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Global chemical data assimilation at 0.56° resolution for multi-constituent satellite retrievals of O3, NO2, CO, HNOs, and
SOz from OMI, GOME-2, SCIAMACHY, TES, MOPITT, and MLS using an ensemble Kalman filter technique was applied
to simultaneously optimize ozone precursor emissions and concentrations of various species. The assimilated fields were
compared with independent in-situ, 0zonesonde, and aircraft measurements, while the impact of increasing model resolution
on chemical data assimilation was investigated. These results demonstrate the unique capability of high-resolution global
data assimilation for providing global consistent analysis of the emissions and concentrations on a megacity scale, which
benefit studies on air quality and its impact on human health at various spatial scales over different regions of the world.

Keywords : Data assimilation, air pollution, chemical transport model

1. Introduction

Nitrogen oxides (NOx) are a main precursor of tropospheric
ozone and nitrate aerosols, which are important for air quality
and climate change. Wet and dry deposition of nitrogen
compounds affects the productivity and diversity of terrestrial
and marine ecosystems on a global scale. NOx also affects
oxidizing capacities through O3-HOx-NOx chemistry, which
determines the lifetime of air pollutants and long-lived
greenhouse gases, such as methane. The major anthropogenic
sources of NOx are ground transportation and power
generation, which account for more than half of the total
global anthropogenic emissions. NOx is also emitted from
natural sources including biomass burning, microbial activity
in soil, and lightning. However, bottom-up inventories of
anthropogenic and natural emissions of NOx contain large
uncertainties, reflecting inaccurate emission factors and
activity rates, e.g., traffic rush hours and winter building
heating, and incomplete knowledge of biomass burning
emission factors for various situations.

Significant energy use and other intensive human activities
lead to high emissions of air pollutants including NOx in large
cities such as megacities (i.e., cities with a population of more
than 10 million). The United Nation reported that the number
of megacities is expected to rise in developing regions such as
South and Southeast Asia, Africa, and Latin America. Thus, it
is important to provide information on global consistent

emissions on a megacity scale. Sekiya et al. (2018)
demonstrated that a global chemical transport model (CTM)
with a resolution of 0.56° (approximately 3,200 km2 at 35°N)
can capture high concentrations of tropospheric NO2 over
megacities. This resolution is almost comparable with the total
metropolitan areas of major mega cities such as New York
(9,882 km2), Paris (12,089 km2), Beijing (16,410 km2), and
the Indian National Capital Region (53,817 km2).

Top-down emission estimates have been conducted at
various spatial scales using data assimilation and emission
inversion techniques. Global NOx emission estimates were
obtained at relatively low resolutions (1-4°), while reducing
model errors unrelated to emissions (e.g., the NO2 chemical
loss rate) in our multi-constituent data assimilation framework
(e.g., Miyazaki et al., 2015, 2017). Emission inversions based
on high-resolution regional models have been used to provide
NOx emissions from major cities at 1-50 km, mainly focusing
on selected major polluted regions such as Europe, the United
States, and East Asia. The application of the global CTM with
0.56° resolution to multi-constituent data assimilation system
has the unique capability to provide improved and consistent
global analyses of several ozone precursor emissions and
concentrations of air pollutants on a megacity scale. Using
such high-resolution in global modeling is also essential to
capturing episodic deep intrusions from the stratosphere and
their influence on near-surface Os, which could also influence
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emission estimates.

In this study, we present the results of global data
assimilation for multi-constituent satellite retrievals (Os, NO2,
CO, HNOg, and SO2) from multiple sensors (OMI, GOME-2,
SCIAMACHY, TES, MOPITT, and MLS) at a resolution of
0.56° using an ensemble Kalman filter (EnKF) approach and
a high-resolution global CTM. Data assimilation results at
three horizontal resolutions (0.56, 1.1, and 2.8°) are compared
to demonstrate the impacts of horizontal resolution on
chemical data assimilation.

