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ABSTRACT
A solar-viewing Fourier transform spectrometer (FTS) at Thule, Greenland (76.58N, 68.88W, 225 m MSL),
has been in operation as part of the Network for the Detection of Atmospheric Composition Change
[NDACC; formerly the Network for the Detection of Stratospheric Change (NDSC)] since 1999. Observations have been made, on average, 77 days yr21 during the 8 months, excluding polar night. The semiautonomous operation of the instrument, including its associated optical, cryogenic, and control systems, is
of primary importance to acquiring long-term data records efficiently and is herein described. Discussed in
this paper are the data processing and spectra analysis methodology that are used to convert the measured
interferograms into geophysical data products. Vertical profile retrievals derived from the high-resolution
solar absorption spectra use the optimal estimation method. Total column amounts then represent the integration of these vertical profiles. As an example of this process, results are presented for daily average total
column amounts of HF, HCl, ClONO2, and CCl2F2 from 2001 through 2007. The means of unperturbed
summertime observations are used in a preliminary study of their annual trends.

1. Introduction
Since 1999, regular observations of the infrared (IR)
absorption of the atmosphere have been made from a
site in Thule, Greenland (76.58N, 68.88W, 225 m MSL),
by using a solar-viewing Fourier transform interferometer in support of the Network for the Detection of
Atmospheric Composition Change (NDACC), formerly
the Network for the Detection of Stratospheric Change
(NDSC; Kurylo 1991; Kurylo and Zander 2000). The
primary function of the NDACC is to provide directly
comparable measurements of stratospheric and tropospheric gases from a variety of remote sensing instruments at seven primary and many more complementary
sites distributed around the globe. The instrumentation
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is varied and currently includes approximately 20 Fourier transform spectrometer (FTS) stations. Regular
intercomparisons (Paton Walsh et al. 1997; Goldman
et al. 1999; Griffith et al. 2003; Meier et al. 2005) of instrument performance and analysis methods ensure that
measurements are valuable for long-term trend analysis
and validation of satellite-borne instruments. The
NDACC data archive, to which all members contribute
and which is open to the public, represents a sparse
global dataset of highly consistent tropospheric and
stratospheric composition measurements (available online at http://www.ndacc.org).
The Arctic station at Thule is remote and ready access
can be difficult. Thule Air Base provides a stable infrastructure for physical and technical support. In particular, NDACC instruments maintained by the Danish
Meteorological Institute (DMI) are in place, as is Internet access. To optimize the resources available and
acquire data at the high Arctic site, a largely autonomous system was designed that allows for minimal
on-site maintenance and operation. At the core of the
system is a commercial FTS. Using the sun as a source,
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TABLE 1. Details of optical filter bandpasses, detectors, and typical gases retrieved in each bandpass for a standard observation run. In the
fourth column (No. of scans), F and B correspond to forward and backward scans, respectively.

Filter

Bandpass (cm21)

1
2
3

4000–4300
2900–3800
2300–3200

InSb
InSb
InSb

2F/2B
2F/2B
2F/2B

4
5

1900–2700
1500–1850
1850–2200
750–1450
1000–1450
4200–5000
750–1000

InSb
HgCdTe
InSb
HgCdTe

2F/2B
2F/2B
8F/8B

InSb
HgCdTe

2F/2B
4F/4B

6*
7
8

Detector

No. of scans

Gases columns and/or
profiles retrieved
HF
O3, HCN
CH4, HCl, N2O, C2H6, H2O, N2, CO2,
CH2O, NO2, HDO, C2H6, HBr (cell)
CO, N2, OCS, CO2, NO, COF2
COF2, OCS
HNO3, O3, CCl2F2, CCl3F, ClONO2, N2O,
CF4, ClO, COF2, CHF2Cl, SF6
CO
HNO3, O3, CCl2F2, CCl3F, ClONO2,
CHF2Cl, H2O, ClO, SF6

* Initially, filter 6 was used for the 750–1450 cm21 region, but on 1 Mar 2002 the narrowband filter 8 was installed in place of filter 7. The
acquisition parameters were optimized for filter 6 to record the narrower band shown.

high-resolution (0.0035 cm21) absorption spectra are
recorded from approximately 2 to 13 mm. Multiple narrow regions of the spectra are fit to derive column
amounts and vertical profile information for a number of
gases of stratospheric and tropospheric interest. We describe here the observing system and analysis procedure
with application to some important stratospheric gases.
To illustrate the data processing, analysis, and ultimate
data products of this observing system following the
description of the system, we will discuss the 2001–07
preliminary annual trends in the primary chlorine and
fluorine reservoir species HCl, HF, ClONO2, and CCl2F2.

