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Atmospheric vertical profiles of ozone, nitrous oxide, methane, dichlorodifluoromethane, and water are
retrieved from data collected with a widely tunable external-cavity quantum-cascade laser heterodyne
radiometer (EC-QC-LHR) covering a spectral range between 1120 and 1238 cm™. The instrument was
operated in solar occultation mode during a two-month measurement campaign at Rutherford Appleton
Laboratory in Oxfordshire, UK, in winter 2010/2011, and ultrahigh-resolution (60 MHz or 0.002 cm™1)
transmission spectra were recorded for multiple narrow spectral windows (~1 cm~! width) specific to
each molecule. The ultrahigh spectral resolution of the EC-QC-LHR allows retrieving altitudinal profiles
from transmission spectra that contain only few (1-3) significant absorption lines of a target molecule.
Profiles are validated by comparing with European Centre for Medium-Range Weather Forecasts
operational atmospheric profiles (ozone and water), with other data in the literature (nitrous oxide,
methane, dichlorodifluoromethane), and with retrievals from a lower resolution (600 MHz or
0.02 cm™) Fourier transform spectroscopy data that were also recorded during the measurement
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1. Introduction

Monitoring of the global distribution of atmospheric
constituents is extremely important for better under-
standing of radiative forcing, transport, chemistry,
and mixing effects in the atmosphere. Thermal infra-
red spectral sounding in the 3-5 and 8-12 pm atmo-
spheric windows, where atmospheric trace gases
exhibit strong fundamental rovibrational bands, is
an effective method already widely used in currently
operating passive remote sounding instruments [1].
Quantum-cascade laser heterodyne radiometry

1559-128X/12/368779-14$15.00/0
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300.6310, 280.4991, 140.5965, 120.0280.

(QC-LHR) offers the potential for the development
of extremely compact and lightweight thermal infra-
red sounders that combine high spectral resolution
(<100 MHz or 0.003 cm™'), high spatial resolution
due to coherent field of view (FOV), and high sensi-
tivity (ideally close to shot-noise-limited opera-
tion) [2,3].

Early LHRs used carbon dioxide gas lasers or lead
salt lasers as the mid-infrared (mid-IR) local oscilla-
tors (LOs) and successfully targeted atmospheric
ozone (O3), nitrous oxide (N5O), and methane (CH,)
[4-9]. However, carbon dioxide lasers are rather
large laser sources that can only be frequency tuned
in a discrete manner, thus limiting the number
and type of molecules that can be observed with a
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single instrument. Although lead salt lasers are
continuously tunable and could mitigate some of
the gas laser technology shortcomings, they suffer re-
liability issues, require liquid nitrogen cooling, often
exhibit multimode behavior, and provide low optical
power. The advent and progress in quantum-cascade
laser (QCL) technology have provided reliable, com-
pact, and efficient mid-IR laser sources delivering
several milliwatts of optical power with high spectral
purity without the need for cryogenic cooling. These
advantages make the QCL an ideal candidate to be
used as an LO in an LHR instrument, and over the
last few years the concept of QC-LHR for atmo-
spheric observation has been successfully developed
[2,3,10,11]. Initial studies of a ground-based proto-
type QC-LHR instrument operated in solar occulta-
tion mode to target ozone at around 1030 cm™!
demonstrated the potential of such technology in
altitudinal distribution measurements [2]. In recent
studies, the QCL LO and solar radiation were both
coupled into a hollow waveguide for optical mixing,
illustrating the potential for instrument miniaturi-
zation that would enable deployment on a wide range
of platforms for atmospheric observation [11].

Previous QC-LHR instruments have been limited
to monitoring one or two molecules due to the narrow
frequency range of the instrument defined by the
spectral tuning range of distributed feedback QCLs
(~10 em™! achieved by temperature tuning and only
~1 ecm™! available by variation of injection current).
Application of a broadly tunable external-cavity QCL
(EC-QCL) as the LO in an LHR system has been
investigated by several groups [10,12]. As reported
in 2009, a broadband external-cavity QC-LHR
(EC-QC-LHR) results in a total tuning range of
~180 em™! [10]. With recent developments in design-
ing broadband QCL gain profiles, EC-QCL tuning
ranges of over 430 cm™! are achievable, which en-
ables access to an entire atmospheric transparency
window [13-15].

This work reports on atmospheric remote observa-
tions of five trace gases using a widely tunable
ground-based EC-QC-LHR, which operates between
1120 and 1238 cm™!. The EC-QC-LHR records
~1 ecm™ wide ultrahigh-resolution (60 MHz) atmo-
spheric transmission spectra centered anywhere
within the available 118 cm™! spectral tuning range
that gives access to five atmospherically important
molecules.

The five atmospheric absorbers targeted are Os,
N,O, CH,4, dichlorodifluoromethane (CClyFs, com-
monly known as CFC-12) and water vapor (Hy0).
All these target molecules play an important role in
atmospheric science. Ozone is predominantly found
in the stratosphere, where it forms the ozone layer
that protects the biosphere from UVB radiation;
much lower levels of ozone (approximately 10% of the
total column) are found in the troposphere. Anthro-
pogenic emissions have been shown to impact the
distribution of ozone in both the stratosphere and
the troposphere. In urban areas, emissions of nitric
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oxides (NO,) and volatile organic compounds can
result in photochemical smog and increase the con-
centration of ozone in the troposphere, which is det-
rimental to the human respiratory system [16].
Emissions of chlorofluorocarbons (CFCs), such as
CFC-12, which is targeted in our measurements, de-
plete the ozone layer via a catalytic photochemical
cycle reducing ozone to oxygen [17]. CFCs were
banned under the Montreal Protocol, and the 20-year
ban on CFC-12 reduced its concentration to ~500
parts per trillion by volume (pptv) in the troposphere
[18,19]. NoO and CH, contribute to global warming
and are therefore regulated under the Kyoto Protocol
[20,21]. Both molecules also exhibit a uniform distri-
bution throughout the troposphere. Although N,O is
found in smaller concentrations [~320 parts per bil-
lion by volume (ppbv)] compared to other greenhouse
gases in the troposphere, it is a potent global warm-
ing molecule because of its particularly long lifetime
(120 years) [22]. While N,O is rather inert in the tro-
posphere, its concentration begins to decrease in the
stratosphere due to photodissociation [23]. Similarly
to Ny,O, CH, has a relatively long lifetime (~12
years), which results in a uniform distribution
throughout the troposphere [~1.8 parts per million
by volume (ppmv)] [24]. Only in the stratosphere
do CH, concentrations begin to decrease due
to both slow vertical transport and stratospheric
methane sinks (i.e., reactions with OH) [25,26].
Water vapor plays a crucial role in lower troposphere
thermodynamics and weather systems [22,27]. Be-
cause changing atmospheric concentrations of these
five target molecules affect the climate significantly,
monitoring of these molecules is of great importance
to both atmospheric scientists and to policy makers.

