Introduction

Retrieval of atmospheric ozone profiles from an infrared
quantum cascade laser heterodyne radiometer: results

and analysis

Damien Weidmann,* William J. Reburn, and Kevin M. Smith

Space Science and Technology Department, STFC Rutherford Appleton Laboratory, Didcot, Oxfordshire, OX11 0QX, UK

*Corresponding author: d.weidmann@rl.ac.uk

Received 14 June 2007; revised 21 August 2007; accepted 22 August 2007;
posted 22 August 2007 (Doc. ID 84152); published 4 October 2007

Following the recent development of a ground-based prototype quantum cascade laser heterodyne radi-
ometer operating in the midinfrared, atmospheric ozone profile retrievals from a solar occultation
measurement campaign performed at the Rutherford Appleton Laboratory on 21 September 2006
are presented. Retrieval is based on the optimal estimation method. High resolution (0.0073 cm™)
atmospheric spectra recorded by the laser heterodyne radiometer and covering a microwindow
(1033.8-1034.5 cm ™) optimized for atmospheric ozone measurements were used as measurement vec-
tors. As part of the evaluation of this novel instrument, a comprehensive analysis of the retrievals is
presented, demonstrating the high potential of quantum cascade laser heterodyne radiometry for atmo-
spheric sounding. Vertical resolutions of 2 km near the ground and about 3 km in the stratosphere were
obtained. The information content of the retrieval was found to be up to 48 bits, which is much higher
than any other passive ground-based instrument. Frequency mismatches of several absorption peaks
between the forward model and experimental spectra have been observed and significantly contribute to
the retrieval noise error in the upper-troposphere lower-stratosphere region. Retrieved ozone vertical
profiles were compared to ozonesonde data recorded at similar latitudes. The agreement is generally
excellent except for the 20 to 25 km peak in ozone concentration, where ozonesonde data were found to
be 20% lower than the amount retrieved from the laser heterodyne radiometer spectra. Quantum cascade
laser based heterodyne radiometry in the midinfrared has been demonstrated to provide high spectral
resolution and unprecedented vertical resolution for a passive sounder in a highly compact and mechan-
ically simple package. © 2007 Optical Society of America
OCIS codes: 010.4950, 120.5630, 040.2840, 040.3060, 120.0280.

A ground-based quantum cascade laser heterodyne
radiometer (LHR) operating in the midinfrared and
dedicated to sounding atmospheric ozone has re-
cently been developed and deployed during a solar
occultation measurement campaign [1]. The main
specifications of the instrument are given in Table 1.
A quantum cascade laser (QCL) was used as the local
oscillator of the LHR. QCLs fit the specifications re-
quired for this component that is critical in any het-
erodyne system: several milliwatts of optical power,
spectral purity in the kHz to MHz range, and single
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mode operation. They also have the advantage of
continuous frequency tuning over a specific spectral
window (spanning approximately 1% of the central
frequency). This particular feature of QCLs is used
here to record atmospheric transmission spectra
without radio frequency analysis. In addition, QCLs
are extremely compact, robust, and reliable devices,
all of which make QCL-based sensing instruments
ideal for deployment in the field.

During this study, ozone was chosen as the target
species. Ozone is present in both the stratosphere
(accounting for 90% of the ozone total column) and in
the troposphere (10% of the total column). The natu-
rally occurring stratospheric component plays the im-
portant role of protecting the biosphere from UVB
radiation. Ozone is highly reactive, plays an impor-



