
 

 

ABSTRACT 

GANTT, BRETT DANIEL.  Marine Organic Aerosols and Their Implication to Air Quality.  

(Under the direction of Nicholas Meskhidze.) 

 

The global marine sources of organic carbon (OC) are estimated here using a 

physically-based parameterization for the emission of marine isoprene and primary organic 

matter.  The emission model developed in this study allowed us, for the first time, to explore 

the relative contributions of sub- and super-micron organic matter and phytoplankton-

produced secondary organic aerosol (SOA) to the total OC fraction of marine aerosol.  New 

laboratory measurements of isoprene production by several abundant phytoplankton species 

under a range of environmental conditions were scaled up, with the help of satellite products, 

to infer the total annual mean ocean isoprene emissions of 0.92 Tg C yr
-1

.  The sensitivity 

studies using different schemes for the euphotic zone depth and ocean phytoplankton 

speciation produced the upper and the lower range of marine-isoprene emissions of 0.31 to 

1.09 Tg C yr
-1

, respectively.  Empirical relationships between emissions of water soluble 

(WSOM) and water insoluble (WIOM) organic matter (OM) and chlorophyll a concentration 

were used to estimate the total primary sources of oceanic sub- and super-micron OC of 1.26 

and 19.01 Tg C yr
-1

, respectively.  Using a fixed 3% mass yield for the conversion of 

isoprene to SOA, our emission simulations show minor (less than 0.2%) contribution of 

ocean produced isoprene to the total marine source of OC.  However, our model calculations 

also indicate that over the tropical waters, marine isoprene-derived SOA could contribute 

over 40% of the total monthly-averaged sub-micron OC fraction of marine aerosol.  The 

estimated contribution of ocean-isoprene SOA to hourly averaged sub-micron marine OC 

fluxes is even higher, reaching 100% over the vast regions of the oceans during the midday 

hours.  As it is widely believed that sub-micron OC has the potential to influence the cloud 

droplet activation of marine aerosols, our findings suggest that marine sources of SOA could 

play critical role in modulating properties of shallow marine clouds and influencing the 

climate. 



 

 

The impact of marine isoprene emissions on summertime surface concentrations of 

isoprene, secondary organic aerosols (SOA), and ozone (O3) in the coastal areas of the 

continental United States is studied using the U.S. Environmental Protection Agency 

regional-scale Community Multiscale Air Quality (CMAQ) modeling system.  Marine 

isoprene emission rates are based on the following five parameters: laboratory measurements 

of isoprene production from different phytoplankton species under a range of light 

conditions, remotely-sensed chlorophyll-a concentration ([Chl-a]), incoming solar radiation, 

surface wind speed, and sea-water optical properties.  Model simulations show that marine 

isoprene emissions are sensitive to meteorology and ocean ecosystem productivity, with the 

highest rates simulated over the Gulf of Mexico.  With the isoprene reactions included in this 

study, the average contribution of marine isoprene to SOA and O3 concentrations is predicted 

to be small, up to 0.004 µg m
-3

 for SOA and 0.2 ppb for O3 in coastal urban areas.  The light-

sensitivity of isoprene production from phytoplankton results in a midday maximum for 

marine isoprene emissions and a corresponding daytime increase in isoprene and O3 

concentrations in coastal locations.  While SOA concentrations are consistently higher (up to 

0.005 µg m
-3

) in coastal areas due to marine isoprene emissions, the diurnal trends are 

dependent on the local micrometeorology.  Interannual variability of [Chl-a] concentration is 

examined in a sensitivity study with values increased and decreased by a factor of five.  Our 

results indicate that marine emissions of isoprene cause minor changes (< 0.5%) to coastal 

SOA and O3 concentrations, likely due to limitations in current model treatments of isoprene 

chemistry and a coarse horizontal resolution used in model simulations.  
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CHAPTER 1. INTRODUCTION 

1.1 Background and Motivation 

The interaction between life and climate has gained increasing attention in the age of 

global warming.  History has shown that climate affects the evolution of animals, the spatial 

extent of disease, and the livelihood of people across the world.  Humans have long known 

that they can have an effect on climate through practices such as deforestation and fossil fuel 

combustion.  However, the idea that non-human living things can also affect climate has 

gained popularity since the publication of the Gaia hypothesis which states that the biosphere 

can help maintain the homeostasis of the atmosphere [Lovelock and Margulis, 1974].  Shaw 

[1983] proposed that this homeostasis may be maintained by the negative feedbacks involved 

with changing albedo due to the aerosols formed as part of the sulfur cycle.  The connection 

between Gaia and the sulfur cycle was clarified in the so-called CLAW hypothesis (named 

for authors Charlson, Lovelock, Andreae, and Warren) which proposed that marine emissions 

of dimethyl sulfide (DMS) (CH3SCH3) from phytoplankton affect climate by producing 

sulfate aerosols via oxidation which impacts the surface solar radiation [Charlson et al., 

1987]. 

Marine aerosols strongly affect properties and lifetime of stratiform clouds, 

influencing Earth’s radiation budget and climate.  Established sources of marine aerosol 

include primary emission of sea-salt particles and DMS, the atmospheric oxidation of which 

is a major source of non-sea-salt sulfate (nss-SO4) in remote marine air [Shaw, 1983; 

Andreae et al., 1986; Charlson et al., 1987; O’Dowd et al., 1998].  It has also been proposed 

that primary emissions of biogenic organic matter, bacterial and viral debris from wave 

breaking [Middlebrook et al., 1998; O'Dowd et al., 2004; Leck and Bigg, 2005] and 

secondary organic aerosols (SOA) from phytoplankton emitted biogenic volatile organic 

compounds (BVOC) [O’Dowd et al., 2002; Meskhidze and Nenes, 2006; O’Dowd and de 

Leeuw, 2007] can act synergistically with the established mechanisms, leading to changes in 

marine aerosol chemical composition and number concentration.  Significant abundances of 



 

2 

organic carbon (OC) aerosols have been observed in marine environments [Novakov et al., 

1997; Putaud et al., 2000; Cavalli et al., 2004; Yoon et al., 2007; Pio et al., 2007], 

particularly over the regions of enhanced oceanic biological activity [O’Dowd et al., 2004].  

Despite the significant progress in the recent decade, the mechanism and the magnitude of 

the marine OC sources are still highly uncertain, and the role of oceanic biota in modifying 

chemical composition and size distribution of marine cloud condensation nuclei (CCN) 

remains one of the most intriguing questions in climate science. 

In addition to climatic impacts, BVOC have the ability to affect regional atmospheric 

chemistry by changing the atmospheric oxidation potential and by acting as precursors for 

the formation of SOA and ozone (O3).  While terrestrial BVOC emissions have long been 

connected to air quality degradation in urban areas [Chameides et al., 1988], there has been 

little study of the impacts of marine BVOC emission to coastal air quality.  Due to a focus on 

the relatively large terrestrial source of BVOC, few modeling studies have included marine 

emissions.  Several recent studies have tried to address this missing emission source by 

adding marine isoprene emissions to various air quality models.  Arnold et al. [2009] used 

laboratory measurements of isoprene production from several phytoplankton functional 

types, combined with remotely-sensed spatial distributions of these functional types, to add 

marine isoprene emissions into the global GEOS-Chem model.  Marine isoprene was found 

not to be a significant source of OC in the remote marine atmosphere, although the impacts 

on regional air quality were not explored.  Liakakou et al. [2007] used a box model to 

simulate the observed isoprene measured in the marine boundary layer (MBL) on an island in 

the eastern Mediterranean Sea.  A decrease in the oxidative capacity of the atmosphere and a 

slight increase the concentration of O3 precursors was modeled, but there was no 

incorporation of the box model into a three dimensional (3-D) chemical transport model 

(CTM) to examine other marine locations. 
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1.2 Objectives 

 The long period of research into DMS emissions has led to a good understanding of 

the magnitude and spatial distribution of such emissions in the global oceans.  The relatively 

new topic of organic aerosols with marine origin is still not well understood, with the 

magnitude of emissions and formation mechanisms of these aerosols currently undergoing 

scientific debate.  An accurate estimation of OC aerosol emissions on a global scale would be 

useful in improving aerosol and climate models, as well as assessing the importance various 

aerosol types to cloud properties and climate.  With a better understanding of the negative 

feedbacks associated with Gaia, attempts to combat global warming through geoengineering 

may be better informed and more successful.  Additionally, a better understanding of the 

impacts of marine BVOC emissions on coastal air quality would inform regulations and 

controls of anthropogenic pollutant emissions.  The two objectives of this thesis are as 

follows: 1) to create a global, physically-based emissions inventories for both isoprene and 

primary organic aerosols from marine sources and 2) to assess the impact of marine isoprene 

on coastal air quality through implementation of the new emission inventory in a regional 3-

D CTM.  
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CHAPTER 2. LITERATURE REVIEW 

2.1 Aerosol/Cloud Interactions 

One of the emerging fields in climate science today is the study of the interaction 

between aerosols and clouds.  The main importance of aerosols to the climate is the ability of 

them to serve as CCN.  The landmark paper by Sean Twomey first linked the increased CCN 

number due to pollution to an increased cloud droplet number concentration (CDNC) and a 

decrease in the average cloud droplet radii [Twomey, 1974].  Clouds with smaller, more 

numerous droplets tend to have a greater optical thickness, higher albedo, and reflect more 

solar radiation.  This is called the first indirect effect of aerosols.  Another effect of aerosols, 

the so called second indirect effect, involves a decrease in precipitation from the smaller 

droplet radii.  This reduction in precipitation lengthens cloud lifetime and decreases the rate 

of wet deposition [Albrecht, 1989].  The albedo of clouds with a high CDNC is typically 

much higher than that of the Earth’s surface.  Thus the increased cloud lifetime leads to more 

reflection of shortwave radiation and a greater net forcing.  The scientific understanding of 

these two effects and their impact are not well understood.  The future climate forcing from 

different parameters is given in the Forth Assessment Report from the Intergovernmental 

Panel on Climate Change (IPCC) [IPCC, 2007].  The greatest uncertainty is in the indirect 

effect of clouds, with error bars nearly the same size as the future forcing prediction.  This 

lack of confidence illustrates the need for better understanding of the relationship between 

aerosols and clouds [IPCC, 2007]. 

Recent research has shown that marine organic aerosols may play a role in affecting 

climate by changing the Earth’s albedo.  O’Dowd et al. [2004] showed that more than half of 

the submicron aerosol mass over areas of high biological activity was composed of organic 

carbon (OC) emitted from primary sources, and proposed that these organic aerosols may be 

an important component of the aerosol-cloud-climate feedback.  Meskhidze and Nenes [2006] 

showed a 15 W m
-2

 decrease in short-wave radiative flux at the top of the atmosphere in the 

vicinity of a phytoplankton bloom in the Southern Ocean, and proposed that OC aerosols 
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formed from marine isoprene emissions, along with DMS-derived sulfate aerosols and 

primary-source OC aerosols, may lead to changes in CCN chemical composition and number 

concentration.  Several recent modeling studies have demonstrated that the inclusion of 

marine organic aerosols decreases cloud droplet effective radii, increases droplet number 

concentration and results in better agreement with satellite measurements [O’Dowd et al., 

2008; Roelofs, 2008]. 

2.2 Global Isoprene Emissions 

 Isoprene (C5H8) is the most prevalent BVOC emitted from terrestrial and marine 

photosynthetic organisms.  Out of the approximately 1000 Tg C yr
-1

 global emissions of 

BVOCs from terrestrial sources [Guenther et al., 1995; Lathiere et al., 2006; Seco et al., 

2007], isoprene accounts for 440 to 660 Tg C yr
-1

 [Guenther et al., 2006].  While the reason 

plants emit isoprene is still being debated, the variables that affect production include 

temperature, light, and plant species [Guenther et al., 1991].  Lamb et al. [1987] was one of 

the first studies to incorporate spatial data of plant species combined with the temperature 

sensitivity of isoprene production to produce a national emissions inventory for the United 

States.  The current emission inventories for terrestrial isoprene and other BVOC, the Model 

of Emissions of Gases and Aerosols from Nature (MEGAN) and the Biogenic Emissions 

Inventory System (BEIS), continue to use plant specific emission factors, in addition to 

temperature, photosynthetically active radiation (PAR), leaf area index, and high spatial 

resolution vegetation maps to produce emission on the time scale of hours and spatial scale 

of meters [Guenther et al., 2006; Geron et al., 1994]. 

2.3 SOA Formation from BVOC 

SOA formation and classification is a rapidly developing field of aerosol science due 

to the global ubiquity of OC aerosols and potential importance for climate.  The study of 

SOA is complex because of the thousands of types of BVOC and SOA that have been 

measured [Graedel, et al., 1986; Goldstein and Galbally, 2007].  SOA are formed by the 

oxidation of BVOC into lower vapor pressure products which can nucleate to form new 
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particles or condense on existing particles.  Out of many different phytoplankton-emitted 

gases that have the potential to form aerosols (e.g., DMS, halocarbons, and monoterpenes 

[Shaw et al., 1983; Tokarczyk et al., 1994; Yassaa et al., 2008], in this study we focus on 

oceanic emissions of isoprene.  Photooxidation of isoprene has been shown to lead to the 

formation of SOA [Claeys et al., 2004].  Recent laboratory chamber studies show that SOA 

yields (defined as the ratio of the mass of SOA formed to the mass of isoprene reacted) are 

1–3% at high NOx levels [Kroll et al., 2005], ~3% at low NOx levels [Kroll et al., 2006], and 

up to 24% from the reaction of isoprene with the nitrate radicals [Ng et al., 2008].  A 

summary of several laboratory studies examining isoprene-SOA formation can be found in 

Table 2.1.  Aqueous phase chemical processes offer additional SOA production pathways, as 

water soluble isoprene oxidation products have been proposed to partition into clouds and 

undergo further oxidation by OH to form organic acids [Lim et al., 2005].  After evaporation 

of the cloud droplet, these compounds have been shown to remain mainly as particles 

[Limbeck et al., 2003].  Carlton et al. [2006] showed that aqueous phase processing of 

pyruvic acid, a major product of isoprene oxidation, can form an organic acid called oxalic 

acid.  A modeling study incorporating laboratory measurements of aqueous phase processing 

of isoprene oxidation products showed isoprene-SOA yields up to 42% [Ervens et al., 2008]. 

Several recent review papers have discussed the discrepancy between estimated 

BVOC emissions and the corresponding measured SOA concentrations and deposition.  

Kanikidou et al. [2005] estimated an SOA production of 12-70 Tg aerosol yr
-1

 using a 

bottom-up modeling approached, while Goldstein and Galbally [2007] estimate a far higher 

SOA production rate (140-615 Tg C yr
-1

) using a variety of top-down approaches including 

VOC removal, SOA deposition, and comparison with the sulfur budget.  Hallquist et al. 

