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Satellite measurements of the atmospheric concentrations of carbon dioxide (CO,),
methane (CH,4) and carbon monoxide (CO) require careful validation. In particular for
the greenhouse gases CO, and CH,4, concentration gradients are minute challenging the
ultimate goal to quantify and monitor anthropogenic emissions and natural surface-
atmosphere fluxes. The upcoming European Copernicus Carbon Monitoring mission
(CO2M) will focus on anthropogenic CO, emissions, but it will also be able to measure
CH,. There are other missions such as the Sentinel-5 Precursor and the Sentinel-5 series
that target CO which helps attrioute the CO, and CH, variations to specific processes.
Here, we review the capabilities and use cases of a mobile ground-based sun-viewing
spectrometer of the type EM27/SUN. We showcase the performance of the mobile system
for measuring the column-average dry-air mole fractions of CO, (XCO,), CH4 (XCH,) and
CO (XCO) during a recent deployment (Feb./Mar. 2021) in the vicinity of Japan on research
vessel Mirai which adds to our previous campaigns on ships and road vehicles. The mobile
EM27/SUN has the potential to contribute to the validation of 1) continental-scale
background gradients along major ship routes on the open ocean, 2) regional-scale
gradients due to continental outflow across the coast line, 3) urban or other localized
emissions as mobile part of a regional network and 4) emissions from point sources. Thus,
operationalizing the mobile EM27/SUN along these use cases can be a valuable asset to
the validation activities for CO2M, in particular, and for various upcoming satellite missions
in general.
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1 INTRODUCTION

Various current and upcoming satellite sensors aim at measuring
the atmospheric abundances of the carbon compounds carbon
dioxide (CO,), methane (CH,) and carbon monoxide (CO). Most
of the space-borne instruments such as the GOSAT series
(Greenhouse Gas Observing Satellite) (Kuze et al., 2009; Suto
et al, 2021), the OCO series (Orbiting Carbon Observatory)
(Eldering et al., 2017), the S5P (Sentinel-5 Precursor) (Hu et al.,
2018) and S5 series (Sentinel-5), the TanSat program (Yang et al.,
2021) and others rely on spectrometric measurements of sunlight
reflected by the Earth in the shortwave-infrared (SWIR) spectral
range which lends sensitivity to the column-average dry-air mole
fractions of the gases (commonly denoted by XCO,, XCH,, and
XCO). In particular, the upcoming European Copernicus Carbon
Monitoring mission (CO2M) (Kuhlmann et al., 2019; Sierk et al.,
2019) and various missions that focus on localized targets and
specific emission sectors (Strandgren et al., 2020; Jervis et al.,
2021) will rely on the same measurement principle.

Measuring the most abundant atmospheric carbon
compounds, the general goal of these missions is to contribute
to a better understanding of the Earth’s contemporary carbon
cycle. In terms of the required precision and accuracy, there are
two main categories: Category 1 aims at constraining the natural
variability of the carbon cycle on regional-to-continental spatial
and on monthly-to-yearly temporal scales [e.g. (Guerlet et al.,
2013; Liu et al., 2017; Crowell et al., 2019; Palmer et al., 2019;
Western et al., 2021)]. Typically, these variabilities are driven by
the world’s large ecosystems through variability in photosynthetic
and respiratory activity, wetland dynamics, fire occurrences and
other carbon cycle mechanisms. Category 2 targets at budgeting
anthropogenic emissions on regional-to-local and monthly-to-
instantaneous scales, where the instantaneous scale relates to the
usage of individual satellite overpasses [e.g. (Hakkarainen et al.,
2016; Nassar et al., 2017; Borsdorff et al., 2018; Pandey et al., 2019;
Varon et al, 2019)]. Due to the larger spatial and temporal
perspective, category 1 requires that satellite measurements do
not show any spurious gradients or trends on the targeted larger
scales. Category 2, in contrast, targets at the local-to-regional
excess of the compound concentrations above the adjacent
background and on direct instantaneous emission rate
estimates. Thus, category 2 requires eliminating residual
gradients on the local-to-regional scale e.g., within the
satellite’s swath and it requires high single-shot precision since
individual soundings are to be used.

