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The HITRAN 2012 compilation of the real and imaginary refractive indices of the materials
in aerosols and cloud particles is reviewed. Additions to HITRAN 2012 focus upon
materials that are absorptive (i.e. minerals, burning vegetation, brown carbon, desert
dust, and volcanic ash). The HITRAN-RI program, created to facilitate usage of the indices,
is discussed. The HITRAN-RI program inter-compares the indices of different data sets and
calculates optical properties (i.e. extinction, scattering, absorption, single scattering
albedo, backscattering, and asymmetry parameter) for user specified size distributions
and particle types. The instructional component of HITRAN-RI introduces the user to Mie
calculations for spheres and coated spheres, and applies various mixing rules by which
one calculates the effective indices of a multi-component particle.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Liquid and solid particles exert influence in the atmo-
sphere by scattering and absorbing light [1,2], by acting as
nuclei in the cloud formation processes [3], and by taking
part in chemical reactions in the troposphere and strato-
sphere [4,5]. The physics and wavelength dependence of
light scattering is dependent upon particle size, shape, and
composition [6,7]. Refractive indices of different materials
are used in light scattering calculations to account for the
compositional characteristics of particles. Since there is a
wide range of particle types, sizes, shapes, and composi-
tions, distributed in the atmosphere in a complicated
spatial and temporal manner, liquid and solid particles
complicate our ability to accurately quantify radiative
transfer in the Earth's atmosphere.
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Particles also are of importance because they compli-
cate the interpretation of remote sensing experiments.
Volcanic eruptions, such as Mt. Pinatubo in 1991, injected
large amounts of SO, into the stratosphere, which resulted
in data gaps in solar occultation measurement due to the
very large optical depths of the ensuing stratospheric
sulfate aerosol. The future Orbiting Carbon Observatory
(OCO-2) experiment will measure CO, on a global basis [8].
The retrieval of the CO, column, however, is impacted by
the presence of aerosols and prohibited if opaque clouds
are present. The future Pre-Aerosol Clouds and Ecosystem
(PACE) experiment will measure ocean color (e.g. phyto-
plankton concentrations) on a global basis at high spectral
resolution [9]. Uncertainties in the types of aerosol(s) that
scatter and absorb light will impact the retrieval accuracy
of chlorophyll concentrations. As it becomes more difficult
for experiments to achieve their primary measurement
goals, the need to account accurately for the effects of
liquid and solid particles upon radiative transfer becomes
more acute.

In this paper we describe the refractive indices included
in the 2012 HiIgh-resolution TRANsmission (HITRAN)
compilation [10], and describe a new computer program
associated with this compilation, called HITRAN-Refractive
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Indices (HITRAN-RI), which reads in and uses the HITRAN
indices in a variety of applications. Associated subdirec-
tories and software associated with HITRAN-RI enables
users to apply the HITRAN indices in realistic light scatter-
ing calculations, and provides a convenient repository of the
original reference papers. HITRAN 2012 indices differ from
previous HITRAN [11-13] and Gestion et Etude des Infor-
mations Spectroscopiques Atmosphetiques (GEISA) [14]
tabulations in that there are additional refractive indices,
especially for absorptive aerosol, the data are now con-
tained in two different file formats (ascii and netCDF), the
original papers of the indices are directly available to the
user, and the user can use the (HITRAN-RI) program to
apply the indices in applications in a Fortran-90 or Inter-
active Data Language (IDL) setting.

The HITRAN-RI program has features similar to those
incorporated in the Optical Properties of Aerosols and
Clouds (OPAC) computer program [15], and additional
features. OPAC is based upon laboratory measured indices,
and provides optical properties of typical cases of water,
ice, and aerosols in the visible and infrared, from 0.25 to
40 pm, and for user-specified mixtures of the various
material components. The HITRAN-RI program allows
one to inter-compare various indices of the same material
type and calculate optical properties for user specified size
distributions and particle types. Refractive indices, particle
size distributions, and optical properties (i.e. extinction,
scattering, absorption, single scattering albedo, backscat-
tering, and asymmetry parameter) are written by the
program to output files for external applications. Refrac-
tive indices in HITRAN 2012 include those derived from
field measurements of aerosols in addition to laboratory
measurements of specific compounds. HITRAN-RI also has
an instructional component that allows one to become
familiar with Mie calculations (for spheres) and coated
spheres, and become familiar with various mixing rules by
which one calculates the effective indices of a multi-
component particle.

