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1. INTRODUCTION 

Isoprene (C5H8) is the most ubiquitous 
biogenic volatile organic carbon (BVOC) with 
annual global emissions estimated of 500 to 750 
Tg of carbon (Guenther et al., 2006).  Emission 
inventories for terrestrial sources of isoprene 
have been created using parameters such as 
tree species, leaf area index, and change of 
incoming radiation.  In addition to terrestrial 
sources, isoprene emissions have also been 
measured over the productive areas of the 
world’s oceans, particularly in the vicinity of 
large phytoplankton blooms.  Laboratory 
measurements for the isoprene production from 
five different species of plankton show that for a 
given environmental condition, diatoms have the 
highest emission rates followed by 
dinoflagellates, cyanobacteria, and 
coccolithophores (Shaw et al., 2003).  Annual 
global oceanic isoprene emissions are estimated 
to be between 0.12 and 2.7 Tg of carbon when 
using the bottom up inventories (Palmer and 
Shaw, 2005; Matsunaga et al., 2002) and ~2 Tg 
of carbon when using the top down modeling 
(Arnold et al., 2008). 

In the troposphere, isoprene reacts with 
hydroxyl radicals (OH), ozone (O3), and nitrate 
radicals (NO3).  Owing to its high concentration 
and reactivity with OH radicals, isoprene plays 
an important role in the photochemistry 
occurring within the atmospheric boundary layer.  
The photooxidation of isoprene can also lead to 
the formation of low volatility species that 
condense to form secondary organic aerosols, 
SOA (Claeys et al., 2004; Edney et al., 2005).  
The SOA yields (defined as the ratio of the mass 
of SOA formed to the mass of isoprene reacted) 
under nitrogen oxide (NOx)-free conditions have 
been observed to be as high as 3% (Kroll et al., 
2006).  Additional laboratory chamber studies 
suggest SOA yields from 0.2% to 24%  
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(Edney et al., 2005; Ng et al., 2008), while the 
aqueous phase chemical processes may lead to 
an SOA yield between 0.4% to 42% (Ervens et 
al., 2008). 

Despite the relatively small contribution of 
estimated marine isoprene emissions to the 
global scale isoprene flux, the contributions of 
marine sources to the regional isoprene budget 
and SOA burden are poorly defined.  In this 
study, we examine marine isoprene emissions 
and the subsequent contributions to the SOA 
mass concentrations at the coastal regions of 
the United States.  Coastal and coastally 
influenced waters make up only 10% of the 
ocean surface area; however, due to their high 
productivity these waters are likely to make up 
the major fraction of the global marine trace gas 
flux (Butler et al., 2007). 

2: METHOD 

To determine the influence of marine 
isoprene emissions on SOA formation, we have 
conducted the Community Multi-scale Air Quality 
(CMAQ) model simulation using a 36 x 36 km2 
spatial resolution in a domain encompassing the 
continental US and parts of southern Canada 
and northern Mexico.  The meteorology is 
generated using Pennsylvania State 
University/National Center for Atmospheric 
Research Mesoscale Modeling System 
Generation 5 (MM5) Version 3.6.1 using four-
dimensional data assimilation.  The simulations 
start on July 1st, 2001 using the output from the 
one year CMAQ run of Zhang et al., (2007) and 
the boundary conditions are set from GEOS-
Chem every 3 hours (Park et al., 2004).  Primary 
emissions of anthropogenic gaseous and 
aerosol species and terrestrial isoprene 
emissions are based on the 2001 National 
Emissions Inventory (NEI) from the U.S. 
Environmental Protection Agency (US EPA) for 
anthropogenic emissions and the U.S. EPA’s 
Biogenic Emissions Inventory System (BEIS) 
version 3.12 for biogenic emissions.  SOA 
formation from isoprene is modeled in CMAQ 
using the isoprene addition to the Carbon-Bond 
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Mechanism version IV (CBM-IV) described in 
Zhang et al. (2007). 

