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Abstract

ABSTRACT

Volatile organic compounds (VOCs) play an important role in influencing the oxida-
tive capacity of the atmosphere. On a global scale, emissions of biogenic VOCs are dom-
inating anthropogenic emissions by one order of magnitude. Isoprene, the most im-
portant biogenic VOC, has received increased attention in recent years as biogenic emis-
sions of isoprene are the main contributor for secondary organic aerosols (SOA) for-
mation. SOA in the atmosphere influence the radiative balance through scattering or
absorption of solar radiation and, therefore, have a direct impact on the climate of our
Earth’s system. Although terrestrial isoprene emissions are quite well quantified, the
strength of global marine isoprene emissions is highly debated, as only a few field meas-
urements in the world oceans have been carried out to date. The knowledge about the
spatial and seasonal distribution of isoprene, as well as its production and consumption
processes in the surface ocean, is still lacking and is crucial to quