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Abstract
We present the design of a portable version of our miniaturized laser heterodyne radiometer (mini-LHR) that simultane-
ously measures methane  (CH4) and carbon dioxide  (CO2) in the atmospheric column. The mini-LHR fits on a backpack 
frame, operates autonomously, and requires no infrastructure because it is powered by batteries charged by a folding 30 W 
solar panel. Similar to our earlier instruments, the mini-LHR is a passive laser heterodyne radiometer that operates by col-
lecting sunlight that has undergone absorption by  CH4 and  CO2. Within the mini-LHR, sunlight is mixed with light from a 
distributive feedback (DFB) laser centered at approximately 1.64 μm where both gases have absorption features. The laser 
scans across these absorption features roughly every minute and the resulting beat signal is collected in the radio frequency 
(RF). Scans are averaged into half hour and hour data products and analyzed using the Planetary Spectrum Generator (PSG) 
retrieval to extract column mole fractions. Instrument performance is demonstrated through two deployments at significantly 
different sites in interior Alaska and Hawaii. The resolving power (λ/∆λ) is greater than 500,000 at 1.64 μm with preci-
sions of better than 20 ppb and 1 ppm for  CH4 and  CO2, respectively. Because mini-LHR instruments are portable and can 
be co-located, they can be used to characterize bias between larger, stationary, column observing instruments. In addition, 
mini-LHRs can be deployed quickly to respond to transient events such as methane leaks or can be used for field studies 
targeting geographical regions.
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1 Introduction

We present a portable, miniaturized, laser heterodyne radi-
ometer (mini-LHR) which is the latest iteration of an instru-
ment that has been under development by our team since 
2009 to monitor greenhouse gases (GHGs) in the atmos-
pheric column [1–6]. The re-design of the mini-LHR into a 
portable unit was motivated by our first trip to the Bonanza 
Creek Research Forest near Fairbanks, AK where we were to 
make column measurements of  CH4 and  CO2 over thawing 
permafrost. During summer months, the various research 
sites are only accessible by trail and all equipment must be 
backpacked in. There is no electricity beyond what solar 
power can be packed in or brought in with a snow machine 
during winter months. After the first year at Bonanza creek, 
we put all of our resources into the backpack version of the 
mini-LHR with its own small solar power system.

Once we had developed the portable field unit, interest-
ing opportunities arose including one that involved testing 
the new mini-LHR as part of the Hawai’i Space Exploration 
Analog and Simulation (Hi-SEAS) which is a long duration 
Mars analog simulation program operated by the University 
of Hawai’i at Mānoa. The site of the habitat is on the Mauna 
Loa side of the saddle area on the Big Island at ~ 8200 feet 
above sea level. Here, the crew of six uses the mini-LHR as 
a way to monitor atmospheric conditions like they would in 
a Mars deployment. Crew members live in a geodesic dome 
habitat and can only access the instrument during extrave-
hicular activity (EVA) outings that require crewmembers to 

wear “space suits”. Because these suits significantly limit 
manual dexterity, we added a touch screen interface that 
could be used with a stylus pen.

Both Bonanza Creek and Hi-SEAS field sites (Fig. 1) are 
good test cases for the mini-LHR instrument because they 
differ in many respects including climate, altitude, the solar 
zenith angle, number of hours of sun per day, etc. They also 
provided different deployment obstacles. While both sites 
are important for column  CO2 and  CH4 monitoring, nei-
ther of these sites are good candidates for permanent struc-
tures—highlighting potential locations that the mini-LHR 
could supplement column measurements of networks like 
the total carbon column observing network (TCCON) which 
measures a wide range of atmospheric gases using Fourier 
Transform Spectrometers (FTS) at permanent installations 
[7].

While FTS instruments have been widely known as trace 
gas analyzers and have been commercially available since 
the 1960s, the same is not true for laser heterodyne radiom-
eters which to date have not been commercialized. Laser 
heterodyne radiometry has been used to measure gases in the 
atmosphere since the early 1970s [8–14], but the lasers used 
in these ground-breaking instruments were large, expensive, 
complex systems that typically required high voltage–power 
supplies and pumped cooling systems. Another obstacle 
to commercialization was versatility. Because lasers emit 
light at a particular wavelength, a gas absorption feature 
must exist near the laser’s output to be able to make the 
measurement. Typically, only a few atmospheric gases can 
be reached within the wavelength range of a single laser. 
While LHRs had superior spectral resolution and sensitivity 
to other instruments such as grating spectrometers or Fou-
rier transform spectrometers, LHRs could measure as many 
gases in a single instrument.

