
 

 

ABSTRACT 

 

SABOLIS, ALYSSA WHITNEY. Quantifying Marine Emissions of Biogenic Volatile 

Organic Compounds Using Laboratory Measurements, Field Measurements and Remote 

Sensing Data. (Under the direction of Nicholas Meskhidze) 

 

The main focus of this work is to obtain a better understanding of carbon cycling between 

the ocean-biota-atmosphere interactions through trace gas production and environmental 

exchange. This work is divided into three sections: laboratory measurements, field 

measurements and comparison, and a case study to evaluate the possible role and eventual 

fate of emitted biogenic volatile organic compounds (BVOCs) into the atmosphere.  An in-

depth and rigorous sampling scheme was used in the first section to provide a large list of 

specie specific BVOC emissions dependent on different physiological conditions. We 

identified and quantified the production of isoprene, four different monoterpene compounds 

(α-pinene, β-pinene, camphene and D-limonene) and several different halocarbon compounds 

including chloroform, dichloromethane, iodomethane, tetrachloroethene and trichloroethene 

in six different species of phytoplankton. Other halocarbon species such as bromoform, 

diiodomethane, iodoethane, bromodichloromethane and dibromochloromethane were 

detected in only a few of the samples from specific phytoplankton species.  

We then focused on three key points:  evaluating BVOC production 1) as a function of 

phytoplankton speciation, 2) as a function of light and 3) as a function of temperature.  

Diatoms were the largest emitters of most of the observed BVOC (including isoprene, 

monoterpenes, chloroform and iodomethane). The other four species showed variable 

production rates for different BVOC, showing a strong dependence on phytoplankton 

speciation for BVOC production. All phytoplankton species showed a rapid increase in 

isoprene, monoterpene, chloroform, and iodomethane production at low light levels (<150 μE 

m
-2 

s
-1

) and a gradual increase (between 150 to 420 μE m
-2 

s
-1

) until a constant production rate 

was reached at higher light levels (>150 μE m
-2 

s
-1

). As a function of temperature, isoprene 

production rates increased as temperature increases until 22°C for Thalassiosira pseudonana 

and 26°C for Thalassiosira weissflogii and then declined as temperature increased further. 



 

 

This same relationship was also observed for α-pinene, chloroform, iodomethane and 

tetrachloroethene.  

The second section comprises of field samples collected from the Neuse River, NC 

subjected to the same range of environmental parameters as the laboratory monocultures. 

Similarly to the monoculture experiments, isoprene production rates showed a dependence on 

light intensity, even at different temperatures for both sampling sites. For light levels >150 

μE m
-2 

s
-1

, isoprene production rates for Site #1 show highest production at 26°C and Site #2 

had maximum production rates at both 26 and 30°C. Production rate values were similar to 

those obtained from diatom species in the temperature dependent experiments. It should be 

noted, that both diatom species had the highest isoprene production rates out of the other six 

species sampled. Monoterpene production rates as a function of temperature showed highest 

emissions at 8 to 12°C below the water temperature the samples were collected at in the field. 

For the field samples, we observe an independent relationship of montoterpene production as 

a function of light and temperature as compared to isoprene measurements.  We speculate 

that the unique temperature and light dependent production of monoterpenes may be caused 

by grazers still present in the samples.  

The last section of this work is used as a case study to deduce whether remote sensing 

data can be used to infer marine BVOC emissions over dynamic ecosystems (i.e. the 

Mediterranean Sea). Formaldehyde (HCHO) is an oxidation product of a wide range of 

volatile organic compounds (VOCs) and important atmospheric constituent found in both the 

polluted urban atmosphere and remote background sites.  In this study remotely-sensed data 

of HCHO vertical column densities are analyzed over the Mediterranean Sea region using the 

Ozone Monitoring Instrument (OMI).  Data analysis indicates a marked seasonal cycle with a 

summer maximum and winter minimum confined to the marine environment during a three 

year period (2005-2007).  To investigate this observed formaldehyde "hot spot" over the 

Mediterranean we have identified possible sources, including transport of VOCs from 

continental air masses, shipping traffic, biomass burning, and two sources of locally 

produced biogenic VOCs from marine biota.  We have also examined a possible retrieval 

artifact by comparing OMI and the SCanning Imaging Absorption SpectroMeter for 

Atmospheric CHartography (SCIAMACHY) HCHO columns over the Mediterranean and 



 

 

other water bodies.  The comparison indicate that the two sensors agree reasonably well over 

Equatorial upwelling region, Gulf of Mexico, and the North Sea, but do not show similar 

magnitudes and seasonal variations over oligotrophic water bodies, such as the open ocean 

gyres and the Mediterranean Sea.  The discrepancy between two sensors was reduced by 

using corrected air mass factors (AMF) for the OMI HCHO data products over the 

Mediterranean, but did not fully resolve the differences between OMI and SCIAMACHY 

Corrected OMI HCHO columns are then compared to several possible HCHO 

sources.  Continental air mass transport of VOCs and shipping traffic may play a role in the 

HCHO hot spot but deserves further investigation.  Biomass burning and CDOM 

photobleaching do not appear as major sources due to their lack of temporal and spatial 

correlation with respect to the HCHO observations.  Lastly, phytoplankton produced VOCs 

may play a role in the formation of the HCHO hot spot, but the complexity of the primary 

productivity dynamics and uncertainty in emission estimates prove to be difficult in 

evaluating marine biota's impacts on the HCHO observations.  We conclude that the OMI 

HCHO hot spot observed over the Mediterranean Sea is a real feature and grants further 

examination of its possible sources.  
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CHAPTER 1 

 

 

 

Marine Biogenic Volatile Organic 

Compound (BVOC) Production 

1.1 Introduction 

 

―Climate change‖ has become a familiar term used to describe the effects of the 

increase of atmospheric carbon dioxide (CO2) from pre-industrial times (before 1750) to the 

present. The Intergovernmental Panel on Climate Change (IPCC) has stated with substantial 

certainty that the increase of atmospheric CO2, and other greenhouse gasses, has led to a 

large increase in positive radiative forcing. While other negative radiative forcings, such as 

increase surface albedo from land use and aerosol direct effects (not including indirect effects 

including cloud lifetime), have larger uncertainties on the actual counterbalance effect on the 

CO2 and other greenhouse gases’ positive radiative forcing. With the advancement of 

computational resources and computer model developments, specifically global climate 

models, scientists are now able to forecast Earth’s future climate based on scenarios of 

different anthropogenic emissions datasets which will help in socioeconomically planning for 

future generations.  The performance of these models and their future projections are limited 

to our current knowledge and understanding of climate change and its underlying forcings, 

feedbacks, and overall ecosphere interactions. Due to the fact that the oceans cover nearly 
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70% of the Earth’s surface, the ocean-atmosphere interaction maybe one of the most 

important and least understood interactions between two ecospheres.  

Interactions between the ocean and atmosphere can range from microscale processes, 

(heat, momentum, and gas exchanges) to mesoscale processes, (sea-breezes and wind 

induced surface currents) to even global scales (ENSO and climatic regulation). To 

complicate the relationship between the ocean and atmosphere, the biology found within the 

oceans has also been thought to have an impact on climatic processes (i.e. the CLAW 

Hypothesis). An extension from the initial Gaia hypothesis, which stated that the biota of the 

Earth has the capability of regulating its environment in order to obtain homeostasis 

(Lovelock and Margulis, 1974), the CLAW hypothesis states that ocean dwelling organisms 

have the ability to emit dimethyl sulfide (DMS) which can be oxidized in the atmosphere to 

eventually form sulfur containing aerosols (specifically sulfate). The sulfate aerosols formed 

from the emitted DMS can then in turn effect the incoming solar radiation reaching the 

Earth’s surface (Shaw, 1983; Charlson et al., 1987). Furthermore, marine aerosols can 

influence marine cloud properties that also play a role in impacting climate by regulating the 

amount of incoming solar radiation.  The two indirect effects from marine aerosols include 

the suppression of precipitation with an increase in cloud lifetime (Albrecht, 1989) and the 

brightening of clouds or the Twomey effect; assuming a fixed amount of liquid water 

content, the increase of aerosols or cloud condensation nuclei (CCN) will form a greater 

amount of cloud droplets which are smaller in size, leading to more reflective clouds 

(Twomey, 1977).  Whether it is direct or indirect effects, marine aerosols participate in a 

wide range of processes that impact the radiation budget and climatic forcing of the Earth 

system.  

In addition to sulfate formed from DMS emissions, there are several other 

mechanisms for generating marine aerosols: (1) direct emissions of primary aerosols (PA) 

dependent on wind speed to form sea-spray or a bubble bursting formation mechanism, 

resulting in mainly larger sea salt particles and primary organic aerosols (POA) respectively 

(Andreas 1998; Lewis and Schwartz, 2004; O’Dowd et al. 2004); (2) oxidation of volatile 

organic compounds (VOC) to form less volatile constituents that condense on pre-existing 
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particles creating secondary organic aerosols (SOA) (Palmer and Shaw, 2005; Meskhidze 

and Nenes, 2006; Vaattovaara et al., 2006; Luo and Yu, 2010); (3) new particle formation or 

nucleation events that are mainly driven by iodine oxides and are most prominent in surf 

zones or coastal areas (O’Dowd et al., 1999, 2002). The physical relationship between 

marine biota, gas emissions, aerosols, clouds and radiative forcing have important 

implications for the current and future climate, so it is imperative to better understand the 

contribution and magnitude of organic carbon (OC) from the oceans and its role in aerosol 

formation, chemistry, and cloud interactions. 

 Not only do organic gasses emitted from the oceans play a key role in the marine 

radiation budget through aerosols effects, but they can also effect the chemical composition 

of atmosphere. Halocarbons, or organic compounds containing one or more halogen species 

(e.g. chlorine, bromine, and iodine) are sources for reactive radical species including Cl-1, 

Br-1, and I-1. Iodine containing halocarbons can undergo photolysis and affect the oxidizing 

capacity of the atmosphere; reducing the amount of tropospheric ozone (O3) which is 

greenhouse gas and oxidant (Butler et al., 2007).  As stated before, the oxidized products of 

iodine containing halocarbons (iodine oxides) can participate in new particle formation and 

provide a source of CCN in the coastal marine boundary layer which affects the radiative 

properties over the marine environment (O’Dowd et al., 2002). Chlorine and bromine 

containing halocarbons have atmospheric lifetimes long enough so that they can reach the 

stratosphere. Once there, they are photolyzed to form free halides or reactive radical species 

that can participate in stratospheric ozone destruction through catalytic depletion reactions.  

The production rate and ocean to atmosphere exchange of marine trace gasses are 

important to the chemical composition, oxidative capacity, and radiative budget of the 

atmosphere.  Not only is an understanding of the sources, sinks, and transformation of marine 

trace gasses necessary, but also quantification of these values are needed to completely grasp 

the ins and outs of the entire atmospheric system. In order to accurately predict our future 

climate, it is pivotal for us to ascertain the natural processes and atmospheric background of 

today. 
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1.2 Objectives 

The main focus of this work is to obtain a better understanding of carbon cycling between 

the ocean-biota-atmosphere interactions through trace gas production and environmental 

exchange. This work is divided into three sections: laboratory measurements, field 

measurements and comparison, and a case study to evaluate the possible role and eventual 

fate of emitted marine BVOC into the atmosphere. An in-depth and rigorous sampling 

scheme is used in the first section to provide a large list of specie specific BVOC emissions 

dependent on different physiological conditions. The second section comprises of field 

samples collected from the Neuse River, NC subjected to the same range of environmental 

parameters as the laboratory monocultures. BVOC production rates of the field and 

monoculture samples are compared to understand the driving factors and differences of 

production rates measured in a controlled lab setting and from the real world environment. 

The last section is used as a case study to assess whether marine BVOC are effecting the 

atmospheric composition over a complex ecosystem, such as the Mediterranean Sea. Remote 

sensing data is used as another tool for assessing the contribution of marine biota trace gasses 

and their role in atmospheric chemistry. 

The first section is dedicated to the laboratory measurements of 38 different BVOC from 

several different phytoplankton monocultures. The main objectives of the first section are: 

(1) Identify and quantify different BVOC produced from six phytoplankton 

monocultures. 

(2) Assess the specie specific production rates of the detected compounds. 

(3) Assess the dependency of light and temperature on BVOC production. 

(4) Provide two different production rate units for broader comparison with past 

measurement studies. 

The first objective of this work is to quantify BVOC production from marine biota by using 

laboratory measurements of several different phytoplankton monocultures. We also address 

the dependency of light and temperature on BVOC production to assess possible 

environmental conditions that could lead to enhanced atmospheric concentrations of the 

identified compounds.  Production rates based on the different physiological conditions are 
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also compared against available data from other microalgae, macroalgae, and terrestrial 

plants for detected BVOC.  Due to a lack of consistency of production rate units from 

previous studies, we report production rates normalized to both chlorophyll a (Chl-a) and cell 

counts for better comparison.  We provide a detailed sampling method for optimization of a 

dynamic headspace technique for identifying and quantifying different compounds from an 

aqueous matrix containing either phytoplankton monocultures or water samples from a field 

site. 

The second section of this research is to gain a better understanding of the coastal and 

estuarine contribution to global BVOC budget.  The main objectives of the second section 

are: 

(1) Identify and quantify different BVOC produced from field samples collected from the 

Neuse River, NC.  

(2) Assess the environmental parameters most affecting BVOC emissions from Pamlico-

Neuse Estuary. 

(3) Compare production rates of both the phytoplankton monocultures and field samples 

to test whether estuary systems, such as the Neuse River, could be an area of 

enhanced BVOC source. 

Previous studies have found that coastal systems are the main contributors of biogenic 

halocarbons, contributing up to 80% of the global flux (Butler et al., 2007).  It has been 

shown that incoming solar radiation and water temperature can significantly affect marine 

isoprene emission rates (Shaw et al., 2003; Gantt et al., 2009). Large changes in surface 

heating and shallow sea depth (allowing higher light intensities) may further amplify 

isoprene release from coastal algae and seaweeds. By using a combination of both laboratory 

and field measurements this work intends to better assess the magnitude of coastal BVOC 

production and the physiological conditions that play a crucial role in their production 

enhancement. 

The last section of this work is used as a case study to deduce whether remote sensing 

data can be used to infer marine BVOC emissions over a dynamic ecosystem. The Ozone 

Monitoring Instrument (OMI) remotely sensed formaldehyde column densities for the years 
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2005-2007 were used to explore potential marine sources of formaldehyde (HCHO).  In the 

atmosphere, HCHO is one of the most abundant carbon containing compounds; it is found in 

both the polluted urban atmosphere and the remote background atmosphere (De Smedt et al., 

2007; Possanzini et al., 1996). Formaldehyde can be directly emitted from both 

anthropogenic sources (automobile exhaust and industrial emissions) and natural sources 

(biomass burning) (Economou and Mihalopoulos, 2002; De Smedt et al., 2007). Photo-

oxidation of hydrocarbons can also lead to high yields of atmospheric HCHO. While the 

photo-oxidation of methane (CH4) is the main source of HCHO in remote areas, the 

additional oxidation of non-methane hydrocarbons (e.g. monoterpenes and isoprene) can 

significantly contribute to the ambient HCHO concentrations (Fehsenfeld et al., 1992). 

The Mediterranean Sea is chosen because it is a dynamic, semi-isolated marine system 

that undergoes defined seasonal changes: current variations, surface temperature variations, 

surface nutrient stratification and seasonal phytoplankton blooms. Satellite retrievals of 

HCHO vertical column densities (VCD) also show a defined seasonal trend with a winter 

minimum and summer maximum. This section attempts to addresses following two 

questions: 

(1) Do satellite retrievals reveal elevated column densities of HCHO over the 

Mediterranean Sea? 

(2) If so, are they caused by retrieval errors, oxidation of marine VOCs, CDOM 

photobleaching or anthropogenic sources such as ship emissions and transport of 

polluted continental air masses 

 

1.3 Isoprene and Monoterpenes 

Isoprene is one of the most important biogenic volatile organic compounds (BVOCs).  

Oxidation of isoprene in the troposphere contributes to ozone formation and can affect the 

oxidation capacity of the atmosphere.  The photo oxidation of isoprene may also lead to 

production of secondary organic aerosol (SOA) and increase the global burden of organic 

aerosols by more than a factor of two (Henze and Seinfeld, 2006).  Isoprene is suggested to 

be primarily emitted by terrestrial vegetation with an estimated flux of ~ 500 Tg C yr 
-1
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(Guenther et al., 1995).  However, recent research shows that productive areas of remote 

oceans and coastal upwelling regions, lakes and wetlands can also have considerable 

isoprene fluxes (Bonsang et al., 1992; Shaw et al., 2003; Broadgate et al., 2004; Palmer and 

Shaw, 2005; Holst et al., 2008).  Significantly less is known about the monoterpene 

abundances over the remote marine regions.  Based on the shipboard measurements in the 

Southern Ocean, Yassaa et al. (2008) have provided the first evidence for marine production 

of monoterpenes.  Subsequent ambient measurements and laboratory incubation experiments 

have revealed elevated concentrations of α- and β- pinene, myrcene, p-ocomene, and 

limonene in the headspace of certain phytoplankton mono-cultures, concluding that marine 

biota are also potential sources of monoterpenes (Yassaa et al., 2008; Colomb et al., 2009). 

Currently, the mechanisms and the magnitude of marine isoprene and monoterpene emissions 

and their contribution to the regional air quality and global marine SOA budget remain 

poorly defined. 

1.3.2 Global Estimates and Laboratory Measurements 

The global terrestrial source of isoprene accounts for ~500 Tg C yr
-1

, with a range of 

estimates of 400 to 600 Tg C yr
-1 

(see Table 1.1 for details). Marine isoprene is predicted to 

be ~ 0.1 to 11.6 Tg C yr
-1

, ranging almost 2 orders of magnitude from the lowest and highest 

estimates. It is clear that while the terrestrial sources of isoprene are much larger than the 

marine source, terrestrial estimates are within a factor of 1.5 while the marine source varies 

by orders of magnitude. This shows a large gap in both our understanding of marine isoprene 

emissions and the availability of sufficient data for the assessment of marine isoprene source 

strength. For monoterpenes, the uncertainties are even larger.  Terrestrial source of 

monoterpenes ranges from 32 to 147 Tg C yr
-1

, while marine source estimates range from 

0.013 to 29.5 Tg C yr
-1

, a whopping 3 orders of magnitude uncertainty.  Overall, due to their 

high importance for both air quality and climate, marine emissions of isoprene and 

monoterpene warrant active research for improved quantifications of their source strength 

and emission mechanisms. 

To further understand the cause of such large variability in global marine isoprene 

estimates, Table 1.2 shows a comprehensive list of laboratory measurements conducted on 



8 

 

several different phytoplankton species. Two different production rates are given, 

normalization to Chl-a and to cell abundance, due to the fact the BVOC (specifically isoprene) 

production rates from previous studies cannot be directly compared due to the lack of 

quantifiable or consistent units. By presenting two different types of production rates, we will 

have a larger number of studies to which we can compare our results. Table 1.2 shows, that 

diatom species are the largest producers of isoprene based on Chl-a weighted production 

rates (1.8 to 67 μmoles (g Chl-a)
-1

 day
-1

).  Prochlorococcus and other cyanobacteria are the 

second highest emitters of isoprene. It should be noted that the same species 

Prochlorococcus and Emiliania huxleyi have been tested in different studies, yet their 

production rates vary by an order of magnitude between reported values. Production rates 

normalized to cellular abundance show dinoflagellates to be the largest isoprene producers, 

followed by diatoms and haptophytes. Although Prochlorococcus is the second largest 

isoprene producer according to Chl-a, they are the lowest emitters based on cellular 

abundances. The variability in isoprene production is not only seen between different species, 

but also within the same species from different laboratory studies. This may at least partially 

explain the large range of marine global isoprene estimates. 

Table 1.3 shows the production rates of total monoterpenes from Yassaa et al., 2008.  

Chlorophycae had the largest production of 0.2259 μmoles (g Chl-a)
-1

 day
-1

, with 

haptophytes having the lowest, 0.0003 μmoles (g Chl-a)
-1

 day
-1

.  Monoterpenes α- and β- 

pinene, myrcene, p-ocomene, and limonene were detected, with the largest contribution to 

total monoterpenes from limonene and p-ocomene. 

1.3.3 Mechanism for Production 

Two main questions can be posed about isoprene and monoterpene production: 

(1) Why do primary producers emit a nontrivial portion of their carbon? 

(2) How are isoprene and monoterpenes formed within primary producers? 

The first question can be answered based on the fact that there is some advantage to gain by 

photosynthesizing organisms emitting isoprene.  Production and expulsion of isoprene form 

primary producers has found to be very energy costly, with 20 ATP and 14 NADPH per 

isoprene molecule formed (Sharkey and Yeh, 2001). The cost and benefits associated with 

http://aob.oxfordjournals.org/content/101/1/5.full#ref-137
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isoprene production may be an important aspect of why different species (both terrestrial and 

marine) have variable production rates under the same environmental parameters (Sharkey et 

al., 2007).  Some advantages include thermotolerence (Sharkey et al., 2001 and 2005) use as 

an anti-oxidant from atmospheric oxidants like O3 (Loreto and Fares, 2007), an energy 

―release valve‖ or a mechanism used to release excess ATP or carbon (Logan et al., 1999), 

flowering response (Terry et al., 1995), nitrogen nutrition (White, 1984) and insect defense 

(Loivamäkia et al., 2008). These advantages have been solely studied for terrestrial 

vegetation; temperature, light intensities, grazing from zooplankton and the presence of 

bacteria have been studied for isoprene production in only a few studies (Shaw et al., 2003, 

Sinha et al., 2007; Gantt et al., 2009). 

The second question can be answered by an enzymatic production mechanism 

strongly tied to the photosynthesis of primary producers. Originally, isoprene synthesis was 

thought to originate from the mevalonic (MVA) pathway, where isoprene is formed within 

the cytoplasm space of cells, but recent research has shown a different pathway in which 

isoprenoids (both isoprene and monoterpenes) can be formed in plant plasticids 

(Lichtenthaler et al., 1997; Zeidler et al., 1997).  Lichtenthaler et al. (1999) provide a detailed 

description of the methylerythritol phosphate (MEP) pathway, where a chain of enzymatic 

processes eventually lead to the formation of dimethyl pyrophosphate (DMAPP). The formed 

DMAPP undergoes modification in interaction with isoprene synthase to eventually form 

isoprene. With the presence of isopentenyl pyrophosphate (IPP), both DMAPP and IPP react 

to form terpene species (Fuentes et al., 2000). The main differences between isoprene and 

monoterpene emissions is that isoprene is emitted as soon as it is formed (de nova synthesis) 

(Delwiche and Sharkey, 1993), and most terrestrial plants that emit monoterpenes have 

specialized secretory organs for storage (Niinemets and Reichstein, 2002). Although this is 

true for higher order plants, it is unclear if it will hold true for marine phytoplankton. 

Isoprene emissions have been found to primarily depend on photosynthetic active 

radiation (PAR), a range from 400 to 700 nm wavelength. Since isoprene is formed as a bi-

product of photosynthetic metabolism, it has been shown that isoprene emissions are strongly 

correlated with PAR for both marine and terrestrial organisms, showing a logarithmic 

http://aob.oxfordjournals.org/content/101/1/5.full#ref-148
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relationship between incoming radiation and isoprene emissions (Shaw et al., 2003; Sinha et 

al., 2007; Gantt et al., 2009; Monson and Fall, 1989; Loreto and Sharkey, 1990; Guenther et 

al., 1991, 1993). Isoprene increases with increasing PAR, and a saturation point is eventually 

reached at PAR intensities >150 μE m
-2 

s
-1

.  Temperature dependence of isoprene emission 

has also been noted for both terrestrial and marine photosynthetic organisms. Increasing 

temperature was shown to enhance isoprene emissions until an certain temperature is 

reached, beyond which further increase in temperature was shown to cause decline in 

isoprene emissions (Guenther et al.,1993; Harley et al., 1996; Shaw et al., 2003). 

Monoterpene emitting terrestrial vegetation have been found to have larger 

temperature dependencies than with light, due to the fact that they have special storage 

organelles where the produced monoterpenes can be stored. This leads to an exponential 

increase of monoterpene emissions with increasing temperature (Koppmann, 2007). It is 

unknown whether or not marine organisms have similar storage organelles, leading to an 

uncertainty of temperature and light dependence on monoterpene emissions. 

 

 1.4 Halocarbons 

1.4.1 Importance for Atmospheric Chemistry 

The atmosphere contains a wide range halogenated compounds including chlorine, 

bromine, iodine, and fluorine containing compounds from both anthropogenic and natural 

sources. Chlorine compounds are by far the most abundant of all the halogens and are most 

commonly found in the inorganic chlorine compound hydrochloric acid (HCl). Volatilization 

from deliquesced sea salt aerosols and emissions from volcanoes are dominant sources for 

HCl (Bobrowski et al., 2003), with minor contributions from industrial activities (McCulloch 

et al., 1999). As for organic halogenated species, the most notable halogen compounds are 

chlorofluorocarbons (CFCs) and are solely emitted from anthropogenic sources. Their 

notoriety stems from research conducted in the 1970’s, linking these long-lived halocarbons 

to stratospheric ozone depletion or the ―ozone hole‖ (Molina and Rowland, 1974). Farman et 

al. (1985) detected a 30% decrease in the springtime stratospheric ozone concentration and 

an additional decrease from year to year. Since 1987, the Montreal Protocol has headed the 

http://aob.oxfordjournals.org/content/101/1/5.full#ref-86
http://aob.oxfordjournals.org/content/101/1/5.full#ref-74
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efforts to reduce ozone depleting CFC emissions by reducing their production and use.  CFCs 

have been detrimental to the stratospheric ozone concentration because their long 

atmospheric lifetimes (~50 to 100 years) allow them to reach the stratosphere (WMO, 2002). 

Once there, the compounds are photolyzed and release active chlorine (Patra et al., 2000). 

The active chlorine then participates in catalytic reactions that eventually lead to the 

destruction of stratospheric ozone. Although CFCs have been phasing out of use over the 

past few decades, natural sources (e.g. oceans) of chlorine and bromine containing 

compounds are still present.  

Iodocarbons can also be photolyzed in the troposphere to form reactive iodine that 

reacts with O3 to form iodine oxides (IO and OIO) (Allan et al., 2000). Iodine compounds 

can affect O3 concentrations and the oxidizing capacity of the marine boundary layer  

influence the lifetimes of greenhouse gasses (McFiggans et al. 2000), and form new particles 

through nucleation events (O’Dowd et al., 2005).  While the anthropogenic emissions of 

halocarbons are well constrained, there is a large gap in the source strengths of naturally 

emitted halocarbons. Due to their large role in both stratospheric and tropospheric O3 

concentrations and SOA formation, it is important to accurately quantify natural sources of 

these compounds. 

