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Abstract: We describe the development of a near-infrared laser heterodyne radiometer (LHR):  Precision Heterodyne 

Oxygen-Calibration Spectrometer (PHOCS). The prototype instrument is equipped with two heterodyne receivers for 

oxygen and water (measured near 1278 nanometers) and carbon dioxide (near 1572 nanometers) concentration 

profiles, respectively. The latter may be substituted by a heterodyne receiver module equipped with a laser to monitor 

atmospheric methane near 1651 nanometers.). Oxygen measurements are intended to provide dry gas corrections and 

– more importantly – determine accurate temperature and pressure profiles that, in turn, improve the precision of the 

CO2 and H2O column retrievals. Vertical profiling is made feasible by interrogating the very low-noise absorption 

lines shapes collected at 0.0067 cm-1 resolution. PHOCS complements results from the Orbiting Carbon Observatory 

(OCO-2), Active Sensing of CO2 Emissions over Nights, Days, and Seasons (ASCENDS), and ground-based Fourier 

transform spectrometers. In this manuscript we describe the development of the instrument by Mesa Photonics and 

present the results of initial tests in the vicinity of Washington, D.C. 

Condensed abstract: Precision Heterodyne Oxygen-Calibration Spectrometry (PHOCS) is a new type of radiometry 

for atmospheric profiling. A prototype instrument operates near 1278 nm for H2O and O2 determinations and near 

1572 nm for CO2. Oxygen results provide dry gas corrections and accurate temperature and pressure profiles that 

improve the precision of the CO2 and H2O column retrievals. Spectral resolution, 0.0067 cm-1, minimizes instrumental 

broadening.  Retrievals are limited by laser drift ~100 MHz per minute. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

1.1 Radiative Forcers in the Atmosphere 
Water is the dominant radiative forcer in the atmosphere.  In contrast to the carbon-containing Greenhouse Gases 

(GHGs) discussed below, water is present in all three physical phases and its phase determines if it is a positive or 

negative forcer. For that reason, water vapor has a profound effect on weather and climate and participates in multiple, 

interconnected feedback mechanisms.  Therefore, detailed precise data on temperature variations and H2O 

concentration profiles are needed for weather and climate forecasting. 

 

If year 2000 emissions of greenhouse gases were maintained for the next 100 years, 58% of the potential increase 

in global temperature would be due to CO2 with CH4 playing a smaller (18%) but still significant role [1]. Because 

CH4 and CO2 share some common sources, observations of these species together can help improve source attribution 

[2, 3]. Despite improvements in the observing capabilities of many parameters related to the emission of these gases, 

CO2 and CH4 flux estimates still vary widely and significant uncertainty remains regarding their source and sink 

distributions, the processes that govern them, and their interannual variability.  
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1.2 Atmospheric Column Measurement Techniques 
 

Different strategies exist for measuring these key greenhouse gas concentrations and fluxes (ground, aircraft, or 

space-based observations). All are important in the development of a complete picture.  The US National Research 

Council’s Decadal Survey [4] emphasized that ground measurements complement space-based observations “by 

providing calibration and validation and by obtaining critical data in places and with levels of accuracy, precision, and 

resolution that are not obtainable from space.”  They go further to recommend that, “Critical surface-based (land and 

ocean) and upper–air atmospheric sounding networks should be sustained and enhanced as necessary to satisfy climate 

and other Earth science needs in addition to weather forecasting and prediction.” Satellite observations are becoming 

more accurate, yet the spatial and temporal resolution are still limited (on the order of 1 km and 16 days for the OCO-

2 satellite) and are not sufficient to constrain regional CO2 fluxes [5].  Ground-based measurements provide the better 

precision and accuracy, but lack the global coverage found in space-based observations and are also subject to errors 

in atmospheric transport models [6, 7].   

 

Boring down to the surface exchange level requires near surface measurement of concentrations coupled with net 

directional flow information.  Generally, the net gas-surface exchange rate is derived from two classes of 

measurements: eddy-covariance and chamber measurements.  In studies where both techniques are deployed, the 

correlation between the two is often not strong [8] and the discrepancies may be traced to the lack of spatial variability 

for the chamber measurements and to the difference in scale that each technique represents [9].  Sensors are needed 

that can efficiently span the uncertain region between ground level flux measurements and satellite-based 

observations. 