In order to meet these accuracy and precision requirements —
for XCO, and XCHj, on the order of a few permille, for XCO on
the order of a few percent - the satellite measurements need
careful validation by ground-based instruments that are able to
measure XCO,, XCH,, and XCO with similar column-average
sensitivity as the satellite spectrometers. Currently, the TCCON
(Total Carbon Column Observing Network) (Wunch et al., 2011)
and COCCON (Collaborative Carbon Column Observing
Network) (Frey et al., 2019) form the backbone of routine
validation of the satellite-derived carbon compound
concentrations. These networks consist of a few dozens of
ground-based Fourier Transform Spectrometer (FTS) stations that
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are equipped with a solar tracker enabling direct-sun absorption
spectroscopy. The networks’ coverage mostly serves the category 1
applications since most of these FTS are distributed throughout the
world’s continents. There is a gap of validation capacities for direct
verification of local-to-regional scale gradients and the respective
emission estimates (category 2) and for measurements over the
oceans (part of category 1). Addressing the former gap, urban
networks and episodic coordinated deployments of the portable
COCCON spectrometers are emerging [e.g. (Hase et al, 2015
Luther et al, 2019; Dietrich et al, 2021)] but are far from
covering a representative number of cities and hotspot regions.
Validation over the oceans is currently mostly limited to stations
on islands or at coastal sites which implies that the satellite
coincidences are not direct and that differences in topographic
height often need to be carefully accounted for. Validation over
the oceans should be warranted since typically the satellites observe
ocean scenes under glint-view i.e., deliberately pointing towards the
specular reflection at the ocean surface in order to gain sufficient
signal while, over land, nadir-viewing is preferred. Basu et al. (Basu
et al.,, 2013) reported on land-ocean biases with detrimental impacts
for flux inversions that were on the order of a few tenths of a ppm for
XCO,. Such land-ocean biases might be due to scattering by
atmospheric particles affecting the lightpath quite differently above
ocean and land (Butz et al., 2013).

Here, we review and refine plans how portable FTS of the
COCCON type, further developed for mobile deployments, can
be valuable assets to the existing XCO,, XCH, and XCO
validation capacities, in particular contributing directly to
validating local-to-regional scale gradients and measurements
over the oceans. The key innovation for making the off-the-
shelf FTS suitable for deployment on mobile platforms is a solar
tracker system that 1) can find the position of the Sun
independent of knowledge on the instrument’s location and
orientation and that, once the Sun is captured, 2) is
sufficiently agile to track the Sun under (potentially fast)
platform motion. Another requirement for routine and
autonomous operations is a weather-proof housing. We have
developed such a system and demonstrated its performance for
continuous operations on ships and for stop-and-go operations
on small trucks (Klappenbach et al., 2015; Butz et al., 2017; Luther
et al, 2019; Knapp et al., 2021). Section 2 reviews previous
campaign deployments, Section 3 summarizes the key
instrument parameters and reports on the processing recipe.
In Section 4, we focus our discussion on a ship deployment in
March 2021 in the Western North Pacific on the research vessel
(RV) Mirai which we have not reported before and which serves
as an illustrative assessment of the instrument’s capabilities.
Finally, Section 5 relates to potential use cases in the context
of validating future satellite missions such as CO2M.

2 FIELD DEPLOYMENTS

In the past years, our mobile FTS has been deployed during five
large scale field campaigns listed in Table 1. Three deployments
were on ships demonstrating the performance for category 1
applications ie., for validating the large scale constituent
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TABLE 1 | Deployments of the mobile EM27/SUN.

Mobile EM27/SUN

Period Location Carrier Key gases References

Mar. 5 to Atlantic, South Africa RV Polarstern XCO,, XCH4 Klappenbach et al. (2015)
Apr. 14, 2014 to Germany

Sep. 5 to Mt. Etna, Italy Small truck XCO,, HF, HCI Butz et al. (2017)

Sep. 25, 2015

May 25 to Upper Silesian Coal Small truck XCH,4 Luther et al. (2019)

June 12, 2018 Basin, Poland

May 30 Pacific, Canada to RV Sonne XCO,, XCH4, XCO Knapp et al. (2021)

to Jul. 5, 2019 Singapore

Feb. 13 Western Pacific RV Mirai XCO,, XCH4, XCO here

to Mar. 24, 2021
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FIGURE 1 | Trajectory of RV Mirai through the Western Pacific in the
vicinity of Japan leaving Shimizu port towards the East. Red dots indicate valid
measurement positions of the mobile EM27/SUN. For selected samples, the
measurement dates are indicated.

gradients over the oceans. Two deployments were on road
vehicles in the vicinity of local emission hotspots evaluating
the usefulness for category 2 applications focusing on local-
scale concentration gradients and emission rates of localized
sources.

Since the first deployment in spring 2014 on RV Polarstern,
the setup has substantially matured in terms of solar tracker
performance and its ability to be remotely operated and to resist
harsh weather. Klappenbach et al. (Klappenbach et al., 2015) and
Knapp et al. (Knapp et al., 2021) report on ship deployments in
the Atlantic and Pacific oceans which aimed at measuring
meridional and zonal cross sections of background XCO,,
XCH, and, for the latest instrument upgrade (Hase et al,
2016), XCO over the large oceans. Beside validating the
satellite records from GOSAT, OCO-2, and S5P, our
concentration records were also used for validating and
improving a model used in the Copernicus Atmosphere
Monitoring Service (CAMS) (Agusti-Panareda et al., 2017;

Knapp et al,, 2021). The latest ship deployment took place in
the Western Pacific and along the coast of Japan from February
13 to March 24, 2021 when the mobile EM27/SUN was operated
onboard the Japanese RV Mirai (framed by a collaboration of
Heidelberg University and the National Institute for
Environmental Studies (NIES) of Japan). Figure 1 shows the
trajectory of RV Mirai and denotes the locations where weather
conditions were sufficiently fair to conduct direct-sun
measurements. The first part of the cruise, starting out from
Shimizu port heading north-east towards the Kamtschatka
peninsula, suffered from rough seas with average wave heights
of up to 10 m challenging equipment and operating personnel.
Weather conditions were better for the second part in the south-
east and south of Japan. Therefore, the discussion here
concentrates on the latter part with a particular focus on the
last 3 days where we collected measurements along the southern
coast of Japan observing the outflow from the island before
entering Shimizu port.

