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Why atmospheric composition at an operational weather prediction centre?

» Poor air quality is a major public
health issue in many countries.

» Local authorities need accurate
and timely information to
implement effective air pollution
mitigation measures.

» Accurate air quality forecasts
require accurate transport
models.

» Can leverage sophisticated
data acquisition infrastructures

implemented at operational bt X
weather prediction centers. : N

» Atmospheric composition also : i ]
impacts the weather and ' A B2 Concileg
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forecasts.
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AC observations used in CAMS global

" CloudSat

__ .‘

CAMS NRT
O, S5P, GOME-2, OMI, OMPS-NP, MLS, OMPS-LP, GEMS
(6]0) S5P, IASI, MOPITT
NO, S5P, GOME-2, GEMS
Aerosol MODIS, VIIRS, PMAp, S3
CO, GOSAT, IASI, 0CO0-2
CH, GOSAT, IASI, S5P
SO, (volcanic) S5P, GOME-2, IASI
SO2 (anthropogenic) S5P
HCHO S5P

GFAS fire emissions MODIS, VIIRS, GOES, S3
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CALIPSO

GCOM-W1

CAMS uses Earth Observation data from
many satellites for atmospheric
composition and weather.

---- Used
---- Undergoing testing

0CO-2




Data assimilation methodology for

atmospheric composition
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Data Assimilation Methodology

Data assimilation for atmospheric composition is in

Analysis: x that minimizes cost function prmmple no different from NWP data assimilation

J(x) = (x —xp)" B (x — xb) + (yl [x;D"R; (i — H;[x;])
Y =
Jy N — _
Background term Js
Observation term
4 )
X: control vector 4

« Strong constraint 4D-Var assumes perfect A
model over assimilation period

« Weak constraint 4D-Var includes a model

error term — developed for O3 and H20 as

part of HE CAMEO project Y

X,: model background (short forecast)

B: Background error covariance matrix
y: Observations

H[x]: Model equivalent of observations
R: Observation error covariance matrix \

o )
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Data Assimilation Methodology

Control variables Data assimilation for atmospheric composition is in
NWP principle no different from NWP data assimilation

Analysis: XW

J(x) =

(x

vorticity
divergence
temperature
surface pressure (logarithm)
specific humidity

Atmospheric
Composition

ozone

carbon monoxide
nitrogen dioxide
formaldehyde
sulphur dioxide

carbon dioxide
methane

aerosol mixing ratio

)+2(yl
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Data Assimilation Methodology

Control variables Data assimilation for atmospheric composition is in
NWP principle no different from NWP data assimilation

Analysis: x that mini
vorticity
divergence

](x) — (x surface Ler:sZirglz[SQarithm) ) + E(yl ])TR (yl [ l])

specific humidity

Atmospheric
Composition

ozone
carbon monoxide
ritrogen dioxide
formaldehyde
sulphur dioxide
x. =M,  .(x) N
I 0—>1 carbon dioxide
methane

ae rosol mixing ratio
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Data Assimilation Methodology

Control variables Data assimilation for atmospheric composition is in
NWP principle no different from NWP data assimilation

Analysis: x that mini
vorticity
divergence

n
J) = (x| e meemee oD+ 2()&- — H;[x;D"R7* (y; — Hi[x;])
=0

specific humidity
Atmospheric ;
phe NWP NWP with aerosols
Composition
Physics —l | Physics with prognostic aerosols |
1
sarbon monoxide —
ritrogen dioxide —{ iy depesition]
formaldehyde
sulphur dioxide _v Mass-Flux convection ‘ __
x. =M,  .(x) .
l' O_) l carbon dioxide _1 Large-scale condensation | SR ibiaarvation ‘
| methane —' Large-scale condensation |
ae rosol mixing ratio Cloud scheme
' [ New routine|
| Modified routine |
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Incremental 4D-Var

MinJ <> Vg, J =B " 8xy + X7 M'" H{ R;*(H;M'{[8x,] —d;) =0

L

We calculate the Adjoint Tangent linear di=yi _ Hixb(ti)
gradient of the e
cost function to Full model

find its minimum B
Min 1

! Inner loops
Outer loops /\/\/\ *Tangent linear NWP model linearised
*Full non-linear NWP model — around outer-loop trajectory
*Full atmospheric \_/\/\/\ No atmospheric composition model
composition models //m Limited set of atmospheric composition
*Full set of atmospheric - variables treated as tracers
composition variables —_— T ot | *TL/AD of simple NO2 chemistry now

observation implemented

operators

Final Trajectory

Increment T511

OX = X, - X,
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Challenges for Atmospheric Composition

Data Assimilation
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1. Initial versus Boundary problem

eI NWP 4D-Var is mostly defined as
\ an initial value problem. Only initial
conditions are changed and model

Animal and plant error is relatively small.

respiration

Air-sea gas
exchanges
Biomass :
burning I
Marine
Terrestrial , _ respiration
photosynthesis @
o /
Soil carbon
Marine
photosynthesis
Microbial respiration
and decomposition . ® - 5
T Ocean . LI
Fossils and fossil fuels . sedimentation - o @ - . @
ce, @ o S @ ° o -,
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1. Examples of emissions

TNO European anthropogenic NOXx CO, fluxes CAMS_GLOB biogenic CO
emissions et it eveton oo s emissions

(1) CAMS-GLOB-8)0 0.25x0.25 Blogenic CO - v2.1 - - Blagenic emission - 2000-01-01
_ _ luxes [gC/m2/day] mean=0.039 red - sources blue - sinks
NOx in 2009 > MW oW oW oW o erw s mew o eoee

4°E SE BPE W'E BOE MO'E 180%E
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- . CAMS_GLOB anthropogeni .‘
Biomass burning, 15 October 2017 Vio_ anthropogenic
CAMS GFAS Daily Fire Products Sunday 15 October 2017 emissions (’!C""sm*"‘ﬂm-'w'w'ﬂw-m-'s‘-ﬂs-i":tﬂﬂﬂ g .
Average of Observed Fire Radiative Power Areal Density [mW/m2] _ ~ maxyalue <1371 Wim2 — -ﬁ.}% — .
_”:l—l—l—[ e . !
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1. Short-lived memory of NO, assimilation

OMI NO, analysis increment [%] Differences between
a) Assim and CTRL

¢ — e

M N
oo oo 5

Latitude

120°W 60°W  O°E 60°E 120°E

Latitude

O I TP e T A s .~ u s T, WP

.............................................................

305 JJA
60°S 2008

120°W 60°W  0°E  60°E  120°E Longitude
45 35 25 15 5 5 15 25 35 45 55 30 -25 -20 -15 -10 -5

Large positive increments from OMI NO, assim
Large differences between analyses of ASSIM and CTRL

.........................................................................
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Inness et al. (2015, ACP)



1. Short-lived memory of NO, assimilation

OMI NO, analysis increment [%] Differences between Difference between 12h
a) Assim and CTRL forecasts from ASSIM and CTRL

e R
. i

= xSy N SRR v, T

llo“A ....

30°S JJA

60°S 2008 e —
T 120W 60W OF  60F 120F _Longit”de Longitude
R R R 30 25 20 -15 -10 5 5 10 15 20 25 30 100
Large positive increments from OMI NO, assim [10'> molec/cm?]