 

Surface observing networks have made major contributions to understanding the carbon cycle and atmospheric 

distributions of these gases. Perhaps the state of the art in GHG column measurements is provided by TCCON, a 

network of high-resolution Fourier Transform spectrometers that use solar radiation as a broadband light source for 

atmospheric absorption spectroscopy.  A recent study by Chevallier et al. [10] used data from fourteen Total Carbon 

Column Observing Network (TCCON) stations to estimate fluxes and compared the results with estimates based on 

surface and aircraft observations. Flux estimates were consistent with fluxes derived from in situ measurements, the 

TCCON results were found to be less precise. Even so, the Chevallier et al. results demonstrate the scientific value of 

a high-precision, ground-based column observation network and helped motivate development of PHOCS as a much 

lower cost and easily transported alternative to instruments like spectrometers at TCCON sites. 

 

Laser heterodyne radiometry (LHR) fills the niche for instruments that are needed to validate and complement 

other remote sensors of gas concentrations and temperature.  Those techniques include, for example, multichannel 

microwave radiometry (MWR) [11, 12], mid-infrared radiometry (Atmospheric Emitted Radiance Interferometry, 

AERI) [13], and micropulse differential absorption lidar (DIAL) [14].  The first two use downwelling radiation and 

MWR has the capability to observe atmospheric layers above clouds.  Retrievals are difficult, however, because 

multiple profiles can fit observed data.  Simultaneous radiosonde measurements are used to constrain the retrievals 

and identify biases.  In the case of lidar, precision and accuracy can be limited by wavelength broadening of back-

scattered laser light and by optical misalignment. 

 

Greenhouse gas column densities obtained from ground-based and satellite-based spectroscopic measurements 

need to be corrected to dry air values.  This correction can be implemented by measuring O2 absorption spectra 

simultaneously with the greenhouse gas absorption measurements and relying on the fact that O2 concentrations are 

nearly invariant throughout the atmosphere.  Normalizing the GHG column density to O2 absorbance gives the dry 

air value.  Our technique is called Precision Heterodyne Oxygen-Corrected Spectroscopy (PHOCS) because O2 

absorption spectra are recorded simultaneously with the greenhouse gas measurements. 

1.3 Laser Heterodyne Radiometry 

Laser heterodyne radiometry (LHR) [15-30] was adapted from radio receiver technology and achieves a unique 

combination of high sensitivity and high spectroscopic resolution for atmospheric column measurements.  Spectral 

resolution is set by the electronic bandwidth which is 200 MHz for PHOCS and is equivalent to / = 106.  High 

sensitivity is crucial because the solar flux at sea level (calculated from ASTM-G173-03 data) within the 200 MHz 

bandwidth is only 20 and 40 nW at 1572 and 1280 nm, respectively.  To measure these small fluxes at high resolution 

the incoming light is combined with light from a narrow-band laser source (the local oscillator or LO) on a 



photodetector. The detector output will contain AC electronic signals at the (optical) difference frequencies. 

Heterodyne signals are proportional to the solar spectrum intensity at the LO wavelength. When the LO coincides 

with an optical absorbance, the heterodyne signal intensity will drop by an amount proportional to the absorbance.  

 

Development of LHR applications for solar occultation have tracked the availability of low-noise laser sources 

and detectors.  The earliest work, nearly all from NASA’s Jet Propulsion Laboratory, began in the mid-1970’s [17-

19,21-24] used CO2 lasers to detect O3, SO2, NH3, ethylene and NO.  Implementations included balloon-borne 

instruments.  Greater wavelength coverage and, with it, increased numbers of gases that could be detected, followed 

beginning 1998 when lead-salt diode lasers were used as local oscillators, although detection sensitivity was 

constrained by the need for complicated optical designs used to reduce excess noise.[23, 24]  Development of quantum 

cascade lasers led to improved mid-infrared LHR with much of the work reported by Weidmann and colleagues[26, 

30-32] on O3, N2O, CH4, CCl2F2, and H2O.  The near-infrared LHR research reported here began in parallel with work 

by others who have also used telecommunications-style diode lasers as local oscillators to measure atmospheric CO2 

[29, 33, 34] and CH4. [29]. To the best of our knowledge we are the first to use the O2 a-band for dry air corrections 

and benefit from the recent commercial availability of diode lasers covering the wavelength range.   

