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SUMMARY

Iron (Fe) is one of the nutrient elements n‘eeded for photosynthesis. Recent studies
suggest that availability of Fe might limit phytoplankton productivity in large regions of
the remote ocean. Therefore, the illqput of Fe tc; the ocean has a direct impact on marine
ecosystem productivity and may even exert a global-scale influence on climate by
affecting the rate at Which atmosphéric CO; is fixed by oceanic biota. Most Fe is
delivered to the remote ocean via transport of iron-containing mineral aerosols v(or dust)
from the continent. While iron must be in dissolved form to be used by phytoplankton,
continental iron is found primarily in insoluble minerals. An analysis of the global budget
of oceanic Fe suggests that about 0.5 — 2% of the Fe delivered to the ocean in dust is in
soluble form; however, the processes responsible for transforming the insoluble iron
minerals into soluble forms in this amount remain poorly understood.

In this thesis, a combination of diagnostic data analysis and prognostic model
simulations are used to assess the viability of a new mechanism for producing dissolved
Fe in dust carried from the gobi deserts of East Asia to the remote North Pacific Ocean.
The mechanism, referred here as “acid mobilization,” involves the acidification of
mineral dust by SO, fromi pollutant emissions and the subsequent dissolution of the Fe
contained in the dust. |

An initial confirmation for the viability of this “acid-mobilization” hypothesis is
obtaihed from an analysis of data collected over the Yellow Sea during airborne
atmospheric chemistry field campaign. Measured concentrations of selected trace gases
and particle-phase components collected inside a dust-laden plume advecting from the

Asian continent suggest that the mineral dust in the plume was accompanied by high

xii



concentrations of acidifying air pollutants (particularly with SO;). The range of pH
implied from the measured concentration of gas-phase HNOj3 and particulate-phase NOJ

is consistent with acid dissolution rate of Fe required to mobilize 0.5 - 2% of Fe in the
dust within the nominal atmospheric lifetime of the dust particles.

To further test the hypothesis and explore the evolution of dissolved Fe in
different cases of mineral dust advection from East Asia to the Pacific Ocean, a
Lagrangian box model of the gas and aqueous-phase chemistry of reactive compounds
within an air mass containing mineral dust was developed. The model encompasses forty
five different chemical species distributed in the gas-phase and two aerosol modes (fine
and coarse). Thermodynamic equilibrium of gas-, aqueous- and solid-phases of different
species is accomplished using the numerical module ISORROPIA. The specific
trajectories assumed for the plumes in the model and the associated conditions of
pressure, temperature, and relative humidity are based on the actual trajectories estimated
using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT4) model.
After the initial composition of mineral dust and air pollutants are specified, the
concentrations of relevant gas-, aqueous- and solid-phase species in the advecting plume
are determined by solving a system of coupled mass continuity equations.

The model simulations of dust transport episodes with different chemical
compositions and advection paths were carried out to evaluate how varying plume
conditions and trajectories affect the amount of mobilized Fe in these dust plumes. Model
calculations indicate that the nominal springtime amouqfs of anthropdgenic air pollutants
(particularly SO,) found in the urban and industrial centers of East China can acidify

small dust-containing plumes and produce 0.5 - 2% of dissolved Fe during a typical

xiii



lifetime of dust particle. Therefore it is suggested that the major fraction of- mobilized Fe
could be delivered to the surface waters of North Pacific Ocean by small dust plumes.
However, the role of the large dust episodes in the supply of biologically active Fe to the
ocean should not be overlooked. Intensive pollution events occasionally observed in
China can acidify significant dust plumes and reduce pH of deliquesced mineral dust
particles to the values required to mobilize targeted amounts of Dissolved Iron Fraction
(DIF). Simulations also revealed that the low air temperature, characteristic .to the mid
troposphere altitudes, can effectively impede hematite dissolution rates and reduce DIFs
of advecting plumes well below 0.5 - 2% range. Subsidence of the dust plume to the
marine boundary layer and photochemical reductive dissolution of hematite in acidic
mineral aerosols were suggested as two possible mechanisms for mobilizing Fe during
the high altitude dust passages.

Modeling results of two-dust advection episodes suggest that some dust plumes,
especially those mixed with unusually high concentrations of SO,, can deposit enough
bioavailable Fe to the surface waters of North Pacific Ocean to cause phytbp]ankton
bloom. Calculations of the expected changes in marine ecosystem productivity caused by
Fe enrichments to surface ocean waters based on the model simulations are generally
consistent with the space-borne Moderate Resolution Imaging Spectrometer (MODIS)
data used to diagnose the presence of local, transient phytoplankton blooms.

The model results suggest that future changes in SO;-pollutant emissions from
East Asia have the potential to affect the amounts of the dissolved Fe in mineral dust
plumes emanating from the region. The full implications of such changes to ocean

ecosystem productivity, the global C cycle, and climate have yet tolbe assessed.
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CHAPTER 1

INTRODUCTION

1.1 Introduction | S

Microscopic single-éelled marine organisms (phytoplankton) play a crucial role in
the global carbon cycle. Making up less than one ﬁer’cent of plani’t;iomass, phytoplankton
carry out almost half of Earth’s gross phqtosynthgsis [ChiSholm, 2000]. Using sunlight
and dissolved inorganic nutrients, phytop]ankton’clom‘/ert Cdz to organié carbon, forming
the base of the marine food chain. As this carbon passes through food chain in surface
waters, most of it is converted back to CO,, but some fraction ginks and thereby finds its
way to the longer-lived carbon reservoirs of the deep ocean and ocean sediments. The net
result of this process, also known as "biological pump", is the long-term removal or
sequestration of C from the atmosphere [Chisholm, 2000].

Iron (Fe) is a micronutrient needed by phytoplankton in order to carry out
photosynfhesis [cf., Sunda and Huntsman, 1995]. The transport and deposition of
mineral dust from arid and semi-arid continental regions is believed to be a major, if not
the dominant, source of Fe in the surface waters of the remote ocean [Duce et al., 1991;
Duce and Tindale, 1991; Jickells and Spokes, 2001]. Recent studies suggest that Fe may
limit phytoplankton productivity in roughly 50% of the world’s ocean [de Baar et al.,
2001; Moore et al., 2002]. Thus, alterations in the flux of Fe to the ocean may

substantially affect ocean ecosystem productivity and, by changing the rate at which



atmospheric CO; is fixed by oceanic biota, may even exert a global-scale influence on
climate [Zhuang et al., 1992a_; Cooper et al., 1996; Turner et al., 1996]. For these reasons,
it is important to understand the mechanisms that affect the delivery of Fe in mineral dust
to the oceans, how this Fe is utilized by ocean biota, and to what extent, if any, human
activities affect these processes. |

In this research I present the first attempt to use a combination of diagnostic data
analysis and prognostic model calculations to investignte Fe mobilization in dust nlumes
emanating from East Asia during the springtime outflow conditions‘. I developed a
Lagrangian box model of the gas and aqueous-phase chemistry of reactive compounds
within an air mass containing mineral dust. The model, in combination with data from
airborne atmospheric chemistry field campaigns carried out over the western Pacific
Ocean and the space-borne MODIS and SeaWiFS (Sea-viewing Wide Field-of-view
Sensor), is used to assess the viability of acid mobilization triggered by air pollutants

from China as a mechanism for producing soluble Fe in mineral dust plumes.

1.2 The Role of Fe in Ocean Productivity

Fe is the fourth most abundant chemical element in the Earth’s crust, and an
essential element required by all known living organisms. Plants, most microofganisnis,
and animals require wel]-deﬁngd a;mounts of iron for survival, fep]ication, and
differentiation. In phytoplankton ;IZnet;abolism, Fe is required for photosynthetic and

respiratory electron transport, nitrzitc réduction, chlorophyll synthesis, and detoxification

of reactive oxygen species [Sunda and Huntsman, 1995].



It has been proposed that phytoplankton productivity in major ocean regions is
limited by the availability of Fe in the surface waters. The idea that Fe may be limiting
marine primary productivity was first suggested by Gran [1931], but could not be
investigated further at that time since it was not possible té obtain reproducible
measurements of Fe concentrations in ocean water [Wells et al., 1995; Turner et al.,
2001]. It was not until the 1980s with the development of clean sampling and handling
techniques that ocean scientists were able to accurately quantify the concentrations of
dissolved Fe in the surface waters of the world’s oceans. Their measurements revealed
the existence of so-called “high nitrate low chiorophyl]” (HNLC) regions of the ocean
that are characterized by high concentration of-n‘itraté - whiéh has historically been
viewed as the nutrient limiting photosynthesis in the ocean [Minas et al., 1986; Chisholm,
2000] — but paradoxically low levels of biblogica] productivity, as well as extremely low
concentrations of dissolved Fe [Martin et ai., 1991a]. This discovery lead John Martin
and his colleagues to propose that the low avai]ébi]ity of Fe (and not nitrate) was limiting
phytoplankton productivity in the HNLC regions of the ocean [Martin and Fitzwater,
1988; Martin and Gordon, 1988; Martin et al., 1989; 1991b]. |

Qualitative confirmation of the hypothesis that Fe limits productivity in HNLC
waters was obtained from a series of bottle enrichment studies [Martin and Fitzwater,
1988; Martin et al., 1990; Greene et al., 1994; Kolber et al., 1994] and mesoscale Fe
enrichment experiments [Martin and Coale, 1994; Coale et al., 1996; Coale et al., 1998;
Boyd et al., 2000; Dalton, 2002; Tsuda et al., 2003; Nishioka et al., 2003].

The role of Fe in limiting ocean productivity may prove to be quite extensive. The

HNLC areas are large and potentially important regions of the ocean found in the



subarctic North Pacific, Equatorial Pacific and Southern Ocean [Minas et al., 1986;
Martin et al., 1989; 1990]. As phytoplankton growth in these oceanic regions is limited
by Fe availability, HNLC waters are distinguished by a continuous presence of nitrate,
phosphate and silicic acid that makes them the largest repositories of unused
macronutrients in the surface waters [McDonald et al., 1999; Boyd et al., 2000]. To that
extent any process that could alter Fe supply to these regions can potentially play a
critical role in the C-uptake of these waters and, as it will be shown below, can even
affect global carbon budget. The estimated mean annual primary production in HNLC
regions is about 140 g C m™ yr'' [McDonald et al., 1999; Wong et al., 2002] and the
average surface area is approximately 35x10'? m* [Watson, 2001]. So with the current
supply of Fe HNLC waters contribute roughly 10% of the global ocean photosynthesis
[Fung et al., 2000; Moore et al., 2002]. However, mesoscale Fe enrichment experiments
demonstrated that with the increased supply of Fe average primary productivity in HNLC
waters could increase to at least 420 g C m? yr”' [Boyd et al., 2000] sequestering ~ 16 Gt
C yr'! or more than 25% of the new potential global primary productivity of the ocean
[Fung et al., 2000; Moore et al., 2002]. Although this estimate is somewhat speculative
(sincé with the increased supply of Fe to HNLC regions fast growth of phytoplankton
could deplete excess nutrients) it serves as an illustrative example highlighting the
importance of Fe for the C-uptake of the oceans.

Moreover, recent modeling studies indicate that, in addition to the HNLC regions
listed above, Fe limitation may extend to transitional zones located between the mid-
ocean gyres and the HNLC regions. These transitional zones can shift from being

primarily Fe limited to being nitrate limited and then back to Fe limitation as the supply



of Fe to the zone varies [Moore et al., 2002]. It has been estimated that, overall, Fe may
limit biological productivity in about 50% of the surface waters of the world’s oceans [de
Baar et al., 2001; Moore et al., 2002]. It is believed that, in these regions, a relatively
small increase in the input of Fe can result in floristic shifts in the algal community
structure from predominantly pico- and nano-planktonic assemblages to ones dominated
by fast growing macro-sized diatoms [Moore et al., 2002; Tsuda et al., 2003; Wells,
2003]. This is an important shift because the primary removal mechanism for pico-and
nano-planktonic assemblages is pelagic recycling through the microbial food web within
the surface ocean waters, while the major loss mechanism for macro-sized algal carbon is
removal from the surface waters via sedimentation [Boyd and Harrison, 1999; Moore et
al., 2002]. This enhanced sedimentation of the plankton has the potential to increase the
rate at which C is transported from the surface waters to the longer-lived C-reservoirs of
the deep ocean and sediments. Thus, variations in Fe inputs to the ocean may have an
impact on C sequestration rates in the world’s ocean, and by extension, the global C cycle
and climate [Martin and Fitzwater, 1988; Zhuang et al., 1992a; Cooper et al., 1996;

Turner et al., 1996; Coale et al., 1996; Boyd et al., 2000].

1.3 Dust as a Source of Fe to the Ocean

Atmospheric transport and deposition of mineral dust represents the dominant
source of new (not acquired via nutrient recycling) Fe to the surface waters of the remote
ocean [Duce et al.,, 1991; Duce and Tindale, 1991; Jickells and Spokes, 2001]. The
fraction of Fe in soils and rocks varies from place to place ranging from 2.9 to 4.8% for

large areas of the exposed confinental crust [Taylbr and McLennan, 1985; Warneck,



1988]. Since the enrichment of Fe in mineral dust plumes (i.e. from urban aerosols while
dust plume advances over the industrial regions) relative to its crustal abundance is rather
insignificant, it is commonly assumed that on average Fé accoimts for 3.5 % of the total
mineral dust mass [e.g. Taylor and McLennan, 1985; Duce and Tindale, 1991].

Dust entrainment into the atmosphere at the éou'rce régiéns is sens:iti~ve toa wide range of
factors including soil composition and moisture content, surface condition, wind speed,
and may be further modulated by human activifies and land degradation [Luo et al.,
2003]. Based on these parameters the highest dust production regionskarc‘found in arid
and semiarid regions of northern Africa, the AraBian Peﬁinsula; eastern Asia, Australia,
Patagonia, and southern Africa [Tegen and Fung, 1994; Ginoux et al., 2001; Jickells and
Spokes, 2001]. As the atmospheric lifetime of dust is relatively short (from several hours
to less than two weeks [Tegen and Fung, 1994; Ginoux et al., 2001; Luo et al., 2003]),
the largest inputs of the mineral Fe to the oceans occur downwind of continents, in the
vicinity of the dust source regions [Fung et al., 2000; Moore et al., 2002]. Table 1.1
summarizes seasonal and annual deposition of mineral Fe to the major oceanic basins.

From this table we can see that the present day atmospheric flux of Fe to the oceans is

probably in a range of 14 - 35 x10" g yr'. However, it is should be noted that dust-Fe
production from soils is a strong function of local meteorological conditions and hence
the transport and deposition rates of dust are highly variable on daily, weekly, seasonal

and annual time scales [Jickells and Spokes, 2001; Kurosaki and Mikami, 2003].



Table 1.1 Seasonal and annual deposition of mineral dust to the major oceanic basins(”

Seasonal Dust Deposition Annual Fe Deposition
Ocean Basin Spring | Summer Fall | Winter | Duce & Prospero Ginoux etal. | Gaoetal. | Jickells &
Tindale [1996) [2001] [2001] Spokes
[19913 ' [2001]
North Pacific 0.28 0.17 034 | 020 16.8 3.36 3.22 . 3.0 7.3
South Pacific 0.02 0.02 0.04 | 0.02 1.37 0.28 0.98 0.31 0.67
North Atlantic 0.43 0.78 072 | 026 7.70 7.7 6.44 - 6.6 6.0
South Atlantic 0.05 0.06 005 | 0.04 0.84 - 0.18 .. 0.70 059 0.46
Indian 0.21 0.15 026 | 0.18 5.04 o 102 5.40 24 2.2
Antarctic 0.01 0.01 0.01 | 0.01 NA NA NA 0.07 NA
Arctic 0.01 0.01 0.02 | 0.01 NA NA NA 0.13 NA
Global Total 32 13 17 14 17

(1) Units are in Tg yr' (1Tg=10"? g);

(2) From Gao et al. [2001];

(3) Assumes crustal material contains 3.5% of Fe by welght [Taylor and McLennan,
1985; Duce and Tindale, 1991].

Although atmospheric deposition has generally been considered to be the
dominant source of Fe to the remote oceans, the importance of upwelling and vertical
mixing of micronutrient Fe from below the euphotic zone can not be discarded. This

source of Fe can be particularly important for HNLC regions characterized by the low

atmospheric dust deposition and the high upwelling rates [de Baar et al., 1995; Wells et
al., 1995; Watson, 2001]. Tab]e 12 sumrﬁarizes the estimates of aeolian and upwelled Fe
fluxes to subarctic North Pacific,‘ Equatoria] Pacific and Southern Ocean regions.

These numbers however may bé somewhat misleading, as subsurface Fe is
dependent on the atmospheric inputs. In fact, some modeling studies indicate that a
reduction in étmospheric Fe deposition below a critical threshold value can cause a rapid
depletion of subsurface Fe and a drastic decrease of total primary productivity [Archer

and Johnson, 2000; Moore et al., 2002]. Nevertheless, Table 1.2 suggests that of the three



HNLC areas, the subarctic Pacific has the lowest rate of Fe upwelling and the highest rate
of Fe input from dust. Thus phytoplankton productivity in this region is likely to be the
most sensitive to Fe input from dust depositions and is therefore an appropriate region to

examine the effects of episodic dust deposition on marine ecosystem productivity.

Table 1.2 Estimates of aeolian and upwelling Fe fluxes™"

Ocean Area Upwelling flux | Aeolian dust flux | Atmospheric input Upwelling Fe
region 122 6 3.1 2, -1 of micronutrient Fe | flux

g (10°m%) [ (10°m’s™) (mg m™y™) (10° mol y) @ (10° mol y') ©®
Subarctic 6.2 4.5 100-1000 7.8-390 86
Pacific ‘ _
Equatorial 18 44 10-100 2-100 280
Pacific ' o
Southern 10.8 .25 -7 1-10 . ; '0.14-6.8 - 240
Ocean

(1) From Watson [2001]; ,

(2) Calculated as 3.5% be weight of the dust flux, with 2% and 10% of it being in a
dissolved form (see more discussion below);

(3) Calculated as upwelling water flux times concentration in deep waters, where this
concentration is assumed to be 0.6 nmol L' for subarctic Pacific and Southern Ocean,
and 0.2 nmol L' for the equatorial Pacific.

1.4 The Critical Role of Fe Dissolution in Aeolian Dust

Although atmospheric transport and deposition of aeolian dust is considered to be a
dominant mechanism by which Fe is delivered to the surface waters of the open ocean
[Duce et al., 1991; Duce and Tindale, 1991; Jickells and Spokes, 2001; Moore et al.,
2002] virtually all Fe found in dust at the arid and semi-arid source regions is in highly

insoluble crystalline Fe-III form (i.e., hematite [Hseung and Jackson, 1952; Claquin et al.,




1999] or goethite [Spokes et al., 1994]) a form that is not readily available for uptake by
marine biota. Before the Fe in mineral dust can be utilized by phytoplankton it must be
dissolved or mobilized”. There afe two possible pathways for this to occ.ur: the Fe can be
mobilized in the ocean after deposition or it can be mobilized in the atmosphere prior to
dust deposition. Figure 1.1 shows the thermodynamic equilibrium solubilities of hematite
(Fe,03) and goethite (a-FeOOH) in seawater as a function of pH. We can see from this
figure that the solubilities of Fe-III oxides are strongly pH dependent with the lowest
dissolved Fe concentrations calculated to be near pH=8, which is close to the pH of ocean
water [Stumm and Morgan, 1981]. In addition to having a low solubility in seawater, the
dissolution rates of Fe-III minerals at pH=8 is extremely slow [Jickells and Spokes,
2001]. Simple calculations using a mineral dissolution rate law discussed in more detail
in Chapter 3 of this thesis suggests that the dissolution of 2% of hematite in seawater
would take longer than the residence time of dissolved Fe in the ocean (32-200 years
[Johnson et al., 1997; de Baar et al., 2001]). So at present, the common understanding
among scientists is that Fe in mineral dust éan not become bioavailable through
dissolution in the ocean and must therefore be mobilized while in the atmosphere during
its transport from the continents to the remote oceanic areas [c.f., Fung et al., 2000;

Jickells and Spokes, 2001; Moore et al., 2002; Gao et al., 2003].

* Note, that in marine science dissolved (<0.4 tm ) form of Fe usually comprises soluble and colloidal (>1
kDa-0.4 um ) size fractions [Wells, 2003]. In the discussion of dissolution or mobilization of Fe in mineral
aerosols we only imply soluble (<1kDa) fraction.
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Figure 1.1 Thermodynamic solubilities of goethite and hematite in seawater as a function
of pH. The effect of organic ligands on the Fe(III) speciation was determined assuming
an average ligand concentration in seawater [L]= 4nM [Gledhill and van den Berg, 1994;
Millero, 1998]. Equilibrium constants for hematite, goethite and all Fe(IIl) complexes
were taken from Millero et al. [1995].
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1.5 Key Uncertainties That Remain

For the reasons discussed above, some frac'tivonl of the vFe in mineral dust must be
transformed into a soluble form (and thus available for uptake by biota) while the dust is
being transported in the atmosphere z:m'd‘ befofé it 1s depoéitea o'ﬁ the oéean surface.
However, while the fraction of Fe in airborne mineral dust that is mobilized or dissolved
(referred to here as the Dissolved Iron Fracti.on or DIF) is a key parameter in
understanding the role of mineral dust in ocean produc‘tivity_ apd global C cycle, the value
of DIF in mineral dust, its natural variability, the mechaniéms that con"[rol‘D‘IF and the
role, if any, of anthropogenic pollutants in influencing DIF remain poorly defined. For
example, Table 1.3 summarizes some of the DIFs reported in the literature from the
collection and laboratory analysis of mineral dust samples. The smallest DIF-value
(0.001%) given in the table would, if representative of all dust, render Fe deposition in
mineral dust an insignificant source of Fe to the surface waters of HNLC areas [Jickells
and Spokes, 2001]. The largest values (50%) would change HNLC waters from being
strongly Fe limited to Fe saturated. A range in DIF-values that is perhaps more
representative of mineral dust inputs to the remote ocean was provided in a recent review
by Jickells and Spokes [2001]; they derived a range in DIF from 0.8 to 2.1 % on the basis
of estimated fluxes of dust td the ocean, measurements of Fe in dust and data on the
abundance and residence time of dissolved Fe in the ocean. In the work described here, 1
will use the range 0.5 — 2% as reasonable target for assessing the viability of a
hypothesized mechanism for mobilizing Fe in mineral dust.

