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& Aerosols - why do they matter?

All ambient air pollution (2.9 yr)
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« Aerosols represent a major public
health issue

» Estimated loss in life expectancy
because of air pollution (PM):

Mean global and country-level loss of life
expectancy from different causes of death
referring to the year 2015. Household air
pollution is from the indoor use of solid
biofuels. Ambient residential air pollution is
mostly from household sources and can
include fossil and biofuel use. Parasitic and
vector-borne diseases include malaria,
leishmaniasis, rabies, dengue, yellow fever,
and others. Violence includes interpersonal,
collective conflict, and armed intervention. S5 T0 15 20 25 30 3m 55 10 1o 20 O e

Loss of life expectancy (years) Loss of life expectancy (years)

Lelieveld et al. 2020: Loss of life expectancy from air pollution |
compared to other risk factors: a worldwide perspective 3 Hosted by /.\



& Aerosols - why do they matter?
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* Aerosols represent a major public health issue
« Estimated excess deaths from exposure to acute fire PM:
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Chowdury et al. 2025: Global health burden from acute exposure to
fine particles emitted by fires
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& Aerosols - why do they matter?

Aerosols represent a major public
health issue

Premature deaths attributable to

exposure to fine particulate matter
(PM..5), EU
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& Aerosols - why do they matter?

Aerosols interact with weather - radiation and clouds

Absorbing aerosols (strong: black carbon;
moderate: dust and organic carbon)
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Scattering aerosols

@ +Internal mixing (sulfate, nitrate, sea salt)
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Liet al 2022: Scattering and absorbing aerosols in the climate system
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& Aerosols - why do they matter?

CLIMATE SYSTEM CHANGES

e g . . climate feedback
 Aerosols interact with weather

- radiation and clouds

temperature  precipitation weather patterns cryosphere

RADIATIVE FORCING
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& Aerosols - why do they matter?
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Aerosols interact with weather - radiation and clouds

(a) Effective radiative forcing, 1750 to 2019 (b) Change in GSAT, 1750 to 2019
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& Aerosols - why do they matter?

precipitation

Aerosols and gases impact the acidity of

Sources and receptors of aerosol and cloud
droplet acidity. Major primary sources and
occurrence in the atmosphere are identified
in bold red text: sea salt, dust, and biomass
burning (sources); and aerosols, fog droplets,
cloud droplets, and precipitation
(occurrence). Key aerosol processes are
indicated by arrows and gray text:
nucleation/growth, light scattering, cloud
condensation nuclei (CCN) and ice nuclei (IN)
activation, and gas-particle partitioning.
Sinks (wet, dry, and occult deposition) are
indicated by blue lines and text. The effects
that aerosols have in the atmosphere, and on
terrestrial and marine ecosystems and
human health, are highlighted in pale yellow
boxes. Approximate pH ranges of aqueous
aerosols and droplets, seawater, and
terrestrial surface waters are also given.
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€ Why do we need atmospheric composition models?

» Test our theories and understanding

* Provide air quality information in areas with a lack of
observations

e Spatial coverage
« Temporal coverage (consistent time series)

« Species and processes not well observed such
as deposition

« Make air pollutions forecasts for the next days (or
historic periods)

 Support air quality policy measures (impact emission
reductions)

Test and support validity of observations and support
satellite retrievals
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Estimated annual PM2.5 concentration versus density of (regulatory-grade)
monitoring stations). Figure from Malings et al (2020).
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€ Why do we need atmospheric compc

« Temporal coverage (consistent time series)

I I I I I I
0 2 4 6 8 10 12 14 16 18

Number of days with AOD above the 99.9th percentile (days)

Number of extreme AOD at 550nm days from the CAMS Reanalysis. Aerosol
section of the BAMS State of the climate 2024

(a) 2003-2024
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AOD at 550nm trend sin 2003-2024 and 2012-2024 from the CAMS Reanalysis.
Aerosol section of the BAMS State of the climate 2024
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& Copernicus Atmosphere Monitoring Service

CAMS is one of six thematic
Information services provided by
the Copernicus Earth Observation
Programme of the European
Union.

copernicus.eumetsat.int
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& Copernicus Atmosphere Monitoring Service

copernicus.eumetsat.int

CAMS provides consistent and quality-controlled information related to air
pollution and health, solar energy, greenhouse gases and climate forcing,

everywhere in the world.
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1. Monitoring the current situation

