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Abstract: The Total Carbon Column Observing Network (TCCON) is a global network dedicated to
the precise and accurate measurements of greenhouse gases (GHG) in the atmosphere. The TCCON
station in Burgos, Ilocos Norte, Philippines was established with the primary purpose of validating
the upcoming Greenhouse gases Observing SATellite-2 (GOSAT-2) mission and in general, to respond
to the need for reliable ground-based validation data for satellite GHG observations in the region.
Here, we present the first 4 months of data from the new TCCON site in Burgos, initial comparisons
with satellite measurements of CO2 and model simulations of CO. A nearest sounding from Japan’s
GOSAT as well as target mode observations from NASA’s Orbiting Carbon Observatory 2 (OCO-2)
showed very good consistency in the retrieved column-averaged dry air mole fractions of CO2,
yielding TCCON - satellite differences of 0.86 ± 1.06 ppm for GOSAT and 0.83 ± 1.22 ppm for
OCO-2. We also show measurements of enhanced CO, probably from East Asia. GEOS-Chem model
simulations were used to study the observed CO variability. However, despite the model capturing
the pattern of the CO variability, there is an obvious underestimation in the CO magnitude in the
model. We conclude that more measurements and modeling are necessary to adequately sample the
variability over different seasons and to determine the suitability of current inventories.

Keywords: greenhouse gases; remote sensing; TCCON; tropical western Pacific; Asian pollution
outflow; GEOS-Chem; Mie and Raman LiDAR; megacity emissions

1. Introduction

The United Nations Climate Change Conference, COP21, held in Paris in 2015, resulted in
countries agreeing on a common goal: to mitigate global warming. In the Paris Agreement, each
country is given freedom to determine, plan and regularly report its own contribution to these
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mitigation efforts. These contributions are called “nationally determined contributions” (NDCs).
Despite the fact that each Party’s NDC is not legally binding, there is a legal commitment from each
Party to have their progress tracked by technical expert review to assess the achievement toward the
NDC [1]. Moreover, Article 13 of the agreement highlights an “enhanced transparency framework
for action and support” that establishes harmonized monitoring, reporting, and verification (MRV)
requirements. Increased levels of the two major greenhouse gases (GHGs), atmospheric carbon
dioxide (CO2) and methane (CH4), are responsible for man-made global warming. Mitigation of global
warming depends on reducing, if not eliminating, the emissions of these gases. It follows that in order
to realize the goals of COP21, accurate and precise monitoring of these greenhouse gases is mandatory.
Management of emissions requires measurements of emissions.

The Total Carbon Column Observing Network (TCCON) is a ground-based network of
measurement stations that employ high-resolution Fourier transform spectrometers (FTS). The network
is designed to retrieve precise and accurate column abundances of greenhouse gases such as CO2, CH4,
H2O, N2O and trace gases, such as CO from near-infrared (NIR) solar absorption spectra [2]. TCCON
retrieves column-averaged dry air mole fractions (DMFs; denoted XG for gas G) by normalizing to
the retrieved oxygen column. With this method, TCCON achieves a precision of better than 0.25%
for CO2 over the whole network [2]. DMFs are unaffected by variations in atmospheric pressure and
atmospheric water vapor. Since TCCON integrates the whole column of gases above the surface,
the horizontal gradients of XG, which would be measured at different TCCON stations, are more
directly related to the underlying regional scale fluxes.Because the TCCON data are tied to the World
Meteorological Observation (WMO) scale, TCCON serves as the link between the calibrated surface in
situ measurements and the satellite measurements.

The new TCCON station in Burgos, Ilocos Norte, Philippines was established to respond to the
need for a ground-based station in the Southeast Asian region, with the primary purpose of validating
the Greenhouse gases Observing SATellite-2 (GOSAT-2) mission set to be launched in 2018/2019.
GOSAT-2 will continue the work of GOSAT, which was launched in 2009 and the first satellite in orbit
specifically designed to measure greenhouse gases CO2 and CH4 [3,4]. Additionally, this new TCCON
station will provide much-needed validation in general to current and future missions (e.g., NASA’s
Orbiting Carbon Observatory 2 (OCO-2) [5], OCO-3 [6] and Europe’s Sentinel-5P [7]) as well as help
improve the uncertainty in quantification of greenhouse gas sources and sinks in the Southeast Asian
region [8], a region undergoing significant economic and population growth, with energy-related CO2

emissions projected to double (2.4 Gt) by 2040 [9].
In this work, we show first measurements of greenhouse gases CO2, CH4, H2O and the trace gas