Large differences between analyses of ASSIM and CTRL

Impact is lost during subsequent 12h forecast

Constraining emissions (in addition of IC) would give a better initial state and persistence of forecast
improvements throughout the DA window Inness et al. (2015, ACP)



1. Joint state/emissions 4D-var inversion system

Jp: background constraint for x  J : constraint for emission scaling factors

A A
7N Tp-1 NI Tp -1 h
J(x,p) =\(xi— xp)" B™ (x — xp) +(p'—0p)" B,” (P — p)
State Parameter (e.g. scaling factors)
trol _
Nl + Yo — Hilxy, DR N (v — Hilxg, pv])

J,: observation

« Joint optimisation of emissions and initial conditions
» Optimized emissions for e.g., CO,, CH,, CO, NO & NO,
« TL/AD of simplified chemistry: link between NO emissions and NO, observations
« 2D scaling factors p applied to emission fields
» Prior error definition:
» Global constant or 2D map of standard error
* Spatial correlation length scale (via B,)
*  NO/CO, emission error correlation in B, -> NO, obs can constrain CO,
emissions



1. No, inversion results: power plants

oY ¢ N v & N N v 5 0 = 9

¢ 0 N N 5 0 0 9O

Maritsa Belchatow
— DECSO
800 — EPRTR ¢
— 700 —— CAMS-REG _, 8007 ¢
= ® CAMEO-ECMWF = .
S coo oo | 3 » Power plants: IFS
2 500 2 posterior generally in
= 400 = :
P L | g better agreement with
Faool t o S, A A — oxeso . .
E 200 £ 200 T omere independent higher
100 ® CAMEO-ECMWF .
CAMEOFS-prir resolution top-down
0 T T T T T T T T T T T T 0 T T T T T T T T T T T T
N SN N v 5 0 @ 9 N < N T & N N v o 0 » © 1 1 1
& & inversion than prior
Sostanj Amyntheon e m |SS | O n S .
— DECSO 350
Js0 | — EPRTR
_ —— CAMS-REG _ 300
£ ® CAMEO-ECMWF . 5
E 200 A CAMEO-IFS-prior E 250 .
o o - L ]
g 150 - g 200 1\“" T~ . q h V'/'
2 s & ° £ 150 ¢ s !
§ 100 3 v — DECSO
E ‘E 100 —— EPRTR
- - —— CAMS-REG
50 - / 50 - ® CAMEO-ECMWF
CAMEO-IFS-prior
0 0

Time serie; of monthly NOx emissions of isolated pgwer plants as reported by DECSO (blue line), E-PRTR (green line), CAMS-
REG (red line), CAMEO-ECMWEF (blue dots) and CAMEO-ECMWEF prior (orange dots). The grey shadow regions show the
estimated uncertainty of the DECSO emissions.
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2. Dealing with many (reactive) atmospheric species

OF
:'Ill
. NO, NO

OH HO,

CH,

H.2
CHaO:z?T» CH40 %
NO  NO

. & HCO OH

SICER I
HOCO HO, NO,

Cy MO .

Oz
Y
o)
‘\Q:.Noz

Complexity can go very far... with master mechanisms of
about 10000 variables

Usually, it is costly to model and simplifications are

mandatory to run an operational forecasting system with
only around 100 variables.
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2. Example: assimilating NO,, satellite observations

150 135 120 105 90 75 60 45 30 1835 30 45 60 75 90 105 120 135 150 VOCs
ba971015

-

T Q PANS
‘?:6; {J_ § .\h"“-r——-—/‘

E L NO2 . Nitric Acid
0® 12-hour _ Y
g,‘ | 4 D_Va r . . Particles
2 .

g W|ndOW / L Sunlight

A gl

o,

e |

g2

o

o

Credits: J-C Lambert (BIRA)

Rapid chemical conversion within the 12-hour 4D-Var window means we cannot link an NO,
observation at the end of the window correctly to the initial state without a full chemical adjoint.
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2. Include simple chemistry in TL/AD

Photochemical equilibrium:

* NO, + hv->NO + O,

Loss term for NOx:
o N02 + OH ‘> HN03
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2. Simplified chemistry TL/AD

Impact of TROPOMI NO, assimilation
No chem - CTRL Simplified chem - CTRL

Zonal mean refalive Total Column NOZ analysis difference %) hj9g - hizw Zonal maan ralative Tolal Column MOZ analye s diflerence [%) hkig - higw
Dale=20210101-20210131 Dala=20201 203-20201 231
A0 45 A0 35 30 25 ) A 10 -5 8 n 15 70 25 30 55 A0 45 <001 ADN -5 a0 i) -3¢ -P5 1 15 -1 -5 3 in 15 il 25 an 55 0 45 0m
a [ [ T I | D | [
100 100

chemistry TL/AD model fixes the problem

200 200

unrealistic increase in tropospheric NO,
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900 : <
_____ = a* 1000+ l 1 | 1 1
1000 ' o e SR e ______csew \ ' a0°N BO°N 30°N 0°N 3005 B0°5 a0°5
90°N B60°N O°N 30°8 60°S 90°S

3-31/12/2020
Relative zonal mean differences [%]
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3. Mismatch between modelled and observed variables

Control variables
NWP

/ vorticity
divergence
](x) — (x surface Ler:spsetjrzlz[c?garithm) ) + E (yl ])TR (yl [ l])
specific humidity

Atmospheric
Composition

ozone \

carbon monoxide i .
nitrogen dioxide Only a small subset of all chemical species are
formaldehyde > observed and therefore included in the control vector.
sulphur dioxide . . .
o This means the full chemical system is very under-
carbon dioxide .
methane constrained.

aerosol mixing ratio )
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3. Mismatch between modelled and observed variables

Control variables

NWP

/ vorticity
divergence
](x) — (x temperature
surface pressure (logarithm)
specific humidity

Atmospheric
Composition

Total column and
profile observations
nitrogen dioxide

| formaldehyde
Total column  sylphur dioxide

observations

rbon monoxi

carbon dioxide
methane

rosol mixing ratj

)+2<yl DR (i — il )

Even for those species that are observed, it is
often only total column data that is available.
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3. Increment from a single total column ozone observation

Sunday 30 Apdl 2017 158 UTC ecmf surface GEMS Total column ozone
1 E i u

e ) 4 | “—%
N / 8 g7

arw AW

A e AE e HIE arE e

Increment created by a single
ozone observation of 375 DU,
10 DU higher than background
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3. Increment from a single total column ozone observation

Surday 30 Apdl 2017 15 UTC ecmf suface GEMS Tofal column czone
1 E i [

horiz ozone cors at lev 060

I
[ —  52N017Esingleobs

Horizontal correlation

R ) Nt o from the B-matrix that
T ! N spreads the information
R RS / : from the single
" L / 5 04 : . .
1 ™~ Ny observation in the
T / ( U A horizontal
Increment created by a single
ozone observation of 375 DU, %% 500 1000 1500 2000 2500 3000
10 DU higher than background —
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3. Increment from a single total column ozone observation

Sunday 30 Apdl 2017 158 UTC ecmf surface GEMS Total column ozone
1 E i u

Increment at location of single obs

6 9 12 15 18
Increment value (1e10)

1. N SR
o T ; i ,
m} l‘_ _\““} . Ra%{‘ f,/ N
. T~ N Y N
- , :
N (1Yo _

Increment created by a single
ozone observation of 375 DU,
10 DU higher than background
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Vertical profile of the
increment at the
observation location
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3. Increment from a single total column ozone observation

Surday 30 Apdl 2017 15 UTC ecmf suface GEMS Tofal column czone
1 E i [

P -
ww-S

Ei]

M f

£yl

arn
= S

'\-\_]
.\_ |
1S =i
e /
|

Increment at location of single obs

3 6 9

Increment valu
Llr\ #'UN
Q‘“’w - j

---;—_~. =

arw AW arw arw

Increment created by a single
ozone observation of 375 DU,
10 DU higher than background
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WITE