1.4.2 Global Estimates and Marine Sources 

Chloroform (CHCl3) 

McCulloch, 2003 estimates that 90% of chloroform emitted into the atmosphere is 

from natural sources. Global estimates for source specific chloroform emissions are detailed 

in Table 1.4.  Ocean sources are the largest source of atmospheric chloroform, with values 

ranging from 210 to 510 Gg yr
-1

 (Khalil et al., 1999; Cox et al., 2003; Trudinger et al., 2004, 

Keene et al., 1999; Weissflog et al., 2005). However, O’Doherty et al. (2001) suggests that 

emissions from soils are much larger than previously estimated, making the open ocean 

source of atmospheric chloroform to account for only 20% of the total global emissions. 

While there is large uncertainty in the natural source emission estimates, the anthropogenic 

emissions are well constrained to ~66 Gg yr
-1

 (Trudinger et al., 2004). Average atmospheric 

mixing ratios are between 10 and 20 parts per trillion (ppt) and the Northern Hemisphere has 



12 

 

almost double the amount found in the Southern Hemisphere. Both macroalgae and 

microalgae have been identified as emitters of chloroform, with total global estimated 

emissions of 2.3 and 23 Gg yr
-1

 respectively (Baker et al., 2001; Laturnus et al., 2002).  

Temperate macroalgae releases of chloroform are on average 0.07 nmol (gram of wet tissue)
-

1 
day

-1
 (Nitingale et al., 1995). Scarratt and Moore (1999) reported production values of 

0.370 μmoles (g Chl-a)
-1

 day
-1

 with a range of 0.130 to 0.780 μmoles (g Chl-a)
-1

 day
-1

 for the 

microalgae specie Porphyridium purpureum.  Colomb et al. (2008) screened five different 

phytoplankton species for several different BVOC. The coccolithophorid Calcidiscus 

leptoporus had the highest chloroform production of 0.1229 pmol L
-1

 (g Chl-a)
-1

 while 

another coccolithophorid and two diatom species had 2 to 3 orders of magnitude lower 

production rates. Production values are given as the biomass-normalized concentration, 

which are difficult to extrapolate to comparable units obtained from Porphyridium 

purpureum. A lack of microalgae production rates and incomparable production rate units 

show the necessity of unifying sampling efforts to better constrain BVOC emissions from 

marine biota. 

 

Dichloromethane (CH2Cl2) 

 Dichloromethane (also known as methylene chloride) is primarily emitted from 

anthropogenic sources with estimated global emissions of 650 Gg yr
-1

 (Trudinger et al., 

2004) and 50 Gg yr
-1

 from biomass burning (Lobert et al., 1999). Due to its atmospheric 

lifetime of 5 to 6 months (Ko and Poulet, 2003), approximately 2% of dichloromethane 

emissions reach the stratosphere.  Moore (2003) showed similar seawater concentration 

profiles of dichlormethane and CFC11 in the Northern Atlantic ocean; leading to the 

assumption that observed concentrations in the oceans could be caused by either an 

atmospheric source (gas transfer from the atmosphere into the oceans) or by a slow removal 

rate within the water column.  This would mean that the majority of the dichloromethane 

emissions are from anthropogenic sources and to a lesser extent from the oceans. However, 

the magnitude of natural emissions is poorly constrained (Baker et al., 2001), with a global 

estimate from the oceans of 160 Gg yr
-1

 (Khalil et al., 1999). A global emission estimate 
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from macroalgae of 0.32 Gg yr
-1

 was obtained from laboratory and field measurements 

(Baker et al., 2001).  Detection of dichloromethane production from temperate macroalgae 

species and measurements above a rock pool and seaweed bed off the coast of Norfolk, 

England showed elevated concentrations (compared to background levels) (Baker et al., 

2001). The microalgae Chaetoceros neogracilis, was the only species out of five to show 

production of dichloromethane, 1.002 pmol L
-1

 (g Chl-a)
-1

 (Colomb et al., 2008). While its 

emissions on a global scale may be dominated by anthropogenic sources, the influence of the 

ocean or specifically biological production on the atmospheric budget of dichloromethane is 

still unclear. 

 

Trichloroethene (C2HCl3) and Tetrachloroethene (C2Cl4) 

 The main anthropogenic use of trichloroethene is a degreasing agent and 

tetrachloroethene is also used as a degreasing solvent and in dry cleaning (McCulloch and 

Midgley, 1996). The estimated global emissions trichloroethene and tetrachloroethene are 

241 and 366 Gg yr
-1

 respectively (Aucott et al., 1999). The main sinks of both compounds 

are reactions with OH, leading to an atmospheric lifetime of 7 days and 4 months, 

respectively (Koppmann et al., 1993).  Both compounds are thought to have oceanic sources 

of 24.7 and 18.7 Gg yr
-1

, respectively.  However, several studies have shown contrasting 

results of whether or not the oceanic source is produced by marine biota or from atmosphere 

to ocean gas transfer (Khalil et al, 1999). Production of trichloroethene and tetrachloroethene 

has been reported from both macro and microalgae species (Abrahamsson et al., 1995), 

though, contrasting results from other studies present no production of either compound from 

the same species (Marshall et al., 2000; Scarratt and Moore, 1999).  All five phytoplankton 

species from Colomb et al., 2008 produced trichloroethene, with rates ranging from 0.0005 to 

0.3792 pmol L
-1

 (g Chl-a)
-1

. Tetrachloroethene was also detected from all five species, but 

their production rates were not reported. 

Open ocean and tidal pools measurements show natural production of both 

compounds (Ekdahl et al., 1998; Abrahamsson and Pedersen, 2000). In addition, microbial 

activity of halobacteria in salt lakes has also been reported to possible sources of 
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trichloroethene (Weissflog et al, 2005).  A study conducted in the North Atlantic reported a 

supersaturation of both compounds in the surface waters, but found increasing concentrations 

with depth (Moore, 2003).  It is postulated that during the winter months, atmosphere to 

ocean exchange of both gasses are made due to higher atmospheric mixing ratios (lower loss 

rates to OH during the winter months), and then ocean degassing occurs during the summer 

(Moore, 2003).  There appears to be a large discrepancy and disagreement of the ocean as a 

source or sink of atmospheric trichloroethene or tetrachloroethene, which could ultimately be 

alleviated with more laboratory and field measurements of these compounds. 

 

Iodine Halocarbons 

One of the first iodine halocarbons identified originating from a marine source is 

iodomethane (CH3I), which was detected in seawater from a kelp bed (Lovelock, 1975). A 

large range of other iodine halocarbons such as iodoethane (C2H5I), the iodopropanes 

(C3H7I), diiodomethane (CH2I2) have been found to have a marine source (Carpenter et al., 

2000).  The global contribution from the oceans of iodomethane ranges from 128 to 335 Gg 

yr
-1

. Emissions from macroalgae species account for only 0.28 Gg yr
-1

. While a large breadth 

of laboratory studies involving iodine halocarbons emissions from macroalgae, few studies 

have focused on microalgae production rates. Manley and delaCuesta (1997) conducted 

laboratory experiments on 15 different phytoplankton monocultures. Out of the 15, only five 

were found to produce iodomethane and concluded that microalgae are not a significant 

source of iodomethane. 

 

Bromoform (CHBr3) 

Bromoform is the second most abundant organobromine gas in the background 

troposphere (Sturges et al., 2000). Its main sources are from both macroalgae (Sturges et al., 

1992) and microalgae (Carpenter et al., 2003). However, approximately 10% of the global 

source (300 Gg yr
-1

) can be emitted by soils, spruce forests, and peatlands (Haselmann et al., 

2000; Hoekstra et al., 1998; Dvortsov et al., 1999).  Atmospheric maximums have been 

observed over tropical oceans and linked to productive upwelling areas (Schauffler et al., 
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1999). Elevated concentrations have also been found in ocean areas with high phytoplankton 

blooms, mainly consisting of diatoms (Atlas et al., 1993, Barker et al., 2000). Bromoform 

concentrations along coastal areas have been attributed to macroalgae abundance (Manley et 

al., 1992; Nightingale et al., 1995; Carpenter and Liss, 2000). 

1.4.3 Mechanisms for Halocarbon Production 

It has been postulated that both macro and microalgae may produce halocarbons as a 

defense agent against microorganisms (McConnell and Fenical, 1977), herbivores 

(Gschwend et al. 1985), or as a form of oxidative stress release (Mtolera et al., 1996).  In 

both Moore et al. (1995) and Scarratt and Moore (1999) observed bromoform production 

from the diatom species Nitzschia sp. and chloroform production from Porphyridium 

purpureum followed a similar pattern as the logarithmic growth phase of the phytoplankton. 

Both bromoform and chloroform are suggested to have a similar formation pathway which is 

a product of normal cell metabolism (Scarratt and Moore, 1999).  The main production 

mechanism for halocarbon species from marine biota is thought to be an enzymatic synthesis 

through an S-adenosyl methionine transfer mechanism (Wuosmaa and Hager, 1990). 

Halogenating enzymes have been identified in phytoplankton species (Moore et al., 1996). 

The enzyme haloperox-idases is associated with the production of bromoform and the 

enzyme methyltransferases has been identified in red algae and the production of chloroform 

(Wuosmaa and Hager 1990). 
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CHAPTER 2 

 

 

 

Instrumentation and Method Development 

2.1 Incubation and Methodology 

 

 Several phytoplankton monocultures were stored in a climate control room with 

constant temperature and light conditions of 22 °C and ~90 μE m
-2 

s
-1

 respectively. In order 

to insure similar population structure of each monoculture, larger bulk samples were grown 

and then smaller volumes were extracted and used for the analysis. The following species 

were grown in larger bulk samples (9 liters) for analysis: diatom strains- Thalassiosira 

weissflogii (T. weiss.) (CCMP 1336) and Thalassiosira pseudonana (T. pseud.) (CCMP 

1335), prymnesiophyte strains- Pleurochrysis carterae (P. carter.) (CCMP 645);   

dinoflagellate strains- Karenia brevis (K. brevis) (CCMP 718, CCMP 2229) and 

Prorocentrum minimum (P. minim.) (CCMP 1329); cryptophyte strains- Rhodomonas salina 

(R. salina) (UTEX 2423).  Larger bulk samples are prepared by autoclaving 9 liters of 

filtered seawater and nutrients, L1-based (Sigma-Aldrich) medium, in acid-washed glass 

containers. Nutrients and a portion of the base culture were added to the autoclaved seawater. 

Samples were then sealed at the top with aluminum foil, to allow for air transfer to the 

culture, and incubated in the climate control room. Bulk samples were incubated in the 

climate control room for 2 weeks for the diatoms, cryptophyte, and prymnesiophyte species 

and 3 weeks for the dinoflagellate species. These were the approximate time frames in which 
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each monoculture was able to reach a maximum/stable biomass. Monocultures were not 

axenic, but multiple steps such as acid washing all glassware and autoclaving seawater and 

nutrients were used to reduce the likelihood of bacterial contamination within the cultures.  

 Smaller samples (200 ml) of each monoculture were extracted from the bulk 

containers and transferred to 250 ml borosilicate glass flasks for analysis purposes, leaving 

50 ml of gas headspace in each purging vessel. The smaller volume monocultures were then 

subjected to different light and temperature regimes. These different regimes were used to 

assess differences between normal BVOC emissions and the emissions due to physiological 

stress-induced effects that may be observed in dynamic ecosystems (e.g. estuaries, coastal 

areas).  An apparatus used for assessing the effect of changing incoming solar radiation for 

BVOC production of phytoplankton was composed of a tank suspended over 6 halogen lights 

(Philips 250W Projector Lamp #13095) and a circulating water bath used to control the 

temperature within the tank. The lights were put on a 12 hour on/12 hour off time cycle to 

represent diurnal cycle of day and night. To vary the light intensities within the tank, the 

bottom of the water bath was lined with several different layers of semi-translucent fiberglass 

screens that attenuate a portion of the light reaching the samples. Irradiance inside the water 

bath was then measured by a QSL-100 Laboratory Quantum Scalar Irradiance Meter 

(Biospherical Instruments, San Diego, CA). A Neslab CFT-33 Refrigerated Recirculator 

(Thermo Fisher Scientific, Waltham, MA) was used to control the water temperature. Two 

main experiments were performed for the 6 different species of phytoplankton: 1.) light-

induced vs. light stressed BVOC production rates and 2.) temperature vs. temperature stress 

BVOC production rates.   

 For the light dependent production experiments, 5 different light intensities were 

used: 0 μE m
-2 

s
-1

, 90 μE m
-2 

s
-1

, 150 μE m
-2 

s
-1

, 420 μE m
-2 

s
-1 

and 900 μE m
-2 

s
-1

. The larger 

bulk monocultures were acclimated to a 12hour on/12 hour off light cycle at 90 μE m
-2 

s
-1

 

and 0 μE m
-2 

s
-1

 respectively. The bulk cultures were then transferred to four 250 ml purging 

vessels at the end of a 12 hour light cycle. They were then placed in the circulating water 

bath kept at 22°C (the same as the climate control room) under dark conditions for their 12 
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hour dark cycle. At the end of the dark cycle, the lights were turned on and the individual 

samples were subjected to one of the respective light intensities defined above.  

 The samples are initially purged for BVOC analysis at incubation time zero. They are 

then purged and analyzed every ~2 hours over the 12 hour cycle, leading to a total of 6 

measurements for each sample. Production rates calculated for this sample period is defined 

as the ―light stress (LS)‖ induced production of BVOC. This is due to the fact that the 

cultures were originally acclimated to a light intensity of 90 μE m
-2 

s
-1

. Any light intensity 

above this value may cause higher production rates because of the lack of time needed for the 

phytoplankton to properly acclimate to these light intensities (Huner et al., 1998). After the 

12 hour lights on cycle, the lights were turned off and the phytoplankton samples were 

subjected to another 12 hour dark cycle. After this dark cycle, the lights were again turned on 

and the same sampling procedure was used. Production rates calculated over this time period 

were considered to be ―light acclimated (LA)‖ production of BVOC based on light 

acclimated photosynthetic based production. It is very likely that 12 hours may not be a long 

enough time for full acclimation, but we did observe that this was the case for our 

experiments.  

For the temperature dependent production experiments, six different light intensities 

were used (0 μE m
-2 

s
-1

, 90 μE m
-2 

s
-1

, 150 μE m
-2 

s
-1

, 420 μE m
-2 

s
-1

, 600 μE m
-2 

s
-1 

and 900 

μE m
-2 

s
-1

) at four different water temperatures: 18°C, 22°C, 26°C and 30°C.  The same 

larger bulk monocultures that were acclimated to a 12hour on/12 hour off light cycle at 90 μE 

m
-2 

s
-1

 and 0 μE m
-2 

s
-1

, respectively, were used for the temperature experiments. The bulk 

cultures were then transferred to six 250 ml purging vessels at the end of a 12 hour light 

cycle and kept in the 22°C climate control room for a full 12 hour dark cycle. The purging 

vessels were then placed in the circulating water bath kept at one of the four set temperatures 

(18°C, 22°C, 26°C and 30°C) at six different light levels.  The samples were initially purged 

for BVOC analysis at incubation time zero. They were then purged and analyzed every ~6 

hours over the 12 hour cycle, leading to a total of 2 measurements for each sample. Due to 

the long analysis time of the GC/MS and purging of the sample vessels, more samples with a 
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reduced sampling frequency were used to obtain a broader range of data for both light and 

temperature parameters.   

Production rates calculated for this sample period was defined as the ―temperature 

stress (TS)‖ induced production of BVOC. This was due to the fact that the cultures were 

originally acclimated to a light intensity of 90 μE m
-2 

s
-1

 and 22°C. Any light intensity and/or 

temperature above this value may cause higher production rates because of the lack of time 

needed for the phytoplankton to properly acclimate to either light levels or temperature. After 

the 12 hour lights on cycle, the lights were turned off and the phytoplankton samples were 

subjected to another 12 hour dark cycle. After this dark cycle, the lights were again turned on 

and the same sampling procedure was used. Production rates calculated over this time period 

were considered to be ―temperature acclimated (TA)‖ production of BVOC based on light 

and temperature acclimated photosynthetic based production.  

 

2.2 BVOC Analysis 

The experimental system consisted of a Varian 450-GC gas chromatograph (GC) 

attached to a 220-MS ion trap mass spectrometer (MS) (see Fig. XX).  The GC column was a 

25 m x 0.32 mm i.d. CP-PoraBOND PLOT Q Fused Silica column (Varian, Inc.).   Ultra high 

purity (UHP) helium was used as a carrier gas for the entire system. Data collection and 

analysis was performed with Varian MS Workstation (Version 6.X) software equipped with 

the National Institute of Standards and Technology (NIST) library for chemical compound 

identification. Since BVOCs that are emitted from marine biota are found in small 

concentrations in ambient air (normally in parts per trillion), it is necessary to use a pre-

concentrating system in order to analyze these small concentrations using GC/MS. A purge 

and trap CDS 8000 sample concentrator unit (CDS Analytical, PA) equipped with a Vocarb 

3000 (K Trap) was attached in-line with the GC/MS system.  

The sampling procedure was a multistep process that is automated through the 

software. First, 200 ml of the phytoplankton monocultures were placed in a 250 ml 

borosilicate glass Erlenmeyer flasks as a purging vessel, which was sealed at the top with a 

silicone stopper faceted with borosilicate glass tubing for inlet and outlet ports. To avoid 
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VOC contamination (e.g. emissions from plastics or rubber) in connection lines, purging 

vessels, or port connections only borosilicate glass, 316 stainless steel and or high purity 

silicone tubing (McMaster-Carr®) was used.  The inlet was attached to a mixture of 350 ppm 

CO2 balanced with 78% nitrogen and 21% oxygen. This gas mixture was used as a ―blanket 

gas‖ so that a gas with low BVOC concentrations were drawn into the phytoplankton sample 

as appose to ambient lab air, which has varying BVOC concentrations dependent on time of 

day and may cause variable background levels per sample.   

The CO2 level was equivalent to that of current atmospheric levels so that we can re-

produce fairly realistic BVOC production rates indicative of current environmental 

parameters. It was also used to reduce the effect of CO2 limitation on the photosynthetic rates 

of the phytoplankton (Powles, 1984) and reduce another variable that may play a role in 

BVOC production. The CDS concentrator works by drawing air into the sample vessel 

through the inlet port, bubbling the blanket gas through the liquid sample to liberate BVOC 

in the water into the headspace of the flask. The gas stream then passes into the wet trap of 

the CDS concentrator (set to 200°C) followed by the sorbent trap (set to 40°C) where the 

BVOC in the gas stream are trapped. After 35 minutes of purging the sample vessel at a flow 

rate of 0.40 slpm (see section 2.3 for purging analysis details), a solenoid valve in the CDS 

concentrator switches to inline the sorbent trap with the GC/MS through a transfer line. The 

trap was desorbed for 5 minutes at 250°C and transferred to the GC inlet (set at 250°C and a 

split ratio of 10:1) through the transfer line maintained at 250°C.     

Once in the GC, the column temperature was held at 50°C for 2 minutes followed by 

a ramp up of temperature to 250°C at a rate of 6°C min
-1

. The split ratio was initially set to 

10:1 for 0.75 minutes, then 100:1 for 2.25 minutes and finally 20:1 till the end of the run. The 

MS was set at a 5 minute hold before turning on. This is to avoid a ―dead volume‖ signal in 

the chromatograph that appears at ~3 minutes. The ―dead volume‖ does not co-elute with any 

of the identifiable compounds, but this was a measure to avoid contaminating the MS ion trap 

with unwanted compounds which can increase the frequency of which the ion trap needs to 

be cleaned. The MS had a mass range of 35-300 m/z and runs for the full duration of the GC 

program (35.33 minutes). See Table 2.1 for more instrumentation specifications and Figure 
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2.1 for a visual depiction of the sampling process. Each sample is screened for 38 different 

compounds (Table 2.2) and sample chromatograms are shown in Figure 2.2.  

Custom made calibration standards were obtained from Supleco Analytical at 1000 

μg liter
-1

 concentration dissolved in methanol.  A five-point calibration curve was made for 

each compound by injecting five decreasing amounts of the standards into the CDS 

concentrator. Error or uncertainty of the sampling system can be quantified through the 

accuracy, precision and detection limit by statistical computations. The following statistics 

were calculated based on spiked seawater samples subjected to the same purging analysis as 

the phytoplankton monocultures.  Seawater was spiked with a known concentration of all 37 

analytes, and purged through the CDS concentrator and GC/MS.   A total of 8 spiked 

seawater analyses were conducted.  Accuracy was determined by the relative % error, which 

was computed by: 

  

where x is the measured concentration of an analyte and u is the actual analyte concentration.    

Relative % error was averaged over the 8 identical spiked seawater samples.  

Precision was determined by the relative standard deviation (RSD), which was computed by: 

 

where x is the measured analyte concentration, xi is the mean analyte concentration, and N is 

the number of analysis. The last statistic was the detection limit of the sampling system. The 

detection limit of an analytical system is normally determined by the lowest detected signal 

above a blank background within a 99% confidence interval, assuming a signal to noise ratio 

(S/N) of 5 (Analytical, 1996).  A blank run through the analytical system shows no 

discernable detection of the 39 analytes above a S/N of 5, except for toluene and benzene. 

These two compounds are most likely from a contamination within the column that cannot be 

removed by flushing or baking out the system.  An alternative detection limit calculation can 

be obtained by the method detection limit (MDL). The MDL is the minimum concentration 

of an analyte measured within a 99% confidence interval by repetitive samples of the analyte 

in the sample matrix (Analytical, 1996).  Due to the fact that BVOC analysis includes a 3 
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step process (purge and trap by the CDS concentrator, compound separation by the GC, and 

detection by the MS), a comprehensive MDL was calculated for each compound: 

 

where t is the student t-value based on the number of analyses (8) at the 99 percent 

confidence level and S is the standard deviation of the analyte concentration. For all analytes, 

the precision and accuracy are <20%, with the exception of two of the halogenated species: 

chloroiodomethane and 1-Bromopropane. The MDL ranges from 2.7 to 140 pptv with the 

lower values for the monoterpene species. This was due to the fact that the method was 

optimized for these species including column selection and the CDS concentrator sorbent 

trap.  

 

2.3 Purging Analysis 

The 250 ml purging vessels were sealed at the top with a silicone stopper faceted with 

borosilicate glass tubing for inlet and outlet ports. The inlet was attached to the blanket gas 

composed of a mixture of 350 ppm carbon dioxide balanced with 78% nitrogen and 21% 

oxygen. The outlet was attached to a purge and trap CDS concentrator.  The water sample 

was then bubbled, using a Mist Air® Glass Airstone for bubble formation, with the blanket 

gas and the headspace was then purged for 35 minutes at a flow rate of 0.40 slpm into the 

CDS concentrator. After purging, the concentrated air sample was then swept into a GC/MS 

for analysis. The purged monoculture was sealed and placed back into the water tank. 

The analysis was based on the principle of liberating BVOC from the water samples 

into the gas stream. Dependent on the Henry Law constants of the compounds (not shown), 

some of the compounds have the affinity to stay in the aqueous phase, thus 100% recovery of 

the present BVOC from the samples are difficult to achieve. To quantify the amount of 

BVOC recovered by the purging analysis described above, purging efficiencies were 

calculated for each compound.  The purging efficiency of the analysis was performed by 

spiking seawater with a known concentration of the standards. The spiked seawater was then 

purged and analyzed. Successive purging steps from the same sample vial were then 

performed until the compound concentrations were below detection.  The purging efficiency 
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was calculated by taking the ratio of the initial purge BVOC concentrations divided by the 

sum of the BVOC concentrations over all the purging steps. The purging procedure outlined 

above was optimized for >90% purging efficiency for the terpene species. Calculated purging 

efficiencies were similar to values obtained from similar analysis of Shaw et al., 2003 

(>95%), Reimer et al., 2000 (>95%), and Broadgate et al., 1997 (>90%).   

Although our purging efficiencies (see Table 2.3) were comparable (or slightly lower 

for some compounds) to other obtained values, there were options for increasing this 

efficiency of our sampling protocol.  To increase the purging efficiency of the analysis, the 

sample could either be heated, reduced in volume, the purging flow rate can be increased 

and/or a longer purging time can be instilled. Since the samples are living biological 

organisms, raising the temperature would cause an unwanted effect on the BVOC production 

rate. Also, temperature was an environmental parameter of interest in our experimental 

procedure so it is necessary to take proper precautions for monitoring the temperature of the 

samples. Reducing the volume of the sample flasks was another option, but due to the fact 

that the compounds of interest are already in low concentrations (pptv levels) smaller sample 

volumes would decrease the sensitivity of the analytical instruments.  The purging flow rate 

of 0.40 slpm was determined by the maximum flow rate allowable by the CDS concentrator 

and could not be increased. The last option was to increase the purging time of the sample 

flasks. The total time for a complete analysis of one sample was 70 minutes, including 35 

minutes for purging and another 35 minutes for GC/MS analysis. These times greatly hinder 

the frequency and quantity of samples that can be tested using our experimental design, 

hence it was not feasible to increase the purging time and complete the full analysis of all 

samples within a reasonable time frame.  The purging protocol for our analysis was adequate 

based on the limitations listed above.        

  

2.4 Biological Parameters 

 Once the sampling period is over, 30 ml of each monoculture was filtered onto a 

Whatman GF/F filter. Chlorophyll-a is extracted from the filters with 90% acetone and 

concentration determined following the method of Holm-Hansen and Riemann (1978) using 
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a Turner fluorometer model #450. Another 30 ml of each sample was then analyzed for cell 

counts. A Coulter® Sample Stand II connected to a COULTER COUNTER Analyzer 

(Coulter Electronics , Inc., Hialeah, FL) was used to determine the number and size of 

particles that were suspended in an electrically conductive liquid (in this case seawater). This 

was used to take cell counts and size distributions of phytoplankton cultures. Duplicates of 

both Chl-a and cell counts were taken for each sample container. BVOC concentrations 

measured by the GC/MS were then normalized to both cell counts and Chl-a concentrations 

to obtain production rates of the observed compounds.  

 Precision could be calculated for both Chl-a and cell counts from multiple runs of the 

same monoculture sample.  Similarly to the BVOC calculation, 8 replicate samples were 

conducted for both Chl-a and cell counts and RSD. The RSD for Chl-a and cell counts were 

19.3% and 15.6% respectively. To quantify the total uncertainty (RSDTotal) of production 

rates for each BVOC, the following weighting calculation was used: 

 

where RSDTotal is the total uncertainty for each BVOC, RSDi is the uncertainty for analyte i 

(listed in Table 2.2), RSDChl-a is the 19.3% uncertainty for Chl-a measurements and RSDCC is 

the 15.6% uncertainty for cell count measurements. Final uncertainty for each BVOC is 

listed in Table 2.4. These values were used to constrain the error bars for each production 

rate calculation per sample run.   

 

2.5 Production Rate Calculation 

The analyte concentration measured with each sample run was insufficient for 

calculating the overall production rate; final analyte concentrations for production rates were 

based on correction calculations from Shaw (2001).  As stated before, the purging efficiency 

is important for quantifying the percentage of recovery of the analytes from each sample 

vessel purge. Since there was not a 100% full purge of any analyte, the production rate must 

take into account the residual left within the sample flask. The concentration measured was 
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lower than the actual concentration within the sample flask and can be corrected by the 

aforementioned purging efficiency values that have been calculated.  