On land, Butz et al. (Butz et al., 2017) and Luther et al. (Luther
etal,, 2019) measured emission plumes of CO, emitted by the Mt.
Etna volcano and plumes of CH, from coal mine ventilation in
the Upper Silesian Coal Basin (USCB), Poland, respectively. To
this end, the mobile EM27/SUN was mounted on a van operated
in stop-and-go patterns underneath the emission plumes of the
local sources. The instrument collected cross sections of the
column enhancements inside the plumes with respect to the
background. Luther et al. (Luther et al., 2019) show the van setup
and typical plume enhancements for XCH, observed downwind
of coal mine ventilation shafts. Together with estimates of the
local wind conditions and a mass balance method, we succeeded
in estimating the instantaneous CH, emission rates from
individual ventilation facilities.

3 INSTRUMENT SETUP AND DATA
PROCESSING

3.1 Mobile EM27/SUN and Its Solar Tracker
The key equipment is the EM27/SUN FTS available for purchase
from Bruker Optics. It covers the spectral ranges
5,500-11,000cm™  and  4,000-5,500cm 'at a  spectral
resolution of 0.5cm™ via two InGaAs detectors (Gisi et al.,
2012). The custom-built solar tracker collects sunlight and
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eye camera (vertical tube) and the entrance window for the solar beam.

FIGURE 2 | Photographs of the mobile EM27/SUN onboard RV Mirai (Ieft) with a zoom of the outer part of the solar tracker (right) showing the lens mount of the fish-

feeds it into the FTS via an alt-azimuth mirror assembly. A
weather-proof housing hosts the FTS and solar tracker as well as
various ancillary equipment such as the computers, ventilation
units, and sensors for housekeeping data. Knapp et al. (Knapp
et al., 2021) describes the general setup in detail. Here, we focus
on the solar tracker which is the unit enabling mobile applications
and which has seen substantial improvements over the past years
starting from the initial developments (Gisi et al., 2011;
Klappenbach et al,, 2015; Butz et al, 2017). The EM27/SUN
FTS itself can be operated nominally as e.g. recommended by the
COCCON protocol (Frey et al., 2019) with the exception that we
recommend collecting individual interferograms (instead of
automatic 10-fold co-adding) and sampling them at 20 kHz
(instead of 10kHz). Exposures under unstable solar tracking
need to be screened in the processing chain and, since solar
tracking is less stable under mobile than under stationary
conditions, automatic co-adding and slow sampling could
imply needlessly loosing data. Further, it is advised to monitor
the instrument line shape (ILS) of the FTS on a regular basis. To
this end, the ambient H,O absorption is measured through open-
path measurements using a halogen lamp positioned at a few
meters distance from the instrument (Frey et al., 2015). Overall,
we believe that the configuration reported here is the one that is
most suitable for operationalizing the instrument for routine,
unattended deployments on carriers such as cargo ships.

The hardware setup of the solar tracker consists of a coarse-
tracking camera, a fine-tracking camera and 2 mirrors assembled
in alt-azimuth configuration. Figure 2 shows the outside part of
the solar tracker with its protective housing. The 2-mirror
assembly is very similar to the one described by Gisi et al.
(Gisi et al., 2011) and is delivered with the EM27/SUN upon
purchase. It uses two elliptic aluminium mirrors (2 inch aperture
at 45°) mounted on two perpendicular rotation stages for the
azimuth and elevation directions. The tracking software drives
the mirror assembly towards the center of the Sun to feed a
parallel beam of sunlight into the FTS.

The input for the driver software comes from the fine-tracking
camera that consists of a 25 mm objective lens (2.33°x 1.95°field of

view) mounted on a digital camera (IDS, 1.2 Megapixel) read out
at a frequency of 60 (up to 125) frames-per-second. The fine-
tracking camera collects images of the field stop in front of the
shortwave detector where an image of the Sun occurs under
nominal conditions. The driver software fits an ellipse to the
image and a feedback loop drives the rotation stages such that the
center of the ellipse coincides with center of the field stop. On a
moving platform, the feedback loop needs to be sufficiently fast to
compensate for platform motion and thus, it is essential to use a
fast fine-tracking camera.