[2009] hypothesizes that the bottom-up approaches likely underestimate SOA production due 

to limited laboratory studies of SOA yield and top-down approaches overestimate SOA due 

to their inclusion of all types of OC aerosols.  The complexity of modeling thousands of 

different types organic compounds, each with a unique set of reaction products and aerosol 

yields, means that is discrepancy is unlikely to be resolved in the near future.  
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2.4 Marine Isoprene Measurements 

The marine source of isoprene is much smaller than that of the terrestrial sources, 

with production occurring during phytoplankton photosynthesis.  Bonsang et al. [1992] was 

the first to propose a marine source of isoprene after measuring isoprene in seawater samples 

and in the marine atmosphere.  Broadgate et al. [1997] showed that marine isoprene 

emissions were seasonally dependent and were positively correlated with chlorophyll a 

concentrations ([Chl-a]).  Diurnal variations of isoprene concentrations have also been 

observed in the marine atmosphere, with a midday maxima and much lower values at night 

[Lewis et al., 1997; Lewis et al., 2001; Liakakou et al., 2007; Sinha et al., 2007].  

Simultaneous measurements of photosynthetically active radiation (PAR) and marine 

isoprene emissions have revealed a positive relationship [Sinha et al., 2007].  Extrapolations 

from in situ measurements have resulted in higher estimates, ranging from 0.1-1.2 Tg C yr
-1

 

[Bonsang et al., 1992; Milne et al., 1995; Broadgate et al., 1997; Baker et al., 2000; 

Matsunaga et al., 2002; Sinha et al., 2007].  Table 2.2 presents a list of several measurements 

of marine isoprene emissions and concentrations of isoprene in the (MBL). 

Remotely-sensed data has been used to estimate marine isoprene emissions in areas 

without in situ measurements to better assess the spatial distribution and magnitude of global 

emissions.  Palmer and Shaw [2005] used the [Chl-a] data from the Moderate Resolution 

Imaging Spectroradiometer (MODIS) sensor aboard the Terra satellite to estimate annual 

marine isoprene emissions of 0.1 Tg C yr
-1

 with a spatial and seasonal distribution similar to 

that of [Chl-a].  Arnold et al. [2009] estimated marine isoprene emissions using remotely-

sensed phytoplankton classes and new laboratory measurements of marine isoprene 

production to be 0.27 Tg C yr
-1

.  Top-down modeling using the GEOS-Chem model was also 

performed, leading to a corrected global marine isoprene emission rate of 1.68 Tg C yr
-1

.  

The conclusion from Arnold et al. [2009] is that marine isoprene plays an insignificant role in 

modulating remote marine aerosol abundances due to its small magnitude.  Table 3.2 

summarizes several global estimates of marine isoprene emissions.   
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2.5 Marine Organic Aerosol Measurements 

 Marine organic aerosols appear to have two distinctly different sources and can be 

broadly classified as primary and secondary.  Primary marine organic aerosols of biogenic 

origin are emitted from the ocean by the bubble bursting process, forming internally mixed 

aerosol of sea salt and organics [Middlebrook et al., 1998; Cavalli et al., 2004].  Primary 

marine organic aerosols, especially in the sub-micron diameter size range, are typically 

comprised of water insoluble organic colloids and aggregates [Leck and Bigg, 2005; Facchini 

et al., 2008].  Analyses of marine aerosol chemical composition show that during the periods 

of high ocean biomass, concentration of water insoluble organic carbon (WIOC) aerosols in 

the accumulation mode increase by almost a factor of 10 (from 0.07 to 0.619 µg m
-3

) and 

comprise up to 45% of the total sub-micron aerosol mass in the marine air [O'Dowd et al., 

2004].  Marine-source submicron aerosol emission rates have been determined both through 

laboratory measurements [Maartensson et al., 2003] and in situ eddy covariance methods 

[Geever et al., 2005] to be strongly related to wind speed in a log-linear relationship.  

Ceburnis et al. [2008] used vertical concentration profiles of several aerosol types to 

elucidate the processes and fluxes of each type, with primary aerosols including WIOC and 

sea salt decreasing with height and secondary aerosols including water soluble organic 

carbon (WSOC) and nss-SO4 increasing with height.  O’Dowd et al. [2008] compared the 

WIOC mass faction of total submicron aerosol mass with upwind remotely-sensed [Chl-a] 

data and found a positive linear relationship.  An updated WIOC/[Chl-a] equation was later 

used to estimate a global primary submicron organic aerosol emission rate of 2.3 Tg C yr
-1

 

for 2003 and 2.8 Tg C yr
-1

 for 2006 [Langmann et al., 2008]. 

 In addition to measurements of ambient aerosols in the MBL, there have been several 

recent experiments classifying the size and composition of aerosols produced by the bubbling 

of air through sea water.  Facchini et al. [2008] compared aerosols measured from bubble 

bursting in the northern Atlantic Ocean to ambient aerosols measured at a nearby coastal 

location and found general agreement, with WIOC aerosol dominating the sub-micron size 
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range and sea salt dominating the sub-micron size range.  Additionally, it was shown that 

while the majority of OC in the sub-micron range was water insoluble (94%), the fraction 

super-micron OC aerosols that are water insoluble decreases to 67%.  In a review paper 

concerning the composition of aerosols from bubble bursting, Bigg and Leck [2008] describe 

and photograph aerosols that are composed of exopolymer secreted from phytoplankton and 

bacteria.  These aerosols, which dominate the 10-200 nm size range and are ubiquitously 

present throughout the world’s oceans, are insoluble, thermally stable, surface active, and 

highly saturated [Cavalli et al., 2004]. 

2.6 Phytoplankton Speciation 

Phytoplankton are microscopic autotrophic organisms found throughout the world’s 

oceans which contain chlorophyll and participate in photosynthesis.  They are globally 

significant as they serve as the base of the aquatic food chain and account for > 45% of the 

Earth’s net primary productivity [Falkowski et al., 1998].  The major classes of marine 

phytoplankton include cyanobacteria, diatoms, coccolithophores, and dinoflagellates.  These 

classes have different characteristics such as size, nutrient requirements, and optimal 

temperature ranges which give different species competitive advantages that allow them to 

thrive in certain parts of the ocean.  Cyanobacteria, or blue-green algae, are a class of small 

phytoplankton found primarily in the tropical oceans where nutrients are low.  They are 

considered as some of the earliest autotrophic organisms, with fossilized remains dating back 

to 2.8 billion years ago [Olsen, 2005].  One species of cyanobacteria, Prochlorococcus, is 

responsible for up to 20% of the gross primary productive in the equatorial oceans despite its 

small size [Vaulot et al., 1995].  Another class of phytoplankton, diatoms, is distinguished by 

their large size and silica-containing cell wall called frustules.  Diatoms have been shown to 

play a major role in the ocean silica cycle [Yool et al., 2003] and contribute up to 45% of the 

total ocean primary productivity [Mann, 1999].  Coccolithophores are a class of intermediate-

sized phytoplankton mainly found in cold parts of the ocean.  Several species of this 

phytoplankton class have been shown to be high producers of DMS in both field and 
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laboratory studies [Archer et al., 2001; Keller et al., 1989; Malin et al., 1993].  

Dinoflagellates are class of flagellated protists that are considered one of the largest groups 

of eukaryotic phytoplankton.  They are well known for their ability to form dense blooms 

often referred to as “red tides”.  Because some dinoflagellates species can produce 

neurotoxins, these red tides are accompanied by high toxin levels that can affect marine life 

and seafood safety. 

The immense size of the ocean and limited availability of data have led to different 

ways of indirectly determining the dominant plankton species across the global oceans.  

Kamykowski et al. [2002] was one of the first to use satellite data to estimate nutrient 

availability in the global oceans.  The availability of nitrogen, silicate, and phosphorus were 

derived by comparing satellite derived sea surface temperature to a calculated nutrient 

determining temperature for each individual nutrient.  The availability of iron was also added 

by assuming that the iron source was from atmospheric dust and using satellite derived 

aerosol optical depth and precipitation rates as a proxy for dry and wet deposition of the dust 

to the oceans.  The spatial location of various phytoplankton species can be determined 

because many phytoplankton classes have distinct nutrient requirements.  The classes of 

phytoplankton that were identified included diatoms, cyanobacteria, coccolithophores, and 

dinoflagellates. 

 Similarly, Alvain et al. [2005] used satellite-derived data to locate dominant 

phytoplankton groups across the global oceans.  The normalized water leaving radiance 

(nLw), which quantifies the amount of light leaving the ocean at a particular wavelength, was 

the parameter that was used in the method called PHYSAT.  The nLw in a particular location 

changes depending on the dominant phytoplankton class because of the distinct pigmentation 

of each phytoplankton type.  Each pigment reflects and absorbs different wavelengths of 

light, resulting in a spectral signature that can be measured by satellites.  In PHYSAT, the 

anomalies of the nLw of five different wavelengths are used to identify the dominant 

phytoplankton species at that location.  The classes of phytoplankton identified include 
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nanoeukaryotes, cyanobacteria, diatoms/dinoflagellates, Phaeocystis-like plankton, and 

coccolithophores. 

2.7 Marine Isoprene Production 

Knowing the dominant phytoplankton classes for a given location is useful for 

estimating isoprene emissions because different organisms emit isoprene at different rates.  

Moore et al. [1994] made the first laboratory isoprene measurements in phytoplankton 

monocultures of diatom species, observing elevated isoprene concentrations in all three 

species.  Milne et al. [1995] expanded upon this work by making isoprene measurements of 

monocultures of several classes of phytoplankton, with isoprene production occurring in 

coccolithophores, dinoflagellates, and cyanobacteria species in addition to diatoms.  McKay 

et al. [1996] made measurements estimating the chlorophyll normalized isoprene production 

rate of the diatom Skeletonema costatum to be 1.8 µmol (gram chlorophyll a)
-1

 day
-1

.  Shaw 

et al. [2003] determined the isoprene production rates of several other cultured 

phytoplankton classes including two cyanobacteria, one chlorophyte, one diatom, one 

coccolithophore, and one minor class pelagomonas species.  The isoprene production rates 

for these phytoplankton ranged from 1.0 to 1.6 µmol (gram chlorophyll a)
-1

 day
-1

.  

Experiments testing the relationship between various biological and environmental factors 

and isoprene production were preformed, with the production per cell increasing with cell 

volume and growth rate and decreasing with incubation time.  Isoprene production tended to 

increase with temperature to the optimum biological temperature for the phytoplankton 

species, above which the production rapidly decreased.  The relationship between isoprene 

production and light was also examined for the cyanobacterium Prochlorococcus, with 

isoprene production increasing logarithmically with increasing light intensity well beyond the 

photosynthetic maximum.  This observation informed our hypothesis that strong light acts as 

a stress to the plankton and the response is increased isoprene production.  Laboratory 

measurements of the water concentration of isoprene and other BVOCs in phytoplankton 

monocultures were measured in Columb et al. [2008], with the diatom Chaetoceros 
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neogracilis having the largest isoprene production and coccolithophore species Calcidiscus 

leptoporus and Emiliania huxleyi also acting as strong producers.  Table 2.3 presents a list of 

published laboratory measurements of isoprene production for various species of 

phytoplankton. 

2.8 Air Quality and Climatic Impacts of Isoprene 

It is well established that photosynthetic organisms can emit gases that affect the 

atmospheric chemistry of the area.  BVOC have been shown to play a role in the formation of 

ozone (O3) [Trainer et al., 1987; Chameides et al., 1988] and help extend the lifetime of 

important atmospheric gases such as methane and carbon monoxide [Poisson et al., 2000].  

Isoprene (C5H8) is the most ubiquitous BVOC with annual global emissions estimated at 500 

to 750 Tg of carbon [Guenther et al., 2006].  While forests typically have the highest 

isoprene emission rates, it has been shown that productive areas of remote ocean, coastal 

upwelling regions, and wetlands [Bonsang et al., 1992; Broadgate et al., 1997; Holst et al., 

2008] can all emit isoprene at rates that can significantly influence atmospheric chemistry in 

remote marine and coastal regions [Liakakou et al., 2007]. 

In addition to its importance in atmospheric chemistry, isoprene can also affect 

climate and air quality due to the formation of SOA during oxidation [Claeys et al., 2004; 

Edney et al., 2005].  Modeling studies estimate that isoprene photo-oxidation contributes 

50% of SOA in the United States (U.S.) [Liao et al., 2007] and 47-58% globally [Henze and 

Seinfeld, 2006; Liao et al., 2007].  While the understanding of SOA is still limited, their 

ability to absorb and scatter solar radiation, change the aerosol activation potential, and alter 

cloud microphysical and optical properties makes SOA a climatically important component 

of the atmosphere [Kanakidou et al., 2005].  Meskhidze and Nenes [2006] observed a 

considerable change in short-wave radiative flux at the top of the atmosphere near a large 

phytoplankton bloom and proposed that marine isoprene may play a role in changing cloud 

properties over the productive areas of the ocean.  Due to the large surface area of the oceans 

and high cloud cover, SOA formed from marine isoprene have the potential to affect global 
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albedo.  Additionally, organic aerosols have been shown to be a major component of fine-

mode aerosol concentrations over mid-latitude terrestrial regions [Saxena and Hildeman, 

1996].  In situ measurements of aerosol composition show that oxygenated organic aerosols 

(OOA), which are primarily formed by SOA, are the dominant form of organic aerosols in 

remote areas [Zhang et al., 2007].  Water soluble organic carbon (WSOC) aerosols, a portion 

of which is likely composed of isoprene-derived SOA [O’Dowd and de Leeuw, 2007, 

Ceburnis et al., 2008], make up 18% of the total fine mode aerosol (0.06-0.5 µm in diameter) 

mass in the MBL during periods of high ocean productivity [O’Dowd et al., 2004].  
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CHAPTER 3. A NEW PHYSICALLY-BASED QUANTIFICATION OF MARINE 

ORGANIC AEROSOL EMISSIONS 

 

3.1 Methods 

3.1.1 Phytoplankton Cultures and Chlorophyll Analysis 

Three diatom strains Thalassiosira weissflogii (CCMP 1336), Thalassiosira 

pseudonana (CCMP 1335), and Chaetoceros neogracile (CCMP 1318), and a 

coccolithophore Emiliania huxleyi (CCMP 375) were grown on L1-based (Sigma-Aldrich) 

medium in a climate-controlled room with constant temperature and light conditions of 22 °C 

and ~90 µE m
-2

 s
-1

 respectively.  These incubation environmental settings were chosen to be 

near optimal to ensure rapid growth.  These species were chosen for their global distribution 

and in the case of C. neogracile and E. huxleyi, published laboratory measurements of 

isoprene production with which to compare.  The seawater and nutrients were prepared for 

culturing by autoclaving overnight to remove bacterial and phytoplankton contamination.  