A measurement campaign was carried out at
Rutherford Appleton Laboratory in Oxfordshire,
UK (-1.31° longitude and 51.57° latitude) during
December 2010 and January 2011 with the aim of
demonstrating the capabilities of the EC-QC-LHR
instrument and comparing its performance with a
commercial high-resolution Fourier transform spec-
trometer (FTS). Atmospheric spectra of the five tar-
get molecules were recorded, and preliminary raw
spectra from this campaign were presented in
Ref. [28]. An extended retrieval analysis of these
campaign data is hereby presented. Vertical profiles
of O3, N,O, CH,, CFC-12, and HyO are retrieved
from the acquired spectral data. These profiles are
compared against data from the literature and also
against profiles retrieved from FTS measurements
acquired during the same measurement campaign,
and the potential advantages of the EC-QC-LHR
instrument are discussed.

2. Experimental Details

A. Instrument Configuration and Operation Principle

The optical arrangement and the technical details
of the instrument have already been described
in Ref. [28], and therefore only a brief overall



description of the optical system arrangement is
summarized here.

The LO is an EC-QCL tunable between 1120 and
1238 cm™!. The Littrow-based EC-QCL configura-
tion and operation principle have been described in
detail previously [29]. The laser can be coarsely
tuned to any wavelength within the tuning range.
Then a high-resolution mode-hop-free scan of
~1 ecm™! (limited by the QCL chip’s current dynamic
range from threshold to rollover) can be performed
using a piezo-actuated cavity tuning system synchro-
nized with the laser current scan. The mode-hop-free
tuning is performed with a sinusoidal waveform to
avoid excitation of higher-order mechanical vibra-
tions in the piezo-actuated optomechanical cavity
system. The LO power is controlled via polarizer to
provide the optimum heterodyne signal and prevent
detector saturation. A 25R/75T beam splitter is used
as a mixing plate to combine the LO with the col-
lected thermal (solar) radiation. The 25% reflected
LO intensity is imaged onto a square law detector,
a high-speed (1 GHz) mercury cadmium telluride
photodetector used as a photomixer. The 75% of
transmitted LO intensity is used for frequency diag-
nostics: a flip mirror directed the LO radiation either
to a wavemeter (Bristol 721) for absolute frequency
calibration or to a 1 in. (25.4 mm) germanium etalon
followed by a photodetector to record relative fre-
quency calibration signals.

The solar radiation is captured by a heliostat,
which actively tracks the apparent location of the
sun. An aperture stop limits the FOV to retain only
the spatially coherent field contributing to the
heterodyne mixing process. The corresponding
FOV was measured to be ~5.2 arcmin, equivalent
to viewing 1/38th of the solar disc. The solar radia-
tion is directed into the laboratory and passed
through an optical filter that transmits wavelengths
longer than 7 pm and reflects shorter wavelengths
onto a broadband (800-1750 pm) large-area germa-
nium detector to monitor the intensity of the solar
radiation. Radiation with wavelengths >7 pm is first
modulated by a chopper at 1.8 kHz and then super-
imposed with the LO beam using the aforementioned
25R/75T mixing plate.

The solar radiation transmitted through the
Earth’s atmosphere contains information about ab-
sorbing constituents. The heterodyne process down-
converts the spectral information from the mid-IR to
the radio-frequency (RF) domain. The AC output of
the photomixer provides the spectral information
while the DC output offers a means to monitor the
LO power. The RF signal is amplified by two 30 dB
amplifying stages and filtered by a 10-40 MHz band-
pass filter, which defines the instrument lineshape
(ILS) that results in a 60 MHz double-sideband
spectral resolution of the radiometer. The RF signal
power is detected by a zero-bias Schottky diode
(Herotek DX401), and its output is demodulated by
a lock-in amplifier (Ametek model 7265) at the chop-
per frequency (1.8 kHz).

In a small subset of measurements aiming to com-
pare the EC-QC-LHR with a high-resolution FTS
(IFS Bruker 125HR) with the same FOV (the same
spatial resolution), a 50/50 beam splitter was intro-
duced in the optical path of the solar radiation to
perform simultaneous measurements with both in-
struments. These measurements are discussed in
Section 5.

B. Data Acquisition and Processing

LabView software was developed to control the in-
strument and acquire data. The software performs
wavelength tuning of the EC-QCL and records five
data streams: the in-phase and quadrature compo-
nents of the lock-in demodulated heterodyne signal,
the DC signal of the photomixer for LO power track-
ing, the transmission spectrum of a germanium eta-
lon for frequency calibration, and the recorded solar
power. To ensure adjacent data points are uncorre-
lated, data points are acquired every 2.5 times the
lock-in time constant (z), which resulted in scan
times between 1 and 12 min, depending on the z cho-
sen. Postprocessing of the raw experimental data is
required to obtain the heterodyne transmission spec-
trum of the atmosphere as summarized in Fig. 1.