CO from the TCCON station in Burgos. We also show results of measurements from a two-wavelength
polarization Mie and Raman LiDAR developed for GOSAT-2 validation that is installed inside the
same container as the TCCON instrument and is currently the only one of its kind in the Philippines.
We further report initial comparisons with satellite retrievals of CO2 from GOSAT and OCO-2. Section 2
describes the data from these instruments, the backward trajectory analyses and the set-up of the
GEOS-Chem model that we used for investigating the CO measured at the site. GOSAT-2 will
have the additional capability to measure CO. Combined measurements of CO2 and CO have been
shown to reduce uncertainties in CO2 flux estimates from simulated satellite observations because
CO provides a better signal-to-noise ratio on the combustion sources than the CO2 measurements
alone [10]. In Section 3, we further investigate the satellite data comparisons and the tagged-tracer
studies of CO from the GEOS-Chem model. We briefly discuss the results in Section 4, where we also
interpret the elevated CO with the help of the model simulations, results from the LiDAR and results
from previous studies in the region. Finally, we provide conclusions in Section 5.
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2. Materials and Methods

2.1. Site Description

The measurement site is located in Burgos, a town in Ilocos Norte province in the northernmost
part of Luzon Island in the Philippines (18.52◦N, 120.65◦E, see also TCCON stations map at:
http://tccondata.org/). The town of Burgos has a small population of about 10,000 people and
is approximately 55 km from Laoag City, the capital of Ilocos Norte province. The whole province of
Ilocos Norte has been declared a “coal free province”, meaning that no coal-fired power generating
facilities are allowed to operate in the region. The absence of strong point sources in the vicinity
of the TCCON site will allow easier discernment of pollution signals brought about by long-range
transport because the site experiences a variety of clean and polluted scenarios, i.e., relatively clean
marine air from the western Pacific is sampled but depending on season, polluted air from long range
transport reaching the site can be detected. We investigate this with the help of XCO measurements
combined with modeling and LiDAR measurements. For more details on the site, its location and
characterization, please refer to: https://www.cddjournal.org/article/view/vol02-iss2-1 [11].

2.2. Instrumentation

The main instrumentation consists of a TCCON instrument and a two-wavelength polarization
Mie and Raman LiDAR. Auxiliary instruments also provide measurements of meteorological
parameters required by a TCCON station. The main instruments are briefly described below.

2.2.1. TCCON FTS

We use a high-resolution (HR) FTS, model Bruker IFS 125 HR (Bruker Optik GmBH, Ettlingen,
Germany) with a maximum spectral resolution of 0.0035 cm−1, which is housed inside an
air-conditioned, weatherproof container (for details see [11]). The instrumentation, measurement
procedures, software, data processing, etc. all follow TCCON protocols as described in [2].
Remote-controlled manual operation (via internet) with on-site support is carried out on most sunny
days. Column-averaged DMFs are retrieved using the 2014 version of the TCCON processing software
called GGG [12].

2.2.2. LiDAR System for GOSAT-2 Validation

The main purpose of our LiDAR observations is to investigate the influence of atmospheric
aerosols and thin cirrus clouds on GOSAT data. We aim to do this based on simultaneous observations
of TCCON FTS, GOSAT and LiDAR over Burgos. Aerosol scattering, when not properly considered,
can be a significant source of error when retrieving XCO2 from satellites [13–17]. Aerosols have also
been shown to have an effect in the OCO-2 data, which will be briefly shown here under Section 3. We
expect an improvement in the retrieval algorithm when actual profiles of cirrus clouds and stratospheric
aerosols are taken into account.

For the purpose of GOSAT-2 product validation, we have developed a two-wavelength
(532 and 1064 nm) polarization (532 nm) Mie and Raman (607 and 660 nm) LiDAR (hereafter we
call “GOSAT-2 LiDAR”) that is capable of observing vertical profiles of aerosols, thin cirrus clouds
and water vapor (nighttime only) at the National Institute for Environmental Studies (NIES), Tsukuba,
Japan. The GOSAT-2 LiDAR was installed in the TCCON container and was transported to the
TCCON site in Burgos in December 2016. We assembled and adjusted the LiDAR system in January
and February 2017. The detailed performance will be described in a separate manuscript dedicated to
this LiDAR system, so only characteristics of the GOSAT-2 LiDAR are summarized in Table 1.

http://tccondata.org/
https://www.cddjournal.org/article/view/vol02-iss2-1
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Table 1. Characteristics of GOSAT-2 LiDAR.