Table 1. Specifications of the Laser Heterodyne Radiometer

Parameter Capability During Measurements
Frequency 1025-1037 cm ! 1032.3-1034.5 cm !
coverage
Resolution <10 MHz-6 GHz 220 MHz double
double sideband sideband
Field of Dependent on 0.25 mrad (50 mm
view collection mirror diameter mirror)
diameter
Viewing To be investigated Solar occultation
modes

tant role in the Earth’s radiation balance, and par-
ticipates in stratospheric photochemistry. Human
activities, and the chemical emissions associated
with them, have depleted stratospheric ozone and
increased concentrations in the troposphere. The well
known Antarctic stratospheric “ozone hole” was, and
still is, caused by previous emissions of chlorofluo-
rocarbon and hydrochlorofluorocarbon molecules;
volatile organic compounds and nitric oxides (NO,)
produced by combustion are responsible for increased
tropospheric ozone concentrations. In urban areas,
episodes of high ozone concentration are increasingly
frequent during hot and sunny days. In the boundary
layer, photochemically produced ozone is a polluting
oxidant with major implications for human health
starting at mixing ratios below 0.2 ppmv [2]. Moni-
toring of tropospheric ozone with a high latitudinal,
longitudinal, and vertical resolution is required for
the development of models for improved air quality
forecasting with a resolution down to the urban area
scale.

Optical heterodyne spectroradiometry has success-
fully been used to measure stratospheric ozone from
the ground using either a CO, laser or lead salt la-
sers as local oscillators [3—6]. As QCLs have become
matured infrared sources, we developed a ground-
based prototype LHR to evaluate the performance of
QCL-based optical heterodyne radiometry for remote
sensing, with the long term prospect of satellite de-
ployment. In the meantime, aircraft and high alti-
tude platforms are potential candidates for LHR field
deployment. Current high-resolution IR radiometers
are based on Fourier transform spectrometers. These
instruments require large optical path differences to
achieve high spectral resolution, and hence large
physical size and mass. Current operational satellite
instruments of this kind include the Tropospheric
Emission Sounder (TES, 0.015 cm ™! resolution in
limb sounding mode) and the Michelson Interferom-
eter for Passive Atmospheric Sounding (MIPAS,
0.035 cm * resolution in limb sounding mode). These
types of instrument require high accuracy mechani-
cal motions, which are not desirable on a satellite
platform. More generally, current space-borne ozone
monitoring instruments struggle with providing tro-
pospheric sensitivity [7-9]. A full and detailed dis-
cussion on the accuracy and precision of current
ozone profile measurements from satellite instru-

ments can be found in Ref. [10]. By comparison, LHRs
could bring the cumulative benefits of high spatial
resolution (particularly relevant to anthropogenic
emission and urban area monitoring and for in-
creased vertical resolution in limb sounding mode),
ultrahigh spectral resolution down to and even below
0.001 cm ', and high sensitivity (shot-noise limited
operation). From space the high spectral resolution
of the LHR would allow improved resolution of the
stratospheric ozone contribution that normally screens
ozone in the troposphere, and the intrinsically small
field of view would increase the proportion of useful
data obtained from partially cloudy scenes.

As far as ground based instruments are concerned,
passive remote sensing of atmospheric ozone is cur-
rently undertaken using Fourier transform spec-
trometers [11,12] or UV spectrometers [13,14]. Lidars
[15] are also available, but as active sensing instru-
ments they will not be considered in this work. Most
existing ground-based passive instruments do not
provide enough vertical resolution and merely mea-
sure total column abundances.

Recent work on retrieving atmospheric ozone pro-
files from a ground-based LHR has been reported by
Fast et al. [16] with an emphasis on the stratospheric
component. Ozone abundance in the Martian at-
mosphere has also been measured by an LHR [17],
benefiting from the high sensitivity and the high res-
olution achievable by infrared laser heterodyne radi-
ometry. In both of these studies, the remote sensing
instrument was a LHR based on a CO, laser and
utilized filter banks for radio frequency (RF) analysis.

This paper presents an analysis of atmospheric
ozone profile measurements retrieved from the data
recorded with a QCL-based LHR operating in the
swept local oscillator frequency mode. Measurements
were made from the Rutherford Appleton Laboratory
site (Oxfordshire, UK) on 21 September 2006. A full
instrument description and details about the mea-
surements have been reported in Ref. [1]. Vertical
profiles of atmospheric ozone were retrieved from the
measurements using the optimal estimation method
(OEM). The first section of this paper provides a brief
description of the OEM retrieval method. The second
part presents ozone profiles retrieved from the LHR
measurements including error and information con-
tent analysis.

