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Abstract

The distribution of atmospheric carbon dioxide (CO,) in the subarctic was investigated using the National Institute for Envi-
ronmental Studies (NIES) three-dimensional transport model (TM) and retrievals from the Greenhouse gases Observing SATellite
(GOSAT). Column-averaged dry air mole fractions of subarctic atmospheric CO, (XCO,) from the NIES TM for four flux
combinations were analyzed. Two flux datasets were optimized using only surface observations and two others were optimized
using both surface and GOSAT Level 2 data. Two inverse modeling approaches using GOSAT data were compared. In the basic
approach adopted in the GOSAT Level 4 product, the GOSAT observations are aggregated into monthly means over 5° x 5° grids.
In the alternative method, the model—observation misfit is estimated for each observation separately. The XCO, values simulated
with optimized fluxes were validated against Total Carbon Column Observing Network (TCCON) ground-based high-resolution
Fourier Transform Spectrometer (FTS) measurements. Optimized fluxes were applied to study XCO, seasonal variability over the
period 2009—2010 in the Arctic and subarctic regions. The impact on CO, levels of emissions from enhancement of biospheric
respiration induced by the high temperature and strong wildfires occurring in the summer of 2010 was analyzed. Use of GOSAT
data has a substantial impact on estimates of the level of CO, interanual variability.
© 2014 Elsevier B.V. and NIPR. All rights reserved.

Keywords: Carbon cycle; Atmospheric transport; Inverse modeling; GOSAT

1. Introduction

* Corresponding author. Center for Global Environmental Arctic and subarctic regions are large carbon res-
Research, National Institute for Environmental Studies, Tsukuba, ervoirs. Permafrost soils covering about 25% of the
Japan. . .

E-mail address: dmitry.belikov@nies.go.jp (D.A. Belikov). laqd surface in the Norther.n Hemisphere store fleaﬂy

! Present address: Japan Agency for Marine-Earth Science and twice as much carbon as is currently present in the
Technology, Yokohama, Japan. atmosphere (Brown et al., 1997; Schuur et al., 2009).

http://dx.doi.org/10.1016/j.polar.2014.02.002
1873-9652/© 2014 Elsevier B.V. and NIPR. All rights reserved.


mailto:dmitry.belikov@nies.go.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polar.2014.02.002&domain=pdf
http://dx.doi.org/10.1016/j.polar.2014.02.002
www.sciencedirect.com/science/journal/18739652
http://dx.doi.org/10.1016/j.polar.2014.02.002
http://dx.doi.org/10.1016/j.polar.2014.02.002
http://ees.elsevier.com/polar

130 D.A. Belikov et al. / Polar Science 8 (2014) 129—145

Schuur et al. (2009) found that areas which have
thawed over the last 15 years show annual losses of old
carbon that are 40% greater than those observed in
minimally thawed areas, while areas that thawed de-
cades earlier show annual old carbon losses 78%
greater than those observed in minimally thawed areas.
Organic carbon in permafrost soils may act as a posi-
tive feedback to global climate change due to enhanced
biospheric respiration rates with warming (Koven
et al., 2011).

A comparison of observations performed in
1958—1961 and 2009—2011 reveals a strikingly large
(~50%) increase of atmospheric CO, seasonal
amplitude north of 45°N, which must be attributed
almost entirely to the terrestrial biosphere activity
(Graven et al.,, 2013). None of the terrestrial
ecosystem models currently participating in the fifth
phase of the Coupled Model Intercomparison Project
(CMIPS) can account for the increase in CO, ampli-
tude. However, there is a high degree of uncertainty
regarding the rate of carbon release due to permafrost
thaw, microbial decomposition of previously frozen
organic carbon, and terrestrial biosphere activity.
Moreover, the scarcity of observations in subarctic
regions means that the carbon cycle there is not well
monitored.

Inverse modeling of carbon exchange at the Earth’s
surface allows quantification of the spatial distribution
of terrestrial carbon sources and sinks, and their sea-
sonal to interannual variability, as shown by Bousquet
et al. (2000) and Peters et al. (2007), among others.
However, at global scales, many gaps in atmospheric
CO, measurements remain in remote areas that are
geographically distant from CO, observation net-
works, especially at high latitudes in the Northern
Hemisphere, thus giving rise to large uncertainties in
the estimated fluxes (Gloor et al., 2000). These gaps
can be filled using satellite observations of atmo-
spheric CO, concentrations (Rayner and O’Brien,
2001). The Thermal And Near-infrared Sensor for
carbon Observation—Fourier Transform Spectrometer
(TANSO—FTS) onboard the Greenhouse gases
Observing SATellite (GOSAT) has been designed to
fill gaps in ground-based observation networks
through space-based monitoring of the global distri-
bution of greenhouse gases (CO, and CH,) (Kuze
et al., 2009; Yokota et al., 2009). The GOSAT
column-averaged dry air mole fractions of atmo-
spheric CO, (XCO,) data are expected to contribute to
accurate estimates of the global carbon budget
because of wide spatial coverage and high temporal
resolution of the data. Although retrieval algorithms

are still under development (Oshchepkov et al., 2012),
the first CO, inverse modeling studies using GOSAT
data have been completed (Takagi et al., 2011; Basu
et al., 2013; Maksyutov et al., 2013; Saeki et al.,
2013). The combined use of GOSAT data and sur-
face measurements leads to a reduction in CO, flux
uncertainties in some tropical and remote land re-
gions, as compared with data based on surface mea-
surements alone (Takagi et al., 2011; Maksyutov
et al., 2012; Saeki et al., 2013).