Transmitter

Laser Nd:YAG
Wavelength 532 nm 1064 nm
Pulse energy 210 mJ 180 mJ

Pulse repetition rate 10 Hz
Pulse width 5 ns 6 ns

Beam divergence 0.1 mrad 0.1 mrad

Receiver

Telescope type Advanced Coma-Free
Telescope diameter 356 mm (f = 2845 mm)

Field of view 1 mrad
Center wavelength 532.05 nm 1064.18 nm 607.35 nm 660.45 nm

Polarization P and S None None None
Number of channels 3 1 1 1

Interference filter
Bandwidth (FWHM) 0.32 nm 0.38 nm 0.25 nm 0.3 nm

Transmission 0.6 0.72 0.74 0.94
Detectors PMT APD PMT PMT

(R3235-01) (C30956EH) (R3237-01MOD) (R3237-01)
Quantum efficiency 0.08 0.68 0.06 0.04

Signal processing 16 bit A/D + Photon counting
Time resolution 1 min

Range resolution 7.5 m
Maximum Range 120 km

2.3. GOSAT and OCO-2 Data

For an initial comparison, we used XCO2 satellite data from GOSAT and OCO-2. GOSAT XCO2 was
retrieved from the SWIR observations released as SWIR L2 product version 02.xx from NIES. Compared
to the version 01.xx of the retrieval, this revised and improved version showed a much smaller bias
and standard deviations of −1.48 and 2.09 ppm for XCO2 with respect to the 13 TCCON stations
studied in Yoshida et al. [16]. For the GOSAT soundings, we used strict coincidence criteria; within
400 km of the site and within 2 h of the TCCON measurements. This radius terminates just before the
boundaries of metropolitan Manila and is away from the most densely populated areas. 50% of the
radius is over ocean. With these criteria, we avoid measurements taken over strong CO2 sources [11].
There are numerous measurements over the ocean using the satellite’s glint mode that fulfill these
criteria, however a small systematic bias in the glint data exists [18]. So for this study, we limit the data
to retrievals over land. The glint mode retrievals will be investigated in later validation work.

NASA’s Orbiting Carbon Observatory-2 (OCO-2) has been measuring XCO2 in the Earth’s
atmosphere since July 2014 [19]. The observatory carries a three-channel imaging grating spectrometer
and collects high-resolution spectra of reflected sunlight within the oxygen A-band near 0.76 µm,
and within two carbon dioxide bands located near 1.6 µm and 2.0 µm, respectively [20]. The OCO-2
satellite is operated in three different viewing modes: nadir, glint, and target modes. Nadir and glint
modes are considered as scientific modes whereas target mode is designed to evaluate the accuracy of
the OCO-2 XCO2 products by targeting validation sites. The OCO-2 bias correction procedure accounts
for three different types of biases: footprint-dependent bias; spurious correlations of the retrieved
XCO2 with other retrieval parameters (parameter-dependent bias); and a scaling bias which ties OCO-2
XCO2 to the WMO trace-gas standard scale [21] using TCCON data. TCCON data being tied to the
WMO scale, serve as the link between the calibrated surface in situ measurements and the OCO-2
measurements (e.g., [22–24]). For more details on the OCO-2 bias correction see [25].

During a target-mode maneuver, the OCO-2 satellite rotates to point at a selected ground location.
The spacecraft then scans across the site as it passes overhead to sweep across the ground several times.
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After a period of about 5 min, the spacecraft transitions out of target mode back into its nominal science
mode. The strength of target mode measurements is that thousands of spectra are obtained over a
small region within a short time period. The targets are mostly selected where ground validation
stations are located, typically at TCCON sites.

The Burgos TCCON station was selected as one of the sites for OCO-2 target mode observations
and was specifically targeted on 21 April 2017. We use the OCO-2 version B7 retrospective data,
available from GES-DISC (2016, http://disc.sci.gsfc.nasa.gov/OCO-2), and manually apply the
filters listed in Wunch et al. [26] and footprint and parameter bias correction as described in
Mandrake et al. [25]. Note, no scaling bias correction is applied to OCO-2 XCO2 data at this point.
We consider Burgos TCCON data to be coincident with the OCO-2 target-mode measurements when
ground-based measurements have been recorded within ±30 min of the time when the spacecraft is in
target mode. Out of the 2788 target soundings we filtered, 841 were selected.

