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In-depth knowledge of global and regional carbon budget is required for eAective policymaking to mitigate the
global climate change. However, Asian carbon budget shows large uncertainty due to both lack of sufBcient
observations and detailed understanding of the existing CO2 observations. A regional air quality model
(WRF–CO2) is set up for simulating atmospheric CO2 variations over the greater Asia region (68–124°E,
2°S–45°N) for the period 2010–2012. The WRF–CO2 simulations are compared with observations from nine
sites and a global Atmospheric Chemistry Transport Model (ACTM). The comparisons suggest WRF–CO2
simulation is able to capture large scale features in the observed variabilities, with varied ability at Bne scales
depending on representation of surface Cuxes and meteorology around the observation sites. Analysis of CO2
signals from individual Cux components suggests that ocean Cux has least contribution to the CO2 variation
(\10%). Four sites (Mt. Waliguan, Nainital, Cape Rama and Lulin) show dominance of biospheric Cux over
fossil Cux to the CO2 variation ([80%). CO2 mixing ratios are found to be maximum in northern hemisphere
(NH) winter over East Asia, while they are maximum in NH spring over Indian subcontinent. Observed peakto-trough seasonal amplitude is lowest (4.5 ppm) for the site Bukit Koto Tabang, Indonesia and highest
(29.5 ppm) for Shangdianzi in China. Statistical analysis from monthly mean CO2 time series shows that
correlation coefBcient and normalised standard deviation with observations, are generally equal or better for
the WRF–CO2 than the coarser resolution ACTM. Study of synoptic scale CO2 variations shows that the
WRF–CO2 is able to better resolve daytime signatures than those in the night. Year-to-year CO2 variations of
seasonal cycle amplitude is highest (*5 ppm) at Nainital, India compared to all other sites.
Keywords. CO2 simulation; WRF–CO2; Asia; CO2 seasonal cycle.

1. Introduction
Global mean carbon dioxide (CO2) concentration
has increased to more than 400 ppm from
*277 ppm in the preindustrial era (1750) (Joos

and Spahni 2008; Dlugokencky et al. 2017). CO2 is
the most important anthropogenic species with
largest contribution (55.5%) to warming eAect
on the earth’s atmosphere during the period
1750–2010, leading to adverse impacts on climate
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(IPCC 2014). The recent CO2 growth rate of about
2 ppm/yr is attributed to fast economic growth in
the Asian countries (e.g., Le Qu
er
e et al. 2018).
India is the third largest CO2 emitter with *2.5
GtCO2/yr in 2017, after China (*9.8 GtCO2/yr)
and USA (*5.3 GtCO2/yr), and has the fastest
increase rate in the world since 2013 (Le Qu
er
e
et al. 2018). In the case of India, though the per
capita CO2 emission is much lower (1.8 tCO2/
person) compared to other developed countries
(e.g., USA 16.2 tCO2/person) in 2017, emission
rate has been fastest (3.9%) from the year 2016 to
2017 (Le Qu
er
e et al. 2018). Prominent contributions from the emerging economies have been
intended for mitigation of greenhouse gases emission increase under the Paris Agreement for keeping the global average temperatures rise below 2°C
as discussed during the 2015 UNFCCC (United
Nations Framework Convention on Climate
Change) Conference of the Parties (COP-21).
QuantiBcation of regional carbon budget by
inverse or top down approach shows large uncertainty (*150%) over South Asia (Patra et al. 2013)
for net biospheric Cux of CO2 compared to other
developed countries, such as Europe (*30%; Luyssaert et al. 2012) and USA (*60%; King et al. 2015).
This is mainly due to uncertainty in the forward
transport model, sparse observational networks and
lack of high temporal variation data (Sundareshwar
et al. 2007). The high-resolution forward transport
model simulations of CO2 at hourly to synoptic
timescales could bridge the data gap in this least
studied region (Sarrat et al. 2007; Pillai et al. 2009;
Ballav et al. 2012; Kou et al. 2015).
Asia has versatile land use, terrestrial ecosystem
and unique climate dynamics. This could be seen by
the role of South Asian summer monsoon circulation
(June–September) and western disturbance (December–March) inCuencing the biospheric Cuxes due
to change in vegetative growths and crop cultivations. Moreover, owing to strong convection during
monsoon season, long lived (GHGs) and short-lived
trace gases from South Asia are vertically lifted up
and redistributed to other region of the world
(Bhattacharya et al. 2009; Lin et al. 2015; Chandra
et al. 2017). It has also been shown that synoptic and
mesoscale events which have seasonal reversal are not
satisfactorily represented by the global model over
the continent and coastal regions (Patra et al.
2008, 2009; Barnston et al. 2010). Observations from
Himalayan region are also not well represented by the
global models due to their coarse spatial resolution.
On the contrary, the meteorology over South Asia is
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well simulated by the Weather Research ForecastChemistry (WRF–Chem) model (Kumar et al. 2012;
Naja et al. 2016).
Modelling studies for verifying the quality of the
known source and sink of CO2 have not yet been
carried out over greater part of the Asian landscapes. Moreover, very few model studies were
conducted over large parts of Asian region for CO2
transport (e.g., Patra et al. 2008; Tiwari et al.
2011). Previous eAorts by Ballav et al. (2012, 2016)
highlighted the advantage of using a high-resolution online regional model for CO2 transport
instead of a coarser resolution global model over
the East Asia region. Recent expansion of the
in-situ measurement sites in Asia, providing continuous or discrete CO2 data, provides a unique
opportunity to better understand the regional CO2
variations.
Here, we analyse the spatio-temporal distribution of CO2 by using an online and high-resolution
regional model for CO2 (WRF–CO2; Ballav et al.
2012) for the Brst time covering a wide range of
sites over the greater Asia region for three years
(2010–2012). Performances of the WRF–CO2
model simulations are compared with the
observed atmospheric CO2 mixing ratios at nine
sites in different environmental conditions over
South/East/Southeast Asia. The sites cover
remote mountain, tropical rainforest, urban,
deserts, grassland, and coastal environments. In
addition, the WRF–CO2 simulation results are
also compared with results from a global model
JAMSTEC’s ACTM (Patra et al. 2009). A
description of the models, input/observation data
is given in section 2, followed by results in section 3. Summary and conclusions are presented in
section 4.

2. Methodology
2.1 Observation sites and WRF–CO2
model set-up
Carbon dioxide data from nine ground-based sites
are used here to compare with model simulations.
Data from eight stations are obtained from the
World Data Centre for Greenhouse Gases
(WDCGG 2016) and data from Nainital (NTL),
India are collected jointly by the ARIES, India and
NIES, Japan. A brief description of nine observation stations is provided in table 1, and locations
are depicted in Bgure 1.
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Table 1. Details of CO2 observational sites used in the present study. Model height of the observation site is also provided.
Stations, lat., long., height (amsl)
Bukit Koto Tabang (BKT), 0.20°S,
100.32°E, 864 m
Danum Valley (DMV), 4.97°N,
117.83°E, 426 m
Cape Rama (CRI), 15.08°N,
73.83°E, 60 m
Hok Tsui (HKG), 22.21°N,
114.26°E, 60 m
King Park (HKO), 22.31°N,
114.17°E, 65 m
Lulin (LLN), 23.47°N, 120.87°E,
2867 m
Nainital (NTL), 29.36°N, 79.45°E,
1958 m
Mt. Waliguan (WLG), 36.28°N,
100.90°E, 3810 m
Shangdianzi (SDZ), 40.65°N,
117.12°E, 287 m

Country

Model height of
site (m)

Indonesia

712.3

Malaysia

330.3

Description

Data interval and period

Remote continental
hill
Mountain valley

Hourly data (2010–2012)
Hourly data (2010)

India

34.0

Coastal

Hong Kong
(China)
Hong Kong
(China)
China

61.3

Remote coastal

Event data (15 days)
(2010–2012)
Daily data (2010–2012)

61.3

Small hilly terrain

Daily data (2010–2012)

1895.6

Inland mountain

India

813.6

Inland mountain

China

3143.8

Plateau desert

Event data (7 days)
(2010–2012)
Event data (7 days)
(2010–2012)
Daily data (2010–2012)

China

474.7

150 km away from
Beijing

Event data (15 days)
(2010–2012)

Figure 1. Model domain with terrain height in meter (colour
bar). Nine observation sites are also shown. Please refer
table 1 for complete name of the sites. Hok Tsui (HKG) and
King Park (HKO) are overlapping due to the proximity. Dark
brown colour implies model terrain height is above 1600 m.

A coupled online state-of-the-art, regional air
quality model Weather Research Forecast coupled
with Chemistry (WRF–Chem; Grell et al. 2005) is
used for CO2 simulation (WRF–CO2; Ballav et al.
2012). WRF–Chem is a mass and scalar conserving
air quality model dealing with chemically reactive
aerosol and gases. Since, the original version of
WRF–Chem does not include CO2 species, the
model has been modiBed to incorporate anthropogenic, biogenic and oceanic CO2 Cuxes as

non-reactive tracers, and thus referred to as
WRF–CO2. For the present simulation, WRF–CO2
was conBgured with horizontal resolution of
27 9 27 km and vertical resolution of 30g layers.
The height range is covered from surface up to
100 hPa, with 11 layers located within 2 km from
the surface. The model horizontal domain
(Bgure 1) is made to cover most part of the populous Asia and deBned on Mercator projection centered at 24°N and 96°E (Myanmar) having
200 9 190 grid points in latitude and longitude.
The model domain extended from 68° to 124°E
in longitude, and 2°S to 45.2°N in latitude.
WRF–Chem has multiple physical, dynamical and
chemical options suitable for a broad spectrum of
applications. Table 2 summarizes the WRF–CO2
conBguration options of different atmospheric
processes that are selected for the present set-up,
adopted from Takigawa et al. (2007) and Niwano
et al. (2007). Here, we have provided a brief
description of the model and more details could be
seen in Ballav et al. (2012).
Three dimensional grid analysis nudging is
performed to WRF model simulated meteorological Belds that initialized using the National Centers
for Environmental Prediction (NCEP) Bnal analysis (FNL) data of horizontal winds (U, V) and
temperature (T) for the reproduction of realistic
tracer transport. Model simulations are sampled
horizontally at the nearest grid point of observation sites, and vertically at the lowest model level
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Table 2. Overview of WRF–CO2 model conBguration used in this work.
Processes
Input Cux
Biospheric model data
Fossil Cux
Ocean Cux
Simulation set-up
Model Centre
Model resolution
Model grid
Map projection
Initial and boundary condition
Meteorology
Tracer CO2
Surface characteristics
Topography, land use, etc.
Physics scheme
Microphysics
Longwave radiation
Shortwave radiation
Surface layer
Land surface
Planetary boundary layer
Cumulus parameterisation
Chemistry scheme
Photolysis, dry deposition, gas phase chemistry, aerosol
chemistry, wet scavenging, cloud chemistry
Dynamic scheme
Vertical turbulent mixing and subgrid convective
transport
Integration procedure
Time integration
Spatial integration

