ite and R = R(\) is the surface reflectivity. For typ-
ical FTIR measurements with R small and ad &~ 1,
the denominator of 7' does not differ much from 1 as
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Fig. 1. FTIR absorbance and transmittance spectra from the
Sigma Library5 (reproduced with permission from Roger Keller)
for (a) AMS, (b) CAC, (c) AMN.

the exponential term drops off quickly because of the
square in the argument; therefore

T(\) = C(\) exp(— ad.s), with C(\) = (1 — R)?
/[1 — R” exp(—2ad.s)]~ (1 — R)?, (2)

where C(\) is the conversion factor taking into ac-
count any reflectivity losses at the surfaces and par-
ticulate scattering losses within the sample. As
with R(\), C(\) is a function of \; however, we assume
here that it is constant within the FTIR measure-
ment accuracy over the wavelength regime. It
would be advantageous to have a complete set of
measurements of R(\) for the dual-composite me-
dium, but information on R(\) is not available in the
Sigma Library. Therefore this simple first-order ap-
proximation was used for C(\) constant over the spec-
tral range, which led to extremely good agreement
with measurements, as we show below. Solving for
k at a given measured T'yields £ = —\ In(T/C)/4nd o4
If T and & are known for well-known compositions,
then d and C can be reliably determined. Once d
and C are known, then %k can be easily determined
from measured T for uncharacterized compositions.
AMS and CAC were chosen as the known compo-
sitions to determine d ¢ and C because their spectra
T are given in the Sigma Library and their complex
refractive index®16 have been estimated. Figure 1
shows the three spectra from the Sigma Library!5
(reproduced here with permission from Roger Keller).
The three chemical compositions all show quite sim-
ilar baseline values, especially for higher wave num-
bers and for regions off the absorption peaks. Also,
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there are no observed indications of saturation by the
strongest absorption peaks. Thus . can be deter-
mined for AMN if we assume d.and C are the same
for all three samples, which, from the appearance of
the FTIR data in Fig. 1, seems to be a valid assump-
tion.

T was tabulated at nearly 120 values of wave num-
ber from the Sigma Library FTIR spectrum. Atten-
tion was given to the Nujol peaks occurring at 2914,
2856, 2724, 1461, 1377, and 722 cm ' within the
spectral band for the three spectra and were gener-
ally eliminated when we smoothed the measured 7'
curves of the chemical composition when possible
without losing the chemical’s spectral information.
For example, the combined Nujol peak at 2914 and
2856 cm !, shown clearly for CAC, was eliminated
entirely, whereas these same peak locations were
simply smoothed away for the AMS and AMN peaks
because there was a peak associated with the chem-
ical occurring near 3200 cm ™~ !.  The two only slightly
visible Nujol peaks occurring at 1461 and 1377 cm ™ *
were not smoothed out for they fell directly within the
strong peak for AMS and AMN and would remain as
a minor caveat to the absorption data. As for the
722-cm”! peak, there is a slight indication of this
peak in the AMS and hence was not smoothed out.
This same peak is slightly larger for AMN, which has
in addition a NO;~ bending mode314 at 722 cm ™.
This Nujol peak is most likely causing an additional
resonance absorption in the same vicinity of the AMN
resonance peak and thus was not smoothed out.
This same Nujol peak is most likely hidden within the
CAC peak?3 at 712.7 cm ™.

An important step here is to establish the value for
the unknown parameter d. Using the tabulated T'
values for AMS and CAC, we used incremental val-
ues of d g 0f 0.7, 0.8, 1.0, 1.2, 1.4 pm in the equation
for £ until a best agreement for the whole wavelength
regime was reached between & values from the FTIR
spectral results and the corresponding published &
data. Figure 2(a) shows the comparison for several
incremental values of d 4 and for C = 95 for AMS,
showing the sensitivity of Z values to slight variations
ind. As shown in Fig. 2(a), a slight change in d
has an inconsequential effect on baseline values
where there is little absorption in comparison with
the peak values where absorption is much greater
and the peak absorption % values are more affected by
changes in d.g Therefore the best criterion to de-
termine d.4 is to obtain the optimum agreement in
the region of the peak absorption values. The value
of dg ~ 1.0 pm gave the best overall agreement with
the published % data for both AMS [as shown in Fig.
2(a)] and CAC.