2.4. GEOS-Chem Tagged Tracer Simulations

To interpret the CO observations, the global 3-D chemical transport model GEOS-Chem v11-01
was used, driven by assimilated meteorological data from the Goddard Earth Observing System (GEOS)
of the NASA Global Modeling and Assimilation Office (GMAO) MERRA-2 reanalysis. The offline
CO sim ulation is described by Fisher et al. [27] and was run at 2◦ × 2.5◦ horizontal resolution with
47 vertical levels, from January 2016 until the end of May 2017. Fossil fuel emissions globally were
taken from EDGAR (Emission Database for Global Atmospheric Research) version 4.2 [28], with
regional overwrites for Asia [29], Europe [30], Canada [31], the United States [32], and Mexico [33],
along with biofuel emissions from Yevich and Logan [34], ship emissions from the International
Comprehensive Ocean–Atmosphere Data Set (ICOADS) [35] and Aviation Emissions Inventory Code
(AEIC) [36]. The simulations use the most recent emissions data available from each inventory; of most
relevance here are the base emissions from EDGAR, which end in 2008, and the Asian emissions from
MIX [29], which end in 2010. Biomass burning emissions are year-specific and come from the Quick
Fire Emission Dataset-2 (QFED-2) [37]. Chemical production from methane and non-methane volatile
organic compounds (NMVOC) is calculated using archived production rates from the full chemistry
version of GEOS-Chem, with biogenic NMVOC emissions from the Model of Emissions of Gases and
Aerosols from Nature (MEGAN) version 2.1 [38]. We use regional tracers from the CO simulation to
identify sources of observed enhancements recorded in the TCCON data. Because we are interested in
the sources of variability rather than absolute concentrations, we first correct a known low bias in the
GEOS-Chem CO simulation, driven at least in part by a high bias in global OH [27]. We calculate an
offset using a weighted least squares fit of the GEOS-chem output to the TCCON data, computed only
on days when both model and observations suggest the site is sampling clean background air from the
Pacific. The resultant offset of 4.9 ppb is then applied to all GEOS-Chem output.

2.5. Backward Trajectories

To identify the origin of the aerosols and the CO, three-dimensional backward trajectories of
air parcels were calculated with the trajectory ensemble option of the NOAA Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) model [39]. The trajectory ensemble option provides a
multiple trajectory approach wherein the model starts multiple trajectories from the same starting
location. Each member of the trajectory ensemble is then calculated by offsetting the meteorological
data by a fixed grid factor (one meteorological grid point in the horizontal and 0.01 sigma units in
the vertical). This results in 27 members for all-possible offsets in X, Y, and Z. The divergence of
those trajectories would provide a more quantitative estimate of the uncertainty associated with the
center point trajectory (source: http://ready.arl.noaa.gov/hypub-bin/trajtype.pl?runtype=archive,
HYSPLITtutorial).

http://disc.sci.gsfc.nasa. gov/OCO-2
http://ready.arl.noaa.gov/hypub-bin/trajtype.pl?runtype=archive, HYSPLIT tutorial
http://ready.arl.noaa.gov/hypub-bin/trajtype.pl?runtype=archive, HYSPLIT tutorial
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3. Results

3.1. Time Series of XCO2 , XCH4 , XH2O and XCO

Measurements following TCCON protocols commenced on 3 March 2017. The retrieved XCO2 ,
XCH4 , XH2O and XCO using the GGG2014 software are shown in Figure 1. The shown time series
extends from that day to 30 June 2017, and have continued since then. A spike in XCH4 , which is the
highest value in this record, can be seen in early March (8–9 March). A spike on the same days can also
be seen in the XCO2 but is less prominent. This episode is also evident in the XCO and also the highest
measured in the time series. CO is primarily produced from biomass burning, oxidation of CH4 and
other biogenic hydrocarbons, and fossil fuel combustion. It has a lifetime ranging from weeks to a
few months, which makes it an effective indicator of how transport processes distribute atmospheric
pollutants from biomass burning and fossil fuel combustion on a global scale [40]. Towards the
end of June, we sampled low values of XCO (<70 ppb), close to “clean surface air” mole fractions of
60 ppb measured by Ridder et al. [41] using ship-based in situ FTIR in the Western Pacific. We further
investigate this tracer in the GEOS-Chem results below. The measurements shown in Figure 1 covered
the dry season and the beginning of the rainy season (southwest monsoon). The onset of the monsoon
could be discerned from the increase in the water vapor (XH2O) starting around mid-May.

Figure 1. Retrieved column-averaged dry air mole fractions of CO2, CH4 , H2O and XCO from the
TCCON station in Burgos, Ilocos Norte, Philippines.