Standard deviation from
the background matrix at
the observation location

Formulation of the B-matrix is very important for AC

Background matrix has a
significant impact pn the
distribution of information

137 model level

Vertical profile of the
increment at the

4 «observation location

vert stdev profile of o2gne

10+
20+
30+
40|
50+
60 I I I I I I I I
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 1.8
le-7
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3. Benefit of profile information — B matrix is not enough!
Oct 2004

Average of all 10 profiles of F026 GO3 (mPc

Ozone profiles from sonde, eyih and eyg6 over South_Pole in Oct 2004
Neumayer (Lat = -70.7, Lon = -8.3) 117 I Ly
Date = 2003100410

1— ‘ c:yihl ‘7 ‘-\j\q’"v 1 ‘
= Assimilation (MIPAS) |
— Control -

100

SIM (M

7'5 10 125 15 175 20 235 2;
Ozone (mPa)

1000 | ] O ) I | T . I | D . | | | - i 11

Assimilation with e
profile data "

-40 50 -60 -80 -100 110 120 -130 140

Assimilation with
total column data :

708
Ozone hole in CAMS reanalysis: Cross

section along 8E over South Pole, 4 Oct 2003

WEATHER FORECASTS



3. Aerosol — prime example of ill-observed system

12-hour CAMS forecasts of dust (orange), sea salt (blue), biomass burning (red) and
sulphate aerosols (yellow), 12 UTC on 18 January 2017
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CAMS aerosol tracers

Black carbon Black carbon
hydrophobic hydrophilic
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AOD observations

* Model fields are aerosol mixing ratios of 16 tracers
« Assimilated data are total AOD at 550 nm (e.g. from MODIS, VIIRS, PMAp)
* We need to transform aerosol mixing ratios into total AOD

CAMS aerosol tracers

Nitrate from
Sea salt Bin 1 Sea salt Bin 2 Sea salt Bin 3 gas/particle
partioning

Nitrate from het.
Desert Dust Bin 1 Desert Dust Bin 2 Desert Dust Bin 3 5

Organic matter ‘Organic matter Black carbon Black carbon
hydrophobic hydrophilic hydrophobic hydrophilic

Ammonium Sulphate SOA biogenic SOA anthropogenic

< EC
S ECIMWEF curorean cenme ron ueoumnanse weatnen ronscasts

Credit: Nasa Worldview

Forward AOD observation operator steps:
Control variable is total aerosol mixing ratio

1. Interpolate aerosol mass mixing ratios to obs location & time Straight
2. Calculate model RH: it has impact on the optical properties of hygroscopic aerosol forward
3. Get mass extinction coef at waveleghth (e.g. 550 nm) from a look-up table
4. Multiply (3) * (1) to get single-species AODs p
5. Total AOD is sum of single-species AOD Ty = Zf & (A, RH(p))r {p}EP,

Paurf
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Adjoint AOD observation operator

CAMS aerosol tracers

Sea salt Bin 1

D pese e

Organic matter
hydrophobic

Ammanium

Credit: Nasa Worldview

Adjoint AOD observation operator steps:

AQOD analysis increments transferred to total aerosol mixing ratio
Analysis increments are repartitioned into the 16 species according to
their fractional contribution to the total aerosol mixing ratio of the
background forecast

Largest contribution for dominant aerosol species

Can not ‘create’ a species if not present in background forecast

The repartitioning of the total aerosol mixing ratio increment into the
different bins can lead to problems with the aerosol speciation

&~ EC
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Sea salt Bin 2 Sea salt Bin 3

Desert Dust Bin 2 Desert Dust Bin 3

Organic matter Black carbon
hydrophilic hydrophobic

Sulphate SOA biogenic

S ECIMWEF  curorean centne ron ueoummnce wearuen rorecasts

Not well

constrained

Nitrate from
gaslparticle
vartioning.

Nitrate from het.
reactions

Black carbon
hydrophilic

S0A anthropagenic
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CAMS aerosol alerts:

Examples of CAMS aerosol species https://aerosol-alerts.atmosphere.copernicus.eu/
Not so good example

Good example

Partn of fife p]ume is attributed tg sulphate Which
is the dominant species in background forecast

B
S . it R
S

Organic matter, desert dust, sea salt, sulphate

Area being investigated:
« Use of single species observations (IASI thermal infrared radiances can pick

up coarse dust particles)
* New instruments, such as 3MI, can pick up more information on the aerosols,

e.g. Size information or whether the aerosol is absorbing
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Potential Benefit for NWP
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Benefit of AC for NWP: Updated climatology in the radiation scheme
Climatological AOD 550nm distribution CAMS vs Tegen et al 1997

DJF CAMS L 000 JAGAMS L., 0013 SONGAMS .00
CAMS: |-
DJF OPER .
P
P I
Tegen: |-

[ T 2
0005 001 002 004 006 008 01 012 015 0.2 Credits: Alessio Bozzo

« CAMS interim reanalysis (2003-2018): sources of biomass burning from GFAS, sulphate
aerosol precursor from EDGAR 4.1, prognostic for sea salt and dust, revised dust model

 Optical properties recomputed for RRTM spectral bands and for each aerosol type/size
bin. Mass mixing ratio as input to radiation

« Vertical distribution following an exponential decay with scale height derived from the
CAMS model for each aerosol type. Monthly varying for dust.
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Improvements to NWP forecast errors
Diff using CAMS

Tegen

Day 5 Day 5

i i 9
: h-r ,

90 60 -80 a0 80 30

Day_5 Day_5
2Unit: 0.1m/s

-26 -10

» U-wind

N
o
o

600 600

800

a
ool [ A i

@
i=3
o

90 60 30 0 -30 -60 -90 90

June-July
Model FC error d+5

June-July

Change in FC error d+5

-90

» Change in mass
distribution and optical
properties -> reduction in
SW absorption -> reduction
in temperature (positive)

* This is of the order of 0.1K
for a bias of the order of
0.3K — it explains at least
~30% of the temperature
error.

« Similar for winds at upper
levels
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Benefit of AC for NWP: Variable CO2 in radiance assimilation
Reduced AIRS and IASI Bias Correction

- Bias correction : i 'ITaSégrrection with S
y with climatology p———ssm=s=mmmm0 | | modelled CO2 —

Mean bias correction (K) for August 2009 for AIRS channel 175
(699.7 cm'; maximum temperature sensitivity at ~ 200 hPa)

Engelen and Bauer, QJRMS, 2011
« Using modelled CO, in AIRS/IASI radiance assimilation leads to significant reduction
in needed bias correction.

« Small positive effect on T analysis and neutral scores/ small positive impact at 200
hPa T in Tropics

« Stratospheric T in variable CO2 exp more consistent with AMSU-A

« It would be beneficial to replace the fixed value by more realistic values
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Benefit of AC for NWP: Wind information from tracers

* Prospect to extract wind information from long lived tracers in stratosphere and upper
troposphere, e.g. O;, H,0, N,O.