The coarse-tracking camera module consists of an F-theta
fish-eye lens (Fujinon, 185°field of view) and a short-wave
infrared longpass filter (Midopt, LP1000) mounted on another
digital camera (IDS, 5 Megapixel) with a read-out frequency of
five frames-per-second. The purpose of the coarse-tracking
camera is to make the pointing independent of attitude-
knowledge by identifying the rough position of the Sun in the
sky and driving the mirror assembly toward the Sun. Once the
Sun is in the field-of-view of the fine-tracking camera, coarse-
tracking is switched off and fine-tracking takes over. If fine-
tracking fails e.g. due to clouds, the coarse tracking process
restarts. For the coarse tracking, it is essential to use a fish-eye
lens that approximates a stereographic projection, thereby
avoiding heavy compression of the lateral image scale towards
low elevation angles such that the mapping from angular
coordinates to camera pixel positions is well-posed even under
low-sun conditions. It is beneficial to mount the coarse tracking
module on the azimuthal rotation stage together with the mirror
assembly in order to avoid calibration overhead by spurious
tilting and misalignment between the mirror assembly and the
coarse-tracking module.

The communication between the control unit (Trinamic 5072)
and the cameras works via a USB-2 interface and the rotation
motors are connected via RS232. The control unit runs a custom-
built driver software that handles the coarse and fine-tracking
processes, the feedback loops and the motor control. The
feedback loop uses a PID (Proportional-Integral-Derivative)
control that works on the departure of a setpoint velocity
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FIGURE 3 | Angular departures (in perpendicular azimuth and elevation
directions) of the solar tracker mirrors from the setpoint position throughout
the RV Mirai cruise for all measurements where the solar tracker was in fine-
tracking mode. Colors indicate (logarithmic) occurrence and red circles
indicate tracking precisions of 0.05° and 0.005°.

from the instantaneous velocity. We tested control loops with
motor position and acceleration as control variables, but velocity
control showed the most stable performance. In total, the feedback
loop mechanism takes roughly 30 ms for a single cycle which is
sufficient to operate the solar tracker on benign platforms such as
ships or balloons. However, it does not allow for continuous
operations on road vehicles. For the latter, our setup allows for
quick stop-and-go patterns but the solar tracker cannot cope with
shocks from ubiquitous road-bumps while driving. A gimbal
mount might be required to enable measurements while driving.

Figure 3 shows the departures of the angular mirror positions
from the setpoint for the measurements collected during the latest
deployment on RV Mirai in the Western North Pacific. The target
precision of the solar tracking is 0.05° (Gisi et al., 2011), roughly a
tenth of the angular diameter of the solar disk. The solar tracker
achieved the required tracking precision for more than 96% of the
measurements when fine-tracking mode was operational. This is
a substantial improvement over our previous deployments and is
largely due to refinements of the tracking software.

3.2 Retrieval and Data Quality Procedures
Inferring the dry-air column-average mole-fractions XCO,,
XCH, and XCO from the mobile EM27/SUN measurements
requires a range of processing and calibration steps, that we
summarize here in a recipe-like fashion. Details are reported in
Knapp et al. (Knapp et al,, 2021).

e The DC-coupled interferograms acquired by the mobile
EM27/SUN need to be Fourier-transformed to absorption
spectra. We employ the preprocessor software of the
COCCON-PROCEEDS project (Sha et al, 2020) with
minor modifications related to the output of DC-
parameters and to the hand-over of measurement
coordinates that vary interferogram-by-interferogram as
typical for mobile applications.

e It is important to record the interferograms with DC-part
since it allows for extracting a filter criterion defined as the
relative peak-to-peak DC-amplitude, ie., the relative
difference between the maximum and the minimum of

Mobile EM27/SUN

the DC-part. This criterion is indicative of brightness
fluctuations during the 6s exposures. Such brightness
fluctuations are typically caused by unstable pointing
towards the Sun which in turn might be caused by
uncompensated motion of the platform (i.e. failures of
the solar tracking system) or by clouds drifting through
the solar beam. If the relative DC-amplitude exceeds 5%, we
exclude the interferograms from our records.

The absorption spectra are then submitted to a radiative
transfer and retrieval algorithm that is able to determine the
column densities [CO,], [CH,4], [CO], and [O,] and those of
other interfering absorbers such as [H,O]. For our purposes,
we have been using the RemoTeC algorithm (Butz et al,,
2011) in its ground-based variant and with the configuration
settings and window selections as detailed by Knapp et al.
(Knapp et al,, 2021). For mobile applications, the algorithm
needs to be sufficiently flexible to deal with continuously
changing positions of the observer. The retrieval of [O,]
serves a two-fold purpose. Firstly, it is used to calculate the
column-average dry-air mole fractions through Xgs =

[ d[riai]ir] where [gas] is [CO,], [CHy4] or [CO] and [dry air] =

0‘[2?)31 ; as recommended by Wunch et al. (Wunch et al., 2010).

Secondly, it provides a useful quality filter.

The O, quality filter relies on comparing the surface pressure

measured by an in-situ pressure sensor (positioned at the

outside top of our spectrometer housing) to its spectroscopic

equivalent which is calculated from [O,] assuming a

constant mole-fraction of 02094 and from [H,0]

considering its contribution to the total pressure. After

accounting for a calibration offset between in-situ surface
pressure and its spectroscopic counterpart, the two

measurements typically agree to within fractions of a

percent and the difference serves as a quick sanity check.