WRF–CO2 options
CASA – 3 hourly
Edgar 4.2
Takahashi et al. (2009)
24°N and 96°E
27 9 27 km
200 (North–South) and 190 (East–West)
Mercator
NCEP FNL GRIB-2 data
ACTM model
10 m USGS data
Cowry Single-Moment 3-Class scheme
RRTM scheme
Goddard shortwave
Eta similarity
Noah Land Surface Model
MYJ scheme
Grell–Devenyi ensemble scheme
OA

On

The 2nd and 3rd order Runge–Kutta Scheme along with a small
split time step for acoustic and gravity wave modes
5th order evaluation of the horizontal Cux advection and the 3rd
order evaluation of the vertical Cux divergence

or the vertical level data is interpolated to the level
of observation point (later referred as actual level).
The model output is stored in 1-hr interval and is
sampled at the nearest observational time of
respective sites. Different components of CO2 like
fossil fuel CO2, terrestrial biosphere CO2 and ocean
CO2, corresponding to three prescribed Cuxes
(section 2.2), are treated in the model as nonreactive tracers whose mixing ratios are calculated
from atmospheric transport involving advection,
cumulus convection and turbulent diffusion.
2.2 Anthropogenic emissions and the
natural Cuxes
Anthropogenic emissions due to fossil fuel
consumption and cement production are adopted
from the yearly global map of Emission Database

for Global Atmospheric Research (EDGARv4.2
2011) with grid resolution of 0.1° 9 0.1° (referred
as FT). The EDGARv4.2 anthropogenic data are
available until 2010 and linearly extrapolated
within the domain for rest of the years (2011–2012)
without accounting for variation of the regional
trends. Terrestrial biospheric surface Cuxes are
taken from the Carnegie-Ames-Stanford-Approach
(CASA) global model having 1° 9 1° spatial resolution and 3 hourly temporal resolutions (Olsen
and Randerson 2004). The oceanic exchange at
4° 9 5° resolution is given as monthly mean air–sea exchange rate of CO2 from the Lamont–
Doherty Earth Observatory (LDEO) (Takahashi
et al. 2009). Though the fossil Cux has very high
spatial resolution, due to coarser resolution of
biospheric and oceanic Cux and limitation of computational facility, we have not increased the
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model resolution much than the present one.
Although some of the land biosphere models are
run at higher spatial resolution than 1° 9 1°, welltested sub-daily time interval data are not available due to the inadequacy of surface forcing data
required for land models (Sitch et al. 2008; Le
Qu
er
e et al. 2018). Fluxes are interpolated into
model grids using Bve points running mean and
then Btted data is used to get Cuxes at model grid
adopting the method given by Krishnamurti et al.
(1998).

2.3 Initial and boundary conditions
Initial/boundary conditions (IC/BC) for meteorology are adopted from NCEP Bnal analysis
(FNL) GRIB-2 data having temporal resolution
6 hrs and spatial resolution 1° 9 1°. Initial condition and boundary condition for atmospheric CO2
are taken from JAMSTEC’s ACTM providing
2.8° 9 2.8° resolution Beld at three hourly intervals (Patra et al. 2009). The United States Geological Survey (USGS) data at 10 min resolution is
used for the static geographical Belds such as landuse and land cover, terrain height and soil type,
etc. Three years continuous simulation has been
performed from 1st January 2010 to 31st December
2012. First Bve days model simulation are cut-oA as
spin up period from the analysis of the model
results. In both models, data are used from lowest
level of the model, unless it is mentioned (for the
WRF–CO2).

