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Abstract

High-resolution ground-based infrared solar spectra are routinely recorded at the Network for the Detection
of Stratospheric Change (NDSC) stations. These data sets play a key role in providing a long-term record
of atmospheric composition and their links to climate change. The analysis of observed infrared spectra
involves comparison to a computer-modeled atmosphere where knowledge of the air mass distribution is an
essential component. This note summarises improvements made to an existing and widely used computer
code (FSCATM) to perform refractive ray-tracing and calculation of the air mass distribution. Changes were
made towards higher vertical resolution in the troposphere and increased numerical precision. The revised
FSCATM improves the analysis of infrared spectra mostly through the more accurate representation of the
temperature pro<le. Air mass di=erences with respect to earlier versions are documented and are typically
¡0:7%, exceptions being extreme cases of inversion layers. The current version provides ray tracing and air
mass calculations for any terrestrial observation site. The output <les are reported in a format compatible with
the SFIT and SFIT2 retrieval algorithms, which are widely used for NDSC infrared atmospheric studies. The
improved computer code, documentation, reference pro<les, and test cases are available electronically.
Published by Elsevier Ltd.

1. Introduction

The Air Mass Computer Program for Atmospheric Transmittance=Radiance Calculation FSCATM
[1] has been widely used for over a decade with a variety of atmospheric radiative transfer applica-
tions. Ray tracing and optical paths integrals based on this program have been applied extensively
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by the LOWTRAN codes [2]. Several improvements, including better accuracy with more e=ective
use of the atmospheric layers and preserving the hydrostatic equation, were developed for the widely
used Line-by-Line program known as LBLRTM and its FASTCODE predecessors [3]. In another
widely used Line-by-Line code, known as GENLN2 [4] independent calculations are applied for
this purpose, which are based on an algorithm similar to that of FSCATM [1], and allow to obtain
high-accuracy optical paths for the atmospheric trace gases.

The ray-tracing program FSCATM has been implemented in the SFIT (e.g. [5,6]) and in the
SFIT2 retrieval programs [7–10] to determine the slanted optical path of sunlight as seen from the
ground. These particular implementations of FSCATM have a set of SFIT-speci<c auxiliary programs
and are referred to as SFIT-FSCATM. These programs are widely used by the atmospheric infrared
remote sensing community, in particular within the NDSC [11,12].

SFIT retrieves total column amounts of atmospheric trace gases from ground-based solar infrared
spectra based on the observed absorption features, the observation geometry, and the model atmo-
sphere provided by SFIT-FSCATM. The latter consists of total air masses, pressures, temperatures,
and volume mixing ratios (VMRs) for infrared active species in vertically-strati<ed layers. This
revision of FSCATM also improves the quality of satellite validation and long-term monitoring pro-
grams. The full report on which this Note is based is available from J. Quant. Spectrosc. Radiat.
Transfer as an electronic supplement [13].

2. Changes to FSCATM

The new version of FSCATM is backward compatible and incorporates the minimal number of
changes in the source code. All SFIT-FSCATM releases prior to version 2.01 (July 1999), had a
number of limitations which can lead to errors when the user atmosphere is de<ned with vertical
resolutions better than 2 km. The main limitations arise from the internal layering scheme of FS-
CATM which is used for needed interpolations. Consequently, the total number of internal model
layers has been increased, the numerical precision has been improved, the maximum number of
output layers has been raised, the number of standard molecules has been increased from 57 to
63, and the fundamental constants used were updated to be in agreement with the latest CODATA
recommendations [14]. The new molecules added include some important replacement CFCs which
are increasing rapidly in abundance.

SFIT uses its own auxiliary programs to have FSCATM perform the necessary ray tracing. Thus,
some changes were required in these programs to comply with the new FSCATM. Besides changes
in data formats the default boundary layer selections have been made self-consistent, the iterative
run for the determination of the apparent from the astronomical zenith angle has been automated and
can be achieved following either an internal or external iteration procedure, the number of pre-stored
observation sites was tripled (Table 1), the set of default a priori VMR pro<les was updated, the
user interface has been improved, and a new ab initio calculation of the atmospheric bending has
been implemented resulting in an accuracy of better than 0:0012◦ for solar zenith angles of up to
85◦ for any terrestrial site. The improvements made to the iterative determination of the atmospheric
bending result in faster convergence. The user is given the option to de<ne his own output altitude
scheme and to provide his own set of VMR pro<les to suit a particular retrieval code or site-speci<c
atmospheric conditions. In the case of pro<le retrieval codes such as SFIT2 the use of an output
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Table 1
List of observation sites supported by SFIT-FSCATM, most of which have NDSC status

Site Latitude Longitude Altitude (m)