Spectra that show differences greater than 0.3% (after

calibrating the overall offset) in the two surface pressure

estimates are removed from the data record and can be
regarded as imperfect records despite the fact that the
interferogram escaped the DC criterion.

o The retrieved XCO,, XCH,, and XCO typically show a
spurious dependency on the position of the Sun which is
called the airmass-dependent bias. It has been proposed to be
calibrated through a cubic function of the solar zenith angle
(SZA) (Wunch et al., 2010). The reasons for the bias are 1)
the assumed vertical trace gas profile shape being different
from the truth, 2) residual spectroscopic uncertainties, and
3) imperfect calculation of the lightpath as a function of SZA.
Here, we use the correction variant implemented by Knapp
et al. (Knapp et al,, 2021) which reads Xgys corrected = Xgas/
(a XSZA® + b XSZA + ¢). The coefficients a, b, ¢ are best
determined by fitting them to XCO,, XCH,; XCO
background records. During our ship cruises such
conditions are regularly encountered over the open
oceans. Table 2 lists the coefficients for the two most
recent deployments on RV Mirai and RV Sonne.

o The final step calibrates the mobile measurements of XCO,,

XCHy, and XCO to the measurements of the TCCON and
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TABLE 2 | Correction factors a [1/°°], b [1/7, ¢ for the airmass dependent
correction. Errors are the standard deviations of the fits.

RV Sonne RV Mirai
2019 2021
XCO, a=(-1.91 + 0.01)107® a=(-2.18 + 0.03) 1078
b=(3.35 + 0.62)107° b=(1.77 + 0.26)10™°
¢ =1.0015 +0.0001 ¢ =1.0007 + 0.0001
XCH, a=(-2.61 + 0.01)1078 a=(-5.57 + 0.04)1078
b=(-2.03 + 0.08)10™° b=(6.77 + 0.35)107°
¢ =1.0032 + 0.0001 ¢ =1.0017 +0.0001
XCO a=(-1.74 + 0.03) 107 a=(-2.32 + 0.07)107

b=(-5.05 + 0.15)107*
¢ =1.0392 + 0.0003

b=(6.63 + 0.55)10~*
¢ =0.9860 + 0.0017

COCCON. To this end, we scale the mobile measurements
by a factor that has been determined from side-by-side
deployments with a TCCON instrument or a COCCON
instrument that is traceable to the TCCON calibration.
We conduct these side-by-side deployments typically
before and after shipping our instrument into the study
regions. Table 3 lists the respective calibration factors for
the past years relevant for the deployment on RV Mirai.
The calibration factors for XCO, are reasonably stable
over time with differences up to 0.3% which is roughly
consistent with the stability reported for stationary
applications (Frey et al., 2019). For XCH,, the most
recent measurement at Tsukuba shows a change of
0.7% compared to the calibration before and, for XCO,
there is an upward trend over time with a step of 2.4% for
the measurement at Tsukuba. Currently, the origin of
these findings for XCH,4 and XCO is unknown and needs
to be investigated e.g. through a dedicated side-by-side
calibration campaign and a careful check of the
instrument alignment. However, inspecting the regular
ILS measurements did not reveal any indication for
spurious trends in the alignment of the instrument.

4 XCO,, XCH,4, XCO IN THE WESTERN
PACIFIC AND ALONG THE COAST OF
JAPAN

Following the procedure outlined in Section 3.2, we obtain the
XCO,, XCH,, and XCO time series for our recent deployment in

Mobile EM27/SUN

the Western Pacific and along the coast of Japan on RV Mirai, for
which we use the calibration derived from the TCCON side-by-
side deployment at Karlsruhe on Oct. 31, 2020 (cf. Table 3).
Figure 4 compares our mobile EM27/SUN records to XCO,,
XCHy,, and XCO from the CAMS near-real-time analysis product
(Massart et al., 2014; Inness et al., 2015; Massart et al., 2016), and
to XCO retrieved from S5P/TROPOMI measurements. Data
from OCO-2 and GOSAT were too sparse to allow for a
meaningful comparison. Retrievals of XCH, over the oceans
from TROPOMI are currently not available. For CAMS, we
have interpolated the model fields to the locations and
sampling times of our ship-borne measurements, and for
TROPOMI, we have collected coincidences within a radius of
0.2° and a period of 4 h around our measurement instances. Since
we use the CAMS data as a priori in our ground-based retrievals,
there is no residual smoothing effects when comparing them. For
comparing our data with TROPOMI XCO, we neglected
smoothing effects since we consider them to be small. The
ground-based and satellite XCO retrievals are performed on
the same spectral bands with similar spectral resolution
implying similar column sensitivities. Further, the satellite and
ground-based retrievals use up-to-data CO prior profiles (from
TMS5 for TROPOMI) that represent the actual dynamic state of
atmosphere.

