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What’s atmospheric chemistry?

MRI/JMA aerosol model (MASINGAR mk2)
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What’s atmospheric chemistry?

mineral dust (Kosa) black/organic carbons (biomass)

sulfate (≈PM2.5) sea-salt

©Wikipedia ©Wikipedia

©Wikipedia©Wikipedia
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What’s atmospheric chemistry?

l Not classical chemistry.
l Rather, geophysics or meteorology.
l Investigates the production, reaction, loss, 

advection, diffusion, emission, and deposition of 
atmospheric constituents. 

l Targets all the gas molecules and aerosol particles 
in the troposphere, stratosphere, and mesosphere.
➜ for example: ozone, greenhouse gases, black carbon, 
mineral dust, volcanic ash, sulfate particles (≈PM2.5), etc.



What’s different from weather research?
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What’s atmospheric chemistry?

Difference #1 between NWP and AC modeling
l Complicated Emissions

Methane (CH4) emission
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What’s atmospheric chemistry?

Difference #1 between NWP and AC modeling
l Complicated Emissions

Nitrogen oxides (NOX) emission
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What’s atmospheric chemistry?

Difference #1 between NWP and AC modeling
l Complicated Emissions

Ammonia (NH3) emission
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What’s atmospheric chemistry?

Difference #1 between NWP and AC modeling
l Complicated Emissions

Sulfur dioxide (SO2) emission
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What’s atmospheric chemistry?

Difference #1 between NWP and AC modeling
l Complicated Emissions

Carbon monoxide (CO) emission



We want to know the true emissions.
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What’s atmospheric chemistry?

Difference #2 between NWP and AC modeling
l many variables, many reactions

30 Sep. 2017 ©NASA

Antarctic ozone hole
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Polar Stratospheric Cloud (PSC)

©Wikipedia



Chemical species included in the JMA/MRI ozone chemistry model

15Deushi and Shibata (2011)



Chemical reactions calculated in the JMA/MRI ozone chemistry model
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Chemical reactions calculated in the JMA/MRI ozone chemistry model

17Deushi and Shibata (2011)

Reactions on polar 
stratospheric clouds (PSCs)



Consequently, 
atmospheric chemistry models 
are less-accurate or heavier…



What else?
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What’s atmospheric chemistry?

Difference #3 between NWP and AC modeling
l very few observations

All the ozone sonde stations from 1962 to 2017 collected by WOUDC/WMO

Ozone sonde: 
conventional observation 
of vertical ozone profiles 



Dawn of atmospheric chemistry
data assimilation

from the 1990s to the 2000s

21
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Expansion of observations

l Example: conventional ozone observations

All the ozone sonde stations from 1962 to 2017 collected by WOUDC/WMO
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Expansion of observations

l Example: non-conventional ozone observations

Nimbus 7 LIMS ozone observations at 10 hPa
on January 2, 1979 ©NASA

Data available every 4º of latitude at 100, 70, 50, 30, 16, 
10, 7, 5, 3, 2, 1.5, 1, 0.7, 0.5, 0.4, 0.2, 0.1, and 0.05 hPa
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Very early stage in the 1990s

Method: Nudging

1992



25

Very early stage in the 1990s

Method: 4D-Var

1995

1996

But models are 
very poor…



After 10-year advancements 
in computer and model 

performance…
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Progress in the 2000s

Method: EnKF

2007

Very early work of the chemical 
data assimilation using EnKF

(NCAR DART package)
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Progress in the 2000s

Method: EnKF

2007

Very early work of the chemical 
data assimilation using EnKF

(NCAR DART package)
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Progress in the 2000s

Method: 4D-Var

2009

Their chemistry forecast model 
is based on the ECMWF 
operational NWP model.
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LETKF for aerosol data assimilation

Method: LETKF

2010

The first paper on chemical 
data assimilation using satellite 

LIDAR observations.
One of the first works for 

atmospheric chemistry using 
LETKF.
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LETKF for aerosol data assimilation

Method: LETKF

2010

The first paper on chemical 
data assimilation using satellite 

LIDAR observations.
One of the first works for 

atmospheric chemistry using 
LETKF.



Status quo of atmospheric chemistry
data assimilation

contribution to environment and health issues
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LETKF for complicated ozone chemistry

Method: LETKF

2012

Probably, this is the first paper on the 
multiple chemical data assimilation to 
demonstrate the correlation between 

chemical constituents.
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LETKF for complicated ozone chemistry

Method: LETKF

2012

Probably, this is the first paper on the 
multiple chemical data assimilation to 
demonstrate the correlation between 

chemical constituents.
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LETKF for CO2 flux estimation (OSSE)

Method: LETKF

2011

Though this is OSSE, they 
assimilate both concentration 

and meteorological observations 
using the variable localization.
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LETKF for CO2 flux estimation (OSSE)

Method: LETKF

2011

Though this is OSSE, they 
assimilate both concentration 

and meteorological observations 
using the variable localization.

RMSE of surface U-wind RMSE of surface CO2 Conc RMSE of CO2 surface flux
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Operational products of ECMWF

ECMWF provides information on 
Global/European air quality, climate 
forcing, the ozone layer and UV, and 

pollutant surface fluxes.

The air quality service 
is now officially one 

of the ECMWF’s 
compulsory jobs.