This paper is organized as follows. Section 2 describes
the indices in HITRAN 2012. Section 3 discusses the
features of HITRAN-RI, while Section 4 discusses future
developments.

2. 2012 HITRAN refractive indices

The “Aerosols” folder in HITRAN 2012 is comprised of
subdirectories: ascii (the ascii files of the indices), netcdf
(the netCDF files of the indices), papers (the original
journal articles), idl_calc (the IDL version of the HITRAN-
RI program), fortran (the Fortran-90 version of the
HITRAN-RI program), and archive (contains older data
sets). The Aerosols_Readme.pdf gives instructions on how
to use the HITRAN-RI program, and the commentary.pdf
provides useful information on light scattering references
and size distributions. The refractive indices in previous
HITRAN compilations [11-13] are included in HITRAN
2012, which contains new datasets (especially for absorp-
tive aerosol). The Aerosols folder and associated subdir-
ectories are available at the HITRAN Database homepage
http://www.cfa.harvard.edu/hitran/welcometop.html.

The ASCII file format was the only file format used in
previous HITRAN compilations. It is now appropriate to
update the listing by storing the data in both ASCII and
netCDF files. While the molecular line listings in HITRAN
are uniform in the specification of line parameters (i.e. a
similar wavenumber, lower state energy level, and pres-
sure broadening coefficient listing format applies to all
molecules), the refractive indices are tabulated for a
variety of temperatures, weight percent compositions,
etc. This non-uniformity makes the ASCII files non-
uniform in format structure. The netCDF format serves as
a compact way to store the data, since the data from
multiple ASCII files for a particular material (e.g. ice at
different temperatures as measured by a specific labora-
tory) are included in a single netCDF file.

The HITRAN compilation contains files of refractive
indices measured recently and also data measured decades
ago. It is recognized that the accurate specification of
multi-decadal multi-satellite measurements is dependent
upon knowing the details of the spectroscopy that was
used to retrieve molecular species mixing ratios and
aerosol parameters. Different experiments have used dif-
ferent spectroscopic aerosol refractive indices and mole-
cular line parameters. This can introduce non-uniform
jumps in the time series of a chemical species. NASA
satellite programs now require full post-mission docu-
mentation of instrument and retrieval details. For these
reasons, the HITRAN-RI suite contains new and older
refractive indices. One can use HITRAN-RI to determine
how the extinction spectrum changes due to variations
(and therefore, the uncertainties) in the input refractive
index data files.

Refractive indices from the widely used 1985 AFCRL
compilation [16] contain several composite data specifica-
tions. For example, the “carbonaceous indices” are an
average of the indices of a variety of coals [17]. The
HITRAN-RI suite contains a “papers” subdirectory which
has pdfs of the original papers for all of the refractive index
data in HITRAN 2012, plus other pertinent papers. The user
can examine e.g. Fig. 1 of Ref. [17] which shows the
variations of the imaginary indices from which the com-
posite carbonaceous indices were estimated.

There are admittedly differences between the aggre-
gate refractive indices of aerosols in the real world and the
refractive indices of the fundamental materials in HITRAN.
While remote sensing in the stratosphere decades ago
encountered the effects of particles of a definitive compo-
sition (e.g. sulfate aerosols are binary H,SO4/H,0 liquid
droplets), and models of visibility focused upon light
attenuation by water cloud droplets, recent interest in
tropospheric chemistry deals with a very complex compo-
sitional mix of compounds. Sulfates, ammonium, nitrates,
crustal minerals, organic material, and biological material
[18] produce a very complex compositional situation. More
than 40 trace elements occur in atmospheric particulate
matter [5]. Dubovik et al. [19] discusses the considerable
ranges in optical properties of various tropospheric aerosol
types as determined from AERosol RObotic NETwork
(AERONET) observations.