In the postprocessing, the lock-in reference phase
was numerically rotated to maximize the spectral
signal in the in-phase component. The in-phase
signal retained an offset due to residual thermal con-
trast, which was subtracted. Because the power of
the RF heterodyne signal is proportional to the LO
power and the solar power, both parameters were
monitored and used in the postprocessing. The tun-
ing of the QCL bias current (required for mode-hop-
free tuning) results in significant changes in the LO
power during a single spectral scan. This produces a
baseline variation that is factored out through power
normalization in postprocessing. Small solar power
variations were also corrected, but significant
changes (>10% of the average signal) in measured
solar intensities due to cloud cover were difficult to
correct for. If those large fluctuations were easily dis-
tinguishable from the spectroscopic features, the raw
spectra were truncated so that the effects of the large
solar power fluctuations were excluded. If large solar
power fluctuations occurred throughout the scan, the
data was discarded and not considered for further
analysis.

The scan frequency axis was calibrated using a
1 in. (254 mm) germanium etalon with a free
spectral range of 0.0492 cm~!. After mapping all
transmission peaks and valleys, an algorithm
determined a fifth-order polynomial equation for fre-
quency calibration. Although the laser was tuned
with a sinusoidal waveform, due to small tuning
nonlinearities a high-order polynomial was more
accurate in describing the wavelength tuning charac-
teristics than a simple sinusoid. The absolute fre-
quency was set using a single absorption feature
appearing within the spectra simulated for standard
mid-latitude atmospheric conditions at zenithal
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Fig. 1. (a) Raw signals acquired during a single spectral scan and
(b) flow diagram of data postprocessing. @ and I signal represent
the quadrature and in-phase lock-in signal, respectively.

elevations. Experimental measurements addition-
ally revealed a systematic ~1.1% discrepancy in
frequency calibration. By taking into account uncer-
tainties specified by the manufacturer for the etalon
length, laboratory temperature fluctuations (affect-
ing the etalon length through thermal expansion),
and optical dispersion, the free spectral range is
accurate to 16.4 MHz (or 0.00055 cm™1), which corre-
sponds to 1.14% in the relative frequency scale and is
on the order of the observed discrepancy. As a result,
to account for the systematic calibration errors, after
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the etalon calibration and baseline corrections steps,
a single stretch parameter was used to fine-tune the
frequency axis and match spectral line positions
obtained from the HITRAN 2008 database [30].
Because each spectral window contains more than
three absorption features, a linear regression yields
a strong fit.

3. Atmospheric Profile Retrieval Method

A. Optimal Estimation Method

Retrievals were performed using the optimal estima-
tion method (OEM), the principles of which were de-
scribed in detail by Rodgers [31], and the approach
applied to atmospheric heterodyne spectra was
described [2]. In summary, the inverse problem is
described in Ref. 2

y=F(x) +¢, 1

where y is the measurement vector (spectra produced
by the instrument), x is the state vector of parameters
to retrieve, and ¢ is the measurement error vector.
F is the physical model describing the instrumental
output by taking into account the atmospheric trans-
mission and the instrumental parameters. The atmo-
spheric transmission is calculated using the reference
forward model (RFM) [32], which simulates atmo-
spheric transmission based on experimental para-
meters, atmospheric conditions, and spectral line
parameters from the HITRAN 2008 database. The
RFM is fed with temperature and pressure profiles
obtained from the European Center for Medium-
Range Weather Forecasts (ECMWF) [33], which were
then interpolated from the latitude, longitude, and
time grids to match the exact location and time of
the measurements reported in this work. The model
of the instrument includes noise performance, gain,
and the ILS function. The parameters in the state vec-
tor (x) retrieved were the volume mixing ratios
(VMRs) at a preselected altitude grid and coefficients
of a second-order polynomial baseline used in the
model to account for heterodyne gain variation and
nonselective absorbers (e.g., aerosols) within the
spectral window. The natural logarithm of VMR
was taken to constrain the VMR to only positive
values as well as to allow for wide dynamic range.

To solve for x in Eq. (1), the OEM uses an iterative
Levenberg—-Marquardt approach to minimize the
cost, y2, which is a measure of the convergence of
the fit with the data and the a priori knowledge as
described in the following equation:

12 = -F@,))S:' (y - F(x,))"
+ (xa - xn)Sal(xa _xn)Tv (2)

where S, is the measurement covariance matrix, S,
is the a priori covariance matrix, x, is the a priori
parameter vector, and x, is the state vector at the
nth iteration. The a priori VMRs are taken from a



typical mid-latitude atmospheric profile compiled for
retrievals from the Michelson Interferometer for Pas-
sive Atmospheric Sounding (MIPAS) satellite [32]
data, interpolated at a preselected altitude grid.
The a priori baseline values for the offset and poly-
nomial coefficients are 1.5 and 0.5 times the maxi-
mum in-phase signal, respectively. The a priori
covariance matrix is a diagonal matrix set to 100%
error in a priori retrieval concentrations, 50% error
in baseline offset, and 1000% error in higher-order
baseline polynomial coefficients. The measurement
covariance matrix is also a diagonal matrix that is
set to match the ideal shot-noise limit of the instru-
ment scaled by the instrument degradation factor
(defined as the ratio of experimental detection limit
to the ideal shot-noise-limited case as described in
[28]). Typical degradation factors for this instrument
were within a range of 20 to 28. In the retrievals, the
best-case-scenario degradation factor of 20 is used. In
a well-conditioned retrieval, the cost divided by the
number of data points should be close to unity, and
the deviation from unity indicates an incorrect
estimation of instrument noise or errors in the
forward model.

