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•	make	best	use	of	all	available	data,	from	heterogeneous	sensors	
•	extend	analysis	on	non-observed	space/species	&	emissions	
•	produce	consistent	long-term	integrated	datasets

Multi-constituent	chemical	data	assimilation



Multi-constituent	chemical	data	assimilation
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Assimilated	
measurements

→	NOx,	CO,	SO2	emissions	

→	35	species	concentraOons	+	
Lightning	NOx	

EnKF	data	assimila?on	to	integrate	a	suite	of	measurements	from	mul?ple	satellite	sensors



Tropospheric	chemistry	reanalysis	(TCR-2)	
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(1) understand	the	processes	controlling	the	atmospheric	environment	
(2) provide	iniYal/boundary	condiYons	for	climate/chemical	simulaYons	
(3) evaluate	climate	models	and	boZom-up	emission	inventories	
(4) suggest	developments	of	models/observaYons	(e.g.,	satellite	concepts)

Two-hourly,
1.1°x1.1° resolution, 
up to 70 hPa level

NO2 (QA4ECV) O3 (v6) CO (v7J) O3,HNO3 (v4.2)NO2 (QA4ECV)O3 (AIRS/OMI)
NO2 (QA4ECV)

SO2 (NASA PCA)

20102005 2018



Multi-constituent	constraints	on	NOx	emissions
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OMI	NO2	concentraYon

Linear	trends	for	2005-2014

Accurate	emission	esOmates	requires	a	emission-concentraOon	
relaOonship	that	explicitly	accounts	for	complex	chemistry	and	

non-NO2	concentraOons	afforded	by	advanced	DA

Miyazaki	et	al.,	2017

up	to	70	%	differences	in	regional	total	emissions



Multi-sensor	constraints	on	diurnal	NOx	emissions
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Figure 1. Schematic diagram of the correction scheme for the emission diurnal variation for a case with Etc=�0.3. The black dotted time

represents the a priori emission diurnal variability function (Et) for anthropogenic emissions. The black solid line represents the a posteriori

emission variation after applying the daily emission scaling factor (Et⇥Es). The blue line represents the correction factor for the emission

diurnal variability (Etc). The red line represents the a posteriori emission variation after applying the daily emission scaling factor and the

correction factor for the emission diurnal variability (Et⇥Es�Etc for 07:30–10:30, and Et⇥Es+Etc for 10:30–13:30).
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GOME-2	NO2	

SCIAMACHY	NO2	

➡	07:30-10:30	
OMI	NO2	

➡	10:30-13:30

•A	correcYon	scheme	is	applied	to	modify	the	shape	of	the	diurnal	emission	
variability	using	mulYple	NO2	measurements	obtained	at	different	overpass	Yme.		

•Etc	is	mostly	negaOve	->	A	larger	negaYve	bias	in	simulated	NO2	in	the	morning.	
Larger	underesYmaYons	in	emissions	(e.g.,	morning	traffic	rush)	and/or	larger	
model	errors	in	chemical	lifeYme.

OMI

SCIAMACHY
GOME-2

Miyazaki	et	al.,	2017



Global	NOx	emission	trends	(2005-2018)
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•The	global	total	soil	emissions	are	esOmated	at	7.9	TgN	(5.4	TgN	in	GEIA).	
Increased	over	Australia,	the	central	Eurasian	conYnent,	the	Sahel,	and	SW	US.	

