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ratio. Monthly average measurements at northern and southern hemisphere mid-
latitudes have similar increase rates that are consistent with surface trend measure-
ments for a similar time span. A mean northern hemisphere profile for the time span

Trends shows a near constant VMR at 8-20 km altitude range, consistent on average for the

Ozone depletion same time span with in situ results. The nearly constant vertical VMR profile also agrees
with model predictions of a long lifetime in the lower atmosphere.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The phase out of fully fluorinated chlorofluorocarbons (CFCs) mandated by the Montreal Protocol on substances that
deplete the ozone layer [1] and its subsequent amendments [2] has prompted the use of temporary hydrochlorofluor-
ocarbon replacements including HCFC-142b (CH3CCIF,). At present, it is the third most abundant HCFC in the atmosphere,
after HCFC-22 (CHCIF,) and HCFC-141b (C,HsCI,F), though a decrease in its emission rate (weighted by ozone depletion
potential) in 2000 was noted in recent World Meteorological Organization (WMO) reports [3,4]. Subsequently, an
accelerated rate of accumulation has been reported for all three HCFCs after 2004 [5]. The hydrochlorofluorocarbon
replacement molecules are mainly used as a refrigerant, solvent, and an aerosol propellant in foams. The primary use of
HCFC-142b is in foams, largely replacing CFC-11 (CCIsF). The lifetime of HCFC-142b is estimated as 20.1yr in the
troposphere and 146 yr in the stratosphere assuming its total atmospheric burden and loss rate for 2000 emissions based
on a box model and loss due to reaction with OH [4]. A similar minimum stratospheric lifetime of 138 +29 yr was obtained
based on a linear tracer-tracer correlation using whole-air sampling measurements and assuming an N,O stratospheric
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Fig. 1. Simulation of the HCFC-142b v; band Q branch region for the most significant absorption features and an ACE spectrum recorded at 27.78°N
latitude and 37.05°W longitude on April 5, 2008. The simulated and measured spectra are normalized and offset vertically for clarity and the version 2.2
tangent altitude is indicated at top.

lifetime of 110yr [6]. The detection and first remote sensing measurement of HCFC-142b volume mixing ratio (VMR)
profiles were reported based on infrared solar occultation spectra covering altitudes of 8-15km [7] from measurements
recorded by the Atmospheric Chemistry Experiment (ACE) Fourier transform spectrometer (FTS) [8]. A nearly uniform VMR
of 15pptv (10~'2 per unit volume) was reported based on measurements from 12 mid-latitude occultations recorded
around 53°N latitude on 26 and 27 March 2004, along with 5 occultations recorded in the tropics (25°S-25°N) between 31
January and 8 February 2004. The retrieved VMR for January—-March 2004 was compared and found to be consistent with
the AGAGE (Advanced Global Atmospheric Gases Experiment) surface VMRs measured at 53°N latitude from the station at
Mace Head, Ireland, with differences less than 10% on average for the three mid-latitude measurements and less than 15%
for the tropical measurements. As noted in [4,5,7], measurements of HCFC-142b are also obtained by NOAA'’s Earth System
Research Laboratory (ESRL) with differences of ~5% for time coincident flask sampling measurements (see Fig. 1 of Ref. [4]).
The two microwindows for the ACE retrieval [7] were 1132.5-1136.5 and 1191.5-1195.5cm ! and were slightly broader
than the selections recommended earlier in a study that first predicted the feasibility of HCFC-142b detection by remote
sensing from space [9]. The purpose of this paper is to report the first time series of HCFC-142b measurements at 13-16 km
altitude obtained with the ACE-FTS at mid-latitudes in both hemispheres and their comparison with mid-latitude surface
station measurements at similar latitudes for 2004-2008.

2. Measurements

The Atmospheric Chemistry Experiment, also known as SCISAT-1, is a Canadian-led mission for atmospheric remote
sensing launched on 12 August 2003 into a 74° inclined orbit at 650 km altitude by a NASA-supplied Pegasus XL rocket [8].
Three instruments with a shared field of view record high resolution atmospheric spectra taking advantage of the high
precision of the solar occultation technique. An infrared Fourier transform spectrometer records solar spectra below 150 km
altitude at 0.02cm~! spectral resolution (maximum optical path difference of +25cm) from 750 to 4400cm™.
Photovoltaic detectors with near linear response produce a signal-to-noise ratio >300 throughout most of the infrared. Full
resolution spectra are recorded in 2 s with an altitude spacing determined by the scan time, typically 3-4 km, varying from
2 km for high beta angle (angle between the satellite velocity vector and the vector to the Sun) occultations to 6 km for zero
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beta angle occultations. As a result of refraction, tangent altitude spacing is typically less than 2 km in the troposphere. The
FTS has a circular field of view of 1.25mrad (10~3rad) diameter; it is self-calibrating as linear response photovoltaic
detectors are used and low Sun solar occultation spectra are divided by exo-atmospheric solar spectra from the same
occultation. Limited seasonal and latitudinal sampling is obtained as the orbit is optimized for high latitude coverage in
both hemispheres. Additional scientific instruments are a dual channel UV-visible spectrometer and imagers with optical
filters at 0.525 and 1.02 pm.

3. Analysis

Measurements of temperature and pressure dependent infrared cross sections of HCFC-142b vapor have been reported
in numerous laboratory studies (e.g. [10-14]). The strongest bands occur in the thermal infrared covered by ACE-FTS
measurements. Vibrational assignments show the v; band at 904cm™' and other bands in the thermal infrared have
prominent central Q branches. Although it is the weakest in integrated intensity by about a factor of three among the
strongest bands, the v; band occurs in an open spectral region with few interfering molecules as compared to the other
regions used in the previous retrievals [7]. Our analysis assumes a line list (“pseudo lines”) that has been generated from
laboratory cross sections (G. C. Toon, Jet Propulsion Laboratory, private communication, 2006). The procedure is widely
used for atmospheric retrievals from ground-based solar spectra and was also been used for retrievals from balloon-borne
and solar occultation spectra recorded with the ATMOS (Atmospheric Trace MOlecule Spectroscopy) FTS [15]. All of the
relevant laboratory transmittance spectra were fitted simultaneously while solving for the 296 K intensity and the ground
state energy (E”) of each pseudo-line assuming a Boltzmann distribution including the variations with temperature of the
rotational and vibrational partition function and stimulated emission [16]. The procedure to generate the pseudolines
assumes all lines in a given absorption band have the same pressure-broadened halfwidth and the same halfwidth
dependence on temperature. The pseudo-line list was generated from the cross section measurements of Newnham and
Ballard [10], which were measured at temperatures of 203, 213, 233, 253, 273, and 294K and cover 870-1270cm™" with a
line spacing of 0.010 cm~. A maximum error of 4% in absorber was found by refitting the laboratory spectra using the final
pseudo-linelist. A coefficient of 1.5 was assumed for the temperature dependence of the rotational partition function. The
vibrational partition function was calculated assuming the frequencies of the 18 modes of the HCFC-142b molecule [11-14].
Fig. 1 presents a simulation of the interval used for atmospheric retrievals, 903.0-905.5cm™~! for a tangent altitude of
13.526 km. A measured ACE spectrum and simulations for the most important molecules are normalized and offset
vertically for clarity. As can be seen from this plot, the HCFC-142b Q branch feature is predicted to be weak but detectable
with the interval dominated by strong features of CO, and HNOj3 in addition to weaker absorption by CCl,F, (CFC-12). It
should be noted that the pseudo-line list we have assumed differs from the data in HITRAN 2004 [18], which was limited to
HCFC-142b cross section measurements at three temperatures based on the measurements of Clerbaux et al. [12] with the
same set of cross sections provided in HITRAN 2008 [19].

Atmospheric retrievals were performed for HCFC-142b based on the window shown in Fig. 1 for solar occultations at
mid-latitudes in the northern and southern hemisphere. The interval displayed in Fig. 1 was fitted for HCFC-142b, CO»,
HNOs, and CCl,F, simultaneously with a multi-microwindow Levenberg-Marquardt nonlinear least-squares global-fitting
technique [17]. Except for the pseudo-lines of HCFC-142b and CCl,F, (CFC-12) which also occur in the spectral interval,
concentration profiles were retrieved from simultaneous fits to sequences of spectra over pre-selected altitude ranges to
derive the profile of the target species using the HITRAN 2004 molecular spectroscopic parameters [18] and assuming a set
of realistic a priori VMR profiles for the target and interfering species. The analysis approach is the same as is used to
retrieve profiles from ACE spectra [20], though HCFC-142b profiles are not currently reported by ACE for the measurement
of time span. We also assumed temperature and tangent altitudes derived from version 2.2 ACE spectra [20].

4. Results and discussion

Fig. 2 represents a fit to the same sample ACE occultation as shown in Fig. 1. The top panel displays the measured minus
calculated spectrum on an expanded vertical scale, fitting CO,, HNOs3, and CCl,F; as interferences. As shown by this typical
example, the measurements are fitted to close to the noise level in the measured spectrum. The normalized measured
spectrum is displayed in the lower panel. The second residual plot shows the fit obtained with HCFC-142b set to zero. The
broad HCFC-142b Q branch feature can be noted. The third residual plot shows the HCFC-142b contribution calculated as
the difference between the residuals obtained while excluding or including the HCFC-142b contribution. The comparison
with the measured spectrum shows coincidences with locations of strong HNO3 features in the difference spectrum. As
HNOs is a major absorber in the region, we concluded it is not accurately modeled, probably because of limitations to the
spectroscopic parameters for HNO5; in the HITRAN 2004 database [18]. More accurate positions, intensities, and
rotationally-dependent air-broadening parameters for HNO3; and approximate parameters for two hot bands have recently
been incorporated in the HITRAN 2008 database [19].

Fig. 3 (upper panel) illustrates the time series comparison of ACE monthly mean HCFC-142b VMR measurements
averaged over altitudes of 13-16 km for latitudes of 25-35°N and 25-35°S, between February 2004 to August 2008.
Corresponding measurements from two AGAGE surface stations are shown in the lower panel, for approximately the same
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Fig. 2. Sample fit to an ACE spectrum (same occultation as displayed in Fig. 1). The top panel shows residuals (measured minus calculated differences) on
an expanded vertical scale. In the bottom panel, the solid line shows measured spectra and open circles show calculated intensities. The second residual
shows the fit with the VMR of HCFC-142b assumed to zero. The third residual plot is the HCFC-142b contribution calculated as the difference between
excluded minus the included HCFC-142b contribution.

time period. Open triangles in the upper panel are the monthly mean mixing ratios (13-16 km) in the northern hemisphere,
the vertical lines represent their standard deviations. Solid triangles and vertical lines are used to display the southern
hemisphere results. Although the surface time series shows a similar increase rate in both hemispheres, the ACE
measurements in both hemispheres are higher than those from the surface stations results by a factor of ~1.10 with the
southern hemisphere Cape Grim station VMRs lower than those from the northern hemisphere Niwot Ridge station. An
interhemispheric difference in monthly mean surface station measurements is consistent with a time series of flask
sampling measurements [4,5].
We adopted the empirical expression to determine the time dependence of V from fits to the ACE and surface station
measurement VMR time series,
V =ap + a;(t — tp). (1)
In Eq. (1), t is time and ¢y is the time of the first ACE or surface station measurement. The coefficients ag and a; and their
statistical uncertainties were determined from a least-squares fit to average VMRs from each measurement set. The results
of the time series for both are reported in Table 1. We report yearly mean VMRs and the best fit trend derived from the fit to
the full time series. Our mean trends of 4.94+1.51%yr~! for ACE measurements at 25-35°N latitude and 6.63 +1.23%yr !
for 25-35°S latitude are consistent with the increase rate of 0.6 pptvyr~' reported by WMO [3]. Surface measurement time
series from CMDL and NOAA ESRL stations often show low amplitude seasonal cycles superimposed on the long-term trend
[4]. We have not modeled the seasonal variation in fitting the time series, although surface measurements indicate a low
amplitude seasonal change is superimposed on the long-term trend.
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Fig. 3. Time series of HCFC-142b ACE and mid-latitude surface stations measurements. Top: 25-35°N latitude ACE monthly average measurements at
altitudes of 13-16 km (open triangles) and 25-35°S (black triangles) between February 2004 and August 2008. Vertical lines indicate standard deviations.
Lower panel: AGAGE flask sampling measurements from Niwot Ridge and Cape Grim, Tasmania, over a similar time span.

Table 1
HCFC-142b VMR (pptv) and trend per year (pptv yr~! and % yr~') from best-fits to ACE monthly mean atmospheric spectra at 13-16 km and NOAA ESRL
surface station measurements.