In recent years, however, smaller, low-power, semicon-
ductor lasers have become commercially available in infra-
red wavelengths that are able to reach more gas absorption 
features. These lasers are thermoelectrically cooled and are 
the size of a quarter. While it remains true that a single laser 
may only be able to measure a few gases, these lasers are 
cheap and small enough that multiple lasers can be used in 
a single instrument to expand the measurement capability as 
needed. Here, we detail our simple instrument design that 
measures  CO2 and  CH4 with a single laser at 1640 nm that 
can be expanded to measure other atmospheric gases.

We compare performance of two mini-LHR instruments 
at the Bonanza Creek and Hi-SEAS field sites and discuss 
how these instruments could be used to produce data prod-
ucts in hard to reach locations where long-term monitoring 
stations are impractical or too costly.

Fig. 1  Clockwise from bottom left: the mini-LHR and solar panel in 
its backpack harness, the trail to the black spruce and collapse scar 
bog permafrost sites at the Bonanza Creek Research Forest in inte-
rior Alaska, Hi-SEAS crewmembers pose with the mini-LHR on a 
pāhoehoe lava flow on Mauna Loa, and the mini-LHR collects  CH4 
and  CO2 data at the fen permafrost site alongside a covariance flux 
tower at Bonanza Creek
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2  Instrument design

In our early designs, we packaged commercial components 
that were intended for benchtop use into waterproof cases 
and tested these in the field. While this approach was reason-
able to validate that newly available distributive feedback 
(DFB) lasers could be used in laser heterodyne radiometers, 
it was not cost effective or particularly practical for future 
manufacturing. The design we present here has transitioned 
these commercial components to printed circuit boards that 
can be mass produced at a low cost to make mini-LHRs 
commercially viable as a field instrument.

A schematic of the mini-LHR is shown in Fig. 2. At the 
front end, sunlight that has undergone absorption by  CO2 
and  CH4, is collected with a small fiber-coupled telescope 
(Thorlabs, F810APC-1550) with a focal length (f) of 7 mm 
and numerical aperture (NA) of 0.24 that mounts to the sun 
tracker portion of an AERONET sun photometer that has a 
pointing accuracy of 0.1° [15, 16]. For use with the mini-
LHR, we use two AERONET tracking modes. For continu-
ous tracking of the sun throughout the day, the AERONET 
sun tracker is operated in “BCLSUN” mode, which requires 
a user to start the tracker in the morning and turn the tracker 
off at night. This produces approximately 60 raw scans per 
hour in clear sky conditions that are averaged into either half 
hour or full hour data products. If a user is not available and 
the mini-LHR is operating autonomously for days or months, 
the AERONET sun tracker can be operated in “TURBO” 
mode and a raw scan is collected when the AERONET sun 
tracker points at the sun at 2 min intervals. This provides 
about 30 raw scans per hour that are averaged into 1 h data 
products.

Our preference is always to operate the mini-LHR in tan-
dem with an AERONET instrument because this produces 

a satellite validation product of both aerosol optical depth 
(AOD) and column  CH4 and  CO2. However, in some situa-
tions, an AERONET sun tracker is not available at the site. 
For these situations, we use a custom in-house sun tracker 
that tracks continuously with a pointing accuracy of ~ 0.06° 
and can operate autonomously. Figure 3 shows an AER-
ONET sun tracker (left) and our in-house tracker (right) with 
collimators indicated by red arrows.