2.4 Time series data analysis to study
variabilities
Each time series of observed and simulated CO2
are decomposed into synoptic, seasonal and interannual variabilities using a digital Bltering technique (Nakazawa et al. 1997). The Bltering is
applied to three years (2010–2012) time period of
daily averaged CO2 data. Three Fourier harmonics
are used for representing the smooth seasonal
cycle, in addition, two low-pass recursive digital
Blters are used of the order of 16 and 26 to obtain
short-term variation in seasonal cycle and longterm variation in trend, respectively. One to
10-day variations are considered as synoptic scale
variation of CO2. Therefore, synoptic scale variation of CO2 is obtained by subtracting the smooth
Btted curve from daily average data.
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3. Results and discussions
3.1 Spatio-temporal variations
The WRF–CO2 simulated CO2 mixing ratios for
four different seasons are depicted in Bgure 2(a–d).
Because the three Cux tracers are run as nonreactive, their linearity with Cuxes allow to construct model CO2 concentrations by adding the
three separate components (sometimes referred to
as Total CO2). The running of three separate
tracers helps us to analyse their contributions
to the CO2 variabilities. The biospheric CO2
(Bgure 2e–h), fossil CO2 (Bgure 2i–l) and ocean
CO2 (Bgure 2m–p) components are also shown.
CO2 mixing ratios are maximum in winter over the
eastern China. However, CO2 values are maximum
in spring over the Indian subcontinent, including
part of Southeast Asian region and western China.
Additionally, spring maximum CO2 values over
these regions are much lower than those over the
eastern China. Winter time lower CO2 values over
northern India may be attributed to active uptake
by the crops and forest ecosystems under the
inCuence of the western disturbances, and lower
heterotrophic respiration moderate surface air
temperature (Patra et al. 2011; Umezawa et al.
2016). It is noted that fossil fuel contributes to the
maximum increase of CO2 in winter (Bgure 2i–l)
over the eastern China region. This is corroborated
with the energy consumption coupled with the
lower boundary layer height over the east Asia
leading to enhancement of CO2 in winter (e.g.,
Ballav et al. 2016; for Japan case). In fact, some
CO2 hotspots could also be seen over major cities of
China in WRF–CO2 simulations, but not many
in the ACTM because of smearing out of
the anthropogenic emissions in coarse horizontal
resolutions in ACTM.
Generally, in the growing (monsoon) season,
atmospheric CO2-uptake during photosynthesis is
higher than CO2-release during respiration. However, in decaying (autumn) season, CO2-release by
plants during respiration is higher than that CO2uptake driven by photosynthesis. The land biosphere acts as a source in winter as well as in
spring and as a sink in summer over the eastern
China (Bgure 2e–g). However, over South Asia, it
generally acts as source in spring and as sink in
autumn (Bgure 2f and h). The monsoonal circulation may lead to cloudy conditions over South
Asian region which reduce incoming short wave
and outgoing long wave radiation and likely to
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Figure 2. Spatial distribution of total CO2 mixing ratio (ppm) simulated by the WRF–CO2 model (top row), and its land
biosphere, fossil fuel and ocean Cux components (lower 3 panels, respectively) for winter (December–February), spring
(March–May), summer (June–August) and autumn (September–November).

decrease the photosynthesis rate in summer
monsoon. Subsequently, clear sky in autumn
enhances vegetative growth and increases photosynthesis rate leading to decrease in CO2 (Lin
et al. 2015). Variation of ocean CO2 mixing ratio
is found to be very small with changing season
(about 2.8 ppm) over the domain (Bgure 2m–p).
Therefore, the contribution of ocean CO2 is
smaller to the total CO2 mixing ratio. In general,
ocean CO2 is highest in spring and lowest in
autumn over the domain.

3.2 Mean seasonal cycle at different sites
Figure 3 shows the mean seasonal cycle of CO2 for
observations and model simulations at nine sites.
Simulation results from the WRF–CO2 and the
ACTM are extracted for the location of these sites
(table 1) and compared with observed de-trended
monthly mean seasonal cycle of CO2, at respective
sites for three years (2010–2012) period. Hourly
(WRF–CO2) and three hourly (ACTM) data are
used to obtain monthly average in case of Bve sites
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Figure 3. Monthly mean variations of observed and model (WRF–CO2 and ACTM) CO2 from three years average de-trend data
at nine observation sites. Individual components of CO2 (ocean, biosphere and fossil) simulated from the WRF–CO2 model are
also shown. Panels are arranged from low (top-left) to high (bottom-right) latitude stations.

(Bukit Koto Tabang (BKT), Damun Valley
(DMV), Mt. Waliguan (WLG), Hok Tsui (HKG)
and King Park (HKO)), while model data are
sampled at the nearest time and date of actual air
sample collection at the remaining four sites
(Shangdianzi (SDZ), Lulin (LLN), Nainital (NTL)
and Cape Rama (CRI)) for obtaining monthly
average values.
3.2.1 Timing of seasonal maximum
and minimum
Most of the observation sites exhibit maximum
uptake of CO2 during late summer and early
autumn period and higher values in winter or
spring (table 3). Maximum uptake occurs very late
(October) for the Himalayan site (NTL) and earliest (June) at the tropical station BKT. The difference in timing of maximum and minimum of
CO2 seasonal cycle in different stations, implies
that the stations are inCuenced by diverse Cow of
air masses. For example, at NTL, air mass is
transported from Middle East and western Asia as
well as from Indian subcontinent through monsoon
circulation during boreal summer (Kumar et al.
2012). Therefore, average seasonal minimum mixing ratio is observed during early October and

maximum in the mid-May at this site. However,
WLG received strong CO2 uptake signals from the
Siberia region during Jul–Aug–Sep, along with
middle eastern and western Asian air masses.
Furthermore, this site is inCuenced by the boundary layer exchanged air mass (Lin et al. 2015). The
months of CO2 maximum and minimum produce
by the WRF–CO2 is same as seen in the observations at NTL and WLG, but ACTM shows some
differences (table 3). The time of the maximum are
found to be better for two stations (BKT and LLN)
when actual level of model (WRF–CO2) for these
two sites are considered. This indicates better
representation of meteorology and transport by the
WRF–CO2 than the global model ACTM in this
region.
At Cape Rama (CRI), mean seasonal cycle is
found to be maximum in late February that is
almost at end of the north-east monsoon and
minimum in late August during the south-west
monsoon. This implies that though this site is a
tropical coastal station, it is largely inCuenced by
monsoon-driven oceanic air transport to the site
and terrestrial ecosystem activity (Bhattacharya
et al. 2009). In winter, the station received
anthropogenic rich CO2 air mass by long range
transport from south-east Asia and north-eastern
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Table 3. Three years average monthly mean CO2 seasonal amplitudes (in ppm) and month of maximum and minimum in
observation and model (WRF–CO2 and ACTM) simulated CO2 at BKT, CRI, HKG, HKO, LLN, NTL, WLG and SDZ.
Amplitude could not be calculated for DMV due to limited data at this site.
Observations

WRF–CO2

ACTM

Sites

Amplitude

Month of
max

Month of
min.