3.2. OCO-2, GOSAT and TCCON Comparisons

All current space-based XCO2 measurements have systematic biases [26]. Recently, Wunch et al.
[26] made a comparison between the first major release of the OCO-2 retrieval algorithm (B7r)
and XCO2 from TCCON, OCO-2’s primary ground-based validation network. Wunch et al. [26]
reported absolute median differences of less than 0.4 ppm and RMS differences of less than 1.5 ppm.
Wunch et al. [26] calculated a best fit line from the XCO2 measured by OCO-2 vs. TCCON to show
consistency over all target mode observations at the TCCON sites. Here, we extend the comparisons
done by Wunch et al. [26] by adding the measurements in Burgos.

Figure 2 shows OCO-2 XCO2 target-mode data comparisons with coincident TCCON data for the
TCCON sites in Tsukuba (Japan), Wollongong and Darwin (both Australia), and Burgos (Philippines).
The best fit line (solid line) was computed as described [26] for the time period spanning 8 September
2014 through 24 July 2017, including a total of 164 target mode observations at 21 different TCCON
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sites (not shown here for clarity). The scaling factor of 0.99755 ± 0.00107 is slightly different to the
factor derived in Wunch et al. [26] (0.9977) due to the increasing number of target mode observations
with time. Our initial analysis shows that the comparison between Burgos TCCON measurements and
coincident OCO-2 target mode observations is in good agreement with the best fit line. Ideally, the XCO2

retrieved by OCO-2 vs. The XCO2 measured at the Burgos TCCON station during the target maneuver
would lie on the 1:1 line (dashed grey line), but the fact that they lie in the same best fit line calculated
by [26] supports the overall consistency of the TCCON network. The mean bias between OCO-2
and Burgos TCCON XCO2 , during this OCO-2 target mode overpass, is 0.83 ± 1.22 ppm (TCCON:
406.76 ± 0.36 ppm; OCO-2: 405.93 ± 1.17 ppm). It is obvious in Figure 2 that there are two outliers
from the TCCON station in Wollongong, Australia. The reason for this is probably due to the presence
of stratospheric aerosols caused by the eruption of the Calbuco volcano on 22 April 2015 [42].

Figure 2. Target mode XCO2 retrievals from the OCO-2 satellite vs. XCO2 from TCCON stations. Only
stations in Tsukuba, Wollongong, Darwin and Burgos are shown for clarity. The calibration line (solid
black line) is derived from all TCCON sites. The most recent GOSAT sounding (red circle) is also added
on this plot, but not included in the calculation of the calibration curve. It falls within 0.13 ppm of the
OCO-2 calibration line. The two outliers in the OCO-2 measurements over Wollongong (downward
triangles) are probably due to bias induced by stratospheric aerosols caused by the eruption of the
Calbuco volcano on 22 April 2015 [42].

Irregular surface properties (e.g., brightness, slope) have been known to induce bias in the XCO2

retrievals from space (e.g., [3,26]). Due to the irregular topography of Luzon Island (mountains, forests,
rice fields and adjacent ocean), targeted observations from GOSAT are spatially limited and would
oftentimes be contaminated by clouds, especially close to the rainy season. GOSAT does not perform
the same targeting method as OCO-2. That is why there are few GOSAT retrievals available over
land within this time period. On 8 March 2017 at 13:08 local time (05:08 UTC), we were able to get a
nearest sounding from GOSAT at 324.34 km from the TCCON site (great circle distance), which fulfilled
our satellite coincidence criteria. The GOSAT XCO2 retrieval yielded a value of 405.71 ± 1.04 ppm.
The TCCON-GOSAT measurement difference was 0.86 ± 1.06 ppm. Using the calibration line from
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the OCO-2 observations (i.e., satellite XCO2 = 0.99755 × TCCON), we arrive at a value of 405.57 ppm
during the GOSAT overpass, which is a difference of 0.13 ppm from the actual GOSAT XCO2 retrieval.

3.3. LiDAR Results

We started LiDAR observations in January 2017. Figure 3 shows time-altitude cross sections
of backscattering ratio R and total volume depolarization ratio D at 532 nm over Burgos for
1–16 March 2017. In this case, the LiDAR signals were averaged for 3 h with 60 m altitude range
resolution. Aerosols and cumulus clouds were observed below 4 km, and optically thick aerosols were
observed from 7 March to 10 March. Based on the values of D, cirrus clouds were occasionally present
in the altitude range of 11–17 km.

Figure 3. Time-Altitude transects of LiDAR backscatter and depolarization signals, dates are in local time (LT).

The vertical profiles of R at 532 nm for 5–35 km observed over Burgos on 26 January and
28 February 2017 are shown in Figure 4. To calculate R, we used the Japanese 55-year Reanalysis
(JRA-55) data [43]. The maximum values of R (Rmax) of stratospheric aerosols were 1.14 at 25.0 km on
26 January and 1.16 at 29.2 km on 28 February.