Once collected with the collimator, incoming sunlight 
is modulated with a solid-state fiber optic switch at 400 Hz 
(Agiltron, CL 1 × 1) and then coupled with laser light in 
a single mode, wideband fiber optic coupler (Thorlabs, 
TW1650R5A1). Laser light is produced from a distribu-
tive feedback (DFB) laser (Eblana Photonics) that tunes 
between 1640.2 and 1640.5 nm to capture  CO2 and  CH4 
absorption features. After coupling, laser light and sun-
light are mixed in a > 15 GHz InGaAs detector (Electro-
Optics Technology, ET-3500F). The resulting beat signal 
is detected in a custom RF receiver [2]. The RF receiver 
amplifies the RF signal, detects it with a square law detec-
tor, and then further amplifies it with a video amplifier. 
The output signal from the RF receiver is detected with a 
lock-in amplifier (Femto, LIA-MV-150) that is referenced 
to the 400 Hz modulation signal. Two low-cost micropro-
cessors are used in this set-up: A Teensy 3.2 (pjrc.com) 
controls the modulation of sunlight and laser operation, 
and a Raspberry Pi 3 Model B (raspberrypi.org) controls 
the touch-screen user interface (Adafruit, HDMI 7″ dis-
play backpack with touchscreen).

The components connect to plates that slide into rails 
that have been installed into protective cases (Seahorse, 
S630) as shown in Fig.  4. These cases (dimensions: 
44.55 cm × 36.17 cm × 19.05 cm) were selected because 

Fig. 2  Components of the mini-LHR. Mole fractions of  CO2 and  CH4 
are found by measuring their absorption by sunlight in the infrared 
near 1.6  μm. Sunlight is collected with collimation optics that are 
connected to a sun tracker and modulated with a fiber switch. Sun-
light is mixed with laser light to produce a beat signal that is detected 
and amplified with a RF receiver, and measured with a lock-in ampli-
fier referenced to the modulation frequency. Absorption is measured 
by scanning the laser while monitoring the beat signal amplitude with 
the lock-in amplifier

Fig. 3  Sunlight is collected with a fiber-coupled collimator connected 
to the sun tracker portion of an AERONET sun photometer (left). For 
field applications where an AERONET is not available, our smaller 
tracker (right) provides sun pointing. Collimators are indicated by red 
arrows
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they strap into an accessory backpack/harness system so that 
they can be carried into the field across rugged terrain. To 
power the mini-LHR in these off-grid locations, we designed 
a simple power module (shown in Fig. 5) that includes a 
30 W folding solar panel (Ironton, #49686), a 450 W/30 A 
digital charge controller (Strongway, #49685), a 12 V, 12 A 
hour rechargeable sealed lead acid battery (Power Sonic, 
PS-12100) and a charge distribution board to produce the 
voltages needed for the various components in the instru-
ment. The battery, charge controller, and charge distribution 
board are all housed in a low-cost marine battery box to keep 
components dry.

Users operate the mini-LHR through the touch screen 
interface (shown in Fig. 4) to initiate scanning of the laser 

and the collection of data. The mini-LHR can be operated in 
various automated modes for short or long duration data col-
lection, and the user can select the wavelength range (within 
the capability of the laser) and resolution of the scans. Data 
can be accessed either via WiFi or a surface-mount USB 
port. If WiFi is not available and data cannot be regularly 
collected via USB, the mini-LHR can hold about a month’s 
worth of data files collected in long-duration mode.

The mini-LHR can be operated routinely between 0 and 
40 °C (32–104 °F). For rooftop applications where the tem-
perature can easily exceed 40 °C, we have expanded this 
range by housing the mini-LHR case in a thermoelectrically 
cooled insulated box. For cold-weather applications < 0 °C, 
we have a similar insulated set-up. With ~ R19 insulation, 
the electronics provide enough heat to keep the mini-LHR 
operational down to about − 10 °C.

Which gases that the mini-LHR monitors can be varied 
through choice of the distributive feedback (DFB) laser; the 
target wavelengths of which can be custom ordered from 
the manufacturer. If gases have absorption features that can 
be measured between 1550 and 1650 nm, no major changes 
need to be made to the optical or electronic mini-LHR 
design. Gases that fall at longer wavelengths may require 
more significant modifications. We scan our current laser 
from 1.6402 to 1.6405 μm in 0.0000015 μm increments. 
This region is optimized for  CH4 which has a strong absorp-
tion feature at ~ 1.640375, 1.640415 μm but also captures a 
smaller adjacent  CO2 line at ~ 1.640415 μm.

