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Dust prediction models



Questions will be welcome!



Whatdo we needto forecastduststorms?

1. Satellites, surfaceobservations, NWP modelsand dustmodels. 

2. Goodknowledgeof the dustclimatologyin the region.

3. Goodknowledgeof observationlimitations.

4. Goodknowledgeof the dustmodellimitations.

Introduction



V To complement dust-related
observations,filling the temporal
and spatial gaps of the
measurements.

V To help us to understandthe dust
processes and their interaction
with climateandecosystems.

V To predict the impact of dust on
surface level concentrationsused
as SHORT-TERM FORECASTING
TOOLS(3-5 daysahead)

Dust forecasting models

Dustmodelsare a mathematicalrepresentation of atmospheric dust cycle.

Extracted from Shao (2008)
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1. Dust cycle and associated processes

Å Theatmosphericdustcycle
Å Dustglobal climatology
Å Typesof duststormsand modelforecastingskills

2. Dustforecastingmodels

Å Dustemissionschemesand dustsources
Å Dusttransport
Å Dustdepositionand sedimentation
Å Dustoperatcionalmodelsat BSC
Å Modelevaluationand modelintercomparison: 

TheWMO SDS-WAS NAMEE RC

Outlook



MODIS true colourcompositeimagefor
March2005 depictinga duststorm
initiated at the BodéléDepression

(Chad Basin)

Peoplecaughtin a duststormin Mali 

MODIS True color Western Africaς
AltanticOcean

Dust cycle and associated processes



Dustglobal distribution

Dust cycle and associated processes

Extractedfrom Prospero et al. (2002, Rev. Geophys.)

Theglobal 
distributionof 
TOMSdust
sources.



ωSeasonaldust distribution changeswell characterized. Followsseasonalchangingweather regimes
(mainly)andvegetationchanges(in semi-arid areas)

ωInterannual/decadal changes are controlled by climate and surface modification (land use,
desertification). Decadalchangesarenot well capturesby models

Temporal changesin the dustdistribution: SEASONAL and DECADAL CHANGES

Dust cycle and associated processes



Dust cycle and associated processes

Theatmosphericdustcycleand involves a variety of processes: 

Á Dustemissionfrom dry
unvegetablesurfaces
(dustsources)

Á Mid- and long-range
transport

Á Sedimentation, wet and 
dry deposition

Extracted from Shao (2008)



Imagefrom WMO website
(http:// www.wmo.int/pages/prog/arep/wwrp/new/hurricanes.html)

Meteorologyand climate
ÅMarine productivity
ÅCoral mortality
ÅHurricanesformation

Air Qualityand Human Health
ÅRespiratorydisease(asthma) 
ÅEyeinfections
ÅMeningitis in Africa
ÅValley Feverin the Americas

Aviation and GroundTransportation
ÅLowvisibility(i.e. air disasters) 

Agriculture

Energyand industry
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Dust Impacts

Dust cycle and associated processes



Dusttransport isa global phenomenon. 
However, dust emissionisa threshold
phenomenon, sporadicand spatially

heterogeneous, that is locallycontrolledon
smallspatialand temporal scales

Dustemissionis complexphysical
processinvolvingentrainmentof 

soilparticlesby the surfacewinds.

Dust cycle and associated processes



Synopticdust storms(largescaleweathersystems)

ωPrefrontalwinds
ωPostprontalwinds
ωLarge-scaleTradewinds
ωΧ

Mesoscale dust storms

ωDownslopewinds
ωGap flow
ωConvectionand Haboobs
ωInversiondownburststorms
ωΧ

Types of dust storms:

Dust cycle and associated processes



Synopticduststorms: Pre-frontal

Dust cycle and associated processes



Synopticduststorms: Post-frontal

Dust cycle and associated processes
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Dust cycle and associated processes

Synopticduststorms: Large-scaletradewinds
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Dust cycle and associated processes

Synopticduststorms: Large-scaletradewinds
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Dust cycle and associated processes

Synopticduststorms: Large-scaletradewinds
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Mesoscale duststorms: Downslopewinds

Dust cycle and associated processes
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Mesoscale duststorms: Gap flow

Dust cycle and associated processes



Mesoscale duststorms: Dustdevils(convection)

Dust cycle and associated processes

Movie from the COMET programat http://meted.ucar.edu/ of the UniversityCorporationfor AtmosphericResearch(UCAR)



Mesoscale dust storms: Haboobs

Dust cycle and associated processes

Movie from the COMET programat http://meted.ucar.edu/ of the UniversityCorporationfor AtmosphericResearch(UCAR)