B. Prior Analysis and Altitude Grid Definition

Before performing a complete analysis, single-
iteration retrieval for an ideal instrument was per-
formed for each molecule in every spectral window
to define the optimum altitude grid providing the lar-
gest amount of vertical information with the smallest
retrieval error. The optimum altitude grid for each
molecule within each narrow spectral window de-
pends on the spectral resolution of the instrument,
a priori values, the number of absorption lines, line
strengths, line broadening parameters, and spectral
interferences from other molecules. To determine the
optimal altitude grid, calculations based on the prior
analysis were first performed with an unrealistically
dense altitude grid covering 0 to 36 km in 1 km steps.
Analysis of the resulting averaging kernels (AKs)
provides information about the retrieval: the width
of the AK gives the vertical resolution of the instru-
ment at the corresponding altitude, and the area
under the AK (equivalently, the sum of the AK values
over a given row) is proportional to the information
retrieved from the measurement rather than a
priori. Figure 2(a) presents the AKs for an ozone
spectrum between 1129.90 and 1130.30 cm™! calcu-
lated for the altitude grid with 1 km spacing. The
AKs appear much broader than the simulated 1 km
resolution of the input altitude grid, indicating that
much of the retrieved information is redundant.
Figure 3 shows the simulated spectrum, weighting
function, and gain matrix of these dense grid calcu-
lations. The weighting function describes the sensi-
tivity of the forward model to the state vector and
demonstrates that, for the ozone absorption lines,
sensitivity is greatest at the wings (within a narrow
range from the line center) at stratospheric altitudes
between ~12 and ~32 km, which is consistent with
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Fig. 2. (Color online) Prior analysis data used for optimization of
the altitude grid. AKs for the retrieval of ozone between 1129.90
and 1130.30 cm™ resulting from (a) 0-36 km altitude grid with
1 km spacing, (b) an optimized seven-level altitude grid. The black
dotted lines indicate the sum of the AK elements at each altitude
(top axis), and in (b) the number labels indicate the altitude asso-
ciated with each AK peak, and (c) shows a comparison of percen-
tage retrieval errors estimated for the two altitudinal grids.

the highest concentrations of ozone expected at high
altitudes. The gain matrix shows the sensitivity of
the retrieved concentrations to the measure-
ment vector, and Fig. 3(c) demonstrates that the
measurement vector contributes the most informa-
tion within a relatively narrow range in the wings
of the absorption lines and at altitudes above about
12 km, which agrees well with the weighting
function. Both the weighting function and the gain
matrix show that the spectral line at 1130.11 cm™!
provides the most information at the highest
altitudes. This is expected because the other two
lines in the spectrum are more intense and nearly
saturated, hence reducing sensitivity at the line
center to the Doppler-limited measurement at high
altitudes.

The optimized vertical resolution was selected
based on the Rayleigh criterion for AK width and
minimizing cross correlation between retrieved para-
meters. To maximize the amount of information re-
trieved from the measurement, an additional
criterion was set: the area under the AKs must be
within 15% of unity for each element of the state vec-
tor. Within these criteria, Fig. 2(b) shows the AKs cal-
culated for the new optimized altitude grid chosen for
ozone profiling. With this optimized altitude grid, the
sum of the AKs meets the criteria, indicating that the
information retrieved is relevant to the correct ele-
ment of the state vector and provides high confidence
in the retrieved values. This is further represented
by Fig. 2(c), which shows how the optimization of
the altitude grid reduces the retrieval error by ap-
proximately half. The optimized altitude grids for
the five target molecules have been obtained with
a similar prior analysis process. The chosen altitude
grid as well as frequencies, line strengths, and ab-
sorption bands of the most significant spectral fea-
tures in each of the four spectral windows
investigated in this work are given in Table 1.
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(Color online) Prior analysis data for ozone in the spectral window between 1129.90 and 1130.30 cm™! on a 1 km spaced grid

covering 0 to 36 km: (a) is the simulated spectra, (b) is the weighting function, and (c) is the gain matrix. The color bar in (b) gives
the values of the weighting function in units of ppmv~! and in (c) gives the gain matrix values in units of ppmv with different colors
indicating positive or negative gain. The oscillations in (c) are related to competing contributions of spectral channels with altitude caused

by pressure and temperature atmospheric profiles.

4. Retrievals of Atmospheric Vertical Profiles

Retrieval results for each molecule obtained from
spectral fitting performed in each optimized spectral
window listed in Table 1 are presented in this
section.

A. Ozone

The spectral window 1 chosen for ozone retrieval cov-
ers frequencies between 1129.90 and 1130.33 cm™.
This spectral range includes three strong ozone
absorption lines. Figure 4 shows the recorded hetero-
dyne transmission spectrum, which has been fre-
quency calibrated and processed as described in
Section 2.B. The overlaid solid red line in the figure
is the result of fitting to the experimental spectrum
using the OEM retrieval algorithm described in
Section 3 with the altitude grid defined in Table 1.
The residuals plotted in Fig. 4 are randomly distrib-
uted and indicate a high-quality fit. The top plot of
Fig. 4 shows RFM simulation of a standard atmo-
spheric transmission for the purpose of molecular
line identification. In spectral window 1 there is a
broad water line that also contributes to the total ab-
sorption; therefore, the quality of the OEM fit was
significantly improved when the concentration pro-
file of water vapor was retrieved together with the
ozone profile. The water vapor profile was retrieved
on a two-point altitude grid of 1 and 3 km, as guided
by prior analysis calculations.

Figure 5(a) shows the retrieved concentration pro-
file of ozone overlaid with the ozone profile derived
from ECMWF operational analysis interpolated in
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time and space to match the measurement timing
and location [33]. The retrieved profile is in reason-
ably good agreement with the ECMWF profile at
altitudes between 7 and 29 km, but at altitudes of 1
and 34 km the agreement is poor. The quality of this
retrieval was carefully investigated by examining
the resulting AKs shown in Fig. 5(b) and the retrieval
error covariance. The AKs indicate that the
retrieval is sensitive at levels between 14 and 29 km,
but strongly reduced sensitivity is observed for Os at
1, 7, and 34 km. The retrieval shows almost no sen-
sitivity at 1 km, where the area of the AK is close to
zero, and the retrieval at 34 km is heavily cross
correlated with the retrieval at 29 km (<29%). The
reduction in the quality of the AKs coincides with
the altitudes at which the retrieved profile is
strongly inconsistent with the ECMWF profile.
Additionally, the total column density of ozone ob-
tained by integration of the vertical profile is 324
Dobson Unit (DU), which is 9.5% lower than the total
column density of ozone obtained from ECMWF of
358 DU.

