
 

ABSTRACT 
 
JOHNSON, MATTHEW STEPHEN. Modeling Mineral Dust and Dissolved Iron Fluxes 
to the Southern Ocean: GEOS-Chem/DFeS Application. (Under the direction of Dr. 
Nicholas Meskhidze.) 
 
 
 Aeolian dust deposition has proven to be a critical source of iron to the oceanic 

regions with high nitrate and low chlorophyll around the globe.  This research was 

conducted to quantify mineral dust and dissolved iron fluxes to the Southern Atlantic 

sector of the Southern Ocean, which is postulated to be the largest oceanic region where 

marine productivity is limited by the micronutrient iron.  To quantify mineral dust and 

dissolved iron fluxes, the 3-D global chemistry transport model GEOS-Chem, 

implemented with a prognostic iron dissolution scheme (GEOS-Chem/DFeS), was 

applied to the Patagonia and South Atlantic Ocean domain between October 2006 and 

September 2007.  This research focused on topics such as the model performance of 

Patagonian dust mobilization, transport, and deposition to the South Atlantic Ocean, 

mineral iron dissolution within advecting Patagonian dust and deposition of soluble iron 

to the surface waters of South Atlantic Ocean.  Sensitivity simulations were conducted to 

estimate the magnitude and rates of deposited dissolved/soluble iron associated with 

natural sources of sulfur dioxide (SO2) (volcanic emissions and oxidation of Dimethyl 

Sulfide) along with different mineralogical compositions of Patagonian soil.  Daily, 

monthly, seasonally, and yearly averaged model outputs of mineral dust emissions, 

transport, and deposition with associated iron dissolution and deposition was compared to 

past literature, Patagonian dust reports, MODIS real-time imagery, and MODIS AOD 

values to better understand the performance of GEOS-Chem/DFeS.   

 The GEOS-Chem model predicted an annual deposition of ~22 Tg of mineral dust 

to the South Atlantic Ocean during our yearlong simulation.  This proved to fall within 

the range of annual dust deposition estimated by past modeling and measurement studies 

focused on our simulation domain.  The model also demonstrated the ability to capture 

dust advection and deposition seasonality, while being in compliance with climatic 

conditions favorable for dust emission and transport, in-situ mineral dust measurements 

in Antarctic, and MODIS AOD variations.  It has been proposed that the majority of dust 



 

can be deposited to the world’s oceans in just a few large episodic dust outbreaks 

annually.  GEOS-Chem predicted that during times of low dust concentrations over 65% 

of mineral dust can be deposited to the South Atlantic during the top 5% of dust 

deposition days.  The fact that GEOS-Chem was in agreement with 75% of large dust 

storms reported in Patagonia provided confidence that the model accurately simulates 

large dust outbreaks.  During our yearlong model simulation and analysis on mineral dust 

treatment, we show that GEOS-Chem is capable of accurately representing dust source 

regions in Patagonia, transport pathways, and the seasonality of mineral dust deposition 

to the South Atlantic Ocean. 

 To simulate iron dissolution during atmospheric transport, an iron dissolution 

scheme was previously implemented into an older version of the base model GEOS-

Chem (v7-03-06) [Solmon et al., 2009].  This version of GEOS-Chem/DFeS proved to be 

in agreement with measurements of dissolved iron and mineral dust over the North 

Pacific.  The model simulates dissolution/precipitation of each mineral, within dust 

aerosols, using calculations based on solution pH, temperature, and the specific surface 

area of the mineral.  During this thesis research I implemented the iron dissolution 

module into the newest version of GEOS-Chem (v8-01-01) and improved the scheme 

with the prescribed mineralogical composition of dust and specified Fe content of 

different clay minerals and iron oxides to represent realistic values of Patagonian topsoil.  

Also I implemented equations that allowed for iron dissolution within smectite and illite 

(clay minerals).  GEOS-Chem/DFeS simulated a yearly total of ~4 Gigagrams of 

bioavaliable iron was deposited to the South Atlantic surface waters.  It was also shown 

through evaluation of dissolved iron fractions that acid mobilization of Patagonian dust is 

limited due to the lack of anthropogenic acidic trace gases, which is most likely due to 

the pristine nature of the domain of interest.  However, with the initial iron solubility 

prescribed to be 0.45% by mass, any amount of elevated dust deposition influenced 

oceanic primary productivity through the production of chlorophyll and the related 

decrease in atmospheric carbon dioxide (CO2) concentrations.  Sensitivity studies were 

conducted to better understand the influence of clay laden-iron dissolution, initial iron 

solubility, doubling of natural SO2 sources and volcanic eruptions on the magnitude and 

spatial patterns of DFe deposition to the South Atlantic Ocean.  While clay mineral 



 

dissolution did prove to have a substantial impact on dissolved iron production, initial 

iron solubility proves to the dominant source of dissolved iron deposited to the South 

Atlantic Ocean. 

 Overall GEOS-Chem/DFeS displayed the capability to simulate both total mineral 

dust and dissolved iron deposition to the South Atlantic Ocean.  However, the extreme 

lack of in-situ measurements of both dust and dissolved iron fluxes did not allow for the 

analysis of the actual accuracy of the model’s performance.  With the improved iron 

dissolution scheme and the ability to quantify chlorophyll production and CO2 

sequestration due to mineral dust deposition, this model proves to have the ability to be 

applied to many future research areas involving topics such as future climate change.  In 

the future, increased knowledge of the relationship between atmospheric deposition of 

mineral dust and oceanic biological processes could be obtained through further 

modeling studies such as the one conducted during this thesis research. 
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CHAPTER 1. INTRODUCTION 

1.1       Background and Motivation  
 
 The complex system of interactions and processes advecting mineral dust and 

inducing dissolution of dust laden-iron (Fe) has become a topic of increasing interest in 

the atmospheric and oceanographic communities.  The motivation of the research on this 

subject is due to the hypothesis that the supply of soluble/bioavailable Fe to the surface 

waters of high nutrient low chlorophyll (HNLC) oceans is a limiting factor of marine 

primary productivity in photosynthetic organisms [Falkowski et al., 1998].  Increased 

interest in this topic has led to worldwide Fe fertilization experiments being conducted to 

further understand how dissolved Fe (DFe) depositions can induce oceanic primary 

productivity and its influence on atmospheric CO2 concentration and climatic feedbacks.  

While the debate concerning the magnitude of CO2 concentrations sequestered to the 

surface and deep oceans remains, the fact the process occurs is no longer in question 

[Meskhidze et al., 2007; Blain et al., 2007; Wagener et al., 2008].  The region of the 

largest interest is the Southern Ocean (SO), which is reflected in a hypothesis that the 

glacial-interglacial change of atmospheric CO2 can be attributed to changes in the 

atmospheric dust-Fe supply to the SO [Martin and Fitzwater, 1988].  Further climatic 

feedbacks can be attributed to DFe depositions to HNLC oceans, described in the CLAW 

hypothesis [Charlson et al., 1987].  Remote ocean Fe fertilization due to aeolian dust 

deposition has been shown to increase phytoplankton population, which then will 

increase the emissions of dimethyl sulfide (DMS) and organics to the atmosphere.  These 

increased emissions have shown to increase cloud condensation nuclei (CCN) number 

and decreased cloud droplet radii, increasing the second indirect effect by increasing 

cloud lifetime and decreasing incoming solar radiation to the surface.  These reasons 

provided the primary motivation to study Patagonian dust laden-DFe deposition and 

processes increasing DFe production and deposition rates to the surface waters of the SO.  

 Due to the limited amounts of in-situ measurements of both dust and DFe fluxes 

to HNLC surface waters, such as the South Atlantic Ocean (SAO), models must 
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accurately fill the gaps when measurements are not available.  While dust advection, 

transport, and depositions are marginally understood by the scientific community in the 

Northern Hemisphere [Mahowald et al., 2008], Southern Hemispheric dust source 

regions, transport, and deposition have been less studied.  Globally, Fe dissolution 

processes and deposition are presently widely misunderstood and require further 

laboratory, measurement, and modeling studies to increase the knowledge of this subject.  

This further provided the motivation to model dust and Fe dissolution processes 

simultaneously, and quantify the fluxes of DFe to the SAO surface waters. 

 The problem that hinders this research is the extremely low solubility of Fe in 

oxygenized environments, such as the surface waters of HNLC ocean [Liu and Millero, 

2002] and the lack of knowledge of processes that can increase or maintain solubility of 

mineral dust after atmospheric deposition.  In this work we wish to better constrain the 

pathways and processes that contribute soluble Fe to the surface waters of the SAO.  For 

the “remote” SAO, atmospheric deposition of dust laden-Fe has been proposed to be the 

major supply pathway of terrestrial nutrients for marine primary productivity.  This was 

shown in a study by Gaiero et al. [2004] which demonstrated Patagonian riverine DFe to 

be the major supplier of nutrients to coastal oceans, not remote. The rapid uptake of 

riverine DFe is due to high concentrations of phytoplankton in coastal oceanic regions.   

However, recent studies have also pointed out the importance of marine processes, such 

as upwelling and horizontal transport, for biogeochemical cycling of Fe in the surface 

waters of the SO [Meskhidze et al., 2007; Blain et al., 2007; Wagener et al., 2008].  Due 

to the debate whether the dominant source of bioavaliable Fe is from atmospheric 

deposition or oceanic processes, both processes must be fully understood to assess 

whether one process is more important than the other.  Patagonia was chosen for our 

research due to the fact 90% of aeolian dust is contributed to the SAO surface waters 

from this region [Gaiero et al., 2006].  The importance of mineral dust advection out of 

Patagonia, sources regions, emission rates, transport, atmospheric Fe dissolution, and 

deposition processes must be well understood to fully constrain dust laden-DFe 
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deposition to the SAO.  The overall goal was to better quantify dust laden-Fe advection, 

transport, and deposition for the supply of oceanic primary productivity, while 

simultaneously analyzing Fe dissolution processes during atmospheric transport. 

 

1.2       Patagonia 

Patagonia is the region comprising the southernmost portion of South America 

between 39˚ and 52˚S latitude.  Located in Argentina and Chile, it contains the Andes 

Mountains to the west and south, and low plains to the east (Figure 1.1).  The geography 

and topography of the region produce the two main factors causing the arid climate that 

has made Patagonia one the dominant sources of dust supply to the SO [Gaiero et al., 

2004; Li et al., 2008].  The first characteristic is, in the mid-latitudes of the Southern 

Hemisphere, the sub polar cyclonic air masses and the subtropical anticyclonic air masses 

meet and merge [Endlicher, 1991].  This convergence of air masses causes dominant 

westerly winds to blow across Patagonia throughout the year.  The second dominant 

feature, the Andes Mountains, is the reason in which these westerly winds are lacking of 

moisture.  As the westerly winds converge on the western side of the Andes, which run 

north to south, the air is forced to rise, condense, and precipitate.  The air then descends 

on the eastern side of the Andes, warming and drying the winds further [Miller, 1976].  

These strong dry winds produce the top soil aridity and dust advection from Patagonia, 

which is transported and deposited in the SAO. 

Patagonia is considered to be primarily a pristine area, but sources of sulfate 

precursors, primarily SO2, do affect the area contributing to Fe dissolution.  The sources 

of sulfate are shown in Figure 1.2 displaying annually averaged surface concentrations 

of: a) anthropogenic and volcanic SO2 and b) DMS.  Figure 1.2 illustrates that both 

anthropogenic and natural sources (DMS and volcanic emissions) can have some 

influence on dust laden-Fe over Patagonia and the SAO.  Both anthropogenic and 

volcanic (top left source in Figure 1.2(a)) SO2 are transported to Patagonia from western 

Chile throughout the year.  For areas with limited impact from anthropogenic pollutants, 
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natural sources of acidic trace gases contribute a much higher degree of impact when 

compared to urban regions.  Volcanic SO2 is transported towards Patagonia by the same 

winds that advect dust from the deserts of the region.  Also, DMS emissions from the 

oceans, produced by phytoplankton, are a large source of sulfate precursors over the 

SAO.  While Patagonia has no major cities (anthropogenic pollutant sources), transport 

from larger urban areas located to the north can provide, the sulfate precursor, SO2 for Fe 

dissolution.  These sources of sulfate precursors are important for the acidification of 

mineral dust particles leading to increased Fe dissolution.  Our study focuses on natural 

sources of sulfate along with anthropogenic trace gases influence on Fe dissolution.  This 

research proved to be one of the first modeling studies that focused on natural, not 

anthropogenic, sources of trace gases and the impact on DFe deposition to the surface 

oceans. 

 

1.3      GEOS-Chem  

In this work we use the global chemistry transport model GEOS-Chem with an 

implemented prognostic dust-Fe dissolution scheme (GEOS-Chem/DFeS model) 

[Meskhidze et al., 2005; Solmon et al., 2009] to estimate dust aerosol mobilization in 

Patagonia as well as the transport, and deposition of total amount of dust and soluble Fe 

to the surface waters of the SAO.  Our model simulations focused on three main topics: 

1) Patagonian dust mobilization, transport, and deposition to the SAO; 2) Mineral Fe 

dissolution within advecting Patagonian dust and deposition of soluble Fe to the surface 

waters of SOA; 3) Sensitivity simulations to estimate the fluxes of soluble Fe associated 

with natural sources of SO2 and different mineralogical compositions of Patagonian soil.  

Natural sources considered here include volcanic emissions and the production of SO2 

(and eventually SO4
2-) from the oxidation of biogenic DMS from the ocean.  The model 

results for mineral dust advection and transport, Fe dissolution processes, and dust and 

DFe deposition to the SAO are compared to past research studies, local dust reports, and 

real-time imagery and aerosol optical depth (AOD) values inferred from space-borne 
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Moderate Resolution Imaging Spectroradiometer (MODIS).  The following sections will 

give a brief overview of the data bases used in GEOS-Chem. 

 

1.3.1  Meteorological Fields 

 The Goddard Earth Observing System Model, Version 5 (GEOS-5) is a 

combination of models integrated using the Earth System Modeling Framework (ESMF). 

The GEOS-5 meteorological fields integrate the GEOS-5 AGCM (Atmospheric Global 

Climate Model) with the Grid point Statistical Interpolation (GSI) analysis of 

atmospheric properties developed from NOAA/NCEP/EMC.  The GEOS-5 systems are 

being developed in the Global Modeling and Assimilation Office (GMAO) to support 

NASA's earth science research in data analysis, observing system modeling and design, 

climate and weather prediction, and basic scientific research [Bacmeister et al., 2006].   

 GEOS-5 fields contain 52 different meteorological variables (both 2-D and 3-D) 

on a 1˚ 1˚ degree grid resolution.  The variables can then be regridded to the desired grid 

resolution for the specific GEOS-Chem simulation.  The vertical structure of the 3-D 

meteorological variables has two different configurations: single-level (can be vertical 

averaged or surface values), or pressure-level. Single-level data for a given variable 

appear as 2-D fields (x, y, time), while pressure-level data appear as 3-D fields (x, y, z, 

time). Pressure-level data are output on the desired amount of pressure levels (hPa) 

prescribed to the model simulation (with options of 47 (reduced) or 72 levels). The 

appropriate grid structure will be specified both in the filename and the in the structure of 

the metadata [Lucchesi, 2007].   

 Several processes important for our research, pertaining to GEOS-5 

meteorological fields, are calculated during GEOS-Chem simulations.  Advection is 

calculated every 15 minutes with a flux semi-Lagrangian method described by Lin and 

Rood [1997]; moist convection is calculated using GEOS-5 convective, entrainment, and 

detrainment mass flux variables [Allen et al., 1996]; also an important influence that the 

meteorological fields have on the chemical parameters is that pollutants are considered to 
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be uniformly-mixed within the GEOS-5 predicted mixed layer.  The mixed layer can 

have profound impact on surface concentration of pollutants, thus overall air quality.  For 

a full list of GEOS-5 meteorological variables, see the website located on the GEOS-

Chem homepage (http://www as.harvard.edu/chemistry/trop/geos/doc/man/index.html). 

 

1.3.2  Emissions 

 GEOS-Chem allows for the usage of several different anthropogenic emission 

inventories: the emission inventory for the year 1985 includes the Global Emission 

Inventory Activity (GEIA), which is the default inventory to account for global 

anthropogenic emissions, Big Bend Regional Aerosol and Visibility Observational 

(BRAVO) [Kuhns et al., 2003], Emissions Database for Global Atmospheric Research 

(EDGAR) [Olivier et al., 2001], European Monitoring and Evaluation Programme 

(EMEP) [Vestreng and Klein, 2002], and the Environmental Protection Agency and 

National Emission Inventory non-methane (EPA/NEI99).  Table 1.1 illustrates the 

emission inventories that are currently available for full chemistry GEOS-Chem 

simulations.   

 Natural emission inventories pertaining to our research include volcanic SO2 and 

oceanic DMS emissions.  Limited knowledge and infrequent measurements of volcanic 

emissions cause for a limited data base for SO2 emissions produced by volcanoes.  

However, the volcanic emissions inventory allowed for simple implementations of 

separate volcanoes, whether eruptive or continuous, which became important during our 

research.  The volcanic SO2 emissions are derived from GEIA emissions inventory and 

Total Ozone Mapping Spectrometer (TOMS) remotely-sensed data.  Monthly averaged 

oceanic DMS emissions were developed by Dr. Meinrat Andreae.  Table 1.2 gives a 

complete list of chemical species transported during our model simulations (tracers are 

assigned to species with lifetimes long enough for transport between grid cells).  