» Potential to extract wind info indirectly through TL and AD of tracer advection

» Could compliment existing wind observations and help in areas where there is a lack of
adequate global wind profile data

3D-Var 4AD-Var 97 Level 20 ~ 30 hPa
= B < = B
. Observation at TO: 4D-Var = 3D-Var
. | | L. Observation at T3: wind increments

4/D-Var 12z .. Observation at T6: wind increments
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Benefit of AC for NWP: To be included in the next model upgrade (CY50r1)

* Tracing turned off:

- In the mid- and lower-troposphere

- In the 4D-Var sponge layer (above 10 hPa)
- In the areas with T<195 K, where less predictable
heterogeneous chemistry is an important

contributor to dr(03)/dt in the nonlinear model
Different y for each month based on ERA5 climatology

Fully flow-dependent y based on latest background

Zaplotnik, Z., Zagar, N. & Semane, N.(2023) Flow-dependent
wind extraction in strong-constraint 4D-Var. Quarterly Journal
of the Royal Meteorological Society, 149(755, 2107-2124
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Level

y(x,y,1,t)

June 2023, 0 = tracing off, 1 = tracing on

80

100

120

—80 —60 —40 =20 0 20 40
Latitude

60 80

Parameter y controls the “level” of
tracer-wind coupling in the assimilation
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Potential benefit for NWP

* Interactive aerosols: Feedback on dynamics via radiation scheme: First Tegen
AER climatology used in radiation scheme, CAMS interim climatology from CY43R3
onwards

« Use of O3 (& other fields) in the radiation scheme: MACC climatologies used

« RTTOV observation operator: Use of O3, CO2 analysis fields to improve the

use of radiances sensitive to O3, COZ2: model O3 is used, but climatologies used
for other tracers (e.g. fixed CO2 value)

« Dynamical coupling with wind/T through TL and AD: turned on under specific
conditions
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Machine Learning for .
Atmospheric Composition
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Machine Learning for AC forecasting is in principle no
From AIFS to AIFS-Compo different from machine learning for NWP Al forecasts

input Output
Atmospheric state+AC variables: Pre?c%n:
X(t), X(t-3h) X(t+3h)
S _ _ > AIFS-Compo MODEL p /-

encoder > processor ad decoder

T /'.(4.\";,\4.“\6 LT N . ./ﬁ\'i‘—“ﬁif—q\}_ _1.4).g & 7
kgt SO EIRWE e e W R AT AT RS
| 3 et o e LA A L Vot A AT RS M A
W s, ot A e R HEE L &= DV W
Ve ¥ '.".' .*\‘ T . 2 . '.'.".' b . A .’.'.' lg—8.? .’\‘ 1% . '...".' B . 2N 7 8l
ggvava PSHRGNEN Z ST N8 ¥
RRVavs® g, . ASESE 72 S a0 20
gL R i S D
Mg bt 7S '.'.‘;:9:9:9,./9.4:41\'&5.\5! .....
Sty PR RO o ol o ) e d
) S ¢ .2 0.0.08 0.9 ~ g- A& +H
S8, e S eSS P = oy ¥ .'. o e

X R AN S S .

Graph attention

Variables:
» Atmospheric composition variables .
. F,)A\ODS’ ng, Reactive gases Training Scheme: Several changes v0.1 -> vNew
* Mixing ratio at pressure levels L. T!’a'” ol [ERCR «  Moved from single-step input to multi-step input
« Upper-air variables at 13 pressure levels 2. Fine-tune on : . . .
(Lv.uW,2) operational *  Bounding of all AC variables, including
 Surface variables (temperature,  winds, analysis/forecast and pressure levels
pressure, radiation) lead times up to 36h « Including newer years in pretraining/finetuning
» Static geographical features, location and time
information as input forcing 42

— ®
- EC MWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS Implemented in a n e m O I



AIFS-Compo evaluation -- AlFS-Compo v0.1
-- AIFS-Compo new

IFS-Compo

RMS error. Model AOT at 550nm against L1.5 Aeronet AOT at 500nm.

473V i-weighted si loball —1276km). CO (ppm) RMS error. Model versus AirNow. _NO (ppb) RMS error. Model versus AirNow.
03(:]:0: ::;92::?453829\/0930),](;"_{61 .. 180 sites globally. Jun - Aug 2024. 00Z. VerOD 12.16.1. 239 sites globally. Jun - Aug 2024. 00Z. Ver0D 12.16.1.
—— AIFS-Cnew —— AIFS-CV0.1 —— IFS-Compo iz6x_airnow iucé_airmow —— oper o iz6x_airnow lucé_aimow ——— oper
0.5 0.5
0.45 . 91 AIFS IFS-Co
e Aerosol | °* Carbon monoxide N - A -
0.35 035 74 '
0.3 03 61
0.25 0.25 A _ 51
0.2 4 o2 7 — - | - 4
015 S . AN ' 018 AIFS-Compo ~ IFS-Compo *
01 AIFS Compo better matches | o I Nitrogen oxide
0.05 . 0.05 14 g
& independent obs than IFS-Compo | | N T I A
0 5 1'2 1'3 1;4 3'0 3'6 4'2 48 54 s'o 5'5 7'2 7'3 34 920 95 1(')2 1c')a 1i4 120 0 6 12 1B 24 30 36 42 48 54 60 66 72 78 84 90 096 102 108 114 120 0 6 12 18 24 3D 35 42 48 54 60 66 72 78 84 90 96 102 108 114 120
FC lead time (hours) FC lead time {(hours) FC lead time (hours)
. O3 (ppb) RMS error. Model versus AirNow. .
MNO2 (ppb) RMS error. Model versus AirNow. . S02 (ppb) RMS error. Model versus AirNow.
323 sites globally. Jun - Aug 2024. 00Z. Ver0D 12.16.1. 1227 sites globally. Jun - Aug 2024. 00Z. Ver0D 12.16.1. 249 sites globally. Jun - Aug 2024. 00Z. Ver0D 12.16.1.
iz6x_airmow jucé_aimow —— oper 20 t26_simow lucl_alrnaw —— oper iz6x_airmow iucé_airow —— oper
10 5
0 18 454 . .
. -] Sulphur dioxide
7 141 35
6 12 1 34
5 10 o5
4 8 1 ]
X better matches ) ’
. T 1_5-
| Nitrogen dioxide independent obs 41 AIFS-Compo better matches Ozone o AIFS.C IES-C
- ~ -
: 9 than IFS-Compo 2| independent obs than IFS-Compo 05 ¢mpo orhpo
‘ 0 0
0 6 12 18 24 30 3 42 48 54 60 6 72 78 B4 90 9 102 108 114 120 0 6 12 18 24 30 3 42 48 54 60 66 72 78 84 90 96 102 108 114 120 0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96 102 108 114 120
FC lead time (hours) FC lead time (hours) FC lead time (hours)
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Results summary

Good results for aerosols

Vnew leads to equal or better
results for reactive gases

20 days stability

Large speedup

S~ ECMWF
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Compared to observation AIFS-Compo
beats IFS-Compo for AOD, PM2.5 and
PM10 for almost all cases

Reactive gases can match and, in some cases,
beat the operational forecast
NWP variables are less well predicted

Verified forecast up to 10days
Stability of Al model up to 20days using
3h timesteps

Time to create a 3 hourly 5-day forecast
AIFS-Compo: 0.76s on 1GPU
IFS-Compo: 1000s on 8000CPUs




What does this mean for Data Assimilation for AC

CO: TROPOMI, MOPITT, IASI

-1+« Encoder . s i - ‘ ¥ Jelliag
'.:'-::3': ( )M}}-’.‘-‘Z. . B e w oo R ,u ;ﬂ S
33 Encoder CRPS loss. ‘ . : : :
o e Docoqe, 2R (ERAS analysi Direct learning from observations — would this
e - ()™ 5 work with the limitations of atmospheric
o g composition observations:
fan B A * Total column
Ensemble e consions Frocesser Bulpiionment  Limited spatial coverage in a 12hr cycle

Background errors — Simulate an EDA to gain * Importance of emissions
errors of the day for AC?
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CarbOn monoxide reanaIySiS total_column_carbon_monoxide Area Mean Global