2. Retrieval Method

Retrievals were performed using the OEM approach.
The problem was further constrained by using clima-
tological ozone a priori data. This approach strictly
follows the method described by C. Rodgers [18]. The
forward model F is described by

y=F(x)+e. (D

The state vector x contains the vertical profile of
atmospheric ozone (the only information to be re-
trieved here), which was expressed in the logarithm
of volume mixing ratios (vmr). Using the logarithm
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Table 2. Summary of the Parameters Used in the Retrieval Algorithm

Measurement A Priori Covariance Measurement
State Vector x Vector y Matrix S, Covariance Matrix S, Forward Model ILS
O, profile Atmospheric Diagonal, equal to 1  Diagonal, based on a RFM including O;,  Obtained from RF
(log of vmr) transmission except for the shot noise limited H,0, CO,, NH,, filter characteristics;
recorded by stratospheric instrument with a N,O, CH,, see Fig. 1
the LHR peak values, degradation factor C,Cl,Fs5, and
equal to 0.09 of 10 C,CLF,

Dimension 12 Dimension 998 Dimension 12 X 12

Dimension 998 X 998

ensures a positive value of the retrieved vmr and was
found to yield a better retrieval. However, using the
logarithm can introduce undesirable effects and can
make it harder for the algorithm to retrieve very low
ozone values in a layer where the a priori ozone val-
ues are large [19]. As is shown below, we used two
different sets of a priori data to perform retrievals,
and no such effect was observed. The measurement
vector y represents an atmospheric transmission
spectrum obtained with the LHR; the dimension of
the vector is 998 and is related to the local oscillator
frequency scan rate used during the measurements.
Among the set of data recorded with the LHR, the
measurement vector containing the largest amount
of information was chosen to perform the retrieval
(information analysis is presented in a latter section).
€ is the error associated with the measurements and
has the same dimension as the measurement vector.

Atmospheric transmission was calculated using
the Reference Forward Model (RFM) [20], which is
a high-resolution line-by-line algorithm originally
developed for Michelson interferometer for passive
atmospheric sounding (MIPAS) data analysis. Spec-
troscopic data were taken from the HITRAN 2004
database [21]; the species included in the model were
03, Hzo, COZ, NH3, Nzo, CH4, CQCIQF3, and CZCIzF4.
Water vapor, temperature and pressure profiles were
obtained from the European Center for Medium
range Weather Forecasts (ECMWF) [22]. Data were
interpolated from the latitude and longitude grid of
the dataset to match the exact location and time of
the measurements. For other atmospheric species,
typical midlatitude daytime concentration profiles
were used. Table 2 summarizes the different param-
eters used in the retrieval of ozone profiles.

The OEM algorithm minimizes a cost function x>
defined as

X' = —F(x))S. '(y —F(x,))”
+ (X2 — X,)8, (X2 — X,,)7, (2)

where S, is the measurement covariance matrix, S, is
the a priori covariance matrix, and x, is the a priori
ozone profile. Thus, minimizing x* amounts to mini-
mizing the weighted differences between the mea-
surement vector and what is expected given the
current state vector (the first term in the sum), and
between the current state vector and the a priori (the
second term). Weighting is introduced by covariance
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matrices describing the uncertainty in both the
a priori and the measurement vector.