With regard the processes that mobilize Fe in dust as it is transported from the

continents to the remote ocean, so little is known that most modeling studies attempting

11



to simulate the input of Fe in mineral dust to the ocean simply treat DIF as an empirical
parameter to be specified on the basis of measurements like those summarized in Table
1.3. As described below, it is this later scientific uncertainty — the mechanism or
mechanisms responsible for mobilizing (or ‘di»ssol\l/ing Fe in“aeolian .,dqst) — that i‘s the

subject of this thesis.

1.6 This Work

Clearly, understanding the combination of processes that act to mobilize Fe in
mineral dust along its atmospheric trajectory from soils to the ocean is key to assessing
the role of Fe in controlling ocean productivity and to assessing the extent to which
human-induced and/or natural perturbations to the bioggochemical cycling of dust and
the Fe contained therein can affect ocean productivity. To that end, I explore in this thesis
the viability of one such mechanism for mobilizing Fe in aeolian dust: acid mobilization.
It has been well-established that the Fe in crustal minerals can be mobilized in highly
acidic solutions [Colin et al., 1990; Duce and Tindale, 1991; Zhu et al., 1992; 1993;
Zhuang et al., 1992a; Spokes et al., 1994; Spokes and Jickells, 1996; Desboeufs et al.,
2001]. Indeed referring back to Figure 1.1, note that the Fe-III solubility increases
dramatically as pH falls. However, sands from arid and semi-arid regions are typically
alkaline in nature (mainly due to the presence of CaCOj;) and before Fe mobilization
takes place dust needs to be acidified. It is not unreasonable to expect that mineral dust
particles can be acidified in the atmosphere; the atmosphere typically contains -an
abundance of acidifying species, especially near urban and industrial centers. One of the

most powerful atmospheric acidifying species is SO,, whose oxidation in the atmosphere
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Table 1.3 Typical DIF-values for atmospheric aerosols suggested in the literature

Reference pH conditions DIF (%)
Desboeufs et al. [2001] 0.5 Saharan aerosols, pH cycling 28
2.7 56-6.1
Spokes and Jickells 2 Saharan aerosol, pH cycling 4.7£0.2
[1996]
Spokes et al. [1994] 2 Saharan aerosol 4.5-5.5
Guieu and Thomas [1996] 6-8 Fine fraction desert soil 0.001-0.02
Zhu et al. [1993] 1 Polluted crustal aerosols from 6.9-9.2
Barbados
Zhuang et al. [1992b] NA Marine mineral aerosols from:
Central North Pacific 56 £32
Barbados 49 +15
Model estimates
Gao et al. [2003] Based on the estimate of global deposmon of 4-30
dissolved Fe to the ocean. ‘
Jickells and Spokes Based on estimated fluxes of dust to the 0.8-2.1
[2001] ocean, measurements of Fe in mineral dust
and data on the abundance and residence
time of dissolved Fe in the ocean.:
Fung et al. [2000] Based on the comparison of demand and 1-10

supply of Fe in the global ocean.
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via both gas- and aqueous-phase as well heterogeneous reactions lead to the production
of the strong acid H SO, [Judeikis, et al., 1978; Dentener et al., 1996; Herring et al.,
1996; Phadnis and Carmichael, 2000; Goodman et al., 2001; Ullerstam et al., 2002].

Hence, the “acid-mobilization hypothesis™ to be investigated here:

Fe in mineral dust is mobilized during transport in the atmosphere in a two-step
process consisting of: (1) acidification of the mineral dust by the incorporation of
acids arising from air pollutants (and in particular SO;) that are mixed into the
plumes containing dust as thése plumes advect over the urban and industrial

centers; and (2) dissolution of the Fe in the resultant acidic solutions.

To assess the viability of this hypothesis, I examine if 0.5 - 2% of DIF can be
attained via acid mobilization in plumes containing wind blown dust from the gobi
deserts in the springtime outflow emanating from East Asia and advecting over the
western North Pacific Ocean. The Asian outflow was chosen, becéuse i) it represents one

of the largest sources of mineral dust to the remote ocean [Duce and Tindale, 1991;

Tegen and Fung, 1994; Prospero, 1996; Ginoux et al., 2001; Luo et al., 2003]; ii)
analyses of dust-storm tracks indicates that these storms often pass through the highly
populated and industrialized regions of Beijing, Qingdao, and Shanghai before leaving
the coast and therefore have ample opportunity to entrain significant amount of pollutants
from urban and industrial activities [e.g., Hoell et al., 1996; Hoeli et al., 1997; Sun et al.,
2001]; iii) during the springtime, prevailing westerly winds can transport this dust far into

the HNLC regions of subarctic North Pacific Ocean [Husar et al., 2001]; and iv) it is
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expected that the continued economic development of East Asia will lead to changes in
the rates at which pollutants are emitted from the region [Elliott et al., 1997; Nakicenovic
et al., 2001; Streets et al, 2001; Klimont et al., 2001; Carmichael et al., 2002] and, if our
hypothesis is correct, such changes could alter the flux of dissolved Fe to the North
Pacific Ocean.

I begin in Chapter 2 with a diagnostic analysis of a specific dust plume that had
originated from the gobi deserts and advected over the Yellow Sea to obtain an initial
assessment of the viability of the acid mobilization hypothesis. In Chapter 3, a
Lagrangian box model is described that simulates the evolution of DIF of a mineral dust
plume as it advects from the east coast of China to the western Pacific Ocean. In Chapter
4 the results of simulations using the model are discussed for three different dust plumes
with diverse compositions and advection paths. The range of DIF-values produced in
these plumes as a function of the trajectory and various input parameters such as the input
of dust and SO,-pollution are explored.

In Chapter 5 I examine in more detail two dust plumes that originated from the

gobi deserts and advected to the North Pacific Ocean. Using model calculated DIF-values

estimates are made of the likely inputs of bioavailable Fe to the receptor regions of the
North Pacific Ocean and these results are correlated with satellite measured ocean
chlorophyll a concentrations. Chapter 6 presents a summary of the present study,
conclusions, and recommendations for the further investigation of the interactions

between airborne dust and air pollutants.
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CHAPTER 2

TESTING THE VIABILITY OF ACID MOBILIZATION HYPOTHESIS

2.1 Introduction

The central argument of my thesis is that Febi‘n mir;eral dusf fronﬂ East Asia is
made bioavailable as it is transported in the atmosphere from the continent to the North
Pacific Ocean via acid mobilization, with the acidification arising from the incorporation
of sulfur oxides from pollution. In this chapter, I present the results of an initial test of the
viability this hypothesis using a diagnostic aﬁalysis of data collected during the TRACE-
P airborne field study that documented the chemical composition of a dust laden plume

that originated from the gobi deserts and advected over the Yellow Sea.

2.2 General Considerations — Acid Dissolution of Fe containing minerals
Analyses of mineral dust particles downwind from the gobi deserts show that

acidic substances often deposit and/or form on the aerosol surface as they advect and, in
so doing, change the aerosols from hydrophobic to hydrophilic (e.g., Song and
Carmichael [2001]). When such aerosols are advected to the warm and moist marine
boundary layer, they will likely deliquesce [Phadnis and Carmichael, 2000].
Deliquescence of mineral dust particles is a necessary but not sufficient condition
for solubilization of Fe. As discussed in Chapter 1, Fe(III) oxides are highly insoluble

under alkaline conditions, so the pH of a solution in contact with Fe-containing minerals
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must decrease before the Fe in these minerals can begiri t6 digsolve. ‘Since most of the Fe
in surface soils of the gobi deserts is found in the form of hematite (a-FéZOg;) [Hseung
and Jackson, 1952; Claquin et al., 1999], wé foéus here on ééid disso]iitién ‘of hematite.
Figure 2.1 illustrates measured and calculated lacid digsolut(ion rates, Ry, for hematite as a
function of pH. The rates are expressed in units of moles of mineral disso]ved per m? of
mineral surface area per hour. Values for R4 are shown for two temperatures: 298 K in
order to compare calculated rates with experimental da‘ta;v'anc‘l 288 K' fbr simﬁlating

conditions encountered in the marine boundary layer over the Yellow Sea.

2.3 What rate of iron dissolution is needed? How acidic does.the dust need to be?

If all Fe in mineral dust is originally in insoluble form and DIF when it deposits
on the ocean surface is 0.5 — 2%, then R, the average fractional rate of iron mobilization
in mineral dust as it is transported through the atmosphere, must be given by

Rpe=DIF/7 = (0.005-0.02)/t ' (2.1)
where Rpe has units grams of dissolved Fe per grams of Fe in the mineral per unit time
and T is the average residence time of mineral dust in the atmosphere. Assuming a
nominal atmospheric lifetime of 3 to 5 days fqr dust particles [Gihoux et al., 2001], then

Rpe~(4x 10°-30x 10'5 ) g i?e diséolved/(g total Fe)/hr (2.2)

If soluble iron is arising from hie'rﬁa'ti"te? dissolution and Ry is the rate of hematite
dissolution, then |

Re.=R4AnMw | (2.3)
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Figure 2.1 Experimental and model calculated rates, Rq, of hematite dissolution. The

calculated rates are based on the hematite dissolution experiments of Azuma and
Kametani [1964]. Lines (1) and (2) correspond to different regimes in the dissolution

kinetics; i.e. when the mass of dissolved hematite is < 0.8% and is between 0.8-40%,
respectively [Azuma and Kametani, 1964; Cornell and Schwertmann, 1996]. The shaded
area shows the pH-range needed to mobilize 0.5 — 2% of the Fe in 3-5 days.
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where A is the specific surface area of hematite (m? g"), n is the number of moles of Fe
mobilized for each mole of hematite dissolved (i.e., 2), M is the gram-molecular weight
of Fe, and w is the mass fraction of Fe in herﬁatite(i.e., 0.7). Adopting an average value
for A of 50 to 100 m® g [Cornell and Schwertmann, 1996; Skopp, 2000; Ullerstam et al.,
2002] and combining Equations (2) and (3)
Ry = Rp. W/(A n M) ~ (3-40)x10"® moles m” hr! (2.4)

Inspection of Figure 1 indicates that this range of hematite dissolution rates (at

~ 288K) is attained for pH values less than 2. So, for acid mobilization to be a viable

mechanism, the mineral dust over the ocean must have a pH of ~ 0 - 2.

2.4 Is there any evidence that mineral dust pH falls below 2?

To assess the acidity of minéra] dust as it is advected in the Asian outflow over
the western Pacific -Ocean we examine the data collected during the TRACE-P
(TRAnsport and Chemical Evolution over the Pacific) and ACE-Asia (Aerosol
Characterization Experiment) field campaigns [Jacob et al., 2003; Huebert et al., 2003].
Among their various scientific objectives, these missions set out to document the
concentration and chemical composition of aerosols and gaseous tracers in the Asian
outflow during the springtime, when dust outbreaks on the Asian continent are most
frequent [see e.g., Sun et al., 2001]. Both projects used airborne platforms to intercept
and sample plumes over the western Pacific Ocean during the spring of 2001.

We begin by considering the data collected by the NASA DC-8 on March 21,
(TRACE-P Flight 13). Analyses of the data collected during the course of this flight

(discussed below) suggests that the aircraft intercepted a plume containing both mineral

19



dust and air pollutants over the Yellow Sea (30°N) around 4:40 UTC, thus making the
plume well-suited for testing our hypothesis. Back trajectory analyses indicate that the
dust originated from the gobi deserts, was then transported to the Shanghai metropolitan .
area where air pollutants could have mixed with the dust and then moved out over the
Yellow Sea and the Pacific Océan [Fuelberg et al., 2003]. The large mixing ratios of
highly reactive species along with the back trajectory analysis suggest that the plume had
left the East Asian continent less than one day before it was sampled [Talbot et al., 2003].
Measured concentrations of selected trace gases and particle-phase components
during Flight 13 are plotted as a function of time in Figure 2. Of particular interest are the
data collected between 4:30 and 5:00 UTC; unless otherwise stated, when we discuss
TRACE-P data below we will be referring to the data from this segment of Flight 13.
During this period the aircraft descended into the boundary layer and elevated
concentrations of particulate-Ca**, SO, and gas-phase HNO3; (HNOj3(g)) were observed.
2.4.1 Evidence of the presence of mineral dust: The measured Ca ranged from 10-15
ppbv; this is significantly larger than 30-45 pptv typically observed in the marine

boundary layer [Dibb et al., 1999]. There are three possible Ca sources: sea salt,

anthropogenic emissions, and mineral dust. An upper limit estimate of the sea salt
contribution to the observed Ca can be obtained by assuming that all of the particulate Na
observed during the flight segment came from sea salt. With this assumption, the
measured Na concentration of ~ 6 ppbv and a Ca:Na ratio in seawater of 0.038 g/g
[Stumm and Morgan, 1981], we fmd that < 1% of the Ca was from sea salt. Similarly

given a typical S:Ca ratio for anthropogenic emissions of ~ 25g/g [Lee and Pacyna, 1999]

and the SO, and SOf' observations, we find that < 10% of the Ca was anthropogenic.
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Assuming that all of the Ca arose from mineral dust and a Ca-to-mineral dust ratio
of 6.2:100 (see Table 3.3, as well as Song and Carmichael [20’01]. and Zhang et al.

[2003]), we obtain a mineral dust concentration of ~ 300 p g/m3, suggesting the presence

of a large dust plume.

2.4.2 Evidence of the presence of urban/industrial air pollutants: Under typical
springtime conditions in the marine boundary layer of the Yellow Sea, SO, generally
ranges from ~ 0.03-1 ppbv [Thornton et al., 1997]. Thus, the measured SO, of 20-30

ppbv is a clear indication of the presence of air pollution. Consistent with this inference
are the high concentrations measured for SO} ~11 ppbv, NO; ~13 ppbv, NH} ~14 ppbv,

C,H,~ 10 ppbv [Talbot et al., 2003].
2.4.3 Evidence of acidification: HNO3(g) over the Yellow Sea typically ranges from 0.2-
0.6 ppbv [Kondo et al., 1997]. However, the measured HNO3(g) exceeded 2 ppbv and, at
approximately the same time that SO, reached its peak, HNO3(g) approached 10 ppbv.
The enhanced HNOs3(g) could perhaps be viewed, like the enhanced SO,, as simply
reflecting the fact that the plume being sampled had been impacted by air pollutants.
However, the HNO;(g) lifetime in the plume against dust uptake is <10 min (see
Appendix A), while the DC-8 sampling time of the plume was ~30 min. Thus, the
extremely large HNOs3(g) can not be explained solely by the presence of air pollutants.
HNO:s is a strong acid with a high solubility [Clegg et al., 1998]. According to
several laboratory studies [Underwood et al., 1999; Goodman et al., 2000; Hanisch and
Crowley, 2001b] and model simulations [Dentener et al., 1996; Metzger et al., 2002],
HNOs(g) rapidly partitions to the particulate phase when non-acidic aerosols are present.

Moreover, modeling studies of the Asian outflow predict that under normal conditions,
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with dust concentrations of 150 pg m> or less, NO; will almost exclusively reside in the

particulate phase [Dentener et al., 1996; Phadnis and Carmichael, 2000]. In our case, we
have HNOs(g) concentrations orders of magnitude higher than normal despite the
presence of 100’s ug m™ of mineral dust.

Further evidence of the anomalous nature of the HNOs(g) observations can be

obtained by considering the nitrate volatilization ratio, [NO5],,,, defined as

vol ?

NO-1.. =1 [NO;]

v = 1= (2.5)
[NO;]+[HNO,(g)]

where [NO;] and [HNOs(g)] are the measured mixing ratios of NOj;and HNOs(g),
respectively.. In Figure 2.3 [NO;],,-values calculated from the observations of HNO3(g)

and the particulate NOj reported by Talbot et al. [2003] are illustrated. [NO;J],,-Within

vol
the plume ranged from 25-45%. For this much of the nitrate to have resided in the gas-
phase as HNO;(g) in the presence of large amounts of mineral dust requires that the
mineral dust, along with the rest of the particulate phase, was strongly acidified.

The aerosol acidity can be estimated by considering the conditions needed to have

supported the observed values of [NO;j], . Assuming thermodynamic equilibrium

vol *
between HNOs(g) and particulate nitrate and neglecting (for the moment) solution non-

idealities, it is easily shown that:

} [H']
_ 2.6
[NO; Ja [H']+K 26)

where K=(H o, -R - T-LWC)/(1000- Py)in units of mole/kg; Hyyo, is the Henry’s law

equilibrium constant (molezlkgzlatm) for the dissolution and dissociation of HNO3(g), R
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is the universal gas constant (J/mole/K), T is ambient temperature (K), LWC is liquid
water content of mineral dust particles (g/mair) and Pg is the standard pressure (in Pa).

The LWC was ~9x10™ g/m? air [Talbot et al., 2003] and T averaged 288 K. Adopting
these values, along with the appropriate temperature dependence for H;mo, [Clegg et al.
1998], we get K~0.15 mole/kg.

In Figure 2.4 [NO;],, calculated from Equation (2.6) is plotted as a function of

pH. Also shown are the results of a more complete calculation using the thermodynamic
model ISORROPIA [Nenes et al.,, 1998] which accounts for solution non-idealities.
While the two calculations differ somewhat (most likely because of the influence of ionic

strength effects), both calculations indicate that a pH of ~1 is needed to support the
observed [NO;],,-values. This value is within the previously estimated pH-range to

make acid mobilization a viable mechanism for producing dissolved Fe in mineral dust.
Finally, we note that we found several other TRACE-P flight segments (DC-8

flights 9 and 16) that appear to have high dust and SO, content. During each of these
segments, high values of [NOJ ], were also inferred, suggesting that the dust was highly

acidified in these cases as well.
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2.5 Conclusion

Analysis of data collected on board of NASA DC-8 aircraft indicatés that mineral
dust plumes can be highly acidified when mixed with anthrdpogenic air pollutants
advecting from the Asian continent. The range of pH obtained by considering nitrate
volatilization indicates that acid dissolution of hematite could be a viable mechanism for
mobilizing Fe in mineral dust plumes. There are only a few acids, commonly found in the
atmosphere, that are capable of volatilizing HNO3 and driving aerosol pH’s below 2. One

such acid is sulfuric acid. The high concentrations of SO, (see Figure 2.3) and nss-
SO?Z [Jordan et al., 2003a] observed during the highlighted segment of Flight 13 suggest

that there was in fact a considerable amount of sulfur oxide present in the plume. What is
not clear is if the amounts of sulfur oxides that are typically found in polluted regions of
East China and might be injected into a dust-containing plume are sufficient to produce a
DIF of about 0.5 - 2%. Nor is it clear how variations in the amount of mineral dust and/or
sulfur oxides contained in an advecting plume might affect the DIF. In the next Chapter
of this thesis, we describe a Lagrangian box model that is then used to explore these

issues.
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CHAPTER 3

MODEL DESCRIPTION

3.1 Introduction

To further investigate the viabili/ty of acid mobilization as a rﬁeohanism to
produce dissolved iron in mineral dust plumes, a Lagrangian box model of the gas and
aqueous-phase chemistry of reactive compounds within an air mass containing mineral
dust has been developed and used to simulate the evplution of DIF in three different cases
of mineral dust advection from East Asia to the Pacific Ocean. In this chapter, the basic
features of the model are described, and in Chapters 4 and 5 the results of the simulations
are discussed.

In order to assess the relative importance of different parameters on dust Fe
mobilization, the plumes were chosen to have varying chemical composition and physical
properties (i.e. atmospheric pressure, temperature and relative humidity). Additionaliy,
three separate plume trajectories over the North Pacific Ocean were simulated. These are
referred here as: the Boundary Layer simulation; the Mid-Troposphere simulation; and
the Mid-Troposphere with Decent simulation.

It is relevant to note at this point that iron solubilization in ambient aerosols can
be a very complex process [see, e.g., Jickells and Spokes, 2001]. The solubility of iron
oxides in acidic solutions can be strongly influenced by the presence organic (i.e.,

oxalate, acetate, formate and humic-like organic species, most as yet uncharacterized

28



[Jickells and Spokes, 2001]) and inorganic (i.e. SOf‘,Cl’) complexing agents, as well as
sunlight [Simnad and Smoluchowski, 1955; Faust and Hoffman, 1986; Behra and Sigg,
1990; Zhuang et al., 1992a; Zhu et al., 1992; Millero et al., 1995]. Concentrations of
dissolved iron can be further controlled by complex redox cycling between highly
insoluble ferric (Fe-III) and relatively more soluble ferrous (Fe-II) ions. However, the
objective of developing the model discussed here is not to provide a comprehensive
treatment of all the possible processes that can inﬂﬁence iron dissolution, but rather to:
(1) assess if, given the basic kinetics and thermodynamics of Fe dissolution in acidic
solution, acid.mobilization represents a viable mechanism for producing bioavailable Fe
in mineral aerosols; and (2) if so, how might the amounts of DIF in mineral aerosols be

affected by changing levels of atmospheric pollutants.