Mesoscale dust storms: Inversion downbursts

Dust cycle and associated processes

Movie from the COMET programat http://meted.ucar.edu/ of the UniversityCorporationfor AtmosphericResearch(UCAR)



Mesoscale dust storms: Inversion downbursts

Dust cycle and associated processes

Movie from the COMET programat http://meted.ucar.edu/ of the UniversityCorporationfor AtmosphericResearch(UCAR)



Mesoscaleduststorms: Inversiondownbursts

Dust cycle and associated processes

Movie from the COMET programat http://meted.ucar.edu/ of the UniversityCorporationfor AtmosphericResearch(UCAR)



Mesoscaleduststorms: Inversiondownbursts

Dust cycle and associated processes

Movie from the COMET programat http://meted.ucar.edu/ of the UniversityCorporationfor AtmosphericResearch(UCAR)



Synopticdust storms (largescaleweathersystems)

Mesoscale dust storms

Dust cycle and associated processes: Types of dust storms

Pre-frontal winds Post-frontal winds Large-scaletrade
winds

Downslopewinds Gap flow Convection Haboobs

Well capturedby models.

Poorlycapturedby models. 
Sometypesimprove in regional models.
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Dust cycle and associated processes: Types of dust storms

http://aeronet.gsfc.nasa.gov/
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Dust cycle and associated processes: Types of dust storms

Extracted from Guiradoet al. (2014, ACP)



ωDustprocessesspanover five ordersof magnitudein spaceand time.  Dusttransport isa 
global phenomenon. However, dust emissionisa thresholdphenomenon, sporadicand 
spatiallyheterogeneous, that is locallycontrolledon smallspatialand temporal scales.

ωTo correctlydescribe and quantifythe dustcycle, oneneedsto understandequallywell
local-scaleprocessessuchas saltationand entrainmentof individual dustparticlesas well as 
large-scalephenomenasuchas mid- and long-rangetransport.

Accuraterepresentationof dust sourcesand sinksis critical for providingrealistic
magnitudes and patternsof atmosphericdust fields.

Dust forecasting models

Imagefrom L.Vendrell



On-line coupled

Dust forecasting models

ATMOSPHERIC & LAND-SURFACE 
MODEL

Initialization: Optimalanalysis; self-nesting
Dynamics: Advection& adjustment, IC/BC
Physics: Diffusion, clouds& surfaceforcing

Soilmoisture& temperature
Surfacesoilhydrology
Energy& massfluxes

NUMERICAL 
INTEGRATION

Windspeed, friction
velocity, moisture,
Roughnesslength, 
vegetationfraction

DUST MODULE
Sizeresolved dustemission

Dustinjection
Dust4D concentration

DUST MONITORING
Satelliteremotesensing

Synopticnetwork
Lidar network

Dustmonitoringstationsamples

GIS DATA
Dustclimate

Surfacetopographyand roughness
Soiltype & particlesizedistribution
Veg. heightcover& leaf-areaindex

Landuse
Albedo

DATA ASSIMILATION
Dustinitial conditions

Off-line coupled

METEO DATA
T, P, winds, SST, surface

fluxes, soilmoisture



Regional modelsoffer a numberof advantagesin representationof dust
comparedto Global models.

Á Finerspatio-temporal resolution.
Á Multiple physicsparameterizationsallow for more realisticrepresentation

of the topography, soilconditionsand mesoscale circulations.

Regional modelsare better suitedfor simulationof timing, durationand 
intensityof individual dustevents.

Dust forecasting models: Global and regional models



Dustmodelssimulatethe atmosphericdustcycleand involves a variety of 
processes:
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Main landscapesof the North Africa
(Photosfrom Callotet al. 2000) :

A) Central part of SaharanAtlas. In the
background, mountains, and in front, an
overgrazedplain;

B) Northernpart of SaharanAtlas. Esparto 
grasssteppedegradedby a strong
anthropicaction. Thesandysoildisappears, 
denudingthe sandstonesubstratum;

C) TheGreat Hamada south-westof El-
Abiodh-Sidi-Cheikh;

D) Daïain the Mechfar, at HassiCheikhwell;

E) North-eastof the Great Western Erg: 
coarsesandinterdunecorridorwith
deflationcauldronand palaeolakedeposits;

F) North-eastof the Great Western Erg: 
greatcoarsesanddome dunes, coveredby
fine sandactive dunes.