Figure 4. Backscattering ratio (R) profiles at 532 nm observed over Burgos on 26 January 2017 and
28 February 2017. The dashed lines represent the tropopause levels at 17.7 km and 17.0 km for the
respective days.



Remote Sens. 2017, 9, 1228 9 of 18

To calculate the stratospheric AOD, we integrated the backscattering coefficients starting from
the tropopause levels (dashed lines) up to 33 km. The integrated backscattering coefficients (IBCs)
of stratospheric aerosols from the tropopause level to 33 km were 6.81 × 10−5 sr and 7.58 × 10−5 sr
on 26 January and 28 February, respectively. From here, we determined the stratospheric AOD by
assuming that the LiDAR ratio for stratospheric aerosols is 50 sr−1 [44]. This yields stratospheric AODs
of 0.0034 on 26 January and 0.0038 on 28 February 2017.

Figure 5 shows vertical profiles of several quantities measured by the LiDAR with a resolution of
150 m over Burgos on 8 March 2017 at 21:00–23:59 local time (LT). These quantities are: R at 1064 nm
and 532 nm, backscatter-related Ångström exponent (BAE), particle depolarization ratio (DEPp),
extinction-to-backscatter ratio (i.e., LiDAR ratio or LR) and water vapor mixing ratio. The definitions
of these LiDAR physical quantities are denoted in [36]. The lowest altitude of the LiDAR measurement
was 700 m due to imperfect overlap of the transmitter-receiver optical alignment of the LiDAR system.

Figure 5. Vertical profiles of backscattering ratios at 1064 nm (R1064) and 532 nm (R532) (left),
backscatter-related Ångström exponent (BAE), particle depolarization ratio (DEPp), LiDAR ratio (LR)
(center) and water vapor mixing ratio measured by LiDAR and radiosonde (but over Laoag) (right)
over Burgos on 8 March 2017. Horizontal bars represent the error bars of respective physical quantities.

Based on R, an aerosol layer extended up to about 4.5 km. We find peak values of R existing at
3.4 km (4.4 at 532 nm and 22 at 1064 nm). The aerosol optical depth (AOD) at 532 nm was 0.75 ± 0.13
in the altitude range of 0.035–10 km (R at 0.7 km was extrapolated down to the ground level).
We detected non-spherical particles that probably co-existed with spherical particles because the
DEPp values were 4–8%. At 1.1–3.8 km, the mean value of LR at 532 nm was 58 ± 10 sr and the BAE
was 1.4–1.7.

For the water vapor Raman LiDAR, we used the calibration constant determined on 26 January
(Figure 4). Figure 5 (rightmost panel) shows the comparison of the radiosonde-derived water vapor
mixing ratio with the LiDAR data on 8 March at 22:00 LT over Laoag. It is shown here that the vertical
distribution of water vapor mixing ratio measured by LiDAR was consistent with that observed by
radiosonde. The measurements also show a very low mixing ratio of water vapor at 6–9 km altitude,
suggesting a dry free troposphere above the aerosol layer.

LiDAR observations stopped from 17 March 2017 because the high solar elevation at noon would
cause sunlight to be directly received by the telescope, cause optical misalignment of the LiDAR system



Remote Sens. 2017, 9, 1228 10 of 18

and damage optical components. LiDAR observations start again in late September 2017. Based on
the simultaneous observations of TCCON FTS, GOSAT and LiDAR over Burgos, we plan to further
investigate the influence of the tropospheric aerosols and cirrus clouds on the most recent GOSAT data
(ver.02.72) which will be released soon.

3.4. HYSPLIT Backward Trajectories

Backward trajectories calculated from HYSPLIT on 8 March 2017 using the ensemble option are
displayed in Figure 6. The starting time coincides with the LiDAR profiles on Figure 4 and with the
time when the CO is just starting to rise to reach the maximum on 9 March. The backward trajectories
were started at altitudes of 700 m (Figure 6a) and 2000 m (Figure 6b) over the Burgos site and ran
backwards for 5 days from 15:00 UTC (23:00 LT) on 8 March 2017. The trajectories indicate that aerosols
at about 700 m observed over Burgos were mainly transported from East Asia and those at about
2000 m from East Asia and South Asia.

.

Figure 6. The 120-h HYSPLIT model backward trajectory of 27 air parcels (colors) and terrain height
(black line) from Burgos at (a) 700 m and (b) 2000 m above sea level (a.s.l) ending at 15:00 UTC on
8 March 2017.