This inoculation is needed to ensure growth of the desired species.  Because bacterial growth 

typical of each species occurs during incubation, we do not believe this autoclaving process 

significantly affects subsequent laboratory measurements of isoprene production.  Cultures 

were grown in 1 liter Erlenmeyer flasks covered with aluminum foil allowing air transfer to 

prevent carbon dioxide (CO2) limitation.  CO2 limitation reduces the photosynthetic rate, and 

was avoided in this study both because it is not considered to limit oceanic primary 

productivity [Strickland, 1965] and because isoprene is a byproduct of photosynthesis.  Prior 

to the experiment, 20 ml samples were transferred onto Whatman GF/F filters under vacuum 

and stored in freezer for later analysis of [Chl-a].  Chlorophyll a was extracted with 90% 

acetone and concentration determined following the method of Holm-Hansen and Riemann 

[1978] using a Turner fluorometer model #450. 

3.1.2 Isoprene Measurements 

After an incubation period ranging from 7-14 days, 30 ml aliquots of the dense 

phytoplankton population cultures were transferred to Wheaton 40 ml EPA glass vials (so 
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called because they are tested by the U.S. EPA to ensure they are chemically inert) and 

sealed using open-top screw caps with 10 mm PTFE (polytetrafluoroethylene, aka Teflon) 

and 90 mm silicone septa.  The 10 ml of headspace remaining above the sample maximized 

concentrations of isoprene emitted by the phytoplankton while ensuring that CO2 limitation 

did not occur during the experiment.  To assess the effect of changing incoming solar 

radiation for isoprene production, the phytoplankton were exposed to various levels of light 

intensity ranging from 0 to 1200 µE m
-2

 s
-1

 (~0 to 600 W m
-2

) for up to eight hours under a 

constant temperature of ~22 °C controlled by a Neslab CFT-33 Refrigerated Recirculator 

(Thermo Fisher Scientific, Waltham, MA).  The samples were suspended over 6 halogen 

lights (Philips 250W Projector Lamp #13095) in a water bath with circulating water to absorb 

heat from the lights.  Irradiance inside the water bath was measured by QSL-100 Laboratory 

Quantum Scalar Irradiance Meter (Biospherical Instruments, San Diego, CA).  The intensity 

of light reaching the samples was controlled by lining the bottom of the water bath with 

several layers of semi-translucent fiberglass screen.  Prior calibration testing revealed that 

each layer of the screen absorbed approximately half of the incoming light.  The rapid 

transition between low and high light conditions used in this study does not accurately 

replicate natural diurnal cycle of solar radiation which is much more gradual.  However, 

phytoplankton in natural environments may experience such drastic changes in solar 

radiation during the transitions between cloudy and sunny conditions and between deep and 

surface waters experienced during strong water mixing.  Several physiological effects of the 

rapid and sustained exposure to high light conditions include light stress/photobleaching and 

photoinhibition.  Our hypothesis is that these effects are in opposition in terms of isoprene 

production, with light stress enhancing production and photoinhibition reducing production.  

Because two effects occur on different time scales (light stress early, photoinhibition later), 

we believe that averaging over the experimental time period (up to 8 hours) will smooth 

these differences.  The results of this study would likely be enhanced with publication of 

Bonsang et al. [in preparation] which examined isoprene production in phytoplankton 

monocultures using a more representative diurnal cycle of light intensity. 
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Laboratory measurements of isoprene concentrations were taken using headspace gas 

chromatography with a Photovac Voyager (Photovac, Inc., Waltham, MA) portable GC with 

a photoionization detector (PID).  Ultra high-purity nitrogen was used as a carrier gas.  The 

system was calibrated against a standard containing 103.2 ± 10.3 ppb (v/v) isoprene in 

ultrapure nitrogen (Scott-Marrin Inc., Riverside, CA).  The detector output is linear from 0 to 

460 ppb v/v isoprene concentration with an intercept through zero [Geron et al., 2006].  We 

estimate that both precision and accuracy were within 5% as determined by repeated 

measurements of the standard gas and inter-calibration against Proton Transfer Reaction 

Mass Spectrometry (PTR-MS) during intensive field study at the University of Virginia at 

Charlottesville.  According to the instrument calibration records carried out at Photovac, Inc., 

the lower detection limit of our analytical system is 3 ppbv.  Using a Hamilton Gastight 

#1750 syringe, 500 µL of the headspace from each sample were injected in the gas sample 

loop with 0.5 to 1 hr intervals to monitor the changes in isoprene concentrations inside the 

sealed vials.  Column temperature was isothermal at 60°C and pressure was constant at 6 psi.  

During each experiment, we kept several phytoplankton samples in the dark and observed 

isoprene concentration levels that were below the detection limit.  This indicates that like 

Prochlorococcus [Shaw et al., 2003], isoprene production from selected diatom and 

coccolithophore species were negligible under nighttime conditions.  The isoprene 

concentrations from the headspace of blank seawater samples were measured and used as the 

background air that was subtracted from the phytoplankton sample measurements.  The 

laboratory measurement data is found in Table 3.1. 

Figure 3.1 shows that for all types of phytoplankton, production rates increase under 

increasing light intensity with a rapid increase at low levels and gradual increases at high 

levels of irradiance, a pattern similar to terrestrial vegetation [Guenther et al., 1991; 

Guenther et al., 1993].  These measurements were fit to a logarithmic curve with diatoms 

having the highest isoprene production and coccolithophores having the lowest.  Amongst 

the diatoms, C. neogracile had the highest isoprene production under all light conditions, 

followed by T. weissflogii and T. pseudonana with similar production rates.  Symbols on 
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Figure 1 show the average of all measurements for a given light intensity and the error bars 

indicate the highest and the lowest measured values.  The wide range in emission rates is 

likely to be attributed to expected photoinhibition of marine phytoplankton photosynthesis 

[Platt et al., 1980] and the different growth conditions of planktonic species.  The isoprene 

production rates P (µmole isoprene (gram chlorophyll a)
-1

 hr
-1

) are given by the equation: 

          (1) 

where EF is the emission factor for each phytoplankton species (0.042 for diatoms, 0.032 for 

Prochlorococcus, 0.029 for Synechococcus, 0.019 for coccolithophores, and 0.028 for other 

phytoplankton) and I is the ambient light intensity (µE m
-2

 s
-1

).  A log squared curve was 

used both for its accuracy in describing the isoprene production measurements for several 

different species and for its simplicity.  We calculated the emission factors for diatoms and 

coccolithophores by fitting the log squared curve to our measurements, and approximated the 

emission factors for Prochlorococcus, Synechococcus, and others by comparing the daily 

isoprene production rates from Shaw et al. [2003] for several species taken at PAR values of 

90 µE m 
-2 

s
-1

, converting these daily rates to hourly, and assuming a similar relationship 

between PAR and isoprene production as that observed for diatoms and coccolithophores for 

light intensities up to 1200 µE m 
-2 

s
-1

. 

3.1.3 Phytoplankton Speciation 

Global phytoplankton speciation is estimated by using two distinct methods: the 

PHYSAT [Alvain et al., 2005, Alvain et al., 2008], and the nutrient depleting temperature 

(NDT) [Kamykowski et al., 2002].  In the PHYSAT method, satellite-derived normalized 

water-leaving radiances (nLw) from 5 different wavelengths are compared to the lookup 

tables of average nLw (nLw*) for each wavelength based on [Chl-a].  Speciation is 

determined based on the unique effects on satellite-observed nLw by the pigments of each 

phytoplankton class.  The global monthly maps of nLw data at 1° latitude  1° longitude (1° 

 1°) resolution were created by regridding the SeaWiFS monthly-averaged ° (~9 km) 
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resolution nLw data for the year 2001.  This and all subsequent regridding was performed by 

taking an average of the 12  12 grid of the ~9 km resolution data corresponding to each 1°  

1° grid cell using MATLAB software.  Terrestrial areas were considered missing data and 

not included in the average, with the exception of [Chl-a] which was set to zero for terrestrial 

areas.  By comparing the obtained nLw data with the lookup tables of nLw*, the following 

dominant phytoplankton classes were identified:  Nanoeukaryotes, Prochlorococcus, 

Synechococcus, diatoms, and Phaeocystis-like plankton/coccolithophores.  In the NDT 

method, seasonal and inter-annual nutrient (i.e., nitrate, phosphate, silicate and iron) 

variability and remotely sensed [Chl-a] data is used to infer the likely phytoplankton cell size 

and taxonomic composition [Kamykowski et al., 2002].  SeaWiFS monthly-averaged ~9 km 

resolution sea surface temperature (SST) was regridded to 1°  1° and compared to NDT 

tables of nutrient categories [Kamykowski et al., 2002] to create global monthly maps of 

phytoplankton classes for year 2001.  The two methods (i.e., PHYSAT and NDT) show 

similar spatial and seasonal distribution of plankton speciation (not shown) and are in general 

agreement with the outputs from the NASA Ocean Biochemical Model (NOBM) [Gregg et 

al., 2003].  Both PHYSAT and NDT models place diatoms in the high latitude oceans above 

40°
 
North or South and upwelling regions, coccolithophores in the polar regions, and 

Prochlorococcus/ Synechococcus in the ocean gyres and equatorial regions.  In this study, the 

PHYSAT model is used as a default for the assessments of the global marine-isoprene 

emissions.  In section 3.3.1, we present sensitivity calculations using the NDT method to 

estimate how distinct methods and the uncertainties in phytoplankton community 

composition can affect our results for total global oceanic emissions of isoprene. 

3.1.4 Marine Isoprene Emissions 

Estimated isoprene emission rates for some of the major phytoplankton species under 

variable light intensity were used to create global maps of oceanic isoprene emission.  

Photosynthetically active radiation (PAR) measurements (µE m
-2

 s
-1

) were converted to total 

solar radiation (W m
-2

) by using the following approximate conversion 2 µE m 
-2 

s
-1

 = 1 W m
-
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2
 [Jacovides et al., 2004].  Surface [Chl-a] (mg m

-3
) was derived from monthly-average, ~9 

km, Level 3 Sea-viewing Wide Field-of-view Sensor (SeaWiFS) satellite data regridded to 1° 

 1°.  SeaWiFS was shown to have the most accurate retrieval of surface [Chl-a] in coastal as 

well as remote oceanic sites [Blondeau-Patissier et al., 2004].  The amount of solar radiation 

received by phytoplankton at different depths of the water column is calculated using hourly 

1°  1° all-sky surface incoming solar radiation Io (W m
-2

) from the Global Weather 

Research and Forecasting Model (G-WRF) v. 3.0 [Hemperly, in preparation].  The values of 

downwelling irradiance within a water column were characterized using the diffuse 

attenuation coefficient values at 490 nm k490 (m
-1

) from regridded SeaWiFS data [O’Reilly et 

al., 1998].  The light propagation throughout the water column with depth d (meters) is 

estimated by applying Beer-Lambert’s Law, given by: .  The total water depth 

Dmax through which isoprene production can occur in our emission model is assumed to 

extend from the surface to the point at which the light levels are reduced to 2.5 W m
-2

, which 

is the level at which the photosynthesis ceases in Prochlorococcus [Shaw et al., 2003].  This 

depth, which represents the maximum possible extent of the planktonic euphotic zone, is 

determined by applying Beer-Lambert’s Law using the following equation: 

        (2) 

In this formulation, it is assumed that the light at depth will continue to diffuse at a rate 

identical to the surface diffuse attenuation retrieved by SeaWiFS and the [Chl-a] is constant 

throughout Dmax.  Extrapolating these satellite-derived surface water properties to waters 

below one optical depth is unrealistic, and an overestimation of [Chl-a] and k490 is likely.  It 

is our belief that an overestimation of both properties, which have an opposing effect on 

marine isoprene production, will not lead to a significant overestimation of emissions. 

 Because Dmax is dependent on incoming solar radiation, it is dynamic throughout the 

day with a midday maxima when solar radiation is the strongest to a zero during the night.  

Typical midday values for Dmax range from 5 meters in near coastal waters to 300 meters in 

remote oligotrophic waters.  All previous studies of global marine isoprene emissions 
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[Palmer and Shaw, 2005; Arnold et al., 2009] use a monthly-average mixed layer depth 

based on climatology from [de Boyer et al., 2004].  This static depth value does not 

accurately represent the constant changes in light intensity, and thus would not work in our 

dynamic simulations.  Calculations documenting the sensitivity of our global marine-

isoprene emissions to selection of the ocean euphotic zone depth are presented in section 

3.3.2. 

The total column isoprene emission Eiso (µmole hr
-1

) is found by integrating Eq. (1) 

for the entire euphotic depth with a depth of Dmax by depth d: 

       (3) 

here SA is the surface area of the 1°  1° grid cell (m
2
) and F is the emission fraction (i.e., 

fraction of water column produced isoprene emitted to the atmosphere).  The emission 

fraction is calculated as the ratio of sea-air emissions of isoprene to total isoprene loss in the 

water column from chemical, biological, and ocean-air exchange adapted from the method of 

Palmer and Shaw [2005].  This fraction is given by the formula: 

         (4) 

where kas is the air/sea gas exchange coefficient, kchem and kbiol are the reaction coefficients 

for chemistry and biology, and Ci seawater concentration of the gases reacting with isoprene 

(we include chemical reactions with OH, O3, O2). In our study, we assume all terms are 

constant except for kas and Dmax, with kas dependent on the 10 meter wind speed (U10) and sea 

surface temperature (SST) and Dmax dependent on the k490 and Io.  Our Eiso formulation is 

similar that of Palmer and Shaw [2005] and Arnold et al. [2009] with two main differences: 

1) the dynamic Dmax based on k490 and Io as opposed to a mixed layer depth based on 

climatology used in the previous studies, and 2) the integration of light-sensitive isoprene 

production rates throughout the euphotic zone by depth using k490 as the attenuation 

coefficient as opposed to taking a constant isoprene production throughout the mixed layer 

depth based on climatology. 
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3.1.5 Marine Primary Organic Aerosol Emissions 

Chemical analyses of marine aerosols show that OC that resides in sub- and super-

micron modes of sea-spray particles have considerably different water solubility [Facchini et 

al., 2008].  While WIOC comprises the major portion (94 ± 4%) of sub-micron OC particles, 

WSOC contributes more than one-third (33 ± 3%) of total carbon in the coarse size fraction 

of marine aerosols [Facchini et al., 2008].  Here the global marine primary OC emissions are 

estimated separately in sub- and super-micron range.  Over the productive regions of the 

oceans, the sub-micron range marine aerosol mass was shown to be dominated by insoluble 

organics, while the super-micron size range aerosols were dominated by sea-salt [Facchini et 

al., 2008].  Therefore, the sub-micron mass emission rate Esub (ng m
-2 

s
-1

) of marine primary 

organic aerosols is obtained by multiplying the sea-spray emission rates of particles less than 

1 µm in diameter from Ceburnis et al. [2008] (determined using 22 meter wind speed) by the 

water insoluble organic fraction of sub-micron marine aerosols from Langmann et al. [2008] 

to give the following equation: 

, 

when U10 ≤ 11 m s
-1

                   (5a) 

, 

when U10 > 11 m s
-1

                   (5b) 

where U10 is the wind speed at 10 m above the water surface (m s
-1

).  In this formulation, we 

convert the 22 meter wind speed used Ceburnis et al. [2008] to U10 by applying the 

correction factor from Andreas [1998] which assumes neutral stability and uses a logarithmic 

wind profile with height.  We obtain U10 using 4-times daily 10 meter wind velocity from the 

National Center for Environmental Prediction (NCEP) Reanalysis 

(http://www.cdc.noaa.gov/cdc/reanalysis/) for the year 2001.  The wind data, originally in a 

T62 Gaussian grid, was spatially interpolated to the 1°  1° grid using a MATLAB spatial 
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interpolation function.  The OM emission rate was converted to an OC emission rate by using 

the OC to OM conversion factor of 1.4 [Decesari et al., 2007; Facchini et al., 2008].  This 

conversion factor has been estimated to be as low as 1.2 in other studies [Cavalli et al., 

2004], so clearly some uncertainty exists in the exact value.  Additionally, both of these 

studies only examine North Atlantic marine aerosols, so it is unclear whether this conversion 

factor can be extrapolated to all primary WIOC emissions from the global oceans. 