. Air quality
Solar radiation
Greenhouse gases
Fire emissions

2. Forecasts for the next few days

Global
Europe

’__/\\ 3. Tools to explore further

Emissions and impact of reductions
Origins of pollution
Annual air quality assessments
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& CAMS Workflow
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CAMS includes a global and a regional component

Global
CAMS
Emissions

GFAS

wild fire
emissions

European
CAMS
Emissions

IFS
global,

40x40 krm

Data assimilation

Satellite Observations
(AOD, 0,, CO, NO,, SO,)

v

11 regional
CTMs over
Europe,
10x10 km

Data assimilation
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& CAMS Workflow
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CAMS includes a global and a regional component

y 2.4
Global g N Y L% e . Data assimilation  / %
CAMS T =~ TN Melanie Ades's lecture
EmlSS|OnS | | v g — JaLTILT U 1o
(AOD, 0,, CO, NO,, SO,)

GFAS
wild fire
emissions

11 regional

European CTMs over
CAMS : EUFOpe: Data assimilation
Emissions 10x10 km
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& The CAMS global system : IFS-COMPO

copernicus.eumetsat.int

IFS-COMPO is the ECMWF Integrated Forecasting System (IFS - the Numerical Weather
Prediction system) with atmospheric composition extensions

% _ - o
A

Data assimilation:
A4D-VAR, 12h

|
NWP model:

Strato O, —
parameterization

Tropo chemistry: f

CBO5 (71 species)

Deposition
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& The CAMS global system : IFS-COMPO

copernicus.eumetsat.int

IFS-COMPO is the ECMWF Integrated Forecasting System (IFS - the Numerical Weather
Prediction system) with atmospheric composition extensions

h l &
J

Data assimilation:
4D—VAR, 12h

transpnrt

Tmpc: aemsols

N NWP model:
4

dynamics, physics,
Tropo chemistry:
CBO5 [71 species)

Depnmtmn Emissions: external (inventories) & on-line

Cycle 48R1IFS-COMPO (operational June 2023 - November 2024)
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& The CAMS global system : IFS-COMPO

copernicus.eumetsat.int

IFS-COMPO is the ECMWF Integrated Forecasting System (IFS - the Numerical Weather
Prediction system) with atmospheric composition extensions

4

Data assimilation:
AD-VAR, 12h

NWP model:
dynamics, physics,
transport

Tropo chemistry: f $ Tropo a~vosols:
CBO5 (71 species) IFS-AER (7 species)

I

Cycle 48R1IFS-COMPO (operational June 2023 - November 2024)

Emissions: external (inventories) & on-line
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& The CAMS global system : IFS-COMPO

copernicus.eumetsat.int

IFS-COMPO is the ECMWF Integrated Forecasting System (IFS - the Numerical Weather
Prediction system) with atmospheric composition extensions

Data assimilation:
AD-VAR, 12h

NWP model:
dynamics, physics,

transpnrt

B eoestie. (opemos ~ CSECMWF @ EUMETSAT @ @S2 Hosted by AJ 19



& The CAMS global system : IFS-COMPO

copernicus.eumetsat.int

IFS-COMPO is the ECMWF Integrated Forecasting System (IFS - the Numerical Weather
Prediction system) with atmospheric composition extensions

Data assimilation:
AD-VAR, 12h

NWP model:
dynamics, physics,

transpnrt
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& The CAMS global system : IFS-COMPO

copernicus.eumetsat.int

IFS-COMPO is the ECMWF Integrated Forecasting System (IFS - the Numerical Weather

Prediction system) with atmospheric composition extensions

Obs operators

Data assimilation:

AD-VAR, 12h

NWP model:
dynamics, physics,
transpnrt

PROGRAMME OF
THE EUROPEAN UNION

More about
stratospheric
aerosols in the talk
by V. Sofieva.
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& Aerosolsin IFS-COMPO
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8 species considered:
Desert dust (DD): 3 tracers
Sea-salt aerosol (SS): 3 tracers
Organic Matter (OM): 2 tracers
Black carbon (BC): 2 tracers
Sulfate (S04) + precursor S02 when running uncoupled from chemistry
Nitrate: 2 tracers (from gas/particle partitioning, and from het. reactions) since cycle 46R1
Ammonium: 1tracer since cycle 46R1
SOA: 2 tracers (biogenic and anthropogenic) since cycle 48R1

Bulk/bin approach : bulk for OM/BC/S04, 3 size bins for SS/DD
For OM and BC, hydrophobic (fresh) and hydrophilic (aged) components are considered
Sea-salt aerosol and Sulfate are also hydrophilic

16 tracers representing dry aerosol mass mixing ratio except for sea-salt aerosol: mass mixing
ratio at 80% RH

IFS-AER is relatively cheap: in its cycle 48R1 version, it represents only 0.8% of the computing
cost of a model integration (including tropospheric and stratospheric chemistry)

AER variants are implemented in the IFS, in OpenlFS/AC (cycle 43R3) and in the CNRM climate
model (TACTIC, Michou et al. 2015)

m PROGRAMNEOF (oper{\lpqs e ERECMWEF @ EUMETSAT (éesa Hosted by 'f@
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& Aerosols and chemistry coupling in IFS-COMPO

 Originally aerosols were standalone in IFS-COMPO - no interaction with chemistry

* Production rates of sulphate and SOA are provided by chemistry

copernicus.eumetsat.int

 Production rate of nitrate/ammonium are computed by EQSAMA4Clim using gaseous and particulate inputs
» Other couplings : use of aerosol input in chemical photolysis and heterogeneous reactions

Remy et al.
Aerosol (AER) 2019,2021
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& Aerosolsin IFS-COMPO
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* Originally developed by J.J. Morcrette and O. Boucher during the GEMS project
(2006-2008)

« Designed as a part of the ECWMF Integrated Forecasting System (IFS)
* First versions were standalone, ie not coupled with chemistry
 Coupling with radiation (direct effect) implemented from the start

*  No coupling with clouds/microphysics

IFS IFS output

Aerosol tracers

5| mass mixing
ratio (kg/kg)

Aerosol diagnostics:
AQD/PM
Extinction profiles

Deposition fluxes
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& Aerosol modelling : sectional versus modal approach

copernicus.eumetsat.int

* Modal approach is often closer to observed
reality

* Modal approach allows for an easier coupling
with clouds and microphysics

 Sectional/bulk approach can be cheaper
computationally

« Modal approach often more complex, but
additional complixity doesn’t always translate Nucleation

in improved skill!
Aitken . :
Accumulation A‘.:_
Coarse { 5 :
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& Modelling of Atmospheric composition
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General processes in Atmospheric composition

Chemical
Reactions
Photolysis f
Transport catalytic Transport
ﬁ Cycles j'
- wet & d
Emissions depositiu:?rq
gas/aerosols Atmospheric Sedimentation

Reservoir
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& Modelling of Atmospheric composition
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Mass balance equation for chemical and aerosol species

Ot Oz /4 z
\ J J J
I ! !
Advection Turbulent Source and Sinks
: Mixing

c, concentration of species 1
E #f(c) ... Emission
R =f(c,c;,¢c,...) ... Chemical conversion
D, = I, ... Deposition
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 Anthropogenic emissions (industry, power generation, traffic, transport, aviation )
« provided as inventories based on socio economic data
« Specific for base years with projections for future
* Large variety between different inventories
Wildfire emissions
* based on fire radiative power or burned area satellite observations

Natural Emissions from soils, oceans and volcanoes

» Desert dust suspension, sea salt aerosol, NOx soil emissions, DMS emissions from oceans, NOX
emissions from lightning

« strong dependency on meteorology and land surface
* modelled on-line
Biogenic emission of volatile organic compounds - e.g. isoprene
« Strong dependency on temperature, PAR and LAl and vegetation types
« Modelled - online but also with dedicated BVOC models (MEGAN)

Emissions are often considered the most important input parameter to AC models

m PROSRAMNEOF (Operqu e ERECMWF @ EUMETSAT (éesa Hosted by A 28



& Emissions - CAMS_GLOB_ANT dataset

copernicus.eumetsat.int

* Global emissions inventories for anthropogenic, biogenic, shipping, volcanic outgassing, soil NOx
« Geographical and sectoral temporal profiles

* Regular updates to include, e.g., specific information on regional (including China, India, & SE Asia) emissions
* Public releases and documentation available via CAMS Atmosphere Data Store
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From Soulié et al (2023), CAMS_GLOB_ANT emission inventory, relative change
of emissions of various species relative to 2000
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Large uncertainties and variability between
different emissions datasets

China SO2 emissions

-0--
’._, "\\\ -9-
35 par o .
‘/ Z ::‘\.'\'. s ‘\ -9-
—_ "/ - .~."-n.\-¢- :}‘;245‘3‘;: ‘::...‘
T 30 - 7 D o = PN =z —e-
> ~ O & ~ o il 3 w S
o v, T < S SRy ™ -0-
= ia il e " g N
- 25 ol o ~8° ~e_ T B IO —0-
S = oy 2% N A% | >
) r- —’.’ ‘\ N 2N ~e
0 —=g==%"" b W N =~
£ 20 =76 RPN A -o-
@ L NN O *\*
8 B3 ~~q e
(] 15 A1 ~ :\\:'“-_‘__
N St S Tt
~ A
10 - " \*.
T T T T T T T T T T T T T T T T T T T T T T
Q e Q N Q
O O > > v
q9 ﬁ9 d; q9 19
USA SO2 emissions
16 A
k=~ oo -®-
-39, *\o-,_._
14 I N = = D Sk
N EE NN -e-
o 12 1 ST =gy LS o
- ~ N, @
> t:‘"—*=!“---.~
° 101 ~e S LN N -0~
= 10 < S et or =
5 \.\ RSN ‘§Q:=-’e=—‘v§\\
L g4 N N . - —e-
m S S \A \.5
= A SR O '
g 61 ‘--h'li)"l\— \"‘w'«
9 et il Q. _
g = T~ ~@®—~_
2 44 R S5 N T e
e i S
~So Ny . ~--9
21 A DE =Ll IS
o 2 N ) N
Q Q S & v
q9 q9 19 q9 ﬁ9

From Soulié et al (2023), CAMS_GLOB_ANT emission inventory SO2 emissions
compared to other inventories over China and the USA
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& Online emissions - desert dust
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Dust is composed of aggregates
of a wide variety of minerals:
quartz, feldspar, dolomite, illite,
smectite, hematite, kaolinite, etc.
with different shapes, colors,
etc.

Alastuey et al (20105

Lindgvist et al (2014)
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& Online emissions - desert dust
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* Desert dust in cycle 48R1IFS-
COMPO : three size bins, assumed

spheres 9 j

* Desert dust in cycle 49R1: three o J
size bins, spheroids with aspect
ratio 1.6

* Desert dust in future cycle 51R1:
six size bins, spheroids with
aspect ratio 1.6

B ecestie. (opermicss - ESECMWF @ EUMETSAT @esa Hosted by /-\ 32



& Online emissions - desert dust

* Dust is emitted in the atmosphere through the
saltation and sandblasting processes,

* These processes depend on meteorological
(friction velocity) and surface (soil wetness,
silt/sand/clay fraction) parameters,

 |n CAMS, we use the Marticorena and
Bergametti (1995) scheme to represent saltatiol
and sandblasting, associated with a Kok et al
(2011) dust size distribution at emissions,

» Several challenges:

*  Uncertainty of some inputs (soil typology in
particular)

Representation of small scale processes with a
40x40km grid cell

Mismatch between the complexity of dust
species and its representation as a single
species

Observations are key! See talk by S. Vandenbussche this
afternoon

copernicus.eumetsat.int

Wind >
u*> U+
>

L o0
-]

— o

ﬁ Sﬂltﬂtlﬂl’l uam .;gs:ﬂndblasﬁng
—>

03", %

Horizontal flux
Schematic from LISA representing the key processes for the production of
desert aerosols.
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& Recent evolutions of desert dust modelling in CAMS

copernicus.eumetsat.int

Desert dust is subject to frequent updates in IFS-COMPO

re

2020

2026/2027
CVC I e 47 R 1 Dust asphericity

: - " .
and hydrophilic L T/L*Jd _j_|_j§i

New dust emission New dry and wet growth
scheme deposition
Adapted from Marticorena schemes

The aspherical aspect of .
d i d dust particles is taken into \ /
and Bergametti (1995) a.n account in the dust optics
Kok et al (2011) size

distribution

Significantly impacts the
simulation of dust plumes
after emission

U \\.._\_‘_‘_._._,.-’/
New dust source MNew optical R.EU-IE-W of the
function properties + dust definition of dust
rebound bins — new dust

Improves simulated PM10

over Europe emission scheme

2024
Improves the simulated

dust  absorption  and cyCIe 6 dust bins instead of 3.

extinction. Mew dust emission scheme
49 R1/R2 using fewer inputs and
threshold  velocity  from

/ remote sensing.
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& Online emissions - residential emissions

copernicus.eumetsat.int

* Residential emissions are provided by
emissions inventories as monthly or
yearly averages

* However, they are known to be highly /\
dependent on temperature in ==
wintertime

e This results in some correlation
between temperature and PM2.5 over

25

some regions in wintertime w

* Online modulation of residential I A
emissions by temperature could yield BRI S VLA
some benefits ST Lot

- -
5 - * o..o- .

