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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−1 . 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−1 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−1 ) Fourier transform spectroscopy data that were also recorded during the measurement campaign. © 2012 Optical Society of America OCIS codes: 300.6310, 280.4991, 140.5965, 120.0280.



1. Introduction



Monitoring of the global distribution of atmospheric constituents is extremely important for better understanding of radiative forcing, transport, chemistry, and mixing effects in the atmosphere. Thermal infrared spectral sounding in the 3–5 and 8–12 μm atmospheric 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 © 2012 Optical Society of America



(QC-LHR) offers the potential for the development of extremely compact and lightweight thermal infrared sounders that combine high spectral resolution (7 μm is first modulated by a chopper at 1.8 kHz and then superimposed with the LO beam using the aforementioned 25R/75T mixing plate. The solar radiation transmitted through the Earth’s atmosphere contains information about absorbing constituents. The heterodyne process downconverts 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 bandpass 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 chopper frequency (1.8 kHz).



In a small subset of measurements aiming to compare 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 introduced in the optical path of the solar radiation to perform simultaneous measurements with both instruments. These measurements are discussed in Section 5. B. Data Acquisition and Processing



LabView software was developed to control the instrument and acquire data. The software performs wavelength tuning of the EC-QCL and records five data streams: the in-phase and quadrature components of the lock-in demodulated heterodyne signal, the DC signal of the photomixer for LO power tracking, the transmission spectrum of a germanium etalon for frequency calibration, and the recorded solar power. To ensure adjacent data points are uncorrelated, data points are acquired every 2.5 times the lock-in time constant (τ), which resulted in scan times between 1 and 12 min, depending on the τ chosen. Postprocessing of the raw experimental data is required to obtain the heterodyne transmission spectrum 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 contrast, 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 tuning of the QCL bias current (required for mode-hopfree 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 distinguishable 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. (25.4 mm) germanium etalon with a free spectral range of 0.0492 cm−1. After mapping all transmission peaks and valleys, an algorithm determined a fifth-order polynomial equation for frequency 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 characteristics than a simple sinusoid. The absolute frequency was set using a single absorption feature appearing within the spectra simulated for standard mid-latitude atmospheric conditions at zenithal 20 December 2012 / Vol. 51, No. 36 / APPLIED OPTICS
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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 estimation method (OEM), the principles of which were described 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  Fx  ε;



Fig. 1. (a) Raw signals acquired during a single spectral scan and (b) flow diagram of data postprocessing. Q and I signal represent the quadrature and in-phase lock-in signal, respectively.



elevations. Experimental measurements additionally revealed a systematic ∼1.1% discrepancy in frequency calibration. By taking into account uncertainties specified by the manufacturer for the etalon length, laboratory temperature fluctuations (affecting 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 corresponds 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 8782
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(1)



where y is the measurement vector (spectra produced by the instrument), x is the state vector of parameters to retrieve, and ε is the measurement error vector. F is the physical model describing the instrumental output by taking into account the atmospheric transmission and the instrumental parameters. The atmospheric transmission is calculated using the reference forward model (RFM) [32], which simulates atmospheric transmission based on experimental parameters, 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 MediumRange 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 vector (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, χ 2 , which is a measure of the convergence of the fit with the data and the a priori knowledge as described in the following equation: T χ 2  y − Fxn S−1 ε y − Fxn  T  xa − xn S−1 a xa − xn  ;



(2)



where Sε is the measurement covariance matrix, Sa is the a priori covariance matrix, xa is the a priori parameter vector, and xn 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 Passive Atmospheric Sounding (MIPAS) satellite [32] data, interpolated at a preselected altitude grid. The a priori baseline values for the offset and polynomial coefficients are 1.5 and 0.5 times the maximum 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 instrument 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, singleiteration retrieval for an ideal instrument was performed for each molecule in every spectral window to define the optimum altitude grid providing the largest amount of vertical information with the smallest retrieval error. The optimum altitude grid for each molecule within each narrow spectral window depends 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 instrument 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−1 calculated 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 calculations. The weighting function describes the sensitivity 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