The problem is moderately nonlinear and is solved
using local linearization in the iterative Levenberg—
Marquardt approach, where

X =x+[(1+0)S, '+ KiTS,lei]fl
X [KiTSE*I(yi —F(x))+ 8, '(%xa—x)]. (3)

The K matrix is the Jacobian matrix (or weighting
functions). \ is the Levenberg—Marquardt parameter.
In the linear approximation the forward model can be
rewritten from Eq. (1) as

y=Kx+e. (4)

The covariance matrices were set to be diagonal. S,
was built based on the ideal signal-to-noise ratio
(SNR) of the LHR. An additional degradation factor
of 10 was introduced to take into account discrepan-
cies between the real instrument and the ideal model.
S. was built in a conservative way: The relative error
in the volume mixing ratio was set at 100%, except for
the stratospheric peak values where the relative er-
ror was set at 30% to reflect a more accurate clima-
tology and less variability in the stratosphere. Two
different a priori datasets were tested: The first one
was a typical midlatitude daytime ozone profile con-
structed for MIPAS operational processing (described
in Ref. [20]), the second one was the profile interpo-
lated in space and time from the ECMWF data.
During the measurement campaign the spectral
resolution of the instrument was set to 220 MHz
(0.0073 cm ™). A 200 MHz high-pass filter rejected
the lower frequencies that were prone to higher RF
noise. As reported in Ref. [23], the QCL exhibited a
large amount of noise in the 0 to 300 MHz range, and
rejection of this band improves the SNR. The instru-
ment lineshape (ILS) was accurately measured so
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Fig. 1. Plot of the measured LHR instrument lineshape.
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Fig. 2. (Color online) Simulated analysis of the averaging kernels
of the ozone profile retrieval from the infrared quantum cascade
laser heterodyne radiometer. Calculations for three different dou-
ble sideband resolutions are presented with the instrument SNR
being kept constant.

that it could be included in the forward model, since
knowledge of the ILS is essential to extract informa-
tion from absorption lineshapes. Figure 1 shows the
LHR ILS as it has been measured. The purely elec-
tronic origin of the ILS and the fact that measuring it
is simple and accurate is an additional advantage of
the LHR over some other types of passive instrument.

3. Retrieval Simulation

To determine the most appropriate altitude grid,
analyses were carried out based purely on RFM sim-
ulations and a theoretical model of the instrument.
We considered an ideal ground-based instrument
working in the solar occultation mode and operating
in the 1033.8 to 1034.5 cm ™' spectral window, corre-
sponding to a single and continuous QCL frequency
scan. This microwindow had been previously identi-
fied to minimize the retrieval error for atmospheric
ozone [1]. The spectral grid spacing was set to
0.0006 cm ™! in accordance with that used during
measurements. This sampling interval was physi-
cally determined by the temperature tuning rate
applied to the quantum cascade laser and the inte-
gration time. As a result, the spectral grid is ~6 times
smaller than the single sideband resolution, which
makes the spectrum slightly oversampled. The solar
elevation angle was set to 36°, corresponding to the
measurements. A dense grid was used for the analy-

6e-20

sis of the averaging kernels (AKs): from 0 to 74 km
with a 2 km step. The a priori covariance matrix used
in the simulation was set to be diagonal with a value
of 1, corresponding to a relative uncertainty of 100%.
The width of AKs provides an estimate of the vertical
resolution, and the peak value gives an estimate of
the amount of information that can be retrieved from
a particular atmospheric layer. These two quantities
are closely related, as AKs should be normalized to 1
where the retrieval is accurate.

Figure 2 shows the results of the calculation for
three different LHR spectral resolutions (double side-
band). The figure was generated by keeping the SNR
constant. In this case the advantage of working at
high resolution starts to be significant at midtropo-
spheric altitudes and above. It should be noted a
higher resolution means a longer integration time,
since the SNR remains constant. A dip in AK sensi-
tivity (and a corresponding decrease in vertical reso-
lution) can be observed in the upper troposphere
where O; concentration is at a minimum. Figure 2
also indicates that no reliable information can be
obtained with the ground based LHR for altitudes
higher than 40 km. The following altitude grid was
chosen for the retrievals: 1, 3, 5, 10, 13, 16, 19, 22, 26,
30, 35, and 40 km.