We also examined the baseline of the T data by
changing the value of C from 90 to 100 with d ;= 1.0
pm, as shown in Fig. 2(b) for AMS data. The effect
of changing C has more effect on the baseline values
than the peak values, and still the effect on the base-
line values is minimal as can be seen in Fig. 2(b).
When the T spectra data are corrected by a factor C
of 95, then the resulting % values for the baseline of



Wave Number (cm-1)

2000 1000

500

3k I

Toon et al.

— — — detf =1.2um
----- — defi = 1.4pum
for C =95

rrrrjrrree

_—
Y
~

Toon et al.
C =100
C=98
C= 96
——— C=94
----- —C= 92
--------- C= 90

for dett = 1.0um

k
ELINLINL IR I L B e A |

e poon e
T = = =

S asGarsease et ) | =

N

4 6 8 10

12 14 16

Wavelength (Lm)

Fig. 2. Comparison of imaginary refractive index (Toon et al.®) k& for AMS with calculated % from the Sigma FTIR data for the effect of
changing the (a) effective composite thickness d.g, (b) conversion factor C.

AMS, as shown in Fig. 2(b), agree remarkably well
over the whole measured spectral range with the
known published values. This value of C = 95 is
also consistent with observation of the FTIR spectral
data. For the three Sigma Library spectra (Fig. 1) in
regions where there is almost negligible absorption
with small £ values, there is a residual T value of
~5% that was verified for the AMS, as shown in Fig.
2. The factor C accounts for probable losses in trans-
mission that are due to consistent reflection losses at
the surfaces and particulate scattering process losses
within the sample. These terms are lumped as loss
mechanisms because of the absorption extinction in
Eq. (2), resulting in a bias in the T data that affects
baseline values while having less effect on peak val-
ues. This confirms the need to correct T' by C so we
can use it for determining the %2 values of AMN.
Figure 3 shows calculated % as a function of \ for all
three compositions from their respective FTIR spec-
tra. For AMS [Fig. 3(a)] the comparison with Toon
et al. data by use of transmittance measurements
with a grown crystal sample is also presented,® show-
ing excellent agreement within the spectral range.
The slight discrepancy for a wave number smaller
than 588 cm ! (17 pm) in the FTIR spectra may be
due to higher absorption in Nujol, giving rise to ele-
vated k& values. Nevertheless, detailed analysis
would be needed to understand more fully the dis-
crepancy in this spectral regime for both data sets.
Likewise for CAC [Fig. 3(b)], the agreement of & from
the FTIR data is also quite good with the data repro-
duced from Querry et al. by use of reflectance mea-
surements of limestone samples taken from three
different U.S. quarries.’® In this case, the limestone
data show elevated values of & for wave numbers

smaller than 1333 cm ™! (7.5 pm), which was not
explained by Querry et al. and may be due to the
insensitivity of the reflectance measurement for
small % in this spectral regime or perhaps impurities
in the natural limestone giving enhanced reflectance.
The determined % for AMN as shown in Fig. 3(c) is
expected to be quite reasonable, on the basis of the
detailed comparisons with AMS and CAC.