The super-micron primary organic mass emission rate is calculated in a way similar 

to the sub-micron emission rate, though using a different sea-spray function and an organic 

percent of the sea-spray, reflecting the minor contribution of organics to the coarse aerosol 

mode.  The sea-spray number emission rate from Smith and Harrison [1998] was converted 

into a mass emission rate by assuming spherical particles with a density of sea-salt (2.165 g 

cm
-3

).  The mass emission rate was integrated for particles with diameters from 1 - 8 µm, 

corresponding to the size range of super-micron particles measured in most marine aerosol 

studies [O’Dowd et al., 2007].  Despite the dominance of sea-salt in super-micron marine 

aerosols, it was shown that over the productive region of the Northern Atlantic Ocean, 

organic mass contributed ~3% of 4 - 8 µm diameter sea-spray particle mass [Facchini et al., 

2008].  The super-micron mass emission rate Esuper (ng m
-2

 s
-1

)
 
of marine primary organic 

aerosols is parameterized as: 

    (6) 

where U10 is the wind speed at 10 meters above the water surface, obtained from the 

spatially-interpolated 10 meter NCEP 4-times daily wind velocity datasets.  The super-

micron mass emission rate of marine primary OC was calculated using OC to OM conversion 

factor of 1.52 reflecting the higher WSOC content of coarse marine organic aerosols 

[Decesari et al., 2007; Facchini et al., 2008].  While the OC to OM conversion factor for 

WSOC from marine sources has consistently been estimated to be 1.8 [Cavalli et al., 2004; 

Decesari et al., 2007], the uncertainty for the 1.52 conversion factor used here is in large part 

based on the accuracy of the estimate of the relative contribution of WIOC and WSOC. 
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3.2 Results 

Recent studies suggest that physico-chemical properties of marine aerosols can be 

linked to the observed seasonal cycle of [Chl-a] in ocean surface waters [Yoon et al., 2007].  

Based on the vertical concentration gradient measurements of marine aerosols at the coastal 

research station in Mace Head, Ireland, two distinct production mechanisms for WSOC and 

WIOC organic carbon were proposed [Ceburnis et al., 2008].  It was shown that WIOC had a 

net production at the surface (i.e., primary production), while WSOC was predominantly of 

secondary origin.  In order to derive global oceanic source of OC, we consider separately 

emissions of primary OC and SOA production from marine isoprene. 

3.2.1 Global Isoprene Emissions 

Global production of SOA of marine origin is calculated here based on global sea-air 

isoprene emissions assuming 3% mass yield of isoprene to SOA [Henze and Seinfeld, 2006].  

Figure 3.2 shows the seasonal changes in spatial distribution of isoprene emissions for the 

year 2001.  Emission rates range from ~5 10
5
 to > 6 10

8
 molecules cm

-2
 s

-1
, which are 

comparable with published in situ emission rate measurements summarized in Table 2.2.  

Figure 3.2 shows that the highest emission values are generally estimated during the spring 

and summer seasons (September - March in the Southern Ocean and March - August in the 

North Atlantic Ocean); coastal waters affected by upwelling and river runoffs also 

demonstrate elevated emission rates.  Overall, the emission pattern of Figure 3.2 is similar to 

that for [Chl-a] as shown in Figure 3.8, with large values typically observed in regions with 

the adequate light and nutrient availability (e.g., coastal margins and upwelling regions) and 

low concentrations in the gyres.  However, careful inspection of Figures 3.2 and 3.8 shows 

some considerable differences between the surface [Chl-a] and isoprene emission rates.  

Despite low chlorophyll abundance, widespread areas in equatorial marine regions have 

moderately high isoprene emission rates, often reaching more than 6 10
7
 molecules cm

-2 
s

-1
.  

Such high emission rates throughout the year are likely to be attributed to the elevated solar 

radiation levels.  Elevated rates of emissions and water concentrations of isoprene and other 
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BVOC have been observed in several locations in equatorial waters, presumably because of 

the high solar radiation [Bonsang et al., 1988]. 

In addition to monthly mean emission rates, diurnal variations in isoprene emission 

rates were also simulated using hourly incoming surface solar radiation values from the G-

WRF model.  When considering global marine sources of SOA, it is very important for the 

models to correctly capture the diurnal variations of marine isoprene emissions.  Due to the 

light dependence of isoprene production, it was shown that maximum mid-day emissions of 

phytoplankton-produced isoprene are roughly an order of magnitude higher compared to the 

nighttime emissions [Lewis et al., 2001; Liakakou et al., 2007; Sinha et al., 2007].  

Furthermore, the effects of marine isoprene-derived SOA on properties of shallow marine 

clouds and the resulting changes in short-wave radiative flux at the top of the atmosphere are 

likely to be the most pronounced during the daylight conditions [Meskhidze and Nenes, 

2006].  Therefore, calculating isoprene emissions on a frequency of an hour or less will 

provide better estimates for the possible contribution of WSOC to marine organic aerosol 

composition.  Currently there are very few studies reporting the diurnal variations of in situ 

measurements of marine isoprene emissions.  In Figure 3.3a, the simulated isoprene 

emissions from the North Pacific Ocean between 19 May and 26 May 2001 are compared to 

in situ measurements from Matsunaga et al. [2002] from the same period and location.  

Figure 3.3a shows that in general, modeled emission rates are comparable to the observations 

in both magnitude and diurnal variation.  However, the figure also shows the small 

overestimation of oceanic isoprene emissions during the day and strong underestimations at 

night.  Such differences between the simulated and observed emissions can likely be 

attributed to the absence of isoprene accumulation in our simulations. 

The simulated isoprene emissions are also similar to the diurnal cycle of in situ 

measurements from Sinha et al. [2007] conducted from May 31 to July 10, 2005 near 

Raunefjord, Norway.  Our emission rates are lower by a factor of 2-3 compared to Sinha et 

al. [2007], which measured a mean isoprene emission rate of 0.12 ng m
-2

 s
-1
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(1.1 10
8
molecules cm

-2
 s

-1
) and daily maximum emissions ranging from ~0.2 to ~1.0 ng m

-2
 

s
-1

 (1.8 10
8
 to 8.8 10

8 
molecules cm

-2
 s

-1
).  The most likely reason for the discrepancy 

between the simulated and observed emissions is the lower chlorophyll a content of our 2001 

grid, which had a [Chl-a] of 0.84 mg m
-3

 compared to the reported [Chl-a] of ~2.0 mg m
-3

.  

Despite the fact that isoprene emissions from phytoplankton do not scale linearly with the 

surface chlorophyll concentration, lower [Chl-a] is believed to be the major factor for such 

underestimation of the emissions.  Other factors may include differences in the dominant 

phytoplankton classes present at the same locations during the two different time periods and 

the 1°  1° grid-cell smoothing of elevated, but localized, emissions.  Overall, Figures 3.3a,b 

demonstrate that, despite some difficulties with the total emission rates, the model was 

capable of capturing the diurnal cycle in marine isoprene emissions. 

In this study, we estimate the total global sea-air isoprene emissions to be ~0.92 Tg C 

yr
-1

.  This value is within the range of estimates of 0.19 - 1.68 Tg C yr
-1

 proposed by previous 

studies based on in situ measurements [Milne et al., 1995; Bonsang et al., 1992; Broadgate et 

al., 1997] and satellite observations [Palmer and Shaw, 2005; Arnold et al., 2009].  

Sensitivity calculations for different plankton speciation and water column depths presented 

in section 4 show an estimated range of global isoprene emissions between 0.31 and 1.09 Tg 

C yr
-1

. 

3.2.2 Global Primary Organic Aerosol Emissions 

The sub-micron primary OC emission rates for January and July, 2001 are shown in 

Figures 3.4a,b.  These figures show that the areas in the mid-latitudes from about 40° to 60° 

North or South of the equator have high emission rates throughout the year.  In these regions 

primary OC emissions are mainly controlled by high surface ocean winds, so emission rates 

in excess of 10
10

 molecules C cm
-2

 s
-1

 are common.  The lowest primary OC emission rates 

occur near the equatorial regions resulting from the relatively low surface wind speed and 

[Chl-a] (see Figure 3.4).  The global distribution of super-micron primary organic aerosol 

emission rates, (Figures 3.4c,d) are similar to the sub-micron emissions but with higher 
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values owing to the higher mass of larger particles.  In this study we estimate global annual 

ocean emissions for sub- and super-micron primary OC to be about 1.3 and 19 Tg C yr
-1

, 

respectively.  Different estimates for the global marine OC emissions are summarized in 

Table 3.2. 

3.2.3 Relative Importance of Primary and Secondary Organic Aerosols of Marine 

Origin 

The relative contribution of ocean emitted primary organic aerosols and 

phytoplankton-produced SOA to the total marine organic aerosol burden has been a topic of 

discussion in several recent papers [Vaattovaara et al., 2006; O’Dowd et al., 2007; Arnold et 

al., 2009].  Prognostic, physically-based emission mechanisms for both primary and 

secondary marine organic aerosols developed in this study allow us to evaluate spatial and 

temporal distribution of the percentage contribution of phytoplankton-derived SOA to the 

total simulated marine organic aerosol emissions.  Here we mainly focus on sub-micron 

primary marine organic aerosol and on phytoplankton-derived SOA, since it is believed that 

they are the main contributors to water soluble and water insoluble organic fraction of marine 

aerosol, influencing their CCN activation potential [Nenes et al., 2002; O’Dowd et al., 2004].  

In order to compare isoprene-derived SOA emission rates to that of sub-micron primary OC 

aerosols, we assume OC to SOA conversion factor of 1.6 [Turpin et al., 2001].  There is 

significant uncertainty in this ratio; while air quality models such as the current version of 

CMAQ (V. 4.7) use this value [Napelenok et al., 2008], laboratory studies of isoprene-SOA 

formation have measured a SOA/OC ratio as high as 2.9 [Edney et al., 2005].  Figures 3.5a,b 

show widespread areas of the equatorial oceans where SOA from phytoplankton-emitted 

isoprene contributes over 40% of total monthly averaged sub-micron OC emissions.  This 

figure also shows that despite larger ocean emissions of isoprene in productive regions of the 

North Atlantic, North Pacific and the Southern Oceans (see Figure 3.2), monthly averaged 

marine SOA contributes a minor fraction of total sub-micron ocean-emitted OC in these 

polar regions.  Figure 3.6 shows that the zonally-averaged emission rates of phytoplankton-

produced SOA are comparable to sub-micron primary OC aerosols in equatorial regions, 
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while in most other locations, marine sources of OC are dominated by sub-micron primary 

aerosols.  Such high sea-air flux values of sub-micron primary OC (more than an order of 

magnitude higher than the production rates for marine-source SOA) are primarily due to the 

year round elevated wind speed in the high latitude regions.  The SOA production maxima 

occurs near the Antarctic Circle in January and near the Arctic Circle in July due to the very 

productive waters adjacent to the sea ice.  Overall, despite phytoplankton-produced SOA 

being a minor contributor to the total sub-micron marine aerosol OC fraction (see Table 3.2), 

Figures 3.5 and 3.6 show that marine-source SOA may potentially have a considerable effect 

on CCN composition over vast regions of the global ocean. 

In addition to large spatial differences, ocean emissions of BVOCs are also 

characterized by strong diurnal variations [Bonsang et al., 1988; Sinha et al., 2007].  

Therefore, using global monthly averaged values for phytoplankton-emitted isoprene may 

significantly underestimate the contribution of marine SOA to the total organic fraction of 

ocean emitted aerosols during the day and overestimate at night.  The contribution from daily 

maximum marine isoprene-derived SOA to the organic fraction of marine CCN is further 

explored on Figure 3.7.  The global maps of Figure 3.7 can be interpreted as a snapshot for 

the potential impact of midday SOA emissions on total (primary and secondary) sub-micron 

marine OC emissions.  Figure 3.7 shows that the localized percentage contributions of 

marine isoprene-derived SOA to the total sub-micron marine OC emissions approach 100%, 

even in areas with low monthly averaged values (i.e., polar waters).  Therefore, Figure 3.7 

highlights the need for improved assessments of the marine isoprene emissions in different 

parts of the global ocean.  It also shows that a marine isoprene emission time step on the 

order of an hour may be required in order for the global models to correctly capture the 

contribution of ocean-derived SOA to total water soluble and water insoluble OC fraction of 

marine CCN. 
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3.3 Sensitivity Analyses 

In this section, sensitivity calculations are presented to illustrate how reasonable 

variations in the key model parameters affect the total global emissions of phytoplankton-

produced isoprene.  Specifically we address model sensitivities to phytoplankton speciation 

and the extent to the water column through which the isoprene production occurs. 

3.3.1 Phytoplankton Speciation 

Two different phytoplankton speciation schemes implemented in this study allow us 

to examine the impact on marine-source isoprene emission estimates to the uncertainties in 

the plankton speciation.  The primary difference in speciation between the two examined 

methods (i.e., PHYSAT and NDT) is the diatom dominance in larger area of high latitude 

oceans.  Because diatoms produce isoprene at a rate that is roughly 30% higher than other 

phytoplankton classes, the NDT speciation method gives somewhat greater high latitude 

isoprene emissions and increases the estimate of total global annual isoprene emissions to 

1.09 Tg C yr
-1

, i.e., ~20% higher than the PHYSAT estimate.  This finding suggests that 

differences in phytoplankton speciation (deduced using two distinct methods based on 

remotely-sensed data) are likely to contribute 20% uncertainty in global isoprene emissions.  

This result also points to the uncertain nature of estimating isoprene emissions using 

remotely-sensed data and highlights the need for supplementary in situ measurements of 

phytoplankton speciation in different parts of the global ocean. 

3.3.2 Variable Euphotic Depth 

For a sensitivity analysis of the effect of euphotic zone estimate on marine-isoprene 

production, we set Dmax to one optically-sensed depth given as: .  When 

limiting isoprene production to only the first optical depth (~1m to ~50m based on the 

surface ocean [Chl-a]), the total global annual ocean isoprene emission are reduced to 0.31 

Tg C yr
-1

.  This estimate should be considered as the low limit of isoprene emissions, since it 
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is not uncommon for the seawater [Chl-a] and dissolved isoprene maximum to occur below 

the first optical depth viewable by the satellites [Milne et al., 1994]. 