 

The corrected analyte mass (μg) was calculated by dividing the measured mass (μg) by the 

purging efficiency.  This new value includes the residual analyte present in the sampling 

flask after purging and corrects for the total amount of analyte produced over the incubation 

time. A second correction was also needed to account for the analyte concentration 

associated with a blank seawater sample.  

 

This correction was used to account for the biological production of the BVOC from the 

phytoplankton and not from analyte concentrations already present in the seawater. Several 

blanks consisting of autoclaved seawater inoculated with the nutrient medium were averaged 

for a blank or background BVOC concentration.  

The blank corrected analyte mass (μg) was the corrected analyte mass above the 

background mass of the analyte from the seawater and nutrient inoculant. The final 

correction for the measured analyte mass was the inclusion of the residual or carry-over to 

the next purging step from the same flask.  This was again based upon the incomplete 

purging of the compounds from each sample flask.  

 

The final analyte mass was calculated from the blank corrected analyte mass at a given 

purging step (P2) subtracted by the blank corrected analyte mass from the previous purging 

step (P1) multiplied by the amount of analyte not purged from the sample flask (1-Purging 

Efficiency).  The final mass (μg) of each analyte was then used for the final production rates 

normalized by the incubation time (or time between purging steps), the volume of the 

headspace and aqueous sample, and by either Chl-a or cell counts.  
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CHAPTER 3 

 

 

 

Results of Monoculture Measurements 

3.1 Production Rates and Incubation Time 

 Isoprene and monoterpenes are formed by an enzymatic production mechanism 

strongly tied to the photosynthesis of primary producers (MEP pathway). Although 

halocarbons also have an enzymatic production mechanism (involving different enzymes 

than terpenes), it has not been established whether their production can be linked to 

photosynthetic rates.  We attempt to distinguish between a light-stress and light-acclimated 

response of BOVC production. Photosynthetic organisms attempt to find a balance between 

energy from light reactions in chloroplasts and the energy used for metabolic processes and 

carbon fixation. Perturbations in different environmental conditions (e.g. light and 

temperature) can disturb this balance and force primary producers to adjust or acclimate 

physiologically (Huner et al, 1998).  Photoacclimation is a physiological response to changes 

in light intensities; these responses can range on time frames of minutes to hours (Humby 

and Durnford, 2005). On the time scale on minutes, accessory pigments can help dissipate 

excess light energy via the xanthophyll cycle carotenoids (Demmig-Adams, 1996). When the 

short term responses are insufficient for dealing with changes in light, longer term responses, 

on the order of hours, can include changes in enzyme activity that affect metabolism to 

compensate for the change in energy input (Humby and Durnford, 2005).    
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This section is focused on evaluating BVOC production as a function of time, on the 

order of hours, after low-light acclimated phytoplankton are subjected to higher light 

intensities.  Variation of BVOC production over this light stress period may be indicative of 

these longer-term physiological responses in enzyme production and metabolism 

compensations to changes in irradiances, but we can only speculate on this due to the lack of 

biological parameters measured during the experiments. The first 12 hour cycle is used to 

observe a possible stress response BVOC production, or LS production rates, at light levels 

higher than what the bulk cultures were acclimated to in the climate control room (90 μE m
-2 

s
-1

). The second 12 hour light cycle is considered as an acclimated stage and the BVOC 

production during this time frame (LA production rates) would be indicative of 

photoaccliamted algae at the respective light levels.  LS production rates would be 

characteristic of regions where phytoplankton are subjected to variable light conditions, such 

as upwelling regions where phytoplankton originating from lower depths of the water column 

are brought to the surface and encounter higher light levels than at their previous depth; or 

marine areas subject to prolonged periods of cloudiness (i.e. the Southern Ocean) and 

occasional periods of cloud free conditions.   

Samples were taken approximately every 2 hours during the first and second 12 hour 

light incubation cycles. Dark samples, or monocultures kept at 0 μE m
-2 

s
-1 

for
 
the entire 36 

hour sampling period were sampled every 6 hours. This was done because at the 2 hour 

intervals the monocultures were not producing enough BVOC above the MDL, making it 

difficult to quantify the low production rates. Six hours proved to be sufficient for 

accumulating enough BVOC in the sample to be above the MDL. 

3.1.1 Isoprene and Monoterpenes 

Figures 3.1 and 3.2 show isoprene LS and LA production rates as a function of time 

and light intensity for all 6 phytoplankton species. LS isoprene production rates show a 

unique feature in all the phytoplankton species except the two dinoflagelletes.  Within the 

first 4 hours, there is a large increase in isoprene production, with an increase of ~5 times 

larger than the production rate at 2 hours for both the diatom species. The increase for P. 

carter. and R. salina is approximately twice the production rate at the two hour interval. 
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After 4 hours, the isoprene production rates decrease and remain constant for the rest of the 

12 hour sampling period. It is also noted that this feature is only present for light intensities 

above 90 μE m
-2 

s
-1

, with a peak production rate at 420 or 900 μE m
-2 

s
-1

. For the diatom 

species, the peak production rate at four hours is 5.5 and 4.8 μmoles (g Chl-a)
-1

 day
-1

 and 

then stabilizes at ~3 μmoles (g Chl-a)
-1

 day
-1

 at 900 μE m
-2 

s
-1

. P. carter. has a lower peak 

value of 2.5 μmoles (g Chl-a)
-1

 day
-1

 at 900 μE m
-2 

s
-1

. R. salina has a higher production rate 

at 2 hours than the other species (except for P. minim.), which means that this species 

produced isoprene at a faster rate than the others once the 12 hour light cycle began.  

The sharp increase in isoprene production could possibly be caused by a 

photoacclimation response in cell metabolism due to the increase of light intensities.  As 

proposed by Logan et al., 1999, isoprene production may be useful as an energy release 

valve. It is interesting that production then stabilizes at a lower production rate after the 

initial spike, which may be due to either photodamage caused by an inability to sustain the 

initial photoacclimation response or possibly a new photosystem stoichiometry is reached 

(Anderson et al, 1995).  

The two dinoflagellettes do not show the same drastic isoprene production spike as 

the other species. Instead, there is slightly higher production within the first two hours (~2 to 

1.5 μmoles (g Chl-a)
-1

 day
-1

) and then lower production after 4 hours. There is also no clear 

dependency of higher light intensities correlating with higher production rates, as seen in the 

other four species. Two possible reasons for the differences between the dinoflagellettes and 

the other species are: 1) the photoacclimation response may be very different or 2) an 

additional stress on the phytoplankton from the bubbling of air through the sample could 

cause variable production rates and emissions of certain BVOC, like isoprene. Previous work 

has shown that mechanical stress, by sparging or shaking dinoflagellette cells, causes shear 

stress and an increase in BVOC emissions (Wolfe et al., 2002).  Bubbling the dinoflagellettes 

was unavoidable in our analysis and it is noted that the observed BVOC emissions could be 

caused by the addition of shear stress.  

Figure 3.2 shows the isoprene LA production rates. The large isoprene spike is no 

longer present in any of the species. Instead, it appears that the diatom species have reached 
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new stable production rates at different light levels. The highest production is still at 900 μE 

m
-2 

s
-1

, with decreasing rates for decreasing light intensities. However, there is little to no 

change in isoprene production at 90 μE m
-2 

s
-1

 from the LS and LA cycles, 1.2 to 1.4 μmoles 

(g Chl-a)
-1

 day
-1

 respectively.  For P. carter. and R. salina, isoprene production rates 

decreased and stabilized at all light levels (except 90 μE m
-2 

s
-1

) to ~1.3 μmoles (g Chl-a)
-1

 

day
-1

. It is unclear why the diatom species stabilized at higher production rates from the LS 

the LA conditions and P. carter. and R. salina stabilized at lower production rates, but this 

could be once again caused by differences in photoacclimation responses.    

Phytoplankton in the natural environment can experience large variations of solar radiation 

in regions of strong upwelling, strong vertical mixing between deep and surface waters and 

transitional periods between cloudy and sunny conditions. In these regions, the light stress 

response could possibly cause isoprene production rates to be ~5 times larger than the low-light 

acclimated rates (as seen in the two diatom species). Although these larger rates would be 

reached within a few hours of being exposed to the higher light levels, based on the species 

of phytoplankton, the following day could possibly sustain these higher production rates at 

the same light levels (as seen in the two diatom species).  

Figures 3.3 to 3.8 show LS and LA production rates for most of the monoterpene 

species Camphene, D-limonene, and α-pinene were detected in all species. Detection of β-

pinene was sporadic and was present at some purging steps but not others (not shown).  α-

pinene had the highest production rates 0.05 μmoles (g Chl-a)
-1

 day
-1

 for both diatom species, 

0.045 μmoles (g Chl-a)
-1

 day
-1 

for the dinoflagellette species, 0.038 μmoles (g Chl-a)
-1

 day
-1 

for R. salina and 0.029 μmoles (g Chl-a)
-1

 day
-1 

for P. carter. D-limonene had the second 

largest production, followed by camphene.  

A similar LS response as seen in the isoprene rates is also seen in the α-pinene 

production rates in the two diatom species (Figure 3.3). The α-pinene spikes at 4 hours and 

then stabilizes at a lower production rate for all light intensities above 90 μE m
-2 

s
-1

 for T. 

weiss.  However, α-pinene increases until it reaches its peak production at ~7 hours before it 

begins to decrease for T. pseud.  The other four species do not show any increase with time 

and are fairly stable for the 12 hour cycle between 0.02 and 0.04 μmoles (g Chl-a)
-1

 day
-1

.  
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LA α-pinene production rates (Figure 3.4) for T. weiss. are fairly constant at all light levels 

with no spike as seen in the LS production rates. However, T. pseud. shows an increase in 

production after 6 hours that continues to increase till the end of the light cycle. An 

interesting feature for K. brevis shows a similar 4 hour spike as seen in the diatom species LS 

production rates, yet it happens during the LA cycle.  

 Camphene LS and LA production rates do not show any discernable patterns, as seen 

in both isoprene and α-pinene. All species show camphene production, but with time steps 

where the production rates were below the detection limit. Average LS production rates 

range from 0.0049 to 0.0078 μmoles (g Chl-a)
-1

 day
-1 

for P. carter. and P. minim. 

respectively. Average LA production rates range from 0.034 to 0.012 μmoles (g Chl-a)
-1

 day
-

1 
for P. carter. and T. pseud. respectively. D-limonene (Figures 3.7 and 3.8) was the second 

largest emitted monoterpene and average production rates are approximately two times lower 

than those of α-pinene for all phytoplankton species. LS production rates show a faint 

enhancement during the first 4 hours for light levels above 90 μE m
-2 

s
-1

, while the LA 

production rates show an observed D-limonene increase after the initial 4 hour time period 

for both diatom species and K. brevis.   

Camphene, D-limonene, α-pinene and β-pinene all had different production rate 

patterns for all observed phytoplankton species. Figures 3.9 and 3.10 show the sum of all the 

observed monoterpenes for a cumulative monoterpene production rate. Although individually 

all the monoterpenes had unique patterns with respect to time, the total monoterpene 

production rates are used to assess whether an additive pattern exists, and if the total 

monoterpene production could be as large as isoprene production. Both LS and LA 

production rates appear to be dominated by the observed patterns in α-pinene for both diatom 

species and K. brevis. P. carter., R. salina and P. minim. have production rate distributions 

similar to that of D-limonene. The average contribution to the total monoterpene production 

for all phytoplankton species is ~70% from α-pinene, ~20% for D-limonene, <10% for 

camphene and <10% for β-pinene. However,  P. minim. has ~60% from α-pinene and ~30% 

for D-limonene. These percent contributions are similar for both the LS and LA production 

rates.  
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Total terpene emissions are still an order of magnitude lower than that of isoprene for 

all phytoplankton species and at all light levels. The percent contribution of total 

monoterpene species to the total terpene production (i.e. isoprene and all the monoterpenes), 

reveals 3.8%, 4.1%, 4.8%, 4.4%, 5.6% and 7.2% contribution of monoterpenes for T. weiss., 

T. pseud., P. carter., R. salina, P. minim. and K. brevis respectively.  Although the 

contribution is small compared to that of isoprene (~95%), there is a difference in the % 

contribution of monoterpenes between LS and LA conditions. Monoterpenes contribute 

32.2%, 11.9%, 7.2%, 0.7%, 28.5% and 39.5% less to the total terpene production during the 

LA cycle, as compared to the LS cycle for T. weiss., T. pseud., P. carter., R. salina, P. minim. 

and  K. brevis respectively.  These trends may be misleading due to their already low values, 

but could possibly mean a change in the ratio of isoprene to monoterpene production based 

on LS or LA conditions for some phytoplankton species.  This may give insight into how and 

why phytoplankton emit both isoprene and monoterpenes based on different environmental 

conditions.  

 3.1.2 Halocarbons 

The main halocarbon compounds evaluated in this work are chloroform, 

dichloromethane, iodomethane, tetrachloroethene, and trichloroethene. Other compounds 

such as bromoform, diiodomethane, iodoethane, and some mixed halocarbon species (e.g. 

bromodichloromethane and chloroiodomethane) will not be as heavily discussed because 

they were either not detected or below the MDL for more than 80% of all samples analyzed. 

With such a limited dataset, it would be difficult to draw any conclusion of the observed 

production rates and of possible physiological parameters that could be influencing them. 

Instead, production rates averaged over light intensity and the LS/LA cycles are given as a 

function of phytoplankton speciation.  

Bromoform was detected in four of the phytoplankton species, P. carter., R. salina, P. 

minim. and K. brevis, with production rates of 0.0007, 0.0006, 0.0011, and 0.0005 μmoles (g 

Chl-a)
-1

 day
-1 

respectively.  Production rates were extremely low and below the detection 

limit for most of the samples. Three iodine containing compounds (iodoethane, 

diiodomethane, and 1-iodobutane) were detected for certain phytoplankton species. All three 
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of these halocarbons have previously been identified to have a marine source, specifically 

production from microalgae (Manley and de la Cuesta, 1997; Hughes et al., 2008). 

Iodoethane was observed in T. pseud., R. salina and P. minim., with production rates of 

0.032, 0.0073 and 0.011 μmoles (g Chl-a)
-1

 day
-1

,
 
respectively. Diiodomethane was only 

detected in two species and was below the detection limit for 85% of the samples. Production 

rates for T. pseud. and P. carter. were 0.0006 and 0.0001 μmoles (g Chl-a)
-1

 day
-1

. 1-

iodobutane was found in R. salina, P. minim. and K. brevis with production rates of 0.0065, 

0.0094 and 0.0084 μmoles (g Chl-a)
-1

 day
-1

. Three mixed halocarbon species including 

bromodichloromethane, chloroiodomethane, and dibromochloromethane were detected in 

several of the cultures. Bromodichloromethane production rates ranged from 0.036, 0.037, 

and 0.022 μmoles (g Chl-a)
-1

 day
-1 

for P. carter., R. salina and K. brevis. Chloroiodomethane 

production rates ranged from 0.035, 0.089, and 0.0005 μmoles (g Chl-a)
-1

 day
-1 

for T. pseud. 

P. carter. and R. salina. Lastly, dibromochloromethane was observed for both diatom species 

and  P. carter. at rates of 0.024, 0.022, and 0.017 μmoles (g Chl-a)
-1

 day
-1

.  

Similar to isoprene and monoterpenes, Figures 3.11 to 3.18 show halocarbon 

production rates as a function of time during both the LS and LA cycles. Chloroform 

production rates averaged over the 4 light intensities reveal 0.64, 1.43, 0.71, 0.81, 1.10 and 

0.43 μmoles (g Chl-a)
-1

 day
-1 

over the LS cycle and 0.22, 0.95, 0.33, 0.25, 0.37 and 0.25
 

μmoles (g Chl-a)
-1

 day
-1 

over the LA cycle for T. weiss., T. pseud., P. carter., R. salina, P. 

minim. and  K. brevis respectively. All phytoplankton species showed a decrease in 

chloroform production from the LS to LA conditions. T. weiss. appears to have an 

enhancement in chloroform production within the first two hours and then a decrease until 

the end of the light cycle (Figure 3.11), similarly seen in isoprene and α-pinene for the same 

phytoplankton species. T. pseud. does not have a similar pattern and a wide range of 

production rates based on the light intensity. The rest of the phytoplankton species show 

chloroform production within the first 2 hours, followed by a gradual decrease until the end 

of the light cycle. LA production rates (Figure 3.12) adopt similar behavior as seen in the LS 

cycle, but at lower magnitudes.   
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 Dichloromethane production rates averaged over the 4 light intensities reveal 3.82, 

10.08, 3.53, 0.18, 7.54 and 0.3815 μmoles (g Chl-a)
-1

 day
-1 

over the LS cycle and 0.38, 1.29, 

0.31, 0.13, 0.76 and 0.56
 
μmoles (g Chl-a)

-1
 day

-1 
over the LA cycle for T. weiss., T. pseud., 

P. carter., R. salina, P. minim. and  K. brevis respectively. Dichloromethane production 

decreased by an order of magnitude from the LS to LA conditions for all phytoplankton 

species, except for P. minim., T. pseud. and R. salina appear to have an enhancement in 

dichloromethane production within the first four hours and six hours respectively, and then a 

decrease until the end of the LS cycle (Figure 3.13). These features are not observed in the 

LA production rates (Figure 3.14).  

Iodomethane average LS production rates range from 0.18 to 0.6 μmoles (g Chl-a)
-1

 

day
-1

 for K. brevis and T. pseud., respectively. T. weiss. shows a maximum production rate 

within 2 hours and begins to decrease sharply after 6 hours (Figure 3.15).  T. pseud. appears 

to have an enhancement in iodomethane production at six hours, and then a decrease until the 

end of the LS cycle at the highest light intensity, similarly seen in its dichloromethane 

production. The other phytoplankton species do not show similar patterns as seen in the two 

diatoms. Average LA production rates increase for both dinoflagellette species and decrease 

for the other four species, as compared to the LS production rates.  

Tetrachloroethene was detected in all phytoplankton monocultures. LS average 

production rates are 0.02, 0.03, 0.02, 0.01, 0.02, and 0.01 μmoles (g Chl-a)
-1

 day
-1

 for T. 

weiss., T. pseud., P. carter., R. salina, P. minim. and K. brevis respectively. For all 

phytoplankton species, tetrachloroethene production rates increased from LS to LA 

conditions (Figure 3.17 and 3.18).  P. carter. showed tetrachloroethene production 

enhancement within the first 4 hours of the LS cycle in light levels above 90 μE m
-2 

s
-1

, 

though T. weiss. and K. brevis showed tetrachloroethene production enhancement within the 

first 4 hours of the LA cycle in light levels above 90 μE m
-2 

s
-1

.  

Due to the fact that marine emissions of halocarbon compounds are typically lesser 

understood than isoprene, in both their biotic formation mechanism and possible advantages 

for producing such compounds, it is difficult to understand why each compound has a unique 
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production response based on phytoplankton species, light intensity, LS and LA conditions, 

and as a function of time.   

 

3.2 Light Dependence 

Due to the fact that isoprene is formed as a bi-product of photosynthetic metabolism, 

it has been shown that isoprene emissions are strongly correlated with PAR for both marine 

and terrestrial organisms, showing a logarithmic relationship between incoming radiation and 

isoprene emissions (Shaw et al., 2003; Gantt et al., 2009). Also observed in these two studies 

is a rapid increase in isoprene production at low light levels (<150 μE m
-2 

s
-1

) and a gradual 

increase until a constant production rate is reached at higher light levels (>150 μE m
-2 

s
-1

).  

These light dependencies on isoprene production may be correlated to species-specific 

growth requirements and may not be applicable to all phytoplankton species (Shaw et al., 

2010). Scarratt and Moore (1999) observed that chloroform production from Porphyridium 

purpureum followed a similar pattern as the logarithmic growth phase of the phytoplankton.  

Although this relationship has also been observed for bromoform production (Moore et al., 

1995), it has not been established whether other halocarbon species follow a similar 

relationship.   

As stated before, the variation of BVOC production over the light stress period may 

be indicative of longer-term physiological responses in enzyme production and metabolism 

compensations to changes in irradiances. The light acclimated stage and the BVOC 

production during this time frame would be indicative of photoacclimated algae at the 

respective light levels. MacIntyre et al. (2002) showed that when Chl-a specific 

photosynthetic rates for the diatom Skeletonema costatum were plotted against irradiance, the 

initial slopes of both the high-light and low-light acclimated phytoplankton were similar, yet 

the saturation rates were markedly different. High-light acclimated cultures had a higher 

light-saturated photosynthetic rate than the low-light acclimated cultures, but the pattern may 

only be applicable to Chl-a specific rates and not the same for other microalgae species 

(MacIntyre et al., 2002).  If BVOC production is correlated with photosynthetic rates of 

phytoplankton, then we may expect to find differences between LS and LA BVOC 
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production rates, including the level of BVOC production saturation or the rate of increase at 

lower light levels.     

In this section, our first goal is to determine if there is a relationship between BVOC 

production rates and light intensity.  If such a relationship exists, we will compare the 

differences in production rates associated with the LS and LA conditions. We will assess any 

differences in the 1) rate at which there is a rapid increase in BVOC production at low light 

levels, 2) at what light level does the increase in production rates become more gradual and 

3) if a constant or saturated production rate is reached at higher light levels (as previously 

observed in isoprene production).  Samples that were taken approximately every 2 hours 

during the first and second 12 hour light incubation cycles are averaged over their respective 

light cycle and light intensity. This leads to an average of 5 measurements per light intensity 

for both LS and LA conditions (0 μE m
-2 

s
-1

, 90 μE m
-2 

s
-1

, 150 μE m
-2 

s
-1

, 420 μE m
-2 

s
-1

 
 
and 

900 μE m
-2 

s
-1

).  Figures 3.19 to 3.29 show LS and LA BVOC production rates as a function 

of irradiance. Production rates normalized to Chl-a (μmoles (g Chl-a)
-1

 day
-1

) and normalized 

by cellular counts (moles (cell)
-1

 day
-1

) are displayed. Error bars denote the standard 

deviation of the five averaged values measured every two hours during the LS and second 

LA light cycles.   

3.2.1 Isoprene and Monoterpenes 

Figure 3.19 shows isoprene LS and LA production rates as a function of light intensity 

for all 6 phytoplankton species. All species show a rapid increase in isoprene production at 

low light levels (<150 μE m
-2 

s
-1

) and a gradual increase (between 150 to 420 μE m
-2 

s
-1

) until 

a constant production rate is reached at higher light levels (>150 μE m
-2 

s
-1

).  Light saturated 

production rates during the LS cycle show the two diatom species having the highest 

production rate of 2.9 and 2.6 μmoles (g Chl-a)
-1

 day
-1 

for T. weiss. and T. pseud. 

respectively. The second highest light saturated production rates are 1.5 and 1.9 μmoles (g 

Chl-a)
-1

 day
-1 

for R. salina and P. minim. and the lowest rates of 1.1 μmoles (g Chl-a)
-1

 day
-1 

for P. carter. and K. brevis. Light saturated production rates during the LA cycle still show 

the two diatom species having the highest production rate of 3.5 and 3.9 μmoles (g Chl-a)
-1

 

day
-1 

for T. weiss. and T. pseud., respectively. The second highest light saturated production 
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rates are 1.4 and 2.3 μmoles (g Chl-a)
-1

 day
-1 

for R. salina and P. minim. and the lowest rates 

of 1.2 and 1.3 μmoles (g Chl-a)
-1

 day
-1 

for P. carter. and K. brevis. Production rates under 

dark conditions show an order of magnitude lower than those for light intensities >150 μE m
-

2 
s

-1
 for all phytoplankton species. This is similar to observations made in both Shaw et al. 

(2003) and Gantt et al. (2009).  

LS production rates normalized to cell abundance reveal that one of the diatom species 

and one of the dinoflagellettes have the highest rates of 2.0x10
-19

 and 1.5x10
-19

 moles (cell)
-1

 

day
-1

 for T. weiss. and P. minim., respectively. The other diatom and dinoflagellette had the 

second highest production rate of 1.1x10
-19 

and 0.8x10
-19 

moles (cell)
-1

 day
-1 

for T. pseud. and  

K. brevis. P. carter. and R. salina had the lowest rates of ~0.5x10
-19 

moles (cell)
-1

 day
-1

.
 
LA 

production rates normalized to cell abundance shows that both diatom species and one of the 

dinoflagellettes have the highest rates of ~1.5x10
-19

, 1.05x10
-19

  and 1.65x10
-19

  moles (cell)
-1

 

day
-1 

for T. weiss., T. pseud. and P. minim., respectively. The lowest light saturation 

production rates are 0.6x10
-19 

and
 
0.7x10

-19 
moles (cell)

-1
 day

-1 
for R. salina and K. brevis. 

Unlike its observed LS production rates, P. carter. shows an increase from 150 to 900 μE m
-2 

s
-1 

and does not appear to level off like the other five phytoplankton species.  

Table 3.1 compares both the LS and LA isoprene production rates to previously 

measured production rates from other laboratory studies. The two diatom species evaluated 

in this study have average LS production rates of 2.9 and 2.6 μmoles (g Chl-a)
-1

 day
-1 

and LA 

production rates of 3.5 and 3.9 μmoles (g Chl-a)
-1

 day
-1

. The LS production rates are similar 

to those obtained from Arnold et al. (2009) (2.5 μmoles (g Chl-a)
-1

 day
-1  

 with range between 

0 and 10 μmoles (g Chl-a)
-1

 day
-1

). However, our LA production rates are twice as large as 

measured in McKay (1996) but still fall within the ranges measured in Arnold et al. (2009). 

There are no comparable production rates normalized to Chl-a for the two dinoflagellette 

species. The haptophyte species we assessed in this study has LS and LA production rates of 

1.1 and 1.2 μmoles (g Chl-a)
-1

 day
-1 

respectively. These are consistent with values of 1.00 

and 1.99 μmoles (g Chl-a)
-1

 day
-1

 obtained from Shaw et al. (2003) and Arnold et al. (2009) 

respectively. Our production rates were still on the lower end of the range measured by Gantt 

et al. (2009).  
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Although our averaged production rates that are normalized to Chl-a are comparable to 

other studies, the average production rates normalized by cellular abundance are an order of 

magnitude lower than that measured by Milne et al. (1995) and Acuna-Alvarez (2009) for 

both diatom and dinoflagellette species. However, the range of production rates measured in 

this study fall within the ranges given for Milne et al. (1995). This is true for diatoms, 

dinoflagelletes, and the one haptophyte. R. salina does have comparable production rates 

(both normalized to Chl-a and cell abundance) to the species tested in Shaw et al. (2003).  

Figures 3.20 to 3.23 show compound specific monoterpene LS and LA production 

rates as a function of light intensity for all 6 phytoplankton species. Figure 3.24 shows the 

total monoterpene LS and LA production rates as a function of light. For α-pinene, all the 

phytoplankton species, except R. salina, show a rapid increase in LS production rates at low 

light levels (<150 μE m
-2 

s
-1

) and a gradual increase (between 150 to 420 μE m
-2 

s
-1

) until a 

constant production rate is reached at higher light levels (>150 μE m
-2 

s
-1

). This is similar to 

the light dependency of isoprene production.  R. salina shows the rapid increase at lower 

light levels, but then begins to decrease at the higher light levels. LA α-pinene production 

rates show similar patterns as the LS production rates, but there does not appear to have 

constant production rate reached at the higher light levels. Instead there appears to be a peak 

around 420 μE m
-2 

s
-1 

and a decrease at 900 μE m
-2 

s
-1

. T. pseud. has the largest light 

saturation α-pinene production rate (0.12 μmoles (g Chl-a)
-1

 day
-1

).  