Instrument 2004 2005 2006 2007 2008 Trend Trend
Latitude (VMR) (VMR) (VMR) (VMR) (VMR) (pptv yr—1) (%yr 1)
ACE (25-35°N) 16.909 +3.523 18.599 +2.899 19.107 +2.754 18.587 +3.719 21.380+3.896 0.92+0.28 4.94+1.51
ACE (25-35°S) 16.767 +3.069 17.953 +3.261 17.635+2.979 19.083+2.80 19.765+1.775 1.19+0.22 6.63+1.23
Niwot Ridge 15.459+0.45 16.180+0.47 17.232+0.60 18.415+0.61 19.362+0.50 0.98+0.02 5.73+0.14
Cape Grim 13.697+0.24 14.277+0.24 15.052+0.35 16.140+0.43 17.021+0.25 0.81+0.01 5.46+0.08

The VMR for each year is the yearly mean. The ACE time series used 106 occultations to calculate 24 northern hemisphere monthly means, and 123
occultations to compute 30 southern hemisphere monthly means. Trends were derived from a best-fit to the time series with Eq. 1. There were 176
sampling measurements from Niwot Ridge and 222 measurements from Cape Grim. Full time spans used in the fits were February 2004 to August 2008
for ACE in both hemispheres. The time spans of the NOAA ESRL measurements used in the analysis were July 2003-July 2008 for both Niwot Ridge and
Cape Grim.

5. Error budget

Table 2 provides an evaluation of the random and systematic sources of error in the monthly mean 13-16 km VMR. The
spectrum shown in Figs. 1 and 2 was used in the analysis. Random error sources include errors due to noise in
the measured spectrum. Random error due to noise in the measured spectrum is estimated to be less than about 1% due to
the procedure adopted to eliminate spectra with low signal-to-noise ratios or weak absorption from the database and
averaging over monthly time spans. Error in the zenith angle was estimated by increasing the tangent altitudes by 0.2 km at
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Table 2

Random (R) and systematic (S) sources of error in the monthly mean 13-16 km ACE HCFC-142b retrievals of their estimated relative uncertainties.
Source of error Type Relative error (%)
Finite signal-to-noise R <1

Tangent altitude uncertainty R 0.2
Temperature uncertainty S 14

Modeling of instrument line shape function S 0.4
Modeling of interferences S 20

Forward model approximations S 2

Retrieval algorithm S 3

HCFC-142b spectroscopic parameter uncertainties S 10
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Fig. 4. Comparison of ACE HCFC-142b VMRs at 25-35°N latitude for the 8-20 km altitude range (plus symbols) with NOAA ESRL measurements from
Niwot Ridge for the same time period. A dark black curve indicates the ACE mean profile obtained after interpolation of the individual measurements to
the equal altitude spaced grid. The NOAA ESRL Niwot Ridge VMRs were between 15 and 20 pptv, and a dotted vertical line is used to show an approximate
mean VMR for the time span. Approximate pressures are shown on the right vertical axis.

all altitudes. The 13-16 km HCFC-142b VMR decreased by 3.2%. There are several significant sources of systematic error.
The systematic error in temperature was estimated by increasing the temperature by 2K at all altitudes. Average HCFC-
142b VMRs at 13-16 km altitude decreased by 14%. Systematic errors arise from errors in the forward model including
possible inaccuracies in the ray tracing, errors in modeling the ACE instrument line shape function, and biases due to
imperfect fitting of interfering absorptions. Ray-tracing calculations have been extensively studied and updated as part of
work for the Network of the Detection of Atmospheric Composition Change (NDAAC) [21] and likely introduce a VMR error
of less than 1%. As shown in Fig. 2, biases occur due to errors in the fitting of the weak absorption by HCFC-142b as the
contribution to the total absorption by the two main interferences CO, and HNOj3 is much greater than that of HCFC-142b.
Although its absorption is much weaker than those by CO, and HNOs, a comparison of profile of CCI,F, retrieved with those
from ACE version 2.2 results also shows a bias of several percent in the lower atmosphere. The potential systematic biases
are due to the uncertainty in the instrument line shape (ILS) function, errors in the forward and retrieval algorithm. We
estimated the error in the ILS by modifying the theoretical unapodized function for ACE (which we assumed and was found
to fit the ILS of lines in this region well) with an empirical apodization function that decreased linearly from 1.0 at zero
optical path difference to a value of 0.9 at the maximum optical path difference for the example case shown in Figs. 1 and 2.
The retrieved HCFC-142b VMR at that altitude changed by 0.45%. Forward model approximations and possible errors in the
retrieval algorithm were estimated as 2% and 3%, respectively, for example, from retrievals of profiles from the ATMOS FTS.
The largest source of systematic error in the retrievals is believed to be possible errors in the assumed HCFC-142b pseudo-
lines. As noted earlier, a maximum error of 4% in absorber was found by refitting the laboratory spectra using the final
pseudo-linelist. As shown in Table 3 of [10], integrated absorption cross sections assumed in that study and adopted here
agreed within ~5% with previously reported temperature dependent measurements for the 870-1030cm ™! region [12]. We
estimate the total error due to possible errors in the assumed spectroscopic parameters as 10%. The total error
(random+systematic) for the monthly mean HCFC-142b VMRs reported in Table 1 is ~20%.