3  Analysis of data

Production of half or full-hour data products that report  CH4 
and  CO2 column mole fractions is a multi-step process that 
involves (1) removal of outliers in raw scans, (2) averag-
ing raw scans into half or 1-h data blocks, (3) converting 
averaged scans into transmittance vs. wavelength scans, (4) 
mathematically simulating what the mini-LHR observes in 
the atmosphere, (5) fitting the simulation to the data by per-
turbing  CH4 and  CO2 abundancies.

The majority of outliers are caused by periodic adjust-
ments in the sun tracker and large clouds passing overhead. 
In “BCLSUN” mode, the computer in the AERONET sun 
tracker points at the sun by calculating its location and 
then by fine-tuning the pointing through a quad tracker 
that adjusts the pointing every 30 s. This adjustment adds a 
repeating spike in the raw data scans. Similarly, large clouds 
in an otherwise clear sky will produce a sudden transmis-
sion drop. In addition, sometimes raw scans are taken when 
the tracker is not pointing at the sun (for example when the 
tracker has moved into a calibration mode related to AOD 
measurements and is pointing at a different portion of the 
sky) and these scans are discarded. After removing outliers, 

Fig. 4  The portable mini-LHR is built into a ruggedized 
44.55 cm × 36.17 cm × 19.05 cm case that is cooled with a low-power 
exhaust fan located near the laser. For easy access, components are 
mounted on plates that slide into vertical rails in the case. The instru-
ment interface is a touch screen and data can be collected through 
either the USB port or over WiFi

Fig. 5  The mini-LHR is powered by a simple, low-cost solar panel 
system that includes a 12 V battery and a charge controller that shuts 
the system down if the battery charge gets too low. The charge distri-
bution board converts the 12 V to the ± 15 V needed for the lock-in 
amplifier as well as 5 V need for most of the other components. DC/
DC converter part numbers are shown in red boxes (Murata Power 
Solutions)
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scans are averaged. Half-hour averages include scans from 
15 min before and 15 min after the time stamp of the data 
file. Similarly, full-hour averages include scans from 30 min 
before and 30 min after the time stamp.

The y-axes of the scans are the output voltage from the 
lock-in amplifier which is a measure of the signal inten-
sity (I). Because laser power increases linearly with wave-
length, a linear regression is fit through the baseline regions 
of the scan (that are not impacted by absorption or solar 
irradiance). This linear fit, denoted Io, is used to convert the 
y-axis to transmittance (I/Io) [17]. The x-axis of the scans 
are related to wavelength through a prior laser characteri-
zation that relates input voltages to the laser controller to 
wavelength.

Spectra that the mini-LHR observes in the atmosphere 
is simulated using the planetary spectrum generator (PSG) 
which is an online tool developed at NASA GSFC [18, 19]. 
PSG can be used for synthesizing Earth and planetary spec-
tra (atmospheres and surfaces) over a broad range of wave-
lengths (0.1 μm to 100 mm) for any observatory, orbiter or 
lander. Spectra are simulated by combining several state-
of-the-art radiative transfer models, spectroscopic databases 
and planetary databases. The PSG code includes refraction 
of sunlight through the atmosphere as well as a computa-
tionally efficient scattering package that incorporates the 
latest radiative transfer numerical methods [19, 20], and is 
parameterized for LTE (local-thermodynamic equilibrium) 
calculations. The PSG is operated remotely by employing 
a versatile online application program interface (API). The 
API operates by sending a configuration file to the PSG serv-
ers. Upon reception of the configuration file, PSG computes 
and returns the spectra.

Part of this simulation includes the inclusion of the mod-
ern-era retrospective analysis for research and applications, 
version 2 (MERRA-2) data set which provides meteorologi-
cal inputs [21, 22] such as modeled surface pressure for cal-
culating dry-air columns. Our code computes temperature 
(T) and pressure (P) abundances for Earth by first selecting 
a set of six standard profiles based on season and latitude: 
‘Tropical’, ‘Midlatitude-Summer’, ‘Midlatitude-Winter’, 
‘Subarctic-Summer’, ‘Subarctic-Winter’, ‘US-Standard’. 
These profiles provide abundances for a myriad of species 
and basic temperature and pressure profiles. The code then 
extracts P, T,  O3,  H2O and water ice abundances from the 
MERRA database for this location and time. Because the 
MERRA-2 grid is relatively rough, it does not contain fine 
elevation information and therefore the GTOPO30 topogra-
phy database (~ 1 km resolution) is also used to refine the 
elevation model at the mini-LHR site. The information from 
MERRA-2 lat/lon is then refined in elevation (using scale-
heights, etc.) using this high-resolution map.