Figure 3.21 shows LS and LA production rates for β-pinene. β-pinene does not show 

similar light dependencies as isoprene and α-pinene. Production appears to peak between 0 

and 200 μE m
-2 

s
-1

 and then either decrease or become constant at light levels >200 μE m
-2 

s
-1

. 

T. pseud. has the largest β-pinene production, with a unique gradual increase to 420 μE m
-2 

s
-

1 and a similar decrease to 900
 
μE m

-2 
s

-1
 during the LS cycle, but the LA production rates 

show a similar pattern as the other phytoplankton species. All phytoplankton produce β-

pinene an order of magnitude lower than α-pinene.  

Figure 3.22 and 3.23 display LS and LA production rates for camphene and D-

limonene. LS production rates for camphene show a similar pattern as β-pinene with highest 

production between 0 and 200 μE m
-2 

s
-1

, followed by a decrease and fairly constant 
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production rate at light levels >200 μE m
-2 

s
-1

. This is not the same for LA production rates, 

with different light dependencies for each phytoplankton species. D-limonene displays a 

second order polynomial correlation between production rates and light intensities. For both 

diatom species and P. minim. under LS conditions. The other phytoplankton species reflect a 

similar light dependency as seen in β-pinene. LA production rates for T. weiss. and P. minim. 

still exhibit similar light dependencies as under LS conditions, though the T. pseud. exhibits 

almost a linear relationship with a constant increase in D-limonene production with 

increasing light intensities. Figure 3.24 shows the total monoterpene production rate as a 

function of light intensity. α-pinene is the largest emitted monoterpene compound and is the 

reason why the total monoterpene production rates follow very similar patterns to that 

represented in Figure 3.20.   

Table 3.2 compares both the LS and LA total monoterpene production rates to 

previously measured production rates from Yassaa et al. (2009).  Monocultures tested in 

Yassaa et al. (2009) were acclimated to a 12 hour light cycle, with an initial 0 μE m
-2 

s
-1

 and a 

gradual increase to a maximum intensity of 100 μE m
-2 

s
-1 

followed by a decrease back to 0
 

μE m
-2 

s
-1

. Monocultures were kept at a temperature of 20°C. Two species characteristic of 

the Southern Ocean (Chaetoceros debilis and Fragilariopsis kerguelensis) reached a 

maximum light intensity of only 30 μE m
-2 

s
-1 

and a water temperature of 4°C.
 
 The two 

diatom species evaluated in this study have average LS production rates of 0.11 and 0.12 

μmoles (g Chl-a)
-1

 day
-1 

and LA production rates of 0.10 and 0.16 μmoles (g Chl-a)
-1

 day
-1

. 

The LS production rates were 2 to 3 times larger than two of the other diatom production 

rates and approximately two to three orders of magnitude larger than the other three diatom 

species production rates from Yassaa et al. (2009).  There was almost no monoterpenes 

produced from haptophytes in Yassaa et al. (2009), but in this study we measured 0.06 

μmoles (g Chl-a)
-1

 day
-1

, approximately half of the diatom production rates. No 

dinoflagelletes were sampled in Yassaa et al. (2009), making it difficult to compare their 

rates with previous measurements.  
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3.2.2 Halocarbons 

Figure 3.25 displays chloroform production rates as a function of light intensity. Under 

LS conditions, productions rates show a similar light dependency as isoprene, with a rapid 

increase at light levels <150 μE m
-2 

s
-1

 followed by a constant production rate with respect to 

increasing light. This pattern is evident in all species for LS conditions.  For LA conditions, 

the light saturated production rates decrease by more than 60% for all species as compared to 

the LS conditions. Also, the light dependency pattern still shows an increase of production 

with an increase of light intensity, yet there is maximum rate reached at 90 μE m
-2 

s
-1 

followed by constant production rates with respect to increasing light. T. pseud. and P. 

minim. are the largest producers of chloroform with LS production rates of 1.6 and 1.35 

μmoles (g Chl-a)
-1

 day
-1  

and LA production rates of 0.9 and 0.3 μmoles (g Chl-a)
-1

 day
-1 

respectively. Laboratory measurements conducted on the microalgae Porphyridium 

purpureum, found chloroform production rates ranging from 0.19 to 0.78 μmoles (g Chl-a)
-1

 

day
-1  

were observed (Scarratt and Moore, 1999). However, a replicate experiment was 

conducted and chloroform production rates were found to be 4 to 5 times higher. 

 Our production rates for chloroform agree fairly well with both these values. This 

study also attempted to determine if high light stress could stimulate the production of 

halocarbon; there was no observed difference between production rates and increased light 

intensities in Scarratt and Moore (1999). This is slightly disconcerting because in our case, 

we do see a fairly pronounced light dependent production rate of chloroform from all of our 

phytoplankton species.  An isotopic labeling method was performed to evaluate whether 

methyl halide production in phytoplankton cultures were actually produced or from 

contamination of samples from ambient lab air (Murphy et al., 2000). Chloroform was found 

in Porphyridium purpureum cultures and the isotopically labeled methyl halides, or 

chloroform, was produced biotically and confirmed the results from Scarrat and Moore 

(1999). We still see production of chloroform under dark conditions, but these rates are 

considerably lower when exposed to light. If laboratory contamination was the cause of 

chloroform detection in our samples, then there should not be a difference between dark and 
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light samples since all samples were taken from the same bulk culture and analyzed during 

the same time frame.  

The same study observed increased dichloromethane concentrations in the 

monocultures over the incubation period but found that dichloromethane did not show the 

incorporation the C
13

 into dichloromethane that was observed (Murphy et al., 2000). The 

conclusion was that the majority of the dichloromethane detected in the cultures may have 

originated from laboratory air contamination and not biotic production. Figure 3.26 shows 

the production rates of dichloromethane as a function of light intensity. LS production rates 

for four out of the six monocultures have a production rate of an order of magnitude higher 

than those observed during the LA cycle. There is also no discernable light dependency as 

seen in the previously discussed compounds. The erratic behavior of dichloromethane 

production rates as a function of light and phytoplankton species   leads to the assumption the 

majority of the measured concentrations in the phytoplankton samples could possibly stem 

from ambient air contamination. Due to its already low production rates from phytoplankton 

(Scarrat and Moore, 1999; Colomb et al., 2008), it is more likely that the possible 

contamination masks the biotic formation of dichloromethane, making it difficult to 

accurately quantify its production.  

Figure 3.27 shows a strong light dependency on iodomethane production for both 

diatom species during the LS cycle. As a reoccurring pattern, the production rates increase at 

lower light levels until reaching a light saturation production with increasing light. The 

average LAS production rates for T. weiss. and T. pseud.  are 0.41 and 0.78 μmoles (g Chl-

a)
-1

 day
-1  

and LA production rates of 1.87 and 0.28 μmoles (g Chl-a)
-1

 day
-1 

respectively. 

Other phytoplankton species had an average production rate of 0.21 μmoles (g Chl-a)
-1

 day
-1

 

for both light cycles. These values are consistent with values obtained from Scarrat and 

Moore (1999), observed production rates ranged from 0.25 to 1.2 μmoles (g Chl-a)
-1

 day
-1

. 

Scarrat and Moore (1999) and Hughs et al. (2006) attempted to assess whether iodine 

containing halocarbons could be produced by high light stress. Both studies found no 

evidence of increase iodomethane production with increase light intensity. This is consistent 

for all phytoplankton species, except for diatoms, in our experiments. T. pseud. was one of 
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the studied phytoplankton species in Hughs et al. (2006) that did not have a high-light stress 

induced production rate as opposed to our study which had a stress induced response during 

under LS conditions but not under LA conditions. A possible reason for the discrepancy 

could be that the highest light intensity used in Hughs et al. (2006) was only 250 μE m
-2 

s
-1 

while our study increased all the way to 900 μE m
-2 

s
-1

. However, we did not see a light stress 

induced response for any of the other plankton species besides T. weiss. Iodomethane 

production is most likely species specific with variable dependencies on light intensities.  

Figures 3.28 and 3.29 show production rates of tetrachloroethene and trichloroethene 

as a function of light. For tetrachloroethene, there is a slight increase in LS production 

between 90 and 150 μE m
-2 

s
-1

 for T. pseud. and P. minim. The four other phytoplankton 

species do not show as large as an increase and production rates remain fairly constant as 

light intensity increases. During the LA cycle, T. weiss. is the only species to show an 

increase in production rate at lower light levels.  

In both the LS and LA production rates, trichloroethene appears to be constant at all 

light levels >150 μE m
-2 

s
-1

. Production rates at 90 μE m
-2 

s
-1 

are lower or equal to rates 

measured in the dark samples. Abrahamsson et al. (1995) measured 0.012 μmoles (g Chl-a)
-1

 

day
-1

 from the microalgae species Porphyridium purpureum. Production rates obtained in our 

study are within an order of magnitude of this value. Both tetrachloroethene and 

trichlorethene were detected in several phytoplankton monocultures in Colomb et al. (2008), 

but the units of the reported production rates make it difficult to compare to ours. Due to the 

lack of understanding about the physiology behind the production of both tetrachloroethene 

and trichloroethene and about how the production varies due to environmental conditions, it 

is difficult to draw conclusions about the dependence of light on the observed production 

rates in this study.  

 

3.3 Temperature Dependence 

Temperature dependence of isoprene emission has been noted for both terrestrial and 

marine photosynthetic organisms.   Increasing temperature was shown to enhance isoprene 

emissions to a maximum production rate until a certain temperature is reached, beyond which 
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further increase in temperature was shown to cause decline in isoprene emissions (Guenther 

et al.,1993; Harley et al., 1996; Shaw et al., 2003).  Monoterpene emitting terrestrial 

vegetation have been found to have larger temperature than light dependencies, due to the 

fact that they have special storage organelles where the produced monoterpenes can be 

stored. This leads to an exponential increase of monoterpene emissions with increasing 

temperature (Koppmann, 2007). It is unknown whether or not marine organisms have similar 

storage organelles, leading to an uncertainty of temperature dependence on monoterpene 

emissions.   It is unclear if and how halocarbon compounds will show any temperature 

dependencies on production.  One study attempted to quantify the production rates of 16 

volatile halocarbons from several different macroalgae and microalgae species and evaluate 

the effects of temperature on production (Abrahamsson et al., 2003).  It was found the 

production rates were strongly species-dependent and different types of responses to 

temperature were observed; there was no general response pattern to temperature that was 

consistent for all algae species or all halocarbon compounds. Their conclusion was that the 

production of halocarbons may increase with temperature in certain algal species, but the 

amount and composition of the halocarbons emissions are probably more affected by 

temperature-associated species shifts (Abrahamsson et al., 2003).   

In this section, our main goal is to evaluate whether BVOC production can be 

enhanced or inhibited by temperature variations. Bulk cultures were originally acclimated to 

a light intensity of 90 μE m
-2 

s
-1

 and 22°C. Any light intensity and/or temperature above this 

value may cause higher production rates because of the lack of time needed for the 

phytoplankton to properly acclimate to either light levels or temperature (LS and TS 

conditions); during the second light cycle (LA), the phytoplankton was considered to be 

temperature acclimated (TA). Temperature experiments were only conducted for the two 

diatom species, T. weiss. and T. pseud.  Samples that were taken approximately every 6 hours 

during the first and second 12 hour light incubation cycles are averaged over their respective 

light cycle and light intensity. This leads to an average of 2 measurements per light intensity 

for both LS and LA conditions (0 μE m
-2 

s
-1

, 90 μE m
-2 

s
-1

, 150 μE m
-2 

s
-1

, 420 μE m
-2 

s
-1

, 600 
 

μE m
-2 

s
-1 

and 900 μE m
-2 

s
-1

). This was conducted at four different water temperatures of 
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18°C, 22°C, 26°C, and 30°C.  Figures 3.30 to 3.40 show LS/TS and LA/TA BVOC 

production rates as a function of irradiance and temperature.  

 

3.3.1 Isoprene and Monoterpenes 

Figure 3.30 shows isoprene production rates for the two diatom species as a function of 

light and temperature. As discussed previously, there is a dependence on light intensity and 

production rate, even at different temperatures. For light levels >150 μE m
-2 

s
-1

, isoprene 

production rates for both LS/TS and LA/TA conditions for T. pseud. show highest production 

at 22°C. Isoprene production increases as temperature increases until 22°C and then declines 

as temperature increases further. An interesting feature under LS/TS conditions shows that 

the light intensity at which isoprene production become constant,  changes with temperature. 

At 18 and 22°C, light saturated production is not fully reached until 600  μE m
-2 

s
-1

; at 26 and 

30°C light saturated production is not fully reached until 420 μE m
-2 

s
-1

. During the 

acclimated stage, only production rates at 18°C appears to reach a fully light saturated 

production. LS/TS and LA/TA production rates for T. weiss. show the largest production of 

isoprene at 26°C, becoming more pronounced during the LA/TA cycle. Similar relationships 

between isoprene production and temperature have previously been shown in other studies. 

 Figure 3.31 shows α-pinene as a function of temperature and light. The relationship 

between light intensity and production rate is similar to that seen in Figure 3.20 at different 

temperatures. For light levels >150 μE m
-2 

s
-1

, α-pinene production rates for both LS/TS and 

LA/TA conditions for T. pseud. are largest at 22°C, similar to isoprene. Although production 

rates are largest at 22°C, there is only a ~20% change in production rates from the LS/TS to 

LA/TA conditions observed at all four temperatures.  LS/TS and LA/TA production rates for 

T. weiss. show the largest α-pinene production  at 26°C, becoming more pronounced during 

the LA/TA cycle. This relationship is similar to that seen in isoprene production rates in 

Figure 3.30 

 Figure 3.32 and 3.33 show camphene and D-limonene production rates as a function 

of both light and temperature. Camphene production rates as a function light intensity are 

similar to those observed under LS conditions in the light dependent experiments, with 
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highest emissions at between 90 and 150 μE m
-2 

s
-1

. This relationship is observed at all four 

temperatures during both the LS/TS and LA/TA cycles for T. weiss. but is not as well defined 

for T. pseud. D- limonene production rates for T. pseud. display the second order polynomial 

correlation between production rates and light intensities (as observed in the light dependent 

experiments) for all temperatures under LA/TA conditions. Largest D-limonene productions 

occur at 22°C for T. pseud. and 26°C for T. weiss.  

 Figure 3.4 shows the total monoterpene production rates as a function of light and 

temperature. Since α-pinene production rates are an order of magnitude larger than β-pinene, 

camphene and D-limonene, the total monoterpene LS/TS and LA/TA production rates have 

very similar dependencies on temperature and light as observed for α-pinene.  It appears that 

for both diatom species, the production of isoprene and monoterpenes have similar 

relationships between temperature and light. Shipboard measurements during a field campaign 

in the Southern Atlantic Ocean reported the atmospheric mixing ratios of isoprene and α-

pinene were positively correlated, especially in the region of the increased phytoplankton 

activity (Yassaa et al., 2008).  

Monoterpene emitting terrestrial vegetation have been found to have larger temperature 

dependencies than with light, due to the fact that they have special storage organelles where 

the produced monoterpenes can be stored. This leads to an exponential increase of 

monoterpene emissions with increasing temperature (Koppmann, 2007). We do not observe 

an exponential increase in monoterpene production with increasing temperature but observe a 

temperature dependency more similar to that of isoprene. Monoterpenes and isoprene are 

formed by the same enzymatic mechanism and without special storage organelles for 

monoterpenes as found in terrestrial vegetation. Monoterpenes from phytoplankton may be 

emitted as soon as they are produced, like isoprene. 

3.3.2 Halocarbons 

Chloroform production rates as a function of light and temperature are shown in Figure 

3.35. LS and LA production rates from the light dependent experiments had 1.65 and 0.94 

μmoles (g Chl-a)
-1

 day
-1

 for T. pseud. LS/TS and LA/TA production rates at 22°C are 2.25 

and 4.21 μmoles (g Chl-a)
-1

 day
-1

. However for T. weiss., LS and LA production rates from 
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the light dependent experiments had 0.76 and 0.16 μmoles (g Chl-a)
-1

 day
-1

 and LS/TS and 

LA/TA production rates at 22°C are 0.93 and 0.77 μmoles (g Chl-a)
-1

 day
-1

. Rates obtained 

from the light dependent experiments for T. pseud. show two to four times higher production 

rates at the same temperature obtained from the LS/TS and LA/TA experiments. This 

discrepancy is not observed for T. weiss. There is also an exponential relationship between 

light and production rates observed in the LA/TA experiments that were not observed in the 

light dependent experiments for T. pseud. at the same temperature. It is unknown why there 

is such a large discrepancy between production rates obtained from the two different 

experiments for one diatom species and not the other. As for T. weiss., its production rates 

have similar dependencies on light as seen in the light dependent experiments. During the 

LS/TS cycle, chloroform production rates averaged over all the light intensities are higher at 

26°C, with a decline towards lower and higher temperatures. This is also observed under the 

LA/TA conditions.  

 Figures 3.37 and 3.38 show production rates of tetrachloroethene and trichloroethene 

as a function of light and temperature. For tetrachloroethene, there is a slight increase in LS 

production between 90 and 150 μE m
-2 

s
-1

 for both diatom species at all four temperatures. 

For T. pseud., there are no discernable differences in production rates at different 

temperatures. Production rates under LS/TS and LA/TA conditions are within 25% of each 

other at their respective light and temperature levels. LS/TS production rates for T. weiss. 

show highest tetrachloroethene production at 22°C. During the LA/TA cycle, highest 

production rates are observed at 26°C. Temperature dependent production rates of 

trichloroethene appear to be patchy with respect to both light and temperature. Production 

rates were below the detection limit at 90 and 900 μE m
-2 

s
-1 

for both diatom species. 

However, production rates between 150 and 600 μE m
-2 

s
-1 

for T. weiss.  show highest 

production rates at 26°C.  

 

3.4 Summary 

The first main objective of this section was to identify and quantify different BVOC 

produced from six phytoplankton monocultures. We identified and quantified production of 
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isoprene, four different monoterpene compounds (α-pinene, β-pinene, camphene and D-

limonene) and several different halocarbon compounds including chloroform, 

dichloromethane, iodomethane, tetrachloroethene and trichloroethene in all six 

phytoplankton monocultures. Other halocarbon species such as bromoform, diiodomethane, 

iodoethane, bromodichloromethane and dibromochloromethane were detected in only a few 

of the samples from specific phytoplankton species. We then focused on four key points:  1) 

evaluating BVOC production as a function of phytoplankton speciation, 2) as a function of 

time, 3) as a function of light and 4) as a function of temperature.  Diatoms were the largest 

emitters of most of the observed BVOC (including isoprene, monoterpenes, chloroform and 

iodomethane). The other four species showed variable production rates for different BVOC, 

showing a strong dependence on phytoplankton speciation and BVOC production.  

BVOC production as a function of time showed that on the order of hours, after low-

light acclimated phytoplankton are subjected to higher light intensities (LS conditions), there 

were noticeable increases in some of the BVOC production rates(as seen in isoprene, α-

pinene, D-limonene, chloroform, and iodomethane). This could possibly be caused by a 

photoacclimation response in cell metabolism due to the increase of light intensities. Not all 

phytoplankton species responded in a similar way and after the initial LS cycle, production 

rates during the LA cycle showed relatively constant production over the 12 hour sampling 

period. The majority of the BVOC analyzed in this section are thought be a bi-product of 

photosynthetic metabolism. If BVOC production is correlated with photosynthetic rates of 

phytoplankton, then we postulated that there should be differences between LS and LA 

BVOC production rates, including the level of BVOC production saturation or the rate of 

increase at lower light levels.  

All phytoplankton species showed a rapid increase in isoprene, monoterpene, 

chloroform, and iodomethane production at low light levels (<150 μE m
-2 

s
-1

) and a gradual 

increase (between 150 to 420 μE m
-2 

s
-1

) until a constant production rate was reached at 

higher light levels (>150 μE m
-2 

s
-1

). Differences between the magnitudes of the light 

saturation production rates (>150 μE m
-2 

s
-1

) under LS and LA conditions were observed for 

some of the BVOCs (e.g. isoprene). The last portion of this section evaluated whether BVOC 
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production can be enhanced or inhibited by temperature variations in the two diatom species. 

For isoprene, production rates increased as temperature increases until 22°C for T. pseud. and 

26°C for T. weiss. and then declined as temperature increased further. This same relationship 

was also observed for α-pinene, chloroform, iodomethane and tetrachloroethene.  

To our knowledge, this is the only work that evaluated monoterpene and halocarbon 

production rates from microalgae species as both a function of light and temperature. 

Monoterpenes have only recently been identified to have a marine source and have not been 

fully studied to understand how and why marine organisms produce these compounds. On 

the other hand, it has been known for at least a decade that halocarbons are produced in the 

marine environment, yet there are very few laboratory studies evaluating halocarbon 

production from microalgae, the breadth of studies have focused mainly on macroalgae 

production.  The lack of observations make it difficult for comparisons of our results and also 

the lack of understanding about the physiology behind the production of halocarbons and  

how their production varies with environmental conditions makes it difficult to draw 

conclusions about the dependence of light and temperature on the observed production rates 

in this study.  
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CHAPTER 4 

 

 

 

Field and Laboratory Measurements from 

the Neuse River, NC 

4.1 Introduction 

The Neuse River Estuary (NRE) is a sub estuary of the Albermarle-Pamlico Sound 

Estuarine System (APES) on the coast of North Carolina.  APES is the second largest 

estuarine system and largest lagoon type ecosystem in the U.S. Over the past several decades, 

the NRE watershed has succumb to a population increase.  A mixture of heavy urbanization 

of the Raleigh and Durham areas, and agriculture and animal production, such as hog 

farming, have increase along the North Carolina coast (Stow et al., 2001; Burkholder et al., 

2006; Rothenberger et al., 2009).  These anthropogenic influences have induced 

eutrophication in the NRE; observed as increases in phytoplankton blooms, frequency of 

anoxic conditions, and fish kills (Paerl et al. 2004; Reed et al., 2004).  The water exchange in 

the NRE is driven primarily by fresh water discharge and wind-driven mixing events, with 

minimal tidal influences (Luettich et al., 2000; Reed et al., 2008).   

The NRE is mainly nitrogen limited, with an increase in phytoplankton blooms 

during the fall and winter (Paerl et al., 2006; Valdes-Weaver et al., 2006).  Phytoplankton 

blooms are most sensitive to eutrophication or over-enrichment during the summer months 

because salinity stratification can occur (Buzzelli et al., 2002; Luettich et al., 2000). This has 
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led to Chl-a concentrations reaching and even exceeding 100 μg L
-1

 (Paerl et al., 2006).  

Phytoplankton community structure in the NRE during winter and early spring comprise 

mostly P. minim., Heterocapsa triquetra, and Heterocapsa rotundata that have been 

attributed to increased nitrogen inputs (Mallin et al. 1993; Pinckney et al. 1998; Rudek et al. 

1991). Blooms of cryptophytes are sporadic throughout the year, caused again by riverine 

inputs and nutrient loading (Pinckney et al. 1998). Diatoms are the most abundant during 

spring and summer months (Pinckney et al., 1998). The upper part of the Neuse River is 

mainly freshwater with high nitrogen loading during the spring and summer, leading to 

several bloom events of cyanobacteria Microcystis (Paerl, 1987).   

This section of this research is to gain a better understanding of the coastal and estuarine 

contribution to global BVOC budget.  The main objectives are to identify and quantify 

different BVOCs produced from field samples collected from the Neuse River, NC, assess 

the environmental parameters most affecting BVOC emissions from NRE, and compare 

production rates to ones obtained from the laboratory tested monocultures to test whether 

estuary systems, such as the Neuse River, could be an area of enhanced BVOC source. 

 

4.2 Methods 

Water samples were collected at two different sites from the Neuse River, NC on July 

29, 2010 (see Figure 4.1 for site location).  Water was collected from the top 3 meters of the 

water column and transferred into 5 liter glass bottles. Samples were then sealed at the top 

and transported back to the lab the same day.  It is approximately a 3 hour drive from the 

sampling sites to the laboratory; it is possible that the field samples may have undergone 

stresses (both light and temperature) en route back to the lab.  To reduce stresses caused by 

transport, samples were allowed to rest for 24 hours in a climate control room before they 

were used in the BVOC experiments. Once in the laboratory, field samples were filtered.  To 

reduce copepod and zooplankton grazing of the samples, they were filtered with a 150 μm 

mesh screen to filter out the large grazers. This prolonged the life of the sample while 

decreasing the interference of grazing induced BVOC emissions (Shaw et al., 2003). The 

filtered samples were then placed in a climate control room with constant temperature and 
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light conditions of 30 °C and ~90 μE m
-2 

s
-1

 respectively. The temperature was set to match 

the water temperature on the day of sampling.  Weather conditions were cloudy with mid-

afternoon thunderstorms. These conditions may have caused vertical mixing and deepening 

the mixed layer depth, which may have provided water samples not similar to the normal 

summertime calm and stagnant water conditions.     

Smaller samples (200 ml) of each field sample were extracted from the bulk 

containers and transferred to 250 ml borosilicate glass flasks for analysis purposes, leaving 

50 ml of gas headspace in each purging vessel. The same incubation methodology and 

BVOC sampling regime outlined in section 2.1 and 2.2, respectively, was used to obtain light 

(LS and LA values) and temperature (TS and TA values) dependent BVOC production rates 

(see section 2.1 for a detailed description of incubation protocol method and section 2.2 for 

sample purging and BVOC analysis). All sampling was conducted within one week of 

collection, in order to minimize changes in phytoplankton community structure from that of 

the Neuse River.  

 BVOC production rates were normalized only to Chl-a; cell counts would not be 

useful due to the fact of having a wide range of different phytoplankton species and not being 

able to properly weight the cellular production rates accordingly.  For biological parameters, 

after each sampling period, 30 ml of each monoculture was filtered onto a Whatman GF/F 

filter. Chl-a was extracted from the filters with 90% acetone and concentration determined 

following the method of Holm-Hansen and Riemann (1978) using a Turner fluorometer 

model #450. Duplicates of Chl-a were taken for each sample container.  Speciation of 

replicate water samples collected at the same sites was conducted at North Carolina State 

University’s (NCSU) Center for Applied Aquatic Ecology, Raleigh, NC. 

  

4.3 Water Sample Properties and Initial VOC Concentrations 

 Table 4.1 lists water properties, including temperature, salinity, pH, dissolved oxygen 

(DO), Chl-a and phytoplankton speciation for water samples collected at the two sampling 

sites on the NRE. Samples from both sites were collected during the morning and within 30 

minutes of each other. Water temperature at both sites was ~29.6 °C. Site #1 had slightly 
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fresher water and lower pH, with values of 10.68 ppt and 8.23, as compared to Site #2, with 

values for 11.75 ppt and 8.40. Biological activity at Site #1 was dominated by coccoid 

cyanobacteria, with minor contributions from Planktolyngbya limnetica and Pseudanabaena 

limnetica; total Chl-a at time of sampling was 13.3 μg L
-1

. Biological activity at Site #2 was 

also dominated by coccoid cyanobacteria, but had minor contributions from Planktolyngbya 

limnetica and Romeria sp.; total Chl-a at the time of sampling was 14.95 μg L
-1

.  