Modeling of isoprene emissions requires 
knowledge of the emission rates for a given 
amount of chlorophyll a, [Chl a] and light 
intensity.  Laboratory measurements of isoprene 
concentrations for different species of 
phytoplankton were conducted using headspace 
gas chromatography.  To assess the effect of 
changing incoming solar radiation for isoprene 
production, the plankton was exposed to various 
levels of light intensity.  The ambient conditions 
were simulated using light intensities ranging 
from 0 to 1500 µE/m2s (~0 to 1000 W/m2), 
characteristic to summertime conditions at the 
North American coast.  Our measurements 
show that production rates typically increase 
under increasing light intensity.  As a result, 
isoprene production rates used in this study are 
significantly higher compared to previous studies 
using a lower maximum light intensity of 200 
µE/m2s (~133W/m2).  Isoprene production is 
estimated using a positive linear relationship 
with the incoming light: 
                  (1)                                                                                                                            

where P is the production in µmoles isoprene 
produced (g chlorophyll a)-1 hr-1 and I is the 
incident solar radiation in W/m2.  Both the slope 
and intercept for this equation are derived from 
measurements of the diatom Thalassiosira 
weissflogii which is used to represent 
phytoplankton speciation for the coastal US.  To 
calculate total isoprene emission rates from a 
given model grid cell, we multiply P values 
(derived per unit mass of [Chl a]) by remotely 
sensed [Chl a].  Surface [Chl a] was derived 
from the Sea-viewing Wide Field-of-view Sensor 
(SeaWiFS) satellite since it has been shown to 
have an accurate retrieval of in situ chlorophyll 
concentrations in coastal sites (Blondeau-
Patissier et al., 2004).  The level 3, monthly-
averaged surface [Chl a] data for July 2001 
(originally in ~9 x 9 km2 spatial resolution) were 
regridded to a 36 x 36 km2 and geographically 
projected into the Lambert Conformal Conic 
coordinates.  Figure 1 shows the [Chl a] within 
the coastal areas of the continental U.S. 

 

 

Figure 1. Spatial distribution of the monthly SeaWiFS-
derived [Chl a] during July 2001 for the continental 
U.S. coastal waters.  The warmer colors showing the 
highest concentrations located in near-coastal waters 
and inland lakes. 

The amount of solar radiation received by 
phytoplankton at different depths of the water 
column is calculated using surface incoming 
solar radiation (from CMAQ) and the light 
attenuation is estimated using  Beer-Lambert’s 
Law: T = e-k d.  Here T is transmittance fraction, k 
is the diffuse attenuation coefficient, and d is the 
actual depth of the water.  The level 3, monthly-
averaged values of k (at 490 nm wavelength) for 
July 2001 were downloaded from SeaWiFS and 
regridded in a way similar to [Chl a].  To account 
for the effect of decreasing light intensity on 
isoprene production rates, every horizontal grid 
of the ocean surface was divided into 14 
exponentially increasing vertical sub-layers.  The 
maximum depth of the layer was determined by 
the point at which the transmittance fraction 
equals to 0.1 (i.e., point where 90% of 
absorption is reached).  The isoprene production 
for each vertical sub-layer of the model 
horizontal domain is inferred using Eq. 1 with the 
available light intensity (I) calculated at the 
midpoint of each sub-layer. 

0.002 0.3P I= −

The total column isoprene production is 
found by taking the sum of all 14 vertical sub-
layers.  Since isoprene is highly insoluble in 
water and the air-sea exchange is the primary 
pathway for isoprene loss within the water 
column (Palmer and Shaw, 2005), it is assumed 
that all ocean-produced isoprene is directly 
vented into the atmosphere. 

Three separate monthly (for July 2001) 
simulations are carried out using different 
isoprene emission schemes: 1) terrestrial 
emissions only, 2) terrestrial and marine 
emissions, and 3) terrestrial and marine 
emissions, with marine emissions increased 
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five-fold over the calculated values.  This later 
simulation with elevated emissions is designed 
to test the sensitivity of isoprene and SOA mass 
concentrations from marine isoprene emissions 
due to daily and seasonal variations in [Chl a]. 