ECMWF has been 
developing a data 

assimilation system of 
atmospheric 

chemistry for decades.
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Operational products of ECMWF

Method: 4D-Var

The chemistry forecast 
model is based on the 

operational NWP model.
But their NWP model has 
more simplified chemistry.
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Operational products of NOAA

Method: EnKF
Carbon Tracker is a global 

CO2 flux/concentration 
estimation service.



Observation technology is 
developing day by day.
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Himawari-8 aerosol product (since 2015)

©JAXA/EORC ©JAXA/EORC

l The latest geostationary RGB imager compatible with GOES-R’s
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Himawari-8 aerosol product in the near future

Method: LETKF



Future of atmospheric chemistry
data assimilation
integration with NWP
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Integration of Atmospheric Chemistry with NWP

l Contribution to radiation (indirect interaction)

l O3, CO2, aerosols,…

l Model temperature through the radiation data assimilation

l Improvement of radiative budget

l Contribution to dynamics (direct interaction)

l Constituents are tracers of advection

➜➜Wind fields could be inversely estimated.
l O3 in the stratosphere

l CO2/CO/aerosols in the troposphere
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Integration of Atmospheric Chemistry with NWP

direct

inverse

Wind Field Concentration 
Distribution

l Theoretically possible (e.g., many successful OSSEs), 
but not well-known for the real situations.
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Integration of Atmospheric Chemistry with NWP

Method: EnKF

They indicated Carbon Monoxide data 
assimilation had a positive impact for 
Black Carbon aerosol simulation, but 

did not investigate the full potential of 
chemical and dynamical interaction.

* CO and BC have similar sources.
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Integration of Atmospheric Chemistry with NWP

Method: 4D-Var

They found that the influence of the 
ozone assimilation on the wind analysis 
was positive in the lower stratosphere, 

but its improvement was small.



Ozone assimilation
Can ozone data be used to infer stratospheric winds?

ERA-Interim
(TOMS + SBUV + GOME)

Total ozone from TOMS
(August 1996)

Assimilation 
of GOME 
profile data in 
ERA-Interim 
leads to 
much 
improved 
vertical 
distribution

• Ozone observations contain 
information about the flow 

• 4D-Var should be able to extract this 
information, since it uses the forecast 
model as a dynamical constraint

• How does this work in practise ?

48
©ECMWF 2007



Ozone assimilation
Can 4D-Var infer stratospheric winds from ozone data?

• The answer is: Not yet.

• Assimilation of ozone profile data causes large and unrealistic T/U/V increments 
near the stratopause to accommodate the observed discrepancies between 
background and data

• A large part of these discrepancies are due to biases (in both data and model)

• It is natural for 4D-Var to make adjustments to the flow where constraints are few:
– Lack of wind observations
– Large background uncertainties

• A short-term fix is to disable this feature for the assimilation of ozone and other 
trace gases (use the background flow for ozone transport during minimisation) 

• Comprehensive ozone bias correction (as for radiances) will help.

49
©ECMWF 2007
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What’s wrong?

l Poor coverage of observation data
l Yeah, chemical data often have a severe shortage, but we have many 

satellites for chemical constituents now.

l Low quality of observation data
l Yeah, remote-sensing observations are often inaccurate, but NWP 

also has the same problems.

l Low quality of chemistry models
l Yeah, but inert chemical constituents must be performed as accurate 

as water vaper in NWP models.

l Inaccuracy of error covariance
l Hmm, between chemistry and dynamics...



I want to check the feasibility of the dynamical 
integration under the real condition.
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Ideally, it will work.

l Coverage of observation data
l Some plumes are closely chased from its source like volcanic ash.

l Quality of observation data
l Constituents are sometimes measured with an extremely high 

accuracy like radioisotopes.

l Quality of chemistry models
l It’s possible to use a perfectly inert constituent as a tracer like 

volcanic ash or radioisotopes.

l Accuracy of error covariance
l If the error covariance does matter, the variable localization can be 

used?



53

Wind+chemistry data assimilation (under construction)

・JMANHM

・LETKF

・・・

NHM-LETKF

・NHM-Chem

・LETKF

・・・

NHM-LETKF

replacement

l I’ll investigate the concentration-wind interaction in the 
troposphere especially in the PBL using NHM-Chem-LETKF.

l Hopefully, to use constituents from a simple emission source, 
chemically inert, and measured with high accuracy/frequency.
l Ozone? Carbon dioxide? Mineral dust? Volcanic ash? Radioisotopes?
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Fukushima radionuclide dispersion simulation

l Plumes of the Fukushima nuclear accident

MRI/JMA radionuclide dispersion model (NHM-Chem)
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Fukushima radionuclide dispersion simulation

Method: LETKF

This work was just published: NOT 
chemical BUT only meteorological data 

assimilation. We explored the 
importance of surface wind accuracy for 
the predictability of plume advection.
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Fukushima radionuclide dispersion simulation
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Integration of Dynamics in NWP and Tracer Models

FY2017~FY2020

PI: T.T. Sekiyama, but
no co-investigators…

基盤(C)

Method: LETKF



Summary
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l Data assimilation of atmospheric chemistry 
is the frontier of atmospheric science!

l Data assimilation of atmospheric chemistry 
has been used for environmental issues, 
e.g., chemical weather forecasts, chemical 
species emission estimation, etc.

l Data assimilation of atmospheric chemistry 
will be integrated with NWP, hopefully.

Thank you;-)