As discussed earlier, the profile of water is also re-
trieved at 1 and 3 km, and the concentrations re-
turned are 6623 and 1411 ppmv, respectively. The
AKs that correspond to the retrieval of the water
vapor profile indicate little cross correlation with
ozone and with the retrieved baseline parameters.
The AKs suggest that reliable information can be re-
trieved about the water concentration at 1 km and
less reliable information is retrieved at 3 km; the re-
trieval errors of the water profile are 31% at 1 km



Table 1. Main Target Absorption Lines within the Four Spectral Windows Selected for Atmospheric Profiling?
Molecule  Frequency (cm™')  Intensity (cm~'/molec-cm™2)  Band Altitude Grid (km) 7 (ms)  Acquisition Time (s)
Spectral window 1: 19 January 2011, 10:16
160, 1129.92 9.59E - 22 vy 1,7, 14, 19, 24, 29, 34 200 190
1130.11 1.62E - 22 vy
1130.14 1.06E - 21 I
H,'80 1129.87 3.92E - 25 vy 1,3
Spectral window 2: 19 January 2011, 10:18
14N, 100 1161.48 3.95E - 21 2u, 1, 8,15, 21 100 91
CCLF,’ 1161.07 1.04E-19 Vg 1,8
160, 1160.90 2.13E - 22 v 2, 14, 26, 36
1161.01 9.52E - 23 2
1161.27 3.06E - 22 2
1161.29 3.18E - 22 2
Spectral window 3: 18 January 2011, 10:36
H,%0 1193.49 7.30E - 27 129 0.5, 4 200 181
14N, 160 1194.04 3.13E-21 2v9 1,9, 15, 22
Spectral window 4: 28 January 2011, 13:17
2CH, 1216.20 3.32E-21 V4 1,8,19 100 109
1216.24 2.08E - 22 V4
1216.33 1.10E - 22 I
1216.63 1.11E-21 vy
H,%0 1216.19 3.70E - 25 vy 0.5, 3.5

“Molecules shown in bold are the main targets in each spectral window selected to retrieve vertical profiles (molecules not shown in bold
were still incorporated into the model to improve the quality of retrieval).

*The @-branch of CF, stretch of CCl,Fy has many congested lines that formed one broadband absorption feature, and the table lists the
strongest line and its center frequency. For more detailed information, please refer to Refs. [34,35].

and 88% at 3 km. These errors are reduced by ana-
lyzing a distinct water line, which will be discussed
in Section 4.E.

To reduce the ozone retrieval errors, the retrieval
error covariance is further studied. The retrieval
errors are characterized by the measurement noise
covariance, which results from random noise
inherent to the measurements, and the smoothing
error covariance, which describes the retrieval errors
due to the finite vertical resolution of the observing
system. The diagonal elements of these two covar-
iance matrices and the sum (total error) are plotted
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Fig. 4. (Color online) Spectral window 1. The top plot is an RFM
simulation of the transmission spectrum for standard atmospheric
conditions; the center plot is the experimental spectrum (black
dots) with the OEM fit overlaid in red; and the bottom plot shows
the residual differences between the OEM fit and the data. The
gray box in the center plot indicates the truncated spectral range
used for O3 retrieval.

in Fig. 5(a). At all altitudes the smoothing error is the
dominant term, and the increase in smoothing error
at 1, 7, and 34 km is primarily responsible for the
increase in the total error at these altitudes, reflect-
ing nonideal AKs.

The retrieval errors shown in Fig. 5 are much lar-
ger than those from the prior analysis presented in
Fig. 2. This is largely a result of an experimental
measurement error that is two times larger than
the measurement error assumed in the prior
analysis simulations. The impact of the LO power
variation on the retrieval analysis was also investi-
gated. An OEM retrieval analysis was performed on
an experimental spectrum that had not been cor-
rected for LO power variation. In this retrieval the
a priori baseline parameters are set equal to the coef-
ficients of a second-order polynomial fit to the
recorded LO power, and the a priori covariance is
set to be diagonal with the variance in the zeroth-,
first-, and second-order coefficients corresponding
to 50%, 100%, and 100% uncertainty, respectively.
The ozone profiles retrieved were the same (within
the retrieval errors) as those retrieved from the
LO power-corrected data, which confirms that no
bias is introduced by this baseline correction method.

To minimize random noise in the retrieval errors,
the gain matrix in Fig. 3(c) was further studied.
The gain matrix indicates that the ozone line at
1129.92 cm™! has high gain levels at high altitudes,
which also represents high sensitivity to noise.
Therefore this gain level must be balanced between
the noise sensitivity and the sensitivity to informa-
tion that can be retrieved based on the weighting
function shown in Fig. 3(b). The weighting function
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the right plots.

clearly shows that the two ozone lines at 1130.11 and
1130.14 cm™! are the most sensitive features to re-
trieve the information at high altitudes. Thus, in or-
der to minimize retrieval noise, spectral window 1
has been truncated to the 1129.99 to 1130.29 cm™!
range. The retrieval performed for this spectral
range is shown in Fig. 5(c). Compared to the full spec-
tral range, the random measurement noise at 34 km
obtained with the truncated window is reduced sig-
nificantly from 22% to 8.8%. The smoothing error
also decreases because the AK for 34 km, shown in
Fig. 5(d), has a peak value closer to unity and is
no longer heavily cross correlated with the retrieval
at 29 km. Therefore, the total retrieval error at 34 km
is reduced by almost half. As a result, the ozone con-
centration at 34 km shows better agreement with the
ECMWF-generated profile at this altitude. The re-
trieval errors at 1 and 7 km have also improved: the
AK peak value at 7 km increases by 40% compared to
the peak value calculated for the full spectral win-
dow. The retrieved concentration at 1 km also agrees
better with the ECMWF profile with the total error
reduced from ~100% to ~85%. However, the low AK
values and high smoothing error at 1 km still
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indicate that the retrieval at this low altitude is
not well conditioned. This is consistent with the
weighting function matrix that indicates signifi-
cantly lower sensitivity at low altitudes. Because this
truncated window includes less broadband informa-
tion, the water and baseline AKs indicate more cross
correlation between these retrieved values as ex-
pected. Nevertheless, AKs indicate no cross correla-
tion between the water/baseline parameters and the
ozone parameters. Therefore, the ozone retrievals
can still be taken in good confidence above 1 km,
and the retrieved concentrations above 1 km do
not differ from the ECMWF profile by more than
the calculated error bars. The total column density
of ozone 0f 338 DU derived from the retrieved vertical
profile is larger than the total column density de-
rived from the full spectral window and shows an im-
proved agreement to within 5.5% of ECMWF data.

B. Dichlorodifluoromethane

The @ branch of the vg absorption band of CFC-12
corresponding to the CFy asymmetric stretch is ob-
served at ~1161.0 cm™'. It is a broadband absorption
feature composed of many unresolved rovibrational
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lines. Figure 6 shows an experimental spectrum re-
corded within a spectral window between 1160.68
and 1161.57 cm™!, which in addition to the CFC-12
absorption also contains features attributed to Os,
N0, and H50O. Because the CFC-12 feature is broad-
band, prior analysis shows that the vertical informa-
tion is limited to the lower troposphere and yields
only a two-point optimized vertical grid with 1 and
8 km altitude points. The optimized altitude grids
for NyO and O3 in the same spectral range contain
four altitude points with 1, 8, 15, and 21 km for
N3O (to be discussed in the next section) and 2,
14, 26, and 36 km for Os;. No advantage was found
in retrieving a broadband water vapor profile in this
spectral window, which was found to be strongly cor-
related to the baseline coefficients.

Retrieval of the vertical profiles of these molecules
was carried out as described in Section 3. The OEM
fit and the experimental data are presented in Fig. 6.
The residuals around sharp spectral features of Og
and N, O in Fig. 6 show no evidence of frequency mis-
match between the experimental and modeled spec-
tra, lending confidence to the frequency calibration
process. However, a systematic error in the fit that
is larger than the system’s random noise floor is ob-
served between ~1160.8 and 1161.1 cm™!, coinciding
with the location of the broad CFC-12 absorption fea-
ture. This systematic error is common to all retrie-
vals within this frequency range and is indicative
of errors in the model, most likely arising from uncer-
tainties in the absorption cross sections obtained
from the HITRAN database [30]. The HITRAN

cross section is provided with a frequency resolution
>0.01 cm™! for a coarse grid of temperatures and
pressures. The low resolution of the database spec-
trum is expected to impact the accuracy of the atmo-
spheric lineshape calculation, which reveals itself as

mismatch between the modeled spectrum and the
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Fig. 7. (Color online) AK values for spectral window 2.

experimental spectrum collected with a higher spec-
tral resolution of 0.002 cm™!.

The AKs from the OEM fit to data in spectral win-
dow 2 are presented in Fig. 7. The peak values of AKs
associated with the retrieval of the CFC-12 profile
are close to one and are in good agreement with
the expectations of the prior analysis calculations,
lending confidence to the retrieved profiles. Concen-
trations of 500 + 56 and 440 + 42 pptv at altitudes of
1 and 8 km, respectively, are retrieved from the spec-
trum. Profiles of CFC-12 obtained in January 2007
from the Atmospheric Chemistry Experiment FTS
[18] of the same absorption band at ~1161.0 cm™!
provided a CFC-12 concentration of approximately
500 to 560 pptv between 5 and 10 km. The retrievals
from the EC-QC-LHR are in reasonably good agree-
ment with this range of concentration levels.

C. Nitrous Oxide

Nitrous oxide was retrieved on an optimized grid of 1,
8, 15, and 21 km from a single absorption feature at
1161.48 cm™! in spectral window 2 (Fig. 6). AK ana-
lysis (Fig. 7) indicates that there is little cross corre-
lation between the retrieved NoO parameters and
other retrieved parameters, giving confidence to the
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Fig. 8. (Color online) N,O vertical profile retrieved from the sin-

gle absorption line appearing in spectral window 2 (left) and the
corresponding AK values (right).
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validity of the retrieved profile presented in Fig. 8.
The retrieved vertical profile shows a uniform con-
centration of around 300 ppbv in the troposphere
from 1 to 15 km, with the concentration then drop-
ping to approximately 100 ppbv at an altitude of
21 km. N5 O is well mixed in the troposphere, and our
retrieved profile is consistent with profiles recorded
by Fogal et al. with a high-resolution FTS instrument
during the middle atmosphere nitrogen trend
assessment (MANTRA) campaign over Vanscoy,
Canada, in 1998 [36] and with measurements from
ground-based FTS (MkIV), balloon sondes (MIPAS-
B), and satellite sounder (ILAS-II) over Kiruna,
Sweden, in 2003 [37]. In both measurement cam-
paigns concentrations of 250 to 300 ppbv of N,O at
altitudes between ~10 and 15 km with a steady drop
down to ~100 ppbv at ~25 km were measured. These
measurements did not extend below 10 km, but
ground-level observations at the Mace Head station
in Northern Ireland recorded concentrations of
nitrous oxide of 323 ppbv [38], which is within the re-
trieval errors estimated at 1 km altitude for the
instrument discussed here.