Due to the complexity of tropospheric aerosols, it is
therefore useful to include in HITRAN refractive indices
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that are based upon field experiments. Of particular
interest to HITRAN 2012 are the indices of aerosols that
contain absorptive characteristics, e.g. desert dust, miner-
als, burning vegetation, volcanic ash, carbonaceous flame,
and brown carbon. Absorptive aerosol is characterized by a
significant imaginary refractive index, and the influence of
absorptive aerosol upon the Earth's atmosphere is the
subject of current research [20]. Since aerosols evolve,
e.g. becoming more likely to accept a coating of water over
time, the optical properties also evolve. The papers asso-
ciated with the tabulations of measured in-situ effective
aerosol refractive indices contain textual information that
describes the details of the measurements.

Table 1 lists the refractive indices included in HITRAN
2012. Indices of water, supercooled water, ice, binary liquid
(H2504/H20, H2504/HN03), ternary llql.lld (H2504/H20/HN03),
nitric acid dihydrate (NAD), nitric acid trihydrate (NAT),
representative burning vegetation, and mineral compositions
(e.g. sea salt, quartz, hematite), tabulated in HITRAN 2008 [12],

Table 1
Refractive indices included in HITRAN 2012.

are part of HITRAN 2012. Additions to the previous listings
include organic acids [39], secondary organic aerosol (proxy)
[41], carbonaceous flame indices [36,37], mineralogical
indices [42,43], volcanic ash indices [47], and biomass fire
[35] and brown carbon [38] indices derived from field
measurements. These materials are associated with tropo-
spheric aerosols. We note that the measurements span
limited ranges of wavelength between 0.25 and 50 pm.
The HITRAN-RI program issues an error message when the
requested calculation wavelength range falls outside of the
range of the specified refractive index data file, states the
data file's wavelength range, and requests the user to
redefine the calculation's range of wavelength.

In regard to HITRAN 2012, refractive indices of aliphatic
dicarboxylic acids (oxalic, malonic, succinic, and glutaric
acid) and other acids (pyruvic, pinonic, benzoic, and
phthalic) [39] at various weight percent compositions are
tabulated for the real and imaginary indices from 0.25 to
1.25pm and 0.25 to 1.1 pm, respectively. Dicarboxylic

Compound Measurement specifics Reference
Water 27 °C, 10-5000 cm ! [21]
Water 0.67-2.5 pm [22]
Ice 266 K, 0.04 pm-2 m [23]
Ice 0.67-2.5 pm [22]
Water, ice, sodium chloride, sea salt, water soluble aerosol, Room temp, 0.2-40 pm [16]
ammonium sulfate, carbonaceous aerosol, volcanic dust,
sulfuric acid, meteoric dust, quartz, hematite, sand
Sulfuric acid (H,SO4/H,0) Room temp, 25-96% H,S04 [24]A
Sulfuric acid (H,SO04/H,0) Room temp, 75 and 90% H,SO4 [25]A
Sulfuric acid (H,SO4/H,0) 215 K, 499-6996 cm ! [26]
Sulfuric acid (H,SO4/H,0) 200-300 K, 825-4700 cm ™! [27]
Sulfuric acid (H,S04/H,0) 213-293 K, 432-5028 cm ! [28]A
Nitric acid (H,S04/HNO3) Room temp, 250-2987 cm ! [29]
Nitric acid (H,SO4/HNOs) 220K, 754-4700 cm ™! [30]
Nitric acid (H>SO4/HNOs) 213-293 K, 432-5028 cm ! [28]A
Amorphous nitric acid 153 K, 482-7000 cm ! [31]
NAM (nitric acid monohydrate) 179 K, 482-6002 cm ™! [31]
NAD (nitric acid dihydrate) 184 K, 482-6981 cm ! [31]
NAD 160-190 K, 700-4700 cm ™! [32]
aNAT (nitric acid trihydrate) 181K, 482-6989 cm ™! [31]
BNAT 196 K, 482-6364 cm ™! [31]
NAT 160 K, 711-4004 cm ! [33]
Burning vegetation 525-5000 cm ™! [34]
Burning vegetation 0.35-1.5 pm [35]*
Carbon flame 0.4-0.7 um, 25-600 °C [36]*
Flame soot 0.2-38 um [377*
Brown carbon 0.2-1.2 pm [38]*
Organic acids 0.25-1.1 pm [39]*
Oxalic, malonic, succinic, pinonic, pyruvic, phthalic
Organic haze 0.525 nm [40]*
SOA (proxy) 0.525 nm [41]*
Minerals 2.5-200 pm [42]*
Clay, illite, kaolin, montmorillonite
Minerals 5-40 pm [43]*
Granite, montmorillonite
Saharan dust 0.30-0.95 pm [44]*
Saharan dust 0.35-0.65 um [45]*
Saharan dust 0.35-0.65 pm [46]*
Volcanic ash 0.45-25 pm [477*