3.2 Plume Trajectories and Conditions Adopted For Simulations

The gobi deserts of northern China and Mongolia (see Figure 3.1) are the primary
source of the mineral aerosols that emanate from East Asia [Tegen and Fung, 1994;
Parungo et al., 1994; Chang et al., 1996; Sun et al., 2001; Sugimoto, 2003] and, on the
basis of an analysis of 40-years of dust-storm reports from China, Sun et al. [2001]
estimated that a significant fraction of the mineral dust raised from this region passes near
the Beijing (39°55°N, 116°25°E) metropolitan area before advecting over the Pacific
Ocean. Beijing wzis therefore chosen as the nominal starting point for the plumes in the
model simulations. At time t=0, the initial concentrations of Dust and pollutants in the
plume to be simulated by the model are specified (based on observations of dust plume

composition over the Beijing metropolitan area). The plume is then assumed to advect
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Figure 3.1 Map of the major dust source regions in northern China and Mongolia.
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(from Sun et al. [2001]).
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from the Beijing area to the Pacific ‘Ocean for a multiple-day period as the model
simulates its gas-phase and particulate-phase chemical ‘ev\o]ution. During this period of
advection over the Pacific Ocean, Dust and pollutants are removed from the plume by
depositional and mixing processes, but additional sources of pollutants (e.g., SO, from
DMS oxidation) are neglected.

The specific trajectories assumed for the plumes in our model and their associated
conditions of pressure, temperature, and relative humidity are based on the trajectories
estimated for plumes that originated in the gobi deserts during actual, recorded dust
storms using the Hybrid Single-Particle Lagrangian Integrated Trajectory (Hysplit4)
model [Draxler and Rolph, 2003; Rolph, 2003]. In the sections below, the three

trajectories considered in our simulations and their associated conditions are described.

3.2.1 Boundary Layer Simulations
Sun et al. [2001] suggest that the major fraction of dust raised from the gobi
deserts gets entrained at low elevations and moves south eastward before departing the

continent and advecting over the Yellow Sea and the Pacific Ocean. The advection

altitude for these types of plumes is usually limited to the lower (<3000m) elevations
[Sun et al., 2001; Chin et al., 2003; Lee et al., 2003; Jordan et al., 2003a]. The Boundary
Layer simulations are intended to capture the essential features of these types of plumes.
For the Boundary Layer simulations, conditions were chosen to approximate
those that likely applied to mineral-dust laden air masses that formed over the gobi
deserts on April 9, 2001 during one of the most severe dust storms recorded over the

region in recent time. The likely trajectory for the illustrative plume from this storm is
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shown in Figure 3.2. The plume was assumed to‘on'ginate over the gobi deserts of
southern Mongolia (44°N, 106°E) at ~ 12 UTC on April. 9, 2001 at an altitude of 2 km
above ground. The location was chosen to roughly cdrre’spond-to that indicated from
Total Ozone Mapping Spectrometer Aerosol Index (TOMS Al) data to be the source of
dust on April 9 and the altitude was chosen to ensure that the plume intersected the path
of the NCAR C-130 aircraft as discussed below. In fact, during most storms the dust
raised from the gobi deserts is entrained in the lowest 3000m of the atmosphere [Sun et
al., 2001], so this altitude is reasonable. As illustrated in Figure 3.2, calculations using
HYSPLIT4 suggest that the plume then moved eastward and southward across China and
then out over the Pacific Ocean. After about 14-hours of transport, the plume moves 'off
of the gobi-desert plateau and begins to descend in altitude. By the 18" hour of transport,
HYSPLIT4 places the plume in the vicinity of Beijing metropolitan area. The model-
predicted location of the plume in Beijing is consistent with both filter-based and lidar
measurements in Beijing that indicated average boundary layer Dust concentrations of
about 700 pg/m>on April 10, 2001 [Chen et al., 2001; Wild et al., 2003]. By the 30™
hour, the plume-trajectory from HYSPLIT4 has traversed the Qingdao air shed and is
about to advect over the Pacific Ocean. At the beginning of the third day, HYSPLIT4
predicts that the plume was located over the Yellow Sea. Confirmation of the accuracy of
the HYSPLIT4 predictions at this point is provided by the fact that the trajectory of the
plume between 2:00 and 3:00 UTC on April 11, 2001 ovérlaps with the time and location
where mineral-dust laden air masses were intercepted and sampled by the NCAR C-130
aircraft operating in the region as part of the National Science Foundation sponsored

ACE-Asia Project [Huebert et al., 2003]. The plume then moves in southerly direction,
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Figure 3.2 Possible trajectory for April 9, 2001 dust plume suggested by HYSPLIT4.
Plume altitude is given in meters above ground level (AGL). The symbols are inserted at
24 hr intervals.
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and by the fifth day after leaving vthe continent passes southward of 15°N, arriving in a
region of the Pacific Ocean that is characterized as being under moderate iron-limitation
stress [Fung et al., 2000].

The April 9™ plume was chosen for the Boundary Layer simulations because it:
(1) followed a low-altitude trajectory over the metropolitan areas of Beijing and Qingdao
that provided ample opportunity to entrain air pollutants; (2) was sampled by the NCAR
C-130 aircraft, thus providing some chemical constraints on the mode calculations; (3)
remained in marine boundary layer during entire transport time over the Pacific Ocean;
and (4) ultimately reached a region of the Pacific Ocean that is considered as being
moderately iron-stressed, making its chemical evolution relevant to the issue of the
production of dissolved Fe and its role in ocean productivity.

Figure 3.3 illustrates the resulting variations in pressure, temperature, and relative
humidity as a function of model-simulated time prescribed for the calculations. (Recall
that t=0 in model-simulated time corresponds to the actual time when the plume has
passed near Beijing and is about to advect to the marine atmosphere overlying the Yellow

Sea.) For completeness, I also illustrate the corresponding average temperature, humidity,

and pressure observed by the NCAR C-130 for the dust-laden air masses sampled over
the Yellow Sea on April 11, 2001. It can be seen that the physical parameters predicted
by HYSPLIT4 for the approximate time and location when the NCAR C-130

measurements were made are quite consistent with the observations.
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3.2.2 Mid-Troposphere Simulations

While low altitude trajectories are common for plumés emanating from the gobi
deserts, they are not conducive to the long-range transport of mineral dust. A more
favorable trajectory for gobi-dust plumes to be engaged in trans-Pacific transport and
reach Fe limited regions of the North Pacific Ocean would likely involve lifting of the
dust into the mid-troposphere where it can be entrained into the westerly jet and rapidly
trénsported to the east [Yienger et al., 2000; Husar et al., 2001; Murayama et al., 2001;
Uno et al., 2001]. Sun et al [2001] estimated that about 10% of the dust storms that
originate in gobi deserts follow such a mid-tropospﬁeric path. (A good example is the
gobi-dust storm event of April 19-20, 1998. During this episode, dust raised from the
gobi deserts of Mongolia and China got entrained to the middle part of the troposphere,
traversed the Beijing air shed and then was transported by the westerly jet stream across
the North Pacific Ocean and reached West Coast of North America about 6 days later
[Husar et al., 2001; Uno et al., 2001; Murayama et al., 2001; Sun et al., 2001].)

Such a high-altitude ;rajectory is adopted in the Mid-Troposphere simulation. The
conditions for fhése simulations are based on the trajectory of a plume that formed over
the gobi deserts on April 6, 2001; i.e., a few days earlier than that choseﬁ for the
Boundary Layer simulations. The dust produced on this day was actually part of an
exceptionally strong multi-day dust storm [Liu et al., 2003].

Figure 3.4 shows TOMS Al image for April 6, 2001. This figure suggests that
there were three dust source regions (with aerosol index >3) in the north Asia on this day:

the Taklimakan desert and the gobi deserts of Mongolia and northern China. Out of these
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Figure 3.4 The earth probe TOMS aerosol index on April 6, 2001.
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three source regions, our Mid-Troposphere simulations are based on dust originating
from the gobi deserts of northern China, since the trajectofy of plumes from this region
on April 6, 2001 tended to traverse over the Beijing area and also overlapped with the
time and location where mineral-dust laden air maésés were iniercepted and sampled by
the NCAR C-130 aircraft (ACE-Asia Flight 5) over the Sea of Japan on April 8, 2001.
The likely trajectory for the plume obtained from HYSPLIT4 is shown on Fi gure 3.5. The
location of the plume (40.5°N, 103°E) was chosen to roughly correspond to that indicated
by TOMS Al image and the initial altitude (3.3 km) was selécte;l to ensﬁre that April 6™
plume intersected the path of the C-130 aircraft.

Figure 3.5 shows that the initial altitude for the April 6, 2001 dust plume
predicted by HYSPLIT4 is somewhat higher than that chosen for the Boundary Layer
simulations; a superposition of TOMS and Sea-viewing Wide Field-of-view Sensor
(SeaWiFS) satellite observations for April 6 suggest that the dust plume in this case was
initially lifted to about 3km [Herman ét al., 1997; Alpert and Ganor, 2001; Husar et al.,
2001]. (Note that the times for the HYSPLIT4-predicted plume trajectories are shown in

UTC, while the TOMS AI data are collected at local solar noon.)

Figure 3.5 shows that April 6™ plume, unlike the plume in the Boundary Layer
simulation, followed more northerly path over the North Korea and the Sea of Japan. The
predicted location of the Plume over the Sea of Japan between 8:00 - 9:00 UTC on April
8, 2001 is consistent with the NCAR C-130 observations of sharply increased
concentrations of crustal elements at that location and time [Huebert et al., 2003; Lee et

al., 2003].
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Figure 3.5 Possible trajectory for April 6, 2001 dust plume suggested by HYSPLIT4.
Plume altitude is given in meters above ground level (AGL). The symbols are inserted at
24 hr intervals.
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After leaving the continent, the plume rose to about 5km and moved in an easterly
direction (see Figure 3.5), that brought it to the HNLC waters of subarctic North Pacific
in about 5 days of transport time. Figure 3.5 also shows that the plume remained at mid-
tropospheric altitudes (4 to 5 km) during its entire passage over North Pacific Ocean.
Comparison of Figures 3.5 and 3.6 shows that plume trajectory predicted by HYSPLIT4
is consistent with TOMS Al data. |

The resulting variations in pressure, temperature and relative humidity prescribed
to Mid-Troposphere simulations are show on Figure 3.3. This figure shows that physical
parameters predicted by HYSPLIT4 are consistent with the NCAR C-130 measurements.

The April 6, 2001 dust episode was chosen for the Mid-Troposphere simulations
because it: (1) deposited large amounts of mineral dust to HNLC waters of subarctic
North Pacific [Bishop et al., 2002] making its chemical evolution relevant to the issue of
dust Fe deposition and marine ecosystem productivity in Fe stressed regibns; and (2) was
sampled by the NCAR C-130 aircraft, thereby providing detailed information on the

chemical and physical properties of the plume for model tuning and evaluation.
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“Figure 3.6 The earth probe TOMS aerosol index on (a) April 12 and (b) April 13, 2001.
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3.2.3 Mid-Troposphere with Descent Simulations

Because the plumes that follow high altitude, mid tropospheric path tend to be
cold; and, as will be shown later, temperature has a significant impact on our results, an
additional case is explored: the Mid-Troposphere with Descent simulation in which the
plume eventually subsides into the marine boundary layer. For this case, a plume
originating from the gobi deserts on March 12, 2001 was chosen, as discussed below.

TOMS Al data for March 13, 2001‘(see Figures 3.7) indicate the presence of an
average size dust storm advecting north of the Shenyang area in north-east China.
Trajectory analysis using HYSPLIT4 suggests that this dust had originated at a relatively
low altitude (~500 m) at ~17 UTC on March 12, 2001 in the Inner Mongolian part of the
gobi deserts (40°N, 112°E) crossed the Beijing metropolitan area between 12 and 13™ of
March, reached the Shenyang region in the early morning hours of March 13, 2001. The
location for the dust’s origin predicted by HYSLPT4 can not be independently tested
using TOMS Al data because the method is not able to detect low altitude dust [Herman
et al., 1997; Husar, 2001]. However, theHYSPLIT4-predicted presénce of a low-altitude
dust plume over Beijing on the 12™ and 13™ of March, 2001 is consistent with lidar and
ground-level filter-based measurements in Beijing that documentéd average boundary

layer Dust concentrations of about 750 p.g/m3 during this interval [Chen et al., 2001; Wild

et al., 2003].
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The likely trajectory for the dust plume predicted by HYSPLIT4 after leaving the
Shenyang area is shown on Figure 3.8. Shortly after leaving the Beijing area, i)lume
began ascending and continued to do so as it crossed the Sea of Japan and traveled
northward toward the Bering Sea;. The plume reached its maximum height of ~3 km on
March 16, 2001 at which point HYSPLIT4 predicted a sharp change in its trajeétory from
the north east to south east with a subsequent slow descend. Figure 3.8 shows that on
Mach 18™ the plume descended to the marine boundary layer.

Figures 3.9 shows the plume’s position over the North Pacific Ocean on March
19, 2001, where it was last detected by the TOMS satellite after about 6 days of travel
time over the Pacific Ocean. (Note that, during its transport, the plume crossed
International Date Line, so the TOMS Al image on March 19, 2001 actually corresponds
to ~22 UTC of March 18, 2001 on the HYSPLIT4 trajectory).

Moderate Resolution Imaging Spectrometer (MODIS) data and the modeling
results of NOAA-CIRES Climate Diagnostic Center suggest that on March 19, 2001 the
plume got embedded either in or near a precipitating low-pressure system, which likely
strongly depleted the dust via wet deposition. Thus the simulation was stopped on March
19, 2001. Figure 3.8 shows that the general location wﬁere the dust plume probably
encountered precipitation and was washed out. This location is somewhat south of HNLC
waters of the subarctic North Pacific, in a region known as a transitional zone between
Subarctic Current (southern boundary of Alaska Gyre) and North Pacific Current [Martin
et al., 1989; Harrison, 1999]. Although this part of North Pacific Ocean is not considered
an HNLC region, per se, it is suggested, that marine productivity in this transitional zone

is also Fe limited [Moore et al., 2002] (see more discussion in Chapter 1).
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Figure 3.8 Possible trajectory for March 12, 2001 dust plume suggested by HYSPLIT4.
Plume altitude is given in meters above ground level (AGL). The symbols are inserted at
24 hr intervals. Dark circle at the end of trajectory indicates the area where dust plume
got embedded in precipitating low-pressure system.
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Figure 3.9 The earth probe TOMS aerosol index on March 19, 2001. The red square
(coordinates: 160°W-140°W, 40°N-50°N) indicates the location of the plume over the
North Pacific Ocean.
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The March 12™ dust episode was chosen for Mid-Troposphere with Descent
simulation, because it: (1) was advected over Beijing metropolitan area at low-altitude
providing sufficient opportunity to entrain air pollutants; (2) it followed the high-altitude
trajectory over the North Pacific Ocean with subsequent descent to the marine boundary
layer; and (3) ultimately reached an Fe-limited region of North Pacific Ocean, making the
plume’s chemical evolution relevant to the issue of dust Fe mobilization and its role in

marine ecosystem productivity.

3.3 Species Simulated in Model

Table 3.1 lists the species simulated in our model along with information on the
vém'ous chemical forms the species were allowed to attain. Note that each species “I” can
have more than one chemical form and these forms can in turn be found in one of the
three phases: (i) the gas phase, denoted by the subscript “g;” (ii) the aqueous phase within
the aerosols, denoted by the subscript “aq;” and (iii) the solid phase within aerosols,

denoted by the subscript “s.”
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Table 3.1 Species simulated in model

Symbol Chemical forms allowed for species'”

SO, (SO2),

SCVD™ | (SO2°),,, (HSO? )ug, (FeSO} )ag » (AISO} )ag, (CaSO4);, (N2:SO4)s,
(NaHSOy)s, (NH4),SO4)s, (NHHSOy)s, (NH4)3H(SO4)2)s

NO,*” (NO)g, (NO2),

NW® | (HNO3)g, (NOJ )ag, (NHNO3);, (NaNOy);

NAD™ | (NHs)g, (NH? )ag, (NH,);S04)s, (NHHSO4)s, (NHs)sH(SOy)s)s, (NH,NO3);

Na 1 (Na*),q, NaCl);, NaNOs)s, (NaHSO4)s, (N2,SO4)s

Ca”® | (Ca¥)sq, (CaCOy),, (CaSOy);

Fe'” (Fe*)ag, Fe(OH)*)ag, (Fe(OH): Jags (Fe(OH))ag, (Fe(OH); )ag, (FeSO} ag,
(Fe(OH)3);

AT (AP gy (AIOH) )sq, (AIOH); gy (AIOH)] ) (AIOH); day (AISO} g

Dust" | See Sections 3.2.1.

Fine ® | [PM]y, the mass concentration (ug m™) of fine aerosols calculated as the sum
Aerosol of the concentrations of fine-mode S(VI), N(III) and N(V)
Mode

Coarse [PM]., the mass concentration (ug m™) of coarse aerosols calculated as the
Aerosol sum of the concentrations of Dust, coarse-mode S(VI), N(III), and N(V), as
Mode well as mobilized, coarse mode Na, Ca, Fe, and Al.

(1) Subscript “g” denotes a gas-phase species, etc;

(2) Non-oxidative dissolution and condensation of SO, and NO,(=NO+NO,) on fine and
coarse mode particles are neglected here;

(3) S(VI) is assumed to be nonvolatile;

(4) All species containing nitrogen in +5 oxidation state;

(5) All species containing nitrogen in -3 oxidation state;

(6) Concentration of K and Mg are expressed as equivalent Na (see text);

(7) Species are assumed to only arise from the dlssolutlon of minerals from dust and
therefore are only treated as being in the coarse aerosol mode;

(8) For all other Ca-containing compound (i.e., Ca(NO3)2 ), Ca is expressed as equivalent

Na (see text); '
(9) Under highly acidic conditions concentratlon of Alygiss s expressed as equivalent Na;
(10) Dust assumed to only be present in the coarse mode aerosol.
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As indicated in Table 3.1, aerosols are assumed to have two size modes: (i) a
coarse particle mode, dominated by mineral dust; and (ii) a fine particle mode, dominated
by pollutants such as sulfate and nitrate. This separation reflects the contrasting formation
mechanisms and thus chemical compositions that are typical of fine and coarse mode
aerosols in the atmosphere: fine mode particles tend to arise from air pollution and other
combustion processes either through direct emission or gas-to-particle conversion; while
coarse particles are generally produced by mechanical processes such as soil erosion and
sea-salt formation [Song and Carmichael, 1999].

Coagulation between the two modes is neglected in the model [Wexler et al.,
1994] and thus mass tran-sport between the coarse and fine modes only occurs through the
gas phase. For simplicity, each mode is treated as being monodisperse. The fine-mode
diameter, Dy is set at 0.12 pum, and the coarse-mode diameter, D is set at 1.7 um. These
diameters cbrrespond to the peak diameters observed for these two modes during the

ACE-Asia and TRACE-P experiments [Clarke et al., 2003].

3.4 Initial Plume Composition

Recall that time t = 0 in our model simulations corresponds to the starting point of
the plume trajectory when, after the plume has already entrained an initial loading of air
poll'utants as well as Dust, it leaves the Beijing area and begins its long-range transport
over the Pacific Ocean. The initial amounts of Dust and pollutants assumed to be in the
plumes at t = 0 and used in the box model calculations are summarized in Chapters 4 and

5 and listed in Tables 4.1 and 5.1.
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3.4.1 Initial Composition of Mineral Dust Transported in Plume
| The initial mineral Dust content of the coarse particle mode is designed to grossly

mimic that of the transportable fraction of gobi desert soils in Mongolia and northern
China (i.e., the fraction of the soil particles that can be uplifted and transported over large
distances by wind). It should be borne in mind, however, that the gobi deserts cover about
a million sq km of north central China and Mongolia [Parungo et al., 1994] and the
mineralogical composition of the soils changes considerably over this expanse [Claquin
et al., 1999; Gong et al., 2003]. So, the dust composition assumed here should be
considered illustrative. Sensitivity calculations are presented (in Chapter 4) to assess how
reasonable variations in the assumed dust composition affect our calculations.

Measurements of mineral dust composition and mass-size distribution over the
Yellow Sea and western North Pacific Ocean during ACE-Asia and TRACE-P suggest
that the composition of mineral dust from East Asia is relatively invariant to the mineral
dust loadings in the atmosphere [Clarke et él.; 2063]. \’?’Veftherefore assume the same
initial mineralogical dust composition for the Standard and Low Dust model simulations.

The U.S. Department of Agriculture :(USD/:\)V claésific;ati_on" syétem classifies soil
particles according to their size into three major textile classes: sand (2.0-0.05 mm), silt
(0.05-0.002 mm), and clays (<0.002 mm) [Soil Survey Staff,' 1998]. In general, both the
mineral composition and transportable fraction of each class can vary significantly from
the others [Leinen et al., 1994]. The mineralogical éomposition of the mineral dust

produced from a given soil can be obtained using the following formula:

sand silt clay
Xi ﬂsandFsand + Xi ﬁsillFsiI( + Xi ﬂc]ayfilay

ﬂsand I;‘snnd + ﬁsil( F;ilt +chlachlay

Xiair = (31)
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where X/"is the weight percent of mineral “i” in the mineral dust transported in the

[13%4]
1

atmosphere, X i‘“"" X f“‘ and X i°"‘y are the weight percents of mineral in sand, silt and

clay fractions of the soil, respectively, S

ana» Bay » @and B, are the transportable fractions
of sand, silt, and clay in the surface soil, respectively, and Fgang, Fsi, Feay are the weight
percent of sand, silt, and clay in the surface soil, respectively. It can be easily seen from
Equation (3.1) that for thé soils containing only one type of textural-classes, the
mineralogical composition of the transportable fraction is exactly equal to the
mineralogical composition of the soil. However, if more than one textural class is present,

than mineralogical composition of the transportable fraction of the soil is determined by

the magnitudes of fand F.