D. Methane

Figure 9 presents the spectrum recorded between
1216.11 and 1216.76 cm™!, which contains three
CH, absorption lines. In addition to CH,, there is
also water vapor absorption, which contributes as
a broadband feature throughout the spectral window
with a weak absorption line that spectrally coincides
with the CH, line at 1216.19 cm™!. Retrievals of both
methane and water vapor profiles have been per-
formed, and the OEM fit to the experimental spec-
trum is shown in Fig. 9. Initially a full spectral
range was used to perform retrieval, but inspection
of the residuals to the OEM fit shows that the
lineshapes for lines centered at 1216.19 and
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Fig. 9. (Color online) Spectral window 4. The top plot is an RFM
simulation of the transmission spectrum for standard atmospheric
conditions; the center plot is the experimental spectrum with the
OEM fit overlaid; and the bottom plot shows the residual differ-
ences between the OEM fit and the data. The OEM fit is performed
using a full range of spectral window 4. An improved retrieval is
obtained for a reduced spectral range containing the single CH,
line at 1216.6 cm™, as described in the text.
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1216.24 cm™! are not well reproduced by the model.
This is attributed to the following: (1) the water
absorption line that spectrally overlaps with the
methane line at 1216.19 cm™! can obscure informa-
tion pertaining to the CH, retrieval, and (2) the
HITRAN air-broadening coefficient for the weak
CH, line located at 1216.24 cm™! is not well defined
(noted as an average or estimation in the database
[30]). Therefore similar to the ozone case
(Section 4.A), this methane retrieval is repeated
using a single methane line within a range of
1216.49 to 1216.75 cm™! to mitigate the influences
from model error and HyO contribution. In this spec-
tral range, the H,O profile is not retrieved and is in-
stead set equal to the vertical profile of water
obtained from the ECMWF. The resulting profile of
CH, and the corresponding AKs are presented in
Fig. 10. The CH, AK peak values are close to one
and show negligible correlation to baseline para-
meters (cross-correlation variance terms are <1%),
which suggests that the information retrieved is de-
rived from the measurement and not from the a
priori values. Satellite (GOSAT) and ground-based
FTS measurements (Total Carbon Column Obser-
ving Network [TCCON]) [39] along with airplane
campaigns (HIPPO) [24] have demonstrated that
methane concentrations of ~1.8 ppmv are evenly dis-
tributed in the troposphere, and at higher altitudes,
MANTRA [36] shows that methane slightly de-
creases from ~1.7 ppm at 12 km to ~1.35 ppm at
20 km. Therefore, the retrieved concentrations from
the EC-QC-LHR measurements are in good agree-
ment with other observations.

E. Water

Water vapor absorption has been shown to contribute
to all of the spectral windows of the EC-QC-LHR
measurements presented so far. However, these
H,0 features are broadband and often are strongly
overlapped with absorption lines of other molecules.
Therefore it is expected that only limited information
about the water vertical profiles can be retrieved by
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Fig. 10. (Color online) Methane vertical profile (left) retrieved
from a truncated spectral range (1216.49-1216.75 cm™!) contain-
ing a single isolated CH, line and AKs corresponding to the OEM
fit (right).
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EC-QC-LHR. To minimize retrieval error, the target
water absorption feature should be an unsaturated,
distinct, and narrow line rather than a broadband
feature. For this reason, a water line centered at
1193.49 cm™! that shows minimum spectral interfer-
ence from other molecules was selected for further
investigation. The upper section of Fig. 11 shows
a spectrum simulated between 1193.39 and
1194.22 cm™! that contains the target water vapor
absorption line, an NyO absorption line centered at
1194.04 cm™!, and several weak O absorption lines.
The concentration profile of HyO is retrieved on an
optimized two-point altitude grid of 0.5 and 4 km,
and the profile of NoO concentration is retrieved
on a grid of 1, 9, 15, and 22 km. The spectrum of
ozone was generated using the fixed concentration
profile obtained from ECMWF because no advantage
was found in retrieving the profile. The OEM fit
along with the residuals are shown in Fig. 11. The
residuals are generally less than 5% of the maximum
signal intensity. Because frequency calibration was
performed using very weak O3 absorption features
available within the spectral scan, the accuracy of
the calibration was reduced and slightly larger errors
can be observed in the vicinity of narrow O3 and N,O
lines. This however has negligible effect on the qual-
ity of the retrieval focused on the broadband H,O
feature.

The retrieved values for water vapor at 0.5 and
4 km are 3314 + 247 and 81 + 20 ppmv, respectively.
Compared with the water profile retrieved from spec-
tral window 1, there is no improvement in altitude
grid, but the total retrieval error is significantly
smaller in the case of spectral window 3. The concen-
tration levels from the ECMWF-generated profile in-
terpolated on the experimental altitude grid and
vertical resolution provide comparable concentration
levels of 3394 ppmv for the lower layer (within 0 to
2.5 km altitude defined by AKs), and 50 ppmv for the
remaining layer (within 2.5 to 20 km altitude range).
AK values at both 0.5 and 4 km altitude points are

close to one and show little correlation (<2%)
between the two altitudes, which indicates that
the retrieved concentrations at the two altitudes
can be attributed to the correct layer.

5. Comparison with FTS

To validate the EC-QC-LHR measurements and com-
pare them to an instrument that is a well-established
standard in radiometric sounding of atmospheric
constituents [40], we performed a cross-validation
measurement campaign with a Bruker IFS 125HR
FTS. The FTS is capable of up to 0.0017 cm™!
(50 MHz) spectral resolution and has a physical
footprint of 4 m x 2 m, which is approximately 12.5
times larger than the 0.8 m x 0.8 m footprint of
EC-QC-LHR. With a KBr beam splitter and a
liquid-nitrogen-cooled mercury cadmium telluride
detector, the 3 dB optical frequency range of the
FTS is 800 to 4000 cm™!. The FTS shared the same
FOV as the EC-QC-LHR (ensuring the same spatial
resolution of the atmospheric observations), but only
50% of the solar intensity was directed toward the
FTS instrument due to the insertion of a 50 : 50 beam
splitter into the path of the solar radiation. A quali-
tative comparison of the FTS and the EC-QC-LHR
spectra recorded with the same ultrahigh spectral re-
solution of 60 MHz (0.002 cm™!) and the same coher-
ent FOV was reported in [28]. It demonstrated that
although the FTS spectrum was an average of 10
scans acquired over 2 h, the SNR was insufficient
to observe all but the strongest absorption features
(the SNR approximated for the strongest lines was
as little as ~2.5). Therefore, the 60 MHz FTS data
was deemed a poor prospect for retrieving atmo-
spheric profiles, and no further analysis was carried
out with these FTS spectra. In contrast, the EC-QC-
LHR spectra acquired in 2 to 3 min had typical SNRs
of 30 to 80, which is sufficient to observe multiple
absorption features and could be used for atmo-
spheric profiling, as shown in Section 4. FTS spectra
with sufficient SNR to resolve absorption features
were collected at a lower spectral resolution of
600 MHz (0.02 cm™) and with a larger aperture
(2 mm). The measurements were collected on the
17 December 2010 and were an average of 60 scans
acquired over 72 min. The SNR of the averaged spec-
trum was ~15 times higher than the SNR of FTS
spectra recorded at 60 MHz resolution and therefore
provides a good prospect for the retrieval of molecu-
lar profiles.