 

Heterodyne spectroscopy using thermal emissions from the ground, atmosphere, or other ambient sources is 

feasible at the longer mid-infrared wavelengths (10 m).   

 

2. Theoretical Background 
 

The formal theory of heterodyne spectroscopy begins with an electric field representation of the two optical inputs, 

Eq.1, where E is electric field, t is time, SUN refers to sunlight, and LO – local oscillator –refers to the light from a 

laser.  

 

Eq. 1 

 

 
Eq. 2 

The frequency difference term, highlighted in red in Eq. 2, is the source of the heterodyne signal. Difference 

frequencies are in the rf range.  All other frequencies are in the 1014 Hz range that far exceed the time response of 

optical detectors. The range of rf frequencies that can be acquired is the electronic detection bandwidth, BIF, and is 

represented pictorially in Fig. 1. All of the sunlight within the solid blue region contributes to the heterodyne signal. 

The electronic bandwidth is narrower than any absorption linewidth and wider than the laser (LO) optical linewidth 

of 0.1 to 10 MHz. Instrumental broadening is determined by BIF and, for PHOCS data presented here, is 200 MHz = 

0.0067 cm-1.  It is possible to recover directly the shape of the absorption lines. 

 

The best-case signal-to-noise ratio, given by Eq 3, assumes that the limiting noise source is laser detector shot 

noise,[28] 
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  Eq. 3 

 

where  is the measurement integration time,  is the detector 

quantum efficiency (0.85 for InGaAs at 1280 nm and 0.90 at 

1572), T is the effective solar black body temperature of the 

sun when viewed at sea level (T = 5520 K), h is Planck’s 

constant, and k is Boltzmann’s constant.  For PHOCS 

operating parameters (6359  LO  7878 cm-1 and BIF = 200 

MHz), the theoretical signal-to-noise ratio is ~600 Hz-1/2 and 

the spectral resolution defined by LO/BIF is 106.  The observed 

limiting noise source for PHOCS heterodyne receivers is laser 

excess noise (amplitude noise above shot noise).  Preliminary 

PHOCS results show that measurement precision (i.e., 

repeatability) is limited by small scan-to-scan variations in 

laser wavelength tuning.   

3. Instrument Description 

3.1 Instrument Summary 
 

The first generation PHOCS instrument consists of several 

electronic sub-systems mounted in five, 19″ wide × 17″ deep 

× 3 ½″ high (2U) rackmount enclosures housed in a rugged, transportable rack accompanied by a separate Sun-tracker 

system installed on a commercial telescope mount.  In addition, the instrument includes a PC for instrument control 

and data acquisition, and a Bluetooth-enabled GPS unit for accurate time-of-day (TOD) and location data. Three of 

the enclosures are dedicated to power distribution, USB subsystems, and electronics for the sun-tracker, respectively. 

Additional details on the sun tracker and the heterodyne receivers are included below. 

 

3.2 Sun tracker/telescope 

The sun tracker/telescope keeps the light collection 

optics pointed at the sun. It is built on a commercial 

telescope mount (Orion), Figure 2. Shadows cast by the 

sun sensor’s (Heliotrack) central rectangular block on 

pairs of phototransistors generate differential voltages 

that measure the Heliotrack’s alignment toward the 

sun. A third phototransistor on top of the block 

measures total sunlight. These three sets of 

phototransistor output voltages are digitized and 

converted to normalized error signals in the horizontal 

and vertical directions. A software PID loop controls 

horizontal and vertical stepper motors within the Orion 

housing to keep the Heliotrack (and the light collection 

optics) pointed at the sun. In house stepper motor 

calibrations show 1.61 × 10-4 degrees per step 

horizontally and 1.56 × 10-4 degrees per step vertically. 

