Estimating surface NOx and CO emissions and lightning NOx sources by assimilating satellite
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We have developed a data assimilation system for the analysis of tropospheric chemical composition
and emissions based on an ensemble Kalman filter (EnKF) approach. This system simultaneously
optimizes multiple model parameters including the surface emissions of NOx and CO and the
lightning sources of NOx together with the concentrations of various chemical species from
assimilation of multiple satellite observations (OMI, TES, MOPITT, and MLS). At the workshop, |
presented the following key results from the data assimilation:

1. With the multiple satellite datasets, an improved description of the chemical feedbacks can
be obtained from the EnKF data assimilation, especially related to the NOx-CO-OH-03 set of
chemical reactions. In the simultaneous data assimilation system, improved atmospheric
concentrations of chemically-related species have the potential to improve the emission
inversion, while the improved emissions estimates will benefit the atmospheric
concentration analysis through a reduction in the model forecast error. For instance, the
emission optimization dominated the changes in the O3 profiles in the PBL in the tropics and
at northern mid-latitudes, whereas the direct concentration adjustment was much more
important in the free troposphere. This reveals the importance of the simultaneous
adjustment of the emissions and concentrations for the tropospheric ozone budget and
profile analyses (Miyazaki et al., 2012b).

2. The EnKF approach with the state augmentation method approach allows us to accumulate
observational information with time and to reflect the non-direct relationship between the
emissions and tropospheric columns because of the use of the background error covariance
dynamically estimated from the ensemble of CTM forecasts. The assimilation of
measurements for species other than NO2 provides additional constraints on the surface
NOx emissions by adjusting the concentrations of the species affecting the NOx chemistry.
The large influences highlight that uncertainties in the model chemistry impact the quality of
the emission estimates. The multiple species assimilation improves the chemical consistency
including the relation between concentrations and the estimated emissions (Miyazaki et al.,
2012a; Miyazaki and Eskes, 2013).

3. The multiple species data assimilation provides comprehensive constraints on the global
lightning NOx sources. This approach has the potential to reduce the influence of model
errors on the LNOx source estimation by simultaneously optimizing various aspects of the
chemical system, including the surface emissions of NOx and CO as well as the
concentrations of 35 chemical species. Errors in these model fields other than the LNOx
sources introduce additional model-observation mismatches into the inversion and de-
grade the LNOXx source estimation. The assimilation provides substantial adjustments to the
NOx sources both at the surface and in the middle—upper troposphere, because of the use of
multiple satellite data sets with different vertical sensitivities. The analysed LNOx sources



have important implications for improving LNOx parameterisations. For instance, the widely
used C-shape assumption underestimates the source strength in the upper troposphere and
overestimates the peak source height over land and the tropical oceans, especially along the
ITCZ (Miyazaki et al., 2013).
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Tropospheric chemistry data assimilation

v The use of data assimilation for atmospheric chemistry,
especially for short-lived chemical species, is still challenging
(e.g., MACCQC).

v A large part of the chemical system is not sensitive to initial
conditions, but is sensitive to the model parameters (e.qg.,
reaction rates, emissions).

v = Simultaneous adjustment of model parameters and
concentrations is a powerful framework.

v The advantage of Ensemble Kalman filter (EnKF) is its easy
implementation for complicated systems and parameter
estimations.
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CHASER-

DAS (Miyazaki et al., 2012a, 2012b, 2013a, 2013b)

Assimilation scheme

Localized EnKF (LETKF, Hunt et. al., 2007), 48 members

Forecast model

CHASER (Sudo et al., 2002), 47 species & 88 reactions, T42L32

A priori emissions

EDGAR4.2 + GFED3.1 + GEIA

State vector

NOx & CO emissions, lightning NOXx, 35 chemical species

Obs operator

Averaging kernel and a priori information

Super Obs

applied for OMI NO2 and MOPPIT CO data

Cycle

100 min.

Techniques

Spatial & variable covariance localization, covariance inflation

Assimilated data

OMI NO2 (DOMINOZ2), TES O3 (ver. 4), MOPITT CO (ver. 5),
MLS O3 & HNOs (ver. 3.3)

Validation data

SCIAMACHY NO2, GOME-2 NO2, TES CO,
Ozonesonde, Aircraft (INTEX-B, HIPPO) etc
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Background error covariance structure in EnKF
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The relative impact (in %) of the NOx emission inversion (left) and the direct
concentration adjustment (right) through assimilation on the vertical O3 profile
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The simultaneous adjustment of the emissions and the concentrations
is a powerful approach to optimize the whole tropospheric profiles
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Observing System Experiments (OSEs)
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chemistry, by influencing O3 precursor’s emissions and
chemical processes controlling O3 concentration variations.
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Self-consistency check: Chi-square test

An important test for the quality of data assimilation is whether the differences between the
innovations are consistent with the covariance matrices for the model forecast and observations.
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Influences on the oxidation capacity

eThe OSEs confirm that the assimilation of each species data set has a
strong influence on both assimilated and non-assimilated species.

eThe inter-species influences are tightly associated with the changes in
OH because of the chemical interactions in the CO-OH-Ox-NOXx system.
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The obvious changes in the OH fields reveal the great potential of the
multiple species assimilation to influence the NOx emission inversion etc.

(Miyazaki et al., 2012b)
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Surface NOx emissions in 2007

Annual emission asonal amplitude
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Top-down NOx emission estimates from satellite observations
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Multiple species constraints on surface NOx emissions

e The multiple datasets assimilation (MDA) provides additional constraints, as a consequence of
the NO2 profiles being modified by the non-NOz observations.

e The large influences of non-NO; data highlight the large uncertainty (by 58% on regional scale) in
the NOx emissions inverted from NO2 observations only (SDA: single dataset assimilation).
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Accurate estimates of LNOx are important to understand variations in
NOXx, the oxidizing capacity, and several greenhouse gases (O3, CHa).

Larger uncertainly in the estimated total amount of NOx globally produced
by lightning, i.e. ranging from 2 to 8 TgN/yr.

Bottom-up: The lightning and subsequent NOx formation are determined
with the help of empirical parameterizations.

4

7

f(i.j.bh

/

St “'-.-
.

L

US(ARY

+

NO.(i,j.1)

+

NO.(ij,L1)

N

i

“

fie().1)

{

NO,:(i,j.t)

{

NO,.(i,.L.1)

NO(i,j,Lt)

sseee N\

:Yﬁ’

Spatial (2-D) and temporal distribution
of lightning flashes

(Price and RInd, 1992)
Ratio of IC to CG flashes

NO production per IC & CG flash

Vertical NO distribution for IC & CG
flashes

Total lightning NO profile

(From Folkert Boersma)




Top-down approach: Satellite data assimilation

Top-down approach uses satellite retrievals of chemical species to
obtain optimal value of lightning NOx source in CTM simulation.

MOPITT CO
OMI NOZ MOPITT Averaging Kernels MLS 03’ HNO
S 10— —————T————T1—— a \”” v: i\'f"ivl‘:ll f"\]v“_v!:_”l" 12
& 1000 hPa r
850 hPa !
s 700 hPa | :
3 500hPa | £ | |
% \h 350 hPa | £ 100} i : |
@ 250 hPa { £
& \**a ois0hPa [ = | J
: E .a"'f'f{} l-wE .............. e
1000d e . o v o L 82-80° 03 04 08 08 10 13
0.0 0.2 0.4 0.6 0.1 Kemel. Integrated kemel

CO Averaging Kernels

TES: DoF>1 for the middle/upper troposphere. Provides observations of ozone-enhanced
layers downwind of convective events (valuable for estimating the LNOx profiles.)

OMI: The overpass time (13:30) is more suitable for LNOx estimation than the morning
time observation (GOME-2, and SCIAMACHY). For the cloud-covered observations the AK
shows a sharp drop roughly halfway the cloud, and very small sensitivities below.