The surface soils of gobi deserts have been found to be about 50% sand, 30% silt,
and 20% clay [Webb et al. 2000] (i.e., Fsna = 0.5, Fg = 0.3 and Fey = 0.2). However,
sand particles are relatively large, are difficult to uplift and tend to be rapidly removed

from the atmosphere by gravitational settling, and thus, S, ,~ 0 and the transportable

and
fraction is generally limited to the clay and silt fractioné [Duce, 1995; Tegen and Fung,
1994; Ginoux et al., 2001]. Moreover, measurements of the size spectra of mineral dust
aerosols [e.g. Prospero and Bonatti, 1969; Clarke et al., 2003] show that during a dust
storm, the mass of clay-containing particles (with diameter, D, between 0.2-2 g m) is
generally 1-2 orders of magnitude smaller than mass of silt-containing particles (D,

between 2 to 50 pm). We therefore assume B, =0.1 and B = 1.

lay silt —
Table 3.2 lists our estimates of the weight percent concentrations of the key

minerals in the silt and clay fractions of gobi desert soils obtained from a synthesis and
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Table 3.2 Concentration of major minerals in the soil and clay fractions of surface soils in
the gobi deserts and in mineral dust originating from these soils (% by weight)

In soil P In mineral dust and used as initial
Mineral —— - condition for model simulation
in silt % in clay
Anhydrite 6 0 6
CaSO4
Calcite 12 0 11
CaCO;
Albite 18 8 17
NaAlSi30g
Microcline 8 5 8
KAISi;Og
Ilite ¥ 18 42 20
Ko.6M80.25A12.35i3 5010(OH)
Smectite/ Montmorillonite © 7 15 8
Nag Al 4Mgg6Si4019(OH); - 4H,0
Hematite ¥ 5 8 5
F6203
Quartz 21 10 20
Si0,
Kaolinite 5 12 5
ALSi,05(OH),
TOTAL 100 100 100

(1) The mineralogical composition of silt and clay in gobi desert soils listed here is
largely based on the data from Hseung and Jackson [1952], Leinen et al. [1994], and
Claquin et al. [1999], except as noted below;

(2) Calculated using Equation (3.1) assuming Fgy = 0.3, Feay = 0.2, Bsiie = 1, and Peray =

0.1;

(3) The chemical composition of illite and montmorillonite depends on the extent to

which Si and Al are replaced by other cations such as Na, K, and Mg [Wonik, 2001;
Deer et al., 1998]. The compositional formulas for illite and montmorillonite used
here were determined by keeping the fundamental unit of the structure (so-called 2:1
layered structure) and adding in Na, K, and Mg to the minerals so that the average
overall concentration of Na, K, and Mg in gobi desert soils was equal to 2.1%, 1.9%,
and 0.9%, respectively [Nishikawa et al., 1999]. It should be noted that the resulting
compositions used here for illite and montmorillonite fall within the range of
compositions typically observed for these minerals [Wonik, 2001; Deer et al., 1998];

(4) The weight percents for hematite in silt and clay was obtained by assuming that

hematite is the only mineral containing significant amounts of Fe (see discussion in
Section 3.4.9), and requiring that the weight percent of Fe in mineral dust was 3.5%
in accordance with the observations of mass [Taylor and McLennan, 1985; Duce and
Tindale, 1991]. Since Fe (II) can substitute for Mg and Fe(III) for Al in some clay
silicates [Coey, 1988], the assumption that hematite is the only Fe-cqntaining mineral
in soils is not strictly valid. Nevertheless, the Fe content in clay minerals is usually
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small [Murad and Fischer, 1988] and thus for the purposes of these illustrative
calculations can be neglected. '

Table 3.3 Composition of key elements in mmeral dust assumed for model simulations
(% weight)

Element % by weight
Al 8.1
Cacalcite 4.4
Caanhydrite 1 8
Fe 3.5
K 2.4
Na 1.7
Mg 0.5

analysis of data on gobi desert soils and dust in the literature. Also shown are the
resulting mineral abundances in mineral dust, derived from Equation (3.1). Table 3.3
presents the percent weight abundances of various key elements in mineral dust that

result from the mineral abundances listed in Table 3.2.

P
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3.5 Mass Balance Equations for Determmmg Species’ Concentrations

o ”
1

Within the model, the. concentratl‘o‘n‘s of relevant gas- and particulate-phase

species in the advecting plume are determm‘eid' by solving a system of coupled continuity
! £
I K i
equations. In its most general form this equatlon is:

‘I‘
.

\]'

d[I] P D adcp [I] Ffrac : adnl ([I] [Iamb]) (3'2)

dt
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where [I] is the concentration of species “I” within the plume (in units of mole/m3), P;
and D; are in-plume production and destruction rates for “I” species (in units of _
mole/m3/s), Ol is a first-order rate constant for dilution of the plume aue to mixing with
ambient air, and Iy is the assumed ambient concentration of species “I,” O4ep is a first-
order rate constant for loss from the plume of species contained within coarse mode
aerosols due to dry deposition, Fy, is the fraction of species “I” contained within coarse
mode aerosols. (Note that fine particles are assumed to not have a significant deposition
velocity and thus the components of this mode are not lost via an Ogep-like
parameterization.)

It should be noted that Equation 3.2 ignores removal of gas-phase and particle
species via wet removal. However, this should not represent a significant problem for the
model calculations presented here, since the plumes we consider did not encounter
precipitation events during the time intervals simulated by the model. Indeed, the trans-
Pacific transport of dust from East Asia is not usually associated with wet removal [Husar
et al., 2001].

Tables 3.5, 3.6, 3.7, 3.8 and 3.9 list the constants used to simulate the relevant
gas-phase, heterogeneous and aqueous-phase reactions and equilibria that form the basis
for calculating the P; and D; terms in Equation (3.2). A more detailed discussion of the
specific mass balance equation used for each of the species listed in Table 3.1 follows

below.
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Table 3.4 Heterogeneous and gas phase reactions included in model

Ne Reaction Rate constant Units Source/n
ote
RGI | 50,+0H(g)—M—s H,SO, +...0 | ko=3.0x107x(300/D)™ | cmémolecules! | Sander et
k, =15x107" em’molecule~ls~! | 2k [2003]
RG2 | 50,9 4,502 (ag) 9 +4)x1078 m3pg’s™! Hter]ring
ct al.
[1996)
RG3 | NO, +OH—MHNO; ()" | ko =2.5x10"° x(300/T)** Sander et
11 17 cm®molecule™'s™! | al. [2003]
k., =1.6x107"x(300/T) /See text
RG4 | NO,—%,NO3 (ag) (10£10)x1078 mpgls™! S“';{'“g
[1996]
RG5 night 1.2x10""x exp(-2450/T) 3molecule™'s ™!
NOs+ Osm 2HNO(aq) cm”molecule 's
RG6 | NO+0; — NO, +0, 2.0x10"°x exp(-1400/T) | cm3molecule~'s™! | Sander et
al. [2003]
RG7 s See text

NO, + hv— NO+0

(1) The rate coefficient for this reaction is obtained as follows:
ko, (DIM]
1+ k(T [MJ/k_.(T)

k(T) = {
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Table 3.5 Additional aqueous-phase reactions added to modified version of ISORROPIA
and their equilibrium constants

Ne Equilibrium reaction Equilibrium constants'"
K7 (298.15K) a b units Source
RAQI CO,(aq) = CO,(g) 3.404x107 8.1858 | -28.9307 | mol/kg/atm | Meng et al.
' [1995]
RAQ2 gt — 4.299x107 3.0821 | 31.8139 mol/kg | Mengetal.
+ =
RAQ3 -igt= - 4.678x10" 5.9908 | 38.8440 mol/kg Meng ct al.
CO?™ +H* = HCO; [1905]
Keq
RAQ4 | CaS0,-2H,0(s) =
s 47 (2) 4.319x10° mol¥kg? | Meng et al.
Ca**(aq)+S0j (aq)+2H,0 [1995)]
RAQS | * o pott 9.1x10° mol/kg Stumm and
e(OH);(s)+3H™ = Fe”” +3H,0 Morgan [1981]
RAQG | Ee3* 4502 < FeSO? 1.9x10% mol/kg Millero et al.
e +80s = FeS0s. B | [1995]
RAQ7 2 _ 3t - 1.9x10" mol/kg | Millero et al.
FeCl“" = Fe”" . +Cl [1995]
RAQE | Ee3 4H,0 = FcOH? +H" - . 6.46x107 mol/kg Stumm and
Morgan, 1981
RAQY | o3+ 1o = F +opt 2.14x10° mol/kg Stumm and
e +2H,0 c(OH); +2 Morgan [1981]
RAQIO | p3+ 43H,0 = Fe(OH){ +3H* 1.59x107* mol/kg | Millero et al.
[1995]
RAQIT | L3 =F - + 2.51x10% mol/kg Stumm and
e” +4H,0 e(OH)4 +4H Morgan [1981]
RAQI2 + APt 1.7x10" mol/kg Lindsay [1979];
Al(OH);(s) +3H Al’" +3H,0 Bi ct al. [20012]
RAQI3 [ A3+ 1502 = AISO} 1.0x10° mol/kg | Bietal.[2001a]
RAQI4 | 3+ +H,0 = AIOH? +H" 1.0x107 mol/kg Bi et al. [20014a]
RAQIS | AP 21,0 = AIOH)S +2H" 1.0x10°™° mol/kg | Biectal. [2001a]
RAQIG | A+ 43H,0 = AI(OH) +3H* 1.0x107™ mol/kg | Lindsay [1979];
Stumm and
Morgan [1981]
RAQI7 1.0x10* mol/kg | Biectal. [2001a]

AI* +4H,0 = Al(OH); +4H*

(1) For RAQI, RAQ2, and RAQ3

K, =Koexpla| 1] +8{ 1+10f 22 |- Ze L where T, = 208.15K;
T T) T

All other Kq’s assumed to be temperature independent and are based on experimental data at 298 K.
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Table 3.6 Equilibria describing the dissolution/precipitation of minerals contained in dust

Ne Equilibrium reaction ' Equilibrium constants'’
K.q (mol“/kg?) Source/note
REQ! | Calcite = Ca?* +CO2" 4.959x10” | Meng et al. [1995]
REQZ | Albite+4H"* +4H,0 = & . Lindsay [1979]
1.6x10
Na* +AI** +3H,Si0) = X
REQ3 | Microcline +4H* +4H,0 = 1 Lindsay [1979]
1
K* + AI* +3H,Si0¢ Ix10
REQ4 | Tllite+ 6H* +4H,0 = Lindsay [1979]
; 2.24x10'°
0.4K* +0.25Mg* +1.7A1* +4H,Si0}
REQS | Smectite + 4H* = ] Lindsay [1979]
0.8Na* +0.4Mg? +0.8A1% +4H,SiO} 4.79x10
REQS | Kaolinite +6H* = 2.8x10° Lindsay [1979]
2A1* +2H,Si0§ + H,0
REQ7 | Hematite + 6H* = 2Fe* +3H,0 4.4x10" Blesa et al. [1994]

(1) All K¢g's are for 298 K.
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Table 3.8 Average values of g-parameter for the species used in model (apart from those
in ISORROPIA)

Species q Source/Note
FeCl, 0.424 )
Fe(OH)CI, 6.04 (D)
Fe(OH), Cl 7.05 €))
FeSO,Cl 7.05 )
AlCl3 1.92 Kusik and
Meissner [1978]
MgCl, 29 Kusik and
Meissner [1978]
Fe,(SO,), 043 3)
Al (SO 0.369 Kusik and
2 ( 4 )3 Meissner [1978]
MgSO 0.15 Kusik and
4 Meissner [1978]
Fe(NO,), 1.51 4)
AI(NO,), | 1.51 )
Meg(NO 2.32 Kusik and
& 3 )2 Meissner [1978]

(1) Parameters for Fe(IIl) chlorides were calculated from Table 4 of Millero et al. [1995]
by using definition of mean binary activity coefficient (¥, ) for a single-salt solution
containing an i-j ion pair: ¥, =y/"-y where v,and v, are stoichiometric
coefficients [Robinson and Stokes, 1959]. After the value of activity coefficient for
the electrolyte was determined at some temperature and ionic strength the associated
parameter q was calculated using Kusik and Meissner [1978] equations;

(2) Following Millero et al. [1995] same activity coefficients for FeSO,Cl and
Fe(OH), Cl were used;

(3) Value for Cr,(SO), from Kusik and Meissner [1978] was used;
(4) Value for Cr(NO3); from Kusik and Meissner [1978] was used.
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3.5.1 Mass Balance for Dust and Estimation of Alpha Terms
Dust has no in-plume production and destruction terms and a negligible ambient
concentration, and thus applying Equation (3.2) to Dust we obtain:
d[Dust)/dt = -0tep [Dust] - ogit [Dust] (3.3)
As described below, we can use this equation in combination with observations of Dust
concentrations during the dust storm of April 9, 2001 (discussed in the Boundary Layer
simulation) to estimate the values for 0ep and Ol;.
3.5.1.1. Parameterization for Deposition: Measurements and modeling results of dust
transport show that the size composition of dust particles close to the source is non-
uniform and dominated by the relatively large particles with diameter, 2 < D, <20 pm
[Tegen and Fung, 1994; Ginoux et al., 2001; Zender et al., 2003]. (Particles with the
diameter > 20 pum rapidly fall out of the [;lume [c.f.; Tegen and Fung, 1994] and
therefore, as discussed earlier, are not considered in the model as part of the transportable
dust fraction.) As the mineral dust advecté, howevér, the laféer paﬁicles settle out (i.e.,
they are deposited), leaving behind the smaller sized particles in the plume [Arimoto et
al., 1997]. Thus we would expect Oep to decrease as a function of transport time. To
account for this variation, we assume that Oldep has the vfollqwing form:
Ogep = Cep E(1) | B4
where Cqcp is a constant determined from the observations (see discussion in Appendix B)
and &(t)is a time-dependant unitless parameter that varies inversely with the average
settling velocity of the coarse particles that remain in the plume at time t. (The formula

used in the model for &(t)is derived in Appendix B.)
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3.5.1.2. Parameterization for Dilution: In general as dust plumes are advected, they get
dispersed under the action of turbulent velocity fluctuations. The rate at which plume will
expand depends on its size relative to the length scales of turbulent motion [Seinfeld and
Pandis, 1998; Blackadar, 1998]. The maximum plume growth (or dilution) usually occurs
when the plume size is comparable with the scale of the turbulent eddies with highest
kinetic energies; i.e., several hundreds of meters to tens of kilometers [Tennekes and
Lumley, 1972]. In this stage, dilution is dominated by rapid lateral dispersion and growth.
Plumes from dust storms generally reach this size within a few hrs of transport time from
their sources). When the size of plume increases still further, the rate of dilution slows, as
turbulent eddies are now only diluting the plume through entrainment of fresh air at the
plume’s boundaries. The rate of the plume dilution in this final stage becomes inversely
proportional to the squére root of the plume transport time [Csanady, 1973; Blackadar,
1998].

According to the composite satellite images of the dust cloud passage, by the time
dust plumes get advected to the Beijing area (the initial location for the model

simulations), they have already expanded beyond the size of a tens of kilometers (see

Figures 3.4 and 3.10) and further lateral dispersion of the plume appears to be quite slow
(Figures 3.6 a,b). So, in the model, plume dilution is treated using the following equation:

C. - ' '
Qg =—1 , E - 3.5)

Jt

~ where Cgj is a constant determined from the observation (see discussion in Appendix B)
and t is the plume transport time.

3.5.1.3. Derivation of Constant for Deposition and Dilution: First note, that that

integration of Equation (3.3) yields:
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Figure 3.10 The earth probe TOMS aerosol index on April 7, 2001.

62



Dust(t) = Dust(0) - exp{— [(tg, +&tgy)dt} (3.6)
and substitution of Equations (3.4) and (3.5) into Equation (3.6) yields

Dust(t) = Dust(0) - exp{~ [(Cyo,&® + Cor/V1)dt} 3.7

To derive values for Cge and Cgj, recall that the average mineral dust

concentration at Beijing on April 10, 2001 was about 700 pg/m?. On the other hand, an

average Ca®* concentration of 18.7 pg/m® was measured on board the NCAR C-130
aircraft between 2:00 and 3:00 UTC on April 11, 2001 over the Yellow Sea at latitude
33°N-37°N and longitude 124°E (and an altitude of about 200m). According to back
trajectory analysis, the flight track at this point was intercepting the same dust-laden
plume that had been over Beijing some 18 hours earlier on April 10. If we assume that all
of the Ca** measured on board of the C-130 was associated with the dust from the gobi
deserts (see Chapter 2) and a weight percent concentration of Ca in dust of 6.2% (see
Table 3.3, as well as Song and Carmichael [2001] and Zhang et al. [2003]), then the totai
concentration of Dust at the time _of the C-130 sampling was about 300 pg/m?. In other
words, deposition and dilution processes caused roughly 60% reduction of the mineral
dust plume concentration during first 18 hrs of plume transport time.

To estimate the relative contribution of the two processes, we consider the
measurements of Tsunogai et al. [1985]. By analyzing weekly aerosol samples collected
for two years at six stations located in the western North Pacific Ocean, these

investigators observed that within dust plumes advecting from East Asia, dust

concentrations generally decreased at about twice the rate of *°Pb concentrations. If we
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assume that *°Pb (being a proxy for anthropogenic aerosols) is carried in the fine
particle mode and thus behaves similar to that of gaseous species, then it follows that
decrease in 2'°Pb concentration is caused by dilution alone while the loss of Dust is
caused be dilution and deposition.

Using the two sets of observations in concert with Equations (3.7), the values for
Cuep and Cg; can be derived using a simple iterative scheme:

Caep=9.2x10°sec’ and  Cgy=7.8x10* sec™”? (3.8)

As different trajectory dust passages (i.e., boundary layer vs. mid-troposphere)
can be characterized by different rates of dust deposition and dilution, an independent
check of Cq¢p and Cg; values can be obtained from observations of the plume used in the
Mid-Troposphere simulations. The NCAR C-130 aircraft during ACE-Asia Flight 5
intercepted this plume over the Sea of Japan between 8:00 - 9:00 UTC on April &, 2001.
Trajectory analysis suggests that the plume had been over Beijing some 30 hours earlier.
Using this transport time, an initial Dust concentration of 1500 p g/m® (seeTable 3.2), and
the Cqep and Cgir values given in Equation (3.8), the model predicts a Dust value at the
time and location of the C-130 observations of 510 pg/m®. This value is reasonably

consistent with the average dust concentration measured on board the C-130 of 550
}Lg/m3 [Huebert et al., 2003]. So, unless noted otherwise, our model simulations use the

values for Cy¢p, and Cgj listed in Equation (3.8). In Chapter 4 sensitivity calculations are
carried out to estimate how reasonable variations in deposition and dilution

parameterization can affect the model calculations.
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3.5.2 SO, Mass Balance
In addition to dilution, in the model SO, is assumed to be removed from the
plume via a homogeneous, gas-phase reaction with the free radical OH; i.e.,
(RG1) SO, + OH — multistep — (SOF ag)
as well as via a heterogeneous reaction with mineral dust; i.e.,
(RG2) SO, + Dust — (SO% g
Thus, for SO, Equation (3.2) becomes

9[-Sd?—2] = —k, -[OH][SO,] -k, - [Dust][SO,]- 0, ([SO,1-[SO, 1. ) (3.9)

where [Dust] is the dust concentration in pg m>, [SO;] and [OH] are the SO, and OH
concentrations in molecules cm'3, k; are the rate constants for reactions “i” (see Table
3.4), and [SOzlamb, the background concentration of SO, over the remote Pacific is
assumed to 50 pptv [Thornton et al., 1997; Andronache et alf, 1997].

The OH concentration in our simulations is specified as a function of time of day

following Liu et al. [2001]:

[OH]=[OH,,, ]+[0me]exp(— HZ J[sin(ﬁt)]" ' (3.10)
Hgy A ,

where [OHp;s] is the nighttime minimum OH concentration, set to be 5x10* molecules/
cm® s [OHmax] is the daytime maximum OH concentration, set to be 5x10° molecules/cm3,
Hou=6.9 km is a scale height and n is set to be 6. This parameterization yields a 24 hour
averaged [OH] of ~1 x 10° molecules cm™ for < 5km altitude, which is consistent with
model calculated TRACE-P mission averaged [OH] concentration for 25-45°N [Davis et

al., 2003]. In addition, at an altitude of 1 km, this OH concentration in combination with
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the value for kg; listed in Table 3.4 produces a 24-hour averaged SO, oxidation rate of
0.45%/hr; in reasonable agreement \;vith that calculated by Xiao et al. [1997] for 30°N.
The detailed mechanism for SO, oxidation on dust particles remains uncertain
[Goodman et al., 2001]. In our model simulations, we assume that (RG2) is controlled by
a quasi-second order kinetic relationship with the rate constant derived from an analysis
of SO; oxidation by mineral dust in the plumes from Kuw.aiti oil fires [Ferek et el., 1992;
Herring et al., 1996]. Since mean concentrations of air pollutants and desert dust in these
plumes were similar to ones observed during the springtime Asian outflow (i.e., TRACE-
P Flight 13 and ACE-Asia Flights 5 and 6 described above), we believe that this approach
should produce reasonable results. Moreover, Garrett et al. [2003] showed that the SO,
uptake coefficient calculated from Herring et al. [1996] parameterization is within the
range reported by Ullerstam et al. [2002] for SO, uptake by mineral dust. Sensitivity
calculations are also presented to assess how reasonable variations in kg; affect the model

simulations.