3. RESULTS 

In order to estimate the maximum impact of 
marine isoprene emissions on isoprene and 
SOA mass concentrations, three regions near 
productive oceans were selected for temporal 
analyses.  The spatial extent of the selected 
regions is shown in Figure 2. 

                                                                   
Figure 2.  CMAQ model domain and the smaller 
regions (highlighted in blue) selected for the analyses 
due to their proximity to productive oceans.  These 
areas are defined from left to right as 1) Washington 
coast, 2) Louisiana coast, and 3) Mid-Atlantic coast.  

The 8-day period from July 19th to July 26th 
shown on Figure 3 was arbitrarily selected to 
demonstrate the diurnal variations in marine 
emissions of isoprene.  The light sensitivity of 
isoprene production results in an emission 
pattern that follows the pattern of solar radiation.  
Inspection of Figure 3 shows that for each 
region, marine isoprene emissions begin at 
approximately 9 am local time, reach a 
maximum at 2 pm, and diminish around 8 pm. 
This pattern of marine isoprene emissions is 
consistent with one shown by Sinha et al. 
(2007).  Emission rates were the highest near 
the Louisiana coast, with average values up to 
0.06 mole/s per grid cell.  Both the mid-Atlantic 
and Washington coasts had maximum daily-
average emissions of 0.03 moles/s per grid cell.  
These rates are somewhat higher, but 
consistent with phytoplankton produced 
isoprene (hereinafter referred as marine-source 
isoprene) emission rates in the mesocosms off 
the coast of Norway (Sinha et al., 2007)  When 
extrapolated to the 36 x 36km2 CMAQ grid cell, 
marine-source isoprene emission rates at the 
Norwegian coast were ~ 0.02 moles/s.  Figure 4 

shows the spatial distribution of simulated 
monthly averaged midday marine isoprene 
emissions, with the highest rates located in the 
Gulf of Mexico, characterized by high [Chl a] and 
solar radiation. 

 
Figure 3. Peak hourly marine isoprene emissions from 
the three selected regions.  

Figure 4.  Monthly averaged marine isoprene 
emissions for 18 UTM during July 2001. 

Contribution of marine-source emissions to 
boundary layer isoprene concentrations and 
SOA formation were determined by taking the 
differences in the outputs between the 
simulation with marine isoprene sources and the 
simulation with only terrestrial sources of 
isoprene.  Isoprene concentrations in the lowest 
CMAQ layer (surface to 35 meters) closely 
follow the diurnal cycle of isoprene emissions 
with the peak values in the early afternoon and 
the minimum values in the early morning.  
Figure 5 shows peak daily concentrations of 25 
parts per trillion (ppt) for the Washington coast, 
20 ppt for the Louisiana coast, and 12 ppt for the 
Mid-Atlantic coast. 

Isoprene concentrations vary widely from 
day to day in each of the three regions with 
afternoon concentrations changing by about a 
factor of 3.  The highest concentrations occur 
along the Washington coast because of the 
longer fetch over high [Chl a] waters.  These 
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peak values are lower than recently observed 
isoprene concentrations in marine air at stations 
on the coasts of Greece, Norway, and Ireland, 
where concentrations as high as 60, 180, and 68 
ppt were measured (Liakakou et al., 2007; Sinha 
et al., 2007; Greenberg et al., 2005).  The 
reasons for the discrepancy between our model-
simulated and observed concentrations could be 
the influence of terrestrial isoprene sources at 
measurement sites and/or the difficulties 
associated with the comparison of the model 
grid area-averaged values with in-situ point 
measurements. 

 
Figure 5. Peak hourly marine-source isoprene 
concentrations within selected regions. 