An interesting outcome from the calculation is the
total insensitivity of the AKs to the central dip in the
ILS, apparent in Fig. 1. The RF noise floor decreases
toward higher frequencies. Consequently, rejecting
the lowest RF frequencies brings great advantage
since operation approaches the theoretical shot noise
limit with no adverse effects on the quality of the
atmospheric profile retrieval. In the present work,
the low frequency rejection was 0 to 190 MHz. The
folding effect that this rejection introduces does make
the recorded spectrum ambiguous for the purposes of
spectral line assignment. However, as long as the
characteristics of the spectral lines are well known
and included in the forward model, there is abso-
lutely no other effect, except to improve the quality of
the measurements.

During this analysis the effect of the size of the
spectral window was investigated. The LHR uses the
continuous frequency tuning capability of the QCL to

5e-20
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Fig. 3. Plot of the v band of ozone. The three different spectral windows used to investigate the influence of the frequency coverage on
the retrieval quality are indicated. On the right hand side, the LHR window has been expanded.
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Table 3. Most Intense Ozone Rovibrational Transitions Occurring
within the LHR Window [Line Intensities > 1072 cm~"/(molec. cm~32)]

Lower State

Frequency Intensity @ 296 K Energy

(cm™Y) (cm™1/(molec. cm™2)) (cm™Y) Band
1033.8556 1.270E-20 108.458 Vg
1033.8638 1.240E-21 746.628 Vg + vy — vy
1033.9348 2.950E-20 50.302 vy
1033.9943 1.120E-21 565.209 Vg
1034.0057 1.710E-21 547.368 Vg
1034.0104 1.140E-21 759.942 vy + vy
1034.0472 4.220E-21 504.709 vy
1034.0783 2.720E-21 523.866 Vg
1034.2225 1.270E-21 757.518 vy + Vg
1034.2482 3.230E-20 39.75 vy
1034.2575 4.220E-21 136.064 vy
1034.2821 1.790E-20 80.336 Vg
1034.3081 1.980E-21 525.527 Vg
1034.3094 4.890E-21 490.424 vy
1034.3180 1.310E-21 540.844 vy
1034.3298 1.220E-21 751.459 Vg + vy — vy
1034.3362 1.060E-21 784.868 Vg U5 — vy
1034.3544 3.140E-21 505.384 vy

scan across the spectral window. Usually 1% of the
central laser frequency can be covered by a change in
laser temperature or injection current. Practically,
unless one implements a real-time active attenuation
system, the laser power varies widely during spectral
tuning (from hundreds of microwatts to a few tens of
milliwatts). This reduces the useful continuous spec-
tral tuning range. AKs were calculated for three dif-
ferent spectral windows, with a data spacing Ac:

1033.80 to 1034.50, Ao = 0.0007 cm ™',
1030.65 to 1037.65, Ao = 0.007 cm /,
999.15 to 1069.15, Ao = 0.07 cm ™.

These spectral windows are indicated with respect to
the v band of ozone in Fig. 3. Table 3 gives the details
of the most intense ozone lines appearing in the LHR
window of Fig. 3. The data point spacing of the three
windows was set so that the total number of data
points remained identical and so did the acquisition
time. The results indicate that no improvement
arose from using a wider spectral window. In other
words, using a carefully selected ozone-specific high-
resolution microwindow will provide as much infor-
mation as a medium-resolution radiometer covering
a broad spectral range. This is a key advantage and
favors the development of physically small and light-
weight LHR instruments over larger and heavier
Fourier transform spectroradiometers.

4. Retrieval Results

As mentioned in the section dedicated to the retrieval
method, two different sets of a priori conditions were
tested. The results of the retrievals are shown in

7166 APPLIED OPTICS / Vol. 46, No. 29 / 10 October 2007

Altitude (km)

Apriori uncertainty

——— Apiiori

——— Retrieval

——— Retrieval uncertainty|
2

+ 6 8

O, number density (1012 molec.cm'g)
Fig. 4. Ozone vertical profiles retrieved for two different sets of
a priori conditions.