Guerlet et al. (2013) used XCO, measured by
GOSAT to reveal significant interannual variations
(TAV) in CO, uptake during the Northern Hemisphere
summer during 2009 and 2010. The reduced carbon
uptake in the summer of 2010 is most likely due to the
heat wave in Eurasia and fire emissions in the Northern
Hemisphere, especially in central western Russia.
Although wildfires occurred mainly in the forest zone
(52°—58°N, 33°—43°E; Witte et al., 2011), the
persistent southerly flow transported air into central
and northern Europe (Grumm, 2011). During this
period, huge amounts of aerosols, CO, CO,, and other
substances were released into the atmosphere as a
result of biomass burning (Konovalov et al., 2011;
Sitnov, 2011; Muskett, 2013). The smoke drifted long
distances with air masses, and on several occasions it
could be observed in Eastern Finland (Portin et al.,
2012).

The transport of enhanced CO, should be accom-
panied by large amounts of other combustion products,
including CO and aerosols. Smoke particles have a
significant impact on the earth’s radiation balance,
especially in the Arctic. When present in the atmo-
sphere, smoke particles may contribute as much as
20% to the aerosol optical thickness during summer-
time due to dispersion and absorption of solar radiation
(Reid et al., 2005; Barnaba et al., 2011). On the
ground, when deposited on snow, they have a consid-
erable effect on surface albedo (Stohl et al., 20006,
2007). Thus, the impact of forest fires in central
western Russia to the Arctic and subarctic regions are
many-faceted and require further study.

In this work, we use forward simulation
employing the National Institute for Environmental
Studies (NIES) three-dimensional transport model
(TM) and GOSAT retrieval data to analyze the dis-
tribution of XCO, in the subarctic. We study XCO,
seasonal variability for the period 2009—2010 and
discuss the impact of emissions from strong wild-
fires occurring in the summer of 2010 in central
western Russia, the USA, and Canada on enhanced
CO, concentrations in the Arctic and subarctic
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regions. The remainder of the paper is organized as
follows. Section 2 briefly describes GOSAT obser-
vations and the model components; Section 3 in-
troduces the results and gives a discussion; and
Section 4 presents conclusions.

2. Method
2.1. GOSAT XCO, retrievals

The GOSAT satellite was launched on 23 January
2009 to monitor the global distributions of greenhouse
gases (CO, and CHy) from space. The satellite is in a
sun-synchronous orbit with an equator crossing time of
about 13:00 local time and an inclination angle of 98°.
The satellite flies at an altitude of approximately
666 km, completes an orbit in about 100 min, and
operates on a global basis with a 3-day repeat cycle.

The nadir-looking TANSO-FTS is the main instru-
ment aboard GOSAT. It measures surface-reflected
sunlight and emitted thermal infrared radiation at
wavelengths in the range 0.76—14.3 um. The TANSO-
FTS obtains data in three narrow bands in the short
wavelength infrared region (band centers at 0.76, 1.6,
and 2.0 um; also referred to as TANSO-FTS bands 1,
2, and 3, respectively) and is sensitive to the total
column CO, between the surface and the top of the
atmosphere within its footprint area of ~80 km?”. The
sensitivity change with height can be taken into ac-
count using column averaging kernels. The design and
functions of the instrument are described in detail by
Kuze et al. (2009).

Several retrieval algorithms have been developed by
different research groups for routinely processing
GOSAT observational data (Oshchepkov et al., 2013).
In this study, we use the GOSAT Level 2 (L2) XCO,
retrieval (version 02.00) dataset (Yoshida et al., 2011,
2012, 2013) distributed to general users for compari-
sons with model results; this GOSAT dataset was also
used in the inversion model to yield optimized fluxes
(Maksyutov et al., 2013).

2.2. NIES transport model

The NIES TM is designed to simulate natural and
anthropogenic synoptic-scale variations in atmospheric
constituents on diurnal, seasonal, and interannual
timescales. The model uses a mass-conservative flux-
form formulation that consists of a third-order van Leer
advection scheme (van Leer, 1977) and a horizontal
dry-air mass flux correction. The horizontal lat-
itude—longitude grid is a reduced rectangular grid

(Heimann and Keeling, 1989), with a spatial resolution
of 2.5° x 2.5° near the equator (Belikov et al., 2011).
The model is off-line and is driven by a dataset that
consists of both Japanese 25-yr Reanalysis (JRA-25)
and Japan Meteorological Agency Climate Data
Assimilation System (JCDAS) data (Onogi et al.,
2007). The JRA-25/JCDAS data are available on
Gaussian horizontal grid T106 with 40 hybrid o—p
levels every 6 h. Thus, the model integration time step
is also 6 h.

The present version of the model (NIES-08.11) uses
a flexible hybrid sigma—isentropic (¢—0@) vertical co-
ordinate that consists of terrain-following and isen-
tropic levels switched smoothly near the tropopause.
Vertical transport in the stratosphere is controlled by
the climatological heating rate derived from the JRA-
25/JCDAS reanalysis dataset (Belikov et al., 2013b).

