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Operational dust forecasts
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MULTI-MODEL Dust Optical Depth (550nm)

WMO SD3VAS

WMO Sand and Dust Storm Warning Advisory System o — \ Mel™ @‘” () Vehiororoaia.

=" ORGANIZATION

The missionto enhance the ability of WMO
Members to deliver timely and quality sand and dust
storm forecastwith alead time of3 days

Four regional nodes:

Asian Regional Nod8¢jing China)

Pan American Regional Node (Barbados)

Gulf Cooperation Council (GCC) Regional Node (Jeddah)
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BDRC: Mulimodel forecasts
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Probabilistic forecast
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) Additional products: deposition

Variable . )
Forecast Evaluation Observations
Wet deposition
MONARCH
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Additional products: vert

ATARRI

ical layers

Variable . .
Forecast Evaluation Observations
Concentration
MONARCH Dust Conc. (pg/m?) at 3000 meters
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4 Airport: Sabadell Airport
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Global aerosols Configuration
Meteorology Inline
NMMB
Initial condition GFS 0.5x0.8eg
Resolution 0.7x0.5deg
Levels 48
Forecast range 5 days
Output frequency 3 hours
Species Dust, Sea Salt
BC, OC
(POA,SOA)
Sulfate, Ammonium,
Nitrate
Size Bins 8 (dust, salt)3 nitrate,
bulk BC, OA, ammonium
sulfate
Chemistry CBO5 plus chlorine
chemistry, Fasf
photolysis
Antho. & Biogenic Emission CAMSGLORANTV4.2
(anthro)

HTAPV2 (aviation),
MEGANvV2.04 (biogenic)

Bio. Burn. Emissions GFAS (daily)
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2 MONARCH Om

30°E 40°E

20°W 10°W
CAMS regional Configuration
Meteorology Inline
NMMB
Initial and boundary IFS and CAMS GLOB
conditions
Resolution 0.15x0.15 deg
Levels 24
Forecast range 4 days
Output frequency hourly
Species Dust, Sea Salt
BC, OC
(POA,SOA)
Sulfate, Ammonium, Nitrate
Size Bins 8 (dust, salt)3 nitrate, bulk BC, OA,
ammonium, sulfate
Chemistry CBO5 plus chlorine chemistry, Fdst
photolysis
Antho. & Biogenic Emissionl CAMSREGvV6.{anthro), MEGANv2.04
(biogenic)
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SDSNAS Configuration
Meteorology Inline
NMMB
Initial and boundary GFS 0.5x0.5 deg
conditions
Resolution 0.1x0.1 deg
Levels 40
Forecast range 3 days
Output frequency 3 hours
Species Dust
Size Bins 8
Antho. & Biogenic NA
Emission
Bio. Burn. Emissions NA
C| @== pmod wrc

Bio. Burn. Emissions

GFAS (hourly)
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MONARCH dust forecast setup

8 dust bins (0.20 mm)

MODIS DB C6 based foo (climatology) derived at 0.1 degrees
from Ginoux(2012)

Standard desert mask based on monthly vegetation fraction
Based on MODIS C5 monthly LAI climatology

Emitted size distribution from Kok (2011)

GOCART dust emission scheme ffémoux(2001) updated
with friction velocity

OPAC traxial spheroids extinction coefficients

Online interaction between dust and radiation
Klose et al (2020)
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ICAP

The International Cooperative for Aerosol Prediction (ICAP) is a grassroots community of model developers,
data providers, and NWP center reps founded in 2010 and focused on global, near real-time aerosol prediction

(up to 5 days)

ICAP—MME
NRL/NAAPS
ECMWF /MACC /CAMS

v | . J
JMA/MASINGAR

0), ‘ / "'_,I“;

W
|

BSC/BSC~CTM/MONARCH
1t 11 TR R R I
: pTI]li;,';,!

% |||
9.7%
3.6%

1.0% Fmi/SILe

T

Xian, P. et al. (2019). Current state of the global
operational aerosol multi-model ensemble: An
update from the International Cooperative for
Aerosol Prediction (ICAP) Quarterly Journal of

AT ‘\'5 ‘\" AD ‘\6 ‘\1 ‘\6 ‘\9 the Royal Meteorological Society
yo© 59“79 p“'& 59“'19 5907’0 5507'0 53079 39079 https://dx,dgi.0rg/10.1002/gj, 3497
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) ICAP models