temperature

January 2019, simulated daily lowest model level temperature vs
observed PMZ2.5 over background urban stations in Europe
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& Online emissions - residential emissions

copernicus.eumetsat.int

* Tests with a « Heat Degree Day | st e o
approach » - HDD following Guevaraet = | i
f&p&w

- W‘iﬂ-’w‘f"‘ - ww
« A difficulty - daily mean 2m temperature "+ o s v i WL . OEShWs| oL . EETESs

I'

al (2020)

Is required, but not know in the model o
e A solution - use soil temperature (2nd TG i f‘w‘*’\?i M z»;w%« %Mmﬁ
level) as a proxy for daily mean 2m -
te m p e ratu re 01 L 13 1% 15 k| ol o7 3 9 15 Ll | ol w7 13 19 15 3

Amsterdam Moscow ‘udn ¥
F ! ! . ! 1 285 F Y Y ¥ Y |
i [ 1 JIIJ | \
200 : ] l
3 280 - 4
t 01 305 |
1850 i 1 ”
} k . ™ 1
I 275] - . | m% |
230 rm W‘m ,&J‘ e il n ‘ ’*
-
z?ﬂl ﬂ’a‘\ 270 i e "o 295 . ﬁ
E l]l‘nr “( i Observations ] th "
srk Al L '“k“ SE:12 265¢ Soil Layer 1 RMSE:1.4 ] "9" 1 IH MSE:4S8
' || u 1 | 1.5 E Soil Layer 2 RMSE: 1.8 ]
L . jE:23 260 . _ Soil Layer 3 RMSE:27 ] ,m_ . E.:] 4
[} o7 ] 3 l‘) 25 31 ol (7] 13 19 r L] n (1] o7 l 3 l'-l P13 3
Day of Month (Jan Day of Month (January) Day of Month (January )

Guevara et al 2020, Copernicus Atmosphere Monitoring Service
TEMPOral profiles (CAMS-TEMPO): global and European emission

temporal profile maps for atmaspheric chemistry modelling from Mc Norton et al, (2023): A comparison of hourly IFS modelled soil

temperature for different layers with the daily mean observed 2 m temperature
for January, 2020.
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& Online emissions - residential emissions

copernicus.eumetsat.int

HDD depends on two parameters: Tb - oD o 2005.2022 EARS 2o lev2 temmerature for month
threshold temperature of 15.5°c, and offset | e

f=0.2 based on the European household
energy statistics reported by Eurostat

d=31/12/2022

HDDgim = ) max(Ty = Tep(d), 1)
d=1/1/2003

HDD; = max(T, — Ty, (t), 1)

HDD (K)

2003-2022 Climatological HDD from ERA5 computed using soil level 2
temperature

HDD, + f * HDD i,
(1 + f)HDDclim

EMIS,o5; = EMIS, 4., *

B coessie. (opernicus o €SECMWF @ EUMETSAT @2 @Sa Hosted by /.\ 37



& Online emissions - residential emissios

0N fi

Significant impact on simulated organic
matter at surface and PM2.5

60°N
50°N
40°N
30°N
20°N
10°N

0°
10°s
20°s
30°s
40°s
50°s
60°S

70°S

80°5 L=

sat.int

-
R B

-4

TO°N

60°N

50°N b 3

40°N
30°N
20°N
10°N

o
10°5

20°5 [
30°5 |-

40°5
50°5
60°5

70°5

80°S

180° 160°W140°W120°W100°

°E 120°E 140°E 160°E 180°

-50 -40 -30 -20 -10 0 10 20 30 a0
percent difference

January 2019, relative difference of a simulation using HDD versus a
reference simulation in simulated surface organic matter (top) and
PM2.5 (bottom)
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& Online emissions - residential emissions

Significant impact on simulated organic
matter at surface and PM2.5

degree c

T+
Q‘\\Q Q”J\

copernicus.eumetsat.int

PM2.5 (ug/m3) Mean. Model versus AirBase.
198 sites in Europe. 1-31 Jan 2017. FC start hrs=00Z. T+3 to 24.
~—— Obs hgzn hh8m_airbase

50
45 1 am

40
35
30
251 .
20
154
0]

12 4 6 g 10 12 14 16 18 20 22 24 26 28 30 1
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1 1 1 ul ul "l "l "l "l "l A A "l "l "l "l "l
O¥ A QY O 4O QY 4O 4O A A0 AGY AGY AT AT O A0 4O
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January 2017, observed and simulated PM2.5 (top), and simulated
mean daily Zm temperature over Europe (bottom).
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& Deposition processes