•Ships	emissions	are	decreased	from	HTAP	v2	by	20-40%

Miyazaki	et	al.,		
2017	&	in	prep



Unexpected	slowdown	of	US	NOx	emission	reduction

Jiang	et	al.,	
PNAS,	2018

1. Off-road vehicles and area sources (industrial & residential) 
2. On-road diesel emissions not decreasing as expected  
3. On-road gasoline vehicles contributing fractionally less and maybe reaching diminishing returns

Fuel-based	NOx	boDom	up	es?mates	show	some	flaDening	in	the	trend.
Main contributions to fuel-based and NEI trend differences:



2005-2010

2010-2015

2015-2018

Global	NOx	emission	trends	(2005-2018)

while	keeping		
almost	constant		

global	total	emissions…

Miyazaki	et	al.,		
in	prep
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Implications	for	air	quality	and	human	health

Numbers	of	deaths	aZributable	to	air	polluYon	in	2017	(State	of	global	air	2019)
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The	mulYple-species	datasets	with	different	verYcal	sensiYviYes	
benefits	the	opYmizaYon	of	the	verYcal	LNOx	profile.
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Analysis	increments

Lightning	NOx	sources	(2005-2018)



Lightning	NOx	sources:		
7.1	TgN	(2015)	to	7.6	TgN	(2009)	

About	15	%	of	the	total	NOx	emissions

(10-11kgNm-2s-1)

Surface	NOx	emissions		
47.4	TgN	(2009)	to	50.6	TgN	(2015)

Miyazaki	et	al.,	in	prep

Lightning	NOx	sources	(2005-2018)



Lightning	NOx:	2015	El	Niño	anomaly

SubstanYal	lightning	NOx	variaYons	need	
to	be	considered	for	accurate	esYmates		

of	surface	NOx	emissions		
using	tropospheric	NO2	columns

Strong	(>	factor	of	2)		
interannual	variaOons	

Miyazaki	et	al.,	in	prep



Global	SO2	emission	trends	(2005-2018)

-70	%

>+40	%

-45	%

+80	%

Global	total	:	39.5	TgS	(2005)	to	32.0	TgS	(2018)

→	Aerosols,	climate,	human	healthMiyazaki	et	al.,	in	prep



KORUS-AQ	aircraft	campaign	(May	2016)

NOx

CO

SO2

Miyazaki	et	
al.,	2019a

+75%–94%

+70%–140%

-	63%–83%

A	priori	(HTAP	v2) A	posteriori Increments



KORUS-AQ	aircraft	campaign	(May	2016)

DC-8 observation  
Model  
Reanalysis

outside	SMA

SO2 NO2CO

OH HO2 CH2O PAN

NO

Miyazaki	et	al.,	2019a



											South	Korea	
• NOx	:	40	%	higher		
• CO	:	22–80	higher	

→	increased	PBL	O3	by	7.5	ppb	
• SO2	:	70–83%	lower

KORUS-AQ	aircraft	campaign	(May	2016)

- TgNyr-1 South	Korea Eastern	China

NOx CO SO2 NOx CO SO2

HTAP-v2	2010 0.30 0.6 0.12 7.6 194.6 12.8

EDGAR	4.2	2008 0.43 2.6 0.8 8.2 107.5 29.8

KORUS	v2 0.30 0.9 0.26 -

This	study 0.42 1.1 0.07 8.3 231.3 4.5

GlobEmission 0.37 6.2 20.9

Miyazaki	et	al.,	2019a
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for	an	accurate	esYmate	of		
the	source-receptor	relaYonships	

local	pollu(on	or	long-range	transport?



KORUS-AQ	aircraft	campaign	(May	2016)

Source-receptor	analysis

from NOx emissions to O3 over Seoul at 900 hPa

 Dynamic weather Stagnant, Local impacts

Extreme pollution from China Blocking pattern

Phase 3
25-31 May

Phase 1
1-16 May

Phase 2
17-22 May

Phase 4
1-6 June

Reanalysis	ozone	at	700	hPa

persistently	higher	over	Seoul	(76.0±7.9ppbv)	
than	over	the	broader	domain	(70.9±9.4ppbv) Miyazaki	et	al.,	2019a



Multi-model	data	assimilation	integration

Forecast Model Observation

Assimilation scheme

Data assimilation performance

MulO-mOdel	mulO-cOnsOtuent	CHEMical	data	assimilaOon	(MOMO-Chem)	

• invesYgate	the	importance	of	forecast	model	performance	
• provide	mulY-model	integrated	data	assimilaYon	analysis	&	possible	
error	ranges	in	the	current	top-down	emission	esYmates