MOPITT: (indirectly) affects the LNOx source estimation through their influence on the
oxidation capacity and the NOx chemistry.

MLS: have a great potential to constrain the LNOx sources in the upper troposphere (i.e.,
the long lifetimes of NOx, HNO3, and O3 in the upper troposphere).




Background error covariance with LNOx
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Lightning signal v.s.
observation error

OMI NO,

OMI NO2: The lightning signals
are large compared to the local
super-observation error over the
tropical Atlantic etc.

TES O,
300 hPa
TES O3: The large signals in the
tropical upper troposphere (esp.
over the Atlantic) are nearly equal
to the mean observation error.
MLS O,
215hPa

MLS Oz, HNOs3: The mean observation
errors are generally much larger than the
lightning signals, but a large number of
observations can still provide constraints.
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Lightning NOXx sources in 2007
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Seasonal variation of the LNOx sources
(Bottom-up and Top-down)
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Seasonal variation of the vertical LNOXx profiles

(Bottom-up and Top-down)
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The widely used lightning parameterisation based on the C-shape
assumption underestimates the source amounts in the upper
troposphere and overestimates the peak source height in the upper

troposphere by up to 1 km over land.




LNOX source increments from OSEs
90S-90N & 1000-100hPa cross-section

January TES O5 OMI NO, MLS Os

MLS HNOs3

O

Pressure [hPa]

c
s <

Pressure (hPa)

EE R e LR

5@#&17\)
s & & & o
6 &8 &6 & o
|
o
Oﬂ\‘
o Ik
3

| T
o )
ol
&k
<)
|
4 F
N K]
I
LNk

The combined use of the multiple datasets with different vertical
sensitivities etc facilitates the estimation of the vertical LNOx profile and
to distinguish between the surface NOx emissions and LNOXx sources.
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Error estimation

January July
NH TR SH GL NH TR SH GL
Control 0.78 399 1.39 6.15 469 299 050 8.18

w/ OMI bias
TES bias corr.
w/o cloud OMI
year 1997 SST

+20% convection
+20% LNOX err.
+20% SNOX err.
+15% LNOX prior

Total bias 0.16 047 0.20 0.66 1.06 038 031 1.58

( and more error sources in the chemical schemes etc (e.g., Stavrakou et al. 2013)

c.f. Schumann and Huntrieser (2007) have provided a best estimate of 543 TgN

Further developments in measurements and data assimilation will be
important to reduce the uncertainty in the LNOXx source estimation.




For further improvements in the emission estimates
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OSSEs with a careful consideration of the complex chemical interactions and
measurement characteristics for various species (incl. the seasonality) will
support future instrumental design to improve the emission analysis.

(Miyazaki and Eskes, 2013)



Summary

e In the simultaneous DA framework, improved atmospheric
concentrations of chemically-related species have the potential
to improve the emission inversion, while the improved
precursor’s emission estimates benefit the concentration
analysis through a reduction in the model forecast error.

e Assimilation of multiple datasets with different vertical

sensitivities provides comprehensive constraints on the various
emission sources. More datasets will be used to analyze further
emission sources (e.g., VOCs) for improving the ozone analysis.

e Emissions from lightning etc (not only at the surface)
considerably influence the predictability and the analysis
quality of chemical compounds in the troposphere.

e Problems: very high computational cost, model errors etc.
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Observation operators
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 The observation operator (H) converts the model profiles to the profile
that would be retrieved from satellite measurements.

W=H(x)=x,+A(S(x)—1x,).

« The model-satellite difference (the innovation) is not biased by the a
priori profile .
o) b (Rodgers, 2000:
Yy —Yy — A (xtrue o S<I)) _|_ €, Eskes and Boersma,
2003)

« The observational error matrix (R) in each retrieval includes smoothing error,
systematic error, measurement error, and representativeness error.