— EAC4
2.2 A N = = EAC4 trend
* Global monitoring of CO is done using the CAMS ” s EE trend
reanalysis (EAC4) long term assimilation cycling oy m — Eﬁg‘”ﬁ -
experiment

« Matching CTRL simulation (same model, emissions
and meteorology) to assess the impact of obs

« EACA4 uses observations exclusively from MOPITT e h L‘ ’
i .1 Ui

« MOPITT was discontinued in January 2025 causing | l | ’ ' V'Y; ‘ | M T
a shift in total column CO (TCCO) ‘

10e18 molec/cm?2

=
[00]

ee— 2

| B v

— 1

l

I

1

R’_

i 1.4
* Monthly mean TCCO data was generated using a
machine learning extension of EAC4: = s e R e R -
* Predictors: monthly—mean TCCO, total columns 2025 ANOMALY (2003-2024) - EACA 2025 ANOWALY (2003:2020) - L ane

of formaldehyde from a control simulation (CR)
from 2020-2025

Harder P. and J. Flemming, Reconstructing Carbon Monoxide
Reanalysis with Machine LearningCorrecting Carbon Monoxide
with Machine Learning, submitted to arXive , 2026.

g 2025 TCCO Anomaly
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Summary
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What we have seen today...

Basic Data Assimilation theory is the same

Particular challenges related to DA for atmospheric composition
— Boundary conditions (emissions) as well as initial conditions
— Mismatches between modelled and observed variables

— Fast reactions and short lifetime of some species
Atmospheric composition has the potential to improve various aspects of NWP

Machine Learning can be used for AC forecasts in a similar manner to NWP

— It can also be used to fill in gaps when observations are discontinued

CAMS system produces useful Atmospheric Composition forecasts and
analyses, freely available from atmosphere.copernicus.eu

YN
- EC MWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 48



win? - VMware Play: con-oio: 0:¢C CICCCEaTT 1

J'( Copernicus Atmosph... x\-ﬁ-

€ @ atmosphere.copernicus.eu VC‘HQ Search | ﬁ B8 4+ @ ‘ =
EJGoogle ¥CA (: CAMS mMACClog X.CAMSexp ©gdrr ©MARS NIFSwiki mCAMS Monitoring { :FullReportType € web plots » 1

OQEIMICUS

More information about the
environmental monitoring
activities at ECMWF and | = . ”

h ow to access th e d ata can observa i " r?t“.'."’r;l'."eﬁgt%”'aﬂ'é’{}:ts gbréé.ﬁ’”e’éﬂ'.l'(?.%y“?%f‘ﬁ',%i.'lﬁ'ng
be found on: o |

IN FOCUS CATALOGUE NEWS

24 Feb 2016

MACC-III Final
Report published

atmosphere.copernicus.eu

17 Feb 2016

Sentinel-3A is safely
in orbit

EEA workshop on Copernicus HEADLINE PRODUCTS
cross-cutting in situ data
coordination

23 Feb 2016

12 Feb 2016

Launch of Sentinel-3
for Copernicus

2 x
geast Map ?fComposition Integrated Forecasting
Syskem (C-IFS)

& o ) ) Contact us D A;
pemICUS AR\ Atmosphere Monitoring |
Europe’s eyes on Earth SerVICQ Caateh

— !

Fan v0® 0 i

* * % ]

* gk ,

|

European |
Commission

I

L~
- EC MWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 49


http://www.copernicus-atmosphere.eu/

References: Reactive gases

Baklanov, A., D. Brunner, G. Carmichael, J. Flemming, S. Freitas, M. Gauss, &. Hov, R. Mathur, K.H. Schliinzen, C. Seigneur, and B. Vogel, 2017:
Key Issues for Seamless Integrated Chemistry—Meteorology Modeling. Bull. Amer. Meteor. Soc., 98, 2285-2292, https://doi.org/10.1175/BAMS-D-
15-00166.1

N. Elguindi, H. Clark, C. Ordbfiez, V. Thouret, J. Flemming, O. Stein, V. Huijnen, P. Moinat, A. Inness, V.-H. Peuch, A. Stohl, S. Turquety, G. Athier,
J.-P. Cammas, and M. Schultz (2010): Current status of the ability of the GEMS/MACC models to reproduce the tropospheric CO vertical distribution
as measured by MOZAIC. Geosci. Model Dev., 3, 501-518, 2010

Flemming, J., Benedetti, A., Inness, A., Engelen, R. J., Jones, L., Huijnen, V., Remy, S., Parrington, M., Suttie, M., Bozzo, A., Peuch, V.-H., Akritidis,
D., and Katragkou, E.: The CAMS interim Reanalysis of Carbon Monoxide, Ozone and Aerosol for 2003—2015, Atmos. Chem. Phys., 17, 1945-1983,
doi:10.5194/acp-17-1945-2017, 2017.

Flemming, J. and A. Inness, 2021: Carbon Monoxide [in “State of the Climate in 2020“]. Bull. Amer. Meteor., 102 (8), S101-S102,
https://doi.org/10.1175/BAMS-D-21-0098.1. (also 2015, 2016, 2017, 2018, 2019)

Flemming, J., Huijnen, V., Arteta, J., Bechtold, P., Beljaars, A., Blechschmidt, A.-M., Josse, B., Diamantakis, M., Engelen, R. J., Gaudel, A., Inness,
A., Jones, L., Katragkou, E., Marecal, V., Peuch, V.-H., Richter, A., Schultz, M. G., Stein, O., and Tsikerdekis, A.: Tropospheric chemistry in the
integrated forecasting system of ECMWF, Geosci. Model Dev. Discuss., 7, 7733-7803, doi:10.5194/gmdd-7-7733-2014, 2014.

Flemming, J., and A. Inness (2013), Volcanic sulfur dioxide plume forecasts based on UV satellite retrievals for the 2011 Grimsvotn and the 2010
Eyjafjallajokull eruption, J. Geophys. Res. Atmos., 118, doi:10.1002/jgrd.50753.

Flemming, J., Inness, A., Jones, L., Eskes, H. J., Huijnen, V., Schultz, M. G., Stein, O., Cariolle, D., Kinnison, D., and Brasseur, G. (2011): Forecasts
and assimilation experiments of the Antarctic ozone hole 2008, Atmos. Chem. Phys., 11, 1961-1977, doi:10.5194/acp-11-1961-2011

J. Flemming, Inness, A., Flentje, H., Huijen, V., Moinat, P., Schultz, M.G. and Stein O. (2009): Coupling global chemistry transport models to
ECMWF's integrated forecast system. Geosci. Model Dev., 2, 253-265, 2009. www.geosci-model-dev.net/2/253/2009/

YN
- EC MWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 50


http://www.geosci-model-dev.net/2/253/2009/
http://www.geosci-model-dev.net/2/253/2009/
http://www.geosci-model-dev.net/2/253/2009/
http://www.geosci-model-dev.net/2/253/2009/
http://www.geosci-model-dev.net/2/253/2009/

References: Reactive gases

Huijnen, V., Pozzer, A., Arteta, J., Brasseur, G., Bouarar, I.,Chabrillat, S., Christophe, Y., Doumbia, T., Flemming, J., Guth,J., Josse, B., arydis, V. A,,
Marécal, V., and Pelletier, S.:Quantifying uncertainties due to chemistry modelling — evaluation of tropospheric composition simulations in the CAMS
model (cycle 43R1), Geosci. Model Dev., 12, 1725-1752, https://doi.org/10.5194/gmd-12-1725-2019, 2019.