B. Real Refractive Index

The frequency-dependent imaginary and real refrac-
tive indices of a substance are integrally related.
Thus n(v) can be mathematically derived from £(v) by
use of a K-K transform. In its true form, the inte-
gral in this transform is computed over all frequen-
cies. However, k(v) in this study is known only over
a finite set of frequencies v, so a subtractive K-K
transform must be applied20-21:

n(v) = n(vy) + M

X P f VL) dv
02— )P — (7]

3

which is evaluated numerically. In Eq. (3) P signi-
fies that the Cauchy principal value of the integral be
taken, and n(vy) is a known value of the real refrac-
tive index at some frequency v, within the integration
limits v, and vy,; where & is small. This value of the
real refractive index at v, or the anchor point, is
required so that all other values of n(v) can be deter-
mined in relation to it, and it is determined from a
separate measurement. These values are usually
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Fig. 3. Complex refractive index % as a function of wavelength for
(a) AMS, (b) CAC, (c) AMN. The Toon et al. data are from Ref. 6.
The Querry et al. data are from Ref. 16.

not available in the mid-IR, but are usually deter-
mined at shorter wavelengths.

The subtractive K-K determinations of n from the
k data are also shown in Fig. 3. The comparisons for
AMS and for CAC show excellent agreement. To
perform the subtractive K-K calculations, the n val-
ues need an anchor point, which are AMS,6n = 1.480
at 2100 cm ™ 1; CAC,24 n = 1.559 at 8100 cm ! (aver-
age of the ordinary and extraordinary ray values);
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and AMN,2¢ n = 1.611 at 17,000 cm ™' (He line, A =
0.5876 wm). For AMS, a real indexé at 2100 cm !
was used in the mid-IR because it was available in
the literature, and % is sufficiently small to justify
that location and yet it does not go far enough toward
the near IR where % is really zero. For AMN and
CAC, we had to extend the £ data to higher frequen-
cies where the n values were known in the visible by
setting all £ = 0, assuming no significant absorption
bands. For the subtractive K-K calculations, the
extended values were kept with the data. We also
extended the % values from 400 to 0 cm ™! by setting
all £ = k at 400 cm ™! to minimize truncation effects
in the K—K calculation. These artificial index values
were trimmed from the final data sets.

It was found that for a wave number less than 500
cm ! discrepancies in n occurred that are related to
the initial £ values. The FTIR spectral data from
500 to 400 cm ! show that % increases rapidly beyond
500 cm ™ '. Such spectral behavior could be attrib-
uted to actual chemical absorption itself or possibly
affected by Nujol absorption or slight detector insen-
sitivity at the longest wavelengths. Nevertheless,
because of the way & is estimated to 0 ecm ™!, the
unexpected rapid increase in % beyond 500 cm !
causes its corresponding n to decrease more rapidly.
For AMS, the two data sets are in much better agree-
ment in n, particularly at less than 1000 cm ™!, after
the truncation of the % data is performed at 500 cm !
rather than at 400 cm ™! and then when the subtrac-
tive K-K transform is recalculated. Without trun-
cation of the k data, there is an even greater
departure from agreement. However, for CAC,
trimming the data at 500 cm ™! gave worse agree-
ment; henceforth, the data were not trimmed off prior
to the calculations. In this case, however, the rise in
absorption beyond 500 cm ™! may contain some mea-
surement artifacts. This rise in absorption is also in
part due to the effect of a stronger CAC absorption
peak near 300 cm ™!, which affects these measure-
ments at the longer wave numbers.2? As for AMN,
both AMS and AMN show similar absorption struc-
ture in the far IR beyond 500 cm~!. AMN has no
peak!3.14 from ~700 to 300 cm !, and AMS begins to
have structure further out in wave numbers beyond
200 cm ™ !. Because trimming the data for AMS gave
better agreement and because AMN lacks structure
in the far IR, the data were trimmed for AMN beyond
500 cm ! for the subtractive K-K analysis. Table 1
shows the tabulated £ and n values for AMN as
shown in Fig. 3(c). These tabulated complex refrac-
tive indices are thus a continuation and in agreement
of earlier published values2> for the wavelength re-
gime from 0.7 to 2.6 pm.

Depending on the quality of the FTIR data at the
shorter wave-number regime, trimming the spec-
tral data may be necessary to give the most reliable
data for k£, and consequently for n, by use of the
subtractive K-K analysis. The shorter wave-
number region of FTIR spectral data is most in
question because of Nujol absorption and possible
slight detector insensitivities, so it is imperative to



Table 1.