A side-by-side analysis of quality of the retrievals
obtained from FTS and EC-QC-LHR measurements
is beyond the scope of this manuscript and will be the
subject of an independent publication. Nevertheless,
to confirm the relevance of the EC-QC-LHR mea-
surements, retrieval has been performed using a
100 cm™! spectral window (1120-1220 cm™!) of FTS
data, which coincides with the frequency range of the
EC-QCL. The altitudinal grids are the same for both
instruments to allow straightforward comparison
and are set equal to the grids in bold in Table 1. Prior
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analysis of the FTS data indicate that the number of
altitude points in the optimized altitudinal grids for
the FTS retrievals are rather similar to those of the
EC-QC-LHR: two fewer points for O, one additional
point for NoO and H,O, and identical number of
points for CH, and CFC-12. Over- or undersampling
the altitude grid is reflected into the amount of re-
trieval smoothing noise and is therefore accounted
for in this analysis. The same OEM algorithm with
the Fourier transform of a medium Beer—Norton
function as the ILS is used to retrieve vertical pro-
files from the FTS data [41].

The FTS retrieval results are shown in Fig. 12,
plotted together with the EC-QC-LHR vertical pro-
files presented in Section 4. The profiles measured
by both instruments show excellent agreement with
the exception of the ozone data at ground level. At
lower altitudes (<12 km), retrieval errors are gener-
ally smaller for the FTS than for the EC-QC-LHR
(except for broadband CFC-12 and to a lesser extent
for CH,). At higher altitudes, the EC-QC-LHR mea-
surements exhibit smaller errors owing to a higher
spectral resolution. Considering that the FTS analy-
sis is made over a frequency range of ~100 cm™! with
an acquisition time of ~1 h whereas EC-QC-LHR
data are obtained from a single absorption line or
doublet lying in a <1 cm™! spectral span acquired
in few minutes, the relevance of high temporal
and spectral resolution EC-QC-LHR for atmospheric
sounding is well illustrated by this retrieval
comparison.
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6. Conclusion

Following a solar occultation atmospheric measure-
ment campaign in the United Kingdom during
winter 2010/2011, high-resolution (60 MHz) spectra
obtained from an EC-QC-LHR covering 118 cm™!
were analyzed to retrieve atmospheric profiles of five
atmospherically important molecules. The use of
EC-QCL as the LO offers a larger frequency range
compared with other single-frequency laser sources,
and simultaneous atmospheric observations of
multiple species was successfully established.
Using the OEM, vertical profiles of ozone, nitrous
oxide, methane, CFC-12, and water vapor have
been retrieved from ~1 cm~! wide high-resolution
(0.002 cm™1) spectra that could be acquired anywhere
within the available 118 cm™! operational range of
the instrument. The retrieved profiles are in good
agreement with data from ECMWF (ozone and
water), with measurements published in the litera-
ture (nitrous oxide, methane, and CFC-12), and with
results obtained from spectra recorded by a high-
resolution FTS during the same measurement cam-
paign. The results demonstrate that QCL-based
LHRis capable of performing thermal infrared sound-
ing at sub-Doppler resolution, yielding robust retrie-
val of vertical profile information even from relatively
narrow spectral scans covering sometimes only a sin-
gle absorption line. Additionally the EC-QC-LHR
temporal resolution for atmospheric profiling is de-
monstrated to be as high as few minutes, which is sig-
nificantly better than what is achievable with FTS



under the same condition of high spectral and spatial
resolutions. A brief comparison between the EC-QC-
LHR and a high-resolution FTS was presented to
validate the measured profiles from independent
high-resolution spectrometer data. It demonstrates
good agreement between the retrieved profiles and
confirms that EC-QC-LHR technology has great
potential for providing reliable atmospheric sounding
by a compact instrument with high spatial and
temporal resolution capabilities. Yet a thorough com-
parison between the two instruments that fully ex-
ploits the ultrabroadband spectral coverage of the
FTS is still ongoing and will be the subject of a future
publication.

Although, due to current equipment limitations,
this measurement campaign did not include any
EC-QC-LHR spectral measurements taken over the
entire available EC-QCL frequency range, it is pos-
sible to do so and to further improve the quality of the
EC-QC-LHR retrieval. With an active wavelength-
control technology developed recently for EC-QCLs
[42], the LO wavelength can be step tuned over
the entire EC-QCL frequency range while preserving
the laser linewidth-limited high-spectral-resolution
demonstrated with the mode-hop-free scan used in
this work. Capabilities of this technology are very
promising and will be explored in the future.

With work currently ongoing toward integration
and miniaturization of QCL-based LHR, we foresee
the advent of a thermal infrared sounder with high
spectral resolution for high-vertical-resolution profil-
ing in the nadir or zenith sounding modes. The high
geographical resolution set by the coherent FOV (or a
high vertical resolution in the limb sounding mode)
and high temporal resolution on the order of minutes
in a small and lightweight package is without prece-
dent. A miniature QC-LHR would allow various
options for deployment: on the ground in the form of
a dense observation network of autonomous stations,
on unmanned aerial vehicles for limb observations of
the upper troposphere and lower stratosphere, or
on forthcoming high-altitude platforms [43].
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