For comparison, the solar disk diameter is 0.5 degrees, 

or 3100 steps. A pair of 0.25 NA aspheric fiber 

collimators (Thorlabs) in ½” mirror mounts (Thorlabs) 

Figure 1 - Representation of the heterodyne signal generated 

from a narrow line local oscillator and an absorption line (red). BIF 

is the electronic bandwidth of the detection system. All of the 

light within the blue region contributes to the heterodyne signal. 

Figure 2 - Photograph of the sun tracker/telescope head attached to the 

Orion Atlas telescope mount. 



focuses sunlight into two fibers. At set-up, the only manual adjustments needed are small adjustments to the ½” mirror 

mounts to optimize sunlight collection into each fiber.  

 

One collimator-plus-fiber combination uses components optimized for 1550 nm light and is used for PHOCS 

measurements of CO2 at ~1572 nm and of CH4 at ~1651 nm. The other set is designed for 1310 nm light and is used 

for O2 and H2O measurements at 1278 nm.  

 

 

3.3 Heterodyne Receivers 
The current instrument contains two, nominally identical, 

heterodyne receiver modules that are shown schematically in Fig 

3. Each heterodyne enclosure houses a diode laser mounted onto a 

custom control board. Laser light is combined with sunlight carried 

by optical fiber from the telescope in a 2×2 fiber optic beam 

combiner/splitter.  The two output fibers are connected to separate, 

biased InGaAs photodiodes. Photocurrents pass through a 2 dB, 

50Ω attenuator that provides a DC path to ground and then into a 

60 dB gain, 20 MHz to 500 MHz amplifier (ASC118C). Rf signals 

are combined at 180° (Mini Circuits ZMSC-2-2) that provides 8 to 

9 dB of common mode rejection of laser noise and adds the 

heterodyne contributes in quadrature. Output from the 180° rf 

combiner is low-pass filtered to set the PHOCS spectral resolution 

and the resulting power measured by a USB-powered, rf power 

sensor (Keysight U2041XA) that has a specified noise floor of -70 

dBm, or 100 pW. A 200 MHz low pass filter (Crystek) was used 

for the measurements reported here.  The benefits of the dual detector and 180 rf combiner are similar to the balance 

ratiometric detector method implemented by Rodin et al[35] although our approach is capable of much larger values 

of BIF than their 3 MHz upper limit while not providing as much noise cancelation. 

The laser controllers (one for each heterodyne receiver) are 7.9 × 11.4 cm printed circuit boards that contain a 

thermoelectric heater/cooler control (Wavelength Electronics), a dual 250 mA current source (Wavelength Electronics 

FL500), and a 14-pin butterfly zero-insertion-force socket for the diode laser. A compact, multifunction I/O board 

(National Instruments USB-6002 OEM) is the interface to laser control (board power, laser ON/OFF, temperature set 

point, laser current set point) and monitoring (laser temperature and laser current). PHOCS spectra were obtained by 

recording 1000 rf power sensor values at 5 kHz digitization rate, then stepping the laser wavelength by changing the 

laser temperature.  The mechanical chopper operated at 400 Hz, making it possible to separate the solar heterodyne 

signal from the background rf power due to laser shot noise.   

 

Two diode lasers were installed in the PHOCS instrument for the measurements reported here. One, emitting near 

1278 nm is used for O2 and H2O column measurements. The other operates in the 1572 nm region and is used for CO2 

measurements. The diode lasers, manufactured by Eblana Photonics, Ltd (Dublin, Ireland), are cw devices with 

maximum output powers of 10 mW.  Laser wavelength is controlled by changing the laser temperature in 500 steps 

at constant operating current.  Each scan takes 120 s.  The tuning ranges used are 2.5 and 3.0 cm-1, respectively, for 

the O2/H2O and CO2 spectra, corresponding to temperature scans of 34.5 to 40.1 C and 25.0 to 33.6 C respectively. 