3.5. GEOS Chem CO Comparisons with TCCON Data

As discussed in Section 2.4, we corrected a known low bias in the GEOS-Chem CO, because we
are interested in the sources of variability rather than absolute concentrations. The resultant offset of
4.9 ppb is applied to all GEOS-Chem output. This is shown in Figure 7. The TCCON measurements
of XCO are shown as blue dots and the corresponding model simulations with the offset applied
are shown as red squares. The larger scale temporal variability of XCO ( weeks) is well captured by
GEOS-Chem in this figure, but a low bias still exists, especially when the XCO is enhanced with respect
to the clean background. Moreover, the variability in the observations is larger than that of the model
even after offset correction. A possible reason for this is the model’s spatial resolution, which tends
to smooth out the signals from scattered point sources. Local, sporadic CO sources such as waste
and agricultural burning in the region may also contribute. Figure 8 shows surface CO from the
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GEOS Chem model simulated on 8 March 2017 at 05:00 UTC. The red “blob”, representing surface
CO concentrations over 400 ppb, hovers around Hanoi, the Pearl River delta and the provinces West,
Northwest of it. The Philippines is in the middle of the interface where the clean Western Pacific air
(dark shade to black) meets the East Asian outflow of pollution. Wind speeds and directions are shown
as streamlines.

Figure 7. TCCON measurements of XCO (blue) and the corresponding model simulations (red, offset applied).

Figure 8. Surface CO (color shaded from black to red) from the GEOS Chem model simulated on
8 March 2017 at 05:00 UTC. The Philippines is right in the middle of the interface where the clean
Western Pacific air (dark shade to black) meets the East Asian outflow of elevated CO. Wind speeds
and direction are shown as streamlines. The location of the TCCON station in Burgos is marked by the
magenta star.
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3.6. Tagged Tracer Simulations

A graph of the contributions to the CO using the tagged tracer simulations is shown in Figure 9.
Shown here are contributions from fossil fuels and biomass burning from the northern and southern
hemisphere, biomass burning from Indonesia, and oxidation from CH4 and non-methane volatile
organic compounds (NMVOC). CH4 oxidation provides a steady background of roughly 30 ppb but
northern hemisphere fossil fuel emissions (black line) account for the large enhancements in the CO.
Figure 10 shows a snapshot of the fossil fuel contribution to the surface CO concentrations used in the
tagged tracer simulations for March 2017. We see high concentrations in East Asia, where winter haze
conditions in large city clusters (e.g., Guangzhou) could have average PM2.5 concentrations that are
approximately one to two orders of magnitude higher than those observed in urban areas in the US
and European countries [45].

Figure 9. Top right: Tagged tracer simulations of CO from GEOS Chem for January 2016 to May 2017.
This plot shows the contribution of different sources to the column averaged dry air mole fractions of CO
at the TCCON site in Burgos. The bottom plot shows a zoom-in on March–May 2017. The inundation
in the XCO is dominated by the fossil fuel signals (“Northern Hemisphere Fossil Fuels”, black line),
which are mostly from East Asia (Figure 8), especially on 9 March (indicated by the red arrow).
The background contributions from CH4 and NMVOC oxidation are significant but the enhancements
are much less. The biomass burning signals from South America, Africa and Indonesia around March
contribute little in this region.
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Figure 10. A snapshot of the fossil fuel contribution to the surface CO concentrations used in the
tagged tracer simulations for March 2017.

4. Discussion

The TCCON dataset presented here contains retrievals of XCO2 , XCH4 , XH2O and XCO since
3 March 2017. These are the first measurements from the ground of column-averaged DMFs of these
gases in Southeast Asia, following TCCON standards. Most evident in the column-averaged DMFs is
the XCO “surge”, which had a peak on 8–9 March. This was the highest XCO value in the time series
that extends until 30 June in this study. Small peaks coinciding with the CO peak can also be noticed
in the XCH4 and XCO2 and less prominently in the XH2O.

The southwest monsoon (SWM) season (rainy season) started during the last week of May in
the Philippines. This is per definition, marked by 5 consecutive days of rainfall measured by weather
stations in Western Luzon, according to the local Weather Bureau (PAGASA). The onset of the rainy
season is manifested in the measured XH2O, which markedly increased around mid-May and continues
to be higher relative to the March–April values until the end of the current time series. This also signals
the migration of the inter-tropical convergence zone (ITCZ), which was south of the site in January
and moves north of the site by July. The flow reversal to northeast monsoon (typically dryer, cooler
months) usually does not take place until mid-October [46].