Our code generates an initial configuration file that estab-
lishes the location and date/time of the measurement. Using 

this configuration file, the code calls the PSG/API and this 
returns all of the geometry parameters (air mass, phase 
angle, etc.) and an a priori vertical profile based on the date 
and location. Then, using this configuration file, the program 
goes into the fitting routine that calls the PSG/API to get cal-
culate spectra by fitting the  CO2 and  CH4 abundances. The 
fit perturbs each of these abundances and obtains a fit based 
on the Levenberg–Marquardt algorithm which is an iterative 
least-squares curve fitting procedure [23, 24].

Sample half-hour mini-LHR data products are shown in 
Fig. 6 from the Black Spruce site at Bonanza Creek and 
from the Hi-SEAS site on Mauna Loa. Data is shown in blue 
with the PSG algorithm fit in orange. At the Black Spruce 
site, cavity ring-down gas analyzer (Picarro) is co-located at 
the site (visible in Fig. 1). The closest surface measurement 
to the Hi-SEAS site is further up the mountain at Mauna 
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Fig. 6  Two sample mini-LHR half-hour column data products. Data 
are shown in blue and the PSG retrieval fit is shown in orange. The 
top panel (from the Bonanza Creek site) shows a scan over a broader 
wavelength range that includes both  CH4 and  CO2 absorption fea-
tures. The bottom panel shows a narrow wavelength scan from the 
Hi-SEAS site that captures  CH4. The scan length and resolution is 
selectable from the touch screen. Both observations show good agree-
ment with nearby surface measurements



 E. L. Wilson et al.

1 3

211 Page 6 of 9

Loa Observatory which is about 0.9 km higher in altitude 
[25–28]. While both show good agreement between the 
column and surface observations, they may be misleading 
because the column is subject to transport and chemistry and 
should be viewed as rough comparisons.

4  Performance

For its size and cost (suitcase-sized and under $10 K to pro-
duce), the mini-LHR has reasonably high precisions of better 
than 20 ppb for  CH4 and 1 ppm for  CO2 (estimate based on 
the standard deviation between the data and model). The 
spectral resolution is selectable by the user and is typically 
in the range of 3 × 10−6 μm for a resolving power (λ/Δλ) 
greater than 500,000 at 1.64 μm. While we have not yet 
completed a long-term comparison with TCCON [7, 29] 
(planned as soon as funding is available), we have completed 
two short-duration comparisons of a few days each with ear-
lier versions of the mini-LHR that measured  CO2. Because 
the mini-LHR was still being developed, we planned these 
trips as quick operational checks and to see if the amplitude 
of the absorption features did indeed track the changing 
 XCO2 that was being observed by TCCON (which they did). 
Functionally, this early mini-LHR was similar to the current 
version in that it used the same optical design, laser type and 
detector. However, the laser controller, lock-in amplifier, and 
software for operating the instrument were commercial prod-
ucts intended for benchtop use and they were not optimized 
for our application [2, 4, 6].

The first comparison (Fig. 7, top panel) took place in 
mid-September 2012 at the Park Falls, WI TCCON site. In 
this version of the mini-LHR, scans were slow (~ 10–15 min 
each) due mainly to the non-optimized commercial software. 
Consequently, we only ended up with a few scans to aver-
age which produced a somewhat noisy 1-h average. By the 
time of the Caltech TCCON comparison in 2014, we had 
made significant improvements that brought the scan time 
down to ~ 2 ½ min. Figure 7 (bottom panel) shows a half-
hour average with less noise than the 1-h scan from 2012.