These tuning ranges are wider than are obtained from distributed feedback (DFB) lasers from other manufacturers and 

add a significant advantage for PHOCS because they allow rapid scans across multiple rovibrational lines of the target 

species which adds greater temperature sensitivity to column retrievals. Laser wavelength tuning characteristics were 

calibrated using an optical spectrum analyzer (Anritsu) and through comparison with optical absorption by known 

gases. Subsequent calibration was performed at George Washington University with a Burleigh wavemeter.  When 

operated using the custom, low-power laser control electronics developed for PHOCS, the 1278 nm laser linewidth 

was measured to be 14 MHz (FWHM) by beating the diode laser against the output from a Santec model TSL-510 

external cavity laser having a manufacturer’s specified linewidth of 500 kHz. 

 

 

Figure 3 - Schematic diagram of a heterodyne receiver. 



4. Retrieval Algorithm Development and Spectral Simulations 

4.1 Retrieval Summary 
Atmospheric spectra are simulated for the column using a spectral simulation package developed at the George 

Washington University. This software uses physical parameters from the HITRAN spectral database [36] to model 

spectra using components of the HITRAN Application Programming Interface (HAPI) [37]. Integrated path absorption 

spectra are calculated using the initial sun angle and estimated pressure and temperature profiles. Concentration 

profiles for CO2 and H2O can then be iterated by adjusting the pressure and temperature profiles to best fit the oxygen 

spectrum.   

 

4.2 Meta Data Retrieval and Characterization 
 

As noted above, the instrument is equipped with a GPS receiver.  From the GPS data, Zenith Angles are calculated 

at the beginning of each spectral scan.  The fits also require an estimate of atmospheric temperature and pressure 

profiles. There are several possible sources for these estimates that capture anticipated variations from position, day 

of year, and time of day including the Modern-Era Retrospective Analysis for Research and Applications (MERRA) 

[38] (available as well through the Planetary Spectrum Generator tool [39]), and the Integrated Global Radiosonde 

Archive (IGRA). 

 

4.2 Spectral Modeling and Fitting 
 

The retrieval algorithm for PHOCS data that is under development consists of the following steps: 

 

(1) Molecular absorption cross sections are calculated for each spectral window at 0.001 cm-1 resolution for every 

combination of atmospheric pressure and temperature at 1 mbar and 1 K resolutions, respectively. (from 1 to 1100 

mbar and 200 to 310 K)  These simulations are done using Voigt lineshapes calculated by the  HITRAN Application 

Programming Interface (HAPI) [40].  Data are stored in indexed, binary files for later use. 

 

(2) Pressure and temperature profiles are estimated throughout the troposphere and mid-low stratosphere by 

inputting location and time-date data from the Planetary Spectrum Generator [39] and MERRA-2 [38]. These profiles 

are fit as polynomials in altitude as 

 

  ,    

 

 

where Z is the altitude (in m). 

 

(3) Oxygen spectra are fit by performing a constrained, Nelder Mead's simplex method[41] by varying coefficients 

a and b.  This is accomplished by stepping from the surface through the atmosphere in 100 m steps and co-adding 

spectra drawn from the pre-calculated spectral libraries in step (1).  For the preliminary data shown below, oxygen 

and water are fit using MERRA-2 estimates for temperature and pressure profiles. Oxygen concentrations are assumed 

constant throughout the troposphere and lower stratosphere as calculated from the dry air value that is corrected for 

the layer’s fitted water vapor concentration (Step 4, below). 

 

(4) H2O and CO2 levels are fit using fixed T and p profiles from Step 3.  Currently, this is being implemented as a 

6 vertical layer model as follows: Layer 0: surface to 1000 m, Level 1: 1000-2000 m, Level 2: 2000-5000 m, Level 3: 

5000-10000 m, Level 4: 10000-20000 m, Level 5: >20000 m. Because the shape of the absorption line depends 

strongly on pressure, absorbance far from the center of the line is dominated by near-surface molecular contributions 

(See Figure 4). 