Datasets in the ‘archive’ subdirectory are marked by an ‘A’.
New HITRAN 2012 indices are marked by ‘.
Refractive indices included in HITRAN.
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acids account for 1-15% of the total carbon aerosol, and
occur in both the coarse and fine mode. Current research is
focused upon understanding the role of organic chemistry
in tropospheric aerosol processes. Since the imaginary
refractive index of these acids is small, they have a
scattering effect by themselves. Oxalic acid is the most
abundant organic acid, and has the smallest molecular
weight. It is thought that aqueous phase chemistry in fog
and cloud droplets plays an important role in the forma-
tion chemistry of the organic acids and their products.
The organic acids are also associated with isoprene chem-
istry that is associated with pine tree and other plant
emissions.

Aqueous phase reactions of a-dicarbonyls (glyoxal and
methylglyoxal) and amines (glycine and methylamine)
produce droplets which, when dried, produce particles
that have a brownish color [41]. The refractive indices of
these particles have an imaginary index similar to HUmic-
Like Substances (HULIS) measured in the field, and serve
as a good model for secondary organic aerosol (SOA). The
importance of these measurements is that models fre-
quently assume that SOA has little visible light absorption.
Since organic aerosol contributes 50% to the global aerosol
mass in the troposphere, and 90% in urban regions [48],
these absorption effects are potentially very important.

It is well known that desert dust is also absorptive.
Desert dust and soil emissions are comprised of a variety
of minerals, and the composition varies on a regional basis
[49]. Indices from 2.5 to 50 pm of clay, illite, kaolin, and
montmorillonite [42], granite and montmorillonite from
5 to 40 pm [43], and imaginary indices from 305 to 905 nm
of African dust samples [44], add to the previous HITRAN
mineral indices (quartz, hematite, and sand) [16]. The
absorptive characteristics of desert dusts are dependent
upon the hematite (iron) content of the dust. Hematite
volume abundances from 1.1 to 2.7% of African dust
samples yield a factor of two range in the imaginary
indices. Fig. 1 presents the imaginary indices of the African
dust samples [44], those derived from analysis of Total
Ozone Mapping Spectrometer (TOMS) satellite and Aerosol
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Fig. 1. Variations in the imaginary index of African dust [44-46]. The

volume abundance of hematite is indicated for three of the Wagner [44]
index sets.

Robotic Network (AERONET) data [45], and the Patterson
et al. indices [46].

As illustrated by Fig. 1 of Ref. [17], and reviewed in
Ref. [50], carbonaceous aerosol displays a wide variety of
absorptive characteristics. Inclusion of these and other
papers in the HITRAN-RI suite thereby informs the user
of the variations of real world absorbing aerosols. The
optical properties of brown carbon spheres in east Asian
outflow over the Yellow Sea during the Asian Pacific
Regional Aerosol Characterization (ACE-Asia) field pro-
gram [38] are included in HITRAN 2012. Brown aerosols
have imaginary indices somewhat smaller than black
carbon particles. The imaginary index of the brown aerosol
is greater than 0.2 between 0.2 and 1.2 um, with larger
values at the shorter wavelengths, indicating that scatter-
ing and absorption by brown carbon needs to be included
in global models.