Dust forecasting models: Emission scheme

Dust source function



Silt 2-50 ˃ ƳClay 0-2 ˃ Ƴ

Fine/medium sand 50-500 ˃ Ƴ Coarse sand 500-1000 ˃ Ƴ

Four top soil texture classes according STASGO-FAO 1km database are converted to 4 parent soil 
size categories following Tegenet al. [2002]

Dust forecasting models: Emission scheme

Parent soil size distribution



DUST HOT SPOTS ASSOCIATED WITH TOPOGRAPHIC DEPRESSIONS (Prospero et al., 2002)
Images show topography (color scale) and TOMS AI (contours)

Dust forecasting models: Emission scheme

Dust source function



)SnowCover1)·(VEGFRAC1·(PREF·USGS --=d

USGS landuse dataset [0-1]

Preferential sources [0-1]

NESDIS vegetation fraction [0-1]

Source function ɻ [0-1]

1km dataset with 94 landuse categories
0.144 degree monthly 5-yr climatology

[Ginoux et al., 2001]

Dustsourcefunction: GOCART and NMMb/BSC-Dustmodels

Dust forecasting models: Emission scheme



Dustsourcefunction: Otherapproaches

NAAPS model
Land use mask + 
Erodibility map derived from TOMS 
Satellite AI climatology

ECMWF-GEMS model
Background albedo in the ultraviolet-visible 
part of the shortwave spectrum. Only albedos 
with values between 0.09 and 0.54, assumed to 
be representative of light-colored soil and 
sparse vegetation are plotted.

Dust forecasting models: Emission scheme



- Creep or rolling motion of the 
largest particles (> 500 um)

- Saltation or horizontal motion of
large soil grains (sand) (50-500um)

- Suspension of dust 
(after sandblasting 
or saltation bombardment)
(0.1-50 um)

Movie from the COMET programat http://meted.ucar.edu/ of the UniversityCorporationfor AtmosphericResearch(UCAR)

- Complex physical process involving entrainment of soil particles by the surface winds.

Dust forecasting models: Emission scheme



Dust forecasting models: Emission scheme

Extracted www.extension.purdu.edu/extmedia/AY/AY-271.html

Scheme of the major wind erosion processes with saltation, creeping and 

suspension (due to sandblasting) in dependency of wind speed.



c: dimensional scaledependentconstant
proportinality
f: relativesurfaceareaof eachsoilparticle
fraction(whichincludesde sourcefunction, d)
u*: friction velocity
u*t: thresholdfriction velocity
P: polinomialof degreen
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Dust forecasting models: Emission scheme
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Duststormgenerationrequires:

ωHigh wind

ωWindshearand turbulence

ω Unstableboundarylayer

Frictionvelocity is the parameterusedby
dustmodelssinceit expresseswind
speed,  turbulenceand stability

Dust forecasting models: Emission scheme

Thresholdfriction velocityvs particleradius Ҧ

Darmenovaet al., 2009

(a) Conventional view of dust emission via saltation bombardment; (b) Illustration of convective turbulent dust emission.

Extracted from Shao (2008)



42

ωThreshold friction velocity u* thr is defined as the velocity above which soil particles 
begin to move in saltation flux

ωDepends on soil grain size, soil moisture and roughness among others
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Extracted from Shao (2008)

Dust forecasting models: Emission scheme



Simple schemes

Dust forecasting models: Emission scheme

ÅOversimplified physical representation of dust emission.
ÅNormalization constant C is not known
ÅErodible fraction is prescribed for predefined dust sources
ÅThreshold friction velocity is usually a fixed value (no dependence on the 

land surface properties)

Limitations

Å Assuming constant threshold friction velocity will introduce bias in the 
modelling of the timing and intensity of dust events.

Å The prescribed constant is model dependent and can result in large 
discrepancies in calculated dust loadings between different models.



Physically based schemes

Physically-based dust emission schemesemploy different parameterizations of the 
related physical processes, as well as require different input data.

Dust forecasting models: Emission scheme
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Parent soil size distribution are used to calculate horizontal flux (H). 
Dust horizontal concentrationis calculated distributing the vertical flux (F) of 
the first two parent soil categories(clay and silt) over the model particle bins.