On average, deposition matches the emissions.
At first order, deposition of particles are modulated by:

« Wind speed, surface type, particle diameter and concentration for dry deposition

copernicus.eumetsat.int

 Precipitation rate, particle diameter and concentration over the vertical (burden) for wet deposition
 (Particle diameter)?, air density and concentration over the vertical (burden) for sedimentation

L]
‘....'."...'.. ®
® , @ ®AEROSOLS® S @
- ..". @ - B

Sources

Schematic of emissions and deposition from Farmer et al (202])

Dry deposition
Fop= Vpp* C

Sedimentation
FS = VS* C

Wet deposition
FWD = FP *C res

Bl eston. (opemos

C = Concentration

Vpp - = dry deposition velocity =

F (Diffusion, surface and canopy )
Vs - = sedimentation velocity =

F ((particle diameter)?, meterology )
C,es = SCavenging rate =

F (solubility, transfer to droplet)

F,  precipitation flux

- €SECMWF @ EUMETSAT @B@sa Hosted by /-\ 40



& Dry deposition

Dry deposition is the combination of several physical processes

100

0.001 0.01 0.1 1 10 1
Diameter (pm)

10

0.1

0.01

Deposition velocity (cm/s)

® - Particles . Direction of particle motion
= Ajrflow O Air molecules

Figure 2

Dry deposition velocities of particles are a function of particle diameter and are driven by a combination of processes, including

(@) Brownian diffusion (blue), (b) gravitational settling (yellow), (¢) interception (orange), and (d) impaction (purple). The relative
importance of these processes varies with particle size and surface type, with the graph providing an example ot these processes and the
total calculated deposition velocity (thick black line) for a conifer forest. The direction of airflow in panels #— 1s indicated by solid blue
lines; the direction of particle motion is indicated by gray arrows. In the case of Brownian diffusion, particle movement is random, as
indicated by the dashed gray arrow. The size of particles relative to gases 1s not drawn to scale.

Farmer et al (202]) , -:
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& Dry deposition

Large variability in how dry deposition is represented between models
Intercomparison of dry deposition carried out in the CAMAERA HE project

Comparison between observations and model results.

LUC 1: evergreen needle-leaf

102 -

1011

i

100 -
1071

10-2;

103 _;l-—- MINNI

] m— siLAM
7| —MATCH
4 ==

] GEM-AQ
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Hofken and Gravenhorst (1982)

Hicks et al. (1982)

Grosch and Schmitt (1988)
Lorenz and Murphy (1989)

‘ Gronhelm et al. (2007)
Gronholm et al. {2009)

Waraghai and Gravenhorst (1989) Vong et al. (2010)

'

: Beswick et al. (1991) case 1

‘ Beswick et al. (1991) case 2

@ oGallagher et al. (1997)
Wyers and Duyzer (1997)
Buzorius et al. (2000)

‘ Ould-Dada (2002)

Gaman et al. (2004)

o

Mammarella et al. (2011)
! Gordon et al. (2011)
Lavi et al. (2013)
Zhang et al. (2014)
[l sunetal (2014)
W pryoretal. (2007)
| |

Deventer et al. (2015)
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& Dry deposition

Large variability in how dry deposition is represented between models

Intercomparison of dry deposition carried out in the CAMAERA HE project

Particle dry deposition velocity (cm/s)

Comparison between observations and model results.

LUC 13: water

— GEM-AQ
LOTOS-EUROS
103 e MINNI
— S|LAM
— MATCH

IFS_Z01 @ sievering (1981)
IFS_ZH14 ' Caffrey et al. (1998)
IFS_P22 Zufall et al. (1998)
Moller and Schumann (1970) z Zhang et al. (2014)

el

10-2

10°1 10° 101
Particle diameter (um)

102

estaseunon  (opernicus
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CAMAERA
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& Wet deposition

« Wet deposition is also the combination of several physical
processes

« Wet deposition trends of nitrogen and sulphur are monitored
and the subject of many papers

» Wet deposition can be used to assess emissions also, as done in
long IFS-COMPO simulations to prepare for next reanalysis

copernicus.eumetsat.int

Below-cloud
scavenging
(wash-out)

Evaporation

Wet deposition
FWD = FP* C res

ceirEon  (opericus

o ESECMWF @ EUMETSAT @@@sa Hosted by fo
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& Wet deposition e

Wet deposition can be used to assess emissions
also, as done in long IFS-COMPO simulations to
prepare for next reanalysis

Simulation first done with CAMS_GLOB_ANT
emissions

Then, use of scaling factors over US and China;
over US, use of EPA2024 emissions as a
reference