3.5.3 S(VI) Mass Balance and Speciation

Sulfate or S(VI) is treated in the model as a nonvolatile species (see Table 3.1)
that can either reside in fine or coarse mode particles. It is produced frqm the oxidation of
SO; via reactions (RG1) and RG2). Production vi:a (RG}) can lead to‘_.S(VI) ip either fine
or coarse mode particles, while production via (RG2) o‘nly:resillts in S(VI) production in
coarse mode particles. The fraction of S(VI) produéed via (RGI) that 1s debosited into the
fine and coarse modes is in turn determined by the relative surface areas contained in the

two modes.
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Assuming a negligibly small concentration for S(VI) in the background

atmosphere, the mass balance equations for S(VI) in each of the modes become:

\Y

A5ODLe _ k., -[OHIISO, 1=+ ke, -[DustlSO, 1 (g + 1y, JIS(VD],  (3.112)
dt Sf +Sc

and

d[S(VI S

Lk [OHIISO, g1 g SOV (3.11b)

€

where the “c” and “f” subscripts are used to denote the fine and coarse modes,

respectively, and Smode iS the surface area of the relevant particle mode (in units of
um2/m3). Since, as discussed above, we assume each mode to be monodisperse, Smode 1S
given by

_ 6-PM__.

Smode -

(3.12)
pmode * D mode
where [PM]mode is the concentration (in pug m'3) of the relevant mode, Pmode is the mode’s

density, and Dpoqe i the mode’s nominal diameter (i.e., 0.12 and 1.7 p m for the fine and

coarse modes, respectively). If we assume that p; = p_, then,

3 _j-__ L7PM, (3.13a)
S, +S," 1.7PM, +0.12PM,

and
S 0.12PM, (3.13b)

S, +S,. L7PM, +0.12PM,

3.5.3.1 S(VI) speciation: As indicated in Table 3.1, S(VI) within the fine and coarse
modes is distributed among 10 possible different solid or aqueous-phase species. The
relative amounts of each of these species are determined somewhat differently in the two

modes. Within the fine particle mode, the speciation of S(VI) is determined by the
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thermodynamic module discussed in Sectioﬁ 3.6. Within the éoarsé paﬁicle mode, on the
other hand, where Ca*? from the dissolution of calcite can be present, the solution is first
tested for supersaturation with respect to gypsum (CaSO,-2H,O). If the solution is
supersaturated, an appropriate amount of S(VI), along with Ca*? is removed from the
solution. The remaining S(VI) is then speciated using the thermodynamic module

described in Section 3.6.

3.5.4 NO, Mass Balance and Speciation
As in the case of SO,, NO, is removed in the model via
(RG3) NO; + OH — , HNOs,
as well as via a heterogeneous reaction with mineral dust; i.e.,
(RG4) NO; + Dust — (NO3 )@q)
In addition, it is assumed that the reaction between NO, and Oj3 (which yields NOs3)
ultimately leads to the production of N(V) at night [Munger et ‘al., 1998]; i.e.,
(RG5) NO; + O3 =NO; + O, — multistep at night — N(V)
The mass balance equation for NOy is thus given by

dNO,

= —K g [OH][NO, ] -k, [Dust][NO,] - 2-k;[NO, ][O,]

might "~ (3.14)
-0.4; ([NO, ]-[NO, ],.)

where [O3] and [NOx].mb are set at 40 ppbv and 50ppt [Talbot et al., 1997; Kondo et al.,

1997], respectively. As in the case of SO, the rate of loss of NO, on Dust using a second

order kinetic relationship with a rate constant from Herring et al. [1996].
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3.5.4.1 NOx speciation: NOy is comprised of two gas-phase species: NO and NO,. The
rélative concentration of NO and NO; in the remote troposphere is by a photostationary
state between three reactions:

(RG6)NO + O3 = NO, + O,

(RG7)NO; + hv —->NO +0
and

(RG8) NO +RO; — NO; +RO
where RO, denotes a peroxy radical. However, modeling results indicate that the NO
oxidation rate by peroxyl radicals in the springtime over the western North Pacific is
considerably smaller than its oxidation by ozone via (RG6) [Crawford et al., 1997]. Thus,
the partitioning of NO, between NO and NO; can be approximated by

[NO, J/INO] = k¢, [0,1/7 4, (3.15)

where Jg7is derived from the model of Crawford et al. [1997].

3.5.5 N(V) Mass Balance and Speciation

Unlike S(VI) which is nonvolatile, N(V) can exist in the gas-phase as HNO3; and
as a result, N(V) that is initially in one particulate mode can volatize and recondense on
the other mode. This makes it necessary to use one single mass balance equation for

N(V):

d[I‘;(V)] =K [OH][NO , ]+ k 5, [Dust][NO , 1+ 2 -k 45 [NO, ][O,]

night - adep [N(V)] ‘ Ffrac

-a dil [N (V)]
(3.16)

where Fy, is calculated using the following equation:
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[N(W)]

E. = coarse (3.17)
IN(V)Jgee +IN(V)]

+[HNO;, ],

and it is assumed that the ambient N(V) concentration is negligible.
3.5.5.1 N(V) speciation: The partitioning of N(V) between the gas-phase and the two
particulate matter modes, and speciation of N(V) within each of the modes are

determined in the model using the thermodynamic module, as described in Section 3.6.

3.5.6 N(I1I) Mass Balance and Speciation

N(II) consists of gas-phase NH3 and the various dissolved and solid forms of
ammonium that can exist in the fine and c.oarse,partivc]e“ modes. While NH; can be
oxidized by OH, the reaction is slow; the tropospheric lifetime of NH; due to its reaction
with OH is estimated at about 3 months [Warneck, 1988], and this is considerably longer
than the plume transport time of ‘several dayé considered here. S; fhis reaction can be
neglected in our calculation. The mass balance equation for N(III) then becomes, in-
plume production or destruction terms for N(III) Were not included in the model. For the
mass balance of N(III) we have: |

dINJID]

[NAI)]- K, — o (NAID] - [N()], ) ' (3.18)
where Fp,c shows relative abundance of particulate phase NH} in a coarse mode and
.[IN(II)]amb=50 ppt is background concentration of ammonia over the remote Pacific
[Dentener and Crutzen, 1994].

3.5.6.1 N(III) speciation: The partitioning of N(III) between the gas-phase and the two

particulate matter modes, and speciation of N(III) within each of the modes are

determined in the model using the thermodynamic module, as described in Section 3.6.
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3.5.7 Mass Balance for Coarse-Mode Mobilized Na

The concentration of mobilized Na in the coarse mode aerosol is of interest
because it can influence the pH of the coarse mode, and thus the dissolution of Fe, which,
because it arises from dust, is only in the coarse mode. Dissolved Na in the coarse mode
can arise from the dissolution of the Na-containing minerals in dust; as described in
Section 3.3 these minerals are albite and smectite. Thus, if we neglect the coagulation of
coarse-mode, dust-containing particles with sea-salt, and assume a negligible ambient
coarse-mode Na concentration, the mass balance for dissolved, coarse mode Na can be
written as:

d[Naj, _

m WNa,, ‘R -[Dust]+ WNa__, -R " [Dust]—(a,, +a aep ) (N2, (3.19)

smt

where [Na] is total concentration (in units of mole/m®) of mobilized coarse-mode Na

(and excludes Na that is bound in albite and smectite minerals); WN,, and WNag, are

the molar fractions of Na in albite and smectite (i.e., 1 and 0.6, respectively); andR;

andR™

smt

are the dissolution rates (in units of moles/g of dust/s) of albite and smectite,

respectively. The formulation and methodology used to calculate mineral dissolution

rates are discussed in Section 3.5. The speciation of diséo]véd coarse mode Na is
determined using the thermodynamic module discussed in Section 3.6.’

Mass balance equations for covavrSe‘-mode, dissolved K:and Mg are similar to Na
and are not specifically discussed. K and Mg are sﬁeciated in the médel by first

converting them to equivalent concentrations of Na and then _speciatihg the Na.
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3.5.8 Mass Balance and Speciation for Mobilized, Coarse-Mode Ca

In principle, Ca can be mobilizes in the coarse mode from the dissolution of two
dust-containing minerals: calcite and anhydrite [Hseung and Jackson, 1952]. However, in
view of the evidence of gypsum precipitation in mineral aerosols during their long-rage
transport [Zhou and Tazaki, 1996; Mori et al., 1998; Boke et al.; 1999; Kim and Park,
2001; Arimoto, 2001], we only consider calcite dissolution as a potential source of
mobilized Ca. The mass balance for mobilized, coarse-mode Ca then takes the following

form:

d[gta]c =WCa,, R - [Dust] — (0. + @, )[Ca], (3.20)

where [Ca], is total concentration of mobilized, coarse-model Ca (and excludes Ca bound

in calcite and gypsum); WCa, is the number of moles of Ca contained in a mole of

calcite (i.e., 1); and R is calcite dissolution rate (expressed in units of moles of calcite

cal
dissolved/g of dust/s).
3.5.8.1 Ca speciation: The speciation of mobilized, coarse-rﬁbde Ca is determined in a
two-step process. First, if the solution is supersat‘uratedv with respect to gypsum, Ca'?
along with an. appropriate amount of S(VI) is removed (i.e., precipitate V'out) from
solution, and then the remaining Ca is converted to an equivalent concentraﬁon of Na and

speciated using the thermodynamic module (see Section 3.6).
3.5.9 Mass Balance and Speciation For Mobilized, Coarse-Mode Fe

In our model, Fe from dust within the coarse mode is mobilized through the

dissolution of hematite. The mass balance equation for this species is therefore
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dFe], _

= WFe,,, ‘RIZ, -[Dust] = (¢ +0tg)[Fel, (3.21)

hem

where [Fe]. is the concentration of mobilized, coarse-mode Fe, WFepen, is the number of
moles of Fe in a mole of hematite (2); and Ry;,, is the hematite dissolution rate (moles of

hematite dissolved/g of dust/s).

3.5.9.1 Fe speciation: The acid dissolution of Fe from hematite will initially give rise to
dissolved iron in the +3 oxidation state; i.e. Fe(IIl). In principle, subsequent reactions
(e.g., triggered by photons and/or catalysts) can give rise to Fe(II) and both Fe(IIT) and
Fe(II) can coexist in solution [Behra and Sigg, 1990; Sedlak and Hoigné, 1993; Blesa et
al.,, 1994; Cornell and Schwertmann, 1996]. Because of the high concentration of
oxidants in the atmosphere, Fe(II) tends to be thermodynamically unstable in atmospheric
particulate matters and thus maintenance of Fe(II) in dust-containing aerosols requires
continual cycling of Fe between the two oxidation states [Behra and Sigg, 1990; Zhu et

al., 1993; Siefert et al., 1996]. The possible reaction scheme for the Fe(II)/Fe(IlI) cycling

in ambient aerosols should perhaps include photochemistry, aqueous sulfite ions (SO~ ),

aldehydes, radicals (HO,/O;, RO;), Cu(l), hydrogen peroxide (H>O;) and some organic
reductants (oxalate, ascorbate) [Behra and Sigg, 1990; Sedlak and Hoigné, 1993; Hislop‘
and Bolton, 1999; Balmer and Sulzberger, 1999]. Photochemical/chemical cycling
between Fe(IIl) and Fe(Il) are not included in our model calculations, and thus [Fe]. is
given by the total concentration of Fe(IlI) species in the aerosol coarse mode not
associated with hematite. (Although Fe(II) has much higher solubility [Cornell and
Schwertmann, 1996], consideration of only ferric complexes should not affect

considerably DIF of mineral dust when solution remains under-saturated with respect to
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Fe(III). It is shown below that for most of the simulated cases deliquesced mineral dust
solution remained under-saturated with respect to Fe(III) and formation of Fe(OH)s(s)
was not observed.)

Iron hydrolysis (even when restricted to Fe(II)) is rather complex [Blesa et al.
1994; Brandt and Eldik, 1995; Millero et al., 1995; Cornell and Schwertmann, 1996] and
some simplifications have been made to keep the calculations tractable. In the model, I
assume that [Fe]. can take six different aqueous-phase forms, as well as one amorphous
precipitate; i.e.,

[Fe]e= (Fe** )aqH(FeOH*" )uq+ (Fe(OH)} )aq+(Fe(OH)? ) aq+( Fe(OH); gyt

+(FeS0}) ¢, + (Fe(OH)3)g) (3.22)

Note that, the Fe** ion in solution actually contains six water molecules in its
coordination spheres (i.e., [Fe(H,0)J**) [Stumm and Morgan, 1981]. However, for
simplicity, I simply refer to it here as Fe**. The higher, polymeric iron hydroxide

complexes, such as Fe,(OH);',Fe,,(OH)2, are not considered in the model, as their

concentrations only become significant at much higher concentrations of Fe(III) then

those encountered in our calculations [Blesa et al., 1994; Millero et al., 1995]). Out of the

several possible inorganic complexes that Fe(Ill) can form (i.e., FeSO}, FeHSOZ,

Fe(SO,),, FeCl**, FeF*"), we only include FeSO?, as other inorganic form of Fe(III)
appear to be less important under our model conditions [Dousma et al., 1979; Millero et
al., 1995].

Using the assumption about the absence of metastable supersaturation with
respect to Fe(OH)s(s), at every time step the total Fe(III) concentration allowed to be

present in a solution is calculated based on equilibrium constant of RAQ6 (Table 3.5),
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and pH and ionic strength of the solution. Since the establishment of hydrolysis equilibria
between all Fe(IlI) species in Table 3.5 is usually very fast [Stumm and Morgan, 1981],
the relative concentrations of each of the species appearing in Equation (3.22) is
determined by using appropriate equilibrium constants, pH and ionic strength of the

solution.

3.5.10 Mass Balance and Speciation For Mobilized, Coarse-Mode Al

In acidic solutions, elevated concentrations of dissolved Al can increase acid
neutralizing capacity (ANC) and act as pH buffer [Sullivan, et al., 1989; Bi et al., 2001a;
2001b]. Al-buffering effect in the model is célculated by detérmining total concentration
of mobilized Al in the coarse mode and its subsequent speciation in hydroxo and
inorganic complexes. Mass balance for dissolved Al is calculated using the following
equation:

d[Al],

s > WAL -R™ - [Dust] - (g + &, )AL, (3.23)

where [Al]. is the concentration of mobilized, coarse-mode Al, i represents each of the

Al-containing minerals from dust include in our model (i.e., albite, microcline, illite,

smectite, and kaolinite), WAI; is the number of moles of Al in a mole of each of the
aluminum-containing minerals (1, 1, 2.3, 1.4, and 2, respectively), and R is dissolution

rate of each of mineral “i” (moles of mineral dissolved/g of dust/s).

3.5.10.1 Al speciation: Speciation of mobilized Al is determined by invoking equilibrium
between all monomeric Al-hydroxo and Al-sulfate (i.e., AISO}) complexes [Bi et al.,

1995]:
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3-n

[All. =AP* + 3 (AI(OH),) +(AISO}),, +(A(OH);)s, wheren=1234 (3.24)
1

For model simplicity, polynuclear Al-hydoxides (i.e., Al,(OH);',Al,(OH);') and other
Al-inorganic complexes [Bi et al., 1995] were not taken into account.

The relative concentrations of [Al]c-species is determined at each time step by
.assuming a steady state between the reactions in Table 3.5 involving Al species while
assuring the absence of supersaturation with respect to (AI(OH)3)(). The impact of these
various Al-species on pH and liquid water cont‘ent is then simulated by converting eacﬁ
species to an equivalent concentration of Na (i.e., all Al-containing species with a charge
of +1 is equivalenf to one Na ion, species with a charge of +2 correspond to two Na ions,
etc), and then calculating the subsequent speciation of Na using the thermodynamic

module (see 3.6).

3.6 Mineral Dissolution Kinetics -

In this work I consider the dissolution of 7 minerals contained in dust: calcite,
albite, microcline, illite, smectite, kaolinite and 'hérﬁétit‘e:v’ Tl}c stoichiometry and
equilibrium constants for the dissolution/preéipitation of each of :these minerals are
provided in Table 3.6. | “ |

To calculate R{"®, the rate of dissolution of mineral “,” we vado'pt the formulation

of Lasaga et al. [1994]:
R =K, (T)a(H")" f(AG,) Ai W; (3.25)

where R has units of moles of mineral dissolved per gram of dust per s and is positive

when the mineral is dissolving and negative when precipitating, K, has units of mole
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dissolved/m® of mineral/s and is a function of temperature, T, a(H") is the H" activity, m
is an empirical parameter, fis a function of Gibbs free energy, AG;, and accoﬁnts for the
variation of the rate with deviation from equilibrium [Cama et al., 1999], A; is the
specific surface area of mineral in units of m2/g of mineral, and W; is the weight fraction
of the mineral in dust in units of g of mineral/g of dust. Values for K;, m, A;, and W; for
each of the mineral-dissolution reactions considered here are listed in Table 3.7.
The function f is in turn given by:
f(AG,) =[1-exp(mAG,/RT)] (3.26)

where

AG, =RTIn(Q/K,,) (3.27)

and Q is the reaction activity quotient (i.e., the ratio of the product of the reactants over
and the product of the species produced), K¢q is the equilibrium constant (given in Table
3.5), and n is an empirical parameter (assumed here, for simplicity, to be 1). Note that
Q/Kq describes the state of saturation of the solution with respect to a solid, so that when
Q/Keg>1 the solution is oversaturated with respect to solid and R;“e' < 0, aﬁd when Q/Keq
<1 the solution is undersaturated and R;"" > 0 [Stumm and Morgan, 1981]). Moreover,
when n=1, the formulation reduces to the form fof a single rate-limitiﬁg elementary

reaction [Burch et al., 1993].

3.6.1 Hematite Dissolution Kinetics
Because of the complexity of hematite dissolution, as well as its importance to our
modeling study, some further discussion of this process is in order. The formulation for

hematite dissolution adopted here was derived from the data illustrated in Figure 1 of
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Azuma and Kametani [1964]. As indicated in Table 3.7, rates are calculated for three
stages of hematite dissolution: the first stage, which is characterized by relatively slow
dissolution, is applicable to the dissolution of the first 0.8% of the oxide’s mass; the
second stage, with an accelerated dissolution rate likely associated with the digestion of
the oxide phase [Gorichev et all., 1976]), is applied when 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 such case of
dissolution, when the stages of dissolution process always remain the same the rate is

controlled only by one stage and not the combination of several [Gorichev et all., 1976].

3.7 Thermodynamic Module

Once the concentrations of the major species listed in Table 3.1 have been
determined at a given time step using the Equations described in Section 3.4, these
species must be subdivided into their various possible chemical forms. This is
accomplished in the model by invoking thermodynamic equilibrium between the gas-

phase and the two aerosol modes using a modified form of ISORROPIA [Nenes et al.
1998].

ISORROPIA is a numerical module which calculates the equilibrium solid-,
aqueous- and gas-phase concentrations of relevant species along with the liquid-water
content of a single mode particle phase as a function of ambient relative humidity and
temperature while accounting for multicomponent activity coefficients and other solution
non-idealities. In the model there are twd independent aerosol modes (e.g., fine and

coarse). To calculate the equilibrium state between the gas-phase and these two aerosol
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modes, I iteratively run ISORROPIA for each mode séparately until a self-consistent set
of gas-phase concentrations is pbtained for both modes.

ISORROPIA provides options to treat the particles as being in a
thermodynamically stable state, where particles can be solid, liquid or both, or in a
metastable state, where particles are always an aqueous solution. Unless otherwise
specified, the metastable-state option has been adopted in the simulations.

The standard version of ISORROPIA treats the sodium-ammonium-chloride-
sulfate-nitrate-water gas/aerosol system. To simulate the cherhistry of mineral d;Jst and
mobilization of Fe additional species and reactions must be considered. I therefore have
modified ISORROPIA to explicitly include reactions involving gas-phase CO, and
aqueous-phase carbonates and Fe-species. The additional reactions and equilibrium
constants used for these processes are listed in Table 3.5. The effects of other crustal
elements (i.e., Ca, Mg, K and Al) on chemical properties of the coarse-mode aerosols are
modeled 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 dissolution of hematite only takes place in highly acidic deliquesced
mineral dust particles when most of the Ca?* in the solution is bounded in the insoluble

mineral, gypsum and has no direct effect on the properties of dust particles.
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In order to include these additional reactions in ISORROPIA it was also necessary
to calculate activity coefficients for the additional species involved in these reactions. We
calculated binary activity coefficients for each new ion pair using the formulation of
Kusik and Meissner [1978] and the g-parameters for each relevant salt listed in Table 3.8.