2. Observing system and operations
The core of the observing system is a Bruker IFS
120M Fourier transform spectrometer, hereafter referred to as the 120M. This device has an optical path
difference (OPD) of 257 cm, which produces an unapodized spectral resolution of 0.0035 cm21. A single
interferogram is recorded in 100 s. Optical band-limiting
filters are used to improve the signal-to-noise ratio
(SNR) and preserve linearity. The spectral range from
750 to 5000 cm21 (13.3–2.0 mm) is covered by 8 optical
filters. The band limits of each filter are listed in Table 1

FIG. 1. Schematic of the major components of the FTS system. The optical path of the solar
beam is shown as dotted lines. The electronic signal and control paths are shown as solid lines
and the liquid nitrogen cryogen for cooling the detectors is shown as dashed lines.
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along with the gases that have absorption features therein.
Interferograms are detected by a dual element, liquid
nitrogen cooled infrared detector composed of a sandwich of indium antimonide (InSb) and mercury cadium
telluride (MCT). Selection of the spectral filter, internal
apertures, and appropriate detector are under computer
control. Figure 1 shows a diagram of control and optical
pathways for the Thule installation.
A single Pentium-based personal computer (PC) controls the entire system consisting of the weather instruments, housekeeping acquisition system, LN2 (liquid
nitrogen) fill system, solar tracker control, and interferometer. The PC uses the OS/2 operating system and
is connected to the Internet currently at data rate of
512 kbyte s21. The main program that times and delegates
tasks as well as executes many of the tasks are coded
using the restructured extended executor (REXX) procedural programming language. This scripting-type language is flexible, and it allows efficient access to the
operating system, file system, and interprocess communication, as well as access to dynamic link libraries for
mathematical computing and bus input/output (I/O). The
housekeeping data acquisition and control system provides for 96 analog and digital signal inputs from every
part of the system and 24 bits of digital control. The acquired data are recorded in a housekeeping data stream
and stored in a separate log file at 1Hz during observations and 1-min intervals in standby mode. Pertinent
signals will be described in the following discussion.
The system includes several features that allow viewing of the moon as well as the sun, which are discussed in
the following text. To date, lunar observations have not
been attempted. Consequently, the discussion follows
the procedures for solar measurements and not the
added calibration steps required for lunar observations.
The system is not designed to perform lunar measurements in autonomous mode. The principal optical components are a computer-controlled custom-built solar
tracker that is permanently installed in the roof pictured
in Fig. 2 and a dynamical guider that is attached to the
Bruker instrument pictured in Fig. 3. Recording of interferograms for each spectral filter operates on a repeating daily schedule. Before any recording is possible,
empirical tracking, weather, and cryogenic conditions
must be met. During nonviewing time periods, the solar
position is calculated each minute. When the solar elevation is above the horizon, the calculation period is
shortened to 10 s, the rooftop tracker is enabled, and it
tracks the sun during the anticipated observation period.
The rooftop tracker is an altitude–azimuth design with
a single first-surface silver mirror. Each of the two perpendicular planes of motion is driven by stepper motors
that are controlled by tuned difference and integral

VOLUME 26

FIG. 2. The rooftop computer-controlled tracker and external
solar cell. The tracker is permanently mounted to the roof on a
0.2-m-diameter by 1-m-long aluminum tube that can be adjusted to
maintain the azimuthal plane in level. The remotely controlled
door is kept shut unless observations are being made. Atop the
tracker is a solar cell permanently exposed to the environment to
coarsely determine the solar intensity.