Eureka, Canada 80:05
◦
N 86:42

◦
W 610

Ny- LAlesund, Spitsbergen 78:92
◦
N 11:94

◦
E 20

Kiruna, Sweden 67:84
◦
N 20:41

◦
E 419

Poker Flat RR, Alaska 65:119
◦
N 147:433

◦
W 505

Harestua, Norway 60:217
◦
N 10:753

◦
E 596

Bremen, Germany 53:107
◦
N 8:854

◦
E 27

NPL Teddington, UK 51:424
◦
N 0:343

◦
W 30

Zugspitze, German Alps 47:422
◦
N 10:987

◦
E 2964

Jungfraujoch, Swiss Alps 46:549
◦
N 7:986

◦
E 3580

Moshiri, Japan 44:367
◦
N 142:267

◦
E 280

Rikubetsu, Japan 43:457
◦
N 143:766

◦
E 370

Mt Bancroft, CA 37:584
◦
N 118:235

◦
W 3801

Denver, CO 36:673
◦
N 104:963

◦
W 1643

Billings, Oklahoma 36:605
◦
N 97:485

◦
W 317

Tsukuba, Japan 36:048
◦
N 140:116

◦
E 31

Table Mountain, CA 34:382
◦
N 117:677

◦
W 2258

JPL Pasadena, CA 34:200
◦
N 118:172

◦
W 350

Kitt Peak, AZ 31:90
◦
N 111:60

◦
W 2090

Teneri=e, Canarian Islands 28:294
◦
N 16:490

◦
W 2367

Mauna Loa, Hawaii 19:539
◦
N 155:578

◦
W 3398

Wollongong, Australia 34:45
◦
S 150:88

◦
E 30

Lauder, New Zealand 45:045
◦
S 169:684

◦
E 370

Arrival Heights, Antarctica 77:83
◦
S 166:67

◦
E 200

South Pole, Antarctica 89:83
◦
S 2850

User speci<ed at run time any any 0–4000

altitude scheme of constant stepsize throughout the lower atmosphere is found to reduce unwanted
pro<le oscillations.

3. Impacts of the revision of FSCATM

Two case studies have been carried out for two locations each in order to evaluate the impacts
of the changes made. The <rst part of this study revealed that di=erences in air mass, pressure,
and temperature are small in the troposphere (¡0:42%) except for inversion layers. FSCATM data
products for altitudes above 12 km altitude agreed within the numerical precision.

The second part of the study investigated the impacts of the changes in SFIT-FSCATM on the
total column amounts (TCAs) retrieved from ground-based solar FTIR spectra recorded in Kiruna,
Sweden, under a wide range of meteorological conditions. The spectra were analysed using SFIT
1:09e [5,6]. The TCAs were retrieved from 125 di=erent absorption lines located in more than 100
atmospheric micro-windows.
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The detailed studies [13] reveal that in the absence of an inversion layer the e=ects of the changes
in SFIT-FSCATM on the TCAs retrieved with SFIT 1:09e are ¡0:7% for any species except water
vapor (2.5%) and ¡0:2% for any stratospheric species. Compared to other uncertainties in the
retrieval of TCAs, which typically add to several percent, a re-processing of spectra previously
analysed with SFIT-FSCATM 1995 is not necessary. However, the di=erences become signi<cant
for all tropospheric species if a strong inversion layer is present. This does not a=ect molecules with
a mostly stratospheric distribution. An exception is ClONO2 where a change in TCAs of several
percent is seen, which is caused by strong interference from an overlapping temperature-sensitive
CO2 line [13].

The temperature sensitivity of a transition depends on its lower state energy E′′ and the partition
function [15]. The full report [13] discusses the di=erences in retrieved TCAs as a function of
the lower state energies involved and the magnitude of the temperature misrepresentation, which
in our case is also a function of altitude and of the distribution of the molecule over altitude
[13]. A systematic error in the retrieved TCAs of 0:2% K−1 in temperature misrepresentation and
per 100 cm−1 above 300 cm−1 in the transition’s lower state energy E′′ can be estimated for a
molecule entirely contained in the altitude range where the temperature error occurs. It is noted that,
this relation applies to ground-based FTIR observations irrespective of the source of a temperature
misrepresentation.

It is noted that, while it is common practice to select lines with minimal temperature sensitivity,
transitions with high-temperature sensitivity were also included in the studies for demonstrating the
behaviour of unavoidable interference lines.

4. Conclusions

The limited vertical resolution in the troposphere implemented in the 1995 version of SFIT-
FSCATM can result in misrepresentations in pressure, temperature and air mass. The changes made
to SFIT-FSCATM substantially improve the representation of the tropospheric part of the model
atmosphere, which is particularly signi<cant if inversion layers are encountered. The di=erences
between the current version 2.03 (Oct 2001) and versions before 1999 are small if the temperature
and VMR pro<les provided are fairly smooth. High-altitude sites are generally less a=ected than
low-altitude observation sites.

Consistent with the conclusion that temperature errors are the main cause of problems with using
the previous SFIT-FSCATM version is the fact that di=erences in the TCAs retrieved show a clear
correlation with the lower state energies of the corresponding absorption lines [13].

In addition, the number of molecules has been expanded to include replacement-CFCs, which are
expected to reach detection limits in the near future. The corresponding default VMRs have been
updated according to recent measurements.
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