Fig. 4. Figure 5 shows the corresponding AKs as well
as the pressure and temperature profiles used in the
forward model. In spite of the two different a priori
conditions, both retrievals converged toward the
same final profile, as indicated in the combined plot of
Fig. 6. The retrieved profile based on ECMWF data
has a maximum concentration at 22 km (5.2 X 10"
molecules cm ®) compared with 26 km (5.5 X 10™
molecules cm ~?) for the retrieval based on the MIPAS
standard atmosphere a priori. However, the LHR
values are in good agreement, and the discrepancy
seems to be related to the coarseness of the profile
altitude grid, being incapable of resolving the actual
peak location. The profile obtained with the ECMWF
a priori also shows a secondary peak that is not re-
produced on the other retrieval.

The AKs appearing in Fig. 5(a) are consistent with
the preliminary simulation presented in Section 3.
The retrieval was insensitive to atmospheric layers
above 40 km. A minimum in sensitivity, and the as-
sociated reduction in vertical resolution, can be seen
in the range 5 to 15 km, due to the low level of ozone
concentration at those altitudes.

The LHR was the only instrument operating dur-
ing the RAL measurement campaign, and no other
local sources of data on ozone profile were available.
To provide a comparison with ozone profiles derived
from the LHR measurements, data from the Net-
work for the Detection of Atmospheric Composition
Change were investigated. Three relevant ozone-

(b) ©

Altitude (km)

O o )
Temperature (K)

0.0 0204 06 08 1.0 1.2 10 100 1000

Averaging Kernels Pressure (mb)

Fig. 5. (Color online) (a) Averaging kernels corresponding to the
ECMWF a priori retrieval of Fig. 3. (b) Pressure profile and (c)
temperature profile interpolated in time and space from the
ECMWF dataset.
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Fig. 6. (Color online) Comparison of the ozone profile retrievals
from the LHR measurements at RAL with ozonesonde data from
the Observatoire de Haute Provence (OHP) and the Payerne Aero-
logical Station (PAS). The inset within the plot focuses on the
tropospheric data. The inset map shows the geographical location
of the three sites.

sonde launches were found at northern hemisphere
midlatitude locations occurring at around the same
time as the LHR measurements. The first launch was
on 19 September from the Observatoire de Haute
Provence (OHP) located in the French Alps [24], but
unfortunately no stratospheric data were recorded
during this launch. Two subsequent launches were
from the Payerne Aerological Station (PAS), Switzer-
land, on 20 and 22 September [25]. The locations of
the two launch sites and the RAL site are marked on
the map shown in Fig. 6. The left hand panel in Fig.
6 shows an excellent agreement between the profiles
retrieved from the LHR measurements and the
ozonesonde data up to an altitude of 19 km. At higher
altitudes the ozonesonde concentrations are approx-
imately 20% lower than those retrieved from the LHR
data. A similar effect has been reported by Liu et al.
concerning profiles retrieved from the satellite-based
Global Ozone Monitoring Experiment (GOME) [26].
Liu et al. observed large negative biases in strato-
spheric ozonesonde data, primarily but not exclu-
sively at latitudes lower than 30 °N.

To investigate this discrepancy further the ozone
total column data retrieved from the ozone monitor-
ing instrument (OMI) [27] were investigated. Unfor-
tunately no OMI data are available for the exact day
of the LHR campaign (21st of September). However,
data from the day before and the day after are avail-
able. Figure 7 shows contour plots of the ozone total
column for these two days. RAL, PAS, and OHP are
also indicated on the plot. On the 22nd of September
a significant increase (10%) of ozone was observed
over RAL (305 DU) compared to PAS (278 DU). If the
increase had started on the 21st, this may contribute
to the discrepancy at stratospheric altitudes shown in
Fig. 6.