At the time that we took these data sets, the PSG retrieval 
tool did not exist and we were not able to analyze the data for 
a  XCO2 value. We have since started the process of analyz-
ing the older data sets such as these TCCON comparisons. 
In Fig. 7, data is shown in blue and the PSG fit is shown in 
orange. As you might expect, the agreement with TCCON 
retrieval is better in the later data set where we could scan 
faster and average more scans over a shorter span of time. 
While the data is in good agreement, it is important to note 
that TCCON uses different a priori and meteorological pro-
files and could impact the agreement as well as differences 
inherent to the different types of instrument (resolution, 
field-of view, etc.). The  CO2 averaging kernel was recently 

calculated for the mini-LHR [30] for different solar zenith 
angles (SZA) assuming a SNR of 500 and found these to be 
similar to TCCON XCO2 retrievals of version GGG2014.

5  Insensitivity to clouds and aerosols

For passive satellite observations, scattering from clouds 
and aerosols is known to be significant error sources in the 
retrieval of column  CO2 and  CH4 [31–33]. There is, however, 
a misconception that ground-based passive measurements 

Fig. 7  Sample analyzed data from two short-duration side-by-side 
comparisons of earlier versions of the mini-LHR and TCCON instru-
ments. Mini-LHR data is shown in blue with the PSG retrieval fit in 
orange. Above each data set shows the noise input to the model in 
blue and residuals in orange—verifying the absence of structure. The 
2012 data are the average of three scans collected over the period of 
an hour and the 2014 data are the average of five scans collected over 
the period of a half hour. The resulting XCO2 value for the mini-LHR 
and the nearest corresponding value for TCCON (version GGG2014) 
are shown inset
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such as the TCCON FTS and the mini-LHR are also subject 
to these same errors.

Aerosols (dust/ice/clouds/hazes) cause light to scatter in 
a complex pattern depending on the viewing angle, aerosol 
size/shape and composition. The main reason that atmos-
pheric scattering impacts passive, nadir-pointing satellite 
observations is that when the sun is scattered by clouds or 
aerosols, the path length that the sun travels to the observa-
tion spot on the ground has changed, as shown by Fig. 8a. 
Because the path length of sunlight through the atmosphere 
directly impacts the absorbance of  CO2 and  CH4 (and other 
atmospheric gases), this complicates the retrieval. In con-
trast, ground-passive measurements have a narrow field-
of-view and point directly at the sun as shown by Fig. 8b. 
The TCCON at Park Falls, WI for example, has a field-of-
view of ~ 0.14° and mini-LHRs have a field-of-view (FOV) 
of ~ 0.2° (compared to the sun which has a field of view 
of ~ 0.5°). Because the FOVs of these instruments are nar-
rower than that of the sun, their light collection optics do not 
accept the scattered light outside of this FOV. Consequently, 
the mini-LHR and TCCON are mainly impacted by extinc-
tion which lowers the flux reaching the instrument but does 
not impact the relative absorption of the atmospheric gases.

Inclusion and realistic treatment of scattering phenom-
enon in the radiative transfer analysis is extremely compu-
tationally expensive, yet several approaches to attack this 
problem do exist. The efficient scattering package available 
in PSG incorporates the latest radiative transfer numerical 
methods, and it is parameterized for LTE (local-thermody-
namic-equilibrium) calculations using HITRAN spectro-
scopic [19, 20]. We use the PSG to simulate the difference in 
the effect scattering on nadir satellite retrievals and ground-
based sun-viewing measurements.

We compare scattering due to clouds, dust, and water–ice 
over a narrow wavelength (1.640–1.641 μm) for the upward 

pointing mini-LHR with a 0.2° field-of-view, and a nadir-
pointing satellite similar to OCO-2 with a 705 km orbit, a 1 
mile diameter spot size on the ground, two stream-pairs, and 
two azimuths. In Fig. 9, using the PSG code, we have simu-
lated the error as the standard deviation between a spectra 
generated with and without aerosol loading as a function of 
total optical depth of the aero sol added (τ). Average aero-
sol optical depth (AOD) in the US typically ranges from 
0.1 to 0.15, however, AOD is typically higher than this in 
regions where there is limited data such as the tropics or in 
heavily polluted cities where AOD can exceed 1.0. Standard 