 The online mineral dust module in GEOS-Chem accounts for the mobilization of 

dust aerosols from the Earth’s surface using the Dust Entrainment and Deposition 
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(DEAD) scheme [Zender et al., 2003], gravitational settling, and wet and dry deposition 

based on Fairlie et al. [2007].  GEOS-Chem has previously been shown to capture much 

of the amplitude and seasonal cycle in dust climatologies at the surface sites of the North 

Pacific Ocean [Fairlie et al., 2007].  Dust advected into the atmosphere by high wind 

speeds causing the saltation effect, originates in parent soils which contain the clay-sized 

((particle diameter) Dp < 2.5 μm) and silt-sized (2.5 < Dp < 60 μm) particles whose 

atmospheric residence time exceeds about 20 minutes.  In GEOS-Chem, only dust 

particles up to ≤ 12 μm in diameter are simulated during atmospheric transport and are 

treated in four separate size bins with diameters of 0.2–2.0, 2.0–3.6, 3.6–6.0, and 6.0–

12.0 μm.  The accuracy of the DEAD scheme, used to derive the amount of dust aerosols 

being advected for long range transport, becomes extremely important for analysis of 

dust laden-Fe deposition to surface oceans downwind from source regions. 

 The physical processes simulated in the DEAD scheme are: the boundary layer 

kinematic and thermodynamic properties as the surface and atmosphere are constantly 

adjusted with surface heat, vapor, and momentum exchanges to determine thermal 

equilibrium with the radiation fields [Bonan, 1996].  This is accounted for by these 

adjustments when computing the frictional drag generated by surface winds above the 

ground.  Solving the boundary layer turbulence problem determines the modeled wind 

friction speed.  The DEAD scheme simulates dust entrainment by the saltation of the 

parent soil population [White, 1979].  When the wind friction speed exceeds the 

threshold speed [Iversen and White, 1982], the saltation effect causes sand, silt, and clay-

sized particles to overcome their cohesive forces to become entrained in the atmosphere 

[Marticorena and Bergametti, 1995] in proportion to size distributions. 

 The DEAD scheme online calculations of horizontal dust fluxes (dust emissions) 

use the inputs: boundary layer wind speeds, soil texture and hydrology, leaf and stem area 

index, solar and thermal radiative fluxes (to determine stability), and local topography.  

Using these inputs, the model calculates the horizontal saltation mass flux Qs and the 

size-dependant vertical dust entrainment flux Fd, j using equation of Zender et al. [2003]: 
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,  ,  

where T is a globally uniform tuning factor, Am is the fraction of bare soil exposed in a 

gridcell,  is the saltation and blasting mass efficiency [Alfaro et al., 1997], and Mi, j is 

the mass fraction of each source mode i carried in each transport bin j. 

 

1.3.3  Chemistry 

 During full chemistry simulations, used in this research, GEOS-Chem treats the 

transport and chemical reactions of 105 chemical species and over 300 tropospheric 

reactions using the sparse-matrix vectorized gear (SMVGEAR II) ordinary differential 

equation (ODE) solver.  Simulations using GEOS-Chem at a 2° 2.5° grid resolution are 

set to have a time step of 15 minutes for emission and chemistry calculations.  Tracers are 

assigned to long lived species (Table 1.3), such as dust aerosols and dissolved Fe, for 

calculations of transport between grid boxes.  During full chemistry configurations, 

GEOS-Chem includes H2SO4-HNO3-NH3 aerosol thermodynamics coupled to an O3-

NOx-hydrocarbon-aerosol chemical mechanism [Bey et al.; 2001; Park et al., 2004].  

Sulfur compounds, carbonaceous aerosols, and sea-salt emissions and chemistry are 

accounted for and described by Park et al. [2004], Heald et al. [2004] and Alexander et al. 

[2005].  Treatment of aerosol thermodynamics is conducted with thermodynamic module 

ISORROPIA [Nenes et al., 1998].  ISORROPIA calculates the phase state and 

composition of ammonia-sulfate-nitrate-chloride-sodium-water inorganic aerosols in 

thermodynamic equilibrium with gas phase precursors [Nenes et al., 1998].  In GEOS-

Chem photolysis frequencies and rates are calculated using the fast-j algorithm from Wild 

et al. [2000].  This scheme uses a seven-wavelength scheme and includes Mie scattering 

from clouds and aerosols.  The Fast-j scheme depends on surface albedo and vertical 

cloud optical depths which are taken from GEOS-5 meteorological fields [Bey et al., 

2001].  A routine implemented into GEOS-Chem by Solmon et al. [2009] simulates the 

interactions of mineral dust aerosols with atmospheric moisture and soluble trace gases 
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through chemistry, kinetics, and thermodynamic calculations.  These calculations and 

techniques control solution pH and mineral dissolution within deliquesced solutions, 

surrounding dust aerosols, during atmospheric transport.   

 

1.4       Objectives 

 A yearlong simulation, between October 2006 and September 2007, applying 

GEOS-Chem/DFeS to the Patagonia/SAO domain was conducted to analyze the 

following: 

 (1) Simulated dust mobilization source regions and emission rates throughout the 

deserts of Patagonia. 

 (2) Temporal and spatial mineral dust transport pathways and deposition fluxes to 

the SAO. 

 (3) Dust-Fe dissolution processes during atmospheric transport.  

 (4) Temporal and spatial patterns of DFe fluxes to the SAO. 

 (5) Model sensitivities to determine the influence on DFe deposition fluxes by a) 

initial dissolved Fe fraction (DIF), b) implemented clay laden-Fe dissolution, c) doubling 

of natural SO2 sources (DMS and volcanic emissions). 

 (6) The influence of atmospheric mineral dust and DFe deposition on increased 

chlorophyll production and subsequent carbon sequestration. 
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CHAPTER 2.  LITERATURE REVIEW 

2.1 Introduction 

 Mineral dust aerosols can play an important role on the radiative, chemical, and 

biogeochemical processes in the Earth’s systems.  The focus of this research is on how 

aeolian dust deposition has proven to be a critical source of Fe to HNLC oceanic regions 

[Martin and Fitzwater, 1988; Coale et al., 1996; Boyd et al., 2000; Fung et al., 2000].  

The HNLC waters comprise ~30% of the world oceans (Figure 2.1); thus the supply of Fe 

to the surface waters of these oceans may play a key role in regulating biological 

productivity, atmospheric CO2 concentration, and climate [Martin et al., 1990; Zhuang et 

al., 1992; Jickells et al., 2005].  Out of the three main HNLC areas (subarctic north 

Pacific, equatorial Pacific, and the Southern Ocean) the SO is suggested to be the largest 

region where marine productivity is limited by the micronutrient Fe [Martin et al., 1990; 

Watson et al., 2000; Boyd et al., 2000].  The importance of this region is reflected in a 

hypothesis that the glacial-interglacial changes in atmospheric CO2 can be attributed to 

changes in the atmospheric dust-Fe supply to the SO [Martin and Fitzwater, 1988]; 

though recent studies have also pointed out the importance of marine processes for the 

biogeochemical cycling of Fe in the surface waters of the SO [Meskhidze et al., 2007; 

Blain et al., 2007; Wagener et al., 2008].  Despite the important role of dust laden-Fe in 

influencing primary productivity in polar and sub-polar waters of the SO, few studies 

exist that can help constrain atmospheric mineral dust and dust-laden Fe fluxes to the 

HNLC waters of the Atlantic sector of the SO.  For example, Patagonia has been 

estimated to supply up to 90% of mineral-Fe deposited to the South Atlantic Ocean 

(SAO) [Gaiero et al., 2006], however, dust source regions, advection seasonality, and 

transport pathways remain poorly defined [Mahowald et al., 2008].  The focus of this 

study is to simulate dust laden-Fe deposition, advected out of Patagonia, to the SAO and 

SO domain. 

 The role of aeolian Fe deposition in marine ecosystem productivity is further 

complicated by the fact that oceanic photosynthetic processes are primarily influenced 
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not by the total amount of dust-laden Fe, but the portion of Fe that is water soluble (or 

bioavailable) [Jickells et al., 2005].  Despite Fe being the fourth most abundant element 

in the earth’s crust (~3.5% by weight in desert soils [Taylor and McLennan, 1985; Duce 

and Tindale, 1991]) and the fact that Fe can be delivered in large quantities to the surface 

ocean of the SAO (ranging between ~0.1-1.0 Tg yr-1) from terrestrial sources of South 

America [Gaiero et al., 2004; Li et al., 2008], the biology of this oceanic environment can 

be limited by bioavaliable Fe.  Sampling of desert top soils around the world has shown 

that at dust source regions, Fe is found primarily in the form of Fe(III) (oxyhydr) oxides 

such as hematite (α-Fe2O3) and goethite (α-FeO(OH)) or substituted into aluminosilicate 

minerals [Dedik and Hoffmann, 1992; Hoffmann et al., 1996; Arimoto et al., 2002].  At 

the source, the DIF is on average < 1% [Journet et al., 2008].  However, in-situ 

measurements far from dust source regions have reported values of DIF in mineral dust 

aerosols to be up to ~80% [Baker and Jickells, 2006].  These measurements support the 

hypothesis that atmospheric processing of mineral dust by anthropogenic and natural 

pollutants may be an important process in mobilizing dust laden-Fe and increasing 

bioavaliable Fe for oceanic primary productivity. 

The sources and processes producing higher solubilities of dust laden-Fe presently 

remains under debate.  Several past studies have shown that the majority of soluble Fe is 

derived from atmospheric processing during long-range transport [e.g., Jickells & Spokes 

2001; Mahowald et al., 2005], because desert top soils are characterized by low Fe 

solubilities ( 0.1%) [Fung et al., 2000; Hand et al., 2004], differing from atmospheric 

measurements of Fe which have shown solubilities approaching ~80% [Baker and 

Jickells, 2006].  The dissolution of Fe containing minerals is extremely low at neutral pH 

values encountered in ocean waters [Stumm and Morgan, 1996; Fung et al., 2000; Hand 

et al., 2004; Bonnet and Guieu, 2004; Jickells et al., 2005], therefore, it has been 

proposed that acidification of mineral dust aerosols, during atmospheric transport, 

increases the amount of bioavailable Fe after its deposition [Duce and Tindale, 1991; Zhu 

et al., 1992; Zhuang et al., 1992a; Zhuang et al., 1992b; Zhu et al., 1993; Zhu et al., 1997; 
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Meskhidze et al., 2003; Meskhidze et al., 2005].  Both natural, through biological 

production of DMS [Zhuang et al., 1992b], and anthropogenic, through the mixing of 

mineral dust with anthropogenic SO2 and nitric acid (HNO3) [Meskhidze et al., 2003], 

pathways for dust acidification have been proposed.  Modeling studies incorporating 

acid-mobilization of Fe resulting from the mixing of dusts with anthropogenic acidic 

gases have predicted considerable increases in soluble Fe as a result of this mixing 

process [Meskhidze et al., 2005; Fan et al., 2006; Solmon et al., 2009].  However, 

Patagonia, the postulated source region for the dust-laden Fe fertilizing the SAO, is 

sparsely populated and considered one of the most pristine areas of the globe.  Therefore, 

the amount of anthropogenic acidic trace gases available for mixing with mineral dust 

plumes is unlikely to be sufficient to significantly acidify dust aerosols and mobilize 

mineral-Fe.  Here, the impact of anthropogenic and naturally produced trace gases will be 

considered in their influence on dust laden-Fe mobilization during atmospheric transport 

from Patagonia to the surface waters of the SAO. 

  

2.2  Atmospheric Processing and Acid Mobilization 

 The solubility of Fe is controlled by many complex interactions and processes that 

can take place during the atmospheric transport of aeolian dust.  Differing processes have 

been hypothesized to play a role in the production of higher DIF of dust-laden Fe.  For 

example, it has been assumed that exposing insoluble Fe(III) to solar radiation (assumed 

a limiting factor) can convert Fe(III) species to more soluble forms of Fe(II) and small 

portions of soluble Fe(III) [Siefert et al. 1997; Zhu et al., 1997].  A modeling study by 

Luo et al., [2005] demonstrated that this process could produce significant amounts of 

soluble forms of Fe(II) during atmospheric transport.  This process has been further 

advanced by Key et al., [2008] with research on the influence of organic species on the 

rates of photochemistry during atmospheric transport.  It was shown that ligand to metal 

charge transfer by organics such as oxalate (formed through oxidation of organic 

pollution found in cloud/fog water) and oxidation products of DMS increase the rate of 
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conversion between Fe(III) to Fe(II) during cloud processing [Emmenegger et al., 2001; 

Pehkonen et al., 1993; Key et al., 2008].  These studies have helped to better constrain 

past studies that hypothesized cloud processing was strictly dependant on the acidity of 

cloud water found in nature.   

 In this study acid mobilization and its impact on dust laden-Fe dissolution is the 

primary focus.  This processes is built upon the theories that the absorption of 

anthropogenic and natural gases such as sulfate (resulting from condensation of sulfuric 

acid (H2SO4and direct absorption of SO2) and nitrate (formed from nitric acid absorption 

and direct uptake of nitrogen dioxide (NO2) gas) on deliquesced dust particles will 

increase the solubility of Fe(III) species [Duce and Tindale, 1991; Zhu et al., 1997; 

Zhaung et al., 1992a; Spokes and Jickells, 1996; Meskhidze et al., 2003, 2005].  For 

example, Meskhidze et al., [2003] explains that dust layers imbedded with high 

concentrations of SO2 (anthropogenic or natural) can cause pH levels of the aqueous 

surrounding layer on dust aerosols to become sufficiently low to initiate Fe and mineral 

mobilization.  If SO2 levels are high enough to overcome the buffering of calcium 

carbonate (CaCO3) present in mineral dust, the remaining SO2 concentration will produce 

pH levels acidic enough (~0-2) to dissolve dust laden-Fe [Meskhidze et al., 2005].  

Global modeling studies of this process are limited and the ability to accurately treat Fe 

dissolution is important due to the Fe biogeochemical cycle controlling marine primary 

productivity in HNLC oceans and the importance oceanic biology has on atmospheric 

CO2 concentrations and climatic feedbacks.   

 It has been shown that the anthropogenic emissions of soluble trace gases and 

resulting absorption of these gases, such as SO2, H2SO4, and HNO3, can alter dust surface 

properties allowing for the deliquescence of mineral dust particles (increased 

hygroscopicity) and increased Fe dissolution within mineral dust particles [Meskhidze et 

al., 2003, 2005; Fan et al., 2006; Solmon et al., 2009].  However, pristine areas of the 

globe, such as Patagonia, receive minimal amounts of anthropogenic pollutants.  For 

these regions the importance of natural sources, such as volcanic emissions and DMS 
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(oxidized to SO2) emitted by oceanic photosynthetic processes, are important for acid 

mobilization.  As shown in Figure 1.2 volcanic emission and DMS concentrations are 

transported to regions of dust advection of Patagonian dust and over the SAO domain. 

 Physical characteristics of dust plumes and single dust particles can also lead to 

increased solubility of dust laden-Fe.  Studies have shown an inverse relationship 

between atmospheric dust concentrations and the solubility of aeolian dust laden-Fe 

[Chen and Siefert, 2004; Baker and Jickells, 2006; Meskhidze et al., 2005; Solmon et al., 

2009].  Also, due to the preferential removal of particles with larger diameters by 

gravitational settling [Seinfeld and Pandis, 1998], dust plumes can have smaller 

concentrations and dust particle diameters during long-range transport.  With smaller 

concentrations of dust during transport, soluble acidic trace gases will be more likely to 

overcome the calcium carbonate buffer (due to CaCO3) and lower pH values of the 

deliquesced dust particle, thus having a better chance of initiating dust laden-Fe 

dissolution.  Studies over the Atlantic Ocean demonstrate a transition in the mineralogy 

associated with Saharan dust during long-range transport, with a decrease of quartz 

particles in favor of clay fractions [Glaccum and Prospero, 1980].  As dust plumes reach 

remote ocean regions dust concentrations will be diminished and smaller particles, with 

larger surface areas, will be dominant.  The larger surface areas expose a maximum 

amount of Fe contained within the aerosol to acidic trace gases in the atmosphere.  These 

two physically-based characteristics can lead to higher fractions of bioavaliable Fe 

deposition, due to increased acid mobilization, to the world’s oceans.   

 

2.3  Dust Aerosol Mineralogy 

 As explained previously, long-range transport of dust aerosols will cause the 

preferential deposition of larger particles, associated with a shift in dust mineralogy from 

(large) quartz to (smaller) clay minerals away from emission sources.  In previous 

research it was commonly assumed that iron (oxyhydr) oxides such as goethite and 

hematite were the major forms of Fe solubilized during atmospheric processes and 
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available for biological utilization [Meskhidze et al., 2005; Luo et al., 2005; Fan et al., 

2006; Solmon et al., 2009].  However, recent studies reveal that in addition to Fe oxides, 

large fractions of soluble Fe can be released from aluminosilicate minerals [Journet et al., 

2008].  Journet et al., [2008] demonstrated these results with measurements of Fe 

solubilities from common minerals found in dust aerosols (clay, feldspar and iron 

(oxyhydr) oxides).  It was observed that greater solubilities of Fe resulted from clays 

(~4%) in comparison to Fe (oxyhydr) oxides (< 1%) after simulated atmospheric 

transport (pH < 5).  Complementary analyses using Mössbauer spectroscopy and 

scanning electron microscopy with energy dispersive X-ray analysis (CCSEM/EDX) 

suggests that solid phases responsible for DFe generation may be Fe(II)-substituted 

aluminosilicates [Cwiertny, et al., 2008].  Fe solubility measurements, using several 

minerals commonly found in dust, further showed that the larger fraction of Fe dissolved 

by atmospheric processing might be associated with clay minerals [Journet et al., 2008].  

It was suggested that the solubility could be the highest for the clay minerals where Fe is 

often found as amorphous impurities, compared to the (oxyhydr) oxides where Fe is 

bounded by covalent bonds in the crystalline lattice [Journet et al., 2008].  Despite such 

findings, there are presently no modeling studies examining the magnitude and 

importance of bioavailable Fe fluxes associated with clay mineral dissolution. 