 Blank samples were consisted of purging several replicates of the field collected 

water (within a few hours of bringing the samples to the laboratory) in order to quantify 

water concentrations of VOCs present in the water samples. Table 4.2 lists water 

concentrations of detected VOCs at both sites. Only 22 out of total 38 monitored analytes 

were detected in the field samples. Four aromatic hydrocarbon compounds (benzene, toluene, 

m-Xylene and ethylbenzene) were detected in water samples from both sites. These 

compounds ranged from 1.02 to 5.41 ng L
-1

, with the largest contribution from toluene at Site 

#2. It is not unusual for these compounds to be present in coastal waters due to the close 

proximity of anthropogenic sources. Aromatic hydrocarbon concentrations in the Menai 

Strait (an area of the Irish Sea) ranged from 0.038 to 4282 ng L
-1

 (Bravo-Linares and Mudge, 

2007) and maximum concentrations of aromatics were found to be 500 ng L
-1 

in Vineyard 

Sound, MA (Mantoura et al., 1982). However lower concentrations were measured in the 

Northeastern Atlantic ranging from 0.038 to 68 ng L
-1

. These compounds are normally 

associated with petroleum products and are most likely from boating traffic along the Neuse 

River. Halogenated compounds including carbon tetrachloride, 1-chlorobutane, 2-

chloropropane, were detected at similar levels as compared to the aromatics. Carbon 

tetrachloride is an anthropogenic compound that has been phased out in the Montreal 

Protocol (Buchmann et al., 2003). An average concentration of 2.3 ng L
-1

 was reported in the 

South Atlantic Ocean (Schall et al., 1997) similar to our concentrations of 2.14 and 2.48 ng 

L
-1

. Due to its long life time of ~30 years, it is not uncommon to find similar concentrations 

in different parts of the world.  

Mixed halocarbon species, bromodichloromethane and dibromochloromethane, had 

average concentrations of 0.36 and 0.33 ng L
-1

 respectively.  Our concentration falls within 
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the ranges measured for bromodichloromethane of 0.03 to 1.68 ng L
-1

 (Bravo-Linares et al., 

2007) in the Irish Sea and 0.03 to 15 in the Atlantic Ocean (Schall et al., 1997). Isoprene was 

found to be 0.87 and 1.06 ng L
-1 

for Site#1 and Site#2 respectively. Seawater concentrations 

of isoprene have been measured in several studies; concentrations in the Irish Sea ranged 

from 0.62 to 14.24 ng L
-1

 (Bravo-Linares et al., 2007) and concentrations in the Gulf Stream 

off the Florida Coast ranged from 0.66 to 3.45 ng L
-1

 (Milne et al., 1995).  α-pinene, 

camphene and D-limonene were also measured at both sites with concentrations of 0.12, 0.02 

and 0.08 ng L
-1

 respectively.  

  

4.4 Field Sample Results and Comparison 

Figure 4.2 shows isoprene production rates for the sampling sites as a function of light 

and temperature. As observed in the monoculture experiments, there is a dependence on light 

intensity and production rate, even at different temperatures for both sampling sites. For light 

levels >150 μE m
-2 

s
-1

, isoprene production rates for both LS/TS and LA/TA conditions for 

Site #1 show highest production at 26°C. Isoprene production increases as temperature 

increases until 26°C and then declines as temperature increases further under both light and 

temperature conditions. However, Site # 1 shows the highest production rate at 26°C during 

the LS/TS cycles and then during the LA/TA cycle’s isoprene production rates are highest at 

both 26°C and 30°C.  Average production rates for Site #1 during the LS/TS conditions were 

1.07, 1.04, 3.20 and 1.52 μmoles (g Chl-a)
-1

 day
-1 

for temperatures 18, 22, 26, and 30°C 

respectively. During the LA/TA cycles, Site# 1 isoprene production rates ranged from 1.02, 

0.99, 3.07 and 0.95 μmoles (g Chl-a)
-1

 day
-1 

for temperatures 18, 22, 26, and 30°C 

respectively. Isoprene production rates are two to three times greater at 26°C than other 

temperatures.  

Average production rates for Site #2 during the LS/TS conditions were 2.02, 1.82, 3.29 

and 1.67 μmoles (g Chl-a)
-1

 day
-1 

for temperatures 18, 22, 26, and 30°C respectively. During 

the LA/TA cycles, Site# 1 isoprene production rates ranged from 2.21, 0.96, 3.22 and 3.23 

μmoles (g Chl-a)
-1

 day
-1 

for temperatures 18, 22, 26, and 30°C respectively. Isoprene 

production rates are two times greater at 26°C than other temperatures during the LS/TS 
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conditions. However, production rates are maximum at both 26 and 30°C during the LA/TA  

and a minimum at 22°C. These production rates are similar to those obtained from diatom 

species in the temperature dependent experiments.  

While isoprene production in field samples show similar temperature and light 

dependencies as observed in the light and temperature experiments of diatom species in 

Chapter 3 of this work, there could be other environmental parameters affecting the isoprene 

production in field samples. The effect of grazers and viruses on isoprene production rates 

were tested in Shaw et al. (2003). Grazing zooplankton was found to regulate isoprene 

production only by regulating the abundance of phytoplankton cells and did not consume 

isoprene directly. In our experiments, we tried to filter out the larger grazing species but there 

were still some present in the samples (visible swimmers in the sampling flasks were 

observed).  Shaw et al. (2003) also found no evidence of heterotrophic bacteria either 

consuming or producing isoprene within the experiments (Shaw et al., 2003). However, 

Acuna-Alvarez et al. (2009) identified isoprene consuming bacteria that are most abundant in 

sediments.  This study also showed that the regions with largest isoprene production rates 

had the highest consumption rates. Although production rates obtained from the field 

samples in our study were similar in magnitude to our highest production rates observed from 

our monoculture experiments, these rates could be influenced by both bacterial consumption 

and zooplankton grazing.  

 Figure 4.3 shows α-pinene as a function of temperature and light for both field sites. 

The relationship between light intensity and production rates show an increase in production 

at increasing light intensities >150 μE m
-2 

s
-1

. Compared to results obtained from the 

monoculture experiments, the lower light production rates (<150 μE m
-2 

s
-1

) are an order of 

magnitude larger than the ones obtained for the diatom species. Under dark conditions, the 

monocultures produced low amounts amount of α-pinene, very close to the detection limit of 

the sampling system. However for the field samples, dark production rates of α-pinene are 

significant larger and are observed at all temperature regimes.  Although dark and low light 

production rates do not show a similar pattern as the monoculture experiment, a light 

saturation production rate is eventually reached at light higher light levels.  
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Site # 1 shows the highest α-pinene production rate at 18°C during the LS/TS cycles 

and then during the LA/TA cycle’s α-pinene production rates are reduced by half overall, but 

are the highest at both 18°C and 30°C.  Average production rates for Site #1 during the 

LS/TS conditions were 0.050, 0.045, 0.037 and 0.031 μmoles (g Chl-a)
-1

 day
-1 

for 

temperatures 18, 22, 26, and 30°C respectively. During the LA/TA cycles, Site# 1 α-pinene 

production rates ranged from 0.029, 0.022, 0.022 and 0.027 μmoles (g Chl-a)
-1

 day
-1 

for 

temperatures 18, 22, 26, and 30°C respectively. α-pinene production rates show a unique 

feature of highest production at the lowest temperature and a decrease towards higher 

temperature. Average production rates for Site #2 during the LS/TS conditions were 0.028, 

0.030, 0.035 and 0.015 μmoles (g Chl-a)
-1

 day
-1 

for temperatures 18, 22, 26, and 30°C 

respectively. During the LA/TA cycles, Site# 1 α-pinene production rates ranged from 0.028, 

0.045, 0.023 and 0.033 μmoles (g Chl-a)
-1

 day
-1 

for temperatures 18, 22, 26, and 30°C 

respectively. Site # 2 shows the highest production rate at 26°C during the LS/TS cycles and 

then during the LA/TA cycle’s α-pinene production rates had the highest at both 22°C.  

 Figure 4.4 and 4.5 show camphene and D-limonene production rates as a function of 

both light and temperature. Camphene and D-limonene production rates as a function light 

intensity did not show any discernable dependence.  Production rates obtained from the 

monoculture experiments, did show a light dependence for both camphene and D-limonene 

(see Sections 3.2.1 and 3.3.1). Average camphene production rates for Site #1 for both the 

LS/TS and LA/TA conditions were 0.0067, 0.0062, 0.0019 and 0.0045 μmoles (g Chl-a)
-1

 

day
-1 

for temperatures 18, 22, 26, and 30°C, respectively. Site# 2 camphene production rates 

ranged from 0.0028, 0.0057, 0.0020 and 0.0069 μmoles (g Chl-a)
-1

 day
-1 

for temperatures 18, 

22, 26, and 30°C, respectively. Highest camphene production for Site#1 occurred at 18°C, 

similarly to α-pinene. Average D-limonene production rates for Site #1 for both the LS/TS 

and LA/TA conditions were 0.0069, 0.0086, 0.0093 and 0.0059 μmoles (g Chl-a)
-1

 day
-1 

for 

temperatures 18, 22, 26, and 30°C, respectively. Site# 2 D-limonene production rates ranged 

from 0.0098, 0.0080, 0.0081 and 0.0134 μmoles (g Chl-a)
-1

 day
-1 

for temperatures 18, 22, 26, 

and 30°C respectively. Highest D-limonene production for Site#1 occurred at 26°C, different 

from camphene and α-pinene but similar to isoprene’s highest production temperature. 
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Highest D-limonene production for Site#2 occurred at 18 and 30°C, which is not similar to 

any of the other terpene species.  

Figure 4.6 shows total monoterpene production rates as a function of both light and 

temperature.  Average total monoterpene production rates for Site #1 for both the LS/TS and 

LA/TA conditions were 0.0571, 0.0520, 0.0435 and 0.0433 μmoles (g Chl-a)
-1

 day
-1 

for 

temperatures 18, 22, 26, and 30°C respectively. Site# 2 total monoterpene production rates 

ranged from 0.0420, 0.0529, 0.0411 and 0.0471 μmoles (g Chl-a)
-1

 day
-1 

for temperatures 18, 

22, 26, and 30°C respectively. Total monoterpene production rates are similar to those 

measured in the temperature and light experiments for T. pseud. but were about half of what 

was measured from T. weiss. It appears the dependence on temperature for monoterpene 

production show highest emissions 12°C below the water temperature the samples were 

collected at for Site #1. Monoterpene production show highest emissions 8°C below the 

water temperature the samples were collected at for Site #2. In the monoculture experiments, 

monoterpenes followed similar light and temperature dependencies as observed in the 

isoprene production rates. For the field samples, we observe an independent relationship of 

montoterpene production as a function of light and temperature as compared to isoprene 

measurements.  

Wise (2003) had suggested that the production of halogenated terpene compounds 

emitted from algae species may be used as a used as a chemical defense mechanism against 

grazing. It has been observed that temperature and light intensity can affect the grazing rates 

of copepods (Schmackeria dubia) (Li et al., 2008). Copepods grazed normally at water 

temperatures between 15 and 35°C with rates doubling as temperature increased from 5 to 

25°C, with a peak grazing rate observed at ~30°C. Grazing rates for copepods have also been 

seen to have a light dependence, with highest grazing observed between 20 and 200 μE m
-2 

s
-

1
, with almost no grazing under dark conditions (Li et al., 2008).  We observe highest 

monoterpene production at the two lowest temperatures for both sites. We also observe 

higher monoterpene production under dark conditions compared to the monoculture 

experiments. If grazing is a possible cause for the unique production rate patterns as a 

function of light and temperature, times when grazing rates would be at their highest (high 
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temperatures and low light levels) monoterpene emissions are observed to be the lowest. At 

low temperatures and light intensities > 200 μE m
-2 

s
-1 

(and under
 
dark conditions) we 

observe the highest monoterpene emissions.  Instead of a defense mechanism, higher grazing 

seems to cause a decrease in cellular abundance and would merely be less phytoplankton to 

emit monoterpenes.   

Chloroform production rates as a function of light and temperature are shown in Figure 

4.7. For Site #1, chloroform showed a light dependent production of increasing production 

with increasing light levels.  This was observed at all four temperatures, except the 

production rates at 18 and 22°C were approximately a factor of ten lower than rates measured 

at the two higher temperatures under LS/TS conditions. During the LA/TA cycle, rates at 18 

and 22°C were similar to those at the TS/LS conditions but the production rates at 26 and 

30°C decreased by more than half. Production rates at 26°C still remained the highest, 

compared to the other temperatures, but the light dependency pattern was no longer present.  

Site #2 shows a much different pattern of chloroform production rates as compared to Site 

#1. Under LS/TS conditions, chloroform production increases as light increase unit ~420 μE 

m
-2 

s
-1

 where after production decreases as light intensities continue to increase.  Production 

rates for Site #1 for LS/TS conditions were 0.1706, 0.1579, 1.5251 and 0.9204 μmoles (g 

Chl-a)
-1

 day
-1 

for temperatures 18, 22, 26, and 30°C, respectively. Site# 2 chloroform 

production rates ranged from 2.0657, 1.0444, 1.5661 and 1.5178 μmoles (g Chl-a)
-1

 day
-1 

for 

temperatures 18, 22, 26, and 30°C respectively. Production rates for Site #1 for LA/TA 

conditions were 0.1426, 0.1325, 0.5718 and 0.1355 μmoles (g Chl-a)
-1

 day
-1 

for temperatures 

18, 22, 26, and 30°C, respectively. Site# 2 chloroform production rates ranged from 0.3342, 

0.2259, 0.5959 and 0.3200 μmoles (g Chl-a)
-1

 day
-1 

for temperatures 18, 22, 26, and 30°C, 

respectively. These rates were comparable to ones obtained from the temperature dependent 

experiments for T. weiss. but were a factor of 2 lower than from T. pseud.  

Figures 4.8 and 4.9 shows production rates of tetrachloroethene and trichloroethene as 

a function of light and temperature. For Site #1, tetrachloroethene appears to follow a similar 

temperature dependency as observed in chloroform production rates, with the maximum 

production at 26°C. Only at this temperature does the production rate show a light 
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dependence with increasing production until 420 μE m
-2 

s
-1

 where after production decreases 

as light intensities continue to increase. This is also similar to the chloroform pattern 

observed at Site #1. Site #2 however shows a fairly uniform distribution at all light levels and 

temperatures. Trichloroethene was only detected in a small portion of the samples. There 

doesn’t appear to be any type of relationship between trichloroethene and either light or 

temperature. Measurements of both tetrachloroethene and trichloroethene in the Irish Sea 

were found to be correlated with riverine input, leading to the assumption that their observed 

concentrations were due to runoff and anthropogenic sources (Bravo-Linares et al., 2007). 

 

4.5 Summary 

The main goal of this section was to identify and quantify different BVOC produced 

from field samples collected from the Neuse River, NC, assess the environmental parameters 

most affecting BVOC emissions from Pamlico-Neuse Estuary (either light or temperature) 

and compare production rates of both the phytoplankton monocultures and field samples to 

test whether estuary systems, such as the Neuse River, could be an area of enhanced BVOC 

source. By using a combination of both laboratory and field measurements this work intends 

to better assess the magnitude of coastal BVOC production and the physiological conditions 

that play a crucial role in their production enhancement. 

Samples from two sites on the Neuse River showed slightly variable biological 

community structure but both were dominated by coccoid cyanobacteria. Blank samples were 

conducted by purging several replicates of the field collected water (within a few hours of 

bringing the samples to the laboratory) in order to quantify water concentrations of VOCs 

present in the water samples. Four aromatic hydrocarbon compounds (benzene, toluene, m-

Xylene and ethylbenzene) were detected in water samples from both sites, with water 

concentrations on the lower end of ranges measured in other coastal areas. These compounds 

are normally associated with petroleum products and are most likely from boating traffic 

along the Neuse River. Halogenated compounds including carbon tetrachloride, 1-

chlorobutane, 2-chloropropane, were detected at similar levels as compared to the aromatics. 

Mixed halocarbon species, bromodichloromethane and dibromochloromethane, had average 
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concentrations comparable to previous measurements. Isoprene was found to be between 

0.87 and 1.06 ng L
-1

. These concentrations were on the lower range of previously measured 

concentrations. α-pinene, camphene and D-limonene were also measured at both sites with 

concentrations of 0.12, 0.02 and 0.08 ng L
-1

 respectively.  

Similarly to the monoculture experiments, isoprene production rates showed a 

dependence on light intensity, even at different temperatures for both sampling sites. For 

light levels >150 μE m
-2 

s
-1

, isoprene production rates for both LS/TS and LA/TA conditions 

for Site #1 showed highest production at 26°C and Site #2 had maximum production rates at 

both 26 and 30°C during the LA/TA  and a minimum at 22°C. Production rate values were 

similar to those obtained from diatom species in the temperature dependent experiments. It 

should be noted, that both diatom species had the highest isoprene production rates out of the 

other six species sampled.  Isoprene production in field samples show similar temperature 

and light dependencies as observed in the light and temperature experiments of diatom 

species in Chapter 3 of this work, there could be other environmental parameters affecting 

the isoprene production in field samples: including zooplankton grazing and heterotrophic 

bacteria.  

Total monoterpene production rates are similar to those measured in the temperature 

and light experiments for T. pseud. but were about half of what was measured from T. weiss. 

It appears the dependence on temperature for monoterpene production show highest 

emissions 12°C below the water temperature the samples were collected at for Site #1. 

Monoterpene production show highest emissions 8°C below the water temperature the 

samples were collected at for Site #2. In the monoculture experiments, monoterpenes 

followed similar light and temperature dependencies as observed in the isoprene production 

rates. For the field samples, we observe an independent relationship of montoterpene 

production as a function of light and temperature as compared to isoprene measurements.  

We speculate that the unique temperature and light dependent production of monoterpenes 

may be caused by grazers still present in the samples.  

Chloroform, tetrachloroethene, and trichloroethene production rates as a function of 

light and temperature were also evaluated. For Site #1, chloroform showed increasing 



59 

 

production with increasing light levels.  This was observed at all four temperatures, except 

the production rates at 18 and 22°C were approximately a factor of ten lower than rates 

measured at the two higher temperatures under LS/TS conditions. Site #2 showed a much 

different pattern of chloroform production rates as compared to Site #1. Under LS/TS 

conditions, chloroform production increases as light increase unit ~420 μE m
-2 

s
-1

 where after 

production decreases as light intensities continue to increase. These rates were comparable to 

ones obtained from the temperature dependent experiments for T. weiss. but were a factor of 

2 lower than from T. pseud. For Site #1, tetrachloroethene appears to follow a similar 

temperature dependency as observed in chloroform production rates, with the maximum 

production at 26°C. Only at this temperature does the production rate show a light 

dependence with increasing production until 420 μE m
-2 

s
-1

 where after production decreases 

as light intensities continue to increase. This is also similar to the chloroform pattern 

observed at Site #1. Trichloroethene was only detected in a small portion of the samples. 

There doesn’t appear to be any type of relationship between trichloroethene and either light 

or temperature.  

 

4.6 Suggested Future Directions 

The production rate and ocean to atmosphere exchange of marine trace gasses are 

important to the chemical composition, oxidative capacity, and radiative budget of the 

atmosphere.  Not only is an understanding of the sources, sinks, and transformation of marine 

trace gasses necessary, but also quantification of these values are needed to completely grasp 

the ins and outs of the entire atmospheric system. To date, laboratory measurements, field 

measurements, modeling and the use of remote sensing has improved our understanding of 

trace gas exchanges between the ocean and atmosphere.  Yet, there are still large gaps in our 

knowledge concerning 1) specie specific emission rates of microalgae, 2) environmental 

parameters influencing BVOC production, 3) identifying areas around the world that may 

have higher contribution to the overall atmospheric burden and 4) a larger collaborative 

effort of similar research fields to establish a unifying sampling and reporting system for 

better comparison of data.  
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Laboratory measurements are an important first step in understanding the role of 

BVOC in a controlled environment. Several phytoplankton species have been tested for 

isoprene production; and even fewer have been tested for monoterpenes and halocarbon 

production. Our work and many others have shown varying isoprene production rates 

between different functional groups, with production rates varying between phytoplankton 

species within those groups.  Laboratory measurements also provide the ability to control and 

isolate many parameters that can ultimately influence BVOC production. Thus it is 

imperative for future studies to asses both species dependent BVOC production and the 

possible environmental conditions effecting its production.  Field measurements are also 

important because they are indicative of what is going on in the real environment. They 

provide insight to other possible mechanisms associated with production, emission 

transformation and removal within the ocean or atmosphere. Future research should include 

both laboratory and field measurements for a broader range of comparison of environmental 

conditions and ultimate fate in the environment.  

The last recommendation for future research would include a better collaborative 

effort for similar sampling methods and reporting systems for better comparisons between 

data sets. An objective of this study was to give several different units of production rates so 

comparisons between other studies could be made.  It has proven difficult to make 

comparisons of BVOC production rates from one study to another, based on the fact that the 

units are not comparable (e.g. water concentrations versus air mixing ratios) or that the 

sampling methods (e.g incubation parameters for monocultures) are not similar. A larger 

effort needs to be made in order to accurately and comprehensively unify research efforts for 

further advancement.  
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CHAPTER 5 
 

 

 

 

Evaluating a Formaldehyde ―Hot Spot‖ over 

the Mediterranean Sea Using Remotely 

Sensed Data 

 

5.1 Introduction 

Formaldehyde (HCHO) is one of the most abundant carbonyl compounds in both the 

polluted urban atmosphere and remote background sites (Lee et al., 2001; Grosjean et al., 

2002; Possanzini et al., 2002; Lowe and Schmidt, 1983; Singh et al., 2001).  Formaldehyde 

can be directly emitted from anthropogenic and natural sources (automobile exhaust, 

industrial emissions, biomass burning, biological activity), (Economou and Mihalopoulos, 

2002; Stavrakou et al., 2009a) or photochemically produced through the oxidation of volatile 

organic compounds (VOCs) (Carlier et al., 1986; Altshuller, 1991; Carslaw et al., 2000; Lee 

et al., 2006).  The lifetime of HCHO in the atmosphere is controlled by two main sinks: 

photolysis and reaction with hydroxyl radical (OH).  At low OH concentrations (5×10
5
 

molecule cm
-3

) and high OH concentrations (1x10
7
 molecule cm

-3
), the lifetime of HCHO 

file:///C:/Documents%20and%20Settings/Local%20Settings/Temp/scp55671/array1/nmeskhi/Local%20Settings/Temp/scp50937/array1/Group_access/Alyssa/FormaldehydePaper/FieldMeasurementsHCHO/Grosjean%20et%20al.,%202002.pdf
file:///C:/Documents%20and%20Settings/Local%20Settings/Temp/scp55671/array1/nmeskhi/Local%20Settings/Temp/scp50937/array1/Group_access/Alyssa/FormaldehydePaper/FieldMeasurementsHCHO/Grosjean%20et%20al.,%202002.pdf
file:///C:/Documents%20and%20Settings/Local%20Settings/Temp/scp55671/array1/nmeskhi/Local%20Settings/Temp/scp50937/array1/Group_access/Alyssa/FormaldehydePaper/FieldMeasurementsHCHO/Possanzini%20et%20al.,%202002.pdf
file:///C:/Documents%20and%20Settings/Local%20Settings/Temp/scp55671/array1/nmeskhi/Local%20Settings/Temp/scp50937/array1/Group_access/Alyssa/FormaldehydePaper/FieldMeasurementsHCHO/Singh%20et%20al.,%202001.pdf
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can be 60 hours to 3 hours respectively (Durfour et al., 2009).  Although the photo-oxidation 

of methane (CH4) is the main source of HCHO in the background atmosphere, the additional 

oxidation of non-methane VOCs (e.g. monoterpenes and isoprene) can significantly 

contribute to local HCHO concentrations (Fehsenfeld et al., 1992; Abbot et al., 2003; Palmer 

et al., 2003; Shim et al., 2005; Palmer et al., 2006; Millet et al., 2008; Stavrakou et al., 

2009a).  Shorter lived VOCs with higher HCHO yields (e.g. isoprene) can cause localized 

―hot spots‖ over certain regions (e.g. Southeastern United States) while the HCHO 

enhancement from the oxidation of longer lived VOCs will be spread over larger areas, 

causing a more uniform distribution.  Based on this postulation several studies have 

successfully used remotely sensed formaldehyde as a ―top-down‖ approach to constrain 

terrestrial isoprene concentrations (Abbot et al., 2003; Palmer et al., 2003; Shim et al., 2005; 

Palmer et al., 2006; Millet et al., 2008; Stavrakou et al., 2009a, Curci et al., 2010). 

 Since HCHO has a very high solubility in water, with a Henry Law constant of 

~6x10
3
 mol atm

-1
 (Sander, 1999), it is generally assumed that no direct emissions can happen 

from the ocean (Mopper and Stahovec, 1986).  Formation of formaldehyde with marine 

sources will likely begin with the photo-oxidation of phytoplankton produced VOCs (in 

marine boundary layer) and/or photobleaching of colored dissolved organic matter (CDOM) 

both dissolved in water or suspended in air in the form of aerosols.  Previous studies have 

shown that considerable amounts of isoprene and monoterpenes can be produced by marine 

phytoplankton (Shaw et al., 2003; Broadgate et al., 2004; Yassaa et al., 2008; Gantt et al., 

2009).  It was proposed that incoming solar radiation and water temperature can significantly 

affect marine isoprene emission rates (Shaw et al., 2003; Gantt et al., 2009), making dynamic 

marine areas with significant fluctuations of both VOCs more susceptible to higher isoprene 

emissions compared to the global average.  Oxidation of these biogenic VOCs can lead to the 

formation of HCHO; however, it is not clear if the rates of phytoplankton-produced VOCs 

are high enough to enhance HCHO signals above the background levels (determined by CH4 

oxidation), thus creating hot spots that can be remotely sensed from satellites over marine 

environments. 

file:///C:/Documents%20and%20Settings/Local%20Settings/Temp/scp55671/array1/nmeskhi/Local%20Settings/Temp/scp50937/array1/Group_access/Alyssa/FormaldehydePaper/Satellite_HCHOtoISOPRENE/Shim%20et%20al.,%202005.pdf
file:///C:/Documents%20and%20Settings/Local%20Settings/Temp/scp55671/array1/nmeskhi/Local%20Settings/Temp/scp50937/array1/Group_access/Alyssa/FormaldehydePaper/Satellite_HCHOtoISOPRENE/Palmer%20et%20al.,%202006.pdf
file:///C:/Documents%20and%20Settings/Local%20Settings/Temp/scp55671/array1/nmeskhi/Local%20Settings/Temp/scp50937/array1/Group_access/Alyssa/FormaldehydePaper/Satellite_HCHOtoISOPRENE/Millet%20et%20al.,%202008.pdf
file:///C:/Documents%20and%20Settings/Local%20Settings/Temp/scp55671/array1/nmeskhi/Local%20Settings/Temp/scp50937/array1/Group_access/Alyssa/FormaldehydePaper/Satellite_HCHOtoISOPRENE/Stavrakou%20et%20al.,%202009.pdf
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Colored dissolved organic matter (CDOM) is another marine source of oxygenated 

hydrocarbons into the atmosphere.  It is mainly made up of humic like substances that can 

originate from either terrestrial or marine biological activity; specifically the ―dead‖ 

components of biota that has not been degraded by bacterial respiration.  Due to the color and 

composition of the CDOM it acts as an absorber of sunlight that penetrates into the ocean.  