Amplitude

Month of
max

Month of
min.

Amplitude

Month of
max

Month of
min.

BKT
CRI
HKG
HKO
LLN
NTL
WLG
SDZ

4.5
13.5
28.7
28.2
10.6
21.5
9.3
29.5

Feb
Feb
Jan
Jan
Apr
May
Apr
Jan

Jun
Aug
Jul
Sep
Sep
Oct
Aug
Aug

2.1
9.0
18.5
19.4
11.8
12.9
9.9
22.8

Jan
Mar
Jan
Jan
Jan
May
Apr
Dec

May
Nov
Sep
Aug
Aug
Oct
Aug
Aug

1.6
14.6
14.3
13.8
13.6
9.0
6.8
20.8

Feb
Mar
Jan
Jan
Jan
May
Jan
Dec

Nov
Oct
Aug
Aug
Aug
Sep
Jul
Aug

Indian subcontinent. Moreover, northern India
terrestrial biospheric activity is dominated during
winter by the heterotrophic respiration. However,
during summer monsoon season, air mass comes
from the Arabian Sea and the Indian Ocean and
lead to rainfall. Subsequently, vegetative growth
takes place and maximum photosynthetic uptake
during this season is observed. Such meso-scale
phenomena cannot be represented by global models. Tiwari et al. (2011) showed that global models’
results could not capture the months of seasonal
maximum/minimum for CRI. It was also shown
that observed minimum in October is due to
presence of strong south-westerly wind leading to
upwelling at Arabian Sea and a source of Ocean
CO2 (Bhattacharya et al. 2009). Some differences
in the CO2 seasonal cycle by the WRF–CO2 at CRI
is likely due to the biospheric Cux uncertainty in
CASA Cuxes. The CASA Cux are coarse resolution
and having annually balanced net Cux. An inverse
modelling result suggested earlier peak in land
biosphere uptake compared to the CASA model
simulation (Patra et al. 2011).
3.2.2 Seasonal amplitude
It could be seen that seasonal variations are greater
at relatively higher latitudes (above 22°N, except
at both mountain sites in China, i.e., at WLG and
LLN) and it is least at tropical sites (e.g., BKT and
DMV) (Bgure 3 and table 3). Observations exhibit
the largest seasonal amplitude in China, at SDZ
(29.5 ppm), HKG (28.7 ppm) and HKO
(28.2 ppm) followed by NTL (21.5 ppm) (table 3).
Seasonal amplitudes are about 14 ppm or lesser at
rest of the sites. It can be noted that out of two
stations in India, NTL (29.36°N) shows greater

seasonal amplitude than at CRI (14 ppm), which is
at relatively lower latitude (15.08°N). The strong
seasonality in solar insolation and temperature in
higher latitudes leads to stronger seasonal variations in photosynthesis (and respiration) by plant
in the extra-tropical and midlatitude regions. The
seasonality of carbon assimilation is smaller at
the sites in lower latitude (CRI, BKT and DMV).
The two tropical rainforest stations BKT and
DMV show peak-to-trough seasonal amplitude of
only *5 ppm indicating no large contrast in CO2
uptake or release due to weaker seasonality in the
regional climate.
We noted that observed mean CO2 value is
400.4 ppm at HKO (22.3°N), while it is 393 ppm at
HKG (22.2°N) (table 4). Both these sites are separated by only *15 km of areal distance. The
observed mean CO2 at HKO is greater by about
7 ppm, but the CO2 seasonal amplitudes is similar
at both the sites. HKO is an urban site situated
within a highly populated city of Hong Kong (under the inCuence of fossil fuel emissions), whereas,
HKG is a remote coastal site where carbon assimilation could be higher than at an urban site.
Thereby lower CO2 mixing ratio is observed at
HKG compared to that of HKO.
The observed seasonal amplitudes are compared
with the amplitude obtained by WRF–CO2 and the
ACTM (table 3). Model simulated CO2 amplitudes
are generally lower than the observations. Similar
feature of lower amplitude by model simulations is
observed for an urban site (Ahmedabad) (Chandra
et al. 2016). It is also observed that the WRF–CO2
produced better seasonal amplitude for stations
with greater seasonal variations (e.g., SDZ, HKG,
HKO and NTL). Difference between the model
amplitudes and observations for SDZ, HKG, HKO
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Table 4. Statistical analyses (correlation coefBcient (CC) and normalised standard deviation
(NSD)) among observed CO2, the WRF–CO2 and the ACTM simulated CO2 at nine observation
sites. Normalised standard deviation is calculated with the ratio of model standard deviation by
observed standard deviation. In ideal case, it would be 1, in case of overestimation and underestimation NSD would be [1 and \1, respectively. Three years average observed CO2 mixing ratio (in
ppm) are also given in the right-most column.
Correlation coefBcient (CC)
Stations
BKT
DMV
CRI
HKG
HKO
LLN
NTL
WLG
SDZ

WRF–CO2
0.13
0.81
0.58
0.72
0.83
0.32
0.83
0.82
0.81

Normalised standard deviation (NSD)