Emission

DeposiYo
n

AdvecYon

Meteorology

Chemical	reacYon

ConvecYo
n

Miyazaki	et	al.,	submiZed
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1. GEOS-Chem 2. AGCM-CHASER
(TCR-1) 3. MIROC-Chem 4. MIROC-Chem-H

(TCR-2)
Horizontal	
resolution 2°x2.5° 2.8°x2.8° 2.8°x2.8° 1.1°x1.1°

Vertical	
resolution

47	layers	to	0.1	hPa	
(hybrid)

32	layers	to	4	hPa	
(sigma)

32	layers	to	4	hPa	
(hybrid)

32	layers	to	4	hPa	
(hybrid)

Forecast	model GEOS-Chem	v9		
(adjoint	v35)

CCSR/NIES/FRCGC	
AGCM-CHASER MIROC-Chem MIROC-Chem

Chemistry 43	species,	318	
reactions 47	species,	88	reactions 92	species,	262	

reactions
92	species,	262	

reactions

Met	data GEOS-5 Nudged	to	NCEP-2 Nudged	to	ERA-Interim Nudged	to	ERA-Interim

A	priori	
emissions

EDGAR,	NEI2008,	
RETRO,	GFED2,

EDGAR	4.2,	GFED	3.1,	
GEIA

EDGAR	4.2,	GFED	3.1,	
GEIA HTAP2,	GFED4,	GEIA

Assimilated	
measurements

OMI,	SCIAMACHY	
(DOMINO2),	TES	(v5),	
MOPITT	(v6	NIR),	MLS	

(3.3)

OMI,	SCIAMACHY	
(DOMINO2),	TES	(v5),	
MOPITT	(v6	NIR),	MLS	

(3.3)

OMI,	SCIAMACHY	
(DOMINO2),	TES	(v5),	
MOPITT	(v6	NIR),	MLS	

(3.3)

OMI	(QA4ECV,	PCA),	
SCIAMACHY	(QA4ECV),	
TES	(v6),	MOPITT	(v7J),	

MLS	(v4.2)

Assimilated	
species O3,	CO,	NO2,	HNO3 O3,	CO,	NO2,	HNO3 O3,	CO,	NO2,	HNO3 O3,	CO,	NO2,	SO2,	HNO3

State	vector
Concentrations	of	43	
species	+	emissions	
(NOx,	CO,	LNOx)

35	species	+	emissions	
(NOx,	diurnal	

variability,		CO,	LNOx)

35	species	+	emissions	
(NOx,	diurnal	

variability,		CO,	LNOx)

35	species	+	emissions	
(NOx	,diurnal	

variability,	CO,	SO2,	
LNOx)

Model	
reference Henze	et	al.	(2007) Sudo	et	al.	(2002) Watanabe	et	al.	(2011) Sekiya	et	al.	(2018)

DA	reference Miyazaki	et	al.,		
in	review

Miyazaki	et	al.	2012a,b	
2013,	2014,	2015 Miyazaki	et	al.	2017 Miyazaki	et	al.	2019a

MIROC-ESM�

Atmospheric Chemistry model: O3%O%O1D%N%N%O%NO2%NO3%N2O5%HNO3%HNO4%
H2O2%CO%C2H6%C3H8%!C2H4%C3H6%ONMV%C5H8%C10H16%CH3COCH3%CH2O% 
CH3CHO%CH3OH%NALD%MGLY%HACET%MACR%PAN%MPAN%ISON%CH3OOH%C2H5OOH%C3H7OOH%ISOOH%HOROOH%CH3COOOH%MACROOH%
O3S%O1DS%SPRSO2%SPRSO4%OCS%CH4%N2O%Cl%!ClO%OClO%ClOOCl%ClONO2%HOCl%HCl%Cl2%CH3Cl%CCl4%CH3CCl3%CFC11%CFC12%CFC113%
HCFC22%Br%BrO%BrONO2%HOBr%HBr%CH3Br%Br2%BrCl%H1211%H1301%CHBr3%H%OH%HO2%CH3O2%C2H5O2%C3H7O2%CH3COO2%CH3COCH2O2%
HOC2H4O2%HOC3H6O2%ISO2%MACRO2$084 speces1�
!!!!!!!!!!!!!!!!!!!!!!9;!chem. tracers>!9;!photo-dissociation reactions>!5;8!chem. reactions�

SEIB-DGVM$�
as terrestrial 
ecosystem 
model�

(T42L80) 

NPZD-type  
Marine eco- 
system  model�

Aerosol model 
(SPRINTARS)�

Carbon cycle  
model  
(Sim-cycle)�



Multi-model	multi-constituent	data	assimilation

Tropospheric	OH:	Annual	mean

Data	assimilaYon	modified	global	OH	distribuYons,		
associated	with	correcYons	made	to	ozone,	CO,	and	NOx.	

+25%

-30%

+50%

Model

Assim

Increments
Miyazaki	et	al.,	
submiZed



The	significant	changes	in	OH	are	important	in	modulaYng	the	chemical	lifeYmes	
→	Emission	source	es?mates

!22

1.30 1.36 1.29 1.31 1.29±0.03

1.16 1.23 1.18 1.21 1.18±0.03

Model

Assim

-55%

MulY-model
NH-SH	OH	raYo

RelaYve	changes	[%]		
in	mulY-model	OH	spreads

Miyazaki	et	al.,	
submiZed

Multi-model	multi-constituent	data	assimilation
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MulO-model	standard	deviaOons:	4–31%	for	regional	emissions		
=	uncertainty	ranges	due	to	model	errors	

Commonly	suggests	potenOal	problems	in	the	bogom-up	inventories	
summerYme	soil	(too	low),	open	BB	in	over	India	(missing),	wildfire	BB	biases

Surface	NOx	emissions A	posteriori
A	priori

5.1TgN±21% 5.9TgN±21%

2.6TgN±12% 2.3TgN±10%

Miyazaki	et	al.,	
submiZed

GEOS-Chem
AGCM-CHASER
MIROC-Chem
MIROC-Chem-H



NO2 response to NOx emissions
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Ozone response to NOx emissions
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NH	
Tropics

The ozone/emission analysis 
increment information can be 
used as a diagnostic to quantify 
model sensitivities.

The sensitivity varied by a factor of 
2 for end-member models 
revealing fundamental differences 
in the fast model processes. 

A systematic investigation of 
model ozone response and 
analysis increment in MOMO-
Chem could benefit evaluation of 
prediction of chemistry-climate 
system as a hierarchical emergent 
constraint (Bowman et al., 2018) 
and for making effective ozone 
control strategies.

Miyazaki	et	al.,	
submiZed

NO2	response	to	NOx	emissions

Ozone	response	to	NOx	emissions



• A	14-year	chemistry	reanalysis	has	been	conducted	using	mulY-consYtuent	
mulY-sensor	satellite	DA,	in	order	to	provide	comprehensive	informaYon	on	
atmospheric	composiYon	and	emissions	variability.	

• The	mulY-consYtuent	DA	plays	an	important	role	in	reducing	model-
observaYon	mismatches	and	led	to	up	to	70	%	differences	in	the	emissions.	

Global	total	2005-2018	mean:	49.6	TgN	(NOx),	7.2	TgN	(LNOx),	1096	TgCO	(CO),	34.2	TgS	(SO2)		

• The	mulY-model	DA	provides	integrated	unique	informaYon:	e.g.,	uncertainty	
ranges	in	the	top-down	esYmates	(4–31%	for	NOx	and	13–35	%	for	CO).	

• AssimilaYng	datasets	from	a	new	constellaYon	of	LEO	sounders	and	GEO	
satellites	will	provide	more	detailed	knowledge	of	precursors’s	emissions,	for	
air	quality,	human	heath,	policy	and	climate	applicaYons.

Conclusion