Figure 6 shows that the maximum marine-
source isoprene contribution to SOA mass 
concentration is approximately 7 ng/m3 along the 
Washington coast, 4 ng/m3 along the Mid-
Atlantic coast, and 1 ng/m3 on the Louisiana 
coast.  One possible reason for the relatively low 
SOA mass concentrations near the Louisiana 
coast is the higher ambient temperatures that 
may lead to different partitioning of the isoprene 
oxidation products (Pankow, 1994).  Due to 
background biogenic SOA mass concentrations 
often higher than 10 µg/m3 in some inland 
locations, the contribution of marine-source 
isoprene to SOA mass concentration is non-
trivial only in coastal areas. 

 
Figure 6. Peak hourly marine-source isoprene-derived 
SOA mass concentrations within selected regions.   

To account for the inter-annual variability of 
[Chl a] and the uncertainties in phytoplankton 
isoprene production, we ran a third simulation 
with marine-source isoprene emissions 
increased by a factor of 5.  Figure 7 shows the 
midday spatial distribution of changes in SOA 
mass concentration due to amplified marine-
source isoprene emissions.  All coastal locations 
have small increases in SOA mass 
concentration as a result of marine isoprene 
emissions, with the largest inland changes 
occurring in the near the coast of the Pacific 
Northwest. 

In the Pacific Northwest and California, 
marine-source isoprene emissions can result in 
a slight increase in the SOA mass 
concentrations hundreds of miles from the coast.  
Inland areas near the Great Lakes region also 
experience slight increases in SOA mass 
concentrations due to the nearby emission 
source.  Besides these isolated areas, very few 
inland areas in the Continental U.S. experience 
any considerable change in SOA mass 
concentration due to marine-source isoprene.  

 
Figure 7. Monthly-average contribution of marine-
source isoprene to SOA mass concentrations for July 
2001 at 18 UTM.  Locations in red have changes 2% 
or greater, with some areas in the remote ocean 
having greater than a 100% increase. 

In addition to its ability to oxidize into SOA 
precursors, isoprene can also enhance ozone 
(O3) production through the formation of 
formaldehyde (HCHO).  Figure 8 shows the 
midday spatial distribution of changes in O3 
concentrations due to amplified marine-source 
isoprene emissions.  This figure shows that the 
increases in O3 concentrations are greatest over 
the mid-Atlantic and New England states.  The 
distribution of changes in O3 concentrations is 
different than that of SOA because NOx 
concentrations play a major role in O3 formation 
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while not affecting SOA formation in CMAQ.  
Overall, the percent increases in O3 
concentration are very small; the majority of 
coastal areas are experiencing less than a 0.1 % 
increase in O3 concentrations as a result of 
marine-source isoprene emissions. 

 
Figure 8. Monthly-average contribution of marine-
source isoprene-derived O3 concentrations for July 
2001 at 18 UTM. 

4. CONCLUSION 

This study simulates diurnal variations of 
marine-source isoprene emissions and its 
effects on concentrations of isoprene, SOA, and 
O3. Here, for the first time, using new laboratory 
measurements of isoprene production by 
phytoplankton under a range of light conditions, 
we simulate concentrations of marine-source 
isoprene and SOA comparable to observations.  
However, the simulated changes in total SOA 
and O3 concentrations due to marine-source 
isoprene were small.  Despite this fact, the 
importance of marine-source isoprene for 
coastal SOA and O3 formation cannot be 
discarded due to smoothing of highly localized 
coastal emissions over the 36 x 36 km2 grid and 
large uncertainties in the dry and aqueous 
isoprene-SOA yields. 

To model marine-source isoprene emissions 
more accurately, better understanding of the 
mechanism responsible for phytoplankton 
emitted isoprene is needed. Also future 
modeling studies should be done at lower spatial 
grid resolution to capture localized high 
emissions.  Estuaries, for example, are very 
productive water bodies with a spatial extent far 
less than the 36 x 36 km2 CMAQ grid employed 
in this study.  These high isoprene-emitting 
areas would have better emission estimates with 
estuary-level [Chl a] data and higher spatial 
resolution from CMAQ.  
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