3.4 Conclusion 

A physically-based parameterization for the emission of marine isoprene and primary 

organic matter was developed and used to estimate the global oceanic sources of OC.  In this 

study new laboratory measurements of isoprene production by different phytoplankton 

species under a range of light conditions with PAR reaching 1200 µE m
-2

 s
-1

 were performed.  

The obtained relationship was used in conjunction with remotely sensed data of [Chl-a], 

phytoplankton speciation and water-attenuation of solar downwelling irradiance to simulate, 

for the first time, the diurnal variation of marine isoprene production in different parts of the 

global ocean.  We estimate the total mean global marine-source isoprene emission to be 0.92 

Tg C yr
-1

.  Based on the sensitivity studies using different schemes for the euphotic zone 

depth and ocean phytoplankton speciation, we propose the upper and the lower range of 

marine-isoprene emissions to be between 0.31 and 1.09 Tg C yr
-1

, respectively.  In agreement 

with the in situ studies, our simulations show very large differences between daytime and 

nighttime emissions of marine isoprene.  Such large diurnal variation in isoprene production 

rates could partially reconcile considerable discrepancies in past global marine isoprene 

production estimates.  Despite comparable results, differences remain between observed and 

our model-predicted marine isoprene emissions, mainly under nighttime conditions.  

Underprediction of nighttime emissions of marine isoprene in our model is likely to be 

attributed to the absence of isoprene accumulation mechanism in the water column.  

Although isoprene has been shown to not accumulate in the water column over several weeks 

[Moore and Wang, 2006], Milne et al. [1995] observed a similar vertical profile of isoprene 

concentration in the water 10 hours after an initial measurement.  It is likely that turbulent 

mixing of the water column under high wind conditions could result in nighttime emissions if 

daytime-produced isoprene remains in the water column several hours after production.   
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The emission model developed in this study also allowed us to explore the relative 

contribution of sub- and super-micron organic matter and phytoplankton-derived SOA to the 

total OC fraction of marine aerosol.  To do so, marine isoprene emissions were converted 

into an SOA production rate using a fixed 3% mass yield.  Our model simulations show that 

phytoplankton-derived isoprene is a minor source of a total global annually emitted marine 

OC aerosol.  The estimated range for oceanic SOA represents minor fraction of 20.3 Tg C yr
-

1
 of total ocean-emitted OC.  However, the importance of marine secondary organic aerosols 

becomes apparent, when phytoplankton derived SOA is compared to sub-micron primary 

marine organic aerosol emissions.  Sub-micron fraction was chosen for the comparison since 

it is believed that sub-micron OC influences the CCN activation potential of marine aerosols.  

Our model simulations show that monthly averaged marine sub-micron primary OC 

emissions are considerably higher than that of isoprene-derived SOA in most oceanic 

regions, except in tropical waters, where marine isoprene-derived SOA contributes more than 

40% of the total sub-micron OC fraction of marine aerosol.  When hourly isoprene emission 

values are used, simulations show an even larger contribution from phytoplankton-derived 

SOA.  During the midday hours, typically associated with the largest production of isoprene, 

marine-source SOA can contribute up to 100% of total sub-micron OC fraction of marine 

CCN over vast regions of the oceans.  Since the production of marine SOA is particularly 

pronounced during the daylight conditions, an isoprene emission time step on the order of an 

hour may be required in order for global models to correctly capture the climate implication 

of the oceanic secondary OC source.  However, it should be noted that our emissions model 

uses a fixed SOA yield from isoprene that immediately converts isoprene to SOA. This does 

not account for the temperature dependence and chemical pathway of SOA formation from 

isoprene.  Both of these uncertainties lead to higher marine isoprene-SOA yields at night, 

possibly leading to an overestimation of the importance of the diurnal cycle of marine 

isoprene in our study. 

Cooperative efforts of researchers for in situ emission measurements of isoprene and 

other BVOCs over biologically active regions of remote oceans combined with the extensive 
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laboratory-based experiments are needed to gain further insight into the production of 

isoprene by marine biota and improve global estimates of marine isoprene emissions.  Work 

is also needed to better constrain speciation and column abundances of phytoplankton in 

estuaries and near coastal regions for the detailed, finer scale modeling of the near-coastal 

emission rates.  Future studies should also focus on elucidation of the potential effects of 

nutrient limitation, bacterial population, and grazing pressure on the rates of marine isoprene 

production.  Additional uncertainties in isoprene production rates, SOA yields, wind fields 

and the limited sets of observational data for the emissions of primary organic matter are all 

likely to affect our model predicted emissions of primary and secondary marine OC.  Despite 

these limitations, however, we believe that modeling results presented in this study 

demonstrate that phytoplankton-produced SOA can significantly affect the sub-micron OC 

fraction of marine CCN.  
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CHAPTER 4. THE EFFECT OF OCEANIC ISOPRENE EMISSIONS ON SECONDARY 

ORGANIC AERSOL AND OZONE FORMATION IN THE COASTAL UNITED STATES 

 

4.1 Motivation and Methods 

With only sporadic measurements, emission inventories of marine isoprene and its 

contribution to the global burdens of SOA and O3 are poorly defined.  Previous global 

estimates of marine isoprene emissions have ranged widely, with values from 0.1 [Palmer 

and Shaw, 2005] to 1.68 Tg C yr
-1

 [Arnold et al., 2009].  Both of these studies used monthly-

average values, and did not have the temporal resolution to simulate emissions following the 

diurnal solar cycle as observed from in situ measurements [Lewis et al., 1997; Lewis et al., 

2001;].  Gantt et al. [2009] provided a physically-based, global marine isoprene emissions 

inventory using a short time step (1 hour) and scaled with solar radiation received by 

phytoplankton at different depths of the water column.  In this study, we apply the Gantt et 

al. [2009] methodology to a regional domain encompassing the continental U. S. (CONUS).  

The effect of marine emissions and the subsequent contributions on the surface SOA and O3 

concentrations are also examined at several large cities on the coast of the U. S.  We focus on 

the coastal impacts of marine isoprene because coastal and coastally-influenced waters have 

the highest productivity and are likely to make up the major fraction of the global marine 

trace gas flux [Butler et al., 2007]. 

4.1.1 CMAQ Model Description 

 The Models-3/Community Multiscale Air Quality (CMAQ) model is a research and 

policy-grade 3-D air quality model created and used by the United States Environmental 

Protection Agency (U.S. EPA).  CMAQ was created as an all-inclusive model for both 

multiple pollutants and multiple scales (urban to regional scale).  The impetus for creating 

CMAQ came from passage of the Clean Air Act Amendments (CAAA) of 1990, which 

addressed problems such as acid rain, stratospheric ozone depletion, and toxic contamination 

by increasing the list of toxics and creating the legal framework for a market-based control 

system.  Both government regulators and policy makers needed a model that could simulate 
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these atmospheric problems and quantify the impacts of various control techniques.  The 

CMAQ model was released to the public in June, 1998 and has undergone subsequent 

improvements culminating in its current form (Version 4.7).  Due to the recent release of this 

version (October, 2008), we use an older version of CMAQ (Version 4.4) that has been 

modified to include isoprene SOA in this study. The governing equations for the current 

version of the model come from Binkowski and Roselle [2003] and Byun and Schere [2006]. 

To determine the contribution of marine isoprene emissions to SOA and O3 

formation, we have conducted a month-long simulation for July 2001 using the CMAQ 

model (Version 4.4) with a 36  36 km
2
 horizontal resolution in a domain comprising the 

CONUS and parts of southern Canada and northern Mexico.  There are 14 vertical layers, 

with the lowest layer representing the surface from 0 - 35 meters and the highest layer 

representing the upper troposphere from 9 - 14.6 km above the surface.  The model 

meteorology is generated offline by the Pennsylvania State University/National Center for 

Atmospheric Research Mesoscale Modeling System Generation 5 (MM5) Version 3.6.1 with 

four-dimensional data assimilation.  Model runs start on July 1
st
, 2001 using the June 30

th
 

output from the one year CMAQ simulation of Zhang et al. [2007] as the initial condition.  

The boundary conditions are set every 3 hours from the global chemical transport model 

GEOS-Chem [Park et al., 2004].  July was chosen for simulation because it is in the middle 

of the summertime ozone season and is at the time of year when solar radiation it at or near 

an annual maximum in the U.S.  Emissions of anthropogenic gaseous and aerosol species are 

based on the 2001 National Emissions Inventory (NEI), while biogenic emissions are based 

on the Biogenic Emissions Inventory System (BEIS) version 3.12.  As described in Zhang et 

al. [2007], isoprene chemistry is modeled in CMAQ by using the Carbon-Bond Mechanism 

version IV (CBM-IV) reactions, with SOA formation from isoprene determined by a revision 

of the default SOA module [Schell et al., 2001].  The key equation for isoprene-SOA 

formation is 

Isoprene + OH → α1G1 + α2G2        (7) 
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where α1 and α2 are stoichiometric coefficients for the semivolatile organic compound 

(SVOC) products G1 and G2 [Zhang et al., 2007].  These products represent the low and high 

SOA yield products respectively, based on laboratory measurements of Kroll et al. [2006] for 

high and low NOx conditions respectively [Zhang et al., 2007].  Because marine isoprene 

emissions typically occur in a low NOx environment with concentrations < 0.04 ppb [Seinfeld 

and Pandis, 2006], we expect the high yield pathway to dominate near the emission sources.  

This revision was based on a similar revision to the GEOS-Chem model in Henze and 

Seinfeld [2006].  An enthalpy of vaporization at 298K (ΔHv,298) value of 156 kg mol
-1

 is used 

in all simulations. 

4.1.2 Marine Isoprene Emissions Inventory 

An emissions inventory for marine isoprene was created based on laboratory 

measurements of isoprene production by several phytoplankton species including 

Thalassiosira weissflogii (CCMP 1336), Thalassiosira pseudonana (CCMP 1335), 

Chaetoceros neogracile (CCMP 1318), and Emiliania huxleyi (CCMP 375) under PAR 

intensities ranging from 0 – 1200 µE m
-2

 s
-1

.  A detailed discussion of the data and the 

methods used for deriving the physically-based parameterization for the emission of marine 

isoprene can be found in Gantt et al. [2009].  The isoprene production rate in our simulation 

is found using the following equation: , where P is the isoprene 

production rate for diatoms (µmole isoprene (gram chlorophyll a)
-1

 hr
-1

) and IPAR is the 

ambient PAR.  This rate was chosen because diatoms are one of the dominant summer 

phytoplankton classes for both the Atlantic and Pacific coasts of the U.S. [Marshall, 1978; 

Chavez et al., 1991].  The assumption that diatoms dominate the coastal waters of the entire 

U.S. is a simplification, as dominance changes with latitude during the summer months.  

While Gantt et al. [2009] shows isoprene production rates from other phytoplankton classes 

in addition to diatoms, these classes were not included in this study because the primary 

phytoplankton speciation technique, PHYSAT [Alvain et al., 2005, Alvain et al., 2008], used 

in Gantt et al. [2009] is not recommended for coastal waters [Alvain et al., 2005].  This will 
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result in a likely overestimation of marine isoprene emission rates because diatoms have the 

highest isoprene production of the phytoplankton classes measured. 

To calculate total isoprene production from a given model grid cell, production rates 

(derived per unit mass of chlorophyll-a) are multiplied by the mass of chlorophyll-a in each 

grid cell.  This mass is given by the product of remotely-sensed chlorophyll-a concentration 

([Chl-a]) and water volume of the euphotic zone.  Monthly averaged surface [Chl-a] was 

obtained from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) satellite since it has 

been shown to have an accurate retrieval of in situ chlorophyll concentrations in coastal sites 

[Blondeau-Patissier et al., 2004].  The level 3, monthly-averaged surface [Chl-a] data for 

July 2001 (originally at ~9 km spatial resolution) were geographically projected into the 

Lambert Conformal Conic coordinates of the CMAQ domain using Arc software 

(Environmental Systems Research Institute (ESRI) Inc.), and an identity function was used to 

isolate the satellite [Chl-a] located within each CMAQ grid cell. An average of these data 

points was calculated to find the [Chl-a] for each grid cell shown in Figure 4.1a.  Inter-annual 

fluctuations in coastal ocean productivities are simulated by using a factor of five higher and 

lower monthly averaged [Chl-a] data so chosen based visual inspection of the [Chl-a] 

anomaly map for July 2001 (Figure 4.1b).  The amount of solar radiation received by 

phytoplankton at a particular depth in the water column is calculated by applying the 

simulated surface solar radiation Io output from MM5 to Beer-Lambert’s Law, , 

to account for light attenuation at water depth.  Here I is ambient solar radiation, k490 is the 

diffuse attenuation coefficient at 490 nm wavelength, and d is the depth of the water.  The 

simulated solar radiation from MM5, originally in units of W m
-2

, is converted to PAR using 

the approximate conversion 2 µE m
-2

 s
-1

 = 1 W m
-2

 [Jacovides et al., 2004].  Level 3, 

monthly-averaged values of k490 for July 2001 were downloaded from SeaWiFS and 

regridded to the same 36  36 km
2
,
 
Lambert Conformal Conic-projected grids used for [Chl-

a]. 
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The total column isoprene emission is found by integrating the production equation 

by depth for the maximum depth of the euphotic zone Dmax calculated as the depth at which 

the PAR is 5 µE m
-2

 s
-1

.  , which is the level of PAR where net photosynthesis ceased in one 

type of phytoplankton [Shaw et al., 2003].  The fraction F of the isoprene produced in the 

water column that is lost via sea-air gas exchange is calculated by the method used in Palmer 

and Shaw [2005], which includes chemical, biological, and mixed layer losses in addition to 

the sea-air gas exchange.  The isoprene emission rate (Eiso) in mole s
-1

 is given by the 

following equation: 

      (8) 

where SA is the surface area of each grid cell (1.296 10
9
 m

2
) and CF is the conversion factor 

between µmole hr
-1

 and mole s
-1

 ((3.6 10
9
)

-1
). 

Three separate groups of monthly (for July 2001) simulations are carried out using 

different isoprene emission schemes: 1) terrestrial emissions only, 2) terrestrial and marine 

emissions, and 3) terrestrial and marine emissions, with marine emissions increased and 

decreased five-fold over the calculated values.  The simulations with elevated and depressed  

emissions are designed to test the sensitivity of isoprene and SOA mass concentrations from 

marine isoprene emissions due to daily and seasonal variations in [Chl-a]. 