 Aerosol mineralogy has been shown to be one of the main factors influencing Fe 

solubility [e.g., Meskhidze et al., 2005].  However, the mineralogy of the transportable 

fraction of Patagonian soil (i.e., the fraction of the soil particles that can be uplifted and 

transported over large distances by wind) is not well known.  Limited sampling of 

Patagonian dust mineralogy has shown dust aerosols to be comprised mainly of clay 

minerals, quartz, and plagioclase.  The composition of clay minerals making up dust 

aerosols has been shown to be primarily smectite with small portions of illite and 

kaolinite [Gaiero et al., 2004; Ramsperger et al., 1998].  There is also some uncertainty 

regarding the importance of different Fe containing minerals for oceanic primary 

productivity fertilization.  For these reasons, this research was chosen to analyze clay 
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mineral dissolution, along with hematite, during the long range transport of Patagonian 

dust. 

  

2.4  Previous Mineral Dust Modeling Studies 

 Measurements of desert dust and DFe fluxes to the remote oceans are extremely 

limited in all regions, with higher limitations in the remote regions of the Southern 

Hemisphere.  A tool that is most often used to extrapolate and fill in the gaps of limited 

in-situ measurements are global aerosol transport models.  Global numerical models 

simulating mineral dust emission, transport, and deposition have been in development 

over the past two decades [e.g., Marticorena and Bergametti, 1995; Tegen, 2003, 

Mahowald et al., 2005)].  All over the world, global and regional dust models are being 

used for research and operational forecasting of mineral dust emissions, concentrations, 

and deposition.  Global aerosol models treating dust particles have been used to study 

aspects that could explain important climatic issues such as glacial to inter-glacial 

transitions and past and present climate change [e.g., Mahowald et al., 1999; Werner et 

al., 2002; Mahowald et al., 2006].  Although progress has been made in the treatment of 

mineral dust aerosols in models, several difficulties, such as quantifying emissions and 

depositions, still remain.  In this section an overview will be presented on past and 

present modeling studies helping to better constrain mineral dust in global/regional 

models.  

 Prior to the analysis of a model’s ability to simulate fluxes of DFe to the Earth’s 

oceans, one must first understand the model’s treatment of mineral dust.  The reasonable 

representation of long-range transport of dust particles first requires accurate dust 

mobilization.  The process of modeling dust emissions is highly complex with 

dependence on various meteorological and ground surface characteristics.  Mineral dust 

emission schemes are highly dependent on surface wind speed, soil moisture, size 

distribution of soil, soil crustiness, roughness length, vegetation cover, and snow cover 

[Ginoux et al., 2001; Zender et al., 2003].  An important aspect, explained in Zender et al. 
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[2003], is the fact that smaller dust particles are needed for long-range transport but due 

to large cohesion forces of silt and clay size particles are not prone to atmospheric 

entrainment.  As larger, sand sized, particles are advected they will impact clusters of 

smaller particles and reduce the cohesion forces and allow for smaller particles to be 

entrained up into the atmosphere (“saltation” effect).  This process is highly dependent on 

surface wind speeds.  If the wind speed velocities are just a few m/s slower than the 

threshold velocity of dust emission, predicted by the model, than the model may fail to 

advect larger dust particles to initiate the saltation effect.  Major past global modeling 

studies along with in-situ measurements have allowed science to achieve a higher 

understanding of dust emission source and strengths from global sources [e.g. 

Marticorena and Bergametti, 1995; Tegen et al., 2002; Ginoux et al., 2001, 2003; Zender 

et al., 2003; Mahowald et al., 2003, 2005, 2008; Fairlie et al., 2007; Li et al., 2008]. 

 Dust emission regions and intensities are difficult to validate due to the inability 

to observe or measure global emissions.  Until satellite retrieval has the ability to quantify 

column dust concentrations, we will be unable to understand global dust emissions.  

Several past modeling studies have made global quantifications of mineral dust 

advection.  Zender et al. [2003] reported that global dust emission estimates for present 

climate ranges from 1000 to 2150 Tg yr–1.  However, the estimated ranges of global dust 

emission have not become narrower with present global simulations; they have since then 

ranged from 800 [Tegen et al., 2002] to over 4000 Tg yr–1 [Mahowald et al., 2006].  Not 

only are these differences caused by differing dust mobilization schemes; but differences 

in meteorology and particle size range and size distribution make comparisons among 

models difficult.  Cakmur et al. [2006] conducted an in-depth analysis of past modeling 

simulations to constrain the magnitude of global dust emissions.  From this report it was 

found that an agreement with observations of the mineral dust concentration and 

deposition fluxes are the greatest for global dust emission between 1500 to 3000 Tg yr–1.  

This is a large range in annual emissions which adds to the difficulty in constraining 

mineral dust emissions on a global scale.    
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 Due to large particles being prone to gravitational settling, only dust aerosols with 

diameters ~12 μm and smaller are usually considered for long-range transport [Seinfeld 

and Pandis, 1998;  Reid et al., 2003].  Dust is removed from the atmosphere by dry and 

wet deposition process.  Typically, dry deposition is dominant for large particles, and 

small particles are mainly removed by wet deposition.  The ratio of dry and wet 

deposition flux is mostly model dependant.  Modeling studies that focused on dust 

deposition fluxes in the past [e.g., Tegen & Fung 1994; Ginoux et al. 2001; Mahowald et 

al., 2002, 2003; Ginoux et al., 2004; Hand et al., 2004] evaluated spatial and temporal 

variability on a global scale, furthering sciences knowledge of global dust deposition.  

While dust deposition measurements are limited, they still have been used to evaluate 

aerosol models treatment of dust deposition.  Modeling studies [e.g., Luo et al., 2003, 

2005, 2008; Mahowald et al., 2003; Hand et al., 2004] show that terrestrial in-situ 

measurements have higher correlation with model outputs than when compared to marine 

based measurements, which may point to the uncertainty in modeling wet deposition 

processes.  The difficulty in predicting dust concentrations and depositions increases due 

to the fact that dust events are episodic in nature.  Large dust outbreaks occur only during 

a few days annually, and these events contribute the dominant magnitude of both dust 

concentration and depositions [Loye-Pilot et al., 1986].  It is unlikely that any individual 

observation station will record data on the few days each year that have elevated dust and 

in the same location of the dust plume.  This fact can be further magnified when models 

are forced to use larger grid resolution domains.  This has caused comparisons of annual 

averaged modeled dust concentrations and observations to result in the model outputs 

being 50–1000% larger than the average observed dust concentration [Mahowald et al., 

2008].  This has been shown to be true with modeling studies overestimating dust 

concentrations in locations with lower dust concentrations and depositions such as over 

the South Pacific [Wagener et al., 2008] and the tropical Pacific [Prospero and Bonnati, 

1969; Winckler et al., 2008].  With the ever increasing interest in dust laden-Fe 
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deposition and its impact on marine primary productivity, improving dust aerosol 

modeling is an increasing topic of importance. 
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CHAPTER 3.  MODEL CONFIGURAITION and EVALUATION 

3.1  GEOS-Chem 

 GEOS–Chem is a 3-D global chemistry transport model of tropospheric 

chemistry, which is driven by assimilated meteorological observations from the Goddard 

Earth Observing System (GEOS) of the NASA Global Modeling Assimilation Office.  

GEOS-Chem was developed and is currently updated by personnel at Harvard University.  

The latest version of GEOS-Chem, version v8-01-01 was recently released to the public 

on May 8, 2008.  Important improvements from the previous version (v7-03-06) include: 

complete compatibly with GEOS-5 meteorological data, more comprehensive treatment 

of tropospheric chemical reactions due to the increased number of vertical levels and the 

capability to use SMVGEAR, and updated global and regional anthropogenic emissions.  

Due to public releases GEOS-Chem has had several versions with improvements from 

scientists not working at Harvard.  This has allowed GEOS-Chem to grow and improve 

significantly over the past few years.  Emission inventories, meteorological fields, and 

data bases have previously been discussed.  The preceding sections will describe how and 

why GEOS-Chem has been applied and modified as part of this research. 

   

3.2  GEOS-Chem/DFeS  

 A prognostic, physically-based, dust-Fe dissolution module (DFeS) [Meskhidze et 

al. 2005] was previously implemented in GEOS-Chem by Solmon et al. [2009].  The 

DFeS model explicitly considers mineralogical composition of windblown dust and uses 

the aqueous phase equilibrium and dissolution/precipitation reactions for the following 

minerals contained in dust aerosols: calcite, albite, microcline, illite, smectite, kaolinite, 

quartz and hematite [Meskhidze et al. 2005].  The dissolution/precipitation of each 

mineral is assessed based on solution pH, temperature, and the specific surface area of the 

mineral (surface areas assumed from Meskhidze et al. [2005]).  With a given 

mineralogical composition of dust and specified Fe content of different clay minerals, 

DFeS can estimate the amount of soluble Fe produced during atmospheric transport and 
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transformation of aerosols.  In addition to the 43 tracers used during baseline GEOS-

Chem simulations, ten new tracers were implemented to allow for atmospheric dust 

laden-Fe dissolution.  The concentrations of these species are determined by 

heterogeneous uptake of trace gases by dust particles and mineral dissolution.  In a past 

study it was shown that an earlier version of GEOS-Chem/DFeS (v7-03-06) simulated 

fluxes of soluble Fe to the subarctic North Pacific Ocean, downwind from east Asia, that 

were within good agreement with available experimental data [Solmon et al., 2009].   

 The initial mineralogy prescribed in the model was developed to represent the 

transportable fraction of Patagonian top soils.  Only the key minerals with dissolution that 

can affect the pH of the deliquesced aerosol solution or influence the concentration of 

soluble Fe production during atmospheric transport of dust particles were chosen for the 

model simulations (displayed in Table 3.1).  The initial mineral content of the dust 

particle in GEOS-Chem/DFeS was prescribed following Meskhidze et al. [2005].  

Measurement studies for the spatial variation of the mineralogical composition of top 

soils in Patagonian are very limited.  Table 3.1 lists our estimates of the weight 

percentage concentrations of the key minerals in the silt and clay fractions of Patagonian 

soils, obtained from a synthesis of measurement data from Ramsperger et al. [1998], 

Smith et al. [2003] and Gaiero et al. [2004].  Past studies of Fe dissolution during 

atmospheric transport have focused just on the mineralogical fraction of hematite for DFe 

production.  In our dissolution scheme hematite, smectite, and illite contain fractions of 

Fe (Table 3.1) [Journet et al., 2008] that can be dissolved into the deliquesced layer 

surrounding dust particles. 

Due to the recent findings of the importance of clay mineral dissolutions to DFe 

concentrations, I implemented a module into GEOS-Chem/DFeS to simulate Fe 

mobilization within clay minerals, allowing for the quantification of the impact on total 

DFe fluxes to the surface waters of the SAO.  Mineral dissolution equations [Meskhidze 

et al., 2005] were previously implemented into the model [Solmon et al., 2009]; however 

no initial Fe content had been prescribed to the aluminosilicates.  Using the Fe content of 
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aluminosilicates determined from Journet et al., [2008], I prescribed our model with 

initial Fe fractions of smectite and illite and additional equations dissolving Fe within 

clay minerals.  Smectite and illite were chosen due to their presence in dust advected 

from Patagonia and the available measurements of their initial Fe fraction.  The resulting 

equations yielded DFe concentrations (the prescribed Fe percentage of the total clay 

mineral dissolved) during aluminosilicate dissolution dependant on deliquesced solution 

pH, ambient temperature, and the specific surface area of the mineral.    

 A major source of uncertainty in modeling mineral-Fe dissolution and deposition 

to the surface ocean is the initial DIF (defined here as the fraction of the total Fe within 

mineral dust that is dissolved and assumed to be water soluble) at the source region.  

During our GEOS-Chem/DFeS simulations the initial DIF is prescribed to be 0.45%.  

Based on sampling at dust source locations globally, the reported initial values of DIF for 

different desert regions ranged between ~0.001% to 2% [Guieu and Thomas, 1996; 

Spokes and Jickells, 1996; Zhuang et al., 1990; Bonnet and Guieu, 2004].  A significant 

fraction of the variability in the measured initial DIF of desert soils is likely to be 

attributed to the wide variety of measurement techniques and different operational 

definitions of soluble Fe [Bonnet and Guieu, 2004; Journet et al., 2008; Mahowald et al., 

2008].  The initial Fe solubility used in our study was prescribed in a previous GEOS-

Chem/DFeS application [Solmon et al., 2009] to replicate average DIF measurements 

made during the ACE-Asia campaign in Dunhuang, China [Chuang et al., 2005].  It has 

also been proposed that the large variation in initial Fe solubility measurements could be 

associated with anthropogenic combustion processes [Johansen et al., 2000; Chen and 

Siefert, 2004; Chuang et al., 2005; Guieu et al., 2005].  Sensitivity calculations are 

conducted to show how reasonable variation in initial DIF in Patagonian dust can affect 

fluxes of soluble Fe to the SAO.  The importance of this sensitivity study is to capture the 

amount of error that can be produced if the initial DIF of mineral dust is not well 

constrained in the model. 
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3.2.1  Dissolved Iron Calculations 

 In the Fe dissolution scheme, DFe is produced from the initial content of DFe 

associated with dust particles (0.45%), dissolution processes of hematite (base model) 

and dissolution of smectite and illite (clay mineral module implementation).  Hematite 

and other mineral dissolution are treated according to kinetic calculations highly 

dependent on the pH of the deliquesced solution surrounding the mineral dust particle.  

The solution pH surrounding the mineral dust particles is controlled by the uptake of 

acidic trace gases.  The base model was designed to allow only hematite to be a source of 

soluble Fe.  However, due to the recent reports of clay laden-Fe dissolutions contribution 

to total DFe concentrations during atmospheric transport, I implemented a module to 

allow smectite and illite’s dissolution to contribute to total DFe concentration (hematite 

the only source of DFe in the base model).  The oxidation state or speciation of the DFe 

contributed from clays are not explicitly determined and only the fraction of total Fe 

dissolved within clay minerals are added to the DFe concentration.  Fe percentages of the 

clays were determined from Journet et al., [2008] and implemented into the mineral 

dissolution equations from Meskhidze et al., [2005].  An overview of how the model 

predicts heterogeneous gas uptake and mineral dissolution is explained below. 

 SO4
2- production through the oxidation of SO2 plays a major role in the 

calculations, made by GEOS-Chem/DFeS, of dust particle acidification during 

atmospheric transport.  The formation of SO4
2- is a direct result of the condensation of 

H2SO4 (g) (determined by GEOS-Chem sulfate scheme) and the direct absorption of SO2 

by mineral dust leading to production of aqueous sulfate.  The simplified heterogeneous 

absorption of acidic trace gases and subsequent formation of sulfate (equation shown 

below) is directly dependant on the ambient atmospheric concentrations of mineral dust, 

SO2, and the bulk uptake coefficient (KG=9×10-8 m3 μg-1 s-1) [Herring et al., 1996].   

 

· · ·  
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The amount of H2SO4 deposited on the surface of dust particles and anthropogenic modes 

is highly dependent on surface area.  The effective surface area in the dust mode (Sd) is 

determined from the summation of the four dust bins individual surface areas, which are 

determined from dust mass and concentration in each bin and dust particle diameters.  

Anthropogenic mode surface area (Sa) is calculated from the concentration of sulfate 

assuming an effective diameter of 0.12 μm.  To insure mass conservation and 

interactivity in GEOS-Chem, SO2 and anthropogenic sulfate aerosol concentrations are 

depleted according to the different speciation of dust-SO4 production (Table 3.2). 

 Once SO4
2- is absorbed and its concentration is calculated within solution, the 

dust-SO4
2- scheme, within GEOS-Chem/DFeS, can initiate aqueous phase chemical 

reactions.  During the early stages interaction of mineral dust with acidic SO4
2-, the most 

important reaction considered is the dissolution of calcium carbonate (CaCO3) and the 

formation of gypsum (CaSO4).  This mechanism controls the dust pH buffering effects, 

produced by CaCO3 within mineral dust, as explained previously.  SO4
2- speciation and 

its effect on pH are calculated using the thermodynamic module ISORROPIA in GEOS-

Chem/DFeS [Nenes et al., 1998; Park et al., 2004].  CaCO3 dissolution/precipitation is 

dependent on pH and temperature of the dust deliquesced solution.  CaSO4 dissolution is 

not considered as a source of calcium to the system because gypsum precipitates from 

mineral aerosol during long-range transport.  During this precipitation equivalent molar 

amounts of sulfate are removed from the solution.  This removal process is the main 

source of SO4
2- precipitation which allows for mass conservation on mineral dust 

surfaces. 

 Sources of nitrate (NO3
-) that are available to interact with dust particles in the 

model are HNO3 (g) condensation on mineral dust surfaces and direct absorption of NO2 

(g) which is calculated using the following equation: 

 

· ·  
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where KG2 = 1×10-7 m3 mg-1 s-1 [Herring et al., 1996].  Depending on aerosol chemical 

composition, Teq represents either the rate of condensation of gas-phase HNO3 to the dust 

mode or the precipitation of dissolved nitrate from the dust mode.  The mass exchange 

between the gas and aerosol phase is faster than the chemistry time step in GEOS-Chem, 

thus Teq can be reasonably determined considering thermodynamic equilibrium between 

gas phase precursors and dissolved compounds.  The thermodynamic module 

ISORROPIA is used for this purpose and will be described in full below.  In order to 

account for possible transfer of mass between the anthropogenic mode and the dust mode 

via the gas phase, ISORROPIA is run iteratively for each mode until stable gas phase 

concentrations are obtained. 

 During model simulations, the Fe dissolution scheme will take into account the 

dissolution of the 7 minerals prescribed to be within the airborne fraction of Patagonian 

dust: calcite, albite, microcline, illite, smectite, kaolinite, and hematite.  The mass 

fraction and Fe content are described in Table 3.1.  To calculate the rate of dissolution for 

the individual mineral “i” (Ri
net) the equation below will be used and was determined 

from Lasaga et al. [1994]: 
 

 ∆  

 

where Ri
net (moles of mineral dissolved per gram of dust per second) is positive when the 

mineral is dissolving and negative when precipitating, Kr ( mole dissolved/m2 of 

mineral/second) is a function of temperature, T, a(H+) is the H+ activity, m is an empirical 

parameter, f is a function of Gibbs free energy, ∆Gr, calculates the variations in the rate 

with deviation from equilibrium [Cama et al., 1999], Ai (m2/g of mineral) is the surface 

area of mineral, and Wi (g of mineral/g of dust) is the weight fraction of the mineral in 

dust.  Values for Kr, m, Ai, and Wi for each of the mineral-dissolution reactions are listed 

in Table 3.3. 

 The function f is calculated by: 
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∆ 1 exp
n∆G

RT  

where 

∆  

and Q is the reaction activity quotient (i.e., the ratio of the product of the reactants over 

the product of the species produced), Keq is the equilibrium constant (given in Table 3.4), 

and n is an empirical parameter is most commonly set to 1 [e.g., Burch et al., 1993].  This 

reduces the above equation to a single rate-limiting elementary reaction.  Note that Q/Keq 

describes the state of solution saturation with respect to a solid, so that when Q/Keq > 1 

the solution is oversaturated with respect to solid and Ri
net < 0, and when Q/Keq < 1 the 

solution is under-saturated and Ri
net > 0 [Stumm and Morgan, 1981]. 

 Hematite dissolution with the Fe dissolution scheme was adopted from data 

within Azuma and Kametani [1964].  As demonstrated in Table 3.3, there are three stages 

of hematite dissolution: the first stage, characterized by slow dissolution, is applicable to 

the dissolution of the first 0.8% of hematite’s mass; the second stage, characterized by 

accelerated dissolution rate is applied for the mass of oxide dissolution ranges from 0.8 to 

40%; and the third stage is applied when the dissolved mass is >40%, as dissolution 

approaches completion [Azuma and Kametani, 1964].  In the Fe dissolution scheme, DFe 

is produced from the initial content of DFe associated with dust particles (0.45%), 

dissolution processes of hematite (base model) and dissolution of smectite and illite (clay 

mineral module implementation).  Hematite dissolution is treated according to kinetic 

calculations depending of solution pH.  Photochemical/chemical cycling between Fe(III) 

and Fe(II) are not included in our model calculations, and thus [Fe]d is given by the total 

concentration of Fe(III) species in the aerosol dust mode not associated with hematite.  

Although Fe(II) has much higher solubility [e.g., Cornell and Schwertmann, 1996], 

consideration of only ferric complexes should not affect considerably Fe dissolution in 

mineral dust when solution remains under-saturated with respect to Fe(III).  It is shown in 

Meskhidze et al. [2005] that for most of the simulated cases deliquesced mineral dust 
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solution remained under-saturated with respect to Fe(III) and formation of Fe(OH)3(s) 

was not observed). 

 After the concentrations of mineral dissolution have been calculated during each 

time step, these dissolved minerals must be speciated into their various possible chemical 

forms.  This is performed in GEOS-Chem/DFeS by determining thermodynamic 

equilibrium between the gas and two aerosol phases using the modified form of 

ISORROPIA.  ISORROPIA is an aerosol thermodynamics module which calculates 

equilibrium solid, aqueous, and gas phase concentrations of relevant species along with 

the liquid-water content of an internally mixed aerosol as a function of ambient relative 

humidity and temperature.  To calculate the equilibrium state between the gas-phase and 

these two aerosol modes, we run ISORROPIA until a stabilized set of gas-phase 

concentrations is obtained for both modes.  ISORROPIA treats the particles in a 

thermodynamically stable state, where particles can be solid, liquid or both, or a meta-

stable state, where particles are always an aqueous solution.  During this research the 

meta-stable-state option was used in our simulations. 

 The standard version of ISORROPIA treats the sodium-ammonium-chloride- 

sulfate-nitrate-water gas/aerosol system. To simulate the chemistry of mineral dust and 

dissolution of Fe additional species and reactions must be considered. We have therefore 

modified ISORROPIA to include reactions involving CO2 and aqueous-phase carbonates 

and Fe-species. The additional reactions and equilibrium constants used for these 

processes are listed in Table 3.4.  The influence of other crustal elements (i.e., Ca, Mg, K 

and Al) on chemical properties of the dust mode aerosols are simulated by converting 

them to the equivalent concentration of sodium.  Moya et al. [2001] showed under 

relatively low concentration of particulate matter ISORROPIA performs well when 

crustal element concentrations, expressed as equivalent sodium, are used as an input.  

Such approach might encounter some difficulties when crustal material (particularly Ca) 

comprises a significant portion of total particulate matter.  However, even under such 

conditions no significant errors in the amount of the dissolved Fe are expected, as the 
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dissolution of hematite only takes place in highly acidic deliquesced mineral dust 

particles when most of the Ca2+ in the solution is bounded in the insoluble mineral, 

gypsum and has no direct effect on the properties of dust particles . 

  

3.3  Model Application  

GEOS-Chem/DFeS was applied to the Patagonia/SAO domain for the analysis of 

mineral dust emission sources and strength in Patagonia, transport path, dust-laden Fe 

mobilization during atmospheric transport, and deposition of mineral dust and DFe to the 

SAO.  To do this we conducted a yearlong model simulation between October 2006 and 

September 2007.  This time period was selected to take advantage of the most recent 

meteorological fields (GEOS-5) available for the newest version of the base model 

GEOS-Chem.  Due to limited in-situ measurements of mineral dust and DFe fluxes in the 

selected domain, this simulation period was also selected to take advantage of 

dust/visibility reports available from Patagonia.  Conducting a yearlong simulation would 

allow us to capture two contrasting dust advection seasons: high dust mobilization during 

the austral summer and the low dust mobilization of winter.  Along with capturing the 

seasonality of dust advection out of Patagonia, the influence of anthropogenic and natural 

sulfur sources can be evaluated during periods of high and low dust transport to the SAO.   

GEOS-Chem/DFeS sensitivity simulations were conducted to determine the 

influence clay laden-Fe dissolution, initial Fe solubility, and natural emissions of SO2 

have on the total magnitude and spatial pattern of DFe deposition to the SAO.  All 

sensitivity studies were conducted for the month of December 2006 due to this month 

having maximum dust advection out of Patagonian.  The results from the sensitivity 

studies were compared to the magnitude and spatial pattern of DFe deposition from the 

baseline simulation.  These sensitivity simulations were chosen to understand how model 

parameters could influence DFe deposition in a pristine region such as the SAO.  With 

minimal influence from anthropogenic pollutants, a minimal amount of Fe dissolution 

was expected due to acid mobilization, so the importance of clay mineral dissolution, 
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initial Fe solubility, and natural sources of SO2 are important in determining realistic DFe 

depositions in the SAO. 

 The reason why GEOS-Chem was chosen for our research is during the full 

chemistry configuration, GEOS-Chem includes H2SO4-HNO3-NH3 aerosol 

thermodynamics coupled to an O3-NOx-hydrocarbon-aerosol chemical mechanism [Bey 

et al., 2001; Park et al., 2004].  Sulfur compounds, carbonaceous aerosols, and sea-salt 

emission and chemistry are accounted for and described by Park et al. [2004], Heald et al. 

[2004], and Alexander et al. [2005].  GEOS-Chem provided the perfect base model for 

our research due to the treatment of all soluble trace gases of interest for the acidification 

of dust laden-Fe.  Sulfate speciation and its effect on dust pH being calculated using the 

thermodynamic module ISORROPIA was also an advantage in the usage of GEOS-Chem 

as the base model.  Of particular relevance to this study, the dust mobilization and 

transport scheme has been shown previously to reasonably capture dust advection and 

seasonality and is described in detail by Fairlie et al. [2006, 2007].  GEOS-Chem with the 

above mentioned model parameters provided a reasonable framework for addition of our 

Fe dissolution module [Solmon et al., 2009].  Table 3.5 displays the model configuration 

and domains chosen during our research. 

 

3.4  Model Evaluation Techniques 

3.4.1  Past Modeling Studies 

 Despite the important role of dust laden-Fe on primary productivity in polar and 

sub-polar waters of the SO, few studies exist that can help constrain atmospheric mineral 

dust and dust-laden Fe fluxes to the HNLC waters of the Atlantic sector of the SO.  

Patagonia has been estimated to supply up to 90% of mineral-Fe deposited to the SAO 

[Gaiero et al., 2006], yet dust source regions, advection seasonality and transport 

pathways remain poorly defined [Mahowald et al., 2008].  An even higher degree of 

limitation is the lack of past modeling studies that have quantified DFe deposition to the 

SAO.   
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 Though limited, we still use past modeling studies to evaluate GEOS-Chem/DFeS 

dust emission and transport along with dust and DFe depositions annually and seasonally 

for the SAO.  The main model evaluation will be conducted through the comparison of 

the mineral dust and Fe dissolution treatment in our model with past literature involving 

field measurement studies such as Duce and Tindale [1991], and Jickells and Spokes 

[2000], Gaiero et al. [2003] and modeling studies such as Gao et al. [2001, 2003], Tegen 

et al. [2004], Li et al. [2008], and Wagner et al. [2008].  These studies provided us with 

not only annual dust and DFe deposition rates, but seasonal patterns and mineral dust 

transport pathways.  The main difference between GEOS-Chem/DFeS and past models 

calculating DFe deposition is the ability of our model to calculate DFe without 

prescribing an initial DIF that remains constant throughout the simulation.  Our Fe 

dissolution scheme is designed to calculate DFe concentrations due to the absorption of 

ambient trace gases and the effect this has on lowering the deliquesced solution pH, 

surrounding the dust particle, to initiate Fe dissolution.  The only modeling study 

presently available for DFe deposition evaluation in the SAO is Gao et al. [2003], which 

prescribes a constant 1-6% Fe solubility to their mineral dust deposited [Gao et al., 2001] 

to the SAO.  With such limited in-situ measurements of dust and DFe fluxes to the SAO, 

we are forced to perform model evaluations with past studies that were conducted for 

different time periods.  Still the comparison to past studies gave us to ability to 

understand if the model treats dust and Fe dissolution accurately. 

 

3.4.2  Patagonian Dust Reports 

Model outputs for daily averaged (24 hour) mineral dust concentrations and flux 

values were recorded and compared with local in-situ dust storm reports.  Local airports 

and weather stations, in Patagonia, report the occurrence of visibility limitations due to 

suspended dust particles and dust storms (http://www.wunderground.com/global/AG. 

html).  The stations chosen for our evaluation (see Figure 3.1) are located near the 

strongest dust source regions predicted by the model.  
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The model’s ability to capture individual dust events was assessed by comparing 

station visibility reports to GEOS-Chem predicted daily averaged column dust 

concentrations.  Comparison of reported dust events, both small scaled and widespread, 

with column dust concentrations elevated above normal levels produced by GEOS-

Chem/DFeS allowed for the analysis of how well the model characterized dust outbreaks.  

As explained previously, it is proposed that the major fraction of desert dust is deposited 

to the world’s oceans in just a few large dust events [Loye-Pilot et al., 1986].  Therefore, 

just a few episodic dust events from Patagonia may have a profound impact on the 

magnitude and spatial pattern of mineral dust fluxes to the surface waters of the SAO. 

The access to Patagonian dust reports provided us the ability to evaluate the 

model’s performance of temporal mineral dust emission and transport pathways.  The 

importance of this evaluation comes from the fact that if the model does not characterize 

dust emissions at realistic times, then its deposition to the surface waters of the SAO also 

will be incorrect. A yearlong comparison between modeled column dust concentration 

and dust storm reports was conducted with a focus on the austral summer (i.e., the active 

dust advection season).  During the austral summer (DJF) much larger dust events occur 

and if the model inaccurately produces dust events or fails to produce them, then mineral 

dust deposition values will be highly unrealistic.  This qualitative model evaluation 

technique allowed us to better understand how GEOS-Chem simulates large dust events. 

 

3.4.3  MODIS AOD and Imagery  

Due to limited in-situ measurements, remotely-sensed data provided the additional 

ability to evaluate model predicted dust emission and transport pathway using real-time 

satellite imagery along with daily AOD values.  Real-time imagery, with visible dust 

advection off the coast of Patagonia, was evaluated during the simulation period and 

compared to modeled dust fluxes to further understand GEOS-Chem’s ability to 

characterize large dust events.  The first step to using real-time imagery in the SO is to 

evaluate the images obtained from the MODIS Rapid Response System 
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(http://rapidfire.sci.gsfc.nasa.gov/).  This proved to very difficult due to the extreme 

cloudiness present over the SAO.  Despite this, during our model simulation on 

December 27, 2006 clear satellite retrieval demonstrated strong dust advection off the 

coast of Patagonia.  This case study would be used to evaluate if GEOS-Chem captured 

this large dust event by investigating simulated dust fluxes off the coast of Patagonia for 

the days pertaining to the dust event visible in MODIS real-time imagery.  

 Daily MODIS AOD values were compared with GEOS-Chem predicted AOD 

over Trelew (station shown in Figure 3.1), located near maximum simulated dust 

emission regions, to analyze how the model calculates AOD.  In remote regions with 

minimal influence from anthropogenics, mineral dust can be a dominant contributor to 

total AOD close to dust sources.  In close proximity to dust source regions, such as 

Trelew, mineral dust particles can contribute up to ~60-80% of total AOD [Mahowald et 

al., 2008].  This allowed for the assumption that MODIS and modeled AOD values were 

dominated by the presence of suspended dust particles, thus allowing for the evaluation 

of modeled dust emission and fluxes in Patagonia.  A yearlong comparison was 

conducted to understand how the model predicts not only daily AOD values but if it 

captured the correct seasonality.  During this comparison the focus would be on 

December 2006, which is the month with most dust activity.  Due to limited in-situ 

measurements remotely sensed data in remote regions, such as Patagonia, proved to be a 

valuable tool in our model evaluation. 

 

3.4.4  SeaWiFS 

 SeaWiFS chlorophyll a concentrations were downloaded from the NASA website 

to use in the evaluation of how DFe deposition influences oceanic primary productivity.  

Two separate datasets would be used in this evaluation: global 8-day (9 km) and global 

monthly climatologies.  The 8-day chlorophyll concentrations would be used to evaluate 

the influence that the previous 7 days of mineral dust deposition has on phytoplankton 

concentrations in the SAO.  The reason in which a delay of 7 days was chosen between 
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the DFe deposition and the chlorophyll production is due to the uncertainty of the lag 

time in which it takes for phytoplankton to uptake bioavaliable Fe and allow for 

additional productivity.  It has been observed that phytoplankton blooms will begin to 

form < 10 days after DFe introduction to SO surface waters [Pollard et al., 2009].  In 

other HNLC waters it has been reported that after atmospheric deposition of DFe a bloom 

will begin to form on the time scale of ~5-6 days [Tsuda et al., 2003].  Due to the slight 

uncertainty between reports, we chose 7 days to be suitable for the delay between DFe 

deposition and phytoplankton production.  Not only were spatial phytoplankton 

properties investigated, but also the estimated production of chlorophyll due to DFe 

deposition was compared to the 8-day SeaWiFS imagery.  Since the SAO is a highly 

dynamic environment with several sources of DFe (upwelling, horizontal transport, and 

atmospheric deposition), the exact influence of mineral dust was very difficult to resolve.  

However, it has been shown during recent natural Fe fertilization experiments that 

atmospheric DFe deposition contributes ~20% of the total DFe to the SO surface waters 

[Pollard et al., 2009].  The method used during this research is experimental and has high 

potential error due to the complexities of DFe/phytoplankton interactions.  Also, the fate 

of atmospheric DFe once it enters the oxic waters of the SAO is highly complex and 

presently not fully understood.  The amount of time it takes for phytoplankton to be 

produced due to mineral dust deposition is not completely known but only assumed at 

this point.  This along with the rapid vertical and horizontal advection of waters in the SO 

proved to make this analysis extremely difficult. 
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CHAPTER 4.  RESULTS 

4.1  Dust 

4.1.1  Dust Source Regions 

 The reasonable representation of the long-range transport of mineral dust particles 

first requires accurate dust mobilization [Zender et al., 2003].  For the spatial analysis of 

Patagonian dust emissions, annual dust source locations, and emission rates were 

calculated during our GEOS-Chem simulation (Figure 3.1).  Past modeling studies, 

evaluating South American dust emission regions and rates, were compared to our model 

to evaluate how comparatively the models treat dust mobilization.  Past models [e.g., Li 

et al., 2008; Tegen et al., 2004] proved to have similar dust source regions in Patagonia 

when compared to our model.  An equally important factor in correctly modeling dust 

mobilization is simulated mineral dust emission rates.  Previous studies constraining 

Patagonian dust emission rates calculated maximum advection to be between 0.1-0.25 

kg/m2/yr [Li et al., 2008; Tegen et al., 2004].  Our model simulations produced similar 

results with a maximum emission rate of 0.21-0.3 kg/m2/yr.  Due to limited modeling 

simulations for our domain of interest, past studies used for model evaluation were not 

conducted for the same time period.  This could have a possible influence on the 

differences in the mineral dust emission rates reported during the separate studies.  

During this evaluation, GEOS-Chem proved to compare well with past modeling studies 

focused on emission source regions and advection rates in Patagonia.  