Activity coefficients for Fe(OH); and Fe(OH); have been neglected; the former is

assumed to be equal to 1 [Millero et al., 1995] and latter is only important for high pH
values (pH> 8) not relevant to our problem. Activity coefficients for weak electrolytes
(i.e., H-HCO,andH,CO,) and uncharged species (i.e., CO,(aq)) were also omitted in
this study, as such corrections are generally only for alkaline and neutral solutions. The
multicomponent activity coefficients for ,the aerosol solutions were determined using the

method of Bromley [1973].
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CHAPTER 4

RESULTS OF LAGRANGIAN BOX MODEL CALCULATIONS

4.1 Introduction

The Lagrangian box model described in the previous chapter was used to simulate
the chemical evolution of three different dust plumes having distinct advection paths with
the following objectives: (1) to evaluate if the nominal amounts of anthropogenic air
pollutants (particularly SO,) found in the urban/industrial centers of East China are
sufficient to acidify dust-containing plume and produce DIF of about 0.5-2%; (2) to study
how variations in the amount of mineral dust and/or SO, contained in the advecting
plumes can affect the DIF; and (3) to identify atmospheric parameters that can influence
Fe mobilization rates in deliquesced mineral dust partic]es. The results of these

simulations are presented below.

4.2 Initial Plume Composition

The initial amounts of Dust and pollutants assumed to be in the p]umes att=0 are
listed in Table 4.1. Plumes simulated under the Standard model conditions (Standard
Dust/ Standard Pollution case) are designed to mimic typical large dust qutﬂows from
East Asia that are entrained with an initial loading of S!OZ; Nbx, and O3 characteristic of
springtime concentrations measured in the Beijing metropolitan area [Song and

Carmichael, 1999; 2001; Phadnis and Carmichael, 2000; Wang et al., 2001; Tan et al.,
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2002;3, 2001], along with nominal amounts of SOf’ and NO; and SOi', NO; and

NH; in the coarse and fine particle modes, respectively. Note, that in this chapter we
assume all plumes have similar initial dust loading and chemical composition. This
assumption greatly reduces number of variables in the model simulations and helps to
better evaluate how varying atmospheric conditions and plume trajectories affect the DIF
in these dust plumes. In Chapter 5, initial conditions more appropriate to the specific
events simulated are used to estimate the amounts of dissolved Fe the plumes from these

events might have delivered to the remote North Pacific Ocean.

Table 4.1 Initial chemical conditions adopted for model calculations

Parameter |
Coarse model aerosol composition
Dust, (p g/m3)(') 700 (Standard Dust case); 100 (Low Dust case)
SOOI, (ng/m’) 0.5
NOj, (pg/m’) -' 05
Fine mode aerosol composition

SO, (ng/m’) 3.5
NOj, (pg/m?) 3.0
NHj, (pg/m’) 2.5

Gas phase mixing ratios
SO,, (ppbv) 8.0 (Standard Pollution case); 30 (High Pollution case);

2.0 (Low Pollution case)

NO,, (ppbv) , 4.0
NHj, (ppbv) 5.5
O;, (ppbv) 50

(1) The assumed initial composition of the dust is discussed in Section 3.4.1 and detailed
in Table 3.3.
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In addition to the Standard Dust and Pollution cases, we have carried out model
simulations for a Low Dust case, a Low Pollution case, and a High Pollution case. The
Low Dust case, with an initial dust concentration of 100 pg m™, is designed to explore
the production of dissolved iron via acid mobilization during small dust outbreaks over
the gobi deserts, a phenomenon that appears to occur far more frequently than the large
dust storm events simulated in the Standard Dust cases [Tratt et al., 2001; Jordan et al.,
2003a]. Initial SO, concentrations in the Low and High Pollution cases are adopted to
explore how varying the level of the acidifying pollutants affects the production of

dissolved Fe.

4.3 Boundary Layer Simulations

Figure 4.1 shows the model-calculated DIF as a function of time for Standard
Dust/Standard Pollution and Low Dust/Standard Pollution cases of the Boundary Layer
simulation. This figure demonstrates that, for the Standard Dust case, the model-
calculated DIF after 5 days of plume travel-time remains to be insignificant. By contrast,
for the Low Dust case, DIF is within the aforementioned 0.5 — 2 % range required for
making acid mobilization of Fe a viable mechanism. Interestingly, even though the Low
Dust case has less total Fe than the Standard Dust case, the Low Dust case produces a
significantly higher concentration of dissolved Fe than that of the Standard Dust case by
the end of the simulation period; i.e., 0.17 n mole/m’® versus 2x10® n mole/m®. As
described below, the reason for this perﬁapé" counterintuitive fésu]t lies in 'the amounts of

acidifying pollutants in the plume relative to the buffering capacity of the mineral dust.
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Figure 4.1 Dissolved Iron Fraction (solid line) and amount of dissolved Fe (dashed line)
as a function of plume transport time for the Boundary Layer simulations.
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4.3.1 The pH of the mineral dust particles in Standard Dust case: Figure 4.2 shows pH,
hematite dissolution rates and [Acid], the total concentration of SO;” and NO; added

per microgram of mineral dust from the Reactions RG1, RG2, RG4 and RGS of Table 3.5
(in units of peg/pgdust), as a function of the plume transport time for Standard Dust
Standard Pollution and Low Dust Standard Pollution cases of the Boundary Layer
“simulations. We see that while [Acid] increases rapidly for both cases, the mineral dust
pH decreases only in the Low Dust case. Thg lack of acidification in the Standard Dust
case despite the addition of [Acid] is caused by the buffering action of the CaCOs in the
mineral dust. As acids are added to the particles, the excess acidity is then neutralized by

the following multi-step, stoichiometric reactions:

(REQI) CaCO,(s) = Ca* (aq) +CO3 (aq)

(RAQ4) Ca® (aq)+SO> (aq) + ZH;O = CaSO, - 2H,0(s)
(RAQ3) cog; (aq)'”+ H*'= HCO; (aq) )
(RAQ2) HCO; (aq) + H* (aq) = CO,(aq) + H,0

(RAQI) CO,(aq) = CO,(g)

In the Standard Dust case, the CaCO3 concentration is relatively high and the
acidic species deposited to the mineral dust particles are never sufficient to overcome the
carbonate buffering. Thus the pH of the mineral dust in the Standard Dust case remains
fairly constant, at a value characteristic of aqueous systems containing undissolved

CaCOs; [Lindsay, 1979]. Because of the high pH in this case, the model predicted rate of
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Figure 4.2 [Acid], pH and hematite dissolution rates for Standard Dust (red) and Low
Dust (blue) cases of the Boundary Layer simulations. [Acid] is calculated by dividing

total equivalent acidity of the dust plume (in units of peg/m’air) by the mineral dust

mass (in units of pg/m?®air). The shaded area shows approximate range in hematite
dissolution rates needed to mobilize 0.5 - 2 % of Fe in 3-5 days.

86



hematite dissolution is very small and, as indicated in Figure 4.1, DIF remains
insignificant.
4.3.2 The pH of the mineral dust particles in the Low Dust case: For the Low Dust case,
on the other hand, there is a relatively small amount of CaCO; present, the carbonate
buffer is rapidly overwhelmed and the pH of the mineral dust begins to fall. However,
inspection of Figure 4.2 reveals that the fall in pH is not monotonic but rather varies in a
complicated manner involving six distinct segments. The first segment of the pH curve
(labeled “(1)” in Figure 4.2) in the Low Dust case is similar to that of the Standard Dust
case. During this segment, the dust particles still contain some undissolved CaCOj; and
the carbonate buffer is able to maintain the pH at ~ 7.5 in spite of the addition of acids.
As a result, the hematite dissolution rate remains insi gnificantly small during this
segment. |

However, because of the relatively low concentration of dust in this qasé, the
carbonate buffering capacity of the dust is overwhelmed. éfter only a few houré. At that
point, CaCO3; has been completely dissolved, and the Ca has been ;precipitated as
(CaS0.)s), while the carbonate has been volatized as CO,. At this .point, marked by the
beginning of segment (2) in Figure 4-2, any further addition of acids will cause the pH to
fall. Although hematite dissolution rate by more than 2 orders of magnitude during
segment (2), it is still significantly lower than the range needed to mobilize of 0.5 - 2 %
of Fe in mineral dust particles (shaded region on Figure 4.2).

The rapid decrease of pH during segment (2) continues until the pH reaches a
value of about 5.5, when segment (3) begins. This segment is also characterized by

falling pH, but at a somewhat reduced rate. This slower rate of pH change is caused by
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the uptake of (NH3)), whose solubility becomes significant for pH < 5.5. The uptake of

(NH3)g) represents a source of alkalinity to the mineral dust, via

NH, (g) = NH, (aq) @.1)
NH,(aq)+H,0(aq) = NH;(aq)+OH  (aq) 4.2)
2NH: (ag) +SOZ"(aq) = (NH,),50,(s) @3)
NH (aq) + NO; (ag) = NH,NO,(s) 4.4)

and this slows the rate at which the mineral-dust pH falls.
By the time the mineral dust pH reaches a value of about 4, virtually all of the
(NH3)) has been consumed and the rate of pH decline increases again; i.e., segment (4).

However, when the pH falls below 3 volatilization of nitrate from the mineral aerosol via

NO; (ag) + H" (aq) = HNO, (g) 4.5)

counters the addition of SO2", and the rate of pH decline slows again; i.e., segment (5).

At the end of segment (5), at a simulation time of about 40 hours, the pH has
reached a value of ~1. As discussed in Chapter 2, the hematite dissolution rate at this pH
is within the targeted range needed to produce signiﬁcant _quahtities of dissolved Fe.

During the final segment (6), pH exhibits an undulating behavior varying from ~
1 - 0.3. At these low pH-values, virtually all particulate nitrate has been volatilized and

self neutralization reaction of sulfate via

H*(aq) +SO? (aq) = HSO; (aq) - (4.6)

acts as a new buffer against further declines in pH [Song and Carmichael, 1999]. The

wave-like behavior of pH during this segment is caused by the variation in relative
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humidity which in turn causes the liquid water content of the dust particle to vary (see
RH variation for the Boundary Layer case in Figure 3.3).

Overall, the results described above suggest that the hypothesized acid
mobilization mechanism driven by the addition of SO, pollution into advecting mineral
dust plumes is viable (at least for plumes advecting within the boundary layer) provided
the initial Dust concentrations are not too large. This limitation on the amount of Dust is
explored further in the section below.

4.3.3 Effect of varying SO;: In the previous section, it was shown that significant DIF is
generated in the Boundary Layer simulation using the Low Dust Case, but not in the
Standard Dust case. In Figure 4.3, we compare DIF’s calculated for these two cases, with
two additional cases: the Standard Dust Case with High Pollution, and the Low Dust
Case with Low Pollution. Note while DIF remains small for the Standard Dust/Standard
Pollution Case, it reaches the 0.5 — 2 % level for the Standafd Dust/High Pollution Case.
Similarly, while DIF reaches the targeted range for the Low Dust/Standard Pollution
Case, it does not for the Low Dust/Low Pollution Case. These results suggests that the

initial Dust level, in and of itself, is not the determinate of whether enough dissolved Fe

can be generated in a dust plume. Instead it is the relative amounts of Dust and SO,.
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Figure 4.3 Dissolved Iron Fraction as a function of plume transport time for the Boundary
Layer simulations.
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The amount of SO, required to aciaify dust plumes and generate DIF-values of
0.5 — 2% for Low Dust conditions (of the Boundary Layer simulations) are consistent .
with the Standard Pollution concentrations adopted in our model, which are in turn based
on the pol]ufant concentrations typically encountered in the eastern cities of China [Song
and Carmichael, 1999; 2001; Wang et al., 2001; Tan et al., 2002; Wild et al., 2003]. On
the other hand, the SO, concentration required for the Standard Dust case is more than a
factor of three higher than that used in the Standard Pollution case (see Table 4.1). These
results suggest that under typical conditions, when average amounts of pollutants from
industrial regions of East China get entrained into advecting mineral dust plumes, the
generation of significant DIF-levels via acid mobilization will be limited to small plumes
(sometimes referred to in the literature as puffs) generated from minor dust events — that
are often not even characterized as storms. While the amount of dust carried in individual
puffs is small compared to that carried in plumes frorfl lérgé ".s‘torms, they are far more
frequent and, in total, may actually carry more dust to the ocean than carried by the
larger, less frequent plumes [Tratt et al., 2001; J; ordan etal,, 2003a].

However, this does not mean fhat plumes from largev, iﬁten‘sAivve‘cﬂlust storms can
never have significant DIF’s from acid mobiliiétion; TRACE-P and ACE-Asia airborne
campaigns. showed that the concéntrations of SO, and related air pollutants in the East
Asian dust-laden plumes advecting ovér file North Péci'fi;:'Oéean can, on dccasion, be
several times higher than their typical values [Talbot et al., 2003]. The March 13, 2001
(see discussion in Chapter 5) and March 21, 2001 (discussed in Chapter 2) dust plumes
are two examples of such high pollution dust episodes, with SO, mixing ratios almost an

order of magnitude higher than its normal concentration in the springtime outflow.
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4.4 Mid-Troposphere Simulations and the Effect of Temperature

Figure 4.4 illustrates the model-calculated DIF for the Low Dust/Standard
Pollution and Standard Dust/Standard Pollution cases using the Mid-Troposphere
simulations. This figure shows that similar to the Boundary Layer case (given in Figure
4.1), the model calculated DIF for Standard case of the Mid-Troposphere simulation is
insignificant. As discussed above, this result can be explained by comparing the amounts
of acidifying pollutants contained in the plume to the buffering capacity of mineral dust.
For the Standard conditions of the Mid-troposphere simulations, [Acid] added to the
mineral dust particles is not sufficient to overcome carbonate buffering and the model
calculated DIF of the dust plume remains insignificant. .

Figure 4.4 reveals that, despite the longer transport time, the value for the DIF in
Low Dust/Standard Pollution case of the Mzd-Troposphere smulatlon is also qu1te low;
i.e., more than two orders of magnitude lower than that of the corresponding case for the
Boundary Layer simulations. This result is somewhat unexpected, since the two .
simulations had similar initial plume compositions. So the strong contrast in DIF-values

must arise from the different physical conditions encountered by the .'plurnes. ‘Inspection

of Figure 3.3 indicates that the trajectories for the two plumes had two major differences:
the Mid-Troposphere simulation had lower RH and T than that of the Boundary Layer
case. To determine if either or both of these parameters could have caused the low DIF in
the Mid-Troposphere simulations, two sensitivity calculations using the Boundary Layer
/Low Dust case were carried out. In one, the RH was lowered by 25% and in the other T
was reduced by 30 K. These changes, according to Figure 3.3, roughly correspond to the

differences in RH and T that plumes encountered along their paths. The resulting DIFs as
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a function of time are compared to the DIF-va]ues calculated for the Boundary Layer/
Low Dust case in Figure 4.5. Inspection of this figure reveals that varying RH had a small
effect on the final DIF (in the opposite directibn), while lowering temperature had a
major effect; preventing the production of significant amounts of dissolved Fe. Indeed
from Table 3.8 we can see that the hematite dissolution rate is a strong function of T; the
lower temperatures of the Mid-Troposphere simulations produce dissolution rates that are
one to two orders of magnitude lower than the rates calculated for Boundary Layer
simulations at the same pH levels. And thus, negligible amounts of dissolved Fe are
produced in the Mid-Troposphere simulation even though it adopts the same initial
amounts of Dust and SO; as in the Boundary Layer simulations.

Increasing the initial SO, concentration does not make a significant difference; as
discussed above, under highly acidic conditions self-neutralization of sulfate buffers
deliquesced mineral particle pH and thereby prevents the pH from falling much below ~
1. Sensitivity runs of the Mid-Troposphere simulation with SO, set at the High Pollution
level (see below) or even several times higher than the High Pollution level (not shown)
yield somewhat higher hematite dissolution rates, but rates still below the values needed
to produce the required 0.5 - 2% of DIF.

It is believed that most of the dust from East Asia that is delivered to the HNLC
waters of the subarctic North Pacific follows a high altitude trajectory similar to that used
in the Mid-Troposphere simulations. However, model simulations presented above
suggest that such trajectories are too cold to allow significant amounts of hematite

dissolution even in the presence of adequate acidifying pollutants. In the sections below I
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Figure 4.5 Dissolved Iron Fraction as a function of plume transport time for Low Dust
Standard Pollution case of the Boundary Layer simulations. The 3% RH denotes the model
simulation in which relative humidity was reduced by 25% and in T-30 case the air
temperature was lowered by 30K (see text for more details).
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examine several possible mechanisms for producing significant amounts of dissolved Fe

in plumes that follow a mid-tropospheric trajectory.

4.5 Mid-Troposphere with Descent Simulation

In Figure 4.6 we compare the DIF for the Low Dust/High Pollution case of the
Mid-Troposphere with Descent simulation with the same case using the Mid-Troposphere
simulation. This figure illustrates that out of two mid-troposphere dust passages DIF
reaches the targeted 0.5 - 2% range only in the descending case, despite the similar initial
plume compositions. (Although not illustrated here, similar DIF-levels are obtained for
the Standard Dust/High Pollution case of the Mid-Troposphere with Descent simulation.)
Inspection of Figures 3.5 and 3.8 reveals that after leaving the Asian continent both
plumes ascended to the mid-troposphere altitudes. Ho&e\;er; the plume simulated in the
Mid-Troposphere with Descent case subsided to the warmer maring béundary layer while
the plume simulated in the Mid-Troposphere case remained at. higher. altitudes with
significantly colder temperatufes. Basc;d 01; !these mddeling fesults,l‘ it is proposed that
significant amounts of Fe can be generated by acid mol?ilizagion’in plumes that follow
mid-tropospheric trajectories provided that these plumes experience subsidence back to

the marine boundary layer over the remote North Pacific Ocean.
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Figure 4.6 Dissolved Iron Fraction as a function of plume transport time for Low Dust/
Standard Pollution cases.
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4.6 Additional Mechanisms Enhancing Fe Mobilization Rates

There are several processes ‘that can potentially enhance Fe dissolution rates in
advecting dust plumes but have not been included in the model. For example, laboratory
studies suggested that sunlight can significantly accelerate hematite dissolution rates in
sulfuric acid solutions, making photoinduced reductive dissolution an important
mechanism for mobilizing Fe in acidic ambient aerosols [Simnad and Smoluchowski,
1955; Faust and Hoffman, 1986; Behra and Sigg, 1990; Zhuang et al., 1992a]. The
presence of organic photo-sensitizers (i.e., oxalate, formate, acetate and continentally
derived humic-like organic species) frequently measured in aerosols collected over the
polluted areas [Zuo and Holgne, 1992; Siefert et al., 1994; Havers et al., 1998] can
further increase Fe mobilization rates in the presence of sunlight [Zinder et al., 1986;
Siffert and Sulzberger, 1991; Pehkonen et al., 1993; Siefert et al., 1994; Blesa et al.,
1994; Sulzberger and Laubscher, 1995; Voelker et al., 1997; Banwart et al., 1989; Chang
and Matijevié, 1983; Faust and Zepp, 1993; Jickells and Spokes, 2001].

In addition, it has been suggested that sal‘tatio‘n bombardment (sand blasting)
process, the main mechanism for dust uplift into the atmosphere [Gomes, 1990; Prospero,
1999; Ginoux et al., 2001], and the impact of wind7dﬁven particlés during their long-

Arange transport can cause dislodgement of the fine particles [Prospero, 1999], increasing
reactive surface area of dust and making Fe-IIl oxides more susceptible for acid
dissolution. |

Below I will carry out model simulations. with increased Fe mobilization rates (by
5 to 10 times) to examine the possible effect of photochemistry and wind-driven physical

processes on the DIF of the advecting dust plumes. Such enhancement of the
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mobilization rates roughly corresponds to the suggested increase under the conditions
similar to those encountered by the plumes simulated here.

Figure 4.7 shows the model-calculated DIF for Standard Dust/High Pollution
cases using the Mid-Troposphere and Mid-Troposphere with Descent simulations. In both
model calculations hematite dissolution rates during the daylight hours were raised 5 and
10 times. Interestingly, at the end of simulation period the resulting DIF is close to 0.5 -
2% range for the Mid-Troposphere case and even several times higher than this targeted
range for Mid-Troposphere with Descent case. Therefore, photochemical reductive
dissolution and wind-driven physical processes are proposed as additional fnechanisms
that can enhance Fe mobilization rates in acidic mineral dust plumes pursuing high
altitude trajectory to HNLC waters of subarctic North Pacific Ocean.

Finally, recall that the model produced insignificant DIF’s for all three model
simulations (i.e., Boundary-Layer, Mid-Troposphere and Mid-Troposphere with Descent)
in the Standard Dust/Standard Pollution case because there was an insufficient amount of
acidity to overcome the carbonate buffer. Although not shown here, the mbdel-caiculated
DIF-levels for these three cases remain insignificantly small even with enhanced hematite
dissolution rates. If it is asSumed that three dust trajectories discussed here capture the
main advection routes for dust plumes from East Asia, it can be concluded that
significant amounts of DIF can not be produced in mineral dust plumes by acid
mobilization if the total concentration of acidic species deposited to the dust particle is

not high enough to overcome carbonate buffering.
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Figure 4.7 Dissolved Iron Fraction as a function of plume travel time for Standard
Dust/High Pollution cases of Mid-Troposphere (blue) and Mid-Troposphere with Descent
(red) simulations. The 5xRate and 10xRate cases denote the model simulations when
hematite dissolution rate was raised by 5 and 10 times, respectively.
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4.7 Model Sensitivity Analysis

In this section, sensitivity calculations are presented to illustrate how reasonable
variations in the key model parameters affect DIF in the advecting mineral dust plume.
Specifically, model sensitivities to the transport parameterization (i.e., Cqep and Cgyr), the
heterogeneous oxidation rates of trace gases, and the initial plume composition are
examined. The control run and all tests have been carried oﬁt for the Low Dust/Standard
Pollution case using the Boundary Layer simulation. The sensitivity test results,
summarized in Table 4.2, reveal that within the range examined, variations in the key

model parameters do not significantly affect model calculated DIF-values.

Table 4.2 Model sensitivities to different parameters

Parameter Changeinthe. |  Corresponding
parameter, (%) change in DIF, (%)
Cae +50 : -40
p
-50 +5
Cain +50 -28
-50 +33
kg2 " . +45 +62
. -45 . . =82
kgs " 495 z 42
95 " e ' -2
Wt % Ca® +15 -45
-15 : +25

(1) The sensitivity of the modeling results to SO, and NO deposition rates are studied for
the uncertainties in rate coefficients suggested by Herring et al. [1996];

(2) The sensitivity to the dust composition is tested by varying the weight % of Ca
contained in the transportable fraction of the gobi desert soils. The range examined
roughly corresponds to the highest and the lowest values suggested in the literature
[Hseung and Jackson, 1952; Claquin et al., 1999; Chang et al., 1996; Song and
Carmichael, 2001; Zhang et al., 2003]. Changes in the hematite content of the mineral
dust are not considered, as (by the definition of DIF) it has no direct effect on the
DIF-values of the advecting dust.
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4.8 Conclusions

Numerical simulations of three dust-laden plumes emanating from the gobi
deserts were presented in this chapter. The results suggest that incorporation of SO; into
the advecting dust plumes and subsequent acidification of the dust through heterogeneous
SO, oxidation can increase the acidity of deliquesced mineral dust particles to the levels
required to make acid mobilization a viable mechanism for depositing dissolved Fe to the
remote oceanic areas, provided some conditions are met.

According to the modeling results, the amount of SO, required to mobilize 0.5 -
2% of Fe in large duét storms is several times higher than the normal concentrations
measured in urban/industrial cities of East éhina. Thus; if is proposed that the major
fraction of the dissolved Fe generated by acid mobilization and transportgd to the surface
waters of the North Pacific Ocean is contained in relatively small dust p.lumes (or puffs).
However, large dust events that are accompanied by large additions of air pollutants,
occasionally observed in China and off the coast of East Asia, can also attain the required
0.5 - 2% of DIF via acid mobilization. Therefore, while the role of the large dust episodes

in the supply of dissolved Fe to the surface ocean waters should not be overlooked, the

model results suggest that in future studies of the budget of mineral dust export from the
Asian continent to the Pacific Ocean attention should also be directed towards evaluating
the contributions of small dust outbreaks.

The model simulations carried out in this chapter have also suggested that low
atmospheric temperatures encountered by the dust plums during the mid-troposphere
transports can effectively reduce acid dissolution rate of hematite below the value

required to produce 0.5 - 2% of DIF in advecting mineral dust plumes. Increased initial
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SO, concentrations in this case did not make a significant difference. The subsidence of
the dust plume to the marine boundary layer, the photochemical reductive dissolution of
hematite and the increase of dust particle reactive surface area due to the wind-driven
physical processes are proposed as additional mechanisms for mobilizing significant
amounts of Fe in dust plumes following such high altitude trajectories to the HNLC
waters of subarctic North Pacific Ocean. These findings suggest that inclusion of the
detailed mechanism for the photochemica!l cycling of Fe in deliquesced mineral dust
particles and parameterization for the possible change in reactive surface area during
long-range atmospheric transport might be required in future models to better estimate
fluxes of dissolved Fe to the surface waters of the North Pacific Ocean.

In the following section the model results in combination with the space-borne
MODIS data are used to explore if the model-predicted amounts of Fe mobilized in dust
plumes advecting to the Fe stressed regions of North Pacific Ocean can be correlated with
the satellite-borne remote observations of changes in marine ecosystem productivity

following passage of these plumes.
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CHAPTER 5

EPISODIC DUST PASSAGE AND PHYTOPLANKTON BLOOMS IN

NORTH PACIFIC OCEAN

5.1 Introduction

In this chapter, the results of the model calculations presented in the previous
chapter (and their relevance to C-uptake and ocean productivity) are evaluated. I do this
by testing if the model predicted amounts of dissolved Fe to have been deposited to the
Fe-stressed regions of the North Pacific Ocean can be correlated with satellite-borne

observations of changes in chlorophyll a levels following passage of the plume.

5.2 General Considerations

The waters of subarctic North Pacific can be divided into two distinct
biogeochemical regions: the inshore (or coastal) and the offshore (or open ocean) regions
[Boyd and Harrison, 1999]. The coastal ocean waters are characterized by the highest
primary productivity rates in the Pacific Ocean. Productivity rates in the region tend to be
well correlated with the ocean upwelling and riverine outflow, the two main mechanisms
that provide fresh nutrients to the euphotic zone of these waters [Firme et al., 2003].
Because upwelling events are not constant, the phytoplankton community goes through
intercalating bloom and relaxation events that can last up to 3 weeks [Dugdale and

Wilkerson, 1989; Firme et al., 2003]. (Phytop]aﬁkton bloom areas are loosely defined as
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the patches where total chlorophyll levels episodically increase by more than an order of
magnitude over the waters of the surrounding area [Boyd et al., 1998; McDonald et al.,
1999; Wells, 2003].) During the late spriﬁg and summer, when upwelling events are most
intensive, chlorophyll a levels in the coastal ocean waters can increase to 2 mg/m’ or
even higher tBoyd and Harrison, 1999]. In the coastal region, diatoms are usually the
dominant phytoplankton group and éedimcntation is. most likeiy the main removal
mechanism of Particulate Organic Carbon (POC) [Boyd and Harrison, 1999].

By contrast, the open ocean area of subarctic North Pacific (that hosts one of the
three HNLC regions discussed in Chapter 1) showé low seasonal variability in biomass
production, despite the perennial presence of nutrients such as nitrate, phosphate and
silicic acid. The year round chlorophyll a values in the offshore areas of subarctic North
Pacific are about an order of magnitude lower (0.2 to 0.4 mg/m3) than those of the costal
waters [McDonald et al., 1999; Tsuda et al., 2003]. Moreover, algal biomass is dominated
by nano and pico-planktonic communities, the main fate of which is believed to be
pelagic recycling through the microbial food web [Boyd and Harrison, 1999].

The main reason for the strong difference in the primary productivities of these

two regions appears to be the availability of the micronutrient Fe [Martin and Gordon,
1988; Martin et al., 1989; Martin et al., 1991a; Boyd and Harrison, 1999; McDonald et
al., 1999; Tsuda et al., 2003; Nishioka et al., 2003]. While riverine outflow and the
upwelling of sedimentary Fe are effective in delivering disso]yed Fe to the coastal
regions [Firme et al., 2003], they are not active in the offshore areas of the subarctic
North Pacific. As noted earlier, the dominant source of bioavailable Fe in these later

regions is most likely the transport and deposition of mineral dust from arid and semi-arid
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regions of East Asia [Duce et al., 1991; Duce and Tindale, 1991; Jickells and Spokes,
2001; Watson, 2001].

Since the offshore waters of subarctic North Pacific are characterized by very low
seasonality in phytoplankton primary production rates and the year round presence of all
major nutrients except Fe (which is believed to be supplied predominantly through the
atmosphere), this open ocean region is perhaps is the most appropriate area to examine
the role of episodic aeolian dust deposition to fnaﬁne ecosystem productivity.

In this chapter we examine the impact on local ocean productivity of two of the
three dust episodes simulated in the Lagrangian model and discussed in the previous
chapters: specifically, the episodes from the Mid-Troposphere aﬁd Mid-Troposphere with
Descent simulations. Recall that the trajectories of both plumes brought them to the Fe

stressed waters of the North Pacific Ocean (seé Figures 3.5 and 3.8).

5.3 Initial Plume Composition and Corresponding Dust and DIF-Levels
In Chapter 4, the results of model calculations for the Mid-Troposphere and Mid-

Troposphere with Descent simulations were presented using typical initial Dust and

pollutants concentrations. In order to investigate the amount of Fe delivered to the North
Pacific Ocean from the specific dust plumes simulated in these cases, it is necessary to
rerun these simulations using initial concentrations appropriate for these episodes. Table
5.1 summarizes these initial values for Dust and pollutants. As discussed below, the
initial values of Dust, SO;, NOy, and O3 were set to match those measured during the
ACE-Asia/TRACE-P ground-based and airborne missions. The initial NH3 concentration,

which was not measured during these missions, was based on the model-calculated
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concentrations for Beijing during a March, 1994 dust storm [Song and Carmichael,
2001].
5.3.1 Chemical composition of the plume used in Mid-Troposphere simulations: In the
Mid-Troposphere simulations the initial concentrations for Dust, SO,, NOy, and O3 were
assumed to be 1500 p g/m3 and 6, 2, and 55 ppbv, respectively. As the dust plume used
for Mid-Troposphere simulations was advected at high altitudes over Beijing, no direct
measurement of the initial dust concentration is available. The initiai value used here was
assigned from the Navy Aerosol Analysis and-Prediction System (NAAPS) modeling
results [on the web at: http://www.nr]mry.navy.mil/aefoso]F/Case;studies/ acéaSia/] for
Beijing at ~06 UTC on April 7, 2001. Note that large initial Dust concgntration of 1500
pg/m® for this simulation indicates that the dust plume for the Mid-Troposphere
simulation was formed from an exceptionally large storm [Kurosaki and Mikami, 2003;
Liu et al., 2003]. | |

Initial concentrations of gas-phase SO;, NOy, and O; the Mid-Troposphere
simulations were set at 8, 4 and 55 ppbv, respectively, to match the values observed over
the Sea of Japan by the NCAR C-130 when it intercepted the dust-laden air-masses
between 8:00 and 9:00 UTC on April 8, 2001. Note, that the low concentration of
pollutants measured inside the plume by the C-130 aircraft (molar ratios of SO / Ca*
<0.3 and SO, mixing ratios less than 100 ppt [Huebert et al., 2003; Lee et al., 2003]) are
consistent with the SeaWiFS image (see Figure 5.1) showing the plume used in our Mid-
Troposphere simulations had a yellowish-brown color with some grayish-green regions;
i.e., suggesting that the plume mainly consisted of mineral dust with a small amount of

anthropogenic pollution [Kaufman et al., 2002]. Note, that availability of the in situ data
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for the plume used in Mid-Troposphere simulations makes SeaWiFS image relatively

unimportant; however, it is included here to show consistency between the airborne

measurements and the satellite retrievals, so that SeaWiFS images can be used later to

characterize mineral dust plumes when no direct measurements of the plume’s chemical

composition exists.

Table 5.1 Initial chemical conditions adopted for model calculations

Parameter

Mid-Troposphere simulations

Mid-Troposphere with
Descent simulations

Coarse model aerosol composition

Dust , (p g/m’)) 1500 750
SO?, (pg/m’) 0.5 0.5
NO;, (pg/m’) 0.5 0.5

Fine mode aerosol composition
SO%, (pg/m?) 35 . 3.5
NO;, (pg/m’) 30 3.0
NH!, (pg/m®) 25 25
Gas phase mixing ratios
SO,, (ppbv) - 8.0 50
NOy, (ppbv) 4.0 4.0
NH;, (ppbv) 5.5 5.5
Os, (ppbv) 55 65

(1) The assumed initial composition of the dust is discussed in Section 3.4.1 and detailed

in Table 3.3.
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5.3.2 Chemical composition of the plume used in Mid-Troposphere with Descent

Simulations: In the Mid-Troposphere with Descent simulations initial Dust and SO, NOj,
and O; concentration were assumed to be 750 pg/m® and 50, 4 and 65 ppbv, respectively.

The initial boundary layer dust concentration is consistent with both filter-based ground
level [Wild et al., 2003] and contiﬁuoué lidar measqrerﬁenfs [Chen et al:, 2001] in Beijing
on March 12 and March 13, 2001. The initial concentrations of SO,, NO, and Oj3 for this
case were approximated from Chinese air QLiali;y data reports for‘Beijing during the same
time period [Wild et al., 2003]. This data shows that on March 12 and March 13, 2001
one day averaged SO, mixing ratio in Beijing reached' 60 ppb, more than 5 times its
nominal springtime concentration and the highest value reported during spring, 2001
[Wild et al., 2003]. Such high pollution episode is in agreement with the measurements of
dual polarization lidar, showing the exceptionally high concentrations of anthropogenic
air pollution aerosols in Beijing for that time period [Chen et al., 2001].

There are no in situ measurements for the gas-phase and particulate-phase composition of
this plume; however, as dust was advecting inside the boundary layer of Beijing
metropolitan area, the enrichment of dust with high mixing ratios of SO, is a reasonable
assumption. The mixture of mineral dust with the elevated concentrations of
anthropogenic air pollutants was also captured on SeaWiFS satellite image (see Figure
5.2), showing a yellowish-brown haze (dust) over the northeastern China mixed with high
amount of grayish-green haze, proxy for the anthropogenic air pollutants [Kaufman et al.,

2002].
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Figure 5.2 SeaWiFS image of north eastward moving gobi-dust plume captured on March
13, 2001. The image is provided by the SeaWiFS Project, NASA/Goddard Space Flight
Center, and ORBIMAGE.
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Comparison of Tables 4.1 and 5.1 shows that pollutant concentrations for the
Mid-Troposphere simulations are consistent with the nominal springtime values typically
measured in Beijing metropolitan area [Song and Carmichael, 1999; 2001; Wang et al.,
2001; Tan et al., 2002; Wild et al., 2003]. The ground-based measurements conducted in
Beijing [Wild et al., 2003] also show, while SO, mixing ratio;used in Mid-Troposphere
with Descent simulations is significantly highér than the aQefage springtime
concentration, it is not unreasonable. Such high concen@ations of SOQ' were recorded in
Béijing several times during winter early spring 2001. | -

5.3.3 Resulting Dust and DIF: Figure 5.3 shows the vmode]-calculated Dust and DIF-
levels as a function of time for the Mid-Troposphere and Mid-Tfoéosphere with Descent
simulations using these new sets of initial cpnditions and the enhanced hematite
dissolution rates (due to photochemistry and wind-dﬁven physical processes). Note that
because the initial Dust concentration for the Mid-Troposphere simulation is quite large
(i.e., 1500 pg m™), the initial SO, concentration (of 8 ppbv) is inadequate to overcome
the carbonate buffer and as a result, the DIF remains insignificantly small. In the Mid-
Troposphere with Descent simulation, on the other hand, the initial Dust concentration is
more modest (i.e., 750 pug m™) and the initial SO, was quite large (i.e., 50 ppbv), and thus
the DIF becomes quite significant reaching a maximum of 3.5% when the enhanced
hematite dissolution rate was used. In the sections below, the results of these calculations
will be used to estimate the Fe enhancements to the surface waters of the remote Pacific

Ocean that might have resulted from these two dust episodes.

112



1500-——1 L_—1O.O
1000 —
£
Q)
3 1 S
@ =
a (@]
500 —
-10
S L L L L B L B B

0 20 40 60 80 100 120 140 160
Plume travel time (hr)

Figure 5.3 Model calculated Dust and DIF as a function of plume travel time for Mid-
Troposphere (black) and Mid-Troposphere with Descent (red) simulations. Symbols on
the graphs show the values that are used below to estimate the Fe enhancements to the
surface waters of the remote Pacific Ocean.
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5.4 How much Dissolved Fe was Delivered to the Ocean by the Dust Plumes?
Let Dust; and DIF; denote the model-calculated dust concentration (in pg/m? air)

and DIF-value in the plume when the plume reaches the Fe-stressed regions of the North
Pacific Ocean. It then follows that (Feg;ss)s the average concentration of the dissolved Fe
in the plume in units of pg Fe /m? of air is given by

(Fegiss)r = 0.035*Dust*DIF¢ (5.1
where 3.5% is the Fe content of the Asian dust [see Table 3.4, as well as Taylor and
McLennan, 1985; Duce and Tindale, 1991]. Now, if H is the vertical height (in meters) of
the dust plume, then (Nr.giss)r, total concentration of dissolved Fe in the dust column in
p g Fe/m?is:

(NFe-dgiss)r = 0.035*Dust*DIFf*H (5.2)

If, by some process such as rainout, this dust column is deposited onto the ocean
and evenly distributed within the surface mixed layer, then concentration of the enriched
Fegiss (in units of mole/liter of seawater) in the patch should be given as:

[Felenrich = 0.035 - Dust, - DIF, - H/M/D/p (5.3)
where MF, is gram-molecular weight of Fe (i.e., 56 g/mole), D is the ocean mixed layer
depth (in m) and p is the density of seawater (~1000 kg/m?). In deriving Equation (5.3), it
is assumed that all of the mineral Fe mobilized in the dust plume stays in dissolved form
after its deposition on the ocean surface. Such an assumption is supported by the
Subarctic Pacific Iron Experiment for Ecosystem Dynamics Study (SEEDS) which
showed that the majorbfraction of the dissolved Fe after its release in subarctic North
Pacific Ocean waters is complexed by macromolecular organic colloids (operationally

defined as size range between 1nm and 0.2pm) [Nishioka et al., 2003]. Such binding
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with natural organic ligands significantly increases the concentration of Fe in the infused
patches above its inorganic solubility threshold and inhibits conversion of dissolved Fe to
the particulate form [Kuma et al., 1996; Liu and Millero, 2002]. Recent studies suggest
that much (but not all) of the Fe bonded to organic ligands is available to phytoplankton
[Rue and Bruland, 1995; Maldonado and Price, 1999; Hutchins et al., 1999; Chen et al.,
2003; Wells; 2003].

Using Equation 5.3 along with values calculated for kDustf and DIF; for the two
simulations using the Standard Dust/Standard Pollution cases (see Figure 5.3 and Table
5.2), it is estimated that the dust plume used in the Mid-Troposphere with Descent
simulations enriched the surface ocean waters by ~ 0.07 to 0.4 nM of Fe. The range in
values arises from the use of two values for DIF;, the lower value using the DIF
calculated in the Standard Model and the higher value using the DIF calculated with the
hematite dissolution rate increased by a factor of 5 during the daytime hours to account
for the possible enhancement in iron dissolution rate due to the photochemistry and the
wind-driven physical processes. In comparison, a negligibly small Fe enrichment is

calculated for the Mid-Troposphere simulation.
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Table 5.2 Parameters used and calculated values for [FeJenrich, the surface ocean
enrichment in dissolved Fe

Parameter Mid-Troposphere | Mid-Troposphere Source
with Descent case'” caset)

Dustg, final average

dust concentration in 65 125 From the model
plume (p g/m3)
| Average Fe content of Taylor and
dust, (%) 3.5 3.5 McLennan [1985];
Duce and Tindale
[1991]
DIF;, final dissolved 3.5(0.45) 2x107 (3x10"") | From the model
iron fraction of dust, o S ,
(%)
Maldonado et al.
D, ocean mixed layer 10-40 - : - 10-40- -~ {[1999]; Nishioka et
depth, (m) v o+ s it | al [2001]; Nishioka

et al. [2003]; Tsuda
et al. [2003]

H, vertical extent of 2-3x10° S 2-3x10° | Uno et al., 2001
dust plume, (m) .
[Felenticn (NM) 0.07-0.4 8-50x10"" | Equation 5.3

: (0.01-0.06) (1-7 x10™h

(1) Numbers in the parenthesis shows DIF and tFé]enﬁcl; \A;ithé)uf consideﬁn‘g the effect of
photo-chemistry and wind-driven physical processes on hematite solubilization rates.

5.5 The Expected Chahge in Chlorophyll Concentration from the Fe Enrichment

As previously discussed, marine ecosystem productivity in the surface ocean
waters of subarctic North Pacific is limited by the availability of micronutrient Fe. So it is
quite realistic to assume that all mobi]izeci Fe, deposited to the surface waters of this
region by the dust storms, will be taken up by the planktonic community. Therefore; to
calculate the expected increase in algal carbon content due to the episodic Fe enrichment,
the cellular Fe to carbon (Fe:C). ratio for phytoplankton species needs to be considered.

Published values for (Fe:C).y ratios for different aquatic species vary 50-fold or more
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[Wells et al., 1995; Sunda and Huntsman, 1995; Schmidt and Hutchins, 1999]. Therefore,
to further evaluate the expected increase in algal carbon content of the North Pacific
Ocean waters, we need to know which phytoplankton species are able to grow rapidly
after the Fe enrichment and thereby using up the extra Fe and dominating the biomass in
the Fe-enriched patch. | |

The SEEDS experiment demonstrated that a mesoscale Fe enrichment in the
Subarctic Pacific waters of ~3 nM caused a rapid increase of algal carbon with
chlorophyll a values inside the patch approaching 20 mg/m3 [Tsuda etllal';, 2003]. The Fe
infusion transformed a largely recycling pico-planktonic community into a community of
large chain-forming centric diatoms with one ddminaht species, Ch’a‘etocerovs 3ebilis (10-

30 pmwide) [Tsuda et al., 2003]. Estimated (Fe:C).; molar ratios suggested in the

literature for centric diatoms in subarctic North Pacific waters range between 30 to 90

pmolFe:mol C [Martin et al., 1989; Wells et al.,, 1995; Boyd and Harrison, 1999;

Schmidt and Hutchins, 1999]. Adopting this range, it follows that an Fe enrichment of
0.07 to 0.4 nM of Fe (that calculated for the Mid-Troposphere with Descent simulation)
would have caused an algal biomass concentration increase of ~ 0.8 to 13 mmol C/m’ (or
10 to 160 mg C/m>).