4.2 Results 

Four model variables of particular interest to coastal atmospheric chemistry are 

examined: marine isoprene emissions and surface concentrations of isoprene, SOA and O3 

related to marine isoprene.  For each variable, both domain-wide analysis and temporal 

variations are explored.  For the domain-wide analysis, we examine the spatial distribution of 

the model variables to determine the extent of areas impacted by marine isoprene and 

identify the locations with the maximum impact.  Temporal and diurnal variations of marine 

isoprene emissions and surface concentrations are explored in three oceanic regions selected 

for their close proximity to major coastal cities (New York, NY (NY); Houston, TX; and Los 
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Angeles, CA (LA)).  The temporal and diurnal impacts of marine isoprene on SOA and O3 

concentrations are determined for the three cities by selecting model grid cells containing the 

majority of metropolitan area.  Figure 4.2 shows the model domain with the marine grid cells 

(in blue) selected for the analysis of marine isoprene emissions and ambient concentrations 

and the urban grid cells (in green) selected for the analysis of SOA and O3 associated with 

marine isoprene emission.  In addition to their large population, each of these metropolitan 

areas are currently in nonattainment for the U.S. National Ambient Air Quality Standard 

(NAAQS) for 8-hour O3 and two (LA and NY) are in nonattainment for PM2.5 [US EPA, 

2004; US EPA, 2005; http://www.epa.gov/oar/oaqps/greenbk/mappm25o3.html].  For this 

reason, these cities potentially experience the greatest regulatory impact of marine isoprene. 

4.2.1 Marine Isoprene Emissions 

Figure 4.3 shows the simulated monthly average of the daily maximum marine 

isoprene emission rates for the modeling domain, with emissions ranging from < 1  10
8
 

molecules cm
-2

 s
-1

 in much of the remote ocean to > 4  10
9
 molecules cm

-2
 s

-1
 in isolated 

near-coastal areas.  The region with the highest emission rates is the Northern Gulf of 

Mexico, an area characterized by high [Chl-a] and strong solar radiation.  Daily maximum 

emission rates were chosen for the analysis due to the importance to the photochemistry of 

SOA and O3 formation.  A time series of the marine isoprene emissions near the three coastal 

cities is shown in Figure 4.4a for the month of July, 2001.  Due to the light sensitivity of 

isoprene production, the emission pattern follows the variation in incoming solar radiation 

with the highest emission rates occur during the midday hours and no emissions occurring at 

night.  In all three cities, the midday emission rates are in excess of 7.5  10
8
 molecules cm

-2
 

s
-1

.  The highest rates are located near Houston due to the relatively high average [Chl-a] (4.8 

mg m
-3

) as compared to NY (3.4 mg m
-3

) and LA (0.5 mg m
-3

).  These rates, while higher 

than many previously-observed emissions rates summarized in Table 2.2, are comparable to 

maximum observed (8.8  10
8
 molecules cm

-2
 s

-1
) and model predicted (6  10

9
 molecules 

cm
-2

 s
-1

) marine isoprene emission rates in coastal areas of Norway [Sinha et al., 2007] and 
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the Mediterranean Sea [Liakakou et al., 2007], respectively.  The diurnal variations of marine 

emissions and the range of emissions simulated for each hour during the month are shown in 

Figure 4.4b.  The range of emissions experienced at any particular time can be quite large, 

especially during the midday hours when emissions are the highest.  As these emissions are 

based on the variables such as the solar radiation and the wind speed, changing 

meteorological conditions can have a significant impact on the rate of emission.  

4.2.2 Coastal Isoprene Concentrations Due to Marine Isoprene Emissions 

The contribution of marine-source emissions to the surface layer concentrations of 

isoprene were determined by subtracting the isoprene concentrations of the simulations with 

only terrestrial emissions from the simulations with terrestrial and marine sources combined.  

Figure 4.5 shows the monthly-mean of the daily-average marine isoprene concentrations in 

the lowest CMAQ layer (surface to 35 meters) for the CONUS domain.  The highest 

concentrations in the coastal U.S. are located in the Pacific NW because of the high 

emissions (Figure 4.3) and low oxidant concentrations characteristic of clean marine air.  

Due to the short lifetime of isoprene (~0.6 - 2 hrs) [Atkinson and Arey, 2003; Liakakou et al., 

2007], the spatial distribution of isoprene concentrations is similar to that of emissions.  The 

time series of marine isoprene concentrations in Figure 4.6a show midday concentrations up 

to 20 parts per trillion (ppt) for the NY coast, 5 ppt for the Houston coast, and 2.5 ppt for the 

LA coast, corresponding to a percent change in predicted isoprene concentrations with and 

without a marine source of 24%, 13%, and 101% for NY, Houston, and LA coasts 

respectively.  Despite having the highest isoprene emissions among the three sites chosen, 

the Houston coast has comparatively low concentrations due to the relatively high planetary 

boundary layer (PBL) and oxidant levels shown in Figures 4.14 and 4.15.  While isoprene 

emissions in our model are generally higher compared to the observed rates, the simulated 

isoprene levels in the surface layer are lower than in many measurements of MBL isoprene 

concentration (Table 2.2).  The possible reasons for the lower isoprene concentrations 

predicted by the model include the uniform mixing of isoprene throughout the 35 meters of 
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the surface layer, the focus on coastal urban areas with elevated oxidant levels, and the 

summer time period with elevated photochemistry.  Additionally, in situ measurements of 

marine isoprene concentration may have been overestimated due to the influence from the 

disproportionally large terrestrial isoprene emissions [Matsunaga et al., 2002]. 

The diurnal variation in surface marine isoprene concentration, shown in Figure 4.6b, 

is different than that of isoprene emissions.  The figure shows the presence of two maxima 

before and after the emission maximum (~1 to 2 pm local time).  The mid-afternoon drop or 

plateau in marine isoprene concentrations is likely due to the increased rate of photochemical 

oxidation of isoprene.  The relatively large daytime drop in the isoprene concentrations of the 

NY coast compared to that of LA is likely due to the higher oxidant concentrations related to 

the downwind pollutants sources from the NY metropolitan area (Figure 4.15).  This 

plateau/drop of daytime isoprene concentrations is not observed in the studies of remote 

marine air masses [Lewis et al., 1997; Lewis et al., 2001]. 

4.2.3 Coastal SOA Concentrations Due to Marine Isoprene Emissions 

The monthly-average marine isoprene-derived SOA surface concentration for the 

model domain, displayed in Figure 4.7, shows the highest concentrations located in the 

Pacific NW with values over 0.004 µg m
-3

.  Compared to monthly-average SOA 

concentrations due to terrestrial sources ranging from ~0 µg m
-3

 over the ocean to as high as 

5 µg m
-3

 in the western U.S., these values are very small.  Figure 4.7 shows that coastal areas 

generally experience the greatest contribution of marine isoprene-derived SOA, though 

locations hundreds of kilometers inland can potentially be affected.  The longer lifetime of 

SOA (weeks), as compared to the relatively-short lifetime of isoprene (hours), results in the 

enlarged footprint of locations affected by marine isoprene-derived SOA.  While the addition 

of marine isoprene results in slight increases in predicted SOA concentration in most coastal 

areas, isolated inland areas near Pacific coast mountain ranges and the Hudson Bay 

experience a predicted decrease in SOA concentrations.  These areas are directly adjacent to 

the marine areas with the greatest marine isoprene emission rates, and thus the increased 
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isoprene concentrations may decrease oxidant levels and suppress SOA formation from all 

BVOC.  A time series of SOA concentration for July, 2001 in Figure 4.8a shows that the 

daily maximum concentrations reach nearly 0.004 µg m
-3

 along the LA coast and over 0.002 

µg m
-3

 along the NY coast, while concentrations along the Houston coast are typically well 

below 0.001 µg m
-3

.  One of the main reasons for the relatively-low SOA concentrations 

from marine isoprene near Houston is the effect of ambient air temperature on SOA 

formation rate [Schell et al., 2001]; the high air temperatures in the Gulf of Mexico keep 

more of the isoprene oxidation products in the gas phase [Pankow, 1994; Odum et al., 1996], 

effectively reducing ambient levels of SOA.  The average percent change in SOA 

concentration due to marine isoprene is 0.43% for LA and 0.15% for both NY and Houston.  

Figure 4.8b shows that the diurnal pattern of SOA concentrations due to marine isoprene are 

different for each city, with LA and Houston experiencing a nighttime maxima and NY 

experiencing the highest SOA concentrations from marine isoprene during late afternoon 

hours.  These different responses can be explained by the micrometeorology of the three 

regions, as the longer lifetime of SOA causes its surface concentrations to be sensitive to 

changes in sea breeze and PBL heights.  Figures 8b and 14b show that the surface SOA 

concentrations are generally inversely proportional to the PBL height, as more of the 

particles are trapped in the surface layer 

4.2.4 Coastal O3 Concentrations Due to Marine Isoprene Emissions 

Due to the complex relationship between non-methane hydrocarbons (including 

isoprene), NOx and O3 formation [Haagen-Smit, 1952], the addition of marine isoprene 

creates the heterogeneous spatial distribution of the maximum 8-hour average O3 

concentration from marine isoprene shown in Figure 4.9.  In this figure, O3 enhancements 

occur in near every major urban coastal area, with values up to 0.2 ppb.  Urban regions have 

greater concentrations of NO2 and are VOC-limited; thus the additional isoprene participates 

in the NOx/hydrocarbon chemistry of the area and leads to increased O3 formation 

[Chameides et al., 1988; Zhang et al., 2009].  In remote coastal areas, the additional isoprene 
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makes little difference in O3 formation because these areas are likely to be NOx-limited 

[Trainer et al., 1987; Zhang et al., 2009].  The areas with very low NO2 concentrations, like 

those in the Pacific Ocean off the California coast, experience a slight decrease in O3 

concentration due to O3 destruction by additional isoprene [Ridley et al., 1989].  Figure 4.11 

shows the change in monthly-average daily maximum O3 concentrations for the model 

domain after marine isoprene is added, with widespread areas of the remote Pacific Ocean 

experiencing >0.02 ppb decrease in O3 concentration.  If this region’s oxidant decrease is 

representative of the remote Pacific Ocean, the result is the longer lifetime of pollutants 

[Poisson et al., 2000] and possible enhancement of trans-Pacific pollutant transport.  The 

time series of the O3 concentrations due to marine isoprene for July, 2001 is shown in Figure 

4.10a.  The O3 concentrations in the three selected regions show a similar pattern, with both 

NY and LA having maximum increases over 0.07 ppb (by 0.15%) on different dates and all 

three cities experiencing a net gain in O3 as a result of marine isoprene.  Each city is 

experiencing 8-hour O3 levels higher than the 75 ppb NAAQS 

(http://www.epa.gov/air/criteria.html), so this contribution of marine isoprene emissions to 

the total O3 concentration is negligible under the current NAAQS.  Figure 4.10b shows that 

for NY and LA, the daily maximum O3 concentration increase occurs midday near the time 

of the maximum isoprene emissions.  This pattern is typical of the relationship between the 

isoprene and O3 concentrations, both of which peak in the midday hours due to the 

concurrence of isoprene emissions and hydroxyl radical concentration maxima [Lee and 

Wang, 2006]. 

4.3 Vertical Profile Changes 

Figure 4.12 shows the predicted weekly (July 8-14
th
) mean difference in SOA 

concentrations at the surface, PBL, free troposphere, and upper troposphere when marine 

isoprene emissions are included.  At the surface and within the PBL (Figures 4.12a,b), the 

increases in SOA concentrations are highest near the emissions sources over the ocean.  

However, the SOA concentrations changes in the PBL are slightly more downwind of the 
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sources, showing evidence of increased transport as compared to at the surface.  This 

transport is even more evident in the free troposphere (Figure 4.12c), as some of the highest 

concentrations are well inland and nearly the entirety of the CONUS shows a slight increase 

in SOA concentrations.  In the upper troposphere (Figure 4.12d), the spatial distribution of 

SOA concentration increases is dominated by several distinct features, including elevated 

concentrations in the vicinity of the jet stream and the highest concentration increases located 

over the Gulf of Mexico.  The Gulf region likely experiences the greatest increases SOA 

concentrations in the upper troposphere because strong summertime convection in the region 

quickly transports marine isoprene and its SOA products vertically from the surface. 

The percentage changes in weekly mean SOA concentration with the addition of 

marine isoprene emissions are shown in Figure 4.13.  At the surface, the marine areas 

experience the greatest percent changes in large part due to the very low SOA concentrations 

in the baseline run.  Because of the relatively large terrestrial emissions of isoprene, few 

terrestrial areas experience greater than a 0.2% changes in surface SOA concentrations.  With 

increasing height, from the PBL to the free troposphere, the percent change in SOA 

concentrations gradually decrease in magnitude and greater percent changes over terrestrial 

areas are predicted.  In the upper troposphere, the percent changes in SOA are very small (< 

0.1%) across the model domain, with the greatest changes in the Pacific NW and nearly zero 

change in the SE U.S.  This decreasing impact with height is expected as emission changes 

affect localized surface concentrations much more strongly than the upper troposphere. 

4.4 Comparison to Coastal IMPROVE Sites 

In addition to examining the changes in SOA and O3 concentrations from marine 

isoprene in the three large urban centers, we also compare the simulated OC2.5 concentrations 

to observed values at four coastal sites.  The in-situ OC aerosol measurements are taken as 

part of the Interagency Monitoring of Protected Visual Environments (IMPROVE) program 

started in 1985 to monitor trends in visual air quality of Class 1 areas typically located in 

national parks (NP) and wilderness areas (http://vista.cira.colostate.edu/improve/).  Aerosol 
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samples are taken every 3 days, and the average OC concentration is calculated by analyzing 

the OC mass using a flame ionization detector (FID) 

(http://vista.cira.colostate.edu/improve/publications/SOPs/drisop.asp).  Two coastal sites 

selected for analysis are located on the Atlantic coast (Acadia NP (44.3771°N, 68.2612°W) 

and Cape Cod National Seashore (41.9758°N, 68.2612°W)), and two are located on the 

Pacific Coast (Redwood NP (41.56°N, 124.0858°W) and Point Reyes National Seashore 

(38.1199°N, 122.9122°W)).  These sites were selected for their proximity to the ocean (< 

4km) and relatively high model predicted changes in surface SOA concentrations due to 

marine isoprene (Figure 4.7).  Table 4.1 shows the model statistics for the four IMPROVE 

sites, with the model predicted OM concentrations generally higher than the observed values.  

This model inconsistency is more pronounced on the Pacific coast (Point Reyes, Redwood) 

than the Atlantic coast (Cape Cod, Acadia) stations.  Differences in the predicted OM 

concentrations for the simulations with and without marine isoprene emissions are very small 

for all four sites.  The model statistics help show the small contribution of marine isoprene, 

with insignificant changes in the correlation, normalized mean bias (NMB), and normalized 

mean error (NME) between the runs with and without marine emissions. 