circuits. Signals are provided from position sensors
on the tracker and voltages proportional to the desired
position are calculated on the PC. The PC recalculates
and updates the solar (or lunar) position every 10 s.
Atop the tracker is a solar cell with a high-contrast filter
and a narrow azimuthal field of view (FOV) seen in
Fig. 1. The solar cell is coaligned with the tracker view
and instrument optical path and is used to determine
the degree of cloudiness in the instrument view. When
the solar cell signal reaches an empirically determined
threshold the external door of the tracker is opened and
the solar beam is passed through to a dynamical guider
that is physically attached to the interferometer and
whose output is focused by the instrument fore-optics on
to the interferometer entrance aperture. The solar beam
in the dynamic tracker passes through a dichroic flat that
splits off the visible beam that is used in the tracking
control.
Figure 2 shows the instrument, dynamical guider and
cryogen storage dewar. The dynamical guider uses a
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FIG. 3. The Bruker IFS 120M optics bench. The dynamical solar tracker is fixed to the optics
bench on the left; the solar beam is directed vertically down on to its moving mirror, then
directed into the emission port of the 120M. On the right is the long-hold-time 36-L cryogen
dewar, electrically actuated valve, and hose connected to the detector dewar.

two-axis motor driven moving mirror that is photoelectrically controlled by a quad-cell silicon sensor. The
control circuits employ auto-gain control to maintain
tracking in varying solar brightness over a range of about
100:1. The guider is designed to operate over a small
angular range of 618 with a speed of about 50 Hz. The
precision is better than 10 arcsec. The input beam is
nominally 12 cm in diameter and the output overfills the
80-mm diameter 120M emission port. Attached to the
moving mirror is a biaxial clinometer from which the
position of the mirror is recorded to the housekeeping
data stream. The control system is designed to accommodate lunar observations that have a reduced brightness on the order of 106. The signal from the quad sensor
employed in the dynamic guider is summed and recorded into the housekeeping stream. It is also used to
determine the signal strength at the interferometer input
in the observation decision tree. If at any time the signal
at the external sensor or quad sensor drops below the
clear-sky thresholds or the wind is greater than 12 m s21,
then the tracker door is closed. The 120M optical bench
is not evacuated or purged but does contain desiccant. The emission port is a wedged sodium chloride
window. The window is transparent from the mid-IR
through the visible, which allows for visual observation
of the focused solar image at the entrance aperture of
the interferometer.

Once the solar beam is passed through to the instrument entrance aperture, the detector is cooled by liquid
nitrogen. A cryogenic 110-V solenoid valve on a longhold-time 36-L dewar (MVE Cryogenics model SC36) is
used to control the fill time of the detector dewar. Self
pressure in the LN2 reservoir dewar, limited to 5 psi
(345 hPa), is sufficient to fill the detector in less than
5 min. A temperature sensor in the detector dewar is
monitored during solar observation periods and the LN2
can be topped off at any time. This signal is recorded for
housekeeping; if for any reason the detector cannot be
cooled in five attempts, the system will revert to standby
mode. Two 36-L dewars are maintained on site and last
approximately 6–8 weeks. Resupply of LN2 is provided
via military airfreight from the conterminous United
States.
A set of meteorological instruments, located on the
roof of the trailer, measures wind speed and direction,
temperature, pressure, and relative humidity. These
parameters are recorded to the housekeeping stream
and for use in observation decision making and later
spectral analysis. The meteorological sensors are listed
in Table 2.
The main program that is in continual operation implements the decision tree shown in Fig. 4. Upon program initialization, a list of tasks is read in that are
performed each day. Associated with each task in the list
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TABLE 2. Weather monitoring instruments and specifications. Data from the weather station are used in the observation decision tree and
recorded to housekeeping for use in data processing.
Parameter

Manufacturer

Model

Range

Precision

Wind
Temperature
Pressure
Relative humidity

R. M. Young
R. M. Young
R. M. Young
R. M. Young

05103LM
41372LC
61201
41372LC

0–60 m s21 direction
2508 to 1508C
800–1040 hPa
0%–100%

0.3 m s21 38
0.38C
0.5 hPa at 208C
3%

are a start time, a time to complete or window, a repeat
interval, and a priority. Tasks can also be performed
based on solar (lunar) elevation angle and range rather
than time. Start time, window, and priority are adequate
to avoid overwriting tasks and the interval that controls
time to repeat is normally disabled. Upon the start of
each task, an e-mail notification is sent to NCAR. Interferometric tasks also have an anticipated duration,
number of scans, SNR region for automatic calculation
of SNR, and three spectral regions defined. The duration
is used to kill a scan process in case of some delay in the

acquisition process. The three spectral regions are used
to process spectra to smaller regions to be efficiently
sent back to NCAR via FTP for analysis as Internet
bandwidth dictates.
When all conditions are met, a child process is
launched from the main program that pipes variable
acquisition and control parameters to the Bruker Optics
user software (OPUS) and returns data-quality values to
the main program. The sophisticated macro language
and interprocess support in OPUS allow flexible control
of the acquisition of spectra. For each filter, a short scan

FIG. 4. The observing decision tree coded into the main program. During key steps in the process and at 20-min intervals during the
observation period, e-mail notifications are forwarded to NCAR.
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be resupplied approximately every 6 weeks during the
observing period. For these activities, we normally employ the services of a local technician hired by the Danish
Meteorological Institute with whom we share the trailer.

3. Analysis of spectra

FIG. 5. Days of observations 1999–2007 excluding polar night 21 Oct
through 21 Feb. (right) The total number of days for each year.

is taken to determine the highest possible preamp gain
by measuring the interferogram peak. With the chosen
preamp gain, the remaining acquisition parameters are
set and 2–8 forward–backward (see Table 1) pairs of
one million point interferograms are acquired at a rate
of 40 kHz. These are transformed separately then archived along with the respective phase and transmission
spectra. The interferogram peak value and a SNR value
are returned to the main program and archived to a
separate scan log file.
Measurements are attempted on every sunlit day at
our observing site on a ridge (225 m MSL) south of
Thule Air Base. There are about 220 possible sunlit days
extending from polar sunrise in late February until
sunset in late October. Figure 5 shows the number of
days when observations have been made since 1999. If
an observation is missed, the cause usually is complete
cloud cover or high wind speeds. Typically, observations
are made on 65–85 days (average of last 5 years was
77 days year21).
If, because of bad weather or a warm detector, a scan
is cancelled, then it is placed back in the queue and
becomes the pending scan upon resumption of observations. This process is repeated twice per day (typically) to help ensure an observation during variable
weather. Other schemes can be set up for specific research purposes. These may include several hours of
observation using the same filter to increase SNR, observing at several solar azimuths during polar summer,
or observing at low and high solar elevation angles.
The entire operation described in this section is under
the autonomous control of the local computer. Human
assistance is required to exchange the storage media and
post them to NCAR when they are full, and to refill the
liquid nitrogen reservoir. The removable magnetic disk will
hold approximately 10 days of observation. The LN2 must

Interferograms from forward and backward scans are
averaged, transformed, and stored as individual spectra
using the Bruker Optics Opus software. Prior to the
spectral fitting, the forward–backward pair is averaged
and the mean solar zenith angle that will be used for the
atmospheric ray tracing is determined. This spectrum is
ratioed with a premeasured low-resolution, high-SNR
spectrum of the same optical filter to remove the structure of the bandpass filter envelope. These filter envelope spectra have been recorded once using an internal
source. The spectrum is then minimally sampled at the
Nyquist frequency for the spectral resolution required
for the retrieval, which is usually the full resolution.
The atmospheric path is calculated by version 2.05
of the Air Mass Computer Program for Atmospheric
Transmittance/Radiance Calculation (FSCATM) ray tracing code (Gallery et al. 1983; Meier et al. 2004), which uses
a 40-layer input profile grid and wavelength-dependent
refraction ray tracing to calculate airmass values, as well
as weighted mixing ratios, temperatures, and pressures
for the zenith and slant path on a 41-layer output grid.
Initial mixing ratios for retrieved and background species are taken from Arctic solar occultation balloon
measurements (Sen et al. 1999; Toon et al. 1999). Initial
retrieval profiles are shown in Fig. 6. Temperature
profiles are interpolated from National Centers for
Environmental Prediction (NCEP) analyses, which are
obtained from the NASA Goddard Automailer system
(Lait et al. 2005). Pressures are hydrostatically calculated to the altitude and temperature grid. The initial
background water mixing ratio profile is calculated by
assuming a dewpoint temperature 2 K below atmospheric temperature through the troposphere and
spline fitted to a constant 4 ppm above.
An atmospheric discretization process is required to
simplify the downstream retrieval process without
degrading any vertical features in the chemical profile.
The discretized atmospheric forward model used in the
retrieval uses the 41-layer FASCATM output grid already described. It uses a spacing of 1.2 km from the
observation altitude up to 32 km and then gradually
increases to 6 km at 80 km. It is described in detail in
Hase et al. (2004).
The retrieval of chemical profiles and columns is
performed using an optimal estimation (OE) technique
(Rodgers 1976, 1990, 2000) implemented in the spectra
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TABLE 3. Narrow spectral windows used for retrieval of target
gases. Interfering gases are retrieved by profile scaling of initial
profile unless noted.
Target trace
gas
HF
HCl

ClONO2
CCl2F2

Spectral windows
(cm21)

Retrieved and
interfering gases

4038.75–4039.20
2727.60–2728.00
2775.46–2776.00
2925.70–2926.10
780.12–780.32
780.70–781.25
920.200–923.900

HF, H2O, CH4, HDO
HCl, CH4, HDO
HCl, O3,* CH4
HCl, CH4
ClONO2
O3,* CO2
CCl2F2, H2O, CO2

* Not retrieved by profile scaling of initial profile; a profile retrieval
is done.