Parameterization of turbulent diffusivity follows the
approach used by Hack et al. (1993), with transport
processes in the planetary boundary layer (PBL) and
free troposphere evaluated separately. Three-hourly
PBL heights are taken from the European Centre for
Medium-Range Weather Forecasts (ECMWF) ERA-
Interim reanalysis dataset. We use a modified Kuo-
type cumulus convection parameterization scheme
(Belikov et al., 2013a), which computes the mass of air
transported upward in a cumulus cell using conserva-
tion of moisture and a detailed distribution of
convective precipitation provided by the JRA-25/
JCDAS reanalysis data.

2.3. NIES TM simulation setup

To simulate XCO,, the NIES TM was run for the
period from 1 January 2009 to 31 December 2010,
employing the initial global XCO, distribution derived
from GLOBALVIEW-CO2 (2011). Four cases with
different source components of CO, were considered
in this study. Two flux sets were optimized without
GOSAT data and two others were optimized with
GOSAT retrieval data:

2.3.1. Prior + GV

This flux set was obtained using the region-based
inverse modeling scheme designed in the Transcom
project (i.e., Gurney et al., 2002). The a priori fluxes
were optimized with a 3-month window fixed-lag Kal-
man smoother inverse modeling system (Takagi et al.,
2011; Maksyutov et al., 2012). Monthly fluxes for 42
sub-continental terrestrial regions and 22 oceanic ba-
sins, as defined by Patra et al. (2005), were inferred for
the 12 months from June 2009 to May 2010, using
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GLOBALVIEW (hereafter denoted as GV) observations
collected from existing surface and aircraft CO,-mea-
surement networks (GLOBALVIEW-CO2, 2011). The
CO, fields used in the inversions were calculated using
the NIES TM. The a priori flux dataset used as a first
guess for the inverse modeling to drive the atmospheric
transport model consists of four components (Takagi
et al.,, 2011; Maksyutov et al., 2012): (a) fossil fuel
and cement manufacturing emissions from the high-
resolution Open source Data Inventory of Anthropo-
genic CO, (ODIAC) dataset (Oda and Maksyutov,
2011), and the Carbon Dioxide Information Analysis
Center’s (CDIAC) dataset (Andres et al., 2009, 2011);
(b) daily net ecosystem exchange (NEE) simulated by
the Vegetation Integrative SImulator for Trace gases
(VISIT) terrestrial biosphere model (Ito, 2010; Saito
et al., 2011, 2013); (c) monthly air—sea CO, fluxes
predicted by an ocean pCO, data assimilation system
based on the Offline ocean Tracer Transport Model
(OTTM; Valsala and Maksyutov, 2010); and (d)
monthly CO, emissions due to biomass burning from
the Global Fire Emissions Database (GFED) version 3.1
(van der Werf et al., 2010).

2.3.2. Prior + GV + GOSAT

These fluxes were optimized using the same inverse
modeling system as that used in the Prior + GV case,
but both GLOBALVIEW observations and the GOSAT
Level 2 XCO, retrieval data (version 02.00) covering 14
months from June 2009 to July 2010 are used. In this
setup, GOSAT XCO2 retrievals were aggregated over
each 5° x 5° grid cell and over each month. Details are
given by Takagi et al. (2011) and Maksyutov et al.
(2013). Presently Prior + GV 4+ GOSAT data as well
as Prior 4+ GV fluxes are available for period June 2009
— October 2010. To cover gaps in NIES TM simulation
period (1 January 2009 to 31 December 2010) we used
unoptimized a priori fluxes.

2.3.3. LMDZ

The 3-hourly inverse-model-adjusted fluxes ob-
tained by optimizing the surface fluxes of CO, using
the LMDZ model for the period 2000—2010 on a
3.75° x 2.5° latitude—longitude grid (Chevallier et al.,
2010). The fluxes comprise assimilated observations
from 128 stations from three large datasets of mea-
surements of the surface CO, mixing ratio. These data
sources, representing cooperative efforts from many
laboratories around the globe, are: the NOAA ESRL
archive (ftp://ftp.cmdl.noaa.gov/ccg/co2/), the Car-
boEurope atmospheric archive (http://ceatmosphere.
Isce.ipsl.fr/database/index_database.html), and the

WDCGG archive (http://gaw.kishou.go.jp/cgi-bin/
wdcgg/catalogue.cgi) (Chevallier et al., 2010).

2.3.4. GELCA-EOF

These fluxes are obtained using a combination of
Global Eulerian—Lagrangian Coupled Atmospheric
(GELCA) model and an EOF-based method
(Zhuravlev et al., 2013). An empirical orthogonal
function (EOF)-based inverse modeling scheme
relying on the derivation of a limited set of spatial
functions that can represent major components of
surface flux variability (Zhuravlev et al., 2011). Here,
we used 137 EOF components for land and 87 com-
ponents for ocean, and we found that several tens of
derived base functions are sufficient to achieve almost
full reduction of the model—observation misfit, with
the number of control variables comparable to a
region-based approach. The advantage of this approach
over a region-based approach is that the base functions
are smooth and follow ecosystem type distributions
and climate variation patterns (Maksyutov et al., 2013).
The tracer transport is simulated with GELCA model
(Ganshin et al., 2012), which combines the Lagrangian
Flexpart model at a resolution of 1.25° x 1.25° (Stohl
et al., 2005) with the Eulerian NIES TM model. A
priori fluxes were the same as in the Prior + GV setup.
To solve the inverse problem, a fixed-lag Kalman
smoother was used with a 4-month window. Ground-
based observations for 60 sites were taken from the
open access NOAA database for 2009—2010. Column
values of CO, used in this setup were also retrieved
using the GOSAT L2 method, as in the
Prior + GV + GOSAT case, but in contrast to
Prior + GV + GOSAT, single-shot observations were
assimilated separately using the corresponding aver-
aging kernels prepared by data providers.

2.4. Analysis of XCO, derived from NIES TM and
GOSAT retrievals over the globe

This paper is concentrated on study of XCO, in
arctic and subarctic regions. The global XCO, values
predicted by the NIES TM and retrieved using GOSAT
L2 algorithms were analyzed in previous studies
(Belikov et al., 2013b; Oshchepkov et al., 2012, 2013).
Validation was performed against the reference data
collected by ground-based high-resolution Fourier
Transform Spectrometers (FTS) installed at the moni-
toring sites of the Total Carbon Column Observing
Network (TCCON) (Wunch et al., 2011).

For comparison with TCCON FTS observations, the
NIES TM model was run with only a priori (Section
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2.3) unoptimized CO, fluxes that combine fossil fuel,
land, and ocean sources and sinks (Belikov et al.,
2013b). We selected simulated and TCCON XCO,
taken at around 13:00 £ 1 h local time over twelve
TCCON sites for the period January 2009 to January
2011. We considered data from three sites in the
Southern Hemisphere (Darwin, Lauder, and Wollon-
gong) and nine from the Northern Hemisphere (Bia-
lystok, Bremen, Garmisch, Izdna, Lamont, Orleans,
Park Falls, Sodankyld, and Tsukuba). The NIES TM is
able to reproduce seasonal and interannual variability
of XCO, with correlation coefficients of 0.8—0.9 and
general biases of about 1.2 ppm for XCO, against
version GGG-2012 TCCON data (Belikov et al.,
2013b).

Oshchepkov et al. (2012, 2013) performed a
comparative analysis of XCO, retrievals from six
global algorithms, including GOSAT NIES Level 2 v.
02.00, against TCCON FTS observations for the period
from June 2009 to December 2010. The pattern of
small seasonal variations in the retrieved XCO, is
generally in line with that of the ground-based FTS.
The NIES Level 2 v. 02.00 and TCCON XCO, data
yielded a correlation coefficient of 0.88, standard de-
viation of 1.68 ppm, and a negative bias (Level 2 v.
02.00 — TCCON) of —1.07 ppm for measurements
over 11 stations (Oshchepkov et al., 2013). Thus, the
two comparisons show better agreement of NIES TM
model-based XCO, with TCCON in reproducing the
seasonal cycle and less scatter than between the
GOSAT NIES Level 2 v. 02.00 retrieval algorithm and
TCCON.

3. Results
3.1. Distribution of XCO, in subarctic regions

We selected the summer months to analyze the
distribution of XCO, in subarctic regions because this
season is characterized by significant temporal vari-
ability, specifically with respect to XCO, reduction at
high latitudes on account of CO, uptake by the
biosphere. Figs. 1 and 2 show comparisons of XCO,
derived by NIES TM (Prior + GV) and GOSAT L2 in
the Northern Hemisphere for June and August 2009,
respectively. The GOSAT satellite can measure in two
modes: observation over land at lattice points, and in
sun-glint mode over the sea. However, sun-glint ob-
servations are only possible in tropical regions (lati-
tudes below 30°), where the solar zenith angle is
sufficiently small. In subarctic regions only observa-
tions over land are available. Figs. 1 and 2 show XCO,

values only for coincident points of GOSAT and the
model. Note that modeled XCO, was selected for all
GOSAT scans, but during retrieval processing of
GOSAT XCO,, some satellite data points were filtered
out (over Greenland and coastal regions). Therefore,
6071 and 6817 GOSAT scans are available for June
and August, respectively. The GOSAT observations
show much higher spatial variations than modeled
XCO,, because they are usually contaminated by
aerosol and cloud (Oshchepkov et al., 2012, 2013).
Nevertheless, the differences between GOSAT L2 and
NIES TM results are mostly within 2.5 ppm (~0.5%)
globally (Oshchepkov et al., 2013).

3.2. Comparison of XCO, derived from NIES TM and
TCCON FTS

Here, we repeated the comparison of modeled
XCO, with TCCON data. The CO, fluxes were eval-
uated by incorporating them into the NIES TM and
sampling the model at the location and time of XCO,
measurements from ground-based high-resolution FTS
observations collected at two of the northernmost
TCCON sites, Ny Alesund (Norway, 78.92°N,
11.92°E) and Sodankyld (Finland, 67.37°N, 26.63°E);
site locations are shown on Figs. 1 and 2. Another
northern site, Eureka (Canada, 80.05°N, 86.42°W),
was recently established, but available data are insuf-
ficient for the period under consideration. To show the
effects of adding GOSAT retrievals to the ground-
based observations on the seasonality of the esti-
mated fluxes, we plotted time-series of XCO, from the
model and the FTS sites (Fig. 3). The XCO, model
offsets (~1 ppm) were adjusted following Belikov
et al. (2013a) to match the global total fossil fuel
emission.