 For increased validation of GEOS-Chem capability to capture dust mobilization 

regions, further analysis was conducted by overlaying simulated emission source regions 

on Google Earth topography maps.  Figure 4.1 shows that maximum mineral dust 

emission sources, predicted by GEOS-Chem, are consistent with the location of dry 

lake/river beds and low-lying topography.  Dust mobilization source location and 

emission rates calculated by the DEAD scheme were directly related to surface wind 

speed, atmospheric stability, surface roughness, percentage of vegetative cover, soil 

texture, and soil moisture [Zender et al., 2003].  GEOS-Chem source locations proving to 
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visually correspond with dry lake/river beds provided confidence that the model treats 

dust advection reasonably well.  Overall, the comparison of GEOS-Chem predicted dust 

mobilization regions with past modeling studies and satellite imagery demonstrates the 

model has a reasonable handle on dust advection for the Patagonian region.   
 

4.1.2  Dust Outbreaks 

 To fully understand the importance of the characterization of large dust events out 

of Patagonia, an analysis was conducted to determine the magnitude of mineral dust that 

was deposited to the SAO during the top 5% of dust deposition days.  During the low 

dust season of the austral winter (JJA), we calculated that the majority of mineral dust 

mass (> 65%) was deposited to the SAO during isolated events.  During the high dust 

season (DJF), due to large background dust concentration, only ~27% of dust was 

deposited to the SAO during the top 5% of large dust outbreaks.  As shown in Figure 4.2, 

due to the high frequency of dust events during the austral summer, the top 5% of dust 

advection days off the Patagonian coast will not include all major dust outbreaks.  

However, when evaluating the top 10% of dust deposition days the model now captured 

~50% of total dust deposited to the SAO in isolate dust storms.  Therefore the ability of 

GEOS-Chem to capture individual dust outbreaks is important throughout the year, 

especially during times of low background dust concentrations and less frequent dust 

outbreaks. 

 To analyze GEOS-Chem ability to reproduce large episodic dust events local 

station reports, MODIS AOD, and MODIS real-time imagery were evaluated through 

comparison with modeled daily averaged column dust concentrations.  Figure 4.2 

illustrates how the model compared to visibility reports, including the occurrences of dust 

event, during the austral summer (DJF) (characterized by active dust advection).  

Modeled dust events (daily averaged column dust concentrations > 1.0 g/m2), in the 

region of station report locations, proved to be in agreement for 75% of the days which 

had wide-spread dust events reported (multiple stations reporting dust on the same day).  

During the austral summer there were 12 days in which multiple stations reported dust 
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activity on the same day, and GEOS-Chem predicted a dust event in the same region 9 of 

these days.   

 During our simulation there were three modeled dust events that did not 

correspond with dust storms reported in Patagonian visibility reports.  In particular on 

February 4th, 2007 GEOS-Chem predicted a dust column concentration of > 1.5 g/m2, yet 

there were no reported dust events.  To evaluate this case further a vertical profile was 

plotted, shown in Figure 4.3, to analyze the elevation of the modeled transport path for 

this day.  This figure demonstrates the model predicted the dust plume to be elevated well 

above the surface during the time of transport over the station locations.  If the model 

proved to be correct, in producing an elevated dust plume, low surface level 

concentrations could have resulted in no visibility obstructions, due to suspended dust 

particles, reported.  As seen from the figure, surface level dust concentrations (0-4 μg/m3) 

where ~3-10 times smaller compared to that of the elevated dust plume (~2 km).  

Although the station visibility reports did not provide quantitative dust data, the model 

and station reports prove to be in qualitative agreement. 

 Due to limited in-situ measurements of dust fluxes and concentrations in the 

Patagonia/SAO domain, remote sensing proved to be a valuable tool in understanding 

modeling performance in remote regions.  Using MODIS Terra and Aqua real-time 

imagery, a large dust outbreak was visually apparent during the month of December 

2006.  Figure 4.4 displays MODIS Terra imagery of a dust outbreak advecting off the 

coast of Patagonia on December 27, 2006 (13:25 UTC).  Capturing clear satellite imagery 

of dust transport in the SO is rare due to the extreme cloudiness of the region, so this 

provided an excellent opportunity to further analyze the model’s ability to produce dust 

outbreaks.  To understand if GEOS-Chem captured the dust outbreak, daily averaged dust 

fluxes off the coast of Patagonia were calculated for the month of December 2006.  The 

model proved to predict highly elevated daily dust fluxes during the time period of 

visually apparent dust outbreaks captured by MODIS (Figure 4.5).  During the 

comparison of MODIS real-time imagery with model predicted dust fluxes off the coast 
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of Patagonia, we gained visual evidence that GEOS-Chem correctly simulate a large dust 

outbreak shown through satellite retrieval. 

 An additional remote sensing technique used to evaluate the model’s ability to 

produce the episodic nature and seasonality of dust advection was the use of level 3 

MODIS AOD fields [Gassó and Stein, 2007].  In remote regions with minimal influence 

from anthropogenic sources, mineral dust particles can be a dominant contributor to total 

AOD close to dust sources.  In close proximity to dust source regions, such as Trelew, 

mineral dust particles can contribute up to ~60-80% of total AOD [Mahowald et al., 

2008].  Through comparison of daily averaged GEOS-Chem predicted AOD and MODIS 

AOD over Trelew (station shown in Figure 3.1), we could further evaluate the model’s 

ability to simulate dust outbreaks and seasonality.   

 During the yearlong simulation, daily averaged GEOS-Chem AOD correlated 

relatively well with MODIS AOD (R2=0.64).  To further evaluate the model, we plotted 

GEOS-Chem AOD values with remotely sensed data during December 2006 (Figure 4.6).  

This figure demonstrates the model’s relatively high correlation with MODIS AOD 

values for the month of December 2006 (R2=0.71).  Being able to reproduce the episodic 

variability in AOD, produced primarily by dust aerosols, further demonstrates the 

model’s relative ability to capture sporadic dust advection.  Monthly averaged MODIS 

AOD values also allowed for the analysis of seasonal variations in dust advection over 

Trelew.  GEOS-Chem monthly averaged AOD values correlated well with MODIS 

monthly averaged AOD (R2=0.89) (Figure 4.7).  The high correlation between the model 

and MODIS monthly averaged AOD further proved GEOS-Chem could reasonably 

produce dust advection seasonality out of the Patagonian deserts. 

 There are limitations to the comparison of model predicted AOD values to 

satellite retrievals.  The first issue is MODIS tends to over predict AOD values over 

brighter surfaces such as bare desert soils and breaking waves over the ocean [Remer et 

al., 2008].  Over Patagonia and the SAO MODIS still reports AOD values with accuracy, 

but could have the tendancy to overestimate due to the reflective surfaces present in the 
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Patagonian desert.  In particular to the SAO, there are high winds often present which 

produce “white caps” on top of the ocean surfaces resulting in a highly reflective surface 

which could contribute to higher AOD reports from MODIS.  Further limiting this 

evaluation is the amount of data that was screened due to the high frequency of clouds in 

this region [Gassó and Stein, 2007].  During this analysis ~52% of the data was screened 

due to cloud obstruction.  Another important factor is the model reports daily averaged 

AOD, while MODIS satellites retrieve an instantaneous value of AOD during the day.  

Winds being higher during the day (the time in which MODIS makes its AOD 

measurement) could cause mineral dust suspension to be greater during the time of 

MODIS overpass.  This could contribute to the underestimation of GEOS-Chem 

predicted AOD presented in the analysis.  There are several factors that could influence 

the comparison between modeled and MODIS AOD; however with limited in-situ data 

we must rely on remotely-sensed data for our model evaluation.   

 

4.1.3  Dust Deposition to the South Atlantic Ocean 

 GEOS-Chem predicted an annual mineral dust deposition of ~22 Tg to the SAO 

during the simulation period.  Past literature was used to understand how this magnitude 

compared to estimates made in previous modeling and measurement studies focused on 

the SAO (Figure 4.8).  This figure shows that the magnitude of dust deposition to the 

SAO predicted by GEOS-Chem proved to be well within reason with all past estimates.  

While total dust deposition is important, a model must also be able to reproduce temporal 

deposition patterns.  The dust deposition seasonality predicted (Figure 4.9) shows the 

largest magnitude of mineral dust was deposited to the SAO during the austral summer 

(DJF).  Total seasonal deposition rates predicted for the austral summer were ~6 times 

larger than that during the winter.  In-situ measurements of monthly averaged crustal 

material (dust) deposited to a measurement station in Antarctica, measured by Weller et 

al., [2008] (70˚
 
39' S, 8˚

 
15' W), proved to have the same temporal pattern as our model’s 

predicted deposition seasonality.  Figure 4.10 illustrates Patagonian mineral dust 
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deposition does influence the Antarctic measurement station.  While measurements and 

modeling studies constraining the seasonality of Patagonian dust deposition to the SAO 

are limited, our seasonality also proves to be in agreement with the climatic patterns 

favorable for elevated dust advection during the austral summer.  During this time of year  

summer wind speeds are at a yearly maximum while relative humidity and precipitation 

values are at a minimum [Miller et al., 1976], which are environmental characteristics 

needed for increased mineral dust advection and transport. 

 Figure 4.11 displays GEOS-Chem predicted annual transport pathway and total 

dust deposition fluxes (dry + wet) to the SAO.  Spatial patterns of dust deposition 

differed greatly between dry and wet deposition processes.  The pathway of mineral dust 

deposition demonstrates the majority of dry deposition occurs close in proximity to dust 

emission regions.  However, wet deposition, controlled by precipitation patterns, had a 

more spatially sporadic annual deposition path.  The annual percentage of wet and dry 

deposition of total mineral dust deposition demonstrate that wet deposition of mineral 

dust was the dominant deposition process further from dust emission sources and off the 

coast of Patagonia over the SAO (Figure 4.12).  Over the remote SAO wet deposition 

will be the process of most importance for the supply of mineral dust and DFe for oceanic 

primary productivity in this region.  These predicted fractions of total dust deposition 

from wet deposition process are consistent with a recent study of dust deposition to SAO, 

by Li et al., [2008], which predicted ~75% of dust to be deposited by wet deposition 

processes.  Model evaluation during the yearlong simulation showed GEOS-Chem had 

the capability to reasonable represent the total magnitude, temporal, and spatial patterns 

of mineral dust deposition to the SAO. 
 

4.2  Dissolved Iron 

4.2.1  Dissolved Iron Deposition to the South Atlantic Ocean 

 GEOS-Chem/DFeS calculated that a yearly total of ~4 Gigagrams of DFe was 

deposited to the SAO surface waters.  Our total DFe deposition was lower when 

compared with the lower range reported during the modeling study by Gao et al., [2003], 
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which deposited an annual range of 0.027 – 0.19 Tg to the SAO.  This past study 

assumed a constant Fe solubility ranging between 1-6%.  The lower range of dissolved 

iron fraction (DIF) assumed in Gao et al. [2003] proved to still be larger than that 

predicted by the prognostic calculations of GEOS-Chem/DFeS.  Figure 4.13 shows that 

annually averaged DIF, from Patagonian dust, over the SAO domain ranges between 0.45 

to ~1.0%, which is lower than Fe solubilities assumed during past studies.  An important 

not is the majority of mineral dust deposited to the SAO was in close proximity to the 

coast and had iron solubilities close to 0.45% (initial DIF).  The spatial pattern of DIF 

over the SAO displays lowest values in the region of largest dust transport from 

Patagonia.  This pattern is produced due to higher concentrations of mineral dust 

containing larger concentrations of calcium carbonate to buffer ambient acidic trace 

gases.  This pattern agrees with a past study using GEOS-Chem/DFeS by Solmon et al., 

[2009], which also predicted the lowest DIF in regions of the highest dust concentrations.   

 Figure 4.14 displays the seasonal deposition rates and seasonality 

(Gigagrams/month) of DFe to the SAO.  The temporal pattern of DFe deposition 

predicted by our model follows the same seasonal trend as mineral dust depositions, 

having the largest magnitude during the austral summer (DJF), as a result of our Fe 

dissolution scheme being prescribed an initial dust laden-Fe solubility of 0.45%.  This is 

especially true for pristine regions that have limited acidic trace gases to initiate Fe 

dissolution during atmospheric transport.  Solmon et al. [2009] demonstrated that during 

times of low ambient SO2 concentrations, Fe dissolution is limited and the initial DIF will 

dominate the magnitude of DFe deposition.  Figure 4.15 illustrates the annual DFe 

deposition path predicted by GEOS-Chem/DFeS to be spatially consistent with the 

annual mineral dust deposition path, further demonstrating the importance of constraining 

initial Fe solubilities.   

Past global modeling studies have shown wet deposition to be the dominant 

process in atmospheric bioavaliable Fe removal over the remote oceans [Mahowald et al., 

2005, Fan et al., 2006; Solmon et al., 2009].  During our simulation, GEOS-Chem/DFeS 
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also predicted wet deposition to be the major deposition process of DFe deposition to the 

SAO, accounting for ~75% of total deposition.  Another past study focused on wet and 

dry deposition fluxes of DFe to the SAO, simulated ~60% of total DFe to be removed 

through precipitation scavenging, consistent with our calculated annual DFe deposition 

[Gao et al., 2003].  The pattern of DFe deposition being dominated by wet deposition 

correlates with mineral dust out of Patagonian also being deposited to the remote SAO by 

wet deposition processes.  Overall, GEOS-Chem/DFeS showed the ability to predict the 

magnitude of DFe deposition along with the temporal and spatial patterns to the SAO.  

As stated previously, in-situ measurements of dust and DFe fluxes over the SAO 

are extremely limited.  However, during a measurement cruise 11 measurements of 

atmospheric Fe concentrations were obtained during February 1990 [Filip Francois and 

Willy Maenhaut, personal communication].  In order to compare GEOS-Chem with these 

measurements a model simulation was run for the corresponding time period of the in-

situ measurements.  All model parameters remained the same as our baseline simulation, 

but GEOS-4 data was used due to GEOS-5 data being unavailable during 1990.  To 

compare modeled Fe concentrations we assume dust contains 3.5% Fe [Duce and 

Tindale, 1991]. 

Table 4.1 lists the comparison of how GEOS-Chem compared to the atmospheric 

Fe measurements.  It is seen from this table the GEOS-Chem captures the pattern of Fe 

concentrations with a R2 value of 0.906.  However, the model proves to underestimate Fe 

concentrations 9 out of 11 (~80%) days in which measurements were reported.  The 

model correctly reproduces the trend of increases and decreases in daily Fe 

concentrations.  However, the model tends to underestimate the magnitude of the 

variability.  For example, on February 13 and 20 the model correctly represents increases 

in Fe concentrations but prove to be about an order of magnitude smaller than in-situ 

reports.  The reason for this could easily be explained by the model outputs being daily 

averaged, while in-situ measurements are instantaneous.  This may allow for the episodic 

nature of dust events to be screened by averaging over a 24 hour period.  The model’s 
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ability to capture the pattern of atmospheric Fe concentrations is demonstrated in this 

section; however, with daily averaged outputs the model tended to underestimate Fe 

concentrations in comparison with instantaneous in-situ measurements. 

 

4.2.2  Dissolved Iron Deposition Events 

 During our yearlong simulation it was clear there was large seasonality of DFe 

deposition related to the largest magnitude of mineral dust being deposited in the austral 

summer.  To evaluate large episodic DFe deposition events to the SAO, we analyzed the 

month of Dec. 2006, which is characterized by the highest magnitude of DFe deposition.  

A period of large DFe deposition, contributed from Patagonian dust, was simulated 

between the times of Dec. 25 – 29, 2006.  The five day episode deposited 0.37 Gigagrams 

of DFe to the remote SAO, which contributed ~43% of total DFe deposited during the 

month of December.  Figure 4.16 displays the average rate of DFe deposition to the SAO 

during the event.  As seen from this image, maximum deposition rates of DFe are located 

off the coast of Patagonia and over the remote SAO.  The sporadic spatial pattern 

demonstrated, during this time period, indicates wet deposition being the dominant 

deposition process.  It is clearly shown, in Figure 4.17 which shows a close up view of 

the dry and wet deposition rates of DFe to the SAO, that wet deposition dominates both 

the magnitude and spatial pattern of DFe deposition during this large DFe deposition 

episode.  It has previously been stated during this research that the ability to capture large 

episodic mineral dust events is extremely important in simulating total deposition to the 

SAO.  The same is true for DFe deposition because this case study demonstrated that a 

single 5-day dust event contributed ~43% of total DFe deposited during the months of 

maximum dust transport.  

 

4.2.3  Chlorophyll Response to Dissolved Iron Deposition 

 To better understand the response of chlorophyll production to atmospheric DFe 

deposition, we estimated how chlorophyll concentrations would respond to deposition 
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events in the SAO.  First, we wanted to know if the amount of DFe supplied from 

atmospheric deposition was sufficient in producing reasonable amounts of chlorophyll. 

We determined the amount of chlorophyll that could be supported by atmospheric DFe 

deposition by using the equation: 

 

    : :  

 

where [Chl a] (mg m-3) is the amount of chlorophyll produced by DFe deposition, DFe 

(μmol/m2/day) is the deposition rate of DFe, C:Fe (mol C / μmol Fe) is the carbon to Fe 

ratio of phytoplankton species, Chl:C (mg Chl / mg C) is the carbon content of 

phytoplankton species, and D (m) is the average mixing depth.  This equation is applied 

to determine the daily rate of phytoplankton that could be produced or maintained by the 

daily deposition of DFe. 