At tropospheric levels the relative difference be-
tween ozonesonde and LHR data is within £50%.
The same relative difference is observed between the
data from the two ozonesonde launches from Payerne
and is related to the high variability of tropospheric

20 Sept. 2006

22 Sept. 2006

03 TOTAL
COLUMN (DU)

— 270
— 275
— 280
— 285
— 290
— 205
— 300
— 305
w310

315

Longitude

JE—

4 2 0 2 4 6 8 4 2 0 2 4 6 8 |mwm340
Latitude Latitude

Fig. 7. (Color online) Ozone total column over the Rutherford
Appleton Lab (RAL), the Payerne Aerological Station (PAS), and
the Observatoire de Haute Provence (OHP) during the two days
bracketing the LHR atmospheric campaign. Data are from OMI on
the Aura Earth Observing System satellite. On 22nd of September
a significant increase in the ozone column above RAL compared to
PAS can be seen.

ozone and the fact that measurements are not collo-
cated.

5. Retrieval Analysis

Further information about the sensitivity of the re-
trieved profile to the measurement vector can be
gathered by analyzing the gain matrix G defined as

G= (S, +K'S, 'K) 'K’S, (5)

which gives the contribution of measurement vector
channels to the retrieval. The G matrix allows the
mapping of particular spectral features containing
information about a specific atmospheric layer. The
absolute value of the gain matrix is shown in Fig. 8(c).
Also shown are the measurement vector [Fig. 8(d)],
the residual after fitting [Fig. 8(e)], and a global gain
factor Gy [Fig. 8(b)] defined by

G:= 2 G ©)

G; being the column vectors of the gain matrix as
represented in Fig. 8(c). Gs gives the altitudinal sen-
sitivity of the retrieval to the measurement vector as
a whole. Gy exhibits large values in the 10 to 20 km
layer. The gain matrix indicates which channels of
the measurement vector contribute the most, and
consequently which spectral features provide the
most relevant ozone information in this atmospheric
layer. The quadruplet at 1034.05 cm ™ * and the first
peak at 1033.85cm ' are the main contributors.
Likewise, lower troposphere information comes from
the four absorption peaks at 1034.15 cm'. Once
again this demonstrates that a high-resolution in-
strument that can resolve a few well-defined lines
over an extremely narrow spectral range is sufficient
to retrieve useful profile information.

The retrieval errors are characterized in our case
by the smoothing error covariance matrix Sg taking
into account the finite vertical resolution of the ob-
serving system, and the retrieval noise covariance
matrix Sy describing the error purely due to the mea-
surement uncertainty. The main error contribution
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(Color online) Retrieval error analysis plots: (a) the diagonal elements of the smoothing error and retrieval noise covariance

matrices, (b) the global gain factor, (c) the absolute value of the gain matrix, (d) the corresponding measurement vector, and (e) the
corresponding residual between the measurement vector and the forward model applied to the retrieved state.

arises from the diagonal elements; Fig. 8(a) shows a
plot of these. The smoothing error is the major con-
tribution. High gain values also mean high sensitiv-
ity to noise. The correlation between Sy [Fig. 8(a)]
and Gy [Fig. 8(b)] is obvious. Ideally the noise present
in the channels that contribute the most information
should be minimized. Looking at the residual in Fig.
8(e), derivativelike peaks are noticeable in highly
contributing channels. These peaks are most proba-
bly due to a slight nonlinear frequency miscalibra-
tion (assuming that line parameters taken from the
HITRAN 2004 database are correct) originating from
the frequency calibration of the QCL [1,23]. This
problem is currently being solved, and the quality of
the retrieval will certainly be improved. Other sec-
ondary sources of error include errors in the profile
concentration of the interfering species (the most con-
tributing ones being H,O and CO,, with an optical
depth 1000 smaller than the ozone), the baseline cor-
rection [1], local oscillator power modulation, and
spurious optical feedback in the quantum cascade
laser.