 

Accurate retrievals require precise modeling of O2, CO2, and H2O absorption lineshapes.  Oxygen, in particular, is 

unusual because some transitions exhibit collisional narrowing [42, 43] instead of standard Voigt lineshapes.  Neither 



the HITRAN database nor recent cavity ringdown work 

by Leshchishina et al.[44] include parameters needed to 

implement partially Correlated quadratic-Speed-

Dependent Hard-Collision profile (pCqSDHCP, or 

Hartmann-Tran profiles). In addition, pressure-induced 

line positions shifts vary to first order with temperature, 

but the temperature coefficients are not yet available for 

gases at the wavelengths used in this study.  For a rough 

estimate, we cite Malathy Devi et al’s[45] analysis of 

pressure-dependent line shifts in the H2O 3 band 

between 3500 and 3900 cm-1.  The largest magnitude line 

shifts are 0.04 cm-1 atm-1, although most are less than 0.01 

cm-1 atm-1, and the largest temperature-induced change in 

the line shift parameters is 6.7  10-5 cm-1 atm-1 K-1.  At 

sea level, a 10 K temperature change would shift an H2O 

peak by 20 MHz which is below the detection capabilities 

of the prototype PHOCS instrument described here, but 

would be observable if the bandwidth and precision were 

improved from 200 MHz to 100 MHz. 

5. Results of Preliminary Field Trials 
Over the past eighteen months, the PHOCS instrument has been deployed at both the campus of George 

Washington University in downtown Washington, DC and at the Smithsonian Environmental Research Center (SERC) 

in Edgewater, MD.  At SERC, the instrument was deployed at the Global Change Research Wetland (GCREW) during 

Summer 2019. This 70-hectare brackish marsh is home to several long-term experiments designed to explore the 

impact of sea-level rise on coastal wetland ecosystems and carbon-exchange [46, 47].  Data presented here were 

obtained at George Washington University.  The SERC measurements are ongoing and results will be presented in a 

later publication. 

The PHOCS instrument simultaneously collects spectra simultaneously from each of the two receivers. In the most 

recent field work, the laser centered near 1278 nm scanned from 7815 to 7818 cm-1 and covered spectral features for 

molecular oxygen and water vapor.  The second laser operating near 1572 nm scanned over three rotational features 

of carbon dioxide in the range 6359.5 to 6362.6 cm-1.  Figure 5 shows representative spectra taken in Washington DC 

on July 29, 2019 along with the results from spectral fits performed using the retrieval process outlined above. The 

O2 and H2O absorption lines in the left-hand panel are far below saturation.  Line-center transmissions for the 

strongest CO2 line is nearly two absorbance units, although the raw data signal-to-noise ratio is large enough that 

absorption lineshapes are well recovered. Fits were based on a five-layer atmospheric model described in Section 4.2.  

The water vapor peak shown in Fig. 5 was fit with concentrations of 2.09%, 2.20%, 0.209%, 0.466%, and 0.012%, 

respectively within the five layers. 

 

The signal-to-noise (SNR) ratio may be estimated as the absorption peak magnitude divided by the root mean 

square error calculated from the sum of residuals squared.  For the spectra shown in Figure 5 the SNR values were 66 

and 26 for 120 seconds of signal averaging per spectrum for the 1278 and 1572 nm, respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 -Illustration of dependence of line shape (and width) on 

altitude. Plotted here for 3 of the 6 layers is the absorbance cross 

section. 



 

 

 

For all spectral peaks, the largest residuals occur at peak 

centers and are nearly 10-fold larger than the intrinsic 

measurement noise observed in the peak wings and in the 

baseline regions between peaks.  We attribute these fit errors to 

several factors.  The most significant is instrumental.  PHOCS 

scan-to-scan repeatability errors exceed the 200 MHz 

measurement bandwidth and appear due to drift in the diode 

laser temperature controllers.  As an example, consider fit 

quality (the sum of residuals squared for the O2/H2O spectra) as 

the peak position for the water feature is varied (Figure 6).  