 Between December 25–29, 2006 GEOS-Chem/DFeS simulated elevated DFe 

deposition to the SAO (section 4.2.3).  Using the above mentioned equation, we 

estimated the maximum phytoplankton production this event could produce.  DFe 

deposition rates were determined through model simulations, a minimum C:Fe ratio of 3 

μmol Fe per mol C was determined from Morel [1991], the Chl:C ratio used was 30 mg C 

per mg Chlor [Boyd and Harrison, 1999], and an average austral summer mixing depth of 

50 m were applied for this case study.  Figure 4.18 displays daily averaged chlorophyll 

concentrations that were produced during the dust outbreak from Patagonia.  During this 

event it can be seen that chlorophyll concentrations up to 0.5 mg/m3 could have been 

produced or supported in areas of the SAO.  While this concentration is not substantial, it 

still proves oceanic primary productivity could be partially-supported in the SAO by the 

atmospheric deposition of mineral dust particles.  Our calculations showing a small 

fraction of chlorophyll production compared to the total amount present in the SAO 

proves to make sense with recent Fe fertilization projects reporting out of a total of 550 

nmol/m2/day supply of DFe for oceanic primary productivity in the SO, a maximum of 
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100 nmol/m2/day (~20%) was estimated to be supplied through atmospheric deposition of 

mineral dust [Pollard et al., 2009].  To further evaluate how our chlorophyll production 

compared to actual phytoplankton concentrations present in the SAO, we would compare 

our simulated DFe deposition and chlorophyll concentrations to SeaWiFS satellite 

retrievals. 

 8-day SeaWiFS chlorophyll a concentrations were compared to the preceding 7-

day averaged DFe deposition rates calculated by GEOS-Chem/DFeS for the month of 

December 2006.  This evaluation was conducted to determine if there was any spatial 

correlation between DFe deposition and phytoplankton concentrations in the SAO.  This 

month was chosen for evaluation due to large dust activity out of Patagonia and during 

the austral summer chlorophyll concentrations in the SAO are at a maximum.  Figure 

4.19-4.21 demonstrates three consecutive evaluation periods comparing the 8-day 

chlorophyll concentrations to the preceding 7-day averaged DFe deposition to the SAO 

during December.  Noticeable from these three figures is the slight increase in both DFe 

depositions, associated with larger mineral dust concentrations, and chlorophyll 

concentrations from the first time period (Dec. 11-18) to the third (Dec. 27-31).  In all 

three examples DFe deposition and chlorophyll concentrations have extremely similar 

spatial patterns, however due to the nature of the SAO upwelling regions this cannot be 

fully attributed to atmospheric influence.  Focusing on the 40-45˚S latitude corridor a 

crossed the SAO, in all three figures it can be seen that both DFe depositions and 

chlorophyll concentrations increase proportionally in this particular area.  However, the 

surface waters of the SAO are rapidly moving with average surface drift speeds ~0.5 m/s 

[Hense et al., 2003] thus comparing point to point correlation between DFe deposition 

and chlorophyll production is extremely difficult and has high potential error.  With this 

surface current speed plankton and DFe will travel ~300 km (~2-3 degrees longitude) 

during the 7-day lag time between DFe deposition and phytoplankton production.  Also 

the extreme cloudiness of the SO region makes using SeaWiFS satellite retrievals 

difficult due to missing data.  However, the spatial patterns and magnitudes between DFe 
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deposition and phytoplankton concentrations seem to have similar patterns as you 

progress through the evaluation periods. 

 While we are not arguing that dust laden-Fe is the controlling limitation in 

phytoplankton production in the SAO, it does appear that mineral dust displays a fraction 

of the total Fe contribution to the SAO biological productivity.  Using the above 

mentioned formula we calculated the concentration of chlorophyll that could be produced 

during the 8-day periods chosen during this research.  Figure 4.22 gives an example of 

how atmospheric DFe deposition can influence total chlorophyll concentrations in the 

SAO between Dec. 27-31, 2006.  It can be seen from this figure that close to the 

Patagonian coast atmospheric DFe deposition has a very small influence on total 

chlorophyll concentrations.  This is most likely due to this region having large upwelling 

throughout the year producing extremely large chlorophyll concentrations.  In this region 

atmospheric influence proves to be on the order of less than 5%.  However, further from 

the coast in the remote SAO, mineral dust deposition proves to have a more significant 

influence on total chlorophyll concentrations.  In the remote SAO DFe deposition from 

the atmosphere proves to have an influence estimated > 10%.  This value was estimated 

by examining the area of the remote ocean contained between 20-0˚W and 45-35˚S.  

Chlorophyll concentrations produced by DFe deposition values range between 0.01-0.1 

mg/m3, while SeaWiFS report values ranging from 0.08-1.0 mg/m3.  There are, however, 

portions of this region (between 45-43˚S) that DFe deposition could perhaps produced up 

to 50 percent of the chlorophyll present.  This evaluation shows that while atmospheric 

deposition is not the dominant source of DFe for oceanic primary productivity, it can still 

play a role in phytoplankton production, especially in the remote SAO. 
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CHAPTER 5.  MODEL SENSITIVITES AND IMPROVEMENTS 

 Due to the limited effect of acid mobilization of Patagonian dust over the SAO, I 

performed sensitivity studies to determine factors that could increase or decrease total 

DFe deposition to the SAO.  Table 5.1 displays the purpose of the sensitivity studies and 

differences between the baseline studies.  Clay laden-Fe dissolution was implemented 

into the base model to determine the impact this could have on total DFe concentrations 

and deposition.  The purpose for this is recent laboratory experiments have demonstrated 

the importance of aluminosilicate Fe dissolution during atmospheric transport.  It has 

been shown to contribute well over 50% of total DFe when compared to hematite 

dissolution [Journet et al., 2008].  Another important factor in simulating DFe deposition 

is the initial DIF prescribed to dust at the emission source.  This value becomes even 

more prevalent in our case when there has been shown to be limited DFe production due 

to acid mobilization.  Due to the limited DFe production during atmospheric transport the 

dominant source of DFe will be from the prescribed initial Fe solubility in the model.  

This is the reasoning behind the decreased initial Fe solubility sensitivity study.  Also, the 

areas of Patagonia and the SAO receive minor anthropogenic influence, which brings the 

importance on constraining natural sources of SO2 and acidic trace gases.  In this region 

both DMS and volcanic SO2 could have an influence on DFe production during 

atmospheric transport.  This led to the third sensitivity study which doubled the emissions 

of DMS and volcanic SO2.  The results from the sensitivities are reported below. 

 

5.1  Clay Laden-Iron Dissolution 

 To understand the contribution clay laden-Fe dissolution has on the magnitude 

and spatial distribution of DFe deposited to the SAO surface waters, we have 

implemented equations that dissolve the fraction of Fe within clay minerals.  The 

equations considered would calculate dissolution rates of smectite and illite.  Figure 5.1 

shows examples of how clay minerals compare to hematite dissolution rates within 

environments of varying acidity (pH 1-3).  It was found that in environments with pH > 
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2, smectite dissolution will be the dominant form of dissolved mineral in the aqueous 

solution surrounding dust particles.  The following sensitivity study will explain how the 

implementation of clay laden-Fe dissolution impacted DFe deposition to the SAO.  

 GEOS-Chem/DFeS simulations, implemented with clay dissolution equations, 

were conducted for the month of December 2006, characterized by maximum dust 

advection out of Patagonia.  Figure 5.2 shows that there was ~67% increase in total DFe 

deposited to the surface oceans of the remote SAO.  To understand spatially how DFe 

deposition rates varied we plotted the percent change of monthly averaged DFe 

deposition rates between the sensitivity study and baseline simulations (Figure 5.3).  In 

general, the increase in deposition rate of DFe gets progressively larger the further away 

from the emission source.  However, the large increase in DFe deposition close to the 

Patagonian coast was still dominant in the total increase of DFe deposition to the SAO.  

This is most likely due to large increases in DIF (or DFe production) found in the areas of 

the highest dust concentrations.  Maximum dust transport regions will have the highest 

calcium carbonate (CaCO3) concentrations buffering acidic trace gases and keeping pH 

values higher both annually and episodically (Figure 5.4).  However, the reasoning for 

the regions with higher pH values still having increases in DIF is due to clay minerals, 

mostly smectite, having higher dissolution rates than hematite at higher pH values.  This 

sensitivity allowed for analysis of clay-laden Fe dissolution and its influence on the 

contribution to bioavailable Fe deposition to the surface oceans.  During this study, 

GEOS-Chem/DFeS, implemented with clay dissolution equations, proved to be the first 

prognostic modeling study helping to constrain clay minerals influence on soluble Fe 

deposition.   

 

5.2  Soluble Iron Fraction at the Source Region 

As stated previously, a major source of uncertainty in simulating Fe dissolution 

and DFe deposition to the surface oceans is the initial Fe solubility in mineral dust.  

During the GEOS-Chem/DFeS baseline simulation, the initial Fe solubility was 
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prescribed to be 0.45%.  We believe this DIF value to be a source of modeling error due 

to the possible overestimation, for the Patagonia region, and prescribing a single value of 

initial DIF to an entire domain, which most likely has spatially variable DIF.  Solmon et 

al. [2009] stated that the Fe dissolution scheme is highly sensitive to the assumed initial 

DIF prescribed to the model.  To better understand how the initial DIF impacts the 

magnitude of DFe deposited to the SAO, a sensitivity study was conducted prescribing a 

decreased initial Fe solubility.  

A GEOS-Chem/DFeS simulation, with initial DIF prescribed to be 0.1%, was 

conducted for the month of December 2006.  The sensitivity studied proved that the 

initial DIF directly influences the magnitude of DFe that is deposited to the SAO.  Figure 

5.5 shows there was a large decrease in total DFe deposition, displaying a decrease of 

~88% in total DFe deposition, correlating with the large decrease in initial DIF.  The 

largest decrease in DFe deposited to the SAO was in the region of the highest dust 

deposition (Figure 5.6).  In pristine regions, such as Patagonia, the amount of DFe 

produced from acid mobilization will be minimal compared to regions influenced largely 

by anthropogenic emissions.  The findings during our sensitivity study agreed with 

Solmon et al. [2009] when it was found that dust plumes interacting with low SO2 

concentrations would deposit DFe magnitudes primarily produced by the initial Fe 

solubility fraction and not by acid mobilization.  

 

5.3  Increased Natural Emissions of SO2 

 Understanding how natural sources of SO2 impact Fe mobilization is important in 

regions with minimal influence from anthropogenic pollutants.  We performed a simple 

test in which we ran a simulation with doubled SO2 emissions from natural sources 

(DMS and volcanic emissions) for December 2006, all other conditions remaining 

unchanged, and compared it to the baseline simulation.  Figure 5.7 displays an increase in 

DFe deposition to the SAO slightly higher than 7%.  During the simulation of doubled 

natural SO2 emissions, DFe deposition was still restricted by the larger dust 



 
 
 

49 

concentrations present during December 2006.  Figure 5.8 demonstrates the spatial 

variations in DFe deposition rate due to doubling of DMS emissions and volcanic SO2 

separately.  It can be seen that the doubling of DMS emissions had a much larger impact 

on the increase of DFe deposition during this sensitivity study.  This is most likely due to 

such small concentrations of volcanic emissions being transported over the SAO in the 

same vertical levels as dust transport.  The oxidation of DMS forming SO2 occurs over 

the SAO, thus allowing for maximum contribution to dust-Fe mobilization.  The increase 

in atmospheric DFe deposition produced by the doubling of natural SO2 sources was 

within the range of the percent increase of DFe production reported by Solmon et al., 

[2009] when they analyzed doubled anthropogenic SO2 on Asian dust plumes.  These 

results demonstrate the relative importance of natural SO2 emissions, especially oceanic 

DMS emissions, on dust laden-Fe mobilization in pristine regions such as Patagonia.  

 To further evaluate how the doubling of DMS emissions influences the magnitude 

of DFe deposition to the SAO, we chose to perform the doubling sensitivity study during 

June 2007 (below average dust activity).  Through this evaluation we can analyze the 

influence of increased DMS emissions on smaller mineral dust concentrations.  During 

the study there was an increase in DFe deposition to the SAO of ~24%.  This was large 

compared to the 7% increase that was observed during December 2006.  Figure 5.9 

illustrates the spatial pattern of DFe deposition increase when compared to the baseline 

simulation.  The areas of greatest increase correlated with the maximums in DMS 

emissions produced during this sensitivity (Figure 5.10).  Comparing Figure 5.10 with 

baseline surface concentrations of DMS during the austral winter shows the areas of 

highest DMS emissions correlate well with increased DFe deposition.  While there was a 

large percent increase in the total magnitude of DFe deposition to the SAO, the total 

magnitude only amounted to around 30% of December 2006 of the baseline simulation.  

This case study shows how periods of smaller dust concentration are more profoundly 

influenced by increases in SO4
2- produced by DMS oxidation, than when compared to 

times of largest dust concentrations. 
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 Changes in the spatial distribution of DIF were also evident during the doubling 

of natural SO2 emissions sensitivity analysis.  Displayed in Figure 5.11a, it can be seen 

that DIF was increased throughout the SAO domain, due to the doubling of DMS 

emissions, with the largest increases in areas on the exterior of the major modeled dust 

transport pathways.  The importance of the supply of SO2 due to DMS oxidation is 

clearly evident in regions of maximum DMS emissions during the austral summer.  

Around the Antarctic continent, during the austral summer, maximum DMS 

concentrations are present and in this region DFe production increased up to 65%.  While 

there was a large increase in DIF in this region, the DFe deposition still proved to have 

little influence on total deposition values.  Figure 5.11b focuses on the influence of 

doubled volcanic SO2 emissions and the production of DFe over the SAO.  Very little 

influence on DFe production was seen during this sensitivity study due to volcanic SO2.  

This influence could be drastically increased during periods of increased volcanic activity 

such as during an eruption event.  However, for the SAO it is evident that SO2 produced 

from DMS oxidation that leads to the increase in SO4
2- has a much larger influence on the 

increase of DFe deposition and production.  From this sensitivity study it was seen that 

even natural sources of SO2 had a limited impact on DFe production, which is also seen 

from anthropogenic sources.  The region of Patagonian and the SAO has been shown to 

have little influence from acid mobilization and leads to the increasing importance of 

constraining the initial DIF of dust laden-Fe. 

 

5.4  Volcanic Eruption 

 While everyday volcanic emissions of SO2 had little impact on the acidification of 

mineral dust over the SAO, we wanted to understand how DFe deposition would change 

during a volcanic eruption.  To do this we conducted two simulated volcanic eruption, 

modeled after the eruption of Cerro Hudson which occurred in the Andes Mountains 

upwind of Patagonia in 1991 [Naranjo and Stern, 1998], to determine the impact of 

volcanic eruptions on DFe production to the SAO.  The first volcanic eruption would 
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occur from December 1-3 and the simulation would carry out until December 12.  The 

second eruption would occur from December 20-23 and the simulation would continue 

until the end of the month.  This would allow for ample time for dust and volcanic trace 

gases to interact over the SAO and SO.  During the eruption period the volcano would 

emit 0.5 Mt of SO2 per day with a volcanic eruption index (VEI) of 5.  These time 

periods were chosen to evaluate how volcanic eruptions influence periods of small dust 

advection (Dec. 1-12) and large advection (Dec 20-31).  With equal increases in SO4
2- 

due to the eruptions over the SAO and SO, we would be able to analyze how 

concentrations of dust can determine the overall magnitude of DFe deposition. 

 The first aspect of interest during the volcanic eruption was the transport path of 

the SO2 plume and the increase in SO2 and SO4
2- concentrations over the SAO and SO.  

Figure 5.12 displays SO2 total column concentrations (illustrating the volcano plume 

transport pathway) over the entire SO during the simulated volcanic eruption.  The 

volcano plume clearly has a large impact on the total trace gas concentrations over the 

entire SO region.  The increase of SO2 and SO4
2-

 column concentrations were extreme 

with increases in concentrations over the SAO increasing 60 times compared to the 

concentrations predicted during the baseline simulation.   

 First we wanted to evaluate how these large increases in trace gas concentrations 

would impact atmospheric DFe depositions and Fe dissolution during the first eruption.  

Despite the large increases in SO2 and SO4
2-

 during the volcano simulation, there was a 

very limited increase of DFe deposition and DIF over the SAO and a slight increase 

observed in the SO (Figure 5.13) between Dec. 1-12.  This was unexpected due to the 

large amounts of ambient trace gases that were present over the SAO that could be 

absorbed by dust particles to initiate Fe dissolution.  The reason there was such small 

increases in DFe deposition was due to the volcano and dust plumes being transported at 

separate vertical levels.  Figure 5.14 and 5.15 display average vertical levels for both SO2 

and mineral dust plumes on days during the volcano eruption simulation in which clearly 

there is slight interaction to initiate Fe dissolution.  From this figure it can be seen that the 
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volcanic emissions reach much higher levels initially compared to mineral dust 

advection.  Throughout the simulation the volcanic SO2 plume is transported between 5-

10 km above the surface while dust plumes are rarely advected higher than ~5 km.  

However, as the volcano plume is transported over African and Australia it can be seen 

that there is slight interactions between the trace gases and dust which lead to the slight 

increases in DFe deposition to the SO. 

 During the second simulated volcanic eruption a more notable increase in DFe 

deposited was observed to both the SAO and SO (Figure 5.16).  The increase of DFe 

deposited to the SAO during the second eruption was on the order of 10 times larger in 

the main transport pathway of Patagonian dust when compared to the baseline simulation.  

Also it can be seen from this figure that there is a subsequently large increase in DFe 

deposition over the entire SO.  The reason for the large increase in DFe deposition is the 

strength of dust advection during this time period allowed dust plumes to reach higher 

altitudes over the SAO.  This allows for mineral dust to interact with SO4
2- produced by 

the SO2 plume.  Figure 15.17 demonstrates a day (Dec. 22, 2006) in which there was 

clear interaction between Patagonian dust and SO2 produced from the second volcanic 

eruption.  This sensitivity study demonstrates the importance of the advection height of 

mineral dust compared to plumes of soluble trace gases on the total DFe production and 

deposition to the surface waters of the SO.  The findings here agree with similar results 

shown for Asian dust and anthropogenic pollution being transported a crossed the Pacific 

Ocean and deposited to the west coast of the United States (Eguchi et al., 2009). 