502 +504 wet deposition trend All US
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¢

Wet deposition

Wet deposition can be used to assess emissions
also, as done in long IFS-COMPO simulations to
prepare for next reanalysis

Simulation first done with CAMS_GLOB_ANT
emissions

Then, use of scaling factors over US and China;
over US, use of EPA2024 emissions as a
reference

502 +504 wet deposition trend All US
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& Wet deposition
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« Wet deposition can be used to assess emissions
also, as done in long IFS-COMPO simulations to
prepare for next reanalysis

* Simulation first done with CAMS_GLOB_ANT
emissions

[
=

[
N

502 Emissions (Tg 502/year)
o =4

F-

* Then, use of scaling factors over US and China;
over US, use of EPA2024 emissions as a
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& Outlook : Al/ML for atmospheric composition modeling

 Al/ML more and more used in AC modeling, in particular to replace Mie code:
NeuralMie (Geiss et al 2025)
Mie Al (Kumar et al 2024)

« Two ongoing activities to implement ML in IFS-COMPO
* Replace selected processes by ML (HE project CAMAERA). Focus on:

Whitecap fraction and sea-salt aerosol emissions
Desert dust emissions (just started)

* Replace the whole model + DA by ML (ECMWF - Paula Harder)
A first prototype of AIFS-COMPO

More ML application in talk by O Hasekamp

copernicus.eumetsat.int
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& Outlook : Al/ML for atmospheric composition modeling

copernicus.eumetsat.int

* Replace selected processes by ML (HE project CAMAERA). Focus on:

«  Whitecap fraction and sea-salt aerosol emissions

Current status of sea-salt aerosol emissions in cycle 49R1 IFS-COMPO:
- The whitecap fraction (WF) is estimated by the Albert et al. (2016) parameterization:
WF = a(SST)[WSP + b(SST)]?

- Sea-saltaerosol emissions are derived using the Gong (2003) assumed size distribution

A16 Gong
(WSP, SST) » WF » Sea-Salt

Our objective : Estimation of whitecap fraction and sea-salt emissions in IFS-
COMPO with deep neural networks (DNN) by :

1. Training offline a DNN model to estimate whitecap fraction
2. Integrating this DNN model into IFS-COMPO

- THE EOROPEAN UNION (opermcus ( e ESECMWF @ EUMETSAT @@ @8a Hosted by AJ 49



& Outlook : Al/ML for atmospheric composition modeling

copernicus.eumetsat.int

* Replace selected processes by ML (HE project CAMAERA). Focus on:

«  Whitecap fraction and sea-salt aerosol emissions

Dataset description

Ground truth : Whitecap fraction (WF) at 10.7 and 37
GHz derived from remote sensing (Anguelova et al
2019)

Time range : 2 years of data with an hourly resolution

Predictors : 8 predictors collected

From ERAS5 :

Wind Speed

Wind Direction

Sea Surface Temperature
Mean Wave Period
Significant Wave Height

From HINDCAST :

+ Total Wave Height
+ Significant Wave Height

+ Dissipation of turbulent energy from breakin
waveF; B3 o Example of daily map of whitecap fraction from Windsat

Dimension : around 200 million pixels acquisition [Anguelova et al.]

L] L] * L] L]
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& Outlook : Al/ML for atmospheric composition modeling

copernicus.eumetsat.int

* Replace selected processes by ML (HE project CAMAERA). Focus on:

»  Whitecap fraction and sea-salt aerosol emissions

Pixel to pixel approach

Model backup file

ONNX file required

e
_ e 4 for INFERO
Standard Scaling \ g
. ® = 0 ® 1
¢ = 2 2 dt file containi
= ﬁ = & Netc : |I'e fcontalnlng
- S s model inferences
Product with ¢ % -
PCA kernel V. b <
Irpul Layer £ s Hidden Layer € F*  Hidden Layer € R*  Hidden Layer € B4 Hidden Layer € B* Oulpul Layer £ R Animation of model

predictions in GIF format

B st (opermicus - €SECMWF @ EUMETSAT @B0sa Hosted by /’\ 51



& Outlook : Al/ML for atmospheric composition modeling

Replace selected processes by ML (HE project CAMAERA). Focus on:

Whitecap fraction and sea-salt aerosol emissions

-

Incorporation of an exported version

whitecap fraction and sea-salt aerosol
emissions online in IFS-COMPO.