The 2010 eruptions of Eyjafjallajokull in Iceland halted
aviation flights in Europe for 6 days, and dramatically
emphasized the effects of volcanic eruptions upon com-
merce and the environment. Measurements of ash indices
between 1 and 20 um from samples gathered after the
1993 Mt. Aso eruption [47] are included in HITRAN 2012.

3. HITRAN-RI applications

HITRAN-RI is written in the Interactive Data Language
(IDL) and Fortran 90 programming languages, with source
code in separate subdirectories. The Aerosols_Readme.pdf
file of the HITRAN-RI suite provides instructions on how to
use the program. This file explains which program files
need to be edited by the user, and also discusses the
purposes and contents of the subdirectories. The IDL
version conveniently exports the calculations to Postscript
(PS) graphics files. Output ASCII files are written by the
Fortran 90 program—the user then graphs the ASCII data
using other software.

3.1. Refractive indices

HITRAN-RI can be used to compare two different sets of
refractive indices. Fig. 2 displays the Tisdale [26] indices of
refraction of HySO4/H,0 at 75% H,SO,4 and the Grainger
[47] volcanic ash indices. Volcanic sulfate droplet extinc-
tion spectra are based upon H;SO4/H,O indices, while
larger ash particles contribute to the wavelength depen-
dence soon after the volcanic eruption. Differences in the
imaginary indices in the 8-10 pm range produce notice-
able differences in the extinction spectra of the two
materials, since the extinction spectrum in the infrared
has a wavelength dependence that matches that of the
imaginary index.

Since particles in the real world are frequently a
mixture of compositions, mixing rules (average, Debye,
Maxwell-Garnett, Bruggeman) are applied to estimate the
aggregate indices of a multi-component particle. HITRAN-
RI instructs the user on how to calculate the aggregate
indices using the four mixing rules. Fig. 3 presents the
aggregate refractive indices calculated using the four
mixing rules for the case of quartz [16] with 0.05 (by
volume abundance) hematite [16] inclusions. Differences
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Fig. 2. Comparison of the Tisdale [26] indices of refraction of H,SO4/H,0
at 75% weight percent H,SO, (i.e. stratospheric sulfate droplets) and the
Grainger volcanic ash indices [47], calculated using HITRAN-HI.

in the four sets of curves of the real and imaginary indices
are apparent at both the peaks of the index structure and
at various wavelengths between the peaks.

3.2. Calculation of specific optical properties

The standard application of HITRAN-RI is performed by
specification of the size distribution, the index of refraction
data set, and print flags in the “work.dat” ASCII input file.
HITRAN-RI applies the “bhmie” Mie routine of Ref. [7].
Extinction, scattering, absorption, single scattering albedo,
backscattering, and asymmetry spectra, the particle size
distribution, and refractive index data are exported to
output files, and postscript graphics files are generated
by the IDL program. The output ASCII and netCDF data files
can be used in external calculations. Since all lines of code
are available to the user, the user can alter the format of
the output files if desired.
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Fig. 3. Refractive indices calculated using four different mixing rules for
quartz [16] and 5% (by volume abundance) hematite [16] inclusions.

Given the same user specified size distribution and two
different sets of indices, extinction spectra can be calcu-
lated in separate calculations to determine the range in
extinction values that are due to differences (uncertain-
ties) in the refractive indices. The pathnames of the output
files of these two calculations can then be named in the
“compare_spectra.dat” input ASCII file. Activation of a
single flag in the “work.dat” input file then allows the
user to compare the two calculations in numeric and
graphic terms.

HITRAN-RI allows the user to specify input files that
contain user specified indices of refraction and the size
distribution for model calculation purposes. Specification
of an observed extinction spectrum and the model calcu-
lation file pathnames in the “compare_spectra.dat” file
then leads to a comparison of the two spectra. This feature
is useful in exploratory calculations that seek to reconcile
model and observed aerosol spectra.
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3.3. Instructional/test cases

A number of test cases are instructional in regard to
size distributions and Mie calculations. Input “work.dat”
files and numerical and graphics test results are included
in the “examples” and “output” subdirectories of the IDL
code. These test cases serve as a convenient check on
expected program performance.