6. Information Analysis

Information analysis is helpful to accurately quantify
how our knowledge on the atmospheric state has
been improved by the LHR measurements. The full
description on the information analysis can be found
in Ref. [18]. Briefly, as linear transformations do not
alter the information content, the idea consists of
performing a basis change to the K matrix to turn it
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into a diagonal matrix K scaled by the roots of the
a priori and measurement covariances. The forward
model from Eq. (4) can be rewritten:

§=Kg +&. (7)

The identification of singular values \; and corre-
sponding singular vectors (SVs) then allows the iden-
tification of the independent sources of information.
Following Ref. [18], the total Shannon information
content is given by

1
H= 2 5 log(1+\7), (8)

and the total number of independent quantities mea-
sured is given by the degree of freedom for the signal:

)\2

=2 Ty

9

Applied to the retrieval presented above, the infor-
mation content is 47.8 bits and the total degree of
freedom is 8.5.

Figure 9 shows the first twelve most significant
SVs of the K matrix. The first six exhibit a full degree
of freedom. SV1 and SV2 have extrema at ground
level and at 22 km, indicating that the true state
contributes significantly to the retrieved state at
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Fig. 9. First twelve and most significant singular vectors (SVs) of the K matrix. These vectors describe the altitudinal location of each
independent piece of information retrieved. The corresponding individual degree of freedom, d, quantifies whether the SVs contribute
significantly (d = 1) to the knowledge of the true atmospheric state, or merely reproduce the a priori conditions (d << 1).

these levels. The next three SVs also show excellent
sensitivity to the boundary layer and the strato-
sphere (up to 32 km). Less information can be recov-
ered from the upper tropospheric layer between 5 and
15 km. The first SV showing sensitivity to this region
(number nine) only contributes about one third of a
degree of freedom. This lack of sensitivity in the up-
per troposphere was also perceptible in the AKs.
Above the twelfth SV the retrieval does not contrib-
ute information about the true atmospheric state
(d < 0.01) and simply reproduces the a priori condi-
tions.

7. Conclusion and Prospects

As part of the characterization and evaluation of a
recently developed QCL-based laser heterodyne ra-
diometer for atmospheric sounding, retrieval of
atmospheric ozone profiles from ground-based mea-
surements in solar occultation mode have been pre-
sented. The retrieval algorithm was based on the
optimal estimation method developed by C. Rodgers
[18]. The retrievals and subsequent analysis have
demonstrated the excellent performance achieved by
the prototype LHR instrument: typically 2 and 3 km
vertical resolution in the lower troposphere and

stratosphere, respectively. Comparisons with ozone-
sonde data from northern hemisphere midlatitude
locations showed good agreement with LHR retriev-
als, with the notable exception of stratospheric con-
centrations that appeared to be 20% smaller than
those derived from the LHR measurements. Infor-
mation analysis showed that retrievals from LHR
measurements provided a high level of information
about the true atmospheric state. Error analysis has
provided an insight into the issues that must be ad-
dressed to deliver improved performance. In par-
ticular, local oscillator frequency calibration issues
associated with laser frequency sweeping need to be
resolved. The temporal variation of the solar back-
ground signal (caused by atmospheric effects, e.g.,
subvisible clouds) and local oscillator power modula-
tion must also be integrated in the forward model.
The current QCL-based LHR has a dimension of
75 cm X 75 cm. There is huge potential for miniatur-
ization through optical integration. The combination
of ultrahigh spectral resolution, high spatial resolu-
tion, high sensitivity, and compact physical size that
this type of radiometer can offer is ideally suited to
future aircraft and space missions. It has also been
demonstrated that the narrow spectral microwindow
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accessible with a QCL local oscillator does not reduce
the quality of retrievals, compared to lower resolution
broadband radiometers, provided that the local oscil-
lator frequency is carefully chosen according to the
target species.

The LHR is part of an ongoing program of instru-
ment development at RAL, and significant improve-
ments are in progress. In particular, measurements of
atmospheric emission are planned, together with a
comprehensive analysis of predicted performance for a
LHR deployed on various types of observation platform
(aircraft, high altitude platforms, sun-synchronous,
polar-orbiting, and geostationary satellites) for various
viewing geometries (nadir, limb, solar, and lunar oc-
cultation modes).
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