ACTM
0.13
0.07
0.53
0.87
0.77
0.32
0.83
0.81
0.77

and NTL are about 23%, 36%, 31% and 40% for the
WRF–CO2 and 30%, 50%, 51% and 58% for the
ACTM, respectively.
Statistical analyses of correlation coefBcient
(CC) and normalised standard deviation (NSD)
between observed and model simulations using
monthly mean de-trend three years data
(2010–2012) are shown in table 4. Correlation and
NSD are more-or-less better for the WRF–CO2
than the ACTM. Correlation coefBcient is very
good for the WRF–CO2 (0.81) compared to ACTM
( 0.07) at DMV. Root mean square difference
(RMSD) between de-trend observation and model
CO2 data does not show any particular pattern.
Maximum and minimum RMSD occurs in different
months at all sites. For example, maximum RMSD
occurs in November and minimum in September at
NTL. However, maximum RMSD is observed in
March and minimum in May at HKG. For the
ACTM, RMSD is higher than the WRF–CO2.
However, patterns in RMSD are quite similar for
both models in many cases (e.g., NTL, HKG, HKO
and LLN).
3.2.3 Positive and negative deviations of CO2
Positive and negative deviations (i.e., maximum
and minimum difference of monthly average from
annual average CO2 value) in CO2 mixing ratio are
also shown in table 5. Interestingly, LLN shows
similar positive and negative deviations, indicating
a very symmetric seasonal cycle at this site. Positive and negative deviations differ by B0.6 ppm at
NTL, HKG and HKO, while this difference is

WRF–CO2

ACTM

Observed
CO2 (ppm)

0.44
0.23
0.67
0.56
0.66
1.12
0.63
1.37
0.71

0.27
0.36
0.89
0.45
0.44
1.12
0.38
1.46
0.70

398.8
391.4
395.8
393.0
400.4
389.5
389.3
391.9
398.9

B1.4 ppm at BKT and WLG. Largest difference of
9.4 ppm (9.2 vs. 18.6 ppm) is seen at SDZ, suggesting dominant sink at this site that could be
largely due to vegetative growth in warmer climate
in the high latitude Northern Hemisphere. Both
positive and negative deviations are better estimated by WRF–CO2 than ACTM (except at LLN
and WLG) when compared with observed values.
The positive and negative deviation estimates by
the model simulations and its differences with the
observations, could be an important constraint for
better understanding and improving surface Cuxes,
model resolution and meteorology, etc., in the CO2
model simulations.
3.2.4 Contribution of different components
of CO2
Figure 3 also shows the de-trend variations in three
components of CO2 (biospheric, fossil and ocean)
from the WRF–CO2 model output. Ocean CO2 is
found to have negligible (\10%) contribution at all
observation sites. It is observed that the biospheric
Cux has dominant contribution ([80%) at observation sites in India (NTL and CRI) and China
(SDZ, WLG and LLN). Fossil contribution is found
to be very low for BKT and DMV due to greater
exposure to the pristine oceanic air. One Indian site
(CRI) and two sites in China (LLN and SDZ) show
moderate contribution of fossil CO2. High altitude
sites in India (NTL) and China (WLG) do not
show significant contribution of fossil CO2
(\2.4 ppm amplitude). LLN has proximity to
Beijing and hence contribution of fossil CO2 is seen
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Table 5. Year-to-year variations in seasonal amplitude of observed and models (WRF–CO2 and ACTM) CO2 mixing ratios (in
ppm), obtained from smooth de-trend daily average data, at eight stations. Average positive deviation and negative deviation (i.e.,
maximum and minimum difference of monthly average from annual average CO2 value) of amplitude is also shown. Amplitude
could not be calculated for DMV due to limited data at this site.
CO2 (ppm)
Year-to-year amplitude variation
Positive deviation
Negative deviation
Year-to-year amplitude variation
Positive deviation
Negative deviation
Year-to-year amplitude variation
Positive deviation
Negative deviation
Year-to-year amplitude variation
Positive deviation
Negative deviation

Observed

WRF–CO2

Hok Tsui (HKG)
0.7–2.6
0.3–1.8
14.0
9.2
13.6
7.7
Lulin (LLN)
0.0–0.4
2.0–6.4
5.1
5.1
5.1
6.5
Shangdianzi (SDZ)
1.2–5.1
0.1–0.5
9.2
7.1
18.6
10.9
Bukit Koto Tabang (BKT)
0.7–1.6
0.1–0.5
1.7
1.7
0.7
2.5

(*8 ppm amplitude against 10.6 ppm observed)
despite of being high altitude site. Both fossil and
biospheric CO2 have major contributions in CO2
seasonal cycle amplitude for HKO and HKG,
though amplitude of fossil fuel CO2 (*15 ppm) is
higher than the biospheric CO2 (*8 ppm).
Study also shows biospheric CO2 are in phase
with observed atmospheric CO2, compared to other
two Cuxes, for the stations NTL, WLG, LLN and
SDZ. However, more detailed study about which
surface Cuxes have major inCuence into the seasonal variation of CO2 mixing ratio can be assessed
through a footprint analysis (Mukherjee et al.
2015). While comparing the WRF–CO2 spatiotemporal distributions with the ACTM simulations, it is found that the patterns of seasonal
changes of different components of CO2 are quite
similar over the domain for both the models but in
most of the cases, the WRF–CO2 simulated CO2
amplitudes are higher than the ACTM.
3.3 Inter-annual and seasonal variabilities
Figure 4 shows inter-annual variations in CO2
seasonal cycle (observed and model) from three
years’ time series (2010–2012), obtained after
removing secular CO2 increase rate. Smooth
de-trend inter-annual variation of seasonal cycle of
observed and simulated CO2 (WRF–CO2 and
ACTM) are presented in Bgure 5. Range of
observed and modelled (WRF–CO2 and ACTM)