Optical Constants of Ammonium Nitrate

Table 1. Continued

v(em™ 1 \ (um) n k v(em™ 1 \ (um) n k
4600 2.17 1.56 2.75 X 1073 1600 6.25 1.33 1.34 x 107t
4500 2.22 1.55 5.67 x 102 1570 6.37 1.27 1.55 X 10!
4400 2.27 1.55 191 x 1073 1540 6.49 1.17 2.00 X 1071
4340 2.30 1.55 5.88 X 1072 1500 6.67 1.00 3.40 x 1071
4300 2.33 1.55 1.96 x 102 1480 6.76 0.85 4.65x 1071
4200 2.38 1.54 1.00 x 1073 1460 6.85 0.84 8.49 x 1071
4100 2.44 1.53 3.09 x 1073 1430 6.99 1.05 1.17 x 10°
4000 2.50 1.53 3.17x 102 1420 7.04 1.16 1.26 x 10°
3900 2.56 1.51 0.00 x 10° 1400 714 1.50 1.67 x 10°
3800 2.63 1.50 8.84 x 1074 1395 717 1.64 1.68 x 10°
3700 2.70 1.48 1.13x 103 1390 7.19 1.77 1.69 x 10°
3600 2.78 1.44 9.51 x 1073 1362 7.34 2.38 1.31 x 10°
3500 2.86 1.40 2.40 X 1072 1341 7.46 2.56 9.25 x 1071
3400 2.94 1.31 5.53 x 102 1300 7.69 2.45 457 x 1071
3300 3.03 1.25 2.09 X 1071 1280 7.81 2.37 3.40 X 1071
3200 3.12 1.35 459 x 1071 1220 8.20 2.18 1.94 x 107t
3121 3.20 1.55 5.07 x 10! 1180 8.47 2.11 1.59 x 10!
3080 3.25 1.66 4.77 x 1071 1160 8.62 2.09 1.40 X 107!
3060 3.27 1.69 418 x 1071 1120 8.93 2.04 1.22 X 107t
3010 3.32 1.72 425 x 1071t 1099 9.10 2.03 1.15x 1071
2980 3.36 1.81 4.16 x 1071 1070 9.35 2.02 1.05 x 10!
2970 3.37 1.83 3.58 x 107! 1058 9.45 2.02 7.49 x 1072
2950 3.39 1.82 3.11x 101t 1042 9.60 2.03 8.94 x 102
2915 3.43 1.81 2.80 X 1071 1040 9.62 2.02 7.17 X 1072
2900 3.45 1.82 2.74 X 1071 1020 9.80 1.98 6.42 X 1072
2882 3.47 1.83 2.39 x 1071 1000 10.00 1.95 6.36 X 102
2850 3.51 1.83 2.09 X 1071 980 10.20 1.95 6.49 X 1072
2820 3.55 1.83 1.70 X 10~ 960 10.42 1.94 6.16 X 102
2800 3.57 1.82 150 X 10t 943 10.60 1.94 4.84 x 1072
2770 3.61 1.82 123 x 10! 938 10.66 1.93 459 x 1072
2750 3.64 1.81 1.01 x 107t 900 11.11 1.91 3.80 X 1072
2700 3.70 1.78 6.58 X 102 880 11.36 1.88 2.70 X 102
2650 3.77 1.75 5.16 X 102 860 11.63 1.85 2.77 X 1072
2580 3.88 1.71 3.43 x 1072 840 11.90 1.62 5.12 x 1072
2520 3.97 1.68 2.78 X 102 830 12.05 1.57 259 x 1071
2510 3.98 1.68 2.79 X 1072 822 12.16 2.72 9.66 X 101
2480 4.03 1.67 3.57 x 1072 820 12.20 2.54 1.67 x 107t
2460 4.07 1.66 3.41 x 102 817 12.24 2.46 3.13 x 1072
2415 4.14 1.64 5.66 X 102 800 12.50 1.98 5.25 x 1073
2400 4.17 1.64 7.40 X 1072 740 13.51 1.89 2.87 X 1072
2395 4.18 1.64 1.04 x 1071 728 13.74 1.85 3.51 X 1072
2380 4.20 1.70 5.75 X 102 720 13.89 1.87 7.21 x 1072
2350 4.26 1.68 2.98 X 1072 717 13.95 1.88 1.04 X 107t
2320 4.31 1.66 1.85 X 102 710 14.08 1.94 2.38 X 1072
2280 4.39 1.65 1.12 X 102 700 14.29 1.90 1.81 X 102
2200 4.55 1.61 1.08 X 1072 680 14.71 1.89 0.00 x 10°
2090 4.78 1.57 2.06 X 102 620 16.13 1.85 1.36 X 102
2061 4.85 1.57 2.74 X 1072 580 17.24 1.84 1.45 X 1072
2040 4.90 1.56 2.11 x 1072 520 19.23 1.81 2.44 x 1072
2020 4.95 1.55 2.57 x 102 500 20.00 1.82 4.24 x 1072
1957 5.11 1.53 4.33 x 1072
1940 5.15 1.53 4.37 X 1072
1900 5.26 1.51 393 x 102
1830 5.46 1.46 4.84 x 1072
1800 5.56 1.44 6.13 X 1072 understand the measurements as well as know the
1780 5.62 1.38 6.20 X 102 spurious peaks in the spectra, such as those that
1770 5.65 1.33 7.73 X 1072 are due to Nujol. Estimating % is not simple by any
1760 5.68 1.35 2.90 X 1077 method; and because of its frequency dependence,
1745 5.73 149 1.08 x 1071 any errors in the absorption data that are due to
i;?g ggg iig }i; i 18*1 improper scaling will manifest as larger errors in k
1690 5.92 L4 L4 % 10-1 at the lower frgqqenmes. Con.seq.uently, it is al-
1660 6.02 1.49 1.30 X 10-* ways best to eliminate uncertainties at the lower
1630 6.13 1.39 1.99 x 101 frequencies before one performs subtractive K-K