HITRAN predicts that the H2O line will shift to higher frequency 

by 0.005 cm-1, equivalent to 150 MHz atm-1, as the pressure 

increases from 0.01 to 1 atm as indicated by the vertical lines in 

the figure.  If, the position of the line is allowed to vary as part 

of the lineshape fitting, then the best fit peak position – bottom 

of the parabola – occurs an additional 140 MHz to lower 

frequency than expected for the 1 atm position.  There is a 

noticeable improvement in fit quality result from small changes 

in this peak’s location.  In this case, the wavelength error is 

identical to the programmed wavelength step size used in the 

PHOCS scan and is the limit of set point precision in the laser 

temperature controller.  Similar effects are observed with the 

CO2 spectral fits.  

 

Of note is that these spectra are the results of single sweeps over a range of laser temperatures.  This tuning 

approach was adopted for the PHOCS instrument to simplify baseline fitting which is known to be more challenging 

for laser-tuning by varying the laser current [48, 49].  However, the temperature-tuning approach requires slower 

tuning and thus limits our ability to perform sweep-averaging for faster sweeps or to perform Werle-Allan variance 

Figure 5 - Experimental PHOCS spectra and retrieval fits.  The left panel shows an oxygen feature at 7815.67 cm-1 and a water feature at 

7816.74 cm-1.  The right panel shows three rotational features for carbon dioxide at 6359.97, 6361.25, 6362.50 cm-1.  Weak peaks in the 

right-hand panel are attributed to CO2 (6360.15, 6361.60, and 6362.24 cm-1) and H2O (6362.04).  Plotted above each spectrum are fit 

residuals. 

Figure 6 - Fit quality as a function of water line position. The 

two vertical bars indicate the HITRAN line positions at low 

and high atmospheric pressure.  Also shown in gray is the 

spectral resolution imposed by the 200 MHz rf filter. 



studies at these shorter time scales.  Next generation PHOCS instrumentation will implement alternative tuning and 

calibration strategies including, most likely, a reference gas cell.  

 

The next dominant source of error is inferred to 

be lineshape uncertainties due to a lack of collisional 

narrowing and pressure-dependent peak shift data 

for these near-infrared transitions. 

Despite these sources of error, a time series of 

PHOCS data acquired on July 29, 2019, showed that 

data repeatability was determined almost exclusively 

by cloud cover, Fig 7.  The figure compares H2O 

concentrations retrieved using the 5-layer model 

with the sums of residuals for the spectral fits.  The 

largest (worst) residuals occurred when intermittent 

cloud cover blocked the sun for at least part of a 

spectral scan.  For nearly all data, the best fits 

correlate with stable H2O profiles and small changes 

in scan-to-scan concentration distributions which is 

expected for the short timescale.   

 

 

 

6. Conclusions and Future Outlook 
In this manuscript we have characterized instrument design and prototype development for a laser heterodyne 

radiometer that is designed to leverages simultaneous collection of oxygen spectra along with features from target 

molecular species. Informed by results from these initial deployment tests, Mesa Photonics and George Washington 

University are refining elements in both instrument design and the retrieval algorithm which will be the subject of 

future reports.  Some lessons learned from these initial deployments include (1) the need for precise laser-tuning 

control circuitry combined with very high spectral resolution (as determined by the in-line rf low pass filter) for precise 

fitting of the resultant sharp PHOCS spectra features, (2) improved spectroscopic lineshape parameters particularly 

for O2, and (3) time series show stable scan-to-scan performance limited only by cloud cover.  Laser wavelength 

uncertainty, Fig. 6, is at the limit of the precision of PHOCS diode laser temperature controllers.  Improvements will 

require adding external wavelength measurements such as an etalon or reference gas cell.  When the first two items 

are resolved, it should be possible to complete the iterative data analysis sequence described in Section 4.2 in which 

O2 data are used to retrieve atmospheric temperature profiles that are then used to calculate concentration profiles of 

the other gases.  PHOCS measurement noise as defined by the fitting residuals in the absorption peak wings and 

baseline regions are almost an order of magnitude better than the residuals at line centers implying full-spectra signal-

to-noise ratios of >250.  Future work will also compare the PHOCS data product with available remote sensing 

products and competing ground-based column measurements.  In this regard, we will perform detailed uncertainty 

analysis and cross- comparison analysis with both column-averaged and vertical profiling techniques. 
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