ACTM
0.2–0.9
6.4
5.8
0.3–0.8
6.5
6.6
0.5–1.5
6.5
13.7
0.2–0.4
0.9
0.9

Observed

WRF–CO2

King Park (HKO)
0.7–4.0
0.5–1.9
12.4
9.3
11.8
7.7
Waliguan (WLG)
0.1–0.3
1.2–4.7
4.4
3.5
5.8
6.5
Nainital (NTL)
1.7–4.9
0.7–4.1
10.6
5.6
10.1
8.7
Cape Rama (CRI)
0.5–3.3
0.8–1.9
7.3
4.8
7.8
3.4

ACTM
0.2–0.9
6.4
5.8
0.1–0.5
5.9
5.6
0.0–0.2
3.7
4.9
0.5–1.5
6.3
5.8

year-to-year variations of seasonal amplitude in
CO2 are also presented in table 5.
Year-to-year variations of CO2 seasonal amplitude at sites of similar latitudinal belt are differing
from one another due to different climatic/meteorological condition, changing geographical location
and human activity and hence the amount of CO2
uptake and release. For example, remote mountain
site WLG shows relatively lower seasonal amplitude (9.3 ppm) with lower year-to-year amplitude
variation (0.1–0.3 ppm), while continental sites
SDZ and NTL show every high seasonal (29.5 and
21.5 ppm) amplitude and inter-annual variations
in the amplitude (1.2–5.1 and 1.7–4.9) (Bgure 4 and
table 5). WLG is situated in a temperate climate
of the Tibetan Plateau with arid and semi-arid
grassland, where the land use remains unchanged
for a long time. As a result, within about 100 km
radius there is no major biospheric and fossil CO2
source/sink and hence the lower seasonal cycle
amplitude as well as less variations in the amplitude. Observation data at SDZ was taken 150 km
northeast of Beijing and NTL is located 225 km
northeast of Delhi. Therefore, these two stations
have high possibility of large scale transport of
anthropogenic CO2 tracer with dominant winds
from the megacities in addition to the large regional biospheres. In addition, observed CO2 mixing
ratio maxima is found to be varying with year at
SDZ, implying strong local source of CO2 as well
(Bgure 5).
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Figure 4. De-trended inter-annual variation of seasonal cycle of CO2 obtained after removing the secular CO2 increase rate by
digital Bltering technique (Nakazawa et al. 1997) from the model and observed data (2010–2012) at nine sites.

Figure 5. Smooth detrended inter-annual variation of seasonal cycle of CO2 mixing ratio of observed and model (WRF–CO2 and
ACTM) simulations in different sites for 2010–2012, obtained from Btted curve of digital Bltering.

At WLG, the ACTM simulated year-to-year
difference in amplitude is reasonable (B0.5 ppm),
but it is quite large (1.2–4.7 ppm) for the

WRF–CO2. But in case of SDZ, year-to-year
difference in amplitude is not well represented by
both the models. The year-to-year difference is
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Figure 6. Observed and models (WRF–CO2 and ACTM) synoptic scale variation of CO2 at Hok Tsui (HKG) and King Park
(HKO), derived from subtracting the raw data from the Btted data. Observational data is not available during early 2010 at
HKG.

reasonable by WRF–CO2 (about *4 ppm) than by
ACTM (about 0.2 ppm) at NTL. The observed
year-to-year variations of seasonal amplitude at
another mountain site in China is also found to be
very small (B0.4 ppm). This smaller variability
could be due to lesser inter-annual variability in
ecosystem in the region. The ACTM simulated
year-to-year difference in amplitude is reasonable
(B0.8 ppm), but quite large (about 6.4 ppm) for
the WRF–CO2.
The observed seasonal amplitudes of CO2 are
approximately similar for HKG and HKO (shown
in table 3 with year-to-year difference in amplitudes is in the range of 0.7–2.6 and 0.7–4.0 ppm,
respectively. The WRF–CO2 and the ACTM simulated amplitude show year-to-year difference of
about 2.0 and 0.9 ppm, respectively. Year-to-year
variation of CO2 is moderate (about 1.6 and
3.3 ppm) at the tropical sites (BKT and CRI).
However, both the models show quite low variations (B0.5 and B1.9) than in the observations.
3.4 Synoptic scale variation of CO2
The synoptic variations are studied by removing
trend and seasonality from the daily average CO2

time series using the digital Blter. The daily averaging removes small scale eAects such as eddies;
those are not resolved by the models and signal
from diurnal variation of biospheric Cux in terms of
photosynthesis and respiration. Figure 6 shows
synoptic scale variations at two sites (HKG and
HKO) where greater variability in CO2 with a
deeper seasonal cycle is noted and more importantly data are available at daily or shorter time
intervals.
Synoptic scale variation of CO2 mixing ratio is
higher in the downwind regions. Therefore, synoptic scale variations are observed to be greater
generally during late winter/early spring and late
autumn at HKG and HKO due to transport of
pollutant from East Asia by the Asian winter
monsoon. The variations are more-or-less similar
at these two sites in Hong Kong with quite low
variations during summer. This could be due to
spatial closeness of both sites. Winter time high
variability is due to the strong fossil emission signal
from highly populated city centre of Hong Kong.
The WRF–CO2 is found to capture peaks and
troughs better than the ACTM for these two sites.
The synoptic scale variations are further studied
during afternoon (1300–1600 hr) and night-time
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Figure 7. (a) Observed and (b) the WRF–CO2 model simulated seasonal cycle and Btted curve of CO2 using daily average,
afternoon average and night-time average data at Bukit Koto Tabang (BKT) for the year 2012. (c) Observed and model synoptic
scale variation of CO2 using afternoon average data and (d) night-time average data.

