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The Dust Cycle in Earth System Modeling

• The mineral dust cycle has three phases: source, transport, and deposition
• Considerable investment in aerosol science to measure airborne mineral dust 
• Less investment in understanding the surface composition of mineral dust 

source regions



Impacts of Mineral Dust on Earth System



Modeling the Dust Cycle ≠ Aerosol Science

• Aerosol Optical Depth (AOD) is NOT an input to Earth System Model (ESM)
• Forecasts of AOD are compared to satellite- and ground-based retrievals of AOD 

to evaluate forecasting skill of ESM 
• ESM simulates mineral dust based on surface composition of dust source 

regions
• Goal of Imaging Spectroscopy: Improve knowledge of surface composition of 

dust source regions



Mineral Dust: Role in Radiative Forcing

Mineral composition is a key control of single-scattering albedo (SSA), the ratio of scattering 
extinction to total extinction (figure modified from Sokolik and Toon, 1999) 
• Hematite is a strong absorber (SSA < 1.0) in the VSWIR, contributing to positive forcing 

(warming) 
• Clay minerals (illite, kaolinite, and montmorillonite) are strong scatters (SSA ≈ 1.0), 

contributing to negative forcing (cooling) 



Mineral Dust: Role in Radiative 
Forcing

The relative abundance of hematite in dust 
source regions has a significant impact on 
dust-related radiative forcing 
• 2% increase in the hematite content of 

North Africa (NA) source region results in 
increases of 130% and 100% in 
simulations of global (solid line) and 
regional forcing over NA (broken line)

• Modeling courtesy of R. Scanza, Cornell 
University

Large variation in hematite mass fraction 
(HMF) over arid dust source regions 
(Moosmuller et al., 2012)
• United Arab Emirates: ~2% HMF
• Afghanistan: ~10% HMF
• Mali : 30% HMF

UAE
Afghanistan

Mali



• Arid source regions for mineral dust are identified 
by the World Meteorological Organization (WMO) 
globally

• Currently, estimates of surface dust source 
composition for Earth system models are derived 
primarily from the 1:5,000,000 scale United 
Nations, Food and Agriculture Organization (FAO) 
soil map.

• This FAO source has challenges
– Derived from about 5000 soil analyses mostly in 

agricultural regions
– The soil surveys focus on agricultural soil with 

limited sampling of nonagricultural regions
– The FAO records soil descriptions (types) and many 

assumptions are required to infer surface 
mineralogy

– The gridded spatial sampling of ~9 x 9 km points is 
coarse for the heterogeneity of many mineral dust 
source regions

Dust Source Regions: Current Inputs to ESM

WMO Dust Source Regions

FAO Soil Map



• Impact of dust mineralogy in the  
Community Atmosphere Model 
(CAM4/5) on forecast skill of the 
Community Earth System Model 
(CESM)

• Forecasts of AOD and SSA are not 
well-correlated with AERONET-
based retrievals (Fig. a)

• Forecasts of mineralogy of dust 
deposits are not well-correlated 
with observed mineralogy (Fig. b)

• Will improvements in knowledge 
of surface composition of dust 
source regions improve forecasting 
skill? 

Dust Source Regions: 
Current Inputs to ESM

(a)

(b)

(Figures modified from Scanza et al., 2015)
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Dust Source Regions: Current Inputs to ESM

Mineralogy inferred from extrapolated soil maps 
vs. classifications based on imaging spectroscopy

Cuprite, Nevada



Salton Sea (CA) Region: Inferred Mineralogy vs. 
Imaging Spectroscopy 

• Over-estimation of relative abundance of clay minerals
• Under-estimation of relative abundance of iron oxide minerals
• Errors in estimation can change the estimation of RF: net scattering 

(negative forcing) vs. absorption (positive forcing)



ESM Community: Top 10 Dust-Forming Minerals
• HyspIRI-class VSWIR imaging spectrometer will resolve unique spectral 

features of target minerals
• 100-m sampling of arid dust source regions yields ~109 spectra, exceeding soil 

map database by six orders of magnitude
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Mineral Dust: Role in Radiative Forcing

Mineral composition is a key control of single-scattering albedo (SSA), the ratio of scattering extinction to 
total extinction (Fig. a, modified from Sokolik and Toon, 1999) 
• Hematite is a strong absorber (SSA < 1.0) in the VSWIR, contributing to positive forcing (warming) 
• Clay minerals (illite, kaolinite, and montmorillonite) are strong scatters (SSA ≈ 1.0), contributing to 

negative forcing (cooling) 

The relative abundance of hematite in dust source regions has a significant impact on dust-related 
radiative forcing (Fig. b, modeling courtesy of R. Scanza, Cornell University) 
• 2% increase in the hematite content of North Africa (NA) source region results in increases of 130% 

and 100% in simulations of global (solid line) and regional forcing over NA (broken line)

(a)

(b)
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