Our data record is quite sparse in the first half of the campaign
due to bad weather conditions but reasonably dense for the later
half. We find that the campaign-average hourly standard
deviations are 0.33 ppm for XCO,, 1.5ppb for XCH,, and
1.0 ppb for XCO which we take as a measure of the precision
and repeatability of the reported hourly means. These precision
estimates are consistent with the previous deployments (cf.
Table 1 and references therein). While the mobile EM27/SUN
sampled mostly background airmasses until Mar. 18, 2021, there
is a clear enhancement of a few ppm in XCO, (AXCO,) and a few
10 ppb in XCO (AXCO) for the last days of the cruise (Mar. 19 to
Mar. 22, 2021) where, on the last day, the ship’s trajectory was
along the southern coast of the main island of Japan (cf. Figure 1)
and the lower tropospheric winds came from North-West
directions (as modelled by the HySplit online tool (Stein et al.,
2015), not shown). For XCH,, variations during the campaign are
on the order of 20 ppb but there is no clear enhancement pattern
for the last days.

Comparing the ship records to CAMS, we find differences of
CAMS XCO,, XCH,, and XCO amounting on average to 4.1 +
0.5ppm (mean differencetstandard deviation of differences),
—-32.1 £ 9.7 ppb, and 0.5 + 5.8 ppb, respectively. The CAMS
data follow the observed variability well, ie., they show an

TABLE 3| Calibration factors derived from the side-by-side measurements at the TCCON stations Karlsruhe and Tsukuba over the past years. The calibration factors are the
average hourly ratios Xgas, Tccon/Xgas,emz7/sun, the error bars are the standard deviations of the hourly ratios throughout the respective side-by-side deployment.

Karlsruhe Karlsruhe
Apr. 3, 2019 July 23, 2019
XCO, 1.0271 + 0.0002 1.0272 + 0.0002
XCH4 1.0251 + 0.0003 1.0222 + 0.0002
XCO 0.9436 + 0.0018 0.9653 + 0.0017

Karlsruhe

Oct. 31, 2020

1.0302 + 0.0003
1.0263 + 0.0001
0.9721 + 0.0026

Tsukuba

Apr. 15, 2021

1.0289 + 0.0006
1.0333 + 0.0001
0.9963 + 0.003
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FIGURE 4 | Timeseries of XCH, (upper panel), XCO, (middle panel), and XCO (lower panel) of the EM27/SUN on RV Mirai (blue), co-sampled CAMS data (red), and

co-incident TROPOMI XCO measurements (green). The EM27/SUN records our hourly averages with hourly standard deviations shown as error bars. For TROPOMI,
individual XCO data are shown with their provided error-bars. The red and green boxes (upper and lower panel) define the background and enhancement periods,
respectively, as discussed in Section 4.
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FIGURE 5 | Timeseries of the enhancement ratio AXCO/AXCO, for the mobile EM27/SUN (blue) and CAMS (red) with a focus on the last period of the RV Mirai

enhancement of XCO, and XCO for Mar. 19 to Mar. 22, 2021,
and they generally follow the observed day-to-day variations. But,
CAMS XCO, is overall high-biased, and CAMS XCH, is overall
low-biased while CAMS XCO fits well on average. For our
previous assessment (Knapp et al,, 2021) with measurements
across the subtropical Pacific in 2019, we did not find these biases
for XCO, and XCH,. However, comparisons of CAMS to
TCCON indicate that there might be a time dependent error
in CAMS (Schulz et al., 2021) which might explain the larger
differences observed here than in (Knapp et al., 2021). These time
dependent differences might point to deficiencies in the
anthropogenic emissions and natural fluxes (and their
temporal variation) that drive the respective concentrations in
the CAMS model. Comparing the mobile EM27/SUN data to
TROPOMI XCO, we find a mean differences of 9.0 + 6.6 ppb with
TROPOMI showing overall greater scatter than the ship records
and confirming the XCO enhancements on Mar. 19 and 22, 2021.

The period Mar. 19 to Mar. 22, 2021 (green box in Figure 4) at
the end of the cruise shows correlated enhancements for XCO,
and XCO. To calculate the enhancements, we define the period
Mar. 11 to Mar. 18 as a background period (red box in Figure 4).
Averaging the records over the background period vyields
background concentrations amounting to 415.6 + 0.4 ppm
(mean + standard deviation over period) for XCO, and
1104 + 4.0ppb for XCO. The choice of the background
period causes uncertainties of less than 0.3 ppm and 2 ppb,
respectively, as checked by repeating the calculations for other
periods. Subtracting the background from the measurements
during the enhancement period yields the enhancements
AXCO, and AXCO. Since the CAMS simulations largely
follow the same pattern, we apply the same calculations for
AXCO, and AXCO and compare the enhancement ratio
AXCO/AXCO, to our measurements (see Figure 5). The
enhancement ratios vary between 30 and 10 ppb/ppm with
quite some intra-day and day-to-day variability. CAMS agrees
reasonably well with EM27/SUN measurements pointing at a
reasonable model representation of both, the transport of
emission signatures toward our measurement instances and

the relative partitioning of the upwind CO, and CO emission
sources contributing to the enhancement.