(0100–0400 hr) to see the model performance in
comparison to the observation (Bgure 7). The high
frequency (hourly) continuous data for a complete
year are available only at BKT. It is found that the
WRF–CO2 model is able to simulate afternoon variations (Bgure 7c); however, it is not able to show large
variations in night-time (Bgure 7d) as observed,
though the night-time value is higher than daytime.
Model simulated night-time values are also lower
than the observed values. Lower CO2 mixing ratio
and lower amplitude at night-time is likely due to the
overestimation of the planetary boundary layer
height by the model during the night. It is noted by
other model studies that night-time shallow boundary layer contributes for greater mismatch between
model results and observations (Thoning et al. 1989;
Gerbig et al. 2008; Kretschmer et al. 2014). It was
shown that the boundary layer mixing height has
greater biases during night-time (40–60%) when
compared with daytime (10–20%) that will lead to
uncertainty of several ppm for CO2 (Gerbig et al.
2008). The afternoon and daily average variations are
fairly similar and likely to be the better representative
of the synoptic scale variation of CO2 (Patra et al.
2008). Our results are also consistent with previous
studies suggesting that the stations situated in the

free troposphere likely to show closer model–
observation agreement at night than during the day
(Patra et al. 2008; Chevallier et al. 2010). This suggests a need for improvement in mixing layer height
parameterization scheme for better simulating both
the day- and night-time concentration of CO2 (Ballav
et al. 2016). The present study also calls for more
observations at high frequency (sub-daily time
intervals) at the different locations of the domain to
better understand the limitation and advantages of
WRF–CO2 model simulation.
4. Summary and conclusions
An online tracer transport model WRF–CO2 is set
up over a greater Asia region for CO2 simulation
during the years 2010–2012 to investigate the
variations in atmospheric CO2 mixing ratio. Three
different components of CO2 Cuxes, namely ocean
exchange, biosphere Cuxes and fossil-fuel consumption, are treated in the model as non-reactive
tracers whose mixing ratio are calculated from
atmospheric transport with standard set of
parameterization. The WRF–CO2 model results
are compared with observations at nine observations sites from different geographical locations in
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South/Southeast/East Asia and global Atmospheric Chemistry Transport Model’s (ACTM)
data.
It is shown that the observed CO2 seasonal
variations are different over the study region and
seasonal amplitudes are observed to be[10 ppm at
most of the sites. The majority of the sites exhibit
maximum uptake of CO2 during late summer or
early autumn period and higher CO2 values in
winter or spring with some differences between
South and East Asia. It is also seen that seasonal
variations are greater at relatively higher latitudes
and it is least at southern most sites. Eastern China
shows very high CO2 values in winter that could be
due to greater energy consumption. While CO2
values over South Asia is lower than those in
eastern China and it occurs in spring. On the other
hand, observations in East Asia show that CO2
seasonal variation is not much inCuenced by local
sources, rather by the sources and sinks over a very
large region (Nomura et al. 2017). In general, the
WRF–CO2 model predicted seasonal amplitudes
are somewhat lower than those observed, but better than those from ACTM simulation. More
specifically, it is noted that the WRF–CO2 produced better results than ACTM, particularly for
stations with greater seasonal variations (e.g.,
Shangdianzi, Hok Tsui and King Park). Further,
the WRF–CO2 produces better results than the
ACTM over regions of complex topography (e.g.,
Nainital).
Correlation
coefBcients
between
observed and the WRF–CO2 are generally better
or equal than those between observed and the
ACTM.
Impact assessment on mean seasonal variation of
CO2 by different prescribe Cuxes show that the
contribution of biospheric and fossil CO2 are
somewhat similar at high latitude urban stations.
However, dominant contribution of biospheric Cux
is noted at WLG, NTL, SDZ, and LLN ([80%).
Oceanic CO2 showed least contribution at all sites
(\10%). Model is able to produce seasonal amplitude, timing of maximum/minimum and thereby
able to identify whether the station is behaving as
source or sink. Synoptic scale variations are better
predicted by WRF–CO2 than the ACTM. Daytime
CO2 variations are seen to be much smaller than
night-time CO2 and the WRF–CO2 also shows
better agreement in daytime data.
The results demonstrated that the WRF–CO2 is
able to resolve Bne scale features of CO2 variation
and is facilitating interpretation of seasonal, interannual and synoptic scale variation of CO2
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observations better than the global model ACTM.
This study also highlights the requirement of input
Cux with resolution close to the model grid, in
addition with high temporal and vertical variation,
for proper representation of Cux, particularly biospheric Cux. This is more important for regions
with highly varying topography and ecosystem like
in the Himalayas and coastal sites, for realistic
representation of CO2 over South Asian region. It
is well established that changing weather, climate
and human activity could inCuence terrestrial
biospheric exchange and hence CO2 amount. These
results from the WRF–CO2 simulation could be
useful for inverse calculation of CO2 source and
sink in order to reduce the uncertainty in Cux
estimation.
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