analysis.
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Table 2. Lorentz Parameters Calculated for Absorbance and
Transmittance Spectral Data

Ammonium Sulfate, €, = 2.29

J A v; 0 i

1 3.18 3140.0 0.00900 0.1000
2 4.88 2050.0 0.00020 0.0521
3 5.88 1700.0 0.00002 0.0080
4 7.07 1415.0 0.00850 0.0350
5 11.45 873.0 0.03400 0.0440
6 14.04 712.4 0.01400 0.0200

Calcium Carbonate, €, = 2.38

J N v P Y

1 7.02 1425.0 0.0320 0.0521
2 11.45 873.0 0.0055 0.0188
3 14.04 712.4 0.0004 0.0070
4 33.00 303.0 0.1400 0.0620

Ammonium Nitrate, €, = 2.62

J N v P Y

1 3.23 3100.0 0.01300 0.1000
2 4.18 2394.0 0.00020 0.0100
3 5.69 1758.0 0.00040 0.0080
4 7.31 1368.0 0.03800 0.0680
5 12.12 825.0 0.00350 0.0110
6 13.95 717.0 0.00007 0.0020

3. Lorentz Dispersion Theory

We also determined the complex refractive index
from the FTIR spectra using classical Lorentz disper-
sion theory.6 The complex dielectric function €(\) is
related to n(\) and 2(\) as e\) = [n(\) + k)]
From the dispersion theory, €(v) at wave number v =
A1 is expressed as