FIG. 6. Initial profiles for HF, HCl, ClONO2, and CCl2F2.

fitting code (SFIT2 v.3.91). The code, originally known
as SFIT, used a nonlinear least squares Levenberg–
Marquardt algorithm for fitting calculated-to-observed
spectra (Chang and Shaw 1977; Rinsland et al. 1982). It
was later extended to use the OE technique (Connor
et al. 1995; Rinsland et al. 1998). SFIT2 was recently
directly intercompared to a similar but independently
developed retrieval code (Hase et al. 2004) with agreement to below other sources of uncertainty. The forward
model has been further compared with a complete radiative transfer code General Line-by-Line Atmospheric
Transmission and Radiative Transfer Model (GENLN2;
Edwards 1992) and was found to agree to within 0.2%
over the small windows typically used in retrievals. Total
columns are calculated as the sum of the product of the
retrieved mixing ratios and the zenith airmass values.
The line parameters used are from the High Resolution Transmission (HITRAN) 2004 compilation
(Rothman et al. 2005) and include interpolated pseudoline parameters derived from cross sections for several
minor species. The forward model calculates the infrared transmission of the atmospheric path using a Voigt
line shape for all absorption features in the spectral
band 64 cm21 wider than the window to be fit. All gases
with a feature in the spectral band are inspected for inclusion in the transmission calculation, but features with a
peak absorption less than 1026 (selectable) are excluded

to reduce runtime. All other gases are included with default a priori volume mixing ratio (VMR) profile values.
The retrieval for a given gas is derived from fits in
single or multiple spectral windows. Simultaneous retrieval of target and interfering gases from a spectral
window or from a set of windows is possible by either
profile retrieval or a priori profile scaling. Table 3 gives
the windows and target and interfering gases for each
retrieved chlorine or fluorine-containing gas. Other
contributors to the total burden of atmospheric chlorine
or fluorine are HOCl, ClO, CCl4, CF4, and SF6, but these
gases represent less than 2% of the column amount.
Plots of the spectral components from primary interfering species are shown in Figs. 7–10 for target gases
HF, HCl, ClONO2, and CCl2F2, respectively. Other
species that have absorption features in the region but
are not significant in the fitting are included in the forward model calculation with default VMR profiles that
are not adjusted. Spectral windows are determined by
optimizing for information content with unobstructed
features of the target species. Each target species is retrieved from features in all the windows used, except for
ClONO2. In this case, the second window of 780.7–
781.25 cm21 is used to retrieve the CO2 feature at 780.9
cm21, which has a similar intensity and lower state energy than the one that obscures the ClONO2 feature at
780.2 cm21.
Figures 11–14 show typical examples of the fits of
calculated-to-observed spectra and differences for each
gas and window. Prior to analyzing a set of spectra for
columns or profiles, the spectra are visually inspected for
zero level and noise. Plots of the fitted regions are
viewed post retrieval and those where the RMS of the
difference between the observed and synthetic spectra is
greater than 1.1% are removed. Critical to the retrieval
of high-resolution spectra is the proper alignment of the
instrument line shape (ILS) and accurate modeling of
any deviations thereof. Upon each visit to the remote
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FIG. 7. The spectral components of gases contributing to the atmospheric absorption spectrum in the HF retrieval window. The region between the vertical dashed lines is the fitted
region. Top trace is the solar background spectrum. The second to bottom trace is the sum of
the synthetic spectra and the bottom trace is an observed spectrum that was taken at 1209 UTC
16 May 2003; the solar zenith angle is 65.78.