Two of these remote sites, Redwood NP and Acadia NP, are plotted alongside the 

three major coastal cities in Figures 4.6, 4.8, and 4.10.  In terms of isoprene concentration, 

both Redwood and Acadia NP experience increased daytime isoprene concentrations due to 

the close proximity to marine emission sources.  Redwood NP has a particularly large 

increase in isoprene, with daytime concentration increases up to 40 ppt (Figure 4.6a).  Both 

remote locations experience a similar midday plateau or slight decrease in monthly-average 

isoprene concentrations likely due to increased oxidation driven by photochemical processes 

(Figure 4.6b).  Like isoprene concentrations, SOA concentrations were also elevated in the 

two remote sites due to marine isoprene emissions (Figure 4.8a).  While the magnitude and 

diurnal profile of monthly-average SOA concentrations in Acadia NP were similar to that of 

NY, Figure 4.9b shows that the SOA concentrations in Redwood NP have completely 

different response to marine isoprene emissions.  The daily-maximum SOA concentrations 
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increases were not only far higher than any other location (0.006 µg m
-3

), but they were 

highest during the midday hours.  Because of Redwood NP’s closer proximity to the ocean as 

compared to the urban cells, the diurnal trend shown in Figure 4.8b is likely more 

representative of the remote marine areas.  In terms of changes in O3 concentrations, Figure 

4.10 shows that concentrations in Acadia NP are relatively unchanged with the inclusion of 

marine isoprene emissions while Redwood NP experiences decreased concentrations.  The 

maximum decrease in monthly-average O3 concentrations occurs in the late afternoon in 

Redwood NP, with concentration decreases near 0.05 ppb.  This decrease is likely due to the 

same O3 destruction experienced in other areas of the remote Pacific and described in Section 

4.2.4.  Overall, analysis of these remote sites shows that they are generally more sensitive to 

marine isoprene emissions than the urban areas due to their close proximity to emissions 

sources and their relatively clean atmosphere. 

4.5 Sensitivity Analyses 

To account for the variability in [Chl-a] and incoming radiation, and the uncertainties 

associated with the phytoplankton isoprene production, a series of simulations are conducted 

with marine isoprene emissions increased and decreased by a factor of 5.  The spatial 

distribution pattern of marine isoprene, SOA and O3 concentrations is similar to that of the 

default emissions, but with magnitudes approximately a factor of five higher or lower, 

concurrent with changes in isoprene emissions.  Because the impacts of marine isoprene to 

SOA and O3 using normal emissions were small, the impacts using the decreased emissions 

were insignificant.  Nationally, the maximum changes in coastal monthly average SOA 

concentration and 8-hour average O3 concentration with the increased emissions were 0.03 

µg m
-3

 (~3%) for SOA in the Pacific NW and 4 ppb (~4%) for O3 in coastal urban areas like 

New Orleans, LA. 

4.6 Conclusion 

In this study, a physically-based marine isoprene emission inventory is applied to the 

coastal areas of the CONUS to quantify its effects on coastal concentrations of isoprene, 
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SOA, and O3.  Laboratory measurements of phytoplankton isoprene production under a range 

of light conditions are combined with remotely-sensed data and modeled meteorological 

variables to create marine isoprene emissions similar in magnitude and diurnal cycle to in 

situ observations.  In three of the major U.S. coastal cities, New York, Houston, and Los 

Angeles, the inclusion of marine isoprene causes large increases in the concentrations of 

isoprene in the MBL, with changes up to 20 ppt (~100 %).  On the other hand, the changes in 

surface SOA and O3 concentrations over the cities was minor, with changes up to 0.004 µg 

m
-3 

(< 0.43 %) and 0.07 ppb (< 0.15 %) respectively.  Nationally, the simulated increase in 

SOA concentrations are greatest over the Pacific NW, while O3 concentrations are increased 

the most in urban coastal cities such as NY and LA. 

Despite predicted minor role of marine isoprene on coastal air quality, based on the 

results of this study, the importance of marine isoprene on a local scale cannot be discarded.  

The modified SOA module of Zhang et al., [2007] does not account for SOA formation from 

isoprene oxidation by nitrate and aqueous-phase processing, both of which could lead to 

higher SOA yields compared to photoxidation by OH radicals [Ng et al., 2008; Ervens et al., 

2008].  It is also likely that the smoothing of coastal emissions over the 36  36 km
2
 grid 

results in the underprediction of localized effects of marine isoprene on SOA and O3.  While 

maximum coastal [Chl-a] used in this study is 64.6 mg m
-3

, estuaries have been shown to 

have [Chl-a] up to 100 mg m
-3

 [Buzzelli et al., 2003].  While isoprene emissions do not scale 

linearly with [Chl-a], highly productive waters like estuaries are likely to have the highest 

emissions of marine isoprene due to the observed positive correlation between emissions and 

[Chl-a] [Broadgate et al., 1997].  Future modeling studies should be conducted by 

accounting for other important formation pathways of O3 and SOA from isoprene oxidation, 

using smaller spatial resolutions with a more accurate representation of marine isoprene 

emissions in terms of strength and location, and improving marine isoprene emissions based 

on in situ measurements and high resolution satellite retrievals of [Chl-a].  Additional insight 

may be obtained through the modeling of marine isoprene during seasons other than summer.  

With the atmospheric temperatures generally lower in the other seasons, the partitioning 
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between gas/solid would be different such that SOA yields would increase.  If this increased 

yield is combined with comparable or higher marine isoprene emission due to the winter 

[Chl-a] maxima in some coastal locations, the impact of marine isoprene on coastal SOA and 

PM2.5 may be substantially higher.  
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CHAPTER 5. SUMMARY, IMPLICATIONS, AND FUTURE WORK 

In the first part of this study, global emissions of marine isoprene have been 

quantified using a new method taking into account light sensitivity of isoprene production 

from phytoplankton and light attenuation within the water column.  These global emissions 

were simulated on an hourly time scale to examine the diurnal cycle.  SOA formation from 

marine isoprene was modeled using a fixed 3% yield observed in previous laboratory and 

chamber studies.  Emissions of marine primary OC were also simulated at the same temporal 

and spatial resolution for intercomparison.  On a global scale, annual production of SOA 

from marine isoprene is two orders of magnitude less than that of submicron primary OC, 

with values of approximately 0.017 and 1.3 Tg C yr
-1

 respectively.  However, the relative 

contribution of marine isoprene-derived SOA to total simulated marine organic aerosols 

emissions (primary OC + SOA) is variable depending on location, with values near 40% in 

the equatorial waters.  Furthermore, a daily snapshot of the midday emissions shows that 

marine isoprene-derived SOA can comprise nearly 100% of the total simulated OC emissions 

over widespread areas of the global oceans. 

There are several implications of this study, most notably the need for high temporal 

resolution when modeling marine isoprene emissions.  Because these emissions are highest 

during the daytime hours and nearly nonexistent at night according to our simulations, 

monthly-averaged emissions rates simply do not accurately represent the instantaneous 

emissions.  With cloud lifetimes often on the order of hours, these diurnal emissions may 

play a larger role in affecting cloud properties than monthly-averaged values would suggest.  

The study also highlights for the first time the distinct latitudinal nature of marine isoprene-

derived SOA contribution to total marine OC emissions.  This warrants further field study 

because the vast majority of publications concerning marine aerosol composition have come 

from the Mace Head Atmospheric Research Station on the Irish coast located at 53°N.  The 

aerosols samples at this mid-latitude site and on boats just offshore are representative of the 

Northern Atlantic Ocean MBL, but they cannot be justifiably extrapolated to all marine 
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areas.  Another popular marine aerosol/gas research station used in many studies is the Cape 

Grim Baseline Air Pollution Station in Tasmania, Australia.  Due to its isolated location and 

strong onshore winds, this site is ideal for monitoring the MBL representative of the 

Southern Ocean.  However, like Mace Head, it is located in the mid-latitudes at 40°S.  Our 

simulations show very little marine isoprene-derived SOA contribution to total marine OC 

emissions (> 5%) at both of these locations, so it is no surprise that they have been 

overlooked by the marine aerosol community.  Additional in situ measurements of marine 

aerosol composition and BVOC emissions are needed to understand the potential climatic 

impact of these gases and particles. 

Despite this study showing the production of SOA from marine isoprene to be 

significantly lower than marine primary OC emissions, it is difficult to make a direct 

comparison between the two because of the different chemical composition and formation 

pathways.  Submicron primary OC aerosols are mostly water insoluble, with 94% of the 

measured OC aerosols from bubbling of sea water being insoluble [Facchini et al., 2008].  

SOA, on the other hand, are generally considered to have higher water solubility, especially 

as they continue to be oxidized [Hallquist et al., 2009].  Particles that are hygroscopic tend to 

make better CCN because they are much better at taking up water.  SOA also have the ability 

to form new particles during coastal nucleation events.  In several such events observed at the 

Mace Head station, isoprene has been implicated as a probable precursor gas [Vaattovaara et 

al.; 2006].  Two areas of recent study in aerosol science are the “aging” of particles and 

particle coating.  Accurate emission inventories, including marine sources, will better inform 

modeling and field studies that wish to examine these processes. 

Future work concerning the global emissions of marine isoprene and primary OC 

aerosols includes the online implementation of these emissions into the Global-WRF model.  

This model, which is currently considered the state of the science, will be able to isolate the 

impact of marine organic aerosols on the solar radiation budget through both the direct and 

indirect effect of these aerosols.  Marine emissions of both primary and secondary OC with a 
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marine source have been implemented into the Community Atmosphere Model (CAM) with 

the Model of Aerosol Dynamics, Reaction, Ionization, and Dissolution (MADRID) module 

[Zhang et al.; 2004].  While results are preliminary, the inclusion of marine OC aerosols 

causes a 20% increase in column aerosol number and a widespread slight decrease in cloud 

effective radii and surface solar radiation in the Southern Ocean.  Additional laboratory 

measurements of isoprene production for phytoplankton species that were not measured in 

this study are also ongoing.  Of particular interest is the improvement of isoprene production 

rates from cyanobacteria such as Prochlorococcus which are ubiquitous across the world’s 

oceans. Laboratory measurements of isoprene production are also being conducted with 

phytoplankton species present in the Mediterranean Sea and other areas isolated by satellites 

as having high concentrations of formaldehyde (HCHO) and glyoxal (OCHCHO).  In 

addition to light intensity, the sensitivity of isoprene production to phytoplankton stressors 

such as temperature and nutrient depletion will be examined in future studies.  Long term 

projects include using lidar-based satellites such as Cloud-Aerosol Lidar and Infrared 

Pathfinder Satellite Observation (CALIPSO) to compare aerosol number concentration over 

phytoplankton blooms to oligotrophic waters. 

The second part of this study was the implementation of marine isoprene emissions 

into the 3-D air quality model CMAQ to determine the effect on regional air quality for 

coastal areas of the U.S.  A month-long simulation for July showed that marine isoprene has 

minor effects (typically < 0.5%) on the concentrations of SOA and O3.  While the maximum 

simulated emissions were higher than most previously observed values (> 6×10
9
 molecules 

cm
-2

 s
-1

), the simulated isoprene concentrations are lower than expected based on field 

studies.  Three coastal urban areas (New York, NY, Houston, TX, and Los Angeles, CA) 

were selected for temporal analysis, with all three cities experiencing a small net increase in 

the concentrations of SOA and O3 during the daytime hours.  However, the diurnal cycle of 

the pollutant concentrations due marine isoprene was inconsistent between the three cities 

due to their micrometeorology and oxidant levels.  Isolated areas experience a decrease in 

predicted surface SOA and O3 concentrations when marine isoprene emissions were added.  
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Because these areas are mostly rural/marine with clean atmospheres, decreases in oxidant 

levels are the likely reason for the decrease in SOA and O3.  The model limitations, including 

the coarse horizontal resolution and the simplified formation pathway of SOA from isoprene, 

likely result in an underestimation of simulated marine isoprene-derived SOA. 

To our knowledge, this is the first time that marine isoprene emissions have been 

implemented into a 3-D regional air quality model.  Using bottom-up emission rates that are 

comparable if not higher than most in-situ measurements, the impact of marine isoprene on 

regional air quality is well constrained.  The only other modeling study of marine isoprene 

used a top-down approach [Liakakou et al.; 2007]; the possible contamination of terrestrial 

isoprene in the study area risked overestimating emissions and their atmospheric impact.  The 

use of two separate model domains used in the simulation of marine isoprene emissions 

shows the adaptability of these emissions to the specific spatial and temporal resolution of 

each individual model.  Furthermore, online calculations of these emissions are possible in 

any model setup due to the use of meteorological variables from the model.  With high 

spatial resolution satellite data easily accessible, regional scale modeling of marine isoprene 

emissions is possible anywhere on earth.  If in-situ measurements of water properties and 

phytoplankton speciation are available, urban scale modeling of these emissions and their 

impacts is possible. 

Future work on the topic of marine emissions and the effect on air quality includes 

the using a newer version of CMAQ (v. 4.7) to model both marine isoprene and primary OC 

aerosols for the western US.  With a spatial resolution of 12 × 12 km
2
, we hope to capture 

marine OC aerosol emissions from small-scale features such as estuaries and bays.  

Additionally, the smaller grid size will isolate the air quality impact of these emissions on the 

local scale.  An updated SOA module included in this version of CMAQ will better represent 

the SOA lifetime and isoprene-SOA yield.  Improvements in this module include in-cloud 

processing, acid-catalyzation, and polymerization of SOA, as well as recent laboratory 

measurements of the NOx-dependent SOA yields and enthalpy of vaporization for several 
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biogenic gases.  With the inclusion of primary OC aerosols, as well as the higher spatial 

resolution of the model domain and improve SOA module, we hope to provide a more 

representative simulation of coastal air quality.  Modeling of marine isoprene emissions in 

other marine locations such as the Mediterranean Sea and the northern Atlantic Ocean is also 

needed in order to compare the results with the greater quantity of in-situ measurements that 

can be found in Europe.  The importance of fetch can also be explored in the modeling of 

these areas as air masses that reach Europe from the west travel over large sections of 

productive waters in the northern Atlantic Ocean.   
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Table 2.1 Isoprene-SOA formation pathways in laboratory measurements 

Initial Isoprene 

Conc. (ppb) 

Initial NOx 

Conc. (ppb) 

% Yield Remarks Reference 

70 - 17000 0 - 1142 ~0 - 0.8 Aerosol formation from isoprene is negligible. Pandis et al. [1991] 

NA 0 0.1 - 0.2 Aerosol formation is dependent on acidity of seed. Jang et al. [2002] 

3100 - 4400 0 ~0.2 - 0.6 More SOA from acid seeds due to vapor pressure changes. Czoschke et al. [2003] 

200 - 2000 0 ~1 - 10 Reaction yields increase with increasing sulfuric acid, 

decreasing O3, and decreasing RH. 

Limbeck et al. [2003] 

NA NA NA Polymers are major components of OC aerosols. Kalberer et al. [2004] 

25 - 500 202 - 280 0.9 - 3.0 Higher SOA yields from isoprene despite high NOx levels. Kroll et al. [2005] 

50 - 600 30 - 629 0.2 - 2.8 Increasing SO2 concentrations enhance SOA formation.  