Dust forecasting models: Emission scheme

Parameterizations of mass size distribution of the model at sources

Modal Sectorial

8 bin sizedistributionfrom
Tegenand Lacis(1996)

0.15   0.25   0.45   0.78    1.3     2.2     3.8     7.1

reff (mm)



Dust modelssimulate the atmospheric dust cycle and involves a variety of processes:
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Movie from the COMET programat http://meted.ucar.edu/ of the UniversityCorporationfor AtmosphericResearch(UCAR)

Dust forecasting models: Dispersion



Dust forecasting models: Dispersion



Dust modelssimulate the atmospheric dust cycle and involves a variety of processes:
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Movie from the COMET program at http://meted.ucar.edu/ of the 
University Corporation for Atmospheric Research (UCAR)

Dust forecasting models: Advection and diffusion



Dustmodelssimulatethe atmosphericdustcycleand involves a variety of processes:
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Sedimentation and dry deposition

Movie from the COMET program at http://meted.ucar.edu/ of the 
University Corporation for Atmospheric Research (UCAR)

Dust forecasting models: Sedimentation and dry deposition scheme
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Dust forecasting models: Sedimentation and dry deposition scheme

Å Drydepositiondependson the varietyof factorssuchas meteorological
conditionsnearthe surface, physicochemicalpropertiesof mineral dust
and the natureof the surfaceitself.

Å Sedimentation(or gravitationalsettling) is the settling of particles fall 
down due to gravity ­ Very large particles will settle out quickly 



Drydepositionvelocity is representedas 3 resistancesin series parallelto a 
secondpathway- gravitationalsettlingvelocity:

- Aerodynamicresistanceto transfer (ra)
- Quasi-laminar surfacelayerresistance(rb)
- Resistanceto surfaceuptake(rc)

Dust forecasting models: Dry deposition scheme
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Dust modelssimulate the atmospheric dust cycle and involves a variety of processes:
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Wet scavenging

Image from the COMET program at http://meted.ucar.edu/ of the 
University Corporation for Atmospheric Research (UCAR)

Dust forecasting models: Wet deposition scheme



Decrease rate of the aerosol concentration due to wet scavengingin a layer with uniform 
concentration can be described by a first-order equation:

The scavenging coefficient (C) depends on:
ω ǘƘŜ ǇŀǊǘƛŎƭŜ ǎƛȊŜ ŀƴŘ ǎƻƭǳōƛƭƛǘȅ
ω ǘƘŜ ŎƻƭƭŜŎǘƻǊǎ ǎƛȊŜ ŘƛǎǘǊƛōǳǘƛƻƴ ŀƴŘ Ŧŀƭƭ ǎǇŜŜŘǎ
ω ǇǊŜŎƛǇƛǘŀǘƛƻƴ ǊŀǘŜ ŀƴŘ ǇƘŀǎŜ όǊŀƛƴ ƻǊ ǎƴƻǿύΦ

In-cloud scavenging:
- nucleation scavenging by activation and growth of particles 
to cloud droplets
- collection of a non-activated fraction of particles by 
coagulation with cloud and rain droplets

Below-cloud scavenging:
Collection by falling raindrops of particles under their collision.

Dust forecasting models: Wet deposition scheme



Dust forecasting models: Wet deposition scheme

ÅRainout: The soluble fraction of dust is not well known, so assigned 
scavenging efficiencies do not reflect regional specifics of dust properties 
and their dynamics (i.e., mineralogical composition, aging, etc.)

ÅWashout: Problems in modelling of clouds and precipitation remain a 
long-standing issue. Precipitation rates during violent convective rains are 
often underpredicted.

ÅDry versus wet deposition: The relative importance of dry or wet 
deposition processes differs regionally and depends on the 
meteorological conditions and used parameterizations.

Existing problems



Main differences between dust models

1. Atmosphericdriver
2. Meteorologicalinput files IBC
3. Emissionscheme
4. Geographic-informationdatabase
5. Land-surfacescheme
6. Drydepositionscheme
7. Wet depositioonscheme
8. Spatio-temporal resolution
9. Data assimilation
10.ΧΦ

Dust forecasting models
http://www.nrlmry.navy.mil/aerosol/icap.1087.php

http://www.nrlmry.navy.mil/aerosol/icap.1087.php

http://www.nrlmry.navy.mil/aerosol/icap.1087.php
http://www.nrlmry.navy.mil/aerosol/icap.1087.php
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Earth Sciences Department: Mineral Dust Modelling

Dust daily forecast:

ïBSC-DREAM8b 

http://www.bsc.es/projects/earthscience/BSC-DREAM/

ïNMMB/BSC-Dust: 

http://www.bsc.es/projects/earthscience/NMMB-BSC-DUST/

ïMineral dust database: Files download
http:// www.bsc.es/earth-sciences/mineral-dust/catalogo-datos-dust/



62

Á Dailyforecastsin 2 domains:

ī North Africa-Middle East-Europe(0.3º x 0.3º)
ī East Asia (0.5º x 0.5º)

ÁIncludedin the CALIOPE AQ system

ÁNear-real time evaluation

ÁDustforecastevaluationstudies: 