— Courtesy of J. Reid (ICAP 2024)

us.navaL| CURRENT ICAP OPERATIONS: Highlighted are those with reanalysis

ESEARC
LABORATORY

Organization BSC [/~ Copernicus/ N[/ IMA N\ Meteo France US Navy \ NOAA UKMO
ECMWF
“ MONARCH CAMS MASINGAR MOCAGE NAAPS NGAC/FV3GFS- MetUM
Chem
Q0 0241w Q0 0 20 0 0 0 0
Meteor Y Inline Inline inline Offline Inline Offline Inline Offline Inline
NMMB IFS AGCM ARPEGE GEOS-5 NAVGEM GFS/FV3GFS IFS UM
0.7x0.5 0.4x0.4 0.375x0.375 1x1 0.25x0.31 0.33x0.33 1x1/0.25 0.5x05 0.35x0.23
48 137 40 47 72 60 64 60 70
LETKF? 4DVar 2DVar 2018 2DVar 2DVar NA 3Dvar®, 4Dvar®, 4DVar
LETKF® +LDE 3DVar, EnKFP EnKE?
Assimilated Obs NA DAQ MODIS MODIS L3, AHI?, NA Neural Net MODIS DAQ MODIS, NA NA MODIS Dust AOT
DT+DB CALIOP? AVHRRP
PMAp VIIRSP
CALIOP?

|
Dust, Sea Salt BC, OC BC, OC BC, OC BC, OC Anthro+bio Dust BC, Dust, OC, Sea Dust
BC, OC Dust, Sea Salt Dust Dust = E Dust B. B. Smoke BC, OC Salt, Sulfate,
(POA,SOA) Sufate, Sea Salt Sea Salt Sea Salt Dust Sea Salt Nitrate. B.B
Sulfate, Nitrate, Nitrate, Sulfate Sulfate, Nitrate, Sulfate Sea Salt Sulfate Smoke
Ammonium fS———- - Ammonium Nitrate Lllis

B 8 (dust, salt), 6 3 (dust, salt), bulk 10 (dust, salt), 6 5 (dust, SS), 2(BC, bulk 5 (dust, SS), 4 (dust), 5 (SS), 3 2
(OM), 2(BC), 3(NI), for others bulk for others 0C), 3(NI*), bulk 2(BC, OC), bulk (B.B. Smoke), 2
bulk sulfate and sulfate sulfate (sulfate), bulk for
ammonium oth’ers

Antho. & Biogenic CAMS-GLOB v4.2 MACCity (anthro), MACCity MACCity (anthro.) EDGAR V4.1/4.2, MACCity, EDGAR V4.1+CEDS MACCity, NA
Emission (anthro), MEGAN (biogenic) MEGAN-MACC AeroCom Phase I, BOND, POET AeroCom Phase Il STEAM, MEGANE,
MEGANv2.04 (biogenic) GEIA GEIA HTAP(Coarse PM)
(biogenic)

GFAS GFAS GFAS GFAS QFED FLAMBE GBBEPXV2 GFAS, ISAFIRES NA

pmod wrc

CENTRE OF EXCELLENCE Center

Gontro Nacional de Supercomputacion ARMINES  MINES PARIS

nmoﬁ'ﬁ‘ @ ::::enlz:nﬂfiny Q GRASP /f—\\ ;j ‘ PSL* rC @ FCigncias®

Ciéncias
ULisboa

(



ICAP products

Courtesy of J. Reid (ICAP 2024)

A ICAP Consensus

A ¢ Generated at NRL with ~18 latency from 0Z

A ¢ 8 multi species, +1 dust only global model

Acl + S GKNBS O2yasSyadzaél
, all models (ICAMME), and dust. <

A ¢ Products: Total, fine, coarse, dust, smoke AOD;
PM2.5 and PM10

A ¢ Data available on
https://usgodae.org/pub/outgoing/nrl/ICAP
MME/ Free to use, just please acknowledge NRL | ° =~
and ICAP contributors TR 0% 078 100
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IFS-COMPO Aerosol Forecasting and Assimilation

9  CcAMS

Courtesy of M. Ades (ICAP 2025)

Anthropogenic and
Biogenic aerosol
emissions

Biomass burning
emissions from

GFAS

Speciated aerosol optical
properties (mass extinction,
SSA, Asym parameter)
computed offline with Mie
code

12hr assimilation | AOD observations
windows 4D-Var
Satellite AOD 5-Day forecasts, twice a day,
Var BC Reanalysis,
IFS (COMPD) IFS output
CB05/BASCOE
Wind, T, precio Aerosol tracers
- mass mixing
| ratio (kg/kg)
AER ‘
* Online emissions (DU/SS) RADIATION Aerosol diagnostics:
* Debosition * AOD/PM
e Conversion/aging * Extinction profiles

* Denposition fluxes

0:02,83

o ()

https://atmosphere.copernicus.églob
al-forecastplots

https://www.ecmwf.int/sites/default/files/elibrary/112024/81636fs-

documentationcy49rtpart-viii-atmospherieccomposition.pdf
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https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf

CAMS assimilated observations

Courtesy of M. Ades (ICAP 2025)

Land & Ocean Ocean only
Global CAMS forecasting system

Monday 23 May 2016 00UTC CAMS Forecast 1+036 VT: Tuesday 24 May 2016 12UTC

EOSTerra/MODIS Metop-C/PMAp

EOSAqua/MODIS Metop-B/PMAp

=

NOAA20/VIIRS 40km Globe (twice daily, d+5) Sentinel3B/SLSTH

-

SNPP/VIIRS Sentinel3A/SLSTH

https://www.ecmwf.int/sites/default/files/elibrary/112024/8163€6fs-
documentationcy49rtpart-viii-atmospherieccomposition.pdf
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https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf
https://www.ecmwf.int/sites/default/files/elibrary/112024/81630-ifs-documentation-cy49r1-part-viii-atmospheric-composition.pdf

by,

=7 NASA GEOS

Ky

Courtesy of FColarco(ICAP 2025)

GEOS Products Purpose Nominal

E Aerosol DA Details
Resolution

GEOS-FP Weather and aerosol

12 km Y GOCART
analyses and forecasts
Composition forecast with GOCART
REQSGE full gas chemistry L ) GEOS-Chem
GEOS-S2S Conpiea Systemfor 525 50 km ) GOCART
prediction
Interannual to > decadal COl e
GEOS CCM . 100 km N CARMA
aerosols and chemistry GMI Chemistry
https:// fluid.nccs.nasa.gdef/
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9 NASA GEOS

AIARR] Courtesy of FColarco(ICAP 2025)

. ENEN o PR e, - ¥
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LWL =2

e GEOS near-real time system
e Currently: Version 5.29.5 e ————
e ~12 km horizontal, 72 levels to ~80 km ORGP Wambar Arslyses el Fovecasts

e Legacy GOCART

e Aerosols are inline and radiatively
interactive with meteorology

e Assimilation of MODIS NNR and
AERONET AOD at 550 nm

e 4x daily forecasts
e This is input to ICAP MME

https://fluid.nccs.nasa.gov/weather/
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Ongoing developments
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Ongoing developments

o Transition from MODIS to VIIRS ongoing or already done in most operational centers
0 EUMETSAT Sentinels taking over the morning orbit
owWSTFAYSR LI NGAOES AATS RAAUNANOdzOAZ2Y X &2dz2NDS

o Infrared (MetOP IASI) and vertically resolved assimilation (EARTHCARE ATLID)
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Oper Forecast (@uite)
Emissions correction Satole emissons.

Emissions factors

A Global MONARCH configuration
(1x1.4 deg)

A 5years run (2012021)

A Assimilates SUOMI-NPP VIIRS
Deep Blue V1 dust flagged AOD

A Ensemble of 100 members

A One emission factor every 3 days

Emissions correction at Bodélé Depression

Mediterranean”

North Africa

T | SubSaharan Afric
o] | I
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Machine learning forecasting

Courtesy of E. di Tomaso (ICAP 2(

N NN e

A PREPRINT
‘ \ I I I O I N W I Simon Lang" Mihai Alexe® Matthew Chantry Jesper Dramsch  Florian Pinault Baudouin Raoult

Mariana C. A. Clare Christian Lessig Michael Maier-Gerber Linus Magnusson

Zied Ben Bouallégue  Ana Prieto Nemesio  Peter D. Duehen  Andrew Brown  Florian Pappenberger

Florence Rabier

May 2024

Sets of training data from ERA5 Example of training loop ML model

Checks
accuracy
against
output

INPUT

OUTPUT

Corrects
errors to
improve
accuracy

Each step of

the training loop

uses several

ERADS states

Predicts weather
based on physical
state of earth after
learning from ERAS5

AIFS-COMPO ffollows method of AIFS
(graph neural network encoder-decoder with
a sliding window transformer processor)
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MaChIne Iea‘rnlng fOreca‘Stlng Courtesy of E. di Tomaso (ICAP 2(

(,\-___

&I Results: AOD

AIFS-Compo 0.1

AIFS-Compo IFS-Compo
AOD day 3 forecast AIFS-Compo, 20-06-2024T00:00:00 AOD day 3 forecast operational, 20-06-2024T00:00:00 -1.0
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Machine learning forecasting

Courtesy of M. Hortelano

Networkarchitechture

Data used

A About 10 years of VIIRS NOAA20 DBv2 550nn
AODL?2
A GFS weather forecasts
A 3 levels (500, 850 & 100(P39
A Dimensions (UGRD, VGRD, VVEL, T & RH)
A Terrain elevation
A Time encoding

-

Input Output

Data Sp”t Nowak et al (2025)
Total instances 4281
A Training set 70% (2996)

A Validation 20% (848)
A Test set 10% (437)

Decoding layers

Encoding layers

Pool
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Machine learning forecasting

Courtesy of M. Hortelano

VIIRS AOD 500nm VIIRS AOD 500nm Prediction a9pi 4121

50 - 50 - 20
40 40 15
30 30 i
20 1 L4 20 1 % £

0.5
10 10 -

0.0

0 T T T T T y T T 0 T T T T T f T T 0 T T T T T T T T
-30-20-10 0 10 20 30 40 50 60 -30-20-10 0 10 20 30 40 50 60 -30-20-10 0 10 20 30 40 50 60

Interpolation VIIRS AOD 500nm Prediction a9sh 3937
50 50 -
40 40 4
30 - 30 4
20 20 A
10 10 -

[ e e e B o+—F+—Frr—fL L AL
-30-20-10 0 10 20 30 40 50 60 -30-20-10 0 10 20 30 40 50 60 -30-20-10 0 10 20 30 40 50 60

Interpolation VIIRS AOD 500nm Prediction a9sh 3940
50 50
40 - 40
30 30 i
20 A 20 4
0.5
10 10 4
0.0

0 T T T T T T T T 0 T T T T T y T T 0 T T T T T T T T
-30-20-10 0 10 20 30 40 50 60 -30-20-10 0 10 20 30 40 50 60 -30-20-10 0 10 20 30 40 50 60
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Mineral dusteanalyses
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Why a reanalysis?

wo Nie ar - refalliitliim e Wm ofdie |V e ¢isiulsiivie ainia |y shi s
s

Atmosphere

Jlonitoring Ozone score

ms  CAMS Reanalysis
e NRT CAMS analysis

NRT global CAMS system (daily analyses and

5-day forecasts):

* Evolves with time: Usually 1 model update
per year

* Horizontal and vertical resolution can change

* Observation usage changes

* Emission data sets change

Reanalysis (retrospective):

* Consistent long-term dataset produced with
one model version (from 2003 onwards)

* Consistent emissions

* Consistent, reprocessed observations

* Can be used for trend analysis

IMPLEMENTED BY
B ocssee - €SECMWF

Courtesy of A. Innes
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Courtesy of A. Innes

Atmosphere
Monitoring

Atmospheric

comip o s itifon

Offline & reprocessed data

Observation overview: {‘Experiment’: ‘CAMS_REAN', “Type': MFB', ‘Obs Groups':

data

used

|
{35020

METOP.C GOME-2 NO2.
METOP.8 GOME-2 NOZ Zm ==l @ ShE= — 1
METOR-A GOME-2 NO2 b s i s —— ey (o e e [so10
ENVISAT SCIAMACHY {3s00s
TERRA MOPITT C | - i 35001
METOP.C GOME-2 03 s
NOAA 20 OMPS 03 5084
S5P TROPOMI 03 5079
NPP OMPS O3 e o el 3068
ENVISAT AATSR |s067
METOP-8 GOME-2 03
TERRA MOOIS
AQUA MODIS
ENVISAT MIPAS 03 s s so16
ENVISAT SCAMACHY |so14
METOP.A GOME 2 03 so13
NOAA 19 SBUV-2 03 lsonz
NOAA 18 SBUV-2 03 ﬁsou
NOAA 17 SBUV-2 fso10
NOAA 16 SBUV-2 — 5009
NOAA 14 SBUV-2 03 — lsoos
AURA OM1 03 l
AURA MLS 03 1
004 0608 012

* Observing system changes with time

* Change from reprocessed to NRT data once EAC4 had caught up with NRT

* MLS important for vertical ozone distribution
* Reliance on MOPITT CO/ MODIS AOD

} End of EAC4 when these die

MOPITT CO

MODIS AOD

MLS O3

in EACA4
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B AODc @& ALL 1 IFS-0OSUITE [ IFS-Reanalysis

&4 Experiments

IFS

IFS-NRT
IFS-EGG4

IFS-ESUITE-Cy48R1

IFS-EACA4: Evaluation of CAMS

forecast and reanalysis AODc

models 04 3

OSUITE, CNTRL, REAN and %% W '\

REAN_CNTRL are evaluated against oon f N T

multiple observation records 0.2 | > % l»

including AOD from AERONET. 018 4 ‘\5 )
0.1 = A

& CAMS user support o,osI — s TV My 5,78 "“%‘ /

% 2025-03-04 o { /

® 0230 7

£ Data Policy

AeroVal makes use of several

observation networks. Before using
the data, please check the specific
network data policies on the
Information page.

00 NttPS://global-eqcserver.atmosphere.copernicus.el

0.15
01 IFS-OSUITE[AeronetSDAV1.5-d]@ALL
é ’ IFS-Reanalysis[AeronetSDAV1.5-d] @ALL
< 005
0 |

2006 2010 2012 2014 2016 2018 2020 2022 2024

Captura de Pantalla
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CAMS reanalysi&eroval
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