As shown in Figs. 1 and 2, the absorption by HCFC-142b is very weak, but by averaging the measurements it is possible
to examine the vertical profile. Fig. 4 depicts the results of ACE-retrieved HCFC-142b profiles during 2004-2008 from
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latitudes 25-35°N. The plus symbols show each retrieved profile interpolated to a grid with equal altitude intervals. The
thick curve represents the mean profile (8-20 km). As can be seen from this profile, the HCFC-142b VMR is approximately
constant over the full altitude range. Corresponding approximate pressures are shown on the right vertical axis. Niwot
Ridge surface VMRs were between 15 and 20 pptv during this time span, and a dotted vertical line is used to show an
approximate surface VMR of 17.5 pptv over this time period. The ACE average vertical profile shows scatter, but is consistent
with a nearly constant VMR from 8 to 20 km, above which there is minimal sensitivity. The average tropopause height
during the measurement time span was 14.4 km with tropopause heights from NCEP (US National Center of Environmental
Protection) measurements varying from 9.91 and 17.85 km. As there is a time lag for transport of surface air to the lower
stratosphere of about 4yr [22], a vertical decrease above the tropopause is expected due to the transport time, but the
scatter in the results and the need to average over 4 yr of measurements masks the expected gradient, and we are unaware
of any profile predictions available for comparison with our observations. As HCFC-142b is increasing rapidly in the
stratosphere, it may not have reached equilibrium [6] and we are unaware of any model predictions of its vertical
distribution.

6. Summary and conclusions

The first space-based measurements of the trend of the hydrochlorofluorocarbon HCFC-142b (CH5CCIF,), a temporary
replacement for fully fluorinated chlorofluorocarbons (CFCs) are reported. The trend measurements have been derived
from atmospheric solar occultation remote sensing measurements recorded by the Atmospheric Chemistry Experiment
(ACE) Fourier transform spectrometer [8]. Monthly average VMRs at 13-16km altitude were retrieved from ACE
atmospheric spectra recorded between February 2004 and August 2008 at latitudes of 25-35°N and 25-35°S. The
measured VMRs have been compared with surface sampling measurements obtained over approximately the same time
span covering similar latitude bands. The ACE measurements in both hemispheres show similar increase rates, but the
scatter in the trend is significantly larger than the surface station measurements and the ACE-measured rate of increase is
faster than reported at the surface sites in both hemispheres. Our monthly mean HCFC-142b VMRs are estimated to have an
uncertainty of 20%. A mean northern hemisphere profile for the time span shows a near constant VMR at 8-20 km altitude
range, consistent on average for the same time span with in situ results. The nearly constant vertical VMR profile is
consistent with predictions of a long lifetime in the lower atmosphere [3-7]. Although the ACE HCFC-142b retrievals have
limited sensitivity because of the weakness of the absorption in the ACE spectra, our results show the potential for remote
sensing of atmospheric HCFC-142b, the need for further monitoring of its trend, and the importance of additional
investigations of its spectroscopic parameters. Evidence for weak absorption by HCFC-142b has been found in recent
ground-based solar spectra recorded from the Jungfraujoch NDACC station (46.5°N latitude, 8.0°E longitude, 3.58 km
altitude) [23].
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