site, which occurs each spring at a minimum, 64 scans at
maximum optical path difference are taken of each of
two low pressure HBr cells (Coffey et al. 1998). The
spectral features of HBr from the high SNR spectra are
slightly narrower than the ILS of the instrument and so
give a measurable estimate of the actual ILS. A separate
spectral fitting code, which returns the ILS in Fourier
space, is used on each of these spectra (Hase et al. 1999).
The result is an ILS model that is convolved with
each forward spectral calculation of an SFIT2 retrieval
to tailor the synthetic spectra to the actual instrument
state. These HBr spectra and retrieved ILS functions
are monitored for any changes over time because they
might be expected to degrade but have been found to be
stable. The ILS, as characterized by its FWHM (full
width at half maximum), has a standard deviation of
1.3% from the 10 measurements over the 1999–2008
period.
The total column budget of predominant error sources
for each gas is given in Table 4. All components except the measurement error were determined by perturbing a synthetic retrieval test-case spectrum and
applying an expected uncertainty in each given parameter. Air-broadening half-width uncertainty was taken
as 5%, and line strength parameter uncertainties were
taken from the HITRAN database. The ILS uncertainty
is modeled by the modulation efficiency dropping off by

10% at maximum path difference from the measured
ILS described before. For systematic uncertainties or
biases, the HITRAN line intensity determination error
is the dominant component. Pointing uncertainty reflects an error in the airmass calculation for a 0.18 error
in zenith angle. The temperature uncertainty used is a
2-K deviation from the nominal NCEP temperature
profile. The measurement error gives an estimate of
the uncertainty in the column, given the a priori profile
statistics and expected SNR of the spectra. The quantity
is derived from the OE formalism [Rodgers 2000,
Eqs. (3.16) and (3.19)]; for the total column, it is calculated
as the sum in quadrature of the diagonal components of
the measurement error covariance. As can be seen from
Table 4, it is a small contributor except for ClONO2,
where the typically small signal in the MCT detector region can make the measurement more difficult.

4. Illustration of data products: Preliminary trend
analysis
The predominant reservoir gases for stratospheric
chlorine are HCl and ClONO2 (Rinsland et al. 2003;
WMO 2006), and the extent of their wintertime breakdown into activated Cl is directly related to the catalytic
destruction of polar O3. Previous studies (Rinsland et al.
2003; Anderson et al. 2000) have shown from ground-
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FIG. 8. The spectral components of gases contributing to the atmospheric
absorption spectrum in the three HCl retrieval windows. Vertical dashed lines,
solar background spectrum, sum of the synthetic spectra, and typical observed
spectrum are the same as in Fig. 7. The observed spectrum was taken at
2024 UTC 10 Mar 2004, and the solar zenith angle is 85.08.
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FIG. 9. The spectral components of gases contributing to the atmospheric absorption spectrum in the ClONO2 retrieval windows. This shows both microregions used in the retrieval of
ClONO2. Vertical dashed lines, solar background spectrum, sum of the synthetic spectra, and
typical observed spectrum are the same as in Fig. 7. The observed spectrum was taken at
1525 UTC 6 Mar 2003, and the solar zenith angle is 83.08.

based and satellite measurements that the growth of
stratospheric inorganic Cl was diminishing and turning
around in the late 1990s. It has been noted that the
Halogen Occultation Experiment (HALOE) upper-

stratospheric HCl turnover may be too early to be fully
explained by models (Waugh et al. 2001). In particular,
that study showed a broad peak in total Cl commensurate with a wide stratospheric air–age spectrum. The

FIG. 10. The spectral components of the gases contributing to the atmospheric absorption
spectrum in the single CCl2F2 retrieval window. Vertical dashed lines, solar background
spectrum, sum of the synthetic spectra, and typical observed spectrum are the same as in Fig. 7.
The observed spectrum was taken at 1629 UTC 10 Mar 2003, and the solar zenith angle is 80.68.
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FIG. 11. Typical spectral fit for HF. The upper solid line trace is
the observed spectrum, the dotted line is the fitted synthetic
spectrum, and the lower solid line is the difference. The observed
spectrum was taken at 1209 UTC 16 May 2003, and the solar zenith
angle is 65.78.