Fig. 8  In nadir-pointing satellite observations (a), error is introduced 
when scattering from clouds and aerosols changes the pathlength of 
sunlight through the atmosphere. In sun-tracking instruments such 
as the mini-LHR and TCCON (b), the narrow field-of-view prevents 
scattered light from entering the instrument. However, scattering due 
to extinction does reduce signal levels which impacts the signal-to-
noise ratio
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Fig. 9  Error from aerosol loading. The impact of dust, cloud, and 
water ice aerosols on column retrievals is simulated for different 
observing geometries over typical ranges of aerosol optical depth 
(AOD). The error from aerosol loading is the standard deviation 
between spectra generated with and without aerosols present. The 
impact of aerosols on upward-viewing, sun-pointing instruments is 
not significant, while the impact of aerosols on nadir viewing instru-
ments is apparent at levels as low as τ = 0.02
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deviations for upward-viewing instruments such as the 
mini-LHR and TCCON are negligible over the entire range 
of optical depths because scattered light is outside of the 
field-of-view of the light collection optics, while standard 
deviations for the nadir-viewing instrument that observes an 
illuminated spot on the ground become significant at optical 
depths as low as 0.02. The impact of clouds and aerosols 
on the upward-viewing geometry is primarily extinction, 
resulting in lower levels of sunlight reaching these ground 
instruments. While this does not add error to the collected 
spectra, it does impact the signal level and consequently 
signal-to-noise levels.

6  Future improvements

In addition to a long-term TCCON comparison discussed 
earlier, we will be adding a calibration step to the mini-
LHR data analysis to track performance and establish 
documented traceability of column data products. Cali-
brations and validations will establish and report meas-
urement precision, measurement bias, and measurement 
error as defined by the Bureau International des Poids et 
Measures (BIPM)/Joint Committee for Guides in Metrol-
ogy (JCGM) [34]. The calibration procedure will involve 
the mini-LHR instrument scanning a NIST (National Insti-
tute of Standards and Technology) traceable atmospheric 
mixture of gases in an absorption cell using a second DFB 
laser as the incoming light (instead of sunlight). Meas-
urement precision will be found by tracking the standard 
deviation of repeated scans. In addition, any measurement 
bias or systematic error will be tracked by these regular 
repeated calibrations.

An estimate of measurement error will be found through 
a future side-by-side comparison of column data prod-
ucts from the Mini-LHR and the TCCON FTS located at 
NASA Armstrong Flight Research Center (AFRC) at Mof-
fett Field, CA. The TCCON FTS measures column  CH4 
and  CO2 at the same wavelengths but lower resolution as 
the mini-LHR. While TCCON has a well-documented his-
tory of characterization, we refer to this as an “estimate” 
of measurement error due to differences in resolution and 
because there are known biases between TCCON sites (1% 
for  CO2 and 2% for  CH4 in US sites and 1.1% ± 0.2% for 
 CO2 at European sites) [29, 35].

7  Conclusions

We have presented an updated design for our portable 
mini-LHR design as well as sample column measurements 
of  CO2 and  CH4 observed at two geographically distinct 

field sites in Alaska and Hawaii. Data were analyzed 
using the Planetary Spectrum Generator (PSG) retrieval 
to produce column mole fractions; both sites showed good 
agreement with co-located surface observations. This 
newly available PSG retrieval product also made it pos-
sible to analyze two data sets using earlier versions of the 
mini-LHR during side-by-side comparisons with TCCON; 
these also showed reasonable agreement.

The updated version of the mini-LHR has a resolv-
ing power (λ/Δλ) greater than 500,000 at 1.64 μm with 
precisions of better than 20 ppb and 1 ppm for  CH4 and 
 CO2, respectively. Because it operates autonomously and 
does not require electricity, the mini-LHR can be easily 
deployed to geographically challenging locations that do 
not have infrastructure and where other column observa-
tions are not possible and where there are gaps in the car-
bon record such as the Amazon river basin and Africa. In 
addition, because mini-LHR instruments are portable and 
can be co-located, they can be used to characterize bias 
between larger, stationary, column observing instruments. 
Mini-LHR instruments can also be deployed quickly to 
respond to transient events such as methane leaks or can 
be used for field studies targeting geographical regions.
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