Huijnen, V., M. J. Wooster, J. W. Kaiser, D. L. A. Gaveau, J. Flemming, M. Parrington, A. Inness, D. Murdiyarso, B. Main and M. van Weele. Fire carbon
emissions over maritime southeast Asia in 2015 largest since 1997. Sci. Rep. 6, 26886; doi: 10.1038/srep26886 (2016).

Huijnen, V., Flemming, J., Kaiser, J. W., Inness, A., Leitao, J., Heil, A., Eskes, H. J., Schultz, M. G., Benedetti, A., Hadji-Lazaro, J., Dufour, G., and
Eremenko, M. (2012). Hindcast experiments of tropospheric composition during the summer 2010 fires over western Russia. Atmos. Chem. Phys.,
12:4341-4364.

Inness, A., Ades, M., Balis, D., Efremenko, D., Flemming, J., Hedelt, P., Koukouli, M.-E., Loyola, D., and Ribas, R.: Evaluating the assimilation of
S5P/TROPOMI near real-time SO2 columns and layer height data into the CAMS integrated forecasting system (CY47R1), based on a case study of the
2019 Raikoke eruption, Geosci. Model Dev., 15, 971-994, https://doi.org/10.5194/gmd-15-971-2022, 2022.

Inness, A., Chabrillat, S., Flemming, J., Huijnen, V., Langenrock, B., Nicolas, J., et al. (2020). Exceptionally low Arctic stratospheric ozone in spring
2020 as seen in the CAMS reanalysis. Journal of Geophysical Research: Atmospheres, 125(23), e2020JD033563.

Inness, A., Ades, M., Agusti-Panareda, A., Barré, J., Benedictow, A., Blechschmidt, A.-M., Dominguez, J. J., Engelen, R., Eskes, H., Flemming, J.,
Huijnen, V., Jones, L., Kipling, Z., Massart, S., Parrington, M., Peuch, V.-H., Razinger, M., Remy, S., Schulz, M., and Suttie, M.: The CAMS reanalysis of
atmospheric composition, Atmos. Chem. Phys., 19, 3515-3556, https://doi.org/10.5194/acp-19-3515-2019, 2019.

Inness, A., Flemming, J., Heue, K.-P,, Lerot, C., Loyola, D., Ribas, R., Valks, P., van Roozendael, M., Xu, J., and Zimmer, W.: Monitoring and assimilation
tests with TROPOMI data in the CAMS system: near-real-time total column ozone, Atmos. Chem. Phys., 19, 3939-3962, https://doi.org/10.5194/acp-19-
3939-2019, 2019.

Inness, A., Blechschmidt, A.-M., Bouarar, |., Chabrillat, S., Crepulja, M., Engelen, R. J., Eskes, H., Flemming, J., Gaudel, A., Hendrick, F., Huijnen, V.,
Jones, L., Kapsomenakis, J., Katragkou, E., Keppens, A., Langerock, B., de Maziére, M., Melas, D., Parrington, M., Peuch, V. H., Razinger, M., Richter,
A., Schultz, M. G., Suttie, M., Thouret, V., Vrekoussis, M., Wagner, A., and Zerefos, C.: Data assimilation of satellite retrieved ozone, carbon monoxide
and nitrogen dioxide with ECMWF's Composition-IFS, Atmos. Chem. Phys., 15, 5275-5303, do0i:10.5194/acp-15-5275-2015, 2015.



References: Reactive gases

Inness, A., Baier, F., Benedetti, A., Bouarar, I., Chabrillat, S., Clark, H., Clerbaux, C., Coheur, P., Engelen, R. J., Errera, Q., Flemming, J., George, M.,
Granier, C., Hadji-Lazaro, J., Huijnen, V., Hurtmans, D., Jones, L., Kaiser, J. W., Kapsomenakis, J., Lefever, K., Leita o, J., Razinger,M., Richter, A.,
Schultz, M. G., Simmons, A. J., Suttie, M., Stein, O., Th'epaut, J.-N., Thouret, V., Vrekoussis, M., Zerefos, C., and the MACC team (2013). The MACC
reanalysis: an 8 yr data set of atmospheric composition. Atmos. Chem. Phys., 13(8):4073—4109.

Inness, A., Benedetti, A., Flemming, J., Huijnen, V., Kaiser, J. W., Parrington, M., and Remy, S.: The ENSO signal in atmospheric composition fields:
emission-driven versus dynamically induced changes, Atmos. Chem. Phys., 15, 9083-9097, doi:10.5194/acp-15-9083-2015, 2015.

Inness, A., Flemming, J., Suttie, M. and Jones, L., 2009: GEMS data assimilation system for chemically reactive gases. ECMWF RD Tech Memo 587.
Available from http://www.ecmwf.int.

C. Ordonez, N. Elguindi, O. Stein, V. Huijnen, J. Flemming, A. Inness, H. Flentje, E. Katragkou, P. Moinat, V-H. Peuch, A. Segers, V. Thouret, G. Athier, M.
van Weele, C. S. Zerefos, J-P. Cammas, and M. G. Schultz (2009): Global model simulations of air pollution during the 2003 European heat wave. Atmos.
Chem. Phys., 10, 789-815, 2010. www.atmos-chem-phys.net/10/789/2010/

Stein, O., Flemming, J., Inness, A., Kaiser, J. W., and Schultz, M. G. (2012). Global re- active gases forecasts and reanalysis in the MACC project. Journal
of Integrative Environmental Sciences, 1:1-14

Min Huang, Gregory R. Carmichael, R. Bradley Pierce, Duseong S. Jo, Rokjin J. Park, Johannes Flemming, Louisa K. Emmons, Kevin W. Bowman, Daven
K. Henze, Yanko Davila, Kengo Sudo, Jan Eiof Jonson, Marianne Tronstad Lund, Greet Janssens-Maenhout, Frank J. Dentener, Terry J. Keating, Hilke
Oetjen, and Vivienne H. Payne, Impact of intercontinental pollution transport on North American ozone air pollution: an HTAP phase 2 multi-model study,
Atmos. Chem. Phys., 17, 5721-5750, https://doi.org/10.5194/acp-17-5721-2017, 2017

Zerefos, C. S., Eleftheratos, K., Kapsomenakis, J., Solomos, S., Inness, A., Balis, D., Redondas, A., Eskes, H., Allaart, M., Amiridis, V., Dahlback, A., De
Bock, V., Diémoz, H., Engelmann, R., Eriksen, P., Fioletov, V., Grobner, J., Heikkila, A., Petropavlovskikh, I., Jarostawski, J., Josefsson, W., Karppinen, T.,
Kohler, U., Meleti, C., Repapis, C., Rimmer, J., Savinykh, V., Shirotov, V., Siani, A. M., Smedley, A. R. D., Stanek, M., and Stubi, R.: Detecting volcanic
sulfur dioxide plumes in the Northern Hemisphere using the Brewer spectrophotometers, other networks, and satellite observations, Atmos. Chem. Phys.,
17, 551-574, doi:10.5194/acp-17-551-2017, 2017.

YN
- EC MWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 52



References: Aerosols

Bellouin, N., J. Quaas, J.-J. Morcrette, and O. Boucher, 2013: Estimates of radiative forcing from the MACC re-analysis. Atmos. Chem.
Phys., 13, 2045-2062.