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−1 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 associated with each AK peak, and (c) shows a comparison of percentage 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 measurement vector, and Fig. 3(c) demonstrates that the measurement vector contributes the most information 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−1 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 parameters. To maximize the amount of information retrieved 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 vector. Within these criteria, Fig. 2(b) shows the AKs calculated 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 element 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 approximately 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 absorption bands of the most significant spectral features in each of the four spectral windows investigated in this work are given in Table 1. 20 December 2012 / Vol. 51, No. 36 / APPLIED OPTICS
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Fig. 3. (Color online) Prior analysis data for ozone in the spectral window between 1129.90 and 1130.30 cm−1 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−1 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 covers frequencies between 1129.90 and 1130.33 cm−1 . This spectral range includes three strong ozone absorption lines. Figure 4 shows the recorded heterodyne transmission spectrum, which has been frequency 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 distributed and indicate a high-quality fit. The top plot of Fig. 4 shows RFM simulation of a standard atmospheric transmission for the purpose of molecular line identification. In spectral window 1 there is a broad water line that also contributes to the total absorption; therefore, the quality of the OEM fit was significantly improved when the concentration profile 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 profile of ozone overlaid with the ozone profile derived from ECMWF operational analysis interpolated in 8784
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time and space to match the measurement timing and location [33]. The retrieved profile is in reasonably 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 O3 at 1, 7, and 34 km. The retrieval shows almost no sensitivity 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 (0.01 cm−1 for a coarse grid of temperatures and pressures. The low resolution of the database spectrum is expected to impact the accuracy of the atmospheric lineshape calculation, which reveals itself as mismatch between the modeled spectrum and the



experimental spectrum collected with a higher spectral resolution of 0.002 cm−1. The AKs from the OEM fit to data in spectral window 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. Concentrations of 500  56 and 440  42 pptv at altitudes of 1 and 8 km, respectively, are retrieved from the spectrum. Profiles of CFC-12 obtained in January 2007 from the Atmospheric Chemistry Experiment FTS [18] of the same absorption band at ∼1161.0 cm−1 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 agreement 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−1 in spectral window 2 (Fig. 6). AK analysis (Fig. 7) indicates that there is little cross correlation between the retrieved N2 O parameters and other retrieved parameters, giving confidence to the



Fig. 8. (Color online) N2 O vertical profile retrieved from the single absorption line appearing in spectral window 2 (left) and the corresponding AK values (right). 20 December 2012 / Vol. 51, No. 36 / APPLIED OPTICS
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validity of the retrieved profile presented in Fig. 8. The retrieved vertical profile shows a uniform concentration of around 300 ppbv in the troposphere from 1 to 15 km, with the concentration then dropping to approximately 100 ppbv at an altitude of 21 km. N2 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 (MIPASB), and satellite sounder (ILAS-II) over Kiruna, Sweden, in 2003 [37]. In both measurement campaigns concentrations of 250 to 300 ppbv of N2 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 retrieval 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−1 , which contains three CH4 absorption lines. In addition to CH4 , 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 CH4 line at 1216.19 cm−1 . Retrievals of both methane and water vapor profiles have been performed, and the OEM fit to the experimental spectrum 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



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 differences 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 CH4 line at 1216.6 cm−1 , as described in the text. 8788
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1216.24 cm−1 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−1 can obscure information pertaining to the CH4 retrieval, and (2) the HITRAN air-broadening coefficient for the weak CH4 line located at 1216.24 cm−1 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−1 to mitigate the influences from model error and H2 O contribution. In this spectral range, the H2 O profile is not retrieved and is instead set equal to the vertical profile of water obtained from the ECMWF. The resulting profile of CH4 and the corresponding AKs are presented in Fig. 10. The CH4 AK peak values are close to one and show negligible correlation to baseline parameters (cross-correlation variance terms are 
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