2. Methodology

The data assimilation system used CHASER V4.0 as the
forecast model. We employed a horizontal resolution of T42
(i.e., 2.8°), T106 (i.e., 1.1°), and T213 (i.e., 0.56°) with 32
vertical layers from the surface to an altitude of approximately
40 km. CHASER simulates spatial and temporal variations in
chemical species in the troposphere and stratosphere, by
calculating tracer transport (advection, cumulus convection,
and vertical diffusion), emissions, dry and wet deposition, and
chemical processes (92 species, 262 reactions) including the
03-HOx-NOx-CHs-CO system with non-methane volatile
organic compounds oxidation. Stratospheric chemistry (i.e.,
halogen chemistry) was also incorporated based on the Center
for Climate System Research (CCSR)/National Institute for
Environmental Studies (NIES) chemistry climate model.

The meteorological fields were calculated using the
MIROC-AGCM atmospheric general circulation model. at
every time step (i.e., 14 min at 0.56°, 2-8 min at 1.1°, and
5-20 min at 2.8° resolution). To reproduce past
meteorological fields and calculate short-term variability, the
simulated temperature and horizontal wind fields were
nudged to the 6-hourly ERA-Interim reanalysis data with a
relaxation time of 5 days for temperature and 0.7 days for
horizontal winds. The reanalysis data (at a resolution of 0.75°)
were linearly interpolated to each model grid. We used an
optimized  setting for the cumulus  convection
parameterization (prognostic Arakawa—Schubert scheme) at
each resolution based on sensitivity calculations.

We used the multi-constituent data assimilation system. The
data assimilation technique employed is a local ensemble
transform Kalman filter. To calculate chemical data
assimilation at a high resolution, we tuned the data
assimilation code (e.g., Vvectorization) with increasing
computational file input/output efficiency (in total, 4.6 times
faster than our system without tuning for our supercomputer
system).

3. Results

A super-observation approach was employed to generate
observation data representative of the area of the model grid
cells. To assess the impact of the super-observation approach,

we performed 11-days assimilation calculations using OMI
NO: retrievals. As summarized in Table 1, the global
correlation coefficient and RMS innovation with and without
the application of the super-observation approach to the OMI
retrievals were comparable at 0.56° resolution, while the RMS
innovation was improved by up to a few percent over major
polluted regions. The spatial and temporal variations in
analysis increments became slightly smoother using
super-observation (i.e., the standard deviation of analysis
increments was smaller by up to 1.5% over polluted regions).
In general, the impact of the super-observation is smaller at
0.56° resolution than at 2.8° resolution, because the data
assimilation resolution (approximately 56 km) is closer to the
pixel size of OMI retrievals (13 x 24 km). Nevertheless, the
number of observations was reduced by a factor of
approximately 10 using super-observation, which reduced the
total computational cost of data assimilation by 10%. With
higher resolution (< 7 km) measurements such as TROPOMI
and geostationary satellites, the super-observation approach
would be even more important at 0.56° resolution.

No.  Descriptions of sensitivity calculation ‘ Correlation  RMS innovation
I Assimilation of OMI with super-observation 0.85 0.42
2 Assimilation of OMI without super-observation 0.85 0.42
3 Standard setting (N = 64, L = 1314) 0.85 041
4 Smaller ensemble size (N =32, L= 1314) 0.83 0.46
5 Larger ensemble size (N =96, L = 1314) 0.86 0.40
6 Shorter cut-off length (N = 64, L = 262) 0.87 0.40
7 Shorter cut-off length (N = 64, L = 736) 0.86 0.40
8  Longer cut-off length (N = 64, L = 1971) 0.83 0.45

Table 1: Correlation coefficients and root mean square
(RMS) innovations of observation-minus-forecast
(OmF) for tropospheric NOs column derived from OMI
during April 23 to May 3, 2008.

References

[1] Miyazaki, K., Eskes, H. J, and Sudo, K., “A
tropospheric  chemistry reanalysis for the years
2005-2012 based on an assimilation of OMI, MLS,
TES, and MOPITT satellite data”, Atmos. Chem. Phys.,
15, 8315-8348, 2015.

[2] Miyazaki, K., Eskes, H., Sudo, K., Boersma, K. F,
Bowman, K., and Kanaya, Y., “Decadal changes in
global surface NOx emissions from multi-constituent
satellite data assimilation”, Atmos. Chem. Phys., 17,
807-837, 2017.

[3] Sekiya, T., Miyazaki, K., Ogochi, K., Sudo, K., and
Takigawa, M., "Global high-resolution simulations of
tropospheric nitrogen dioxide using CHASER V4.0",
Geoscientific Model Development, 11, 959-988, 2018.