The absorbed radiation participates in photoreactions that degrade the components of the 

CDOM and form lower molecular weight hydrocarbon species (Kieber and Mopper, 1990).  

Riemer et al. (2000) subjected seawater samples to a range of wavelengths and found that 

UV-B radiation (λ= 295 to 340 nm) was primarily responsible for the photo-production of 

oxygenated VOCs (including formaldehyde, acetaldehyde, and higher aldehyde compounds).  

Therefore, CDOM could be a possible direct source of HCHO and/or a source of 

hydrocarbon species that can eventually lead to HCHO formation in the atmosphere, over the 

marine environment. 

In this study the Ozone Monitoring Instrument (OMI) remotely sensed formaldehyde 

column densities for the years 2005-2007 were used to explore potential marine sources of 

HCHO.  Previous work illustrated that such approach can be effective when parent VOC has 

a significant HCHO yield and sufficiently short lifetime to have local relationship between 

the emissions of the VOC and the observed HCHO (Palmer et al., 2003; 2006).  The 

Mediterranean Sea was chosen due to unexpectedly high concentrations of HCHO observed 

during the airborne profile measurements over South Eastern Mediterranean (Kormann et al., 

2003).  Currently the origin for elevated summertime concentrations of HCHO over the 

Mediterranean Sea is not clear and is assumed to be related to its dramatic seasonal changes 

in current location, surface temperature, surface nutrient stratification, seasonal 

phytoplankton blooms, intense ship traffic and transport of polluted continental air masses 

(Curci et al., 2010).  This study addresses following two questions: Do satellite retrievals 

reveal elevated column densities of HCHO over the Mediterranean Sea?  If so, are they 

caused by retrieval errors, oxidation of marine VOCs, CDOM photobleaching or 

anthropogenic sources such as ship emissions and transport of polluted continental air 

masses? 
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5.2 Data and methods 

5.2.1 Study Area 

 The Mediterranean can be divided into five major basins: Alborhan Basin, Algerian 

Basin, Tyrrhenian Basin, Ionian Basin, and the Levantine Basin.  Here we focus on the 

Algerian and Tyrrhenian Basin (Western Mediterranean) and the Levantine Basin (Eastern 

Mediterranean) because of their tendency to support seasonal phytoplankton blooms (Siokou-

Frangou et al., 2010). 

5.2.2 HCHO Remote Sensing 

Data from two different space-borne sensors were used in this study for the retrieval 

of HCHO columns over the Mediterranean region.  OMI is aboard NASA’s Aura satellite 

with a sun-synchronous polar orbit and an equator crossing time of 1:38 pm.  OMI has a 

2600 km viewing swath, with pixel sizes ranging from 13 x 24 km at nadir to 26 x 135 km at 

the swath edges, allowing for almost daily global coverage (Millet et al., 2008).  OMI is a 

nadir viewing UV/Vis instrument observing continuously from 270 to 500 nm (Kurosu et al., 

2004).  The SCanning Imaging Absorption SpectroMeter for Atmospheric CHartography 

(SCIAMACHY) is aboard the ENVISAT satellite.  The ENVISAT satellite has a sun-

synchronous polar orbit with an equator crossing time of 10:00 local time (Bovensmann et 

al., 1999) and a 960 km viewing swath, allowing for global coverage every 6 days.  

SCIAMACHY has three viewing geometries (nadir, limb, and sun/moon occultation) and 

continuously observes from 240 to 1700 nm and in selected wavelengths between 1900 and 

2400 nm (De Smedt et al., 2008). 

 The retrieval of HCHO vertical column amounts first starts with the retrieval of slant 

column density (SCD), which essentially is the HCHO concentration integrated along the 

viewing path of the satellite.  The retrieval algorithm for OMI HCHO SCD is based on a non-

linear least-squares fitting, while the SCIAMACHY HCHO SCD uses differential optical 

absorption spectroscopy technique (DOAS) (De Smedt et al., 2008).  OMI SCDs are 

determined by fitting measured radiances using a spectral window between 327.5–356.5 nm 

and consider molecular absorption cross sections, correction for Ring effect, and effective 
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albedo (Kurosu et al., 2004).  Slant columns for SCIMACHY are determined by fitting the 

measured radiances using a spectral window between 328.5-346 nm to avoid a known 

polarization peak around 350 nm in SCIAMACHY retrievals (De Smedt et al., 2008). 

Slant columns are then converted to vertical column densities (VCD) through the use 

of a calculated Air Mass Factor (AMF).  The AMF takes into account atmospheric scattering, 

surface albedo, satellite viewing geometry, aerosols, clouds, and the vertical distribution of 

HCHO.  OMI data products use the GEOS-Chem global 3-D chemical transport model (Bey 

et al., 2001) and the LIDORT radiative transfer model for calculation of the AMF (NASA, 

2002), while SCIMACHY is using the TM4 model and the Doubling Adding KNMI (DAK) 

radiative transfer model with FRESCO cloud parameters (De Smedt et al., 2008).  We used 

GEOS-Chem version 7.03 (http://www-as.harvard.edu/chemistry/trop/geos/index.html) with 

GEOS-4 assimilated meteorological fields from the Goddard Earth Observing System 

(GEOS) of the NASA Global Modeling Assimilation Office.  The GEOS‐4 meteorological 

fields were degraded to horizontal grid resolution of 2° × 2.5° (latitude‐longitude) and 47 

vertical layers.  In its full chemistry configuration, GEOS-Chem includes H2SO4‐HNO3‐NH3 

aerosol thermodynamics coupled to an O3‐NOx‐hydrocarbon‐aerosol chemical mechanism 

(Bey et al., 2001; Park et al., 2004).  Sulfur compounds, carbonaceous aerosols, and sea‐salt 

emission and chemistry are accounted for and described by Park et al. (2004), Heald et al. 

(2005), and Alexander et al. (2005). 

For OMI satellite retrievals we use Level 2 (v003) geolocated data products 

(http://mirador.gsfc.nasa.gov/), while for SCIMACHY daily swath data (version 1.2) 

(http://www.temis.nl/airpollution/ch2o.html) was used.  Both satellite data are gridded at a 

0.25° × 0.25° resolution with data pixels of cloud fractions < 20%.  The detection limit of 

OMI HCHO is ~8x10
15

 molecules cm
-2 

(Curci et al., 2010).  The uncertainty on a single 

HCHO slant column observation ranges 40–100% (Chance and Kurosu, 2008), while the 

uncertainty on the AMF calculated with GEOS-Chem is estimated to be about 30% for cloud 

fractions less than 0.2 (Millet et al., 2006; Palmer et al., 2006).  The total uncertainty of a 

single HCHO vertical column observation ranges from 50 to 105% (Chance and Kurosu, 

2008; Curci et al., 2010).  For SCIAMACHY, with a detection limit of 6.5x10
15

 molecules 

http://www.temis.nl/airpollution/ch2o.html
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cm
-2 

(De Smedt et al., 2007),
 
the systematic error in the SCD retrieval is ~ 2.5x10

15
 

molecules cm
-2

 in the tropics and increases to 8x10
15

 molecules cm
-2

 at increasing latitudes 

(Starvokov et al., 2009).  The global error for a SCIAMACHY vertical column density of 

HCHO is estimated to be 46% (4.6x10
15

 molecules cm
-2

) (De Smedt et al., 2007). 

 

5.2.3 Anthropogenic Sources 

The exhaust of marine vessels can contribute significant amounts of SOx, NOx, CO, 

hydrocarbons, and particulate matter into the marine boundary layer (Wang et al., 2007).  

Although direct emissions of HCHO from ships are negligible, there are several hydrocarbon 

species that are emitted and can be oxidized to form HCHO in the atmosphere.  Some of 

these hydrocarbons include alkanols, ethane, propane, butanes, pentanes, hexanes, benzene, 

toluene, xylene, and aromatics (Eyring et al., 2005).  Table 5.1 summarizes the yield of 

HCHO from several different VOCs and their respective atmospheric lifetimes over Europe 

for summertime conditions.  In Europe, international shipping accounts for 90% of the 

emissions from commercial shipping.  A modeling study has shown that if marine vessel 

emissions (with values ranging from 0.8 to 130 Gg C yr
-1

 based on the specific emission 

inventory) are not considered, the formation of HCHO over the Mediterranean Seas can be 

reduced by up to 24% (Marmer and Langmann, 2005).  Therefore, contribution of marine 

vessels to remotely sensed HCHO may be significant in highly traveled areas of the 

Mediterranean Sea.  In fact, satellite retrievals of HCHO VCD have been used to identify 

heavily traveled shipping routes (Marbach et al., 2009).  Although the signal was weak 

compared to the underlying background concentrations, it was sufficient to be used as a 

possible constraint for marine traffic emission inventories.  In this study globally gridded 

inventories of ship emissions of hydrocarbons of Wang et al. (2007) are used.  The 

hydrocarbon shipping data was regridded from a 0.1° × 0.1° to a 0.25° × 0.25° resolution to 

be compatible with HCHO data. 

Another possible anthropogenic source of formaldehyde, both from primary 

emissions of HCHO or secondary production from other VOCs, can come from biomass 

burning (Stavrakou et al., 2009b; Fu et al., 2007).  To estimate potential contribution of 
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biomass burning to HCHO over the Mediterranean, MODIS fire data (MODAPS Collection 

5 data) for the summer months of 2005 are compared to HCHO VCD data.  The fire data 

were obtained using Fire Information for Resource Management System’s (FIRMS) Web 

Fire Mapper (http://firefly.geog.umd.edu/firemap/). 

5.2.4 Biogenic Sources 

Possible biogenic sources for HCHO over the Mediterranean Sea include 

phytoplankton production VOCs and CDOM photobleaching.  It is now well documented 

(both in laboratory and field studies) that phytoplankton can emit several types of biogenic 

VOCs, such as isoprene and monoterpenes (Bonsang et al., 1992; Shaw et al., 2003; Yassaa 

et al., 2008; Gantt et al., 2009).  Owing to their short lifetime and relatively high HCHO yield 

(Palmer et al., 2003, Palmer et al., 2006), these short-lived non-methane VOCs can 

potentially contribute to local HCHO columns.  It is a common practice to characterize 

marine emissions of VOCs by using remotely sensed surface Chl-a as a proxy for the 

phytoplankton abundance in the surface layer.  However, satellite based retrievals of Chl-a 

are not sufficient to describe the phytoplankton abundance in the Mediterranean Sea.  

Nutrients, accumulated at the surface due to strong vertical mixing throughout the winter 

months, with springtime increase in sea-water surface temperatures and incoming solar 

radiation, fuel biological productivity in the upper water column (Marty et al., 2002).  By the 

summertime, the nutrients are depleted and strongly-stratified oligotrophic (lacking essential 

nutrients to support primary productivity) surface waters can no longer sustain plankton 

growth.  Under such conditions, phytoplankton in the Western and Eastern Mediterranean 

Sea move lower in the water column at ~50 m and ~100 m, respectively (Crise et al., 1999) 

to the depth that is usually not sampled by the satellites.  Due to the seasonal formation of 

this deep chlorophyll maximum (DCM), satellite retrieval of Chl-a may not be an accurate 

representation of the full water column biomass.  Due to such difficulties in remotely sensed 

Chl-a retrievals in the Mediterranean Sea, to get an accurate representation of the biomass of 

marine organisms within the water column, we use column integrated net primary production 

(NPP) as a proxy for a marine VOC source.  This data product is based not only on satellite 

derived chlorophyll a, but also on sea surface temperature (SST), and cloud-corrected 
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incident daily photosynthetically active radiation (PAR) in conjunction with a biological 

model (Behrenfeld and Falkowski, 1997).  The 8 day averaged NPP products were obtained 

from www.science.oregonstate.edu/ocean.productivity/standard.product.php and regridded 

from 9km × 9km to 0.25° × 0.25° resolution. 

To characterize other possible biogenic sources for HCHO over the Mediterranean 

Sea, we use the magnitude of CDOM photobleaching as a proxy for marine emissions of 

VOCs.  The CDOM absorption is calculated by applying CO_a412M algorithm from 

Mannino et al. (2008) to MODIS 8-day reflectance mapped Level 3 data (at 490 nm and 551 

nm).  The CDOM absorption data is also regridded from a 9km × 9km spatial resolution to a 

0.25° × 0.25° grid. 

 

5.3 Results 

Remotely sensed data analysis revealed that the HCHO hot spot typically appears 

over the Mediterranean during the warmer seasons.  Figure 5.1 shows that during January, 

HCHO is low in all areas over the Mediterranean region (~3x10
15

 molecules cm
-2

) and below 

the OMI detection limit.  However, during summer months, VCDs are greatly enhanced over 

the Western Mediterranean Sea, with highest retrieved values in June, 2005.  The eastern part 

of the Mediterranean also shows elevated summertime column concentrations, but is not as 

high as those in the western region.  Due to relatively low concentrations of remotely sensed 

HCHO over the Sea (often near or below the detection limit), to gain additional robustness 

for the observed seasonal/spatial trends OMI HCHO data were compared to SCIAMACHY 

retrievals. 

 

5.3.1 SCIAMACHY and OMI Intercomparison 

 Since both sensors have been operational since 2005, a comparison of two different 

HCHO VCD data products for three years is possible.  Figure 5.2 shows a time series of OMI 

and SCHIAMACHY 8-day averages of HCHO VCD and SCD spatially averaged over the 

entire Mediterranean Sea.  There are considerable differences between the two sensor 

retrievals of VCD, SCD and AMF.  According to Figure 5.2 OMI demonstrates a distinct 



69 

 

seasonal cycle in all three parameters (with maximum values in summer and minimum in 

winter for VCD and SCD and the opposite for AMF), while SCIAMACHY shows no clear 

seasonality.  Figure 5.2 also reveals that during the winter months VCD and SCD values of 

the two sensors are within their retrieval uncertainty.  However, there is a considerable 

deviation between OMI and SCIAMACHY during the spring and summer months when OMI 

HCHO VCDs are at their highest.  To better understand the possible reason(s) for such a 

large discrepancy, we have examined a global time series over other water bodies, including 

the open ocean and isolated/semi-isolated water bodies similar to the Mediterranean Sea.  

Time series of 8-day averaged HCHO VCD, SCD and AMF retrievals from OMI and 

SCIAMACHY (see Figures 5.3 and 5.4) reveal a complex picture that is difficult to interpret.  

According to Figures 5.3 and 5.4 the VCD and SCD values from SCIAMACHY are always 

lower compared to OMI, consistent with retrievals over the Mediterranean.  Figure 5.3 also 

shows that although the two sensors seem to agree reasonably well over the highly-

productive Equatorial upwelling region of the Pacific Ocean, over the large oligotrophic 

oceanic gyres (Northwestern Pacific Ocean, Southern Pacific Ocean and the Northern 

Atlantic Ocean) the discrepancy between OMI and SCIAMACHY retrievals is large and 

outside the retrieval uncertainty.  Interestingly, there also appears to be a seasonality 

observed in the OMI data over the low productivity regions of Northern Atlantic and 

northwestern and southern Pacific. 

Agreement between OMI and SCIAMACHY is somewhat better over the 

isolated/semi-isolated water bodies (especially over the Gulf of Mexico and the North Sea), 

where both sensors are showing similar seasonality (see Figures 5.4).  However, even within 

retrieval uncertainty there are considerable differences between the sensors.  For example, 

over the North Sea region, SCIAMACHY retrieves larger seasonal variations, while over the 

Black Sea region OMI seasonality is more pronounced.  In general, Figures 5.3 and 5.4 

suggest that the agreement between OMI and SCIAMACHY retrievals is poor over 

oligotrophic water bodies where the two sensors do not even show similar seasonality in 

VCD and SCD values for the examined three year period.  On the other hand, the two sensors 

agree relatively well over the Equatorial upwelling region, Gulf of Mexico, and the North 
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Sea.  Further research in retrievals over both oligotrophic waters (such as the Mediterranean 

Sea) and high productivity regions (such as ocean upwelling regions) need to be conducted in 

order to resolve the discrepancy between SCIAMACHY and OMI over water bodies. 

 

5.3.2 OMI AMF Correction 

 Due to its proximity to the Sahara Desert, there are frequent intrusions of large dust 

clouds in the Mediterranean Sea area.  Persistent dust haze conditions (typically lasting 1-3 

days) impacts the Western Mediterranean more frequently compared to the eastern part (Pye, 

1992).  Even though dust events are largely variable, climatological records indicate a 

seasonal cycle coinciding with the dry season; specifically a maximum during spring in the 

Eastern Mediterranean and during summer in the Western Mediterranean (Moulin et al., 

1998).  Inspection of Figure 5.2 shows that the large spike in OMI HCHO VCD during June 

is mainly caused by low values of AMF.  Since the AMF is used to correct for aerosols, 

temporal correlation between dust and VCD encouraged us to examine possible effect of 

GEOS-Chem predicted dust concentration on AMF.  Generoso et al. (2008) reported that 

GEOS-Chem calculated summertime dust aerosol optical depth (AOD) was factor of 3 higher 

compared to satellite data.  Accordingly we reduced the Saharan dust emissions by a factor of 

3 and using new AMF values re-calculated OMI HCHO VCD for the all three years.  

Comparison of Figures 5.1 and 5.5 shows a significant reduction of HCHO column densities 

for both the Western and the Eastern Mediterranean.  Corrected AMFs decreased the HCHO 

hot spot by ~ 40% in June and by ~ 10% in July and August.  Similar reductions in VCDs are 

obtained for both 2006 and 2007 (not shown).  It should be noticed, that although the new 

AMFs reduce the original hot spot, there is still an enhancement in the HCHO VCD confined 

over the water.  This is a robust result with VCD values a factor of 1.3 higher above the 

detection limit over the large areas of the Mediterranean Sea.  To explain elevated 

concentrations of HCHO, below we review possible anthropogenic (e.g. ship emissions of 

hydrocarbons) and natural (e.g. phytoplankton production of VOCs and/or CDOM 

photobleacing) sources of HCHO. 

 



71 

 

5.3.3 Possible sources 

Transport and Anthropogenic Influence 

 The difference between model predicted and measured HCHO VCD over the 

Mediterranean Sea has been discussed previously (Korman et al., 2003; Ladstatter-

Weißenmayer et al., 2003).  Model simulations showed consistent underprediction of HCHO 

concentrations compared to the measurements conducted over the Eastern part of the 

Mediterranean Sea during Mediterranean INtensive Oxidant Study (MINOS) (Korman et al., 

2003; Ladstatter-Weißenmayer et al., 2003).  The discrepancy between the model predictions 

and observations was explained by transport of polluted air masses originating in Eastern 

Europe (Ladstatter-Weißenmayer et al., 2003) or Asia (Scheeren et al., 2003).  It was 

suggested that such air masses may contain longer-lived VOCs oxidation of which could 

yield HCHO over the Mediterranean Sea domain (Korman et al., 2003).  To check if the 

pollution transport may influence retrievals of HCHO VCD during summer 2005, we 

examined OMI Tropospheric NO2 columns.  Approximately 90% of total tropospheric NO2 is 

produced by industrial emissions, biomass burning and soil emissions over the land, while 

only 10% is produced over the oceans, from lightning, and from aircraft (Leue et al., 2001).  

The concentration of NO2 decreases 1/e at 670 km away from the source, leading to an 

estimated lifetime of ~ 1 day (Leue et al., 2001).  Due to its longer lifetime compared to 

HCHO, transport of NO2 can be seen downwind from the source region.  A decreasing 

gradient away from the source region is assumed to be indicative of pollution transport. 

 Figure 5.6 shows that the highest values of NO2 are concentrated over major cities in 

Spain, Italy, Egypt, Turkey and Greece.  There is a clear gradient from elevated NO2 VCD 

over the land to decreased values over the sea in all three months.  While NO2 seems to be 

transported from the continent to the sea, HCHO does not show a similar pattern.  Therefore, 

considering atmospheric lifetimes of HCHO and its parent VOCs, and that HCHO VCD do 

not follow a similar gradient pattern as the NO2 VCD, it is inferred that the localized 

enhancement of HCHO over the Mediterranean is unlikely to be caused by the transport from 

the European continent. 
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 Although a large portion of the NO2 observed over the Mediterranean originates from 

the land, there are interesting features that can be seen in both the Western and Eastern 

regions.  Figure 5.6 shows NO2 VCD for July and August of 2005 and an annual composite 

of averaged power-weighted ship emissions of hydrocarbons (HC).  The boxed regions 

identify a faint signal in the NO2 VCD that appears to be correlated with shipping traffic.  

This signal in the NO2 VCD has been previously identified in the heavily traveled shipping 

routes between Sri Lanka and Sumatra (Marbach et al., 2009).  As stated before, 

approximately 958,000 Metric tons of NOx in the Mediterranean is a result of commercial 

shipping traffic.  There is a defined narrow band of elevated NO2, with respect to the 

surrounding concentrations, stemming from the Strait of Gibraltar to the tip of Italy which is 

especially pronounced in August.  There is a similar signal in the Eastern Mediterranean, but 

much weaker, and easier to see near the Suez Canal.  In these areas, it is possible that the 

elevated NO2 concentrations and emitted VOCs from shipping traffic could be influencing 

the oxidation capacity of the marine boundary layer, enhancing the production of HCHO 

from the photo-oxidation of VOCS. Satellite retrievals of HCHO VCD from GOME have 

been used to identify heavily traveled shipping routes between Sri Lanka and Sumatra 

(Marbach et al., 2009). While the signal was weak compared to the underlying background 

concentrations, the HCHO enhancement was able to be identified and used as a possible 

constraint for emission inventories of marine traffic. In this study, we do not see a similar 

HCHO enhancement along the shipping routes, outlined in Figure 5.6. Transport and 

shipping traffic appear to not be the sole contributor to the  elevated HCHO VCD over the 

Mediterranean Sea, but further study with chemical transport models may prove useful in 

understanding these two possible HCHO sources in the Mediterranean Sea. 

 

Biomass Burning 

Another possible terrestrial source of HCHO, both from primary emissions of HCHO 

and other VOCs, can come from biomass burning.  To estimate potential contribution of 

biomass burning to HCHO over the Mediterranean, MODIS fire data (MODAPS Collection 

5 data) for summer months of 2005 are compared to HCHO VCD (see Figure 5.7).  Figure 
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5.7 shows very little fire activity surrounding the Mediterranean in June, 2005, with some 

small fires near Istanbul, Turkey and throughout Portugal.  During July, fire activity began to 

increase.  There is a large accumulation of fire activity throughout Portugal and Northern 

Algeria, with surge of activity north of the Black Sea; in August, the fires in Portugal, 

Algeria, and the Black Sea persist.  The Southern tip of Italy and Greece also show some 

moderate fire activity from July to August.  However, when compared to HCHO VCD, there 

is no clear indication for the effect of biomass burning on HCHO abundance over the 

Mediterranean.  Spatially, the highest HCHO VCDs occur over the water, away from the fire 

source regions.  Temporally, HCHO increases from June to July and then decreases in 

August, while fires are at a minimum in July and increase to a maximum in August.  Due to 

the absence of any considerable correlation between fire activity and HCHO VCD, we 

conclude that biomass burning on the land also does not seem to be a significant source of 

formaldehyde over the Mediterranean Sea. 

 

Biogenic: Ocean Primary Production 

The Mediterranean is naturally oligotrophic, with an increase to ultraoligotrophic 

waters in the eastern section (Pedros-Alio et al., 1999; Turley, 1999).  However, during the 

winter surface waters cool leading to enhanced thermohaline circulation.  This breakdown 

allows for vertical mixing between the deep-nutrient rich waters and the oligotrophic surface 

waters (Turley, 1999; Pedros-Alio et al., 1999; Turley et al., 2000), especially in the 

Northwestern Mediterranean.  Nutrients upwelled in the winter facilitate primary production 

in the surface waters in March and a maximum in April.  It can be seen from Figure 5.8 that 

during springtime, the western Mediterranean has a considerable amount of productivity 

(~1300 mg C cm
-2

 day
-1

) while the Eastern part is fairly sparse (~400 mg C cm
-2

 day
-1

).  

Figure 5.8 shows that the large springtime enhancements of ocean productivity in the 

Mediterranean (i.e. the Bay of Biscay, off the coast of Portugal, the coast of Italy and at the 

mouth of the Nile River Delta) are altered to high oligotrophicity (i.e. low nutrients and 

therefore low productivity) by the summertime. To estimate if the rates of 

phytoplankton-produced VOCs are high enough to explain remotely-sensed HCHO VCD 
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signal over the Mediterranean Sea, we examine the required amount of ocean-derived 

isoprene, using the method similar to Palmer et al. (2003).  Isoprene was selected because it 

is a most abundant VOC gas produced by marine plankton (Gantt et al., 2009) and has shown 

to significantly contribute to local HCHO concentrations (Fehsenfeld et al., 1992; Abbot et 

al., 2003; Palmer et al., 2003).  Assuming a background HCHO concentration due to methane 

oxidation and longer-lived VOCs, the HCHO VCD (ΩHCHO) can be calculated: 

, where S is the linear slope corresponding to HCHO yield from isoprene, Eiso is the 

isoprene emission rate, and B is the background HCHO concentration (Palmer et al., 2003).  

The remotely sensed ΩHCHO can be used to back calculate the isoprene emission necessary for 

the observed HCHO.  Palmer et al. (2003) showed that the assumption is valid in summer at 

midlatitudes for a high HCHO-yield and reactive (lifetime 30 min) parent VOC (i.e. 

isoprene). For the background HCHO concentration we use the lowest value remotely sensed 

from OMI over the Mediterranean during January (~3.5x10
15

 molecules cm
-2

). 

Based on these assumptions, the lowest isoprene emission required to explain 

summertime maxima in the observed OMI HCHO columns is ~ 10
13

 atoms C cm
-2

 s
-1

.  This 

isoprene emissions rate is ~3 to 4 orders of magnitude higher than recent estimates of marine 

isoprene emissions (Gantt et al., 2009; and Arnold et al., 2009).  Although this simplified 

approach in no way reveals the actual marine isoprene emissions over the Mediterranean, it 

does provide a rough estimate of the contribution needed in order for primary productivity to 

be the main source of the HCHO hot spot over the Mediterranean.  Since NPP does not 

follow a similar seasonal trend as HCHO (see Figure 5.5 and 5.8) and the back calculated 

isoprene emissions are about 3-4 orders of magnitude larger than laboratory-measured 

marine isoprene emissions. Marine primary productivity in the Mediterranean Sea is unlikely 

to be a single most-important source of the retrieved summer hot spot of HCHO.  