Benedetti, A. et al, 2014: Operational dust prediction. Chapter 10 in: Knippertz, P.; Stuut, J.-B. (eds.), Mineral Dust — A Key Player in
the Earth System, Springer Netherlands, 223-265, ISBN 978-94-017-8977-6. doi:10.1007/978-94-017-8978-3_10

Benedetti, A., Morcrette, J.-J., Boucher, O., Dethof, A., Engelen, R. J., Fisher, M., Flentje, H., Huneeus, N., Jones, L., Kaiser, J. W.,
Kinne, S., Manglold, A., Razinger, M., Simmons, A. J., and Suttie, M. (2009). Aerosol analysis and forecast in the European Centre for
Medium-Range Weather Forecasts Integrated Forecast System: 2. Data assimilation. J. Geophys. Res., 114(D13):D13205

Benedetti, A., Kaiser, J. W., and Morcrette, J.-J. (2012). Global aerosols [in “State of the climate in 2011”]. Bull. Amer. Meteor. Soc.,
93(7):S44-S46. (Also for subsequent years)

Huneeus, N., M. Schulz, Y. Balkanski, J. Griesfeller, S. Kinne, J. Prospero, S. Bauer, O. Boucher, M. Chin, F. Dentener, T. Diehl, R.
Easter, D. Fillmore, S. Ghan, P. Ginoux, A. Grini, L. Horowitz, D. Koch, M.C. Krol, W. Landing, X. Liu, N. Mahowald, R. Miller, J.-J.
Morcrette, G. Myhre, J. Penner, J. Perlwitz, P. Stier, T. Takemura, and C. Zender, 2011: Global dust model intercomparison in
AEROCOM phase I. Atmos. Chem. Phys., 11, 7781-7816, doi:10.5194/acp-11-7781-2011.

Mangold, A., H. De Backer, B. De Paepe, S. Dewitte, I. Chiapello, Y. Derimian, M. Kacenelenbogen, J.-F. Léon, N. Huneeus, M.
Schulz, D. Ceburnis, C. O'Dowd, H. Flentje, S. Kinne, A. Benedetti, J.-J. Morcrette, and O. Boucher, 2011: Aerosol analysis and
forecast in the European Centre for Medium-Range Weather Forecasts Integrated Forecast System: 3. Evaluation by means of case
studies, J. Geophys. Res.,116, D03302, doi: 10.1029 /2010JD014864.

Rémy, S., Kipling, Z., Flemming, J., Boucher, O., Nabat, P., Michou, M., Bozzo, A., Ades, M., Huijnen, V., Benedetti, A., Engelen, R.,
Peuch, V.-H., and Morcrette, J.-J.: Description and evaluation of the tropospheric aerosol scheme in the European Centre for Medium-
Range Weather Forecasts (ECMWF) Integrated Forecasting System (IFS-AER, cycle 45R1), Geosci.Model Dev., 12, 4627-4659,
https://doi.org/10.5194/gmd-12-

4627-2019, 2019.



References: Aerosols

Morcrette, J.-J., Boucher, O., Jones, L., Salmond, D., Bechtold, P., Beljaars, A., Benedetti, A., Bonet, A., Kaiser, J. W., Razinger,
M., Schulz, M., Serrar, S., Simmons, A. J., Sofiev, M., Suttie, M., Tompkins, A. M., and Untch, A. (2009). Aerosol analysis and
forecast in the European Centre for Medium-Range Weather Forecasts Integrated Forecast System: Forward modeling. J.
Geophys. Res., 114(D6):D06206.

Morcrette, J.-J., O. Boucher, L. Jones, D. Salmond, P. Bechtold, A. Beljaars, A. Benedetti, A. Bonet, J.W. Kaiser, M. Razinger, M.
Schulz, S. Serrar, A.J. Simmons, M. Sofiev, M. Suttie, A.M. Tompkins, A. Untch, and the GEMS-AER team, 2009: Aerosol analysis
and forecast in the ECMWEF Integrated Forecast System: Forward modelling. J. Geophys. Res., 114, D06206, doi: 10.1029
/2008JD011235.

Morcrette, J.-J., A. Beljaars, A. Benedetti, L. Jones, and O. Boucher, 2008: Sea-salt and dust aerosols in the ECMWF IFS.
Geophys. Res. Lett., 35, L24813, doi:10.1029/2008GL036041.

Morcrette, J.-J., A. Benedetti, L. Jones, J.W. Kaiser, M. Razinger, and M. Suttie, 2011: Prognostic aerosols in the ECMWF IFS:
MACC vs. GEMS aerosols. ECMWF Technical Memorandum, 659, 32 pp.

Morcrette, J.-J., A. Benedetti, A. Ghelli, J.W. Kaiser, and A.P. Tompkins, 2011: Aerosol-cloud-radiation interactions and their
impact on ECMWF/MACC forecasts. ECMWF Technical Memorandum, 660, 35 pp.

Nabat, P., S. Somot, M. Mallet, |. Chiapello, J.-J. Morcrette, F. Solmon, S. Szopa, and F. Dulac, 2013: A 4-D climatology (1979-
2009) of the monthly aerosol optical depth distribution over the Mediterranean and surrounding regions from a comparative
evaluation and blending of remote sensing and model products. Atmos. Meas. Tech., 6, 1287-1314, doi:10.5194/amt-6-1287-2013.

Peubey, C., A. Benedetti, L. Jones, and J.-J. Morcrette, 2009: GEMS-Aerosol: Comparison and analysis with GlobAEROSOL data.
In GlIobAEROSOL User Report, October 2009, 11-20.

&~ EC
A 4 E MWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 54



References: Greenhouse gases

Agusti-Panareda, A., Diamantakis, M., Bayona, V., Klappenbach, F., and Butz, A.: Improving the inter-hnemispheric gradient of
total column atmospheric CO2 and CH4 in simulations with the ECMWF semi-Lagrangian atmospheric global model, Geosci.
Model Dev., 10, 1-18, doi:10.5194/gmd-10-1-2017, 2017.

A. Agusti-Panareda; S. Massart; F. Chevallier; G. Balsamo; S. Boussetta; E. Dutra; A. Beljaars

A biogenic C02 flux adjustment scheme for the mitigation of large-scale biases in global atmospheric CO2 analyses and
forecasts. ECMWF Technical Memorandum, no 773, 2015

http://www.ecmwf.int/en/elibrary/technical-memoranda

Agusti-Panareda, A., S.Massart, F.Chevallier,S.Boussetta, G.Balsamo, A.Beljaars, P.Ciais, N.M.Deutscher, R.Engelen,
L.Jones and R.Kivi, J.-D.~Paris, V.-H. Peuch, V.Sherlock, A.T.Vermeulen, P.O.Wennberg, D.Wunch, 2014: Forecasting
global atmospheric CO2, Atmospheric Chemistry and Physics ,14, 11959-11983, doi:10.5194/acp-14-11959-2014

Chevallier, F., R. J. Engelen, C. Carouge, T. J. Conway, P. Peylin, C. Pickett-Heaps, M. Ramonet, P. J. Rayner, and |. Xueref-
Remy, 2009. AIRS-based vs. flask-based estimation of carbon surface fluxes. J. Geophys. Res., 114, D20303,
doi:10.1029/2009JD012311.

Chevallier, F., R. J. Engelen, and P. Peylin, 2005. The contribution of AIRS data to the estimation of CO2 sources and sinks.
Geophys. Res. Lett., 32, L23801, doi:10.1029/2005GL024229.

V aa
_w EC MWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

55



References: Greenhouse gases

Engelen, R.J., S. Serrar, and F. Chevallier, 2009. Four-dimensional data assimilation of atmospheric CO2 using AIRS observations. J.
Geophys. Res., 114, D03303, do0i:10.1029/2008JD010739.

