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Title  
Closing the Earth Surface Dust Source Composition Gap for Earth System Understanding and Modeling 
 
Description: 
Mineral dust emitted to the atmosphere impacts direct & indirect radiative forcing, tropospheric 
chemistry, ecosystem fertilization, & human health & safety.  Although source composition is as 
important as dust amount, dust composition is poorly constrained. Global space spectroscopic 
measurement of surface mineralogy closes this knowledge gap. 
 
 
White Paper  
 
What are the key challenges or questions for Earth System Science across the spectrum of basic 
research, applied research, applications, and/or operations in the coming decade? 
 
Mineral dust emitted from the Earth surface into the atmosphere affects climate through direct radiative 
forcing and indirectly through cloud formation as well as changes in the albedo and melting of snow/ice.  
Based on their chemistry, the minerals in dust react and modify tropospheric photochemistry and acidic 
deposition. Mineral dust aerosols affect ocean and terrestrial ecosystem biogeochemical cycling by 
supplying limiting nutrients such as iron and phosphorus. In populated regions, mineral dust is a natural 
hazard that affects human health and safety.  A summary of Earth system processes impacted by mineral 

Table 1.  Mineral dust impacts a broad range of physical and chemical Earth system processes. 
Process Example References 

Direct radiative forcing Tegen et al., 1996; Sokolik and Toon, 1999; Dufresne et al., 2002, 
Boucher 2013 

Indirect radiative forcing by 
modifying cloud properties 

Kauffman et al., 2005, Forster et al., 2007, Mahowald et al., 2013, 
Rosenfeld et al., 2001, Atkinson et al., 2013, DeMott et al.,2003, 
Mahowald and Kiehl, 2003 

Melting of snow/ice Krinner et al., 2006, Painter et al. 2007, 2012 
Modification of regional 
precipitation 

Miller et al., 2004, 2014; Yoshioka et al., 2007 

Modification of atmospheric sulfur 
cycle and mitigation of acidic 
aerosol deposition 

Dentener et al. 2006; Vet et al. 2014 

Modification of tropospheric 
ozone through nitrogen uptake 

Bian et al. 2003; Dentener; Crutzen 1993; Dentener et al. 1996 

Modification of carbon cycle 
through supply of iron to aquatic 
ecosystems  

Jickells et al., 2005, Krishnamurthy et al., 2009, (Mahowald et al., 
2010), Okin et al. 2011 

Modification of carbon cycle 
through supply of phosphorous to 
terrestrial ecosystems 

Swap et al., 1992, Okin et al., 2004, Yu et al., 2015 

Impacts on air quality, visibility, 
and respiratory health 

Gills, 1996; Prospero, 1999; Morman 2013; Buck et al., 2013; 
Metcalf et al, 2015; Mahowald et al. 2007; Huszar and Piper, 1989 



dust emitted from the Earth’s surface is given in Table 1. Importantly, all of these impacts are quite 
different for different minerals, and yet for most of these impact we assume soils are homogeneous across 
the planet.  Studies which attempt to differentiate the various mineralogical impacts on climate and 
biogeochemistry suggest that the mineralogy is just as, if not more, important than the amount of dust 
(Sokolik, 1999,Atkinson, 2013, Shi, 2012 ). 
 
To accurately understand the Earth’s current and potential future mineral dust cycle, measurement and 
modeling of the source, transport, and deposition of the dust cycle are required.   For the transport 
component, considerable investments have been made in space-based observation (MISR, MODIS, etc.) 
and more are planned (ACE and international).  In contrast, the current mineral dust source knowledge for 
the Earth is primarily constrained by analyses from agricultural soil maps with mineralogy traced to 
≤5000 soil mineralogical analyses globally and the  most prolific dust sources lack sufficient sampling.   
 
To close this knowledge gap of surface dust source composition, a new space-based spectroscopic 
measurement of the Earth’s surface mineral dust source regions could be acquired in one to two years.  
Spectroscopic measurements in the 380 to 2510 nm range with 10 nm contiguous spectral sampling and 
≤100 m spatial sampling are required.  Such a measurement would improve mineral dust source 
knowledge by sampling of order one million more areas and support a number of science communities 
and as well as provide direct societal benefit. 
 
Current Earth system models are ready to accept accurate Earth surface mineral dust source composition.  
For example, NASA/GISS ModelE2 (Miller et al. 2006; Schmidt et al., 2014) and NCAR CESM (Hurrell 
et al, 2013), with the embedded atmospheric model CAM5 (Neale et al., 2012, Mahowald et al., 2006). 
Both models contribute to the Climate Model Inter comparison Projects (CMIP), which contribute to the 
IPCC.  Comparisons of model predictions of mineral distributions with in situ dust sampling cannot 
simulate all features (Scanza et al., 2015), hence the need for comprehensive and direct measurement of 
surface dust source composition. 
 