 

Biogenic: CDOM 

CDOM photobleaching or the absorption of radiation participating in photoreactions 

that degrade the components of the CDOM can form lower molecular weight hydrocarbon 

species (Kieber and Mopper, 1990).  Therefore, CDOM could be a possible direct source of 
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HCHO and/or a source of hydrocarbon species that can eventually form HCHO in the 

atmosphere.  As seen in Figure 5.9, there is a significant amount of CDOM off the 

Northwestern Mediterranean, the Bay of Biscay and off the coast of Portugal in springtime.  

There is also high productivity close to the coast of Italy and at the mouth of the Nile River 

Delta.  The location of CDOM in the Mediterranean closely resembles a similar pattern seen 

from primary productivity, with an increase in springtime in the Western Mediterranean 

followed by a strong decrease in the summer and consistently low values in the Eastern part.  

It appears that CDOM in the Mediterranean is extremely low, especially during the summer 

when HCHO is the highest.  These low concentrations combined with the large negative 

correlation with HCHO, indicate that CDOM is also not likely to be solely responsible for the 

enhanced HCHO VCD over the Mediterranean. 

 

5.4 Conclusion 

In this study we used the Ozone Monitoring Instrument (OMI) remotely sensed 

formaldehyde column concentrations for the years 2005-2007, to explore potential marine 

sources of HCHO.  We have chosen the Mediterranean Sea due to unexpectedly high 

concentrations of HCHO observed during the airborne profile measurements over South 

Eastern Mediterranean (Kormann et al., 2003).  Satellite retrievals of HCHO VCD show a 

defined seasonal trend over the Mediterranean Sea, with a winter minimum and summer 

maximum.  Our comparison of OMI and SCIAMACHY formaldehyde column densities 

proved to be inconclusive.  Our data analysis showed that OMI and SCIAMACHY tend to 

agree fairly well over semi-isolated seas and highly productive upwelling regions. However, 

we also demonstrate that there is a large discrepancy between the two satellite sensors over 

oligotrophic water bodies, particularly over the Mediterranean Sea.  The large summertime 

increase in HCHO VCD retrieved by OMI was considerably reduced when AMFs were 

recalculated with the reduced dust concentrations following the recommendation of Generoso 

et al. (2008).  Although, increase in AMFs lead to some improvement in the agreement 

between the two sensors over the Mediterranean Sea, it is not clear from the study of 

Generoso et al. (2008) if the uniform reduction of dust emissions can be applied irrespective 
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of location and seasonality.  After the correction of the dust emissions and a recalculation of 

the OMI AMF, there was a clear reduction in the HCHO columns during summer but higher 

values were still concentrated over the water.   

Future work in evaluating the differences between the two instruments and evaluating 

the validity of the OMI HCHO VCD signal over the Mediterranean is needed. To identify 

possible sources for the cause of the elevated levels of formaldehyde over the Mediterranean 

several parameters characterizing long-ranged transport of VOCs as well local anthropogenic 

and biogenic production have been examined.  OMI NO2 VCD, shipping traffic, biomass 

burning, ocean primary productivity and CDOM were used as possible sources of the 

elevated HCHO localized over the Mediterranean.  

 While NO2 appeared to be transported from the continent to over the sea, HCHO 

does not show a similar pattern. Shipping traffic emission data sets and NO2 VCD compared 

to HCHO VCD were used to assess the possibility of marine vessels as a possible source of 

HCHO enhancement. Slight enhancements in the NO2 VCD along shipping tracks were 

observed, but not in the HCHO VCD. Shipping traffic does not appear to be the main driver 

of   HCHO formation over the Mediterranean Sea, however by providing a local source of  

NO2 in the marine atmosphere, it may  increasing the efficiency of VOC to HCHO photo-

oxidation as compared to more remote marine environments. Further studies are needed.  

  Fire counts were also used to assess the possible influence of biomass burning on 

HCHO hot spot. Temporally and spatially, the locations of fires over Europe did not follow 

patterns similar to the HCHO columns. Neither direct emissions of HCHO nor secondary 

formation through emissions of VOC from forest fires appear to have an influence on the 

OMI HCHO VCD over the Mediterranean.   

Two possible sources over the water were also evaluated: primary production and 

CDOM photo-bleaching. Due to the oligotrophic conditions of the Mediterranean, 

productivity was concentrated near the coasts, but a large phytoplankton bloom does appear 

in April in the North Western Mediterranean. When correlated with HCHO columns, there is 

a large positive correlation in the Northwestern Mediterranean, especially near the coasts. 

However, after doing back calculations of isoprene emissions from the biological activity 
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necessary to form the observed HCHO columns, it was found that emissions from the sea 

would have to be 3 orders of magnitude larger than previously estimated marine isoprene 

emissions. CDOM followed similar spatial and temporal trends as primary productivity, but 

at much lower concentrations. There is an overall negative correlation between CDOM and 

HCHO over the entire Mediterranean Sea. Therefore, we conclude that both primary 

production and CDOM photo-bleaching are not probable sources for the elevated HCHO 

concentrated over the Mediterranean Sea.   

In this study we attempted to evaluate possible sources individually that may be the 

main cause for the observed hot spot over the Mediterranean Sea. We found that none of the 

sources assessed could be the sole source of HCHO. However, it is possible that a 

combination of the sources discussed could collectively be contributing to the HCHO hot 

spot over the Mediterranean. For future research, it is necessary to fully understand the 

validity of the satellite retrievals over the marine environment. Secondly, it is imperative to 

understand the possible sources of HCHO in this region by using either measurements, 

satellites, or modeling studies to understand the complex HCHO formation mechanism over 

the Mediterranean. Formaldehyde has important implications for the air quality over the 

Mediterranean, and it is necessary that it be more accurately assessed. 
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Table 1.1: Global emission estimates for isoprene and monoterpenes.  

Global Terrestrial Isoprene Global Terrestrial Monoterpene  

Emissions 

 

Emissions 

 (Tg C yr
-1

) Reference (Tg C yr
-1

) Reference 

503 Geunther et al., 1995 147 Mueller, 1992 

507 Levis et al., 1999 127 Geunther et al., 1995 

530 Wang and Shallcross, 2000 33 Levis et al., 1999 

561 Adams et al., 2001 117 Adams et al., 2001 

559 Potter et al., 2001 72 Naik et al., 2004 

483 Sanderson et al., 2003 103 Tao and Jain, 2005 

454 Naik et al., 2004 99 Valdes et al., 2005 

566 Shim et al., 2005 121 Kaplan et al., 2006 

601 Tao and Jain, 2005 117 Lathiere et al., 2006 

594 Valdes et al., 2005 32 Arneth et al., 2007 

503 Geunther et al., 2006   

 541 Kaplan et al., 2006   

 460 Lathiere et al., 2006   

 459 Wieddinmyer et al., 2006   

 412 Arneth et al., 2007   

 410 Muller et al., 2007   

 500 Butler et al., 2008   

 401 Young et al., 2009   

 Global Ocean Isoprene Global Ocean α-pinene 

Emissions  

 

Emissions 

 (Tg C yr
-1

) Reference (Tg C yr
-1

) Reference 

1.1 Bonsang et al., 1992 0.013 Luo and Yu, 2010
a
 

0.1 Palmer and Shaw, 2005 29.5 Luo and Yu, 2010
b
 

1.2 Sinha et al., 2007   

 0.27 Arnold et al., 2009
a
   

 1.68 Arnold et al., 2009
b
   

 0.92 Gantt et al., 2009   

 0.32 Luo and Yu, 2010
a
   

 11.6 Luo and Yu, 2010
b
     

a. bottom up estimate       
b. top down estimate 
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Table 1.2: List of laboratory measurements of isoprene production rates from phytoplankton 

monocultures.  Production rates given as "average (range)" values.   

  Production Rate Production Rate 

 Species μmoles (g Chl-a)
-1

 day
-1

 mmoles (cell)
-1

 day
-1

 Reference 

Diatoms  

   Chaetoceros affinis 

 

(1.6 to 2.2)x10
-18

 Milne et al., 1995 

Skeletonema costatum  

 

(1.1 to 1.4)x10
-18

 Milne et al., 1995 

Skeletonema costatum  1.80 

 

McKay, 1996
a
 

Phaeodactylum tricornutum 1.5x10
-18

 Acuna-Alvarez, 2009
b,c

 

Diatoms (Southern Ocean) 1.2 (0.33 to 1.99) 

 

Arnold et al., 2009 

Diatoms (Elsewhere) 2.5 (0.00 to 10.10) 

 

Arnold et al., 2009 

Diatoms
d
 (0 to 67) 

 

Gantt et al., 2009 

    Dinoflagellates 

   Amphidinium aperculatum 

 

(4.1 to 6.7)x10
-18

 Milne et al., 1995 

    Haptophytes 

   Emiliania huxleyi 
 

(1.7 to 2.8)x10
-18

 Milne et al., 1995 

Emiliania huxleyi 1.00 0.38x10
-18

 Shaw et al., 2003 

Haptophytes 1.9 (1.24 to 2.73) 

 

Arnold et al., 2009 

Emiliania huxleyi (0 to 18) 

 

Gantt et al., 2009 
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Table 1.2: Continued.   

  Production Rate Production Rate   

Species μmoles (g Chl-a)
-1

 day
-1

 moles (cell)
-1

 day
-1

 Reference 

Prochlorococcus 

   Prochlorococcus 1.50 1.4x10
-21

 Shaw et al., 2003 

Prochlorococcus 9.7 (2.40 to 22.10) 

 

Arnold et al., 2009 

    Cyanobacteria 

   Synechococcus 1.40 4.9x10
-21

 Shaw et al., 2003 

Trichodesmium 3.2 (1.6 to 4.7)  

 

Arnold et al., 2009 

Cyanobacteria 7.8 (2.40 to 22.10)  

 

Arnold et al., 2009 

    
Other 

   Micromonas pusilla 1.40 0.2x10
-19

 Shaw et al., 2003 

Pelagomonas calceolata 1.60 0.57x10
-19

 Shaw et al., 2003 

Dunaliella tertiolecta 
 

8.3x10
-19

 Acuna-Alvarez, 2009
c
 

Unidentified 3.1 (0.00 to 22.10) 
 

Arnold et al., 2009 

a. Production rates calculated in Shaw et al., 2003.  

b. Isoprene production rates were also measured from sediments from the Colne estruary, UK. Rates ranged from 0.15 to 0.71 

pmoles cm
-2

 hr
-1

.   

c. Production rates calculated in Shaw et al., 2010. 

d. Average production rates for T. weiss., T. pseud., and Chaetoceros neogracile. 
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Table 1.3: Production rates of total monoterpenes (C10H16) measured 

from laboratory tested monocultures (Yassaa et al., 2008). 

 

Production Rate 

Species  μmoles (g Chl-a)
-1

 day
-1

 

Diatom 

 Chaetoceros neogracilis  0.0037 

Chaetoceros debilis  0.0008 

Phaeodactylum tricornutum  0.0681 

Skeletonema costatum  0.0003 

Fragilariopsis kerguelensis  0.0431 

  Haptophytes 

 Emiliania huxleyi  0.0003 

  Cyanobacteria 

 Trichodesmium  0.0008 

Synechococcus  0.0011 

  Chlorophycae 

 Dunaliella tertiolecta  0.2259 
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Table 1.4: Global emission estimates of chloroform from different sources. Emissions given 

in the format of most common value (range of estimates). 

 

Global Emissions 

 Source (Gg yr
-1

) Reference 

Anthropogenic 66 (40 to 100) Cox et al., 2003; Trudinger et al., 2004 

Biomass Burning 2 (0.9 to 4.0) Rudolph et al., 1995 

Soil 235 (110 to 450) Cox et al., 2003; Trudinger et al., 2004 

Peatlands 4.7 (0.1 to 151.9) Dimmer et al., 2001 

Rice Paddies 23 (7.7 to 50) Laturnus et al., 2002 

Volcanoes 0.095 (0.067 to 0.12) Schwander et al., 2004 

Ocean 360 (210 to 510) Khalil et al., 1999
a
 

   Macroalgae  2.3 (0.06 to .84) Baker et al., 2001
b
 

   Microalgae 23 (7.9 to 49) Laturnus et al., 2002
c
 

a. Cox et al., 2003; Trudinger et al., 2004; Keene et al., 1999; Weissflog et al., 2005   

b. Ekdahl et al., 1998; Laturnus et al., 2002 

c. Scarratt and Moore, 1999; Murphy et al., 2000  
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Table 2.1: Purge and Trap Conditions 

CDS 8000   

Sample Purge 40 ml/min for 35 min 

Desorb 250°C for 5 min 

Bake 260°C for 5 min 

Temperatures Line 250°C, Valve 260°C, Wet trap 200°C 

  

 GC Parameters 

 Oven Temp 50°C for 2 minute hold 

Temperature Ramp From 50°C to 250°C  at 6°C/min 

Column CP-PoraBOND PLOT Q Fused Silica  

Injector Split, 250°C 

Split ratio 10:1 for 0.75 min, 100:1 for 2.25 min, 20:1 

till end  

Carrier Gas Ultra High Purity Helium 

  

 MS Parameters 

 Scan Time 3 μscans @ 0.45 seconds/scan 

Ionization Mode Electron Ionization (EI) 

Emission Current 20 μamps 

Mass Range 35-300 m/z 

Delay* 5 min 

GC/MS Transfer Line Temperature 180°C 

Ion Trap Temperature 180°C 

*Delay set to avoid "dead volume" signal in chromatograph 
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Ret. Time Quan Ion RE RSD MDL 

Compound Formula (minutes) (m/z) (%) (%) (pptv) 

alpha-Pinene C10H16 31.083 92.9 10.70 5.10 5.40 

beta-Pinene C10H16 31.835 93.1 17.43 14.78 7.15 

1,1,1-Trichloroethane C2H3Cl3 19.208 97.1 4.10 7.99 29.06 

1,1,2-Trichloroethane C2H3Cl3 23.172 96.9 14.00 4.91 2.76 

1,2-Dichloroethane C2H4Cl2 11.474 61.9 21.61 9.90 11.80 

Isoprene C5H8 13.594 66.8 8.53 4.29 6.04 

1,3-Dichloropropene C3H4Cl2 20.677 75.0 19.99 13.95 4.96 

Benzene C6H6 18.698 77.8 8.82 6.88 10.08 

m-Xylene C8H10 27.315 91.1 15.84 5.09 9.87 

Chlorobenzene C6H5Cl 25.522 111.8 19.77 7.24 20.40 

Bromodichloromethane CHBrCl2 19.76 83.1 19.61 7.30 20.51 

Bromoform CHBr3 26.564 173.1 18.37 5.01 6.29 

1-Chlorobutane C4H9Cl 18.425 56.1 6.29 6.52 24.73 

1-Iodobutane C4H9I 25.582 57.0 5.48 6.86 54.12 

Camphene C10H16 31.134 93.0 11.55 5.06 5.10 

Carbon Tetrachloride CCl4 18.724 118.8 9.09 5.72 3.68 

Chloroform CHCl3 16.092 82.9 14.33 10.07 13.21 

Chloroiodomethane CH2ClI 19.935 175.9 30.22 6.32 15.67 

Dibromochloromethane CHBr2Cl 23.55 128.8 16.48 7.57 20.81 

Dimethyl sulfide C2H6S 11.48 61.8 4.67 7.56 8.32 

Dimethyl disulfide C2 H6 S2 21.544 93.7 14.78 5.02 20.67 

D-Limonene C10H16 34.072 67.0 12.60 12.61 3.83 

1-Bromoethane C2H5Br 11.503 107.7 6.97 15.03 17.88 

Iodoethane C2H5I 16.565 155.6 2.23 15.10 14.01 

1,1-Dichloroethene C2H2Cl2 11.669 61.1 3.99 10.71 21.98 

1,2-Dichloroethene C2H2Cl2 14.899 61.2 12.79 9.05 8.86 

Ethylbenzene C8H10 27.315 91.0 19.00 5.20 45.11 

Dibromomethane CH2Br2 18.238 173.9 16.05 6.59 16.04 

Diiodomethane CH2I2 27.852 267.8 19.57 7.38 24.10 

  

Table 2.2: Compound attributes and error analysis for 38 analytes.  
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Ret. Time Quan Ion RE RSD MDL 

Compound Formula (minutes) (m/z) (%) (%) (pptv) 

Iodomethane CH3I 10.953 141.8 20.02 9.02 44.69 

Dichloromethane CH2Cl2 10.981 49.0 18.45 6.48 87.05 

1-Bromopentane C5H11Br 25.359 71.0 7.13 4.99 104.40 

1-Bromopropane C3H7Br 16.448 43.2 7.04 23.45 33.16 

2-Chloropropane C3H7Cl 13.265 43.1 7.46 14.13 95.69 

2-Iodopropane C3H7I 19.959 43.2 6.25 7.43 30.81 

Tetrachloroethene C2Cl4 23.515 166.0 17.57 5.57 19.32 

Toulene C7H8 23.438 91.0 12.87 5.62 14.47 

Trichloroethene C2HCl3 19.201 131.7 7.46 7.68 8.54 

Table 2.2: Continued. 
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Table 2.3: Purging efficiencies (PE) for each analyte. 
 

Compound PE (%) 
 

Compound PE (%) 

alpha-Pinene 94.65 
 

Dimethyl sulfide 83.52 

beta-Pinene 91.28 
 

Dimethyl disulfide 82.61 

1,1,1-Trichloroethane 97.95 
 

D-Limonene 93.70 

1,1,2-Trichloroethane 83.00 
 

1-Bromoethane 95.35 

1,2-Dichloroethane 89.19 
 

Iodoethane 98.89 

Isoprene 95.73 
 

1,1-Dichloroethene 97.34 

1,3-Dichloropropene 86.67 
 

1,2-Dichloroethene 91.48 

Benzene 94.12 
 

Ethylbenzene 87.34 

m-Xylene 89.44 
 

Dibromomethane 75.97 

Chlorobenzene 86.82 
 

Diiodomethane 73.62 

Bromodichloromethane 86.92 
 

Iodomethane 73.32 

Bromoform 81.09 
 

Dichloromethane 87.70 

1-Chlorobutane 95.81 
 

1-Bromopentane 95.25 

1-Iodobutane 96.35 
 

1-Bromopropane 95.31 

Camphene 92.30 
 

2-Chloropropane 95.03 

Carbon Tetrachloride 93.94 
 

2-Iodopropane 95.83 

Chloroform 90.45 
 

Tetrachloroethene 90.29 

Chloroiodomethane 79.85 
 

Toulene 90.08 

Dibromochloromethane 89.01 
 

Trichloroethene 95.03 
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Table 2.4: Total uncertainty or RSD for each analyte. 
 

Compound RSDTotal (%) 
 

Compound RSDTotal (%) 

alpha-Pinene 25.34 
 

Dimethyl sulfide 25.94 

beta-Pinene 28.89 
 

Dimethyl disulfide 25.32 

1,1,1-Trichloroethane 26.07 
 

D-Limonene 27.84 

1,1,2-Trichloroethane 25.30 
 

1-Bromoethane 29.01 

1,2-Dichloroethane 26.72 
 

Iodoethane 29.05 

Isoprene 25.18 
 

1,1-Dichloroethene 27.03 

1,3-Dichloropropene 28.47 
 

1,2-Dichloroethene 26.41 

Benzene 25.75 
 

Ethylbenzene 25.36 

m-Xylene 25.33 
 

Dibromomethane 25.68 

Chlorobenzene 25.85 
 

Diiodomethane 25.89 

Bromodichloromethane 25.87 
 

Iodomethane 26.40 

Bromoform 25.32 
 

Dichloromethane 25.65 

1-Chlorobutane 25.66 
 

1-Bromopentane 25.31 

1-Iodobutane 25.75 
 

1-Bromopropane 34.14 

Camphene 25.33 
 

2-Chloropropane 28.56 

Carbon Tetrachloride 25.47 
 

2-Iodopropane 25.90 

Chloroform 26.78 
 

Tetrachloroethene 25.43 

Chloroiodomethane 25.61 
 

Toulene 25.44 

Dibromochloromethane 25.94 
 

Trichloroethene 25.98 
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Figure 2.1: Depiction of instrumentation set-up. A.) Graphical depiction of entire system 

setup including purging of the sample flask into the CDS concentrator and then into the 

GC/MS. B.) Detailed flow diagram of sample gas stream from the sample flask through the wet 

and sorbent traps of the CDS concentrator. C.) Photograph of the GC/MS and CDS concentrator 

(front view of system). D.) Photograph of sample flask attached to the blanket gas and the CDS 

concentrator (back view of system).  

 

A 

B 

C 

D 
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Figure 2.2:  Sample chromatographs for 38 different BVOC 

screened. Each labeled spike corresponds to a listed compound on the 

right hand side.  
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Figure 3.1:  Isoprene LS production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function of time 

during the first 12 hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, green - 

150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton 

monoculture are shown. Error bars denote the RSDTotal value, or the uncertainty associated 

with the analyte’s production rate, listed in Table 2.4. Monocultures were initially grown at 

90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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  Figure 3.2:  Isoprene LA production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function of time 

during the second 12 hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, 

green - 150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton 

monoculture are shown. Error bars denote the RSDTotal value, or the uncertainty associated 

with the analyte’s production rate, listed in Table 2.4. Monocultures were initially grown at 

90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.3:  α-pinene LS production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function of time 

during the first 12 hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, green - 

150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton 

monoculture are shown. Error bars denote the RSDTotal value, or the uncertainty associated 

with the analyte’s production rate, listed in Table 2.4. Monocultures were initially grown at 

90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.4:  α-pinene LA production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function of time 

during the second 12 hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, 

green - 150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton 

monoculture are shown. Error bars denote the RSDTotal value, or the uncertainty associated 

with the analyte’s production rate, listed in Table 2.4. Monocultures were initially grown at 

90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.5:  Camphene LS production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function of time 

during the first 12 hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, green - 

150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton 

monoculture are shown. Error bars denote the RSDTotal value, or the uncertainty associated 

with the analyte’s production rate, listed in Table 2.4. Monocultures were initially grown at 

90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.6:  Camphene LA production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function of 

time during the second 12 hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, green - 150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per 

phytoplankton monoculture are shown. Error bars denote the RSDTotal value, or the 

uncertainty associated with the analyte’s production rate, listed in Table 2.4. Monocultures 

were initially grown at 90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.7:  D-limonene LS production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function of 

time during the first 12 hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, 

green - 150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton 

monoculture are shown. Error bars denote the RSDTotal value, or the uncertainty associated 

with the analyte’s production rate, listed in Table 2.4.  Monocultures were initially grown 

at 90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.8:  D-limonene LA production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function of time 

during the second 12 hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, 

green - 150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton 

monoculture are shown. Error bars denote the RSDTotal value, or the uncertainty associated 

with the analyte’s production rate, listed in Table 2.4. Monocultures were initially grown at 

90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.9:  Sum of all monoterpenes (α-pinene, β-pinene, camphene, and D-limonene) LS 

production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function of time during the first 12 hour 

light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, green - 150 μE m
-2 

s
-1

, red – 

420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton monoculture are shown. Error 

bars denote the RSDTotal value, or the uncertainty associated with the analyte’s production 

rate, listed in Table 2.4. Monocultures were initially grown at 90 μE m
-2 

s
-1 

and 22°C before 

light experiments. 
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Figure 3.10:  Sum of all monoterpenes (α-pinene, β-pinene, camphene, and D-limonene) 

LA production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function of time during the second 12 

hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, green - 150 μE m
-2 

s
-1

, 

red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton monoculture are shown. 

Error bars denote the RSDTotal value, or the uncertainty associated with the analyte’s 

production rate, listed in Table 2.4. Monocultures were initially grown at 90 μE m
-2 

s
-1 

and 

22°C before light experiments. 
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Figure 3.11:  Chloroform LS production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function of 

time during the first 12 hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, 

green - 150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton 

monoculture are shown. Error bars denote the RSDTotal value, or the uncertainty associated 

with the analyte’s production rate, listed in Table 2.4. Monocultures were initially grown at 

90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.12:  Chloroform LA production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function of 

time during the second 12 hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, 

green - 150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton 

monoculture are shown. Error bars denote the RSDTotal value, or the uncertainty associated 

with the analyte’s production rate, listed in Table 2.4. Monocultures were initially grown at 

90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.13:  Dichloromethane LS production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function 

of time during the first 12 hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, 

green - 150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton 

monoculture are shown. Error bars denote the RSDTotal value, or the uncertainty associated 

with the analyte’s production rate, listed in Table 2.4. Monocultures were initially grown at 

90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.14: Dichloromethane LA production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function 

of time during the second 12 hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, green - 150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton 

monoculture are shown. Error bars denote the RSDTotal value, or the uncertainty associated 

with the analyte’s production rate, listed in Table 2.4. Monocultures were initially grown at 

90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.15:  Iodomethane LS production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function of 

time during the first 12 hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, 

green - 150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton 

monoculture are shown. Error bars denote the RSDTotal value, or the uncertainty associated 

with the analyte’s production rate, listed in Table 2.4. Monocultures were initially grown at 

90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.16:  Iodomethane LA production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a function of 

time during the second 12 hour light cycle. Four different light levels (purple - 90 μE m
-2 

s
-1

, 

green - 150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per phytoplankton 

monoculture are shown. Error bars denote the RSDTotal value, or the uncertainty associated 

with the analyte’s production rate, listed in Table 2.4. Monocultures were initially grown at 

90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.17:  Tetrachloroethene LS production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a 

function of time during the first 12 hour light cycle. Four different light levels (purple - 90 

μE m
-2 

s
-1

, green - 150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per 

phytoplankton monoculture are shown. Error bars denote the RSDTotal value, or the 

uncertainty associated with the analyte’s production rate, listed in Table 2.4. Monocultures 

were initially grown at 90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.18:  Tetrachloroethene LA production rates (μmoles (g Chl-a)
-1

 day
-1

)
 
as a 

function of second during the first 12 hour light cycle. Four different light levels (purple - 

90 μE m
-2 

s
-1

, green - 150 μE m
-2 

s
-1

, red – 420 μE m
-2 

s
-1

 and blue - 900 μE m
-2 

s
-1

) per 

phytoplankton monoculture are shown. Error bars denote the RSDTotal value, or the 

uncertainty associated with the analyte’s production rate, listed in Table 2.4. Monocultures 

were initially grown at 90 μE m
-2 

s
-1 

and 22°C before light experiments. 
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Figure 3.19:  Isoprene LS and LA production rates
 
as a function of irradiance. The top 

two panels are production rates normalized to Chl-a (μmoles (g Chl-a)
-1

 day
-1

) and the 

bottom two panels are production rates normalized by cellular counts (x10
-18

 moles (cell)
-1

 

day
-1

). Corresponding values of the plotted data are displayed below each graph. Error 

bars denote the standard deviation of the five averaged values measured every two hours 

during the first (LS) and second (LA) light cycles.  
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Table 3.1: List of laboratory measurements of isoprene production rates from phytoplankton monocultures.  Production rates given as 

"average (range)" values.  Initial growing conditions and experimental conditions for light and temperature are given for each monoculture. 

Light and temperature are not specified (NS) in some studies. 