trends shown here in HCl also show a slow decrease in
the post-turnaround period.
The gas HF is a stable sink for fluorine in the atmosphere (Molina and Rowland 1974). Ground-based and
satellite measurements at midlatitudes (Rinsland et al.
2002; WMO 2006) show a slowing of the build-up rate.
This observation is attributed to the decrease in anthropogenic production of chlorofluorocarbons (CFCs)
and hydrochlorofluorocarbons (HCFCs) countered by
the long lifetime of the predominant CFC, CCl2F2.
These measurements at a remote high-latitude site show
a slow but significant continued buildup of HF and effectively no rate of change of CCl2F2.
Both HCl and ClONO2 become chemically activated
in the polar stratospheric vortex during winter and
spring (Coffey et al. 1999; WMO 2006). Total columns of
HF and CCl2F2 are affected by vertical motion of
stratospheric air during the same period within the
vortex. The largest reservoir of fluorine in the stratosphere is HF, and CCl2F2 remains the dominant inorganic chlorine source species. Both chemical and
dynamical effects can have high variability year to year
because of meteorological conditions. These effects as
well as the daily position of the polar vortex can cause
large variability in the total columns. Consequently, we
exclude the springtime observations and use only the
summer and fall daily average column amounts in the
analysis of annual trends. Summertime values here are
defined as data taken between 1 June and 1 November.
Although measurements began in fall 1999, data are
sparse until the spring of 2001, so the trend analysis is for
the seven-year span of 2001–07. We limit the analysis to

FIG. 12. Typical spectral fit of the three HCl microregions. The
upper solid line trace is the observed spectrum, the dotted line is
the fitted synthetic spectrum, and the lower solid line is the difference. The observed spectrum was taken at 2024 UTC 10 Mar
2004, and the solar zenith angle is 85.08.

linear trends resulting from the limited duration of the
overall dataset. The trend analysis results are given in
Table 5 and are referred to in the following discussion.
Figure 15 shows the daily average total columns
plotted versus time for the seven summer seasons. The
error bars on the daily means are 61 standard deviation
of the daily mean. The blue crosses show the summertime mean value and 61 standard-deviation error bar,
and the blue line is a linear fit to the summertime means.
Figure 15a shows HF with a trend of 0.58% 6 0.22% yr21
increase; HF is long lived in the stratosphere and the ultimate reservoir species for fluorine (Chipperfield et al.
1997). Although the total column ratio with COF2 has
been determined as approximately 4 (Reisinger et al.
1994; Notholt et al. 1995), the short lifetime of COF2
relative to HF makes HF a measure of the long-term
loading of fluorine in the stratosphere. The HF increase
has been shown to be slowing (Rinsland et al. 2002,
2005a) in middle latitudes because of the decrease of
the injection of anthropogenic CFCs following the implementation of the Montreal Protocol and its amendments (Anderson et al. 2000). This study shows a slight
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TABLE 4. Error budget for total columns of each retrieved gas
given in percent of the total column. Systematic and random
components are summed separately in quadrature to give their
respective values. These are then added and given as the total
uncertainty in a given total column value.

Air-broadened coefficient
ILS
Line intensity
Sum systematic
Pointing
Temperature
Measurement
Sum random
Total uncertainty

FIG. 13. Typical spectral fits of the two ClONO2 microregions.
The upper solid line trace is the observed spectrum, the dotted line
is the fitted synthetic spectrum, and the lower solid line is the difference. The observed spectrum was taken at 1525 UTC 6 Mar
2003, and the solar zenith angle is 83.08.

but significant continued increase over the most recent
study (Rinsland et al. 2005b), but the trend estimates
lie within the error bars. We would also expect any fall
off in the rate of increase to lag in the remote Arctic
environment.
Figure 15b shows a similar plot for HCl where the
linear trend is 20.64% 6 0.24% yr21. Stratospheric HCl
has both natural and anthropogenic sources though its