The GOSAT sounding used here was taken at the coordinates 15.6123◦N, 120.8916◦E, which are
mostly rice fields that are flat, homogeneous and dry at this time of the year. We also do not expect any
significant CO2 sequestration or emissions from the dry rice fields, as demonstrated by Lasco et al. [47].
The nearest large city to this satellite footprint is Cabanatuan City (pop. 302,000), 24 km away by road.
This location is far away and located upwind from large CO2 sources (e.g., the city of Manila, coal-fired
power plants, etc.). Unfortunately, we were not able to obtain more GOSAT soundings but this will
improve in the future with the availability of more data, especially from GOSAT-2. In GOSAT-2,
the “active re-point targeting system” (intelligent pointing system) will be installed in order to increase
the opportunity for clear sky observation frequency [48]. Nevertheless, the comparison with the
satellite data looks very promising. The GOSAT measurement falls within 0.13 ppm of the calibration
line derived from the OCO-2 vs. TCCON targets.

Tagged tracer simulations can be used to examine the drivers of the variability in the measured
XG at the TCCON site e.g., [49]. Based on the GEOS-Chem tagged tracer simulations that we employed
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here, the CO peak seen in 8–9 March over Burgos is likely to result mostly from fossil fuel emissions,
which are dominated by emissions from East Asia, having little influence from biomass burning.
Biomass burning from Asia started to contribute to a noticeable signal in mid to late April. This confirms
the study of Liu et al. [50] during the TRACE-P aircraft mission in February–April 2001, where it
was shown that in spring, “boundary layer outflow over the western Pacific is largely devoid of
biomass burning influence”. Interestingly, Figure 7 of Liu et al. [50] is very similar to Figure 8 here
(i.e., Liu et al. [50] showed surface CO for 9 March 2001). The patterns are very similar, except in the
magnitude of East Asian surface CO, probably due to increase in industrial activity in the past 16 years.

We can see from Figure 3 (right panel), that there is a persistent particle depolarization signal
of about 4–5% at 532 nm below 5 km during the first half of March. Particle depolarization is an
indicator for non-sphericity of particles [51], i.e., large values indicate the presence of non-spherical
particles, such as dust or ice crystals. For instance, the presence of Asian dust could yield values of
20% [52]; however, this optical property can be influenced by the presence of water vapor, modulated
by temperature e.g., [53], i.e., the signals can be dampened or heightened by the presence of water
vapor. Heese et al. [54] reported linear particle depolarization ratios with values below 5%, with a
mean value of 3.6 ± 3.7% for urban pollution particles mixed with particles produced from biomass
and industrial burning above the Pearl River Delta. The depolarization signals we measured may have
been closer to those reported by Heese et al. [54], i.e., a mix of particles from biomass and industrial
burning. Also, following an analysis from Uchino et al. [44], the main aerosol component we detected
in this period might have been sub-micrometer-sized spherical particles, because the depolarization
signal was small and the backscatter-related Ångström exponent is on the order of 1–2 (Figure 5,
middle panel).

5. Conclusions

Here, we presented the first TCCON retrievals of trace gases and water vapor Raman LiDAR
measurements at the TCCON station in Burgos, Ilocos Norte, Philippines. The TCCON retrievals
comprise of column-averaged dry air mole fractions of CO2, CH4, H2O and CO. The LiDAR
measurements included backscattering ratios at 1064 nm and 532 nm, backscatter-related Ångström
exponent (BAE), particle depolarization ratio (DEPp), LiDAR ratio (LR), water vapor mixing ratio and
calculations of aerosol optical depth (AOD).

Satellite measurements of XCO2 from GOSAT and OCO-2 show excellent agreement with this
TCCON site. To ascertain the differences, more coincidences and target observations spanning different
seasons are necessary. This will improve in the future as we continue to operate and as GOSAT-2
measures in orbit in 2018/2019. Our initial analysis here also shows that the comparisons between
GOSAT, coincident OCO-2 target mode observations, and Burgos TCCON are in good agreement with
the best fit line derived from 164 OCO-2 target mode observations at 21 different TCCON sites.

Possible pollution plumes were detected and our data in this study point to its origins from fossil
fuel combustion in continental East Asia. This confirms analysis of the surface influence functions in
Belikov et al. [55] and Velazco et al. [11], showing that the location of this TCCON site measures air
with significant and variable contributions from emissions of some of the largest anthropogenic carbon
sources in the world. The location also allows for sampling of relatively clean background air from the
western Pacific that could serve as baseline measurements to isolate signals of strong GHG sources.
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