Species 

Production Rate 

μmoles (g Chl-a)
-1

 

day
-1

 

Production Rate 

moles (cell)
-1

 day
-1

 Reference 

Growing Light 

Intensity 

μE m
-2 

s
-1

 

Tested Light 

Intensity 

μE m
-2 

s
-1

 

Tested 

Temperature 

°C 

Diatoms 
      

Chaetoceros 

affinis  
(1.6 to 2.2)x10

-18
 Milne et al., 1995 NS NS NS 

       

Skeletonema 

costatum  
(1.1 to 1.4)x10

-18
 Milne et al., 1995 NS NS NS 

       

Skeletonema 

costatum 
1.80 

 
McKay, 1996

a
 85 85 15 to 20 

       

Phaeodactylum 

tricornutum  
1.5x10

-18
 Acuna-Alvarez, 2009

b,c
 400 400 14 

       

Diatoms 

(Southern 

Ocean) 

1.21 (0.33 to 1.99) 
 

Arnold et al., 2009 NS
f
 NS

f
 NS

f
 

       

Diatoms 

(Elsewhere) 
2.48 (0.00 to 10.10) 

 
Arnold et al., 2009 NS

f
 NS

f
 NS

f
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Table 3.1: Continued.      

Diatoms
d
 (0 to 67) 

 
Gantt et al., 2009 90 0 to 1000 22 

      

Thalassiosira 

weissflogii 
2.9 (0.17 to 5.54) 0.20 (0.01 to 3.12)x10

-18
 This work (LS)

e
 90 0 to 900 22 

 
3.5 (0.17 to 4.82) 0.15 (0.01 to 2.04)x10

-18
 This work (LA)

e
 90 0 to 900 22 

       

Thalassiosira 

pseudonana 
2.63 (0.17 to 6.12) 0.11 (0.00 to 2.59)x10

-18
 This work (LS)

e
 90 0 to 900 22 

 
3.91 (0.14 to 5.14) 0.10 (0.00 to 2.17)x10

-18
 This work (LA)

e
 90 0 to 900 22 

       
Dinoflagellates 

      
Amphidinium 

aperculatum  
(4.1 to 6.7)x10

-18
 Milne et al., 1995 NS NS NS 

       

Prorocentrum 

minimum 
1.9 (0.10 to 2.69) 0.15 (0.00 to 1.56)x10

-18
 This work (LS)

e
 90 0 to 900 22 

 
2.3 (0.10 to 3.06) 0.16 (0.01 to 9.86)x10

-18
 This work (LA)

e
 90 0 to 900 22 

       

Karenia brevis 1.1 (0.12 to 1.81) 0.08 (0.00 to 1.02)x10
-18

 This work (LS)
e
 90 0 to 900 22 

 
1.3 (0.09 to 1.94) 0.07 (0.00 to 0.94)x10

-18
 This work (LA)

e
 90 0 to 900 22 

       
Haptophytes 

      
Emiliania 

huxleyi  
(1.7 to 2.8)x10

-18
 Milne et al., 1995 NS NS NS 
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Table 3.1: Continued.      

Emiliania 

huxleyi 
1.00 0.38x10

-18
 Shaw et al., 2003 45 0 to 287 23 

       

Haptophytes 1.99 (1.24 to 2.73) 
 

Arnold et al., 2009 NS
f
 NS

f
 NS

f
 

       

Emiliania 

huxleyi 
(0 to 18) 

 
Gantt et al., 2009 90 0 to 900 22 

       

Pleurochrysis 

carterae 
1.1 (0.10 to 2.28) 0.5 (0.00 to 1.58)x10

-18
 This work (LS)

e
 90 0 to 900 22 

 
1.2 (0.12 to 1.66) 0.6 (0.00 to 6.93)x10

-18
 This work (LA)

e
 90 0 to 900 22 

       
Prochlorococcus 

      
Prochlorococcus 1.50 1.4x10

-21
 Shaw et al., 2003 90 0 to 287 23 

       

Prochlorococcus 9.66 (2.40 to 22.10) 
 

Arnold et al., 2009 NS
f
 NS

f
 NS

f
 

       
Cyanobacteria 

      
Synechococcus 1.40 4.9x10

-21
 Shaw et al., 2003 90 0 to 287 23 

       

Trichodesmium 3.15 (1.6 to 4.7) 
 

Arnold et al., 2009 NS
f
 NS

f
 NS

f
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Table 3.1: Continued.      

Cyanobacteria 7.83 (2.40 to 22.10) 
 

Arnold et al., 2009 NS
f
 NS

f
 NS

f
 

       
Other 

      
Micromonas 

pusilla 
1.40 0.2x10

-19
 Shaw et al., 2003 45 0 to 287 23 

       

Pelagomonas 

calceolata 
1.60 0.57x10

-19
 Shaw et al., 2003 45 0 to 287 23 

       

Dunaliella 

tertiolecta  
8.3x10

-19
 Acuna-Alvarez, 2009

c
 400 400 14 

       

Unidentified 3.13 (0.00 to 22.10) 
 

Arnold et al., 2009 NS
f
 NS

f
 NS

f
 

       

Rhodomonas 

salina 
1.5 (0.15 to 3.19) 0.50 (0.00 to 15.8)x10

-19
 This work (LS)

e
 90 0 to 900 22 

 
1.4 (0.13 to 2.03) 0.52 (0.00 to 11.0)x10

-19
 This work (LA)

e
 90 0 to 900 22 

a. Production rates calculated in Shaw et al., 2003.  

b. Isoprene production rates were also measured from sediments from the Colne estruary, UK. Rates ranged from 0.15 to 0.71 pmoles cm
-2

 hr
-1

.   

c. Production rates calculated in Shaw et al., 2010. 

d. Average production rates for Thalassiosira weissflogii, Thalassiosira pseudonana, and Chaetoceros neogracile. 

e. Production rates are listed for both LS and LA conditions. Average values are representative of the light saturated production rates or production rates for light 

intensities >150  μE m-2 s-1. 

f. Production rates obtained from unpublished experimental data from Bonsang et al. (2009) cited in Arnold et al. (2009). 
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  Figure 3.20:  α-pinene LS and LA production rates
 
as a function of irradiance. The top 

two panels are production rates normalized to Chl-a (μmoles (g Chl-a)
-1

 day
-1

) and the 

bottom two panels are production rates normalized by cellular counts (x10
-20

 moles (cell)
-1

 

day
-1

). Corresponding values of the plotted data are displayed below each graph. Error 

bars denote the standard deviation of the five averaged values measured every two hours 

during the first (LS) and second (LA) light cycles.  
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Figure 3.21:  β-pinene LS and LA production rates
 
as a function of irradiance. The top 

two panels are production rates normalized to Chl-a (μmoles (g Chl-a)
-1

 day
-1

) and the 

bottom two panels are production rates normalized by cellular counts (x10
-20

 moles (cell)
-1

 

day
-1

). Corresponding values of the plotted data are displayed below each graph. Error 

bars denote the standard deviation of the five averaged values measured every two hours 

during the first (LS) and second (LA) light cycles.  
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Figure 3.22:  Camphene LS and LA production rates
 
as a function of irradiance. The top 

two panels are production rates normalized to Chl-a (μmoles (g Chl-a)
-1

 day
-1

) and the 

bottom two panels are production rates normalized by cellular counts (x10
-20

 moles (cell)
-1

 

day
-1

). Corresponding values of the plotted data are displayed below each graph. Error 

bars denote the standard deviation of the five averaged values measured every two hours 

during the first (LS) and second (LA) light cycles.  
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Figure 3.23:  D-limonene  LS and LA production rates
 
as a function of irradiance. The top 

two panels are production rates normalized to Chl-a (μmoles (g Chl-a)
-1

 day
-1

) and the 

bottom two panels are production rates normalized by cellular counts (x10
-20

 moles (cell)
-1

 

day
-1

). Corresponding values of the plotted data are displayed below each graph. Error 

bars denote the standard deviation of the five averaged values measured every two hours 

during the first (LS) and second (LA) light cycles.  
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Figure 3.24:  Sum of all the monoterpenes LS and LA production rates
 
as a function of 

irradiance. The top two panels are production rates normalized to Chl-a (μmoles (g Chl-a)
-1

 

day
-1

) and the bottom two panels are production rates normalized by cellular counts (x10
-20

 

moles (cell)
-1

 day
-1

). Corresponding values of the plotted data are displayed below each 

graph. Error bars denote the standard deviation of the five averaged values measured every 

two hours during the first (LS) and second (LA) light cycles.  
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Table 3.2: Production rates of total monoterpenes (C10H16) measured from laboratory tested monocultures, including 

results from this work highlighted in grey.  Production rates given as "average (range)" values. Initial growing conditions 

and experimental conditions for light and temperature are given for each monoculture.  

Species  

Production Rate 

μmoles (g Chl-a)
-1

 

day
-1

 Reference 

Growing Light 

Intensity 

μE m
-2 

s
-1

 

Tested Light 

Intensity 

μE m
-2 

s
-1

 

Tested 

Temperature 

°C 

Diatom 

     
Chaetoceros neogracilis  0.0037 Yassaa et al., 2008 0 to100 0 to100 20 

Chaetoceros debilis  0.0008 Yassaa et al., 2008 0 to 30 0 to 30 4 

Phaeodactylum tricornutum  0.0681 Yassaa et al., 2008 0 to100 0 to100 20 

Skeletonema costatum  0.0003 Yassaa et al., 2008 0 to100 0 to100 20 

Fragilariopsis kerguelensis  0.0431 Yassaa et al., 2008 0 to 30 0 to 30 4 

Thalassiosira weissflogii 0.11 (0.007 to 0.28) This work (LS)
a
 90 0 to 900 22 

  0.10 (0.007 to 0.22) This work (LA)
a
 90 0 to 900 22 

 Thalassiosira pseudonana 0.12 (0.004 to 0.30)  This work (LS)
a
 90 0 to 900 22 

  0.16 (0.004 to 0.32)  This work (LA)
a
 90 0 to 900 22 

Haptophytes 

     Emiliania huxleyi  0.0003 Yassaa et al., 2008 0 to100 0 to100 20 

Pleurochrysis carterae 0.06 (0.002 to 0.10)  This work (LS)
a
 90 0 to 900 22 

  0.06 (0.003 to 0.10)  This work (LA)
a
 90 0 to 900 22 

Cyanobacteria 

     
Trichodesmium  0.0008 Yassaa et al., 2008 0 to100 0 to100 20 

Synechococcus  0.0011 Yassaa et al., 2008 0 to100 0 to100 20 

Dinoflagellates 
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Prorocentrum minimum 0.10 (0.004 to 0.21)  This work (LS)
a
 90 0 to 900 22 

  0.09 (0.004 to 0.26)  This work (LA)
a
 90 0 to 900 22 

Karenia brevis 0.09 (0.003 to 0.12)  This work (LS)
a
 90 0 to 900 22 

  0.07 (0.006 to 0.12)  This work (LA)
a
 90 0 to 900 22 

Other 

     Dunaliella tertiolecta  0.2259 Yassaa et al., 2008 0 to100 0 to100 20 

Rhodomonas salina 0.07 (0.002 to 0.10)  This work (LS)
a
 90 0 to 900 22 

  0.06 (0.003 to 0.08)  This work (LA)
a
 90 0 to 900 22 

a. Production rates are listed for both LS and LA conditions. Average values are representative of the light saturated 

production rates or production rates for light intensities >150  μE m-2 s-1. 
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Figure 3.25:  Chloroform LS and LA production rates
 
as a function of irradiance. The top 

two panels are production rates normalized to Chl-a (μmoles (g Chl-a)
-1

 day
-1

) and the 

bottom two panels are production rates normalized by cellular counts (x10
-18

 moles (cell)
-1

 

day
-1

). Corresponding values of the plotted data are displayed below each graph. Error 

bars denote the standard deviation of the five averaged values measured every two hours 

during the first (LS) and second (LA) light cycles.  
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Figure 3.26: Dichloromethane LS and LA production rates
 
as a function of irradiance. 

The top two panels are production rates normalized to Chl-a (μmoles (g Chl-a)
-1

 day
-1

) 

and the bottom two panels are production rates normalized by cellular counts (x10
-18

 

moles (cell)
-1

 day
-1

). Corresponding values of the plotted data are displayed below each 

graph. Error bars denote the standard deviation of the five averaged values measured 

every two hours during the first (LS) and second (LA) light cycles.  
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Figure 3.27:  Iodomethane LS and LA production rates
 
as a function of irradiance. The 

top two panels are production rates normalized to Chl-a (μmoles (g Chl-a)
-1

 day
-1

) and the 

bottom two panels are production rates normalized by cellular counts (x10
-19

 moles (cell)
-1

 

day
-1

). Corresponding values of the plotted data are displayed below each graph. Error 

bars denote the standard deviation of the five averaged values measured every two hours 

during the first (LS) and second (LA) light cycles.  
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Figure 3.28:  Tetrachloroethene LS and LA production rates
 
as a function of irradiance. 

The top two panels are production rates normalized to Chl-a (μmoles (g Chl-a)
-1

 day
-1

) 

and the bottom two panels are production rates normalized by cellular counts (x10
-20

 

moles (cell)
-1

 day
-1

). Corresponding values of the plotted data are displayed below each 

graph. Error bars denote the standard deviation of the five averaged values measured 

every two hours during the first (LS) and second (LA) light cycles.  
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Figure 3.29:  Trichloroethene LS and LA production rates
 
as a function of irradiance. The 

top two panels are production rates normalized to Chl-a (μmoles (g Chl-a)
-1

 day
-1

) and the 

bottom two panels are production rates normalized by cellular counts (x10
-20

 moles (cell)
-1

 

day
-1

). Corresponding values of the plotted data are displayed below each graph. Error 

bars denote the standard deviation of the five averaged values measured every two hours 

during the first (LS) and second (LA) light cycles.  
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Figure 3.30:  Isoprene LS, TS, LA and TA production rates
 
as a function of irradiance and 

temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 day
-1

) for 

Thalassiosira pseudonana and the bottom two panels are production rates for 

Thalassiosira weissflogii. Corresponding values of the plotted data are displayed below 

each graph. Monocultures were initially grown at 90 μE m
-2 

s
-1 

and 22°C before 

temperature experiments. 
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Figure 3.31:  α-pinene LS, TS, LA and TA production rates
 
as a function of irradiance 

and temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 day
-1

) for 

Thalassiosira pseudonana and the bottom two panels are production rates for 

Thalassiosira weissflogii. Corresponding values of the plotted data are displayed below 

each graph. Monocultures were initially grown at 90 μE m
-2 

s
-1 

and 22°C before 

temperature experiments. 
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Figure 3.32:  Camphene LS, TS, LA and TA production rates
 
as a function of irradiance 

and temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 day
-1

) for 

Thalassiosira pseudonana and the bottom two panels are production rates for 

Thalassiosira weissflogii. Corresponding values of the plotted data are displayed below 

each graph. Monocultures were initially grown at 90 μE m
-2 

s
-1 

and 22°C before 

temperature experiments. 
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Figure 3.33:  D-limonene  LS, TS, LA and TA production rates
 
as a function of irradiance 

and temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 day
-1

) for 

Thalassiosira pseudonana and the bottom two panels are production rates for 

Thalassiosira weissflogii. Corresponding values of the plotted data are displayed below 

each graph. Monocultures were initially grown at 90 μE m
-2 

s
-1 

and 22°C before 

temperature experiments. 
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Figure 3.34:  Sum of all the monoterpene species LS, TS, LA and TA production rates
 
as 

a function of irradiance and temperature. The top two panels are production rates (μmoles 

(g Chl-a)
-1

 day
-1

) for Thalassiosira pseudonana and the bottom two panels are production 

rates for Thalassiosira weissflogii. Corresponding values of the plotted data are displayed 

below each graph. Monocultures were initially grown at 90 μE m
-2 

s
-1 

and 22°C before 

temperature experiments. 
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  Figure 3.35:  Chloroform LS, TS, LA and TA production rates
 
as a function of irradiance 

and temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 day
-1

) for 

Thalassiosira pseudonana and the bottom two panels are production rates for 

Thalassiosira weissflogii. Corresponding values of the plotted data are displayed below 

each graph. Monocultures were initially grown at 90 μE m
-2 

s
-1 

and 22°C before 

temperature experiments. 
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Figure 3.36:  Tetrachloroethene LS, TS, LA and TA production rates
 
as a function of 

irradiance and temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 

day
-1

) for Thalassiosira pseudonana and the bottom two panels are production rates for 

Thalassiosira weissflogii. Corresponding values of the plotted data are displayed below 

each graph. Monocultures were initially grown at 90 μE m
-2 

s
-1 

and 22°C before 

temperature experiments. 
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Figure 3.37:  Trichloroethene LS, TS, LA and TA production rates
 
as a function of 

irradiance and temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 

day
-1

) for Thalassiosira pseudonana and the bottom two panels are production rates for 

Thalassiosira weissflogii. Corresponding values of the plotted data are displayed below 

each graph. Monocultures were initially grown at 90 μE m
-2 

s
-1 

and 22°C before 

temperature experiments. 
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Figure 4.1: Site map of sample collection sites ont the Neuse River, NC. Red dots 

denote sampling sites 1 and 2.  
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Table 4.1: Water properties and speciation of water samples collected at the two sampling sites on the Neuse River. Water 

properties are averaged over the top 3 meters of the water column.  

SITE #1 

   
SITE #2 

  
Time of Sampling 9:30 AM 

  
Time of Sampling 10:05 AM 

 
Temperature (°C) 29.55 

  
Temperature (°C) 29.68 

 
pH 8.23 

  
pH 8.40 

 
Salinity (ppt) 10.68 

  
Salinity (ppt) 11.75 

 
ODO (%) 95.43 

  
ODO (%) 107.22 

 
Chl a (μg L

-1
) 13.30 

  
Chl a (μg L

-1
) 14.95 

 
Speciation

a
 

   
Speciation

a
 

  Coccoid cyanobacteria 

 (1-3um) 245,305 (cells ml
-1

) 

 

Coccoid cyanobacteria  

(1-3um) 110,050 (cells ml
-1

) 

Planktolyngbya limnetica 10,650 (units ml
-1

) 

 

Planktolyngbya limnetica 17,395 (units ml
-1

) 

Pseudanabaena limnetica 4,970 (cells ml
-1

) 

 

Pseudanabaena limnetica 5,325 (units ml
-1

) 

Romeria sp. 2,485 (cells ml
-1

) 

 

Romeria sp. 13,845 (cells ml
-1

) 

Euglena sp. 355 (cells ml
-1

) 

 

Aphanocapsa sp. 5,680 (cells ml
-1

) 

Protoperidinium sp. <80  (cells ml
-1

) 

 

Sprippsiella-like dinoflagellate 355 (cells ml
-1

) 

        Myrionecta rubra 355 (cells ml
-1

) 

a. Phytoplankton speciation was conducted by Elle Allen at the NCSU Center For Applied Aquatic Ecology in Raleigh, NC.   
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Table 4.2: Initial water concentrations of detected analytes in water samples 

collected from the Neuse River at Site#1 and Site#2. Units are displayed as (ng 

L
-1

) and (pmol L
-1

).  

 
Site #1  Site #2 

 

Site #1  Site #2 

  (ng L
-1

) (ng L
-1

)   (pmol L
-1

) (pmol L
-1

) 

alpha-Pinene 0.12 0.08 
 

0.90 0.59 

1,2-Dichloroethane 3.82 3.95 
 

25.95 23.72 

Isoprene 0.87 1.06 
 

6.40 7.78 

Benzene 3.40 2.33 
 

25.49 17.43 

m-Xylene 2.87 2.03 
 

21.48 15.22 

Chlorobenzene 0.16 0.16 
 

1.19 1.15 

Bromodichloromethane 0.39 0.34 
 

5.73 4.99 

1-Chlorobutane 0.69 0.69 
 

6.17 6.17 

1-Iodobutane BL 0.18 
 

BL 1.62 

Camphene 0.02 0.01 
 

0.19 0.13 

Carbon Tetrachloride 2.14 2.48 
 

20.14 23.37 

Chloroform 8.33 10.20 
 

73.96 90.62 

Dibromochloromethane 0.36 0.21 
 

2.17 1.28 

D-Limonene 0.08 0.04 
 

0.30 0.14 

Iodoethane 0.10 0.06 
 

1.08 0.65 

Ethylbenzene 1.68 1.02 
 

9.10 5.54 

Iodomethane 1.58 1.01 
 

11.56 7.41 

Dichloromethane 0.83 0.89 
 

5.40 5.75 

2-Chloropropane 4.85 0.57 
 

40.63 4.73 

2-Iodopropane 3.96 2.23 
 

22.42 12.64 

Tetrachloroethene 0.22 0.20 
 

1.03 0.96 

Toulene 5.41 2.54 
 

86.99 40.80 
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Figure 4.2:  Isoprene LS, TS, LA and TA production rates
 
as a function of irradiance and 

temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 day
-1

) for Site #1 

and the bottom two panels are production rates for Site #2. Corresponding values of the 

plotted data are displayed below each graph. Field samples were kept at 90 μE m
-2 

s
-1 

and 

30°C before temperature experiments. 
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  Figure 4.3:  α-pinene LS, TS, LA and TA production rates
 
as a function of irradiance and 

temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 day
-1

) for Site #1 

and the bottom two panels are production rates for Site #2. Corresponding values of the 

plotted data are displayed below each graph. Field samples were kept at 90 μE m
-2 

s
-1 

and 

30°C before temperature experiments. 
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Figure 4.4:  Camphene LS, TS, LA and TA production rates

 
as a function of irradiance 

and temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 day
-1

) for 

Site #1 and the bottom two panels are production rates for Site #2. Corresponding values 

of the plotted data are displayed below each graph. Field samples were kept at 90 μE m
-2 

s
-

1 
and 30°C before temperature experiments. 
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Figure 4.5:  D-limonene LS, TS, LA and TA production rates
 
as a function of irradiance 

and temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 day
-1

) for 

Site #1 and the bottom two panels are production rates for Site #2. Corresponding values 

of the plotted data are displayed below each graph. Field samples were kept at 90 μE m
-2 

s
-

1 
and 30°C before temperature experiments. 
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Figure 4.6:  Sum of all monoterpenes LS, TS, LA and TA production rates
 
as a function 

of irradiance and temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 

day
-1

) for Site #1 and the bottom two panels are production rates for Site #2. 

Corresponding values of the plotted data are displayed below each graph. Field samples 

were kept at 90 μE m
-2 

s
-1 

and 30°C before temperature experiments. 
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Figure 4.7:  Chloroform LS, TS, LA and TA production rates
 
as a function of irradiance 

and temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 day
-1

) for 

Site #1 and the bottom two panels are production rates for Site #2. Corresponding values 

of the plotted data are displayed below each graph. Field samples were kept at 90 μE m
-2 

s
-

1 
and 30°C before temperature experiments. 
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Figure 4.8:  Tetrachloroethene LS, TS, LA and TA production rates
 
as a function of 

irradiance and temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 

day
-1

) for Site #1 and the bottom two panels are production rates for Site #2. 

Corresponding values of the plotted data are displayed below each graph. Field samples 

were kept at 90 μE m
-2 

s
-1 

and 30°C before temperature experiments. 

 



159 

 

 

 

Figure 4.9:  Trichloroethene LS, TS, LA and TA production rates
 
as a function of 

irradiance and temperature. The top two panels are production rates (μmoles (g Chl-a)
-1

 

day
-1

) for Site #1 and the bottom two panels are production rates for Site #2. 

Corresponding values of the plotted data are displayed below each graph. Field samples 

were kept at 90 μE m
-2 

s
-1 

and 30°C before temperature experiments. 
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Table 5.1: One-day yields of formaldehyde per C reacted from the oxidation of parent VOCs emitted in 

CHIMERE chemical transport model, assuming summer conditions over Europe (obtained from Dufour et al., 

2009).  

  VOC 1 ppbv 0.1 ppbv     VOC 1 ppbv 0.1 ppbv 

  Lifetime
a
  NOx

b
 NOx

b
     Lifetime

a
  NOx

b
 NOx

b
 

C2H4 6 h 0.98-0.83 0.88-0.79   O-xylene 4 h 0.26-0.18 0.14-0.09 

          

C3H6 2 h 0.66-0.61 0.49-0.29   MEK 1 day 0.22-0.16 0.07-0.06 

          

CH3CHO 3 h 0.48-0.49 0.3-0.28   α-pinene 47 min 0.21-0.11 0.08-0.07 

          

Isoprene 32 min 0.48-0.42 0.3-0.25   n-C4H10 22 h 0.16-0.14 0.05-0.02 

          

CH3OH 2.5 days 0.41-0.38 0.27-0.26   C2H6 9 days 0.05 0.01-0.03 

a.
 VOC lifetime under summer midmorning conditions: [OH]=5×10

6
 molecule cm

−3
, [O3]=10

12
 molecule cm

−3
, temperature at 298K. 

b.
 HCHO formation obtained from the oxidation of VOCs emitted in CHIMERE chemical transport model with several different 

chemical mechanisms: the MELCHIOR mechanism, the SAPRC99 scheme, the Master Chemical Mechanism (MCM), and the Self-

Generated Master Mechanism (SGMM) (Dufour et al., 2009). 
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Figure 5.1: Monthly averaged OMI HCHO VCD for years 2005, 2006 and 2007 
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Figure 5.2: Time series of 8-day averaged HCHO VCD (A), SCD (B), 

and AMF (C) from SCIAMACHY (red) and OMI (blue) from January 

2005 to December 2007.  The data was averaged over entire 

Mediterranean Sea.  Shaded areas on plots represent uncertainties 

associated with each parameter.  
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Figure 5.3. Time series of 8-day averaged HCHO VCD (left column), SCD (middle 

column), and AMF (right column) from SCIAMACHY (red) and OMI (blue) for January 

2005 to December 2007. Shaded areas on plots represent uncertainties for each parameter. 

The areas selected are over the open ocean: Northwestern Pacific Ocean, Southern Pacific 

Ocean, Northern Atlantic Ocean and Pacific Equatorial Upwelling region.   
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Figure 5.4. Time series of 8-day averaged HCHO VCD (left column), SCD (middle column), 

and AMF (right column) from SCIAMACHY (red) and OMI (blue) for January 2005 to 

December 2007. Shaded areas on plots represent uncertainties for each parameter. The areas 

selected are over isolated or semi-isolated water bodies: Gulf of Mexico, North Sea, Black Sea 

and the Indian Ocean.   
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Figure 5.5: Monthly averaged OMI HCHO VCD for January, June, July and August 2005.  The VCDs 

are re-calculated using new AMF values.  
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Figure 5.6:  Monthly averaged OMI Tropospheric NO2 Columns (left hand side) 

and OMI corrected HCHO VCD (right hand side) for June, July and August 2005. 

The boxed areas outline the faint NO2 signal from shipping traffic.  The color bar 

for HCHO VCD is changed for better illustration. 
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Figure 5.7: Fire counts obtained from MODIS 

MODAPS Collection 5 data for June, July, and 

August 2005 are overlaid onto OMI corrected 

HCHO VCD. The black dots represent total fire 

counts for each month.  
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Figure 5.8:  Monthly averaged net primary production (NPP) for April to August 2005.  
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Figure 5.9:  Monthly averaged CDOM absorption for April to August 2005.  