HF

HCl

ClONO2

CCl2F2

0.36
0.21
1.92
1.96
0.35
1.17
1.50
1.93
3.90

0.50
0.47
2.93
3.01
1.08
1.22
1.20
2.02
5.03

0.38
0.35
7.83
7.85
0.82
1.47
15.30
15.39
23.24

0.24
0.00
3.99
4.00
1.84
1.43
1.06
2.56
6.56

buildup in recent decades has been from the photodissociation of CFCs. Consequently, it has been a significant source of Cl involved in the catalytic destruction
of O3 during the polar winter and spring. Studies for
earlier time frames have seen a turnaround in the increasing burden of HCl from ground-based (Rinsland
et al. 2003) and satellite (Anderson et al. 2000) observations because of the reduction of CFC production. This is
seen as a plateau in observations from the late 1990s
through 2002, and it is also latitude dependent. A more
recent study (Rinsland et al. 2005a) from midlatitude
Atmospheric Chemistry Experiment (ACE) data shows
possibly a stronger decrease in lower stratospheric HCl.
The trend in this study, though significant, is small and
can be interpreted as delayed because of the high latitude and still part of a plateau.
The next largest reservoir of inorganic stratospheric
Cl is ClONO2. Background levels seen from Fig. 15c
have a range of factor 4–8 less than HCl and the linear annual trend is 27.76% 6 0.91% yr21. Like HCl,
ClONO2 plays an important role in polar wintertime O3
destruction (Solomon 1999) as a source of Cl. Reaction
of ClO and NO2 at the edge of the polar springtime
vortex creates ClONO2 where the vortex ‘‘collar’’ region total column amount can be enhanced by an order
of magnitude (Toon et al. 1989). Subsequent extrapolar
loss may be seen through the rest of the year (Toumi
et al. 1993), barring other significant sources. The annual
TABLE 5. Trend in midsummer background total columns for each
gas as a percent per year of the summer 2000 mean.

FIG. 14. Typical spectral fit of CCl2F2. The upper solid line trace
is the observed spectrum, the dotted line is the fitted synthetic
spectrum, and the lower solid line is the difference. The observed
spectrum was taken at 1629 UTC 10 Mar 2003, and the solar zenith
angle 80.68.

Gas

Trend (% yr21)

Uncertainty in trend
(% yr21)

HF
HCl
ClONO2
CCl2F2

0.58
20.64
27.76
0.04

0.22
0.24
0.91
0.16
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FIG. 15. Total column trends for (a) HF, (b) HCl, (c) ClONO2, and (d) CCl2F2. The black Xs are daily means with their error bars; the
blue crosses are the summertime average total column, where the cross represents the span in time for the average and its standard
deviation. The blue line is a linear fit to the summertime average value.

decline seen in the trend can then be attributed to a
decrease in polar spring production of ClONO2 or a
larger loss later in the year because of photolysis. The
latter scenario is not borne out by the measurements
that do not show any clear decline through the later
spring and summer. One conclusion is that there is a
decreasing amount of ClO or NO2 available during the
vortex breakup in spring.
The largest source species of organic Cl and F into the
atmosphere continues to be CCl2F2. Despite the curtailment of anthropogenic injection, the long lifetime of

CCl2F2 will maintain its presence as a contributor to the
total burden of Cl and F for many years (WMO 2006).
Recent midlatitude studies (Rinsland et al. 2005b) show
a leveling off of the growth of the total column through
2004, though they cannot yet see a decrease. ACE
measurements in the lower stratosphere (Rinsland et al.
2005a) also point to a leveling off of an increase. Although we should expect some lag for the leveling signature to be seen in the high Arctic, the current dataset
shows an essentially flat total column amount trend of
0.04% 6 16% yr21. The total column variability seen is
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likely due to tropopause height variability because most
of the CCl2F2 resides in the troposphere.

5. Conclusions
The semiautonomous FTS system composed of the
Fourier transform interferometer, weather monitoring
instruments, solar tracker and guider, and housekeeping
system at a remote Arctic site has been described. The
system, which is placed at 225 m MSL in Thule,
Greenland, has been in operation since 1999 and has
acquired data an average of 75 of the 225 possible sunlit
days per annum in the Arctic. The system requires
minimal user intervention as dictated by the remoteness
of the site. Broadband high-spectral-resolution, highquality solar-absorption infrared spectra are acquired
routinely in compliance with the specifications set out by
the Infrared Working Group of the NDACC (available
online at http://www.ndacc.org). The retrieval methodology employing the OE technique provides vertical
profiles that are integrated to well-characterized total
column amounts. The total column data of many atmospheric constituents are actively archived at the
NDACC Data Handling Facility.
As an example of the data quality and analysis, preliminary annual trends of the background levels of HF,
HCl, ClONO2, and CCl2F2 from 2001 through 2007 were
presented that are in general agreement with other
similar studies. In particular, they show the positive effect of the Montreal Protocol and its adjustments since
the late 1980s to diminish and end the anthropogenic
injection of CFCs into the atmosphere. The first-order
temporal analysis shows that CCl2F2 is essentially constant, whereas the growth rate of HF continues to be
small though statistically significant. Stratospheric chlorine in the remote Arctic is declining as expected. The
rate of decline in ClONO2 is large but has less effect on
the total Cl budget than HCl.
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