 

5.5 Implications for Climate Change 

 Presently it is widely understood that increased anthropogenic emission of CO2 

has lead to the direct increase in global temperatures [IPCC, 2007].  However, the fate of 

the CO2 emitted to the atmosphere is not as well understood, especially when it comes to 

atmospheric/oceanic fluxes.  It has been suggested through modeling experiments that the 

SO provides a CO2 sink to the surface oceans of 0.1 to 0.5 PgC/yr [Matear and Hirst, 
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1999; Gurney et al., 2002; Patra et al., 2005], and oceanic CO2 measurements have 

reported the sink to be 0.5 to 0.7 PgC/yr [Takahashi et al., 2002].  While these values 

seem substantial only a small fraction of the carbon that is sequestered to the surface 

oceans will actually be transported to the deep ocean, where it can be considered to be a 

carbon “sink”.  Also these values reported are relatively small when compared to amount 

of CO2 that is emitted to the atmosphere every day; in fact these sequestration rates 

would only counteract 1-3 days of CO2 emissions throughout the year 

[http://www.sciencedaily.com /releases/2008/02/080218134635.htm].  CO2 sequestration 

in the SAO due to oceanic primary productivity influenced by the atmospheric deposition 

of DFe was calculated during our research using the equation: 

 

 2  =  :  

 
where [CO2] is the rate of CO2 sequestration (nmol/m2/day) to the deep ocean (~2000 m 

and below), DFe is the rate of DFe deposition (nmole/m2/day), and (C:Fe)eff is the carbon 

export efficiency (molC/molFe).   

 During our baseline simulation, it was calculated that a total of just over 4 Tg of 

carbon would be lost to the deep ocean due to mineral dust deposition, where it can be 

assumed it will reside there for thousands of years.  These calculations were made by 

using the DFe deposition rates calculated be GEOS-Chem/DFeS and a (C:Fe) export 

efficiency (to the deep ocean) at 2000 meters for the SO [de Baar et al., 2008].  The 

average export efficiency value used in our research was an average from measurements 

at 100 meters from several Fe fertilization experiments in the SO.  We then extrapolated 

this value to 2000 m to produce a final export efficiency value of 149.18 mol/mol.  A 

monthly graph, shown in Figure 5.18, depicts the seasonality and total magnitude of 

carbon export to the deep ocean.  The seasonality of carbon export is in parallel with 

mineral dust deposition due to the fact that these calculations only take into account 

carbon sequestration produced by atmospheric DFe.  While the total magnitude of carbon 

export to the deep ocean due to atmospheric Fe deposition is currently widely 
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misunderstood, it is estimated to be ~1-2 orders of magnitude smaller (10 - 100% less) 

than the total carbon sequestered at the ocean/atmosphere interface [de Baar et al., 2008].  

Due to this estimation our annual magnitude calculated during our research seems to 

make sense.  Our total carbon loss is within the range of 0.6 – 4% of estimations of total 

CO2 uptake at the surface for the entire SO.  

 Fe fertilization of the remote HNLS oceans, by both natural and artificial means, 

has been a topic of interest beginning since John Martin formulated the ‘iron hypothesis’ 

[Martin, 1990].  The implications this carbon sink can have on the atmospheric CO2 

concentrations has lead to wide-spread Fe fertilization projects and increased interest 

from the scientific field.  To counteract the present day trend of increasing temperatures 

directly related to increased greenhouse gases, mostly CO2, it is understood that we must 

increase the sinks of greenhouse gases along with decreased emissions.  This reasoning 

has led for the need to better understand how much carbon (CO2) is actually lost to the 

deep ocean, for thousands of years, due to atmospheric deposition of DFe.  With our 

model developments, we have the ability to quantify the amount of CO2 that is 

sequestered due to the atmospheric deposition of mineral dust and DFe, and the 

implications this has on the total loss of carbon to the deep oceans. 

 The current understanding on the prevalence of ocean Fe fertilization projects is: 

even under the best conditions, these fertilization projects will have only a limited effect 

on the rate at which atmospheric CO2 is projected to rise due to anthropogenic influence.  

However, the concentrations of carbon sequestered are too large to be ignored; thus, we 

cannot afford not to completely understand the quantitative impact of oceanic carbon 

sequestration.  To this day there has been ~10 ocean fertilization projects [Smetacek and 

Naqvi, 2008] and while the impact of this process is not fully understood, a benefit it has 

produced is the media attention it has drawn to the need to solve global warming.  The 

developments of our model and related equations displayed during my research provides 

confidence that our model could be applied to future research projects to help constrain 
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CO2 sequestration and the related climatic influence due to the introduction of DFe from 

natural sources.   
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CHAPTER 6.  SUMMARY AND CONCLUSION 

 We applied GEOS-Chem/DFeS to analyze dust and DFe fluxes to the SAO during 

a yearlong simulation (Oct. 2006 – Sep. 2007).  Temporal and spatial analysis of dust 

emission source locations and strengths in Patagonia, spatial transport pathways, and the 

magnitude of deposition to the SAO were analyzed to understand how well the model 

treats mineral dust concentrations and fluxes.  The advantage of using GEOS-

Chem/DFeS for DFe production and deposition simulations is the model’s ability to 

predict DFe concentrations and fluxes without making an a priori assumption of dust-Fe 

solubility.  We applied our model to evaluate DFe deposition, available for oceanic 

primary productivity, to the SAO examining the hypotheses of dust laden-Fe supply to 

the SO influencing atmospheric global CO2 concentrations and climate [Martin et al., 

1991; Watson et al., 2000; Boyd et al., 2000].  GEOS-Chem/DFeS showed the reasonable 

ability to quantify the dissolution of dust laden-Fe during atmospheric transport and lead 

to a higher understanding of the magnitude, temporal, and spatial distribution of mineral 

dust and bioavailable Fe deposited to HNLC oceans.  This study proved to be the first 

application of a prognostic Fe dissolution model to this domain. 

 During this research, improvements were made to the original GEOS-

Chem/DFeS.  The first being the implementation of windblown Patagonian dust 

mineralogy into the model, allowing for the heterogeneous chemistry occurring on 

deliquesced dust particles, during atmospheric transport, to directly represent Patagonia 

dust.  Also, while past studies used Fe oxides (hematite) as the only source of 

bioavailable Fe from atmospheric deposition [Meskhidze et al., 2005; Luo et al., 2005; 

Fan et al., 2006; Solmon et al., 2009], current research has shown that Fe-substituted clay 

minerals could be a major contributor to DFe in ambient aerosols [Journet et al., 2008; 

Cwiertny, et al. 2008].  In light of this observation, we implemented an additional module 

to calculate dissolved Fe concentration associated with clay minerals (smectite and illite).  

These model developments were implemented to allow for the most realistic dust laden-

Fe dissolution, of dust advected from Patagonia, during atmospheric transport. 
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 In order to accurately deposit DFe to oceanic surface waters, the model must be 

able to reasonably simulate dust advection, transport, and deposition.  Through 

comparison with past modeling and measurement results, Patagonian station visibility 

reports, and remotely sensed data, it was shown that GEOS-Chem/DFeS is capable of 

simulating dust emission source regions in Patagonia and total fluxes of mineral dust to 

the SAO.  During the simulated time period GEOS-Chem/DFeS predicted an annual 

mineral dust deposition of ~22 Tg to the SAO, which compared well to estimates made 

during past modeling and measurement studies.  Wet deposition has been shown to 

dominate dust deposition far from dust emission sources, but in the SAO dry deposition 

has been shown to have a much larger contribution (around 25% of total dust deposition) 

[Li et al., 2008].  This agrees well with our modeled output showing a much larger 

fraction of dust being deposited by wet deposition over the remote SAO.  Simulated 

temporal dust deposition also proved to be correlated when compared to timing of 

climatic patterns favorable for dust advection, MODIS AOD, and in-situ Antarctic dust 

deposition measurements [Weller et al., 2008].  The predicted seasonality demonstrated 

the largest magnitude of dust being deposited to the SAO during the austral summer 

(DJF).  Overall, GEOS-Chem/DFeS proved to have the ability of simulating mineral dust 

emission source regions in Patagonia, total dust deposition, and temporal and spatial 

patterns to the SAO.  

 Episodic dust events from Patagonia proved to have a profound impact on the 

magnitude of mineral dust fluxes to the surface waters of the SAO.  Analysis of 

Patagonian visibility reports compared to model predicted dust column concentrations 

demonstrated that GEOS-Chem/DFeS was capable of capturing 75% of reported dust 

storms in the region.  Within the time period of our baseline simulation a dust outbreak, 

off the coast of Patagonia, was visually evident in MODIS real-time imagery on Dec. 27, 

2006.  Obtaining such clear satellite imagery is rare in the SO due to the extreme 

cloudiness dominating the region.  However, during the time period in which MODIS 

captured large dust advection, GEOS-Chem/DFeS also produced highly elevated 
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concentrations of dust fluxes off the Patagonian coast.  Here it was shown that GEOS-

Chem/DFeS displayed the ability to reproduce the majority of large episodic dust events 

in Patagonia.   

 GEOS-Chem/DFeS calculated that ~4 Gigagrams of DFe is deposited to the SAO 

surface waters during the baseline yearlong simulation.  This value was noticeably 

smaller (~10%) when compared with the modeling study by Gao et al. [2003] which 

deposited an annual DFe deposition range of 0.027 – 0.19 Tg to the SAO (this study 

prescribed higher Fe solubilities than that calculated with our prognostic module).  

GEOS-Chem/DFeS predicted wet deposition to be the dominant source of DFe 

deposition accounting for ~75% of total deposition.  This corresponded with a past study, 

focused on wet and dry deposition fluxes of DFe to the SAO, that calculated ~60% of 

total DFe to be removed through precipitation scavenging, consistent with our calculated 

annual DFe deposition [Gao et al., 2003].  With only one modeling study and no 

continuous in-situ measurements of DFe fluxes and concentrations over the SAO, model 

evaluation proved to be difficult.  However, our simulated annual deposition and 

deposition processes proved to be in agreement with available past studies.  

 Annually averaged DIF shows DFe production to be restricted in regions of the 

largest modeled dust transport path.  However, since the model prescribes an initial Fe 

solubility of 0.45%, regions of the largest mineral dust deposition still correlated with the 

highest fluxes of DFe to the SAO.  This also leads to the seasonality of DFe deposition 

being the same as mineral dust, with the highest values of DFe deposition occurring 

during the austral summer.  DIF values increase in regions where annually averaged dust 

concentrations are less and acidic trace gas concentrations can overcome the buffering 

effect of calcium and begin to dissolve dust laden-Fe.  The most likely reason for small 

values of atmospheric DFe production and deposition to the SAO is the pristine nature of 

Patagonia and the SAO.  Here concentrations of acidic gases will less frequently reach 

concentrations high enough to initiate dust laden-Fe dissolution.  Due to this, in pristine 

regions such as Patagonia the initial DIF prescribed to the model will have a dominant 
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influence on total DFe deposition fluxes.  If the DIF prescribed at the source region is not 

well constrained, simulated DFe deposition fluxes will have high potential error.  To fully 

understand the accuracy of GEOS-Chem/DFeS simulated total, temporal, and spatial DFe 

production and deposition, continuous in-situ measurements are needed for improved 

model evaluation.   

 To further evaluate the ability of GEOS-Chem/DFeS to predict DFe production 

and deposition, sensitivity studies were conducted for the month of December 2006.  The 

impact of clay laden-Fe dissolution, initial Fe solubility, and doubling of natural 

emissions of SO2 (DMS and volcanic emissions) were analyzed.  Figure 6.1 displays total 

DFe deposited to the SAO during the separate sensitivity simulations compared to 

December 2006 of the baseline simulation.  Most evident is the ~67% increase in DFe 

deposition due to implemented clay dissolution module.  This large increase was most 

likely produced by smectite dissolution rates being faster than hematite’s at pH > 2.  

Therefore, clay laden-Fe dissolution will contribute largely to total DFe concentrations at 

pH values commonly found during atmospheric transport.  Presently there are large 

uncertainties in measurements of initial Fe solubility reported in past literature.  This 

uncertainty was shown to have a large influence on simulated DFe deposition in pristine 

areas such as the SAO.  The sensitivity study, with decreased initial DIF (0.1%), 

produced a ~88% decrease in DFe deposition; this magnitude is directly correlated to the 

decrease in prescribed initial Fe solubility.  Due to the lack of anthropogenic influence in 

the region, we also analyzed how the doubling of natural emissions of SO2 would 

influence the magnitude of DFe deposition to the SAO.  The sensitivity study resulted in 

a noticeable increase of DFe deposition (~7%) to the SAO with spatial distributions 

showing a large influence in regions of the highest DMS concentrations.  Conducting 

separate simulations for both DMS and volcanic SO2 showed that volcanic trace gases 

had little influence on Fe dissolution over the SAO.  The oxidation of DMS leads to 

increased DFe deposition and production over the entire SAO region.  The regions of the 

largest DMS concentration had up to a ~38% increase in DFe deposition and ~65% 
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increase in DFe production, demonstrating the importance of natural emissions DMS on 

dust laden-Fe dissolution in pristine regions.  Fe dissolution processes, initial Fe 

solubility, and natural SO2 emissions prove to have profound impact on DFe production 

and deposition in the SAO domain.  

 Calculations were made to investigate the impact atmospheric DFe deposition had 

on chlorophyll production.  Evaluation of DFe deposition events demonstrated that 0.5 

mg/m3 of the chlorophyll concentration in the SAO surface waters could be produced or 

supported during large dust outbreaks.  Both magnitude and spatial patterns of 

chlorophyll and DFe deposition showed similar transitions during the month of 

December 2006 when comparing 8-day chlorophyll concentrations with the DFe 

deposition rates of the five days prior.  Through this analysis it was shown that DFe 

deposition does not play a dominant role in the supply of bioavaliable Fe for 

phytoplankton but does play a minor role (0-22%), especially off the coast of Patagonian 

over the remote SAO. 

 Increased phytoplankton production in the surface oceans has shown to decrease 

CO2 concentrations in the atmosphere above.  We developed equations that would 

quantify the amount of CO2 that was sequestered to the deep ocean (2000m) due to DFe 

depositions (simulated by GEOS-Chem/DFeS), which would be considered a carbon 

sink.  Throughout the simulation period it was shown that ~4 Tg of carbon would be 

sequestered to the deep ocean due to mineral dust deposition to the SAO.  In comparison 

to recent modeling and measurements studies our value proved to sequester between 0.6-

4.0 percent of CO2 that is fluxed to the surface waters of the SO.  While the total amount 

of CO2 that is drawn down to the surface waters of the SO will only counteract 1-3 days 

of anthropogenic emissions throughout the year, it is still enough that the overall impact 

on climate shouldn’t be ignored.  Figure 6.2 demonstrates how sensitivity studies 

conducted during my research influenced the magnitude of CO2 sequestered compared to 

December 2006 of the baseline simulation.  The pattern of the magnitude of carbon 

sequestered to the SAO between studies parallels that of DFe deposition during the 
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sensitivity simulations.  This similarity is produced by the limitation of chlorophyll 

production and CO2 sequestration only being due to atmospheric DFe depositions 

predicted by GEOS-Chem/DFeS.  The large differences of carbon sequestered between 

sensitivities demonstrates the necessity to fully constrain atmospheric mineral dust and 

DFe depositions to allow the further understanding of its influence on oceanic primary 

productivity and carbon sequestration.  During our evaluation of CO2 sequestration due to 

the atmospheric deposition of DFe we gained confidence that our model could have the 

future ability for application to many interesting future research projects on mineral 

dust’s influence on the overall climate. 

 During this research we have found GEOS-Chem/DFeS to have the reasonable 

ability to model mineral dust advection in Patagonia, transport, dust laden-Fe dissolution 

processes, along with mineral dust and DFe deposition to the SAO.  While the model 

shows the ability to capture total magnitude, temporal, and spatial deposition of mineral 

dust and DFe to the SAO, the actual accuracy of the model remains unknown due to 

extreme limitation of in-situ measurements for model evaluation.  The ability to 

accurately model DFe production and deposition, associated with mineral dust, to surface 

oceans could lead to drastic increases in the knowledge of the supply of bioavaliable Fe 

from atmospheric deposition.  Future laboratory and modeling studies are needed to 

increase the knowledge of atmospheric Fe dissolution processes and deposition to remote 

oceans, furthering the understanding of the implications these processes have on 

atmospheric CO2 concentrations and global climate.   
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Table 1.1 GEOS-Chem Emission Inventories 

 
Yellow highlights indicate the default emission setup during full chemistry simulations. 
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Table 1.2 Chemical Species Involved During Full Chemistry GEOS-Chem  
  Simulations 
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Table 1.2 Continued 
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Table 1.2 Continued 
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Table 1.3 Tracers Assigned During GEOS-Chem/DFeS Simulations 
 

Tracer #  Tracer Name  Molecular Weight (g/mol) 
Tracer #1                 NOx          46.0 
Tracer #2                Ox             48.0 
Tracer #3                 PAN         121.0 
Tracer #4                 CO            28.0 
Tracer #5                 ALK4       12.0 
Tracer #6                 ISOP         12.0 
Tracer #7                 HNO3       63.0 
Tracer #8                 H2O2       34.0 
Tracer #9                 ACET       12.0 
Tracer #10                MEK        12.0 
Tracer #11                ALD2       12.0 
Tracer #12                RCHO       58.0 
Tracer #13                MVK        70.0 
Tracer #14                MACR       70.0 
Tracer #15                PMN       147.0 
Tracer #16                PPN       135.0 
Tracer #17                R4N2      119.0 
Tracer #18                PRPE       12.0 
Tracer #19                C3H8       12.0 
Tracer #20                CH2O       30.0 
Tracer #21                C2H6       12.0 
Tracer #22                N2O5      105.0 
Tracer #23                HNO4       79.0 
Tracer #24                MP         48.0 
Tracer #25                DMS        62.0 
Tracer #26                SO2        64.0 
Tracer #27                SO4        96.0 
Tracer #28                SO4s       96.0 
Tracer #29                MSA        96.0 
Tracer #30                NH3        17.0 
Tracer #31                NH4        18.0 
Tracer #32                NIT        62.0 
Tracer #33                NITs       62.0 
Tracer #34                BCPI       12.0 
Tracer #35                OCPI       12.0 
Tracer #36                BCPO       12.0 
Tracer #37                OCPO       12.0 
Tracer #38                DST1       29.0 
Tracer #39                DST2       29.0 
Tracer #40                DST3       29.0 
Tracer #41                DST4       29.0 
Tracer #42                SALA       36.0 
Tracer #43                SALC       36.0 
Tracer #44                FEDI      55.84 
Tracer #45                ALDI      26.98 
Tracer #46                NADI      22.99 
Tracer #47                SILDI     96.00 
Tracer #48                KDI       39.09 
Tracer #49                MGDI      24.30 
Tracer #50                CADI      40.07 
Tracer #51                SO4DI     96.00 
Tracer #52                NH4DI     18.01 
Tracer #53                NO3DI     62.01 
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Table 1.3 Continued 
 
Tracer #54                CASO4     126.0 
Tracer #55               CACO3     99.99 
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Table 3.1 Mean Mineralogical Composition of Patagonian Dust  

Mineral Percent of Mineral 
Dust Aerosol (wt%) 

Percent Fe of 
Mineral (wt%) 

Hematite  3.5 53.8 
Albite 8 - 
Microcline 8 - 
Illite 4 4.1 
Smectite 42 10.7 
Calcite 5.5 - 
Quartz 29 - 
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Table 3.2 Species Simulated in the Iron Dissolution Model 

* Meskhidze et al. [2005] and references within. 
  