The correlation coefficients (0.98—0.99) and biases
(0.40—1.33 ppm) presented in Table 1 show that the
use of optimized fluxes improved XCO, simulations
for the two TCCON FTS sites as compared with pre-
vious analyses using unoptimized data (Belikov et al.,
2013b). Adding GOSAT retrievals to the inversion does
not give a major improvement for this region, as shown
by comparing Prior + GV with Prior + GV + GOSAT.
This is mainly because local fluxes from regions near
TCCON sites are well constrained by ground-based
CO, observations, which are more accurate than
GOSAT data. However, this only applies to a limited
number of regions, mainly those located in areas with
good surface observational coverage. The high reso-
lution GELCA-EOF inversion system based on the
coupled Eulerian—Lagrangian model gives lower
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Fig. 1. Northern Hemisphere maps of monthly mean XCO, (ppm) from NIES TM (top) and GOSAT L2 data (bottom) for June 2009. The data are
averaged over 2.5° x 2.5° latitude—longitude grid boxes. Red symbols show the locations of the TCCON FTS stations at Ny Alesund (Norway,

78.92°N, 11.92°E) and Sodankylé (Finland, 67.37°N, 26.63°E).

biases (0.40—0.53), demonstrating its advantages over
a region-based approach.

Profile of XCO, calculated with Prior + GV and
LMDZ fluxes are in good agreement to each other
(Table 1), apparently because correspondent fluxes was
optimized with similar sets of surface observations.

3.3. Seasonal cycle of XCO, derived for latitude
bands in subarctic regions

Given the small number of GOSAT observations, we
averaged the data over 5° latitudinal bands from 55°N
to 75°N to evaluate the Northern Hemisphere seasonal
cycle of carbon dioxide. The GOSAT XCO, values

were compared with those from NIES TM
(Prior + GV, Prior + GV + GOSAT, LMDZ, and
GELCA-EOF flux combinations). We only selected
those NIES TM data points that were coincident with
GOSAT observations. We also averaged all data over 3
days, which is the GOSAT repeat cycle, as this reduces
errors for scans obtained from nearby areas.

The XCO, fields simulated with Prior + GV and
LMDZ fluxes are compared directly with GOSAT data,
because only these combinations were optimized
without GOSAT. High-latitude GOSAT data over land
are only available for the summer season, as the solar
zenith angle is too large at other times. Therefore, the
duration of available data decreases with latitude. It is
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Fig. 2. Same as Fig. 1, but for August 2009.

obvious that the temporal data coverage is best in the
55°—60°N band (Fig. 4). However, the number of
measurements is greatest in the 60°—65°N band (Table
2), as this band has more days with clear sky condi-
tions than do other selected bands. In general, the NIES
TM is able to describe the seasonal cycle quite clearly,
as fluxes were optimized for 2009—2010. The differ-
ence between the modeled profiles is minor. NIES TM
with LMDZ fluxes are slightly better in describing
GOSAT XCO2 features (i.e. August (Fig. 4b) and
September (Fig. 4a) of 2010), as these fluxes benefit
from a 3-hourly temporal resolution. Better temporal
resolution helps to resolve the diurnal cycle of CO,,
which is influenced by boundary layer variability, wind
speed, and other weather conditions.

The correlation coefficient is quite high for all
bands (>0.9), apart from the northernmost band, for
which it dropped to 0.87—0.95. The number of GOSAT
scans decreases, and the errors associated with a low
zenith angle increase, towards the North Pole; conse-
quently, the bias reaches maximum values of 2.99 and
3.28 ppm respectively at the latitudinal band 70—75°N.
This mainly explains why the average bias values of
1.70 and 1.94 ppm exceed the current precision of
GOSAT data (~=+1 ppm; Cogan et al., 2012); how-
ever, the agreement with modeled results is quite
reasonable over this large area, which is not covered by
any other measurements.

Assessment of the XCO, seasonal cycle amplitude
for the selected period (2009—2010) is difficult, as
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Fig. 3. Time series of XCO, measured by FTS and modeled by NIES TM using Prior + GV (cyan), Prior + GV + GOSAT (blue), LMDZ (green)
and GELCA-EOF (red) fluxes for a) Ny Alesund (Norway, 78.92°N, 11.92°E) and b) Sodankylé (Finland, 67.37°N, 26.63°E) TCCON sites. The
error bar for the FTS points is a combination of the spread due to weighted averaging within the 13:00 = 1 h local time interval and observation
error. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

only part of the seasonal data is available. Moreover, a
marked difference in the northern extra-tropical sum-
mer CO, uptake between 2009 and 2010 was revealed.
It was found the XCO, drawdown in 2010 was lower
than that in 2009, by 2.4 ppm and 3.0 ppm over North
America and Eurasia, respectively (Guerlet et al.,
2013). Nevertheless, we can estimate the difference
in the amplitude of the XCO, seasonal cycle from
modeled and retrieved distributions.