Overall, the deployment of our mobile EM27/SUN on RV
Mirai confirms the fitness of the instrument for providing reliable
XCO,, XCH,, and XCO validation measurements over the
oceans. On top of sampling background airmasses, we were
also able to collect a few days of measurements with XCO,
and XCO enhancements that point to local-to-regional
gradients and source signatures although a confirmed
attribution to specific regions using backward trajectories was
not undertaken here.

5 PROSPECTIVE DEVELOPMENTS AND
USE CASES

The mobile EM27/SUN is a variant of the FTS operated within
the COCCON, supplemented with a fast and flexible solar
tracker. If put into operational network-like infrastructures,
such versatile and flexible mobile instruments will add
substantial value to the validation system for space-borne
measurements of XCO,, XCH,, and XCO.

Ship deployments of the mobile EM27/SUN have been
demonstrated through three campaigns over the past years (cf.
Table 1). The implementation of an operational ship-based
EM27/SUN could be realized in the near-term. Our system
withstands harsh weather conditions and only minor technical
updates are required to make it operate semi-automatically under
remote control. The system requires access to electric power and
network and it must be placed such that it can observe direct
sunlight without obstructions from platform structures.
Envisaging deployment on a cargo ship, our experience from
previous campaigns suggests that the system would need some
basic maintenance of 1-2 days duration on a bimonthly basis in
the harbor ie. collecting data, cleaning optical surfaces,
conducting ILS measurements, and, occasionally under sunny
conditions, gauging XCO,, XCH,, and XCO towards the TCCON
and COCCON by side-by-side deployments of a transfer
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standard (e.g., another EM27/SUN). The operations on the ship
would require some basic, low-bandwidth network interface to
check whether the system works nominally and to allow for
altering configuration files if needed. While we do not expect that
expert personnel needs to travel along, it would be required to
train a person on the ship how to clean the outside surfaces and
how to operate a standard measurement e.g., in case of anomalous
behaviour after power outages or stormy weather. In the context
of CO2M and other satellites, we envision the following general
use cases for such ship-based EM27/SUN:

1. A few of such ship-borne spectrometers could be arranged in a
travelling network that covers the major ship-routes to serve
category 1 validation purposes, i.e., validating the continental-
to-regional scale concentration gradients across the world’s
oceans which are currently practically devoid of validation
systems. The meridional transects across the equator might
prove particularly useful to evaluate not just satellite data but
also the inter-hemispheric transport of long-lived gases in
global models (Agusti-Panareda et al., 2017). Targeting at the
validation of the minute background gradients, the periodic
side-by-side calibration activities to gauge the records to
TCCON and COCCON  standards are particularly
important to guarantee that the data are traceable the
common scale of the World Meteorological
Organization (WMO).

2. The most recent deployment of our mobile EM27/SUN on RV
Mirai (Section 4) demonstrates that by sampling down-wind
column curtains along the Japanese southern coast, the system
is also able to evaluate the regional-scale emission signature of
upwind sources i.e., serving category 2 applications that target
at regional-to-local emission patterns. Thus, mobile EM27/
SUN operated on ships traveling back and forth along the
coastline sampling the outflow of an emission region can
contribute to the validation of emission estimates from
satellites such as CO2M for the upwind regions.

The installation and operations of EM27/SUN on road
vehicles on land are less straight-forward than the ship-based
variant. Our previous campaigns show that the solar tracker
supports quick stop-and-go patterns, but it does not support
measurements while driving. Typically, for any reasonable
driving speed, shocks due to uneven road cover cause
disturbances of the solar tracking and the mirror retardation
of the interferometer inside the FTS. We expect that facilitating
operations while driving requires a gimbal mount of the entire
spectrometer system (mass roughly 30 kg) which is a technical
development step and investment ahead. Further, measurements
from a road vehicle are difficult to conduct in an automatic or
remote way implying the need for personnel driving the vehicle
and operating the instrument. We see the potential use cases as
follows:

3. Mobile EM27/SUN operated on road vehicles can add a
versatile and flexible component to stationary regional and
local networks of COCCON spectrometers. Operated within
urban observatory networks (Dietrich et al, 2021), for

Mobile EM27/SUN

example, the mobile spectrometers would allow for
measuring column curtains between the nodes of the
network to better constrain the unsampled airmasses in-
between the stationary instruments and to guarantee the
relative calibration of the network by frequent side-by-side
measurements with the stationary nodes. Thus, this use case
would support category 2 applications by helping validate the
XCO, (and XCH,, XCO) gradients that occur on scales of
urban agglomerations and by contributing to the validation of
emission estimates for the respective region. One might
envision a future development of the spectrometer system
toward deployment on light-rail trains e.g., sampling urban
domes along ring rail tracks. We expect that the current solar
tracker would support measurements on driving trains right
away in terms of compensating for shocks and vibrations, but
the effect of viewing obstructions from the overhead wiring,
tunnels, and buildings would need to be evaluated for any
particular location. Likewise, deployment on small ships going
along channels and rivers might be thinkable for some cities.