(ONNX format) of the DNN to compute

Learning models

Interest : runs a learning model in

ONNX format from a Fortran script

\-

The INFERO library has been integrated
into IFS-COMPO to interface with Deep

4

copernicus.eumetsat.int

Representation of the incorporation of our model into IFS

HPC application

i ]
,’ Interfacef"
8 QC++ Y

\ + Fortran

4 « python 7
f ’

Trained maodel

m e EROPEAN LNOH (operp@pqs

3
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€ Outlook : Al/ML for atmospheric composition modeling

copernicus.eumetsat.int

Replace selected processes by ML (HE project CAMAERA). Focus on:

»  Whitecap fraction and sea-salt aerosol emissions

2017-01-01 24h aergn07 ilug FMI

o

2017-01-01 24h aergn0? ihin infero 5 features

FURG ek [ S

0s e | :
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Whitecap fraction

Whitecap fraction

Simulated whitecap fraction by IFS-COMPO on 1/1/2017 OUTC, using the newly developed FM/ scheme (left), and
with deep learning model (using 5 predictors) enabled through the INFERQO library (right).
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e OuthOk : AI/ML for atmospheric Compositi ° AIFS - ECMWF’S DATA-DRIVEN FORECASTING SYSTEM

A PREPRINT

Simon Lang® Mihai Alexe* Matthew Chantry Jesper Dramsch Florian Pinault Baudouin Raoult

Replace the whole model + DA by ML (ECMWF - Paula Harder) A G Gl G U
«  Afirst prototype of AIFS-COMPO |

Florence Rabier

May 2024

AIFS-COMPO follows method of AIFS

Sets of training data from ERAS Example of training loop ML model

AIFS-COMPO follows method of AIFS
(graph neural network encoder-decoder with
a sliding window transformer processor)

B ooestie. (opemicus ~ €SECMWF @ EUMETSAT @ @Sa Hosted by /.\ : 54



& Outlook : Al/ML for atmospheric composition modeling

copernicus.eumetsat.int

Replace the whole model + DA by ML (ECMWF - Paula Harder)

«  Afirst prototype of AIFS-COMPO
From AIFS to AIFS-COMPO

Input
Atmospheric state+AC variables:

X(t)

Variables:
* Atmospheric composition variables
+ AOD, PMs, Reactive gases
+ Mixing ratio at pressure levels
+ Upper-air variables at 13 pressure levels
(tv,uw,z)
+ Surface variables (temperature, winds,
pressure, radiation)
* Static geographical features, location and time
information as input forcing

AIFS-Compo MODEL

Output
Prediction:

X(t+3h)

Training Scheme:
1. Train on EAC4

2. Fine-tune on
operational
analysis/forecast and
lead times up to 36h

PROGRAMME OF 2 . (
- THE EURGPEAN UNION (opernlcus (
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& Outlook : Al/ML for atmospheric composition modeling

copernicus.eumetsat.int

Replace the whole model + DA by ML (ECMWF - Paula Harder)

A first prototype of AIFS-COMPO
Results: AOD

AlIFS-Compo

AOD day 3 forecast AIFS-Compo, 20-06-2024T00:00:00

IFS-Compo

AOD day 3 forecast operational, 20-06-2024T00:00:00 l 10
09
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& Outlook : Al/ML for atmospheric composition modeling

copernicus.eumetsat.int

Replace the whole model + DA by ML (ECMWF - Paula Harder)
«  Afirst prototype of AIFS-COMPO

Results: AOD

RMSE against observations Bias against observations

FC-OBS bias. Model ACT at 550nm against L1.5 Aeronet AOT at S00nm.
473 Voronoi-weighted sites globally {r, , =1276km].

RMS emor. Model AOT at 550nm against L1.5 Aeronet ADT at 500nm.
473 Voronoi-weighted sites glabally (r_ =1276km).
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& Conclusion : how to improve Atmospheric Composition models?

copernicus.eumetsat.int

Improve emissions

 Better knowledge of emission processes (EF, activity data, on-line calculation)
» Use concentration observations to constrain emissions in models

Increase model complexity

 Better modelling of chemistry, aerosols, deposition and transport
 Grid-box resolution
 More coupling of processes (NWP-AC)

Build Machine learning based models:
* Replace components ACM with ML - for example chemistry schemes
« Emulate ACM results directly - e.g. much faster forecasting

Combine observations with modelling - data assimilation (talk by Mel
Ades)

Use new information from remote sensing for evaluation, in particular
Earthcare and S4/S5 data (talks by R. Lindsrat and A. Hoffmann)
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Thank youl!

Questions are welcome.
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