In general, the model using Prior + GV,
Prior + GV + GOSAT, LMDZ, and GELCA-EOF
fluxes seriously underestimated the XCO, seasonal
cycle amplitude (Table 3). The modeled amplitudes are
lower than observed amplitudes by 1—4 ppm, due
mainly to the model’s inability to reproduce a summer
reduction in concentration caused by biospheric carbon
uptake. It is unclear which factors play a major role in
this regard, whether transport model errors or flux
drawbacks.

The simulation using the GELCA-EOF flux is in
best agreement with observations among the modeled

Table 1

Correlation coefficients and biases for the modeled XCO, for the Ny
Alesund and Sodankyld TCCON sites, using Prior + GV,
Prior + GV + GOSAT, LMDZ, and GELCA-EOF fluxes for
2009—-2010.

Flux combination Correlation Average bias, ppm
coefficient
Ny Sodankyld Ny Sodankyld
Alesund Alesund
Prior + GV 0.99 0.98 1.04 0.80
Prior + GV + GOSAT 0.99 0.98 1.33 1.18
LMDZ 0.99 0.98 0.95 1.08
GELCA-EOF 0.99 0.98 0.40 0.53

XCO, for 2009, and is in worse agreement for 2010.
Use of Prior + GV + GOSAT fluxes leads to degra-
dation of amplitude values in comparison with the
design without GOSAT L2 (Prior + GV). Thus,
implementation of GOSAT data in the inversion has an
unstable impact on the amplitude of XCO, and is very
sensitive to the inversion technique, the transport
model used for forward simulation, and also to bias
correction and data filtering (Maksyutov et al., 2012).

Prior + GV and LMDZ fluxes were obtained using
completely different variational methods and sets of
observation network sites. Moreover LMDZ dataset
was inverted using different transport model, as result
is was not specially optimized for NIES TM. Thus,
consistency of XCO, profiles calculated using these
fluxes (Table 1) is important indicator of the results
reliability.

3.4. Analysis of reduced carbon uptake during the
summer of 2010

The summer of 2010 was characterized by reduced
carbon uptake, which is most likely due to the heat
wave in Eurasia driving biospheric fluxes and fire
emissions (Guerlet et al., 2013). Strong forest fires
occurred in the Northern Hemisphere, including in
Canada and Russia, as shown by the GFED forest fire
product (Fig. 5). The 2010 Russian wildfires spread
dangerously towards populated regions, significantly
affecting human health and livelihood. The prolonged
anti-cyclonic circulation established over western parts
of Russia (near Moscow in July—August) favored the
development of mass forest and peat bog fires
(Grumm, 2011). The persistent southerly flow trans-
ported large amounts of combustion products,
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Fig. 4. Time series of XCO, from GOSAT L2 (black) and NIES TM with Prior + GV (green) and LMDZ (red) fluxes for 2009 for different
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including CO,, into central and northern Europe,
generating an extended area of enhanced CO, con-
centrations. The difference in XCO, between 2010 and
2009 for the period June—October, averaged over 5°
bands, is shown in Fig. 6 (the data have been corrected
for the interannual trend of 2.06 ppm/year (Guerlet
et al., 2013).

In June of year preceding the wildfire event, the
XCO; values in 2009 and 2010 were nearly the same
along latitude bands from 10° to 70°N in the Northern
Hemisphere and exceeded the interannual trend by
0.5—1.5 ppm (Fig. 6a). These increased values relative

Table 2

Correlation coefficients and biases derived from XCO, modeled using
Prior + GV and LMDZ fluxes against retrievals by GOSAT L2, for the
different latitudinal bands.

Latitudinal Number Correlation coefficient ~Average bias, ppm
band (°N) of points

Prior + GV LMDZ Prior + GV LMDZ
55—60 2680 0.96 0.97 1.04 1.08
60—65 2903 0.95 0.97 0.92 1.42
65—70 2648 0.97 0.97 1.85 1.99
7075 668 0.91 0.95 2.99 3.28
All bands 8899 0.95 0.96 1.70 1.94

to the trend may be caused by different rates of CO,
absorption by vegetation, due to delayed or accelerated
spring seasonal changes. The model runs using the four
fluxes and the GOSAT retrieval are consistent.

The wildfire event in Central Russia started in July.
The GOSAT L2 data show enhanced XCO, at latitudes
40°—80°N  (Fig. 6b). The NIES TM with
Prior + GV + GOSAT, LMDZ and the GELCA-EOF
fluxes capture this effect for the central part of the
burned area in the 55°—60°N band. These model runs
show CO, transported northward with enhanced con-
centration near Novaya Zemlya (Fig. 7). This is in
agreement with wind direction calculated using the
National Centers for Environmental Prediction Global
Forecast System (NCEP GFS) (Grumm, 2011). In
general, the differences between XCO, distributions in
July 2010 and July 2009 show three peaks of XCO,
over North America, northern Europe, and the Far East
(Fig. 7). The Far East region is prominent due to its
high emission intensity, which is well captured by the
model runs.

The peak of the event occurred in August, when
XCO, was enhanced by 2.5 ppm relative to 2009
values over the forest fire regions (50°—65°N), and by
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Table 3

Seasonal amplitude of XCO, for the different latitudinal bands, modeled using Prior + GV, Prior + GV + GOSAT, LMDZ, and GELCA-EOF fluxes,

and derived from GOSAT Level 2 data, for 2009—2010.