4Trpjvj2[(vj2 —vH + iy v;v]

ev) =&, + >,

4
¥ (vj2 — %)% + ('ijjv)2 “@)
where €., is the high-frequency dielectric constant and
the three Lorentz parameters of the jth IR active
band are given by v; = )\Jfl that is the central wave-
number position (not to be confused with frequency
v), p;is the strength, and v; is the damping coefficient.
So use of this method, knowledge of the peak location,
its strength, and its width are necessary for this se-
ries computation. Shown also in Fig. 3 are the com-
plex refractive-index values for AMS, CAC, and AMN
computed with the Lorentz dispersion theory. Table
2 shows the Lorentz parameters to determine the n(\)
and £(\) for each of the three compositions. We ob-
tained the parameters by simultaneously matching
the calculated n(\) and £(\) with the derived complex
refractive-index values from the FTIR spectral data.
The €., (shown in Table 2) were adjusted freely to
match the baseline of the Lorentz dispersion theory
calculations with the derived values from the FTIR
spectral data. The measured n values24 for higher
frequencies are n ~ 1.482 (Na line, A = 0.5893 pm) for
AMS; n = 1.559 (A = 1.229 um) for CAC; n = 1.611
(He line, A\ = 0.5876 pm) for AMN and with k ~ 0.
With €, ~ n2, the n? values of 2.20 for AMS, 2.43 for
CAC, and 2.59 for AMN compare with excellent
agreement with these freely adjusted €., values (given
in Table 2) with an accuracy of 4.09%, 2.06%, and
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1.16%, respectively. Note that implicit in these cal-
culations is d ¢ because the thickness directly affects
peak absorbance. The comparison of n(\) and &(\)
from the Lorentz dispersion theory is in excellent
agreement, even in the regions of resonance having
strong anomalous dispersion. The emphasis in this
theoretical exercise is to reinforce the fact that, if the
three parameters for each resonant absorption peak
could be reliably constructed from FTIR spectra or
known from first principles of molecular physics, the
complex refractive index as a function of wavelength
for chemical compositions could be reliably deter-
mined with the classical Lorentz dispersion theory.

4. Backscatter Calculations

AMN and AMS aerosols are commonly found in the
atmosphere mostly from anthropogenic sources.
One such area on the Earth where both types of aero-
sol are prevalent is over the San Joaquin Valley in
California and the surrounding nearby areas.l7.18
This is a large agricultural region of the western
United States having both rural and urban contribu-
tions. Combined with automobile exhaust pollution
and the effects of population growth, it is considered
a significant region for anthropogenically produced
aerosols contributing to the PM, 5 declared important
by the U.S. Environmental Protection Agency for af-
fecting human life in terms of visibility, pollution,
and health effects. For anthropogenic aerosols with
sulfur dioxide and nitrous oxide competing for am-
moniation, AMN aerosol chemistry is closely linked!?
with AMS aerosol chemistry, the latter being impor-
tant for climate forcing.2 Hence it is important to
distinguish between the two in urban—rural-type re-
gions.

A comparison of backscatter coefficient 8 measure-
ments from two cw CO, Doppler lidars operating at
9.1- and 10.6-pm wavelengths with B modeling by
use of measured aerosol size distributions26 during
an airborne National Aeronautics and Space Admin-
istration (NASA) mission in California show that
AMN, as an important atmospheric constituent in
the San Joaquin region, necessitates its incorporation
in any effort to model aerosol scattering for that par-
ticular region and may be relevant for other such
rural-urban regions. To model the wavelength-
dependent 3, the complex refractive index for AMN is
needed at various wavelengths. Knowing the signa-
ture of AMN, in the IR refractive index and backscat-
ter, will help to remotely detect its presence with a
single multiwavelength lidar spectrometer being de-
veloped at NASA, an instrument to be used to deter-
mine aerosol composition with the retrieved
wavelength-dependent (B signal.