In addition to global impacts, the arid regions of the Earth are vulnerable to small shifts in climate and the 
related impacts of surface emitted mineral dust.  For example, the largest changes in precipitation 
recorded in the 20th Century have occurred over the Sahel region of North Africa (e.g. Stocker et al., 
2013). Climate modeling demonstrates that the incorporation of realistic mineral dust models improves 
predictions of temperature and precipitation changes over arid regions (e.g., Miller and Tegen, 1998; 
Yoshioka et al., 2007; Mahowald et al., 2010), and the impact of dust is a function of the mineralogy and 
spatial distribution of soils in dust source regions (e.g. Perlwitz et al., 2001; Ginoux et al., 2012; Ward et 
al., 2014; Miller et al., 2014; Scanza et al., 2015).  
 
Accurate and comprehensive measurement of the Earths mineral dust source regions are required now to 
reduce the uncertainty in current understanding and modeling of this component of the Earth system and 
for future prediction of how the Earths dust cycle may evolve under a range of future climate scenarios. 
 
Why are these challenge/questions timely to address now especially with respect to readiness? 
 
The Earth’s mineral dust cycle impacts multiple components of the Earth system (Table 1).  The dust 
cycle consists of a source, transport and deposition phase.  The current poor knowledge of the 
composition of the Earth’s mineral dust source regions is limiting current understanding and modeling 
research and future projections of the dust cycle as the climate system changes including feedbacks.  
Earth system models are ready to accept accurate constraint of the composition of surface mineral dust 
source regions.   
 



The technology for the required measurements is now ready based on investments over the past decade by 
the for the 2007 HyspIRI Decadal Survey mission.  A 2014 and follow-on 2015 study shows an imaging 
spectrometer with full spectral coverage from 380 to 2510 nm with 10 nm sampling as well as a 185 km 
swath and 30 m spatial sampling could be accommodated on a small satellite and launch from a low cost 
Pegasus rocket.  This global terrestrial mission would fully meet the requirements to measure the Earth 
dust source mineral composition.  Such a mission would complement the current and planned fine and 
coarse spatial sampling multispectral missions (Landsat, VIIRS, etc.) as well as enable new scientific 
research and application across a range of disciplines based on the full spectroscopic measurement. 
 
Why are space-based observations fundamental to addressing these challenges/questions? 
 
The mineral dust source regions are distributed across the arid lands of the terrestrial surface in the 
Southern and Northern hemispheres typically between +-54 degrees latitude.  The spatial area is estimated 
at 2.8x107 km2.  Given the large area and territorial access factors, no ground or airborne strategy can 
provide the compressive and uniform measurements required to address this Earth system science 
challenge.  Even if airspace access could be arranged, measurement of the Earth dust source regions could 
take >10 years and cost in excess of $150M and would be heterogeneous in space and time.  The current 
possible future international space based target sampling imaging spectrometer missions are designed to 
strictly focused mission requirements and do not have the collection capacity or low distortion 
measurements required to address this challenge.  Comprehensive space based spectroscopic observations 
of the Earths arid land regions are the fundamental observation required to provide the uniform 
compositional knowledge of mineral dust source regions and adjacent lands at risk for desertification that 
is needed to address this Earth system science challenge. 
 
A demonstration of this approach has been tested at the Salton Sea, CA area with measurements acquired 
by the high altitude Airborne Visible/Infrared Imaging Spectrometer (AVIRIS)(Figure 1).   The Salton 
Sea is a known mineral dust source region.  The capability to measure the surface dust source mineral 
composition was demonstrated using spectral fitting to the distinct spectral signatures of the minerals of 
interest. 

 
Figure 1.  (a) Airborne imaging spectrometer measurement of the Salton Sea, CA mineral dust source area 
used to map surface mineral dust source composition.  (b) Spectra of key dust source minerals in the 
spectral range from 380 to 2510 nm.  (c) Spectral fitting results to derive surface mineral composition.  
(d) Spectroscopically derived surface mineralogy for the Salton Sea, CA dust source region. 



From space, a comprehensive measurement of the Earth’s surface mineral dust source regions could be 
acquired with spectroscopic measurements spanning in the 380 to 2510 nm spectral region with 10 nm 
contiguous sampling and 30 m sampling from the ISS or a smallsat polar orbiter in one or two years.  This 
new space based measurement of the Earth’s dust source region will improve the state of knowledge of 
mineral dust source composition by ≥106.  This advance benefits a diverse range of science communities: 
climate through the dust impacts of direct radiative forcing and indirectly through cloud formation; 
cryosphere through changes in the albedo and melting of snow/ice; atmospheric composition through the 
chemical impact of mineral on tropospheric photochemistry and acidic deposition; and terrestrial and 
ocean ecosystems through supply of limiting nutrients such as iron and phosphorus.  In addition to 
indirect impacts to society in the science disciplines above, there are direct societal impacts in populated 
regions where mineral dust is a natural hazard that affects human health and safety 
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