Latitudinal Seasonal amplitude for 2009, ppm

Seasonal amplitude for 2010, ppm

band (°N) GOSAT  Prior + GV Prior + GV + LMDZ GELCA-EOF GOSAT Prior + GV Prior + GV + LMDZ GELCA-EOF
GOSAT GOSAT

55—60 8.92 8.79 8.32 7.29 8.62 14.35 9.65 8.83 8.49 791

60—65 10.31 8.44 8.48 8.21 8.79 11.34 11.05 10.49 9.05 8.96

65—70 10.42 8.93 8.88 8.74 8.71 11.91 9.83 9.28 9.31 8.84

70-75 10.21 6.35 6.84 7.34 6.38 5.61 4.62 4.59 5.25 3.61

2 ppm over the 40°—50°N and 65°—70°N bands, into
which combustion products were transported (Fig. 6¢).
The model with all considered fluxes described the
peak well, except that GELCA-EOF values are
0.5—1.0 ppm higher than other modeled and closer to
observed XCO,. At the end of August, the wind
changed direction (Grumm, 2011), and the enhanced
XCO, was transported mainly eastward. At the same
time, enhanced fire activity in the USA and Canada led
to elevated XCO, over the North Atlantic (Fig. 8).

In accordance with the differences between XCO,
distributions in August 2010 and August 2009, we can
identify only two regions of enhanced XCO, (North
America, northern Europe), as the forest fires in the Far
East had mainly ended.

In September, the forest fire event had almost ended
due to autumn rains. However, the released CO, had
accumulated in the free troposphere, and was detected
by GOSAT (Fig. 6d). Dispersion of substances in the
free troposphere is a slow process, and even in October,
enhanced CO, concentrations were observed (Fig. 6e).

3.5. Comparison of GELCA-EOF fluxes for June-
—August, 2009 and 2010

In previous section GELCA-EOF system shown
ability to invert CO, fluxes, which successfully
described significant interannual variation of CO, up-
take during the Northern Hemisphere summer between
2009 and 2010. Thus, our further study concentrated
on analysis of GELCA-EOF fluxes. Table 4 shows the
differences in CO, fluxes obtained using the GELCA-
EOF inversion system between the periods June—Au-
gust 2010 and June—August 2009. The difference is
calculated for Western and Eastern hemispheres over
land only, averaged over 5° bands.

Analyses of the GELCA-EOF data show marked
differences in summer fluxes between 2010 and 2009
for the Western and Eastern hemispheres (Table 4). In
the 50—55° and 55—60°N bands, which contain the
forest fire regions, the additional CO, emission in

2010, as compared with that in 2009, is 22.58%—
40.40%, while for bands located farther north, the
growth is weaker or even negative. This confirms that
the high concentrations of CO, at high latitudes in the
summer of 2010 were caused by wildfires in central
western Russia, the USA, and Canada.

Table 5 shows estimates of flux differences for the
same period, but using only ground-based observations
without GOSAT as in Prior + GV. Use of GOSAT data
has a substantial impact on the estimation of the level
of additional CO, emission due to forest fires in the
50°—60°N band in the Eastern Hemisphere, as fluxes
estimated with the GOSAT data are 0.4—0.6 GtC/yr
higher than those estimated without such data (see
difference of values in Tables 4 and 5).

The CO, fluxes in the northern part of the Western
Hemisphere are successfully constrained by observa-
tions from ground-based sites located in the temperate
zone. The disparity between 2009 and 2010 fluxes
estimated with and without GOSAT data is no more
than ~7%. Thus, here the GOSAT data have a sub-
stantial impact only in the 65—75°N band, where the
constraints of ground-based observations are weaker.

4. Discussion

The increase of CO, mixing ratio in summer of
2010 may be effect not only of fires, but also of
enhancement of biospheric respiration induced by the
high temperature. However, the value of carbon
released due to wild fires in Russia in 2010 was
extremely high. This year emission (2.12 kgC/m?/yr)
exceeds averaged value for 1998—2010 (1.47 kgC/m?*/
yr) calculated for all land cover types (Shvidenko et al.,
2011). While the total burned area in 2010 was slightly
below the long term average.

The XCO, modeled with Prior + GV and LMDZ
fluxes captures only a part of the IAV of CO, caused by
the fire event during summer 2010 (Fig. 6). Apparently,
the footprints of the selected observations sites in
correspondent inversions did not cover enough of the
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Fig. 5. Forest fire emissions (gC/m*/day) in the Northern Hemisphere derived from the GFED database for July 2010 (van der Werf et al., 2010).

burned area. Indeed combustion products from wild-
fires were mainly transported to the regions poorly
covered by ground-based observations (the Northern
and Eastern parts of Russia, the Atlantic Ocean
(Fig. 8)). It seems, the GFED forest fire product used as
a component of a priori fluxes adequately character-
izes the location of the burned area, but it may un-

1.5

2.9

In general, a joint inversion of GOSAT and surface
data is more successful in estimation of XCO, IAV in
the Northern Hemisphere. The comparisons show that
the inversion with the advanced GELCA-EOF system
has benefits compared with the standard regional
Prior + GV + GOSAT method in northern high-
latitude regions, because grid-based fluxes are esti-
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interannual trend of 2.06 ppm/year has been removed.

and because this inversion uses the more sophisticated
and higher-resolution transport model GELCA.
Moreover, the GELCA-EOF system utilizes column-
averaged observations by GOSAT without aggrega-
tion, which increases their accuracy. As results, dif-
ference in XCO, calculated with GELCA-EOF and
Prior + GV + GOSAT fluxes is about 0.5 ppm in
average (Fig. 6). More detailed comparison of
Prior + GV + GOSAT and GELCA-EOF methods is
required additional study, which is out of scope of the
paper.