4. In the framework of intensive validation campaigns, mobile
EM27/SUN on road vehicles can contribute to validating
emission estimates of localized, point-like sources (category
2 application) essentially following the recipe of our
demonstrator study in the USCB (Luther et al, 2019). To
this end, one would select point-sources such as coal-fired
power-plants, cement factories and industrial emitters for
XCO, and such as oil, gas, coal production facilities for
XCH4 and repeatedly sample their plumes in a cross-
sectional pattern by the mobile EM27/SUN operated in
stop-and-go mode underneath the plumes. For that matter,
it is essential to measure full cross-sections i.e., starting
measurements outside the plume moving inside and ending
outside on the other side in order to clearly constrain the
background concentrations to be used for calculating the
plume enhancements. Collecting such plume cross sections
on the road requires tens of minutes or more than an hour
depending on the local road network and the distance to the
source. Thus, the mobile EM27/SUN can hardly validate the
instantaneous plume enhancements recorded by the orbiting
satellite in a matter of seconds on relatively coarse spatial
resolution (roughly 2 x 2 km for CO2M). But, collecting an
ensemble of cross-sectional plume enhancements and deriving
the instantaneous emission rates can help validate the
respective estimates from the satellite data. Such an
application certainly requires ensembles of observations
from both, the ground and the satellite, since 1) the
emission plumes are turbulent i.e., it requires ensemble or
time averaging for comparing measurements unless the
measurements are exactly coincident, and 2) the emission
rates might vary in time due to operating cycles of the facilities.
Ideally, the ground-based measurements would be supported
by wind profile measurements (e.g., of a mobile Doppler lidar)
to drive mass balance (or related) methods for estimating the
emission rates.

The use cases 1 through 4 exemplified above imply some
further technical developments and some customizations that
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depend on the particular platform and field of application but
they do not require modifications of the key hardware, the
spectrometer and the solar tracker, and software. Developing
the mobile system towards the ability to measure more
molecular species can enhance the versatility of the setup
even further:

e During the deployment at Mt. Etna, we operated a UV/
visible DOAS (Differential Optical Absorption Spectroscopy)
instrument together with the EM27/SUN FTS (Butz et al,
2017). The two instruments shared the solar tracker and a
large part of the operational infrastructures. The UV/visible
spectral range gives access to species such as sulfur dioxide
(SO,) and nitrogen dioxide (NO,) co-emitted with CO, from
volcanoes and combustion processes, respectively. Due to the
small background concentrations, the SO, and NO, plumes are
easier to identify than those of CO, and thus, they can serve as
tracers for defining plume extent, shape and direction, and the
constituent ratios are indicative of the emissions processes. In this
spirit, CO2M will carry an NO, spectrometer to better contour
combustion plumes and to support the CO, emission estimates
from the respective sources. Thus, supplementing the mobile
EM27/SUN with a UV/visible DOAS spectrometer would add the
ability to validate NO, and the NO,/CO, ratios relevant for the
category 2 use cases 2, 3, and 4. Typically, DOAS spectrometers
can provide real-time information on the sampled airmasses
which is particularly useful for use case 4 to inform on
whether one measures inside or outside a plume.

e The spectral range of the mobile EM27/SUN covers the
shortwave infrared from roughly 4,000 to 11,000cm™
(1.1-2.5ym) via two detector channels. At Mt Etna, we
demonstrated that this large spectral range also allows for
measuring the HCl and HF plumes of the volcano. Like, SO,
measured by the DOAS spectrometer, HCI and HF are co-emitted
with CO, and the respective concentration ratios are indicative for
volcano-interior processes. Thus, for dedicated applications beyond
satellite validation, developments towards standardizing the retrieval
of constituents other than the carbon compounds will be useful.

6 CONCLUSION

The mobile EM27/SUN is a sun-viewing spectrometer that is able
to measure XCO,, XCHy, and XCO from ships and road vehicles,
the latter operated in stop-and-go patterns. Throughout our
deployments, we find a typical precision of few tenths of
a ppm for XCO,, a few ppb for XCH, and XCO. Regular
side-by-side measurements with TCCON and COCCON
spectrometers enable diagnosing drifts and ensure traceability
with respect to the networks’ calibration. Thus, the mobile EM27/
SUN provides a versatile validation tool for CO2M and other
sensors. It can be deployed on moving platforms, it can be
relocated quickly, and thus, it can be used for targeted
validation campaigns in the context of verifying emission
estimates for localized sources. The identified uses cases for
ship  deployments relate to validating background
concentrations over the open oceans and enhancement
episodes along coast lines due to continental outflow. Through

Mobile EM27/SUN

deployments on road vehicles, the mobile EM27/SUN can
validate emission estimates for point sources and, it can
contribute a mobile component to regional validation
networks by sampling the airmasses between the network
nodes and providing an internal calibration tool. Further
developments will aim at covering UV/visible absorbing gases
such as NO, by co-mounting a DOAS spectrometer and
exploring the retrieval of other gases such as HCl and HF that
are potentially useful for attribution of emission processes.
Technically, the system is ready to be operationalized as part
of a satellite validation activity.
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