In order to further compare these results with the satellite dafa, the above increase
in biomass carbon (essentially a measure of the particulate organic carbon or POC
content) of the ocean waters needs to be converted to the parameter seen by the satellite
sensor; i.e., the chlorophyll a (Chl a) concentration. Estimated C:Chl a ratios for centric
diatoms range from 20 to 50 mg C (mg Chl a) ' [Gallegos and Vant, 1996; Landry et al.,

2000; Boyd and Harrison, 1999; Geider et al., 1997; Taylor et al., 1997]. By using this
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ratio we predict that the plume simulated in Mid-Troposphere with Descent case would
have increased chlorophyll a concentration in North Pacific Ocean waters by 0.2 to 8
mgm3 . The large range in this result (more than an order of magnitude) is indicative of
the need for more experimental measurements quantifying the relationship between
dissolved Fe concentrations, Fe uptake rates and the resultipg (Fe:C)¢en ratios for the
main diatomic species in Fe limited regions of the North Pacific Ocean.

Carrying out the same calculations for the Mid-Troposphere simulation, with
significantly smaller values for DIF and [Felenrich, it is found that chlorophyll a
concentration would have increased by <lng/m>. Such small increase in algal carbon

content would not have been observable.

5.6 The Algal Response Time after Fe Enrichment

In the SEEDS experiment, phytoplankton chl.oroﬁphyll a cdncentration in the Fe
treated patch began to show rapid increases about six days after the initial dissolved Fe
enrichment; maximum chlorophyll a concentrations reached maximum value on the 10"

day [Tsuda et al., 2003]. In the Mid-Troposphere with Descent simulation, the plume was

calculated to have arrived at the Fe-stressed region of the North Pacific Ocean where it
encountered a precipitation event on March 19, 2001 (see Figure 3.8). On the basis of this
calculation and the SEEDS observation, we can conclude that the first signs of the
increased chlorophyll a concentration from the effects of the Fe enrichment from the
plume should have been observable after March 25, 2001 and the algal carbon content

should have approached its maximum value around March 29, 2001.
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5.7 Episodic Aeolian Dust Deposition and Marine Ecosystem Productivity

Figures 5.4a and b show MODIS surface chlorophyll a concentration images of
North Pacific Ocean for the mid-March early April, 2001. Chlorophyll a retrievals near
the patch at 36°N-39°N, 151°W-158°W (i.e., the region where we earlier estimated thaf
the plume from the Mid-Troposphere with Descent simulation encountered strong
precipitation event and likely deposited its dust) were sparse due to obscuration of the sea
surface by clouds, therefore all MODIS chlorophyll a images shown here are for the 8
day averaged concentration. The black color on the images denotes the missing data due
to the clouds and the thin white lines indicate the coastal boundary.

This figure c]eafly demonstrates that in the week of March 30 to April 6, 2001 the
chlorophyll a content of the patch at 36°N-39°N, 151°W-158°W increased significantly,
approaching a maximum concentration of about 3 mg/m’. High amount of clouds did not
allow daily retrievals of chlorophyll a contents inside the patch, but the elevated
concentration of algal carbon was clearly seen through clouds on March 30, 2001 (not
shown). Figures 5.5a, b, and ¢ show that the bloom can be tracked over a period of about

20 days.

The maximum chlorophyll @ concentration inside the patch of 3 mg/m’ is
consistent with the chlorophyll a enhancement estimated earlier for the area on the basis
of the model calculations. It is also more than an order of magnitude higher than that of
the waters in the surrounding region for a period of about 3 weeks (see discussion below),
and thus can be considered as a clear visual indication of a phytoplankton bloom. The

fate of phytoplankton bloom was most likely caused by the Fe limitation, although

calculations using the Redfield value for C:N molar ratio and measured NO,
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Figure 5.4 The eight day average a) 14 to 21 March, 2001 and b) 30 March to 6 April,
2001 MODIS surface chlorophyll a image.
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Figure 5.5 The eight day average a) 30 March to 6 April, 2001, b) 7 to 14 April, 2001 and

c) 15 to 22 April, 2001 MODIS surface chlorophyll @ image. Figure a) was enlarged from
5.1b to show the change of the bloom location with the time.
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concentrations for the station located close to the patch (39.60°N, 140.77°W) [Martin et
al., 1989] suggest that algal growth‘cou]d have become co-limited by the availability of
nitrate. | |

As an extenéion of our discussion, Figures 5.6a, b, and ¢ display MODIS surface
chlorophyll a concentration images for the HNLC waters of subarctic North Pacific
Océan pﬁor and after the dust passage simulated in the Mid-Troposphere case. Careful
examinatibn 6f thzese‘ fi‘gures does not réQeal any noticeable changes in Chlorophyll a
content at the offshore regions of subarctic North Pacific. This result is also in accord

with model predicted negligible DIF-values for this plume.
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Figure 5.6 The eight day average a) 7 to 14 April, 2001, b) 15 to 22 April, 2001 and c) 23
to 30 April, 2001 MODIS surface chlorophyll a image.
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5.8 The Possible Role of Upwelling
In their recent article, Lin et al. [2003] showed that strong winds associated with
~cyclones can cause entrainment (vertical mixing) and upwelling of nutrien&ﬁch waters
(from 70-90 m depth) to euphotic zone, fﬁeiing photosynfheéis, and even causing
phytoplankton blooms. Such deep water entrainments _are- usually associated with a
simultaneous depression in sea surface temperatures (SST) ‘[Dickey et al., 1998], and in
the bloom observed by Lin et al. [2003] a large pool of cold SST was found to be co-
located with the bloom. B o

To evaluate the possible contribution of the deep-water upwelled Fe to the
increased Chlorophyll a content of the patch, the 8 day average MODIS SST data over
the patch is shown in Figure 5.7. This image does not reveal any significant difference
between the SSTs of the patch where the bloom occurred and the surrounding area. This
s;xggests that there was at most minor upwelling during the passage of the low pressure
system over the patch (see discussion in Chapter 3). In addition, the vertical distribution
of dissolved Fe concentration at a location close to the patch (39.60°N, 140.77°W)

[Martin et al., 1989] indicates that the ocean waters at a 50 to 100 m are usually

significantly depleted in dissolved Fe content compared to that of the surface ocean
(~20m). Based on these arguments, it would appear that upwelling in the region could not

have supplied the Fe needed to explain the bloom observed over the patch by MODIS.
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image.
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5.9 Discussions

It was discussed in Chapter 3 that in order for gobi-dust plumes to reach HNLC
waters of subarctic North Pacific ocean they need to be lifted up by strong convective
motion into the mid-troposphere and rapidly transported to the east [Yienger et al., 2000;
Husar et al., 2001; Murayama et al., 2001; Uno et al., 2001]. Such strong convective
motions usually entrain significant amounts of dust to the atmosphere and, according to
the modeling results given in Chapter 4, in order to produce the targeted 0.5 - 2% DIF in
such large mineral dust plumes by acid mobilization the amounts of SO, available to be
mixed in dust plumes should be at least factor of 5 higher than typical springtime
concentrations of Beijing. In addition, dust plumes that subside to the warmer marine
boundary layer are most likely to have higher DIF. Such conditions are not commonly
met (i.e., large dust storms in East Asia are usually associated with strong zonal winds
[Husar et al., 2001; Uno et al.,, 2001; Liu et al., 2003] that reduce the amounts of
pollutants at the source regions). For example, in the case of the large and intense dust
storm of early April, 2001 (the storm treated in the Mid-Troposphere simulation) satellite

photographs such as that of Figure 5.1 suggest that anthropogenic air pollutants were

advected in front of the storm without significant mixing with dust-laden portion of the
plume. Finally, analyses of the past three years of MODIS data revealed that chlorophyll
a increase in the patch (at 36-39°N, 151-158°W) that occurred between March 30- April
22, 2001 was the only time when significant phytoplankton bloom was observed in the
waters of North Pacific Ocean. Thus, algae blooms caused by the deposition of acid-

mobilized Fe contained in Asian dust plumes are probably an unusual phenomena.
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5.10 Conclusions

Satellite imagery of the gobi-dust transf)o'rt‘ epi'so/des presénted in this chapter
suggest that the very large dust advection that occluded on April' 11-14, 2001 over the
HNLC waters of subarctic North Pacific Oéean did not cause any visible change to the
marine ecosystem productivity. Model simulations of the same dust plume revealed that
the amount of SO, mixed with the plume wés n;)t 'h'igh enough ‘to' écidify mineral dust;
therefore the amount of acid mobilized Fe supplied by the plume was insufficient to
cause phytoplankton bloom.

On the other hand, satellite images showed a well distinguished phytoplankton
bloom occurring in the Fe limited offshore waters of the North Pacific Ocean in a region
known as subarctic boundary between the mid-ocean gyre and the HNLC region. The
chlorophyll a concentration in the patch approached its maximum value around March
30, 2001 and the bloom lasted about 20 days. The geographical location, timing and the
magnitude of chlorophyll a pulse is consistent with the model estimated transport of the
average sized dust plume from East Asia and the enrichment of the ocean waters with the

mobilized Fe. The dust plume contained exceptionally large amounts of SO, and the

trajectory of the plume descended to the marine boundary layer. The model predicted DIF
of this plume was about 3.5%.

If the limited analysis presented in this chapter is generally applicable to the dust
plumes from East Asia, the model simulations using acid mobilization mechanism can be
summarized as follows:

(1) Large dust storms mixed with the nominal springtime concentrations of SO,

will most likely have insignificant DIF and not be able to deposit acid mobilized Fe in
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quantities necessary for causing visible changes to marine ecosystem productivity in the
Fe limited regions;

(2) The combination of considerable dust mixed with the unusually high
concentrations of anthropogenic air pollutants (particularly SO,) with subsequent descent
of the plume trajectory to the marine boundafy layer are likely to cause visible

phytoplankton blooms in the North Pacific Ocean.
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CHAPTER 6

CONCLUSIONS

6.1 Introduction

The modeling results shown in this work indicated that air pollution in China can
have considerable effect on the DIF-values of mineral dust plumes emanating from the
gobi deserts of northern China and Mongolia and advecting over the remote Pacific
Ocean. In this chapter model simulations are used to explore the possible effects of future
changes in anthropogenic S-emissions in China on the fluxes of mobilized Fe to the
surface waters of North Pacific Ocean. A summary of accomplishments, conclusions, and

recommendations for future model development and research goals are also given below.

6.2 The Possible Role of SO, Emissions in China to the Future Climate Change
Because of the importance of anthropogenic SO, emissions from China in our
calculations, the future trends in the emissions are of interest. Given coal is one of the
major energy sources used to fuel a fast-growing economy it is often assumed that SQz
emissions from China will continue to grow in the coming decades. And in fact, many
projections predicted that SO, emissions will continue to grow [Streets and Waldoff,
2000; Nakicenovic et al., 2001; Klimont et al., 2001]. However, since 1995 S-emissions
in China have actually declined due to a combination of economic slowdown,

environmental regulations and the fundamental reconstruction of the Chinese economy
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[Streets et al., 2001; Carmichael et al., 2002; Streets et al., 2003]. The goal China set for
2005 anticipates further reductions in SO, emissions, lowering it to 70% of its 1995 level.
Whether this trend of lower SO, emissions will continue is not certain at this time
[Carmichael et al., 2002].

Figure 6.1 shows modeling results for DIF as a function of plume transport time.
Model calculations were initialized with different amounts of SO, (keeping all other
parameters constant) and run for the Low Dust/Standard Pollution case of the Boundary
Layer simulations. If we assume that alterations in S-emissions in China would roughly
cause the corresponding change in the amounts of SO; entrained in the advecting mineral
dust plumes, then different initial concéﬁtrations of SO, used 'in the nﬁodel simulations
can be thought of as different anthropogenic sulfur emission scenarios. For example,
suppose the Base case on Figure 6.1 represents DIF that can be mobilized in the
advecting dust plumes for 1995 SO, emission levels in China, then from the Figure 6.1
we see that a 30% decrease in SO, emissions would translate into more than a factor of 10
decrease in DIF, and presumably also in the flux of dissolved Fe to the remote North
Pacific. A 30% increase in SQz emissions, equivalent to the mildly increasing emission
scenarios of A1 MESSAGE and A1 MiniCAM for Asia developed by Intergovernmental
Panel on Climate Change (IPCC) [Nakicenovic et al., 2001] would result in approximate
factor of 3 increase in DIF.

These modeling results suggest that anthropogenic activities in China, particularly
the ones related to SO, emissions, can considerably affect fluxes of the dissolved iron to
the North Pacific Ocean. It further suggests that to the extent that this mobilized Fe is

then acting as a limiting micronutrient in oceanic ecosystems, air pollution from China is
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Figure 6.1 Dissolved Iron Fraction as a function of plume transport time. Initial
parameters for the Base Case were set from Low Dust/Standard Pollution case of the
Boundary Layer simulations (see Table 4.1) and 30% high and 30% low correspond to
the model runs in which SO; concentration was changed respectively, keeping all other
parameters constant. '
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actually responsible for enhancing the productivity of these waters. By extension, air

pollution controls in China that lowered SO, emissions might actually depress C-uptake

in these same waters. The possible impact of S-emissions from China on CO; and climate

needs to be further investigated.

6.3 Main Results

The following is a summary of the major results presented in this dissertation

encompassing Fe mobilization in advecting mineral dust plumes and the possible effect

of SO, emissions in China on the C-uptake of the North Pacific Ocean.

Fe in mineral dust from East Asia can be mobilized in significant quantities
during its transport in the atmosphere in a two-step process consisting of: (1) -
acidification of the mineral dust by the incorporation of acids arising from air
pollutants (and in particular SO,) that are mixed into the plumes containing dust
as these plumes advect over the urban and industrial centers; and (2) dissolution
of the Fe in the resultant acidic solutions;

A Lagrangian box model was developed and used to simulate the evolution of
DIF in different cases of mineral dust advection from East Asia to the Pacific
Ocean. The modeling results suggest that the incorporation of average springtime
SO, values, frequently measured in the industrial/urban centers of China, into the
advecting small dust plumes can increase the acidity of the plume to the levels
required to mobilize 0.5 - 2% of Fe within an ‘average atmospheric lifetime of dust
particle. The model simulations also indicate that the SO, mixing ratios several

times higher than the nominal values are required to attain 0.5 — 2% range of DIF
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in large dust plumes. Based on the model results it is suggested that relative
amounts of Dust and SO, mixed in the advecting plumes can be employed to
determine the amounts of acid mobilized Fe;

Simulations of the different altitude dust péssages indicaté :that out of several
physical parameters dust plumes encquntgr along lthc;ir path, iemperature appears
to have significant impact. ko-n .Fe‘ rr‘lobili;zation‘v ratt;s. Low atmospheric
temperatures, encountered by the dust p]umes during:their mid-troposphere
transport, can effectively reduce Fe mobilfzation rates: well below the ‘va]ues
required for the production of 0.5 — 2% of DIF;

The subsidence of the dust p]l;me to the marine boundary layer, the
photochemical reductive dissolution of hematite and the increase of dust particle
reactive surface area due to the wind-driven physical processes are proposed as
two mechanisms that can mobilize considerable amounts of Fe in mineral dust
plumes pursuing high altitude trajectory to the HNLC waters of subarctic North
Pacific Ocean;

Based on the consistency of the satellite measurements and the model predictions
for the expected increase of the ecosystem productivity after mobilized dust-Fe -
infusion to the ocean, it is suggested that the combination of significant dust
mixed with unusually high concentrations of SO, and descent of the plumé
trajectory to the marine boundary layer can cause phytoplankton blooms in the
North Pacific Ocean;

The simulations using different initial SO, values, assumed to be representative of

different anthropogenic S-emission scenarios in China, suggest that future
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changes in SO, emissions in Asia can affect the rate at which atmospheric CO; is

fixed by oceanic biota and may even exert a global-scale influence on climate.

6.4 Implications for Future Work

’I;he most important result of this research is suggested possible link between
anthropogenic air pollution from the East Asia and the C-uptake in the North Pacific
Ocean. While the modeling results presented in the study indicate that ecosystem
productivity of North Pacific Ocean can be affected by anthropogenic activities in China
(particularly ones related to SO, emissions), long-term simulations by coupling the iron
mobilization algorithm with the global three-dimensional (3D) atmospheric transport
models might be necessary to determine the significance of this modeling result to the
global fluxes of dissolved Fe deposited to the oceans.

Future improvements to the model should include more detailed parameterization
of dust entrainment, mixing and deposition processes to allow better estimates for the Fe
enrichment of the surface ocean waters by intermittent dust transport episodes. One of the
advantages of using box models is that computational resources can be devoted to
explicit calculations of physical state and chemical composition of multiphase
atmospheric aerosols. However, the assumption of homogeneous mixture of dust and
pollutants can reduce model application. Analysis of data collected during TRACE-P
/ACE-Asia missions indicated that mineral dust and anthropogenic air pollutants in the
Asian outflow were not always uniformly mixed [Jacob et al., 2003; Huebert et al.,
2003]. Plumes with elevated mixing ratios of reactive species, characteristic to the

industrial/urban pollution, were occasionally sampled inside large dust storms even at
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significant distances from the source regions. Such segregation of mineral dust and
pollution could substantially affect heterogeneous oxidations rates employed in the
model.

An additional level of complexity should be introduced into the Fe mobilization
mechanism to account for the effects of organic species (i.e., oxalate, acetate, forrﬁate)
and sunlight as well as complex redox cycling between highly insoluble ferric (Fe-III)
and relatively more soluble ferrous (Fe-II) ions. Laboratory studies have shown, that such
processes can affect Fe solubility in mineral aerosols, paﬁicﬁlérly when dust samples
were collected close to the industrial/urban centers [Simnad and Smoluchowski, 1955;
Faust and Hoffman, 1986; Behra and Sigg, 1990; Zhuang et al., 1992a; Zhu et al., 1992;
Spokes and Jickells, 1996; Jickells and Spokes, 2001]. Addition of new processes to the
existing model will lead to more complete treatment of Fe soiubilizétion in mineral
aerosols and perhaps will allow us to explore other (in addition to acid mobilization)
mechanisms for producing dissolved Fe in mineral dust plumes.

In addition to changes in Fe chemistry, projected model developments include
extension of ISORROPIA by adding crustal species with appropriate oxides, oxy-
hydroxides and inorganic forms. It was discussed previously, that current approach is
appropriate when acid mobilization is used as the major mechanism for producing
dissolved Fe in mineral dust plumes. However, improved thermodynamic module will
allow exploring other possible mechanisms for Fe mobilization that might be associated
with less acidic mineral dust.

Further investigations, involving more detailed observations, satellite data

analysis and modeling studies of the interactions between airborne dust and air pollutants
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are needed to test acid-mobilization hypothesis and determine the extent to which the

data used in this study are typical of dust plumes emanating from East Asia.
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APPENDIX A

The lifetime for the removal of the gas phase nitric acid by mineral dust, T o, Can

be approximated as [Jacob, 2000]:

D
Thno, =( 5 +—i -A” (A1)
2D, ¢y '

where Dj is mineral dust particle diameter (cm); Dy is the gas-phase molecular diffusion

coefficient of HNOj in the air (O.l350m2/s [Massman, 1998; Seinfeld and Pandis, 1998]);
¢ is the mean molecular speed of HNOj in the gas phase (3.1x10* cm/s); ¥ is a reaction
probability that HNO3(g) molecules impacting the mineral dust particle surface undergo
reaction with the range of 0.1-0.17 [Dentener et al., 1996; Hanisch and Crowley, 2001a,
2001b]; and A is the mineral dust surface area per unit volume of air (cmzlcm3air).
Adopting an average vales for A and D, measured during the highlighted portion of
Flight 13 of ~1x10° and 1x10* to 1x10'3, respectively, [Jordan et al., 2003b] from
Equation (A1) the lifetime of HNOj3(g) with respect to processing by mineral dust is

1.5 min<7,, <6 min.

This result suggests that equilibrium assumption between HNO3(g) and [NO;]

for the highlighted portion of TRACE P Flight 13 is most likely correct. However, it is
worth noticing that reaction probability for HNO3(g) uptake on mineral dust particles was
derived in the laboratory using Knudsen cell reactor using technique that could suffer
from the complications due to surface saturation and gas diffusion into the underlying
layers of powdered samples [Li et al., 2002]. If, for some reason, the reaction probability

in the atmosphere appears to be significantly smaller (about two orders of magnitude)
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measured in the Knudsen cell reactor, assumption of thermodynamic equilibrium

between gas phase nitric acid and mineral dust will be violated.
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APPENDIXB

The gravitational settling velocity of particles considered in the transportable
fraction of mineral dust (with D, < 201 m) can be determined using Stocks law [Tegen
and Fung, 1994; Ginoux et al., 2001; Zender et al., 2003] with

D2p gC
v, =—pPeEe (B1)
18p

where Dy, is the particle diameter, pis particle density, g is the acceleration of gravity,

pis the dynamic viscosity of the air and C; is the slip correction factor [Seinfeld and
Pandis, 1998].
As particles of different sizes have different atmospheric lifetimes (See Table B1)
the particle deposition parameter &(t), is allowed to vary in the following way:
4
V() - Zvi
&) =———"2— (B2)
v(r)
where V(r)=v, +v, +v,+v, with indices denoting particle classes having different
diameters (see Table B1) and the summation is carried out according to lifetime of dust

particles. For example, when model time t<26 hr, §(t)=1; if 26<t<103 hr,

V,+Vi+v,

— and etc.
v(r)

gV =

Table A1 summarizes &(t) values at different t.
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Table B1. Lifetime of mineral dust particles ("

Index | Dp, (um) Lifetime, (hr) &)
1 0.1-2 336 0.01
2 2-4 216 0.08
3 4-6 103 0.32
4 6-12 26 1.00

(1) From Ginoux et al. [2001].
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