To show the effect of the complex refractive index
on electromagnetic scattering, B calculations were
performed for AMN and AMS between a 2- and
20-pm wavelength range as shown in Fig. 4. This
comparison illustrates the differences in expected B
for the two atmospheric aerosols having their differ-
ing optical properties. We similarly performed2? the
calculations using a log-normal size distribution with
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Fig. 4. Calculated backscatter coefficient B as a function of wave-
length \ for log-normal size distribution having N, = 1 particle/
cm?, r, = 0.15 pm, and 3, = 1.5 by use of the complex refractive-
index values from the Lorentz dispersion theory as shown in Fig.
3 for AMS, CAC, and AMN.

mode radius r, = 0.15 pm and a geometric standard
deviation o, = 1.5. B varies by over 3 orders of
magnitude within this designated wavelength range,
showing the greatest effect near the absorption res-
onance peaks. For wavelengths shorter than ~7 pm
and longer than 18 pm, B is quite equivalent; how-
ever, between 7 and 18 pm there are the specific
peaks showing the characteristic signature of the
compositions with B varying dramatically. These
results suggest that an instrument, like a lidar, mea-
suring 3 between a 7- and 18-pm wavelength could
distinguish the relative abundance of each composi-
tion in atmospheric aerosols when specifically se-
lected wavelengths are used that correspond to on
and off peaks for each chemical composition. There-
fore, within the extended CO, band between 9 and 12
pm, a computer-controlled wavelength-tunable CO,
Doppler lidar could infer aerosol compositional infor-
mation composed mostly of these two chemical com-
positions. In this CO, wavelength range, nature
offers the large resonance for AMS, peaking near 9.1
pm whereas AMN shows no resonance here with only
a slight decrease in B with increasing wavelength.
Hence, at this wavelength, 8 for AMS aerosol would
be close to an order of magnitude greater than that
for pure AMN. However, at 10.6-pm wavelength,
for both compositions are nearly equal, offering an
off-peak wavelength reference point. This compari-
son illustrates that AMN has little structure in the
CO,, wavelength band that makes it possible to dis-
tinguish it from AMS in an atmospheric aerosol.
Just as in the visible and near IR, the absorption lines
of gases can be used to distinguish them by the dif-
ferential absorption lidar method, known also as

DIAL, so in the CO, IR, the signature of § may help
distinguish several aerosol compositions.

As a further comparison with the AMN and AMS 8
values, B for CAC is also shown in Fig. 4. Although
CAC is not a prevalent aerosol in the atmosphere,
except perhaps near limestone quarries, this compar-
ison further illustrates the complexity of expected B
for another chemical substance as depicted by the
absorption peak structure in Fig. 1. The three ab-
sorption peaks of CAC are observed; however, the
peak near 14 pm is barely evident after the B calcu-
lations. At short wavelengths, all three B values
converge in the Rayleigh limit, as expected, whereas
at higher wavelengths CAC overall tends to have
weaker B values because of its smaller real part.

5. Conclusion

Because aerosol types can vary with location, it is
becoming more obvious that, to understand the effect
of atmospheric aerosols on global climate forcing,
their compositions and thus their complex refractive
index need to be known. Nitrates are important at-
mospheric aerosol constituents but not all their prop-
erties are known, which led to a methodology to
determine the complex refractive index for AMN in
the 2-20-pm spectral range from the earlier pub-
lished high-quality FTIR absorbance and transmit-
tance spectrum in the Sigma Library data set.l5
Use was made of the FTIR spectra for AMS and CAC
found in the same data set where the £ and n values
derived from the FTIR spectra were compared with
their rigorously determined complex refractive index
from previously published sources. From this com-
parison for AMS and CAC and with a simplified equa-
tion for transmittance, we obtained the unknown
sample effective thickness d ¢ and the conversion fac-
tor C inferred from this equation to determine the
unknown complex refractive index for AMN, also
from the available FTIR spectra. The results thus
show that, by use of the simplified equation and
lumping reflection and scattering extinction with ab-
sorption extinction in the simplified equation, we can
obtain excellent comparison with those rigorously de-
rived values by earlier investigators. Other compo-
sitions for which FTIR spectra are available can be
similarly converted to their complex refractive index,
provided that all the necessary parameters are either
available with the spectra or can be inferred by com-
parison. This simple technique allows the inference
and excellent estimation of optical properties from
the many previously existing FTIR-type data sets,
even though they were designed for other applica-
tions, because measuring high-quality spectra for the
required compositions is not always possible.
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