The first test case illustrates representative size dis-
tributions, e.g. stratospheric sulfate before and after the
Mt. Pinatubo volcanic eruption, a rain drop size distribu-
tion, the size distribution of Polar Stratospheric Cloud
particles, a representative desert dust size distribution,
and fine and coarse mode aerosol size distributions in
clean rural and polluted urban settings. There are several
ways to specify the size distribution (e.g. the number of
particles per cm? per radii increment in pm, or number of
particles per cm® per volume increment in pm?). The first
test case illustrates the various formulaic ways in which
size distributions are specified for liquid and solid
particles.

The Mie solution [6,7] specifies how light is absorbed
and scattered by a sphere, with extinction being equal to
the sum of scattering and absorption. The geometrical
cross section #r?> of a particle of radius r is effectively
multiplied by an efficiency factor Qex (i.e. the sum of the
Mie Qsca and Qaps terms). The second test case calculates
Mie scattering Qsc, versus particle size parameter x (with
Xx=2zr/4, for particle radius r and wavelength 1) curves for
a single particle, i.e. Fig. 5.7 of Ref. [1], followed by the
calculation of corresponding Qex: and Q,ps curves. Since
Qext is a function of x and the complex refractive index
m=my+im; where m, and m; are the real and imaginary
refractive indices, this test case illustrates the dependence
of Qexe Upon the imaginary index.

The third test case includes illustrative calculations in
which the particle size distribution widens. Details of the
single particle Qex: versus x curve are smoothed by the
extinction convolution integral of the extinction pexi(1)
spectrum

fos(1) = 0.001 / Qe X, myzr2dn/dr dr )

as the width of the size distribution dn/dr widens. The
0.001 factor in Eq. (1) is a units conversion factor, since
fext(4) is usually expressed in km~™! units in remote
sensing studies.

Tropospheric particles gain and lose surface coatings as
the particles evolve. The effects of a surface coating are
illustrated in the fourth test case by applying the “bhcoat”
routine of Ref. [7]. For this application, the test case in
Appendix B of Ref. [7] is applied. This test case shows the
user how to calculate and compare graphically the optical
properties of a particle with and without a user specified
coating.

4. Discussion and future developments

HITRAN-RI will be updated on a continuing basis as
more refractive index data are placed into the program.
The goal of the first release is to establish the HITRAN-RI

framework, and provide to the user a way to use the
HITRAN refractive indices in a convenient manner that
readily connects the indices to atmospheric parameters (e.
g. extinction, single scattering albedo).

The first release focuses upon the application of a Mie
code, which is limited to spheres. Ice particles and “fractal”
soot aggregrates, however, are very non-spherical. Public
domain codes that perform non-spherical calculations
using T-matrix and discrete dipole techniques are dis-
cussed in Refs. [51-54].

Refractive indices and papers to be added after the first
release of HITRAN 2012 include the study of Hoffer et al.
[55] of the optical properties of humic-like substances
(HULIS) in biomass-burning aerosols, the work of Kirchst-
ter et al. [56] on the spectral dependence of light absorp-
tion by aerosols affected by organic carbon, the discussion
of Andrae and Gelencser [57] on black and brown carbon,
the discussion of Bergstrom et al. [58] on the spectral
absorption properties of atmospheric aerosols, and the
extensive paper by Bond et al. [59] on the role of black
carbon in the climate system. Updates to HITRAN are
announced periodically on the HITRAN homepage.

Recent calculations [60-64| have produced a large
database of ice crystal in-situ measurements, and optical
properties of ice crystals of varying surface shapes (ice
habits) and roughness. This extensive database is located
outside of the HITRAN Harvard-Smithsonian website.
HITRAN-RI will provide information to users on how to
download this database, and will provide code by which a
user can apply the data in ice crystal extinction spectrum
calculations.
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