Symbol 
 

Chemical Forms 

SO2 (SO2)g 

SO(VI) (SO4
2-)aq, (HSO4

2-)aq, (FeSO4
+)aq, (AlSO4

+)aq, (CaSO4)s, (Na2SO4)s, 
(NaHSO4)s, ((NH4)2SO4)s, (NH4HSO4)s, ((NH4)3H(SO4)2)s 

NOx (NO)g, (NO2)g 

N(V) (HNO3)g, (NO3
-)aq, (NH4NO3)s, (NaNO3)s 

N(-III) (NH3)g, (NH4
+)aq, ((NH4)2SO4)s, (NH4HSO4)s, ((NH4)3H(SO4)2)s, 

(NH4NO3)s 

Na (Na+)aq, (NaCl)s, (NaNO3)s, (NaHSO4)s, (Na2SO4)s 

Ca (Ca2+)aq, (CaCO3)s, (CaSO4)s 

Fe (Fe3+)aq, (Fe(OH)2+)aq, (Fe(OH)2
+)aq, (Fe(OH)3)aq, (Fe(OH)4

-)aq, 
(FeSO4

+)aq, (Fe(OH)3)s 

Al (Al3+)aq, (Al(OH)2+)aq, (Al(OH)2
+)aq, (Al(OH)3)aq, (Al(OH)4

-)aq, 
(AlSO4

+)aq 

Anthropogenic 
Aerosol Mode 

[PM]a, the mass concentration (mg m-3) of anthropogenic aerosols calculated 
as the sum of the concentrations of anthropogenic mode S(VI), N(-III) and 
N(V) 

Dust Aerosol 
Mode 

[PM]d, the mass concentration (mg m-3) of dust aerosols calculated as the 
sum of the concentrations of Dust, dust mode S(VI), N(-III), and N(V), as 
well as dissolved, dust mode Na, Ca, Fe, and Al 
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Table 3.3 Constants Used to Calculate Mineral Dissolution/Precipitation Rates 

 
* Meskhidze et al. [2005] and references within. 
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Table 3.4 Additional Aqueos Phase Reactions Implemented Into ISORROPIA 

 
* Meskhidze et al. [2005] and references within 
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Table 3.5 GEOS-Chem/DFeS Model Configuration 
Scientific Option Configuration 
Model Version v8-01-01 
Horizontal Resolution 2˚ x 2.5˚ 
Vertical Resolution 47 layers 
Time Step  15 minutes 
Meteorological Fields GEOS-5 (offline) 
Chemical Tracers NOx,Ox,PAN,CO,ALK4,ISOP,HNO3,H2O2,ACET,MEK,ALD,     

RCHO,MVK,MACR,PMN,PPN,R4N2,PRPE,C3H8,CH2O,C2H,     
N2O5,HNO4,MP,DMS,SO2,SO4,SO4s,MSA,NH3,NH4,NIT,Ns,     
BCPI,OCPI,BCPO,OCPO,DST1,DST2,DST3,DST4,SALA,SAC,   
FEDI,ALDI,NADI,SILDI,KDI,MGDI,CADI,SO4DI,NH4DI,   
CASO4,CACO3

Chemical Mechanism SMVGEAR II (Jacobson et al, 1997), using 90 chemical 
species, approximately 300 kinetic reactions (including 
rapid recycling of peroxides as well as H2SO4-HNO3-NH3 
chemistry), and 51 photolysis reactions. 

Photolysis Mechanism FAST-J algorithm (Wild et al, 2000) 
SOA Formation Based upon Chung and Seinfeld (2002) and rate constants 

and aerosol yield are calculated by arithmetic average of 
species values contained within each class obtained from 
smog chamber data by Griffin et al. (1999a, b). 

Aerosol 
thermodynamics Module 

ISORROPIA 

Anthropogenic 
Emissions GEIA Global Emissions Inventory Activity 
Dry Deposition Dry deposition is represented with a deposition velocity that 

accounts for gravitational settling (Seinfeld and Pandis, 
1998) and turbulent dry transfer of particles to the surface 
(Zhang et al., 2001). 

Wet Deposition Wet deposition uses the scheme of Liu et al., (2001), which 
includes scavenging in convective updrafts, rainout and 
washout from large-scale precipitation and convective 
anvils. 

Operations • Transport (Lin & Rood, 1996, 1997) 
• Cloud Convection (Lin, 1996) 
• Boundary Layer Mixing (Allen, 1996) 
• Emissions 
• Dry/Wet Deposition  
• Chemistry 
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Table 4.1 GEOS-Chem Atmospheric Fe Concentrations in Comparison to In-situ 
Measurements 

 
  

 Fe Measurement (ng m-3) GEOS-Chem (ng m-3) 

2/3/1990 6.4 4.325 

2/4/1990 6.0 5.528 

2/10/1990 27.6 5.181 

2/13/1990 38.1 3.467 

2/14/1990 3.3 4.366 

2/15/1990 5.1 3.741 

2/17/1990 3.7 3.826 

2/18/1990 13.7 2.867 

2/20/1990 224.5 23.289 

2/22/1990 17.7 11.867 

2/24/1990 34.3 5.499 
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Table 5.1 Model Sensitivity Studies for December 2006 

 
  

Model Simulation 
(Dec. 2006) 

Purpose Difference From Baseline 
Simulation 

Baseline Calculate Total DFe deposition 
to the SAO during Dec. 2006 
 

 

Clay Dissolution Determine the impact of the DFe 
contribution from the 
aluminosilicates Smectite and 
Illite  

Implemented module would 
allow for the Fe content of the 
dissolved portion of smectite 
and illite to contribute to total 
DFe concentrations.  In the past 
it has been assumed that 
hematite was the only source of 
soluble Fe during atmospheric 
transport.  This effort, to the 
best of my knowledge, is the 
first simulated clay mineral 
laden-Fe dissolution during 
atmospheric transport.  
 

Initial Fe 
Solubility = 0.1% 

Quantify the decrease in total 
DFe deposition to the SAO with 
a decreased initial DIF 
 

The initial Fe solubility at the 
dust emission source would be 
decreased from 0.45% to 0.1%. 

Double Natural 
SO2 Emission 

Calculate the increase in DFe 
deposition due to the doubling of 
DMS and volcanic SO2 
emissions 

Doubling the base emissions of 
DMS and volcanic SO2 would 
allow the quantification of DFe 
deposition due to increased 
acidic trace gases. 
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Figure 1.1 Image displays the boundaries and geographic location of Patagonia, which is the domain 
of interest during this research (http://www.allaboutar.com/images/map_patagonia.jpg).  
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Figure 1.2a Annually averaged surface level concentration (ppb) of SO2 from anthropogenic and 
volcanic emissions over the region of Patagonia.   
 

 
Figure 1.2b Annually average surface level concentration (ppb) of DMS from oceanic emissions over 
the region of Patagonia and the SAO.  
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Figure 2.1 illustrates the HNLC waters (bright colors) of the subarctic north Pacific, equatorial 
Pacific, and the Southern Ocean comprising ~30% of the global oceans (data from the World Ocean 
Atlas 1994). 
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Figure 3.1 GEOS-Chem simulated annually averaged source regions and emission strength (g/m2/yr) 
for October 2006 - September 2007.  Dust report locations are denoted by the yellow place markers. 
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A B

C D

Figure 4.1 Google Earth satellite imagery displaying the topography and vegetative cover of the four 
strongest GEOS-Chem predicted annual dust regions (October 2006 – September 2007).  Yellow 
place markers correspond with the matching satellite imagery.  This figure illustrates the modeled 
dust emission regions to correlate well with dry lake beds, low vegetative cover, and low lying terrain. 
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Figure 4.2 GEOS-Chem daily averaged column dust concentration compared with Patagonian 
visibility reports during the austral summer of 2006/2007 (DJF).  The blue line illustrates GEOS-
Chem predicted column dust concentrations (g/m2).  Red markers represent days in which multiple 
stations in Patagonian reported dust activity (wide spread dust) and yellow markes represent days in 
which a single station reported dust activity (small dust event). 
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Figure 4.4 MODIS Terra imagery of a dust outbreak off the coast of Patagonia on December 27, 2006 
13:25 UTC (top).  A close up of the dust plume is highlight in the bottom left corner and magnified in 
the bottom image.  
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Figure 4.5 GEOS-Chem predicted average daily dust fluxes (blue line) off the coast of Patagonia (39˚ 
and 52˚S) for the month of December 2006.  The second peak in mineral dust flux on December 27, 
2006 corresponds with visual evidence of dust advection off the coast of Patagonia captured by 
MODIS real-time imagery. 
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Figure 4.6 Daily averaged GEOS-Chem predicted AOD (solid red line) values compared with 
MODIS remotely sensed AOD (blue dots).  AOD evalution was conducted over Trelew, Argentina for 
the month of December 2006.   
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Figure 4.7 Monthly averaged MODIS AOD (blue) and predicted GEOS-Chem AOD (red) compared 
over the Trelew, Argentina domain.   The seasonality of modeled monthly average AOD proved the 
model to capture the seasonality of dust advection over Trelew. 
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Figure 4.10 GEOS-Chem predicted mineral dust deposition to the SAO and Antarctica during the 
austral summer.  The red dot denotes the measurment station from Weller et al. [2008]. 
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Figure 4.11 GEOS-Chem predicted annually averaged dust deposition pathway over the SAO 
(μg/m2/day) for the baseline simulation period (Oct 2006 – Sep 2007). 
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Figure 4.12 GEOS-Chem predicted annually average percentage of dry (top) and wet (bottom) dust 
deposition fluxes (μg/m2/day) out of total deposition to the SAO.  Dry deposition proves to be the 
dominant process close to emission sources while wet deposition is the major deposition process over 
the remote SAO. 
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Figure 4.13 GEOS-Chem/DFeS predicted annual averaged column dissolved iron fraction (DIF) over 
the SAO during the simulation period (Oct 2006 – Sep 2007).  Patagonian dust shows to have DIF 
values ranging from 0.45% to ~1.0%, with higher values extending away from regions of maximum 
dust concentrations. 
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Figure 4.15 GEOS-Chem predicted annual averaged DFe deposition pathway and flux rates 
(μg/m2/day) to the SAO during the simulation period. 
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Figure 4.16 GEOS-Chem predicted DFe deposition (μg/m2/day) during a dust deposition outbreak 
(Dec. 25 – 29, 2006).  DFe deposition is highly elevated compared to the average annual deposition 
values during this time period. 
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Figure 4.17 GEOS-Chem predicted dry (top) and wet (bottom) DFe deposition rates (μg/m2/day) 
during the dust outbreak between Dec. 25 – 29, 2006.  It can be seen during this period that larger 
amounts of DFe are deposited to the remote SAO due to wet deposition processes.  
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Figure 4.18 Chlorophyll concentration produced due DFe deposition that occurred during the dust 
deposition event between December 25 – 29, 2006.  
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Figure 4.19 GEOS-Chem/DFeS predicted 7-day average DFe deposition (top) (Dec. 5-11, 2006) 
compared to SeaWiFS chlorophyll a concentrations (bottom) (Dec11-18, 2006).  
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Figure 4.20 GEOS-Chem/DFeS predicted 7-day average DFe deposition (top) (Dec. 13-19, 2006) 
compared to SeaWiFS chlorophyll a concentrations (bottom) (Dec19-26, 2006). 
  



 
 
 

110 

 

 
 
Figure 4.21 GEOS-Chem/DFeS predicted 7-day average DFe deposition (top) (Dec. 21-27, 2006) 
compared to SeaWiFS chlorophyll a concentrations (bottom) (Dec27-31, 2006). 
  



 
 
 

111 

 
 

 
 

Figure 4.22 Chlorophyll concentrations due to GEOS-Chem predicted DFe deposition (top) 
compared to SeaWiFS chlorophyll concentrations (bottom) for Dec. 27-31, 2006.. 
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Figure 5.1 Fe dissolution at pH 1 (top) pH 2 (middle), and pH 3 (bottom) calculated using equations 
implemented into the Fe dissolution scheme of GEOS-Chem/DFeS.  It can be seen from this figure 
that at pH values larger than 2, smectite will contribute larger DFe concentrations than that from 
hematite.  
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Figure 5.3 Percent change in monthly averaged DFe deposition rates between clay dissolution 
sensitivity to baseline simulations (μg/m2/day) (Clay Dissolution/Baseline); demonstrating the areas 
of highest increase in DFe deposition rates due to clay dissolution. 
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Figure 5.4 Average pH values predicted by GEOS-Chem/DFeS during the year long simulation (top) 
and a dust event (bottom).  Seen above are areas of highest dust concentrations throughout the year 
having higher average pH values.  
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Figure 5.6 Percent change (color bar displays negative percentages) in monthly averaged DFe 
deposition rates (μg/m2/day) (0.1% initial DIF/Baseline) from decreased initial prescribed DIF 
sensitivity demonstrating the areas of largest decrease in DFe deposition rates. 
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Figure 5.8a Percent change in monthly averaged DFe deposition rates (μg/m2/day) (double DMS 
emission/Baseline) from doubling of DMS emissions demonstrating the areas of largest increase in 
DFe deposition rates. 

 

 
Figure 5.8b Percent change in monthly averaged DFe deposition rates (μg/m2/day) (double volcanic 
emission/Baseline) from doubling of volcanic emissions of SO2 demonstrating the areas of largest 
decrease in DFe deposition rates.  
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Figure 5.9 GEOS-Chem/DFeS predicted increase in DFe deposition (ng/m2/day) during the doubling 
of DMS emissions during June 2007 in comparison with baseline simulations. 
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Figure 5.10 GEOS-Chem/DFeS predicted surface level DMS concentration for the doubling of DMS 
sensitivity study conducted for June 2007.  The DMS concentrations prove to around twice the 
amount as the baseline simulation (Figure 4.15). 
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Figure 5.11a) Percent change of DIF (Double SO2 / Baseline) demonstrating the change in DFe 
production over the SAO during the sensitivity study of doubled emissions of DMS.  In the southern 
region of the SAO DFe production is largely influenced by the increase in SO4

2- concentrations 
formed by the oxidation of DMS. 
 

 

 
Figure 5.11b) Percent change of DIF (Double SO2 / Baseline) illustrating the influence of double SO2 
emissions from volcanic activity on DFe production.  It can be seen that DMS has a much larger 
influence on DFe production over the SAO.   
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Figure 5.13 GEOS-Chem/DFeS predicted increase in DFe deposition during the first volcanic 
eruption simulation between December 1-12, 2006.  The top figure illustrates the increase to the SAO 
and the bottom image shows the increase of DFe deposition over the entire SO. 
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Figure 5.14 Vertical plots of GEOS-Chem/DFeS predicted SO2 (top) and dust (bottom) on December 
7, 2006.  This figure demonstrates that on this day dust plumes from Africa and Australia were 
advected high enough to interact with the SO2 and thus acidic trace gases emitted by the volcanic 
eruption.  
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Figure 5.15 Vertical plots of GEOS-Chem/DFeS predicted SO2 (top) and dust (bottom) on December 
10, 2006.  This figure demonstrates that on this day dust plumes from Africa and Australia were 
advected high enough to interact with the SO2 and thus acidic trace gases emitted by the volcanic 
eruption.  



 
 
 

127 

 

 
Figure 5.16 GEOS-Chem/DFeS predicted increase in DFe deposition during the second volcanic 
eruption simulation between December 20-31, 2006.  The top figure illustrates the increase to the 
SAO and the bottom image shows the increase of DFe deposition over the entire SO. 
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Figure 5.17 GEOS-Chem/DFeS predicted vertical concentrations of SO2 (top) and mineral dust 
(bottom) on December 22, 2006.  The black circle indicates a region where there was evident 
interaction between SO2 thus SO4

2- produced from the volcanic eruption. 
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Figure 5.18 Monthly averaged CO2 (carbon) export to the deep ocean (past 2000m) from carbon 
sequestration produced by dust laden-DFe deposition. 
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Figure 6.2 Carbon sequestered (Megamoles/day) due to GEOS-Chem/DFeS predicted DFe 
depositions to the SAO during sensitivity studies conducted during this research. 