īSingle eventsin the Mediterranean
(e.g., Papayanniset al., 2005; 
Pérez et al., 2006)

īExperimental campaignsin source
regions
īBoDEX2005 (Toddet al., 2008)
īSAMUM 2006 (Hausteinet al., 

2009)
īAnual evaluationoverNorth Africa, 

Mediterraneanand Middle East 
(Pay et al., 2011; Basartet al., 

2012b)
Χ 

Á Main features

ī 8 particle size bin distribution (0.1 -10 mm) 
īDust radiative feedbacks (Pérez et al., 2006)

Á Latest developments (version 2.0; Basartet al. 
2012a)

īUpdated dry deposition
ī Inclusion of a preferential source mask 

http://www.bsc.es/projects/earthscience/BSC-DREAM/

Dust forecasting models: The BSC-DREAM8b v2.0
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Inclusionof new satelliteaerosol products: OMI, CALIPSOand MISR

MODISAERONET

MSG/RGB

Dust forecasting models: The BSC-DREAM8b v2.0
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Dust forecasting models: DREAM and BSC-DREAM8b 

Study Region Reference Model version Time period

North Africa-Middle 

East-Europe

Basart el al. (2009) BSC-DREAM8b Annual (2004)

Basart et al. (2012b) BSC-DREAM8b Annual (2004)

Europe

Papayannis et al. (2008) DREAM Long-term (2000-2002)

Pay et al. (2010) BSC-DREAM8b Annual (2004)

Basart et al. (2012a) BSC-DREAM8b Annual (2004)

Western Mediterranean
Pérez et al. (2006a) BSC-DREAM8b Dust event (April 2002)

Pérez et al. (2006b) BSC-DREAM8b Dust event (June 2002)

Spain
Jiménez-Guerrero et al. (2008) DREAM Dust event (June-July 2006)

Pay et al. (2012) BSC-DREAM8b Annual (2004)

Portugal Borrego et al. (2011) BSC-DREAM8b Annual (2010)

Italy Kishcha et al. (2007) DREAM Long-term (2001-2003)

Eastern Mediterranean Balis et al. (2006) DREAM Dust event (August-September 2003)

Greece

Papayannis et al. (2009) DREAM Long-term (2004-2006)

Amiridis et al. (2009) BSC-DREAM8b Dust event (May 2008)

Papanastasiou et al. (2010) BSC-DREAM8b Long-term (2001-2007)

Central Europe Klein et al. (2010) BSC-DREAM8b Dust event (May-June 2008)

Georgia Kokkalis et al. (2012) BSC-DREAM8b Dust event (May 2009)

Sub-Tropical Eastern 

North Atlantic 
Alonso-Pérez et al. (2011) DREAM Long-term (1958-2006)

North-Central Africa Todd et al. (2009) BSC-DREAM8b Dust event (BodEx, March 2005)

Morocco Haustein et al. (2009) BSC-DREAM8b Dust event (SAMUM, May-June 2006)
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Historicalevolution

Dust forecasting models: BSC dust forecasting models

http:// www.bsc.es/earth-sciences/mineral-dust/
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TheNMMB/BSC-CTM Project

The Non-hydrostatic MultiscaleModel (NMMB) :

ÁUnder development at NCEP (Janjic, 2005; Janjicand Black, 2007) as evolution 
of the WRF-NMM model

ÁDeveloped within the Earth System Modeling Framework (ESMF) 

ÁArakawa B grid and regular (global) or rotated (regional) lat/ lon coordinate 

ÁNMMB is the regional operational meteorological model in NCEP since October 
2011.

ÁUnified model for a broad range of spatial and temporal scales 

Multiscale(global to regional) and Nonhydrostatic(up to 1km2 lat-lon resolution)



· Fully on-line accesscoupling: feedbackprocessesallowed
· Multiscale: global to regional scalesallowed

NMMB/BSC-Chemical Transport Model
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The NMMB/BSC-Dust model
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DAILY OPERATIONAL DUST FORECAST AT BSC

http:// www.bsc.es/earth-sciences/NMMB-BSC-DUST/

MSG/RGB

MODISNRT Evaluation



· TheICAP global-model intercomparison project
http://www.nrlmry.navy.mil/aerosol/icap.1087.php

· Mineral dust forecastsfor SDS-WAS North Africa, 
Middle East and EuropeRegional Center activies

http://sds-was.aemet.es/

· The AQMEII on-line Air Qualitymodel
intercomparison project

· TheCharmexChemistry-Aerosol Mediterranean
experiment

NMMB/BSC-CTM collaborations
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