Engelen, R.J. and A. P. McNally, 2005. Estimating atmospheric CO2 from advanced infrared satellite radiances within an operational four-
dimensional variational (4D-Var) data assimilation system: Results and validation. J. Geophys. Res., 110, D18305, do0i:10.1029/2005JD005982

Massart et al. (2016)

Ability of the 4-D-Var analysis of the GOSAT BESD XCO2 retrievals to characterize atmospheric CO2 at large and synoptic scales. Atmos.
Chem. Phys., 16, 1653-1671, www.atmos-chem-phys.net/16/1653/2016/

doi:10.5194/acp-16-1653-2016. http://www.atmos-chem-phys.net/16/1653/2016/acp-16-1653-2016.pdf

Massart, S. and Agusti-Panareda, A. and Aben, |. and Butz, A. and Chevallier, F. and Crevoisier, C. and Engelen, R. and Frankenberg, C.
and Hasekamp, O., 2014: Assimilation of atmospheric methane products in the MACC-Il system: from SCIAMACHY to TANSO and IASIO,
Atmospheric Chemistry and Physics, 14, 6139-6158,10.5194/acp-14-6139-2014.

Tang, W., Arellano, A. F., DiGangi, J. P., Choi, Y., Diskin, G. S., Agusti-Panareda, A., Parrington, M., Massart, S., Gaubert, B., Lee, Y., Kim, D.,
Jung, J., Hong, J., Hong, J.-W., Kanaya, Y., Lee, M., Stauffer, R. M., Thompson, A. M., Flynn, J. H., and Woo, J.-H.: Evaluating High-Resolution
Forecasts of Atmospheric CO and CO2 from a Global Prediction System during KORUS-AQ Field Campaign, Atmos. Chem. Phys. Discuss.,
https://doi.org/10.5194/acp-2018-71, in review, 2018.

Verma, S., Marshall, J., Parrington, M., Agusti-Panareda, A., Massart, S., Chipperfield, M. P., Wilson, C., and Gerbig, C.: Extending methane

profiles from aircraft into the stratosphere for satellite total column validation using the ECMWF C-IFS and TOMCAT/SLIMCAT 3-D model,
Atmos. Chem. Phys., 17, 6663-6678, https://doi.org/10.5194/acp-17-6663-2017, 2017.

&~ EC
A 4 E MWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 56



References: Fires

Kaiser, J. W., Heil, A., Andreae, M. O., Benedetti, A., Chubarova, N., Jones, L., Morcrette, J.-J., Razinger, M., Schultz, M. G.,
Suttie, M., and van der Werf, G. R. (2012). Biomass burning emissions estimated with a global fire assimilation system based
on observed fire radiative power. Biogeosciences, 9:527-554.

Kaiser, J. W. and van der Werf, G. R. (2012). Global Biomass Burning [in "State of the Climate in 2011”]. Bull. Amer. Meteor.
Soc., 93(7):S54-S55. (also for other years)

Kaiser, J.W., M. Suttie, J. Flemming, J.-J. Morcrette, O. Boucher, and M.G. Schultz, 2009: Global real-time fire emission
estimates based on space-borne fire radiative power observations. AIP Conf. Proc., 1100, 645-648.

Rémy, S., Veira, A., Paugam, R., Sofiev, M., Kaiser, J. W., Marenco, F., Burton, S. P., Benedetti, A., Engelen, R. J., Ferrare, R.,

and Hair, J. W.: Two global data sets of daily fire emission injection heights since 2003, Atmos. Chem. Phys., 17, 2921-2942,
doi:10.5194/acp-17-2921-2017, 2017.

&~ EC
A 4 E MWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

57



References: General

Granier, C., Bessagnet, B., Bond, T., D’Angiola, A., Dernier van der Gon, H., Frost, G., Heil, A., Kaiser, J., Kinne, S.,
Klimont, G., Kloster, S., Lamarque, J.-F., Liousse, C., Masui, T., Meleux, F., Mieville, A., Ohara, T., Raut, J.-C., Riahi, K.,
Schultz, M., Smith, S., Thompson, A., van Aardenne, J., van der Werf, G., and van Vuuren, D. (2011). Evolution of
anthropogenic and biomass burning emissions of air pollutants at global and regional scales during the 1980-2010
period. Climatic Change, 109(1-2):163—-190.

Hollingsworth, A., Engelen, R. J., Textor, C., Benedetti, A., Boucher, O., Chevallier, F., Dethof, A., Elbern, H., Eskes, H.,
Flemming, J., Granier, C., Kaiser, J. W., Morcrette, J.-J., Rayner, P., Peuch, V.-H., Rouil, L., Schultz, M. G., and
Simmons, A. J. (2008). Toward a monitor- ing and forecasting system for atmospheric composition: The GEMS project.
Bull. Amer. Meteor. Soc., 89(8):1147-1164.

YN
- EC MWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 58



	Slide 1
	Slide 2: Why atmospheric composition at an operational weather prediction centre?
	Slide 3: Copernicus Atmosphere Monitoring Service
	Slide 4: AC observations used in CAMS global
	Slide 5: Data assimilation methodology for atmospheric composition
	Slide 6: Data Assimilation Methodology
	Slide 7: Data Assimilation Methodology
	Slide 8: Data Assimilation Methodology
	Slide 9: Data Assimilation Methodology
	Slide 10: Incremental 4D-Var
	Slide 11: Challenges for Atmospheric Composition Data Assimilation
	Slide 12: 1. Initial versus Boundary problem
	Slide 13: 1. Examples of emissions
	Slide 14: 1. Short-lived memory of NO2 assimilation
	Slide 15: 1. Short-lived memory of NO2 assimilation
	Slide 16: 1. Joint state/emissions 4D-var inversion system
	Slide 17: 1. Nox inversion results: power plants
	Slide 18: 2. Dealing with many (reactive) atmospheric species
	Slide 19: 2. Example: assimilating NO2 satellite observations
	Slide 20
	Slide 21
	Slide 22: 3. Mismatch between modelled and observed variables
	Slide 23: 3. Mismatch between modelled and observed variables
	Slide 24: 3. Increment from a single total column ozone observation
	Slide 25: 3. Increment from a single total column ozone observation
	Slide 26: 3. Increment from a single total column ozone observation
	Slide 27: 3. Increment from a single total column ozone observation
	Slide 28: 3. Benefit of profile information – B matrix is not enough!
	Slide 29: 3. Aerosol – prime example of ill-observed system
	Slide 30: CAMS aerosol tracers
	Slide 31: AOD observations
	Slide 32: Adjoint AOD observation operator
	Slide 33: Examples of CAMS aerosol species
	Slide 34: Potential Benefit for NWP
	Slide 35: Benefit of AC for NWP: Updated climatology in the radiation scheme
	Slide 36: Improvements to NWP forecast errors
	Slide 37: Benefit of AC for NWP: Variable CO2 in radiance assimilation
	Slide 38: Benefit of AC for NWP: Wind information from tracers
	Slide 39: Benefit of AC for NWP: To be included in the next model upgrade (CY50r1)
	Slide 40: Potential benefit for NWP
	Slide 41: Machine Learning for Atmospheric Composition
	Slide 42: From AIFS to AIFS-Compo
	Slide 43: AIFS-Compo evaluation
	Slide 44: Results summary
	Slide 45: What does this mean for Data Assimilation for AC
	Slide 46: Carbon monoxide reanalysis
	Slide 47: Summary
	Slide 48: What we have seen today…
	Slide 49
	Slide 50: References: Reactive gases
	Slide 51: References: Reactive gases
	Slide 52: References: Reactive gases
	Slide 53: References: Aerosols
	Slide 54: References: Aerosols
	Slide 55: References: Greenhouse gases
	Slide 56: References: Greenhouse gases
	Slide 57: References: Fires
	Slide 58: References: General