To cover gaps in Prior + GV and Prior +
GV + GOSAT fluxes we used unoptimized a priori
fluxes in simulations for periods 1 January — 31 May
2009 and 1 November to 31 December 2010. However,
it should not distort our analysis, because optimized
fluxes are available for boreal summer seasons 2009
and 2010, when a priori CO, emission has high level

of inaccuracy due to uncertainty in biospheric uptake
and required to be optimized.

5. Conclusion

The distribution of XCO, in the subarctic was
investigated using the NIES TM and the GOSAT L2
products. We performed XCO, simulations for the
period 2009—2010 using the NIES TM with four flux
datasets. The Prior + GV and LMDZ flux sets are
optimized only with surface observations, while the
Prior + GV + GOSAT and GELCA-EOF flux sets are
based on both surface and GOSAT L2 observations,
but represent different approaches to the treatment of
the retrieved data.

Comparisons of modeled XCO, with XCO, obser-
vations from ground-based high-resolution FTS ob-
servations collected at two of the northernmost sites,
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Ny Alesund and Sodankyld, revealed a performance
improvement as compared with the simulation using
unoptimized fluxes (Belikov et al., 2013b).

Fluxes optimized without GOSAT retrievals
(Prior + GV and LMDZ) were compared directly with

Table 4

Difference in CO, fluxes (GtC/yr and % compared to 2009) obtained
using the GELCA-EOF inversion system, for the period June—August
2010 minus June—August 2009 (shown as 5°-band averages). Dif-
ferences are calculated for Western and Eastern Hemispheres over
land only. Ground-based observations and GOSAT L2 data are used.

Latitudinal Difference in CO, fluxes
band (°N) Western Hemisphere Eastern Hemisphere
GtClyr % GtClyr %

5055 0.5363 26.61 1.0759 39.85
55—60 0.4235 40.40 0.8927 22.58
60—65 —0.0084 —2.16 0.4163 11.61
65—70 —0.0233 —19.30 0.1200 12.66
7075 —0.0021 —5.18 0.0078 7.64

GOSAT L2 data. Selected coincident points were
averaged over four latitudinal 5° bands in high-latitude
regions of the Northern Hemisphere. Correlation co-
efficients of 0.95—0.96, and average bias values of
1.70—1.94 ppm, were obtained, demonstrating the
consistency of the datasets. Although the results are
fairly coarse, the agreement of the model results is
quite reasonable over such a large area that is not
covered by any other measurements. Moreover, the
CO, seasonality is abnormally in summer of 2010.
The impact on CO, levels of emissions from
enhancement of biospheric respiration induced by the
high temperature and strong wildfires occurring in the
summer of 2010 was analyzed using the NIES TM
simulations with considered fluxes. The massive CO,
transport into subarctic and Arctic regions mainly
caused by wildfires in central western Russia, the USA,
and Canada was found. Using NIES TM with GELCA-
EOF fluxes during the peak of the wildfire event in
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Table 5
Same as Table 4, but only ground-based observations are used.

Latitudinal Difference in CO, fluxes
band (°N) Western Hemisphere Eastern Hemisphere
GtClyr % GtClyr %

5055 0.3564 20.34 0.3818 14.44
55—60 0.3885 43.55 0.4937 14.12
60—65 0.0149 493 0.4670 15.85
65—70 —0.0081 —7.96 0.1339 17.47
70175 0.0040 9.94 0.0071 7.62

August 2010, we detected XCO, enhancement of
2.5 ppm relative to 2009 over forest fire regions
(50°—65°N), and of 2 ppm over 65°—70°N band, into
which combustion products were transported. Use of
GOSAT data has a substantial impact on estimates of
the level of additional CO, emission due to forest fires
between 50°N and 60°N in the Eastern Hemisphere, as
fluxes estimated with the GOSAT data are higher by
~0.4—0.6 GtC/yr. However, CO, fluxes in the north-
ern part of the Western Hemisphere are successfully
constrained by observations from ground-based sites
located in the temperate zone. Here, the difference in
fluxes estimated with and without GOSAT data is less
than 0.2 GtCl/yr.

The XCO, modeled with fluxes obtained without
GOSAT data (Prior + GV and LMDZ) captures only a
part of the IAV of CO, during summer 2010. As the
GFED forest fire product used as a component of a
priori fluxes adequately characterizes the location of
burned areas, but it underestimates the emissions.
Thus, we have shown the implementation of GOSAT
data for studying the carbon cycle in the subarctic. The
results reveal the benefits of XCO, GOSAT data use to
evaluate modeled results, and to provide an additional
constraint during inverse model flux optimization. The
GOSAT NIES Level 2 data products are under constant
development. A longer retrieval period, an enhanced
number of scenes, and reduced standard deviations and
biases of the data due to the implementation of more
sophisticated retrieval algorithms, as well as improve-
ments in the inversion scheme, will allow us to address
in more detail the problems identified in this study in
future work.
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