Isoprene-SOA products identified in lab and field. 

Edney et al. [2005] 

12.2 - 90.0 

42.0 - 49.1 

0 

78 - 745 

0.9 - 3.6 

1.4 - 5.5 

In NOx-free conditions, SOA decays rapidly. 

At high NOx, SOA yields decrease with increasing NOx 

Kroll et al. [2006] 

500 366 - 963 NA Oligomerization important to SOA formation pathway.  

Evidence of photochemical aging of SOA observed. 

Surratt et al. [2006] 

6600 - 16000 0.13 - 300 

(NO only) 

NA SOA mass concentration dependent on acidity of seed 

particle, with a negative correlation between pH and SOA. 

Surratt et al. [2007] 

506 (Δ) 281 (Δ) 1.8 Isoprene-SOA likely forms from the second (or later) 

generation oxidation product. 

Ng et al. [2006] 

8040 492 0.1 – 0.7 Increased SO2 concentrations increase SOA yields Kleindienst et al. 

[2006] 
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Table 2.1        Continued 

680 - 23400 0 1.2 Higher SOA yield from reaction with O3 than previously 

published, but still likely a minor contributor. 

Kleindienst et al. 

[2007] 

     

18.4 - 101.6 (Δ) 0 4.3 - 23.8 Higher SOA yields are possible from reaction with NO3, 

which is significant for nighttime isoprene reactions. 

Ng et al. [2008] 
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Table 2.2 In situ measurements of marine isoprene emissions and isoprene concentration in the MBL. 

 
Location Date Emission Rate  

(10
8
 molecules cm

-2
 s

-1
) 

Surface Concentration 

(pptv) 

Ref. 

South Pacific 5, 1987 1.1 12 (<2-36) Bonsang et al. [1992] 

Florida Coast 9, 1993 0.34 (0.06-0.71) <5 Milne et al. [1995] 

North Sea 5, 1994 0.17 (0.01-0.47) NA Broadgate et al. [1997] 

Ireland Coast 7-8, 1996 NA 6.2 (0-24.3) Lewis et al. [1997] 

Ireland Coast 4-5, 1997 NA 2.7 (0-37.1) Lewis et al. [1999] 

Southern Ocean 12, 1997-3, 1998 NA 13 (<0.1-60) Yokouchi et al. [1999] 

North Atlantic 5, 1997 0.38 (0.08– 0.6) NA Baker et al. [2000] 

Southern Ocean 1-2, 1999 NA 5.7 (daytime) (<1.8-7.9) Lewis et al. [2001] 

North Atlantic 7-8, 1999 NA 1.9 Hopkins et al. [2002] 

Northwest Pacific 5, 2001 1.0 (0.2– 2.1) 46 (7-110) Matsunaga et al. [2002] 

Ireland Coast 9-10, 1998 2.3 (0-6.7) NA Broadgate et al. [2004] 

Norway Coast 6, 2005 1.1 (0-8.8)  Sinha et al. [2007] 

North Atlantic 7-8, 2004 NA 2.8 (2.7-3.8) Lewis et al. [2007] 

Mediterranean 2004 (1-60)
a
 60 (<2-~300)

b
 Liakakou et al. [2007] 

Southern Ocean 1-2, 2007 NA 99 (60-138) Yassaa et al. [2008] 
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Table 2.3 Published laboratory measurements of isoprene production and water concentration in phytoplankton monocultures. 

  

Reference Phytoplankton Species Class Water Concentration 

(µmol isoprene (g Chl-a)
-1

) 

Production Rate (µmol 

isoprene (g Chl-a)
-1

 day
-1

) 

Shaw et al. [2003] Prochlorococcus  Cyanobacteria NA 1.5±0.9 

Synechococcus  Cyanobacteria NA 1.4 

Micromonas pusilla Chlorophyte NA 1.4±0.8 

Pelagomonas calceolata Dinoflagellate NA 1.6±1.6 

Emiliania huxleyi Coccolithophore NA 1.0±0.5 

McKay et al. 

[1996] 

Skeletonema costatum Diatom NA 1.8 

Bonsang et al. [in 

preparation] 

NA Coccolithophore NA 1.99±1.00 

NA Prochlorococcus NA 9.66 ±5.78 

NA Cyanobacteria NA 7.83±3.02 

NA Diatoms (S. Ocean) NA 1.21±0.57 

NA Diatoms NA 2.48±1.75 

NA Unidentified NA 3.13±1.57 

Colomb et al. 

[2008] 

Emiliania huxleyi Coccolithophore 11.45 NA 

Calcidiscus leptoporus Coccolithophore 5.40 NA 

Phaeodactylum tricornutum Diatom 2.85 NA 

Chaetoceros neogracilis Diatom 28.48 NA 

Dunaliella tertiolecta Chlorophyte 2.85 NA 
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Table 3.1 Laboratory measurements used to determine relationship between light intensity and [Chl-a]-normalized isoprene 

production. 

Species Date Chl-a (µg L
-1

) Temp. (°C) 

Light Intensity  

(µE m
2
 s

-1
) 

Headspace Isoprene  

Concentration (ppb) Time (hr) 

T. weissflogii 4/14/2008 23 22 330 8 2.75 

 

4/14/2008 23 22 330 10 5 

 

5/2/2008 20 22 330 3 1.25 

 

5/2/2008 20 22 330 3 3.1 

 

6/30/2008 19 22 760 6 1.8 

 

6/30/2008 19 22 760 7 2.6 

 

6/30/2008 19 22 760 8 4.5 

 

6/30/2008 19 22 1250 5 1.3 

 

6/30/2008 19 22 1250 6 2.3 

E. huxleyi 4/14/2008 16 22 330 0.5 2 

 

4/14/2008 16 22 330 2 2.6 

 

4/14/2008 16 22 330 1 3.75 

 

4/14/2008 16 22 330 2 4.75 

 

4/14/2008 16 22 330 1 5.75 

 

4/14/2008 16 22 330 2 7.25 

 

5/2/2008 9 22 330 3 1.8 

 

5/2/2008 9 22 330 0.5 2 

 

5/2/2008 9 22 330 3 3 

 

5/2/2008 9 22 330 2.5 3.1 

 

6/30/2008 8 22 760 1 2 
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Table 3.1        Continued 

 

6/30/2008 8 22 760 1.5 2.8 

 

6/30/2008 8 22 760 1.8 4.8 

 

6/30/2008 8 22 1250 1 1.7 

 

6/30/2008 8 22 1250 1.5 2.6 

T. pseudonana 6/30/2008 32 22 760 7 1.7 

 

6/30/2008 32 22 760 8 2.5 

 

6/30/2008 32 22 760 9 4 

 

6/30/2008 32 22 1250 2 1 

 

6/30/2008 32 22 1250 15 2.2 

C. neogracile 6/30/2008 21 22 1250 9 1.6 

 

6/30/2008 21 22 1250 10 2.5 
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Table 3.2 Global annual total marine emissions of isoprene and organic carbon aerosols. 

 

Global Marine Emissions Annual 

Estimate 

Type Ref. 

Isoprene (Tg C yr
-1

) 

 

1.1 In-situ Bonsang et al. [1992] 

0.1 Remote Sensing Palmer and Shaw [2005] 

1.2  In-situ Sinha et al. [2007] 

0.27 Remote Sensing Arnold et al. [2008] 

1.68 Modeling Arnold et al. [2008] 

0.92 Remote Sensing This work 

Sub-micron Primary Organic 

Carbon (Tg C yr
-1

) 

5.5 Remote Sensing Spracklen et al. [2008] 

2.5 Remote Sensing Langmann et al. [2008] 

1.26 Remote Sensing This work 

Super-micron Primary 

Organic Carbon (Tg C yr
-1

) 

19.01 Remote Sensing This work 

Total Organic Carbon  

(Tg C yr
-1

) 

 

8 Remote Sensing Spracklen et al. [2008] 

75 Modeling Roelofs [2008] 

20.3 Remote Sensing This work 
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Table 4.1 Model statistics for selected coastal IMPROVE sites a) without and b) with marine isoprene emissions 

(a) Acadia NP Cape Cod NS Point Reyes NS Redwood NP 

Mean Observed OM Conc. (µg m
-3

) 1.723 1.268 0.212 0.480 

Mean Modeled OM Conc. (µg m
-3

) 1.310 1.527 0.432 1.077 

Number 10 10 10 10 

Correlation 0.6869 0.3459 0.7889 0.7348 

NMB (%) -3.97 33.51 56.50 170.35 

NME (%) 29.77 35.81 313.56 377.56 

 

(b) Acadia NP Cape Cod NS Point Reyes NS Redwood NP 

Mean Observed OM Conc. (µg m
-3

) 1.723 1.268 0.212 0.480 

Mean Modeled OM Conc. (µg m
-3

) 1.311 1.529 0.433 1.077 

Number 10 10 10 10 

Correlation 0.6872 0.3461 0.7889 0.7347 

NMB (%) -3.91 33.65 57.04 171.11 

NME (%) 29.77 35.90 313.64 378.67 
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Figure 3.1 Isoprene production rates as a function of light intensity for various 

phytoplankton groups.  Production rates from phytoplankton species in italics 

were estimated based on production rates from Shaw et al. (2003) of 1.5 ±0.9 

µmol isoprene (g Chl-a)
-1

 day
-1

 and 1.4 µmol isoprene (g Chl-a)
-1

 day
-1

 for 

Prochlorococcus and Synechococcus respectively.  Error bars denote the 

maximum and minimum species-specific isoprene production rates measured 

for each level of light intensity. 
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(a) (b) 

 

(c) (d) 

 

Figure 3.2 Seasonally-averaged marine isoprene emission rate (molecules cm
-2

 s
-1

) for a) DJF (December, January, and 

February), b) MAM (March, April, and May), c) JJA (June, July, August), and SON (September, October, and 

November), 2001.



 

75 

(a) 

 

Figure 3.3 Comparison of simulated and observed isoprene emissions in the Northern 

Pacific Ocean along the ship track of Matsunaga et al. [2002].  
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(a)          (b) 

 

(c)          (d) 

 

Figure 3.4 Monthly-average sub-micron (a,b) and super-micron (c,d) primary OC emission rate (molecules C cm
-2

 s
-1

) for 

January (left column) and July (right column), 2001.  
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(a) 

 

(b) 

 

Figure 3.5 Monthly-average percent contribution of phytoplankton-derived secondary 

OC to total (primary and secondary) sub-micron marine OC production for a) 

January and b) July, 2001.  
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(a) 

 

(b) 

 

Figure 3.6 Monthly-average production rates of isoprene-derived secondary OC (red) and 

sub-micron primary OC (blue) by latitude for a) January and b) July, 2001.  
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(a) 

 

(b) 

 

Figure 3.7 Percent contribution of daily maximum phytoplankton-derived secondary OC 

to corresponding total (primary and secondary) sub-micron marine OC 

production for c) 1 January and d) 1 July, 2001.
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(a) (b) 

  

(c) (d) 

  

Figure 3.8 Seasonal [Chl-a] for a) DJF, b) MAM, c) JJA, and d) SON, 2001 from SeaWiFS 

(http://oceancolor.gsfc.nasa.gov/cgi/l3).

http://oceancolor.gsfc.nasa.gov/cgi/l3
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a) 

 

b) 

 

Figure 4.1 a) Monthly average [Chl-a] and b) anomaly for July 2001 from the SeaWiFS 

satellite (http://oceancolor.gsfc.nasa.gov/cgi/anomalies.pl).  
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Figure 4.2 The model domain comprises continental United States and areas of southern 

Canada and northern Mexico.  Selected grids for three coastal cities denote the 

regions where marine isoprene emissions (filled with blue colors) and 

concentrations (highlighted in green) are examined.  The variations in SOA 

and O3 concentrations associated with marine isoprene are also explored in the 

grid regions highlighted in green. 
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a) 

 

Figure 4.3 Model predicted marine isoprene emissions for the domain-wide monthly 

average of the daily maximum for July, 2001. 
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a) 

 

b) 

 

Figure 4.4 Model predicted marine isoprene emissions for the a) hourly emissions at the 

New York, Houston, and Los Angeles coasts for July, 2001; and b) monthly 

average hourly emissions at the New York, Houston, and Los Angeles coasts 

for July, 2001.  Error bars on Figure 4.4b show the range for monthly extreme 

values in marine isoprene emissions.  
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Figure 4.5 Model predicted marine isoprene concentrations for the domain-wide monthly 

average of the daily maximum for July, 2001. 
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a) 

 

b) 

 

Figure 4.6 Model predicted marine isoprene concentrations for the a) hourly 

concentrations and the b) monthly average hourly concentrations at the New 

York, Houston, Los Angeles, Redwood NP, and Acadia NP coasts for July, 

2001.  Error bars on Figure 4.6b show the range for monthly extreme values in 

marine isoprene concentrations.  
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Figure 4.7 Model predicted marine isoprene-derived SOA surface concentrations for the 

domain-wide monthly average of the daily maximum for July, 2001. 
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a) 

 

b) 

 

Figure 4.8 Model predicted marine isoprene-derived SOA surface concentrations for the 

a) hourly concentrations and the b) monthly average hourly concentrations at 

the New York, Houston, Los Angeles, Redwood NP, and Acadia NP coasts 

for July, 2001.  Error bars on Figure 4.8b show the range for monthly extreme 

values in SOA concentrations.  
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Figure 4.9 Model predicted marine isoprene-derived O3 surface concentrations for an 8-

hour average monthly-maximum for the model domain for July, 2001. 
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a) 

 

b) 

 

Figure 4.10 Model predicted marine isoprene-derived O3 surface concentrations for the a) 

hourly concentrations and the b) monthly average hourly concentrations at the 

New York, Houston, Los Angeles, Redwood NP, and Acadia NP coasts for 

July, 2001.  Error bars on Figure 4.10b show the range for monthly extreme 

values in O3 concentrations.  
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Figure 4.11 Monthly-averaged daily maximum marine isoprene-derived O3 surface 

concentrations for the model domain.
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Figure 4.12 Predicted weekly (July 8-14
th
) mean marine isoprene-derived SOA concentrations a) at the surface (0 - 35 m), b) in 

the PBL (0 - 2.85 km), c) in the free troposphere (2.85 – 9 km), and d) in the upper troposphere (9 - 14.6 km).
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(b)

  (a) 

(d)

  (a) 
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Figure 4.13 Predicted weekly (July 8-14
th
) percentage change in SOA concentrations from marine isoprene emissions a) at the 

surface (0 – 35 m), b) in the PBL (0 - 2.85 km), c) in the free troposphere (2.85 – 9 km), and d) in the upper 

troposphere (9 - 14.6 km).
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a) 

 

b) 

 

Figure 4.14 Monthly-averaged PBL for the a) model domain and b) the New York, 

Houston, and Los Angeles coasts for July, 2001. 
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a) 

 

b) 

 

Figure 4.15 Monthly-averaged surface OH concentration for the a) model domain and b) 

New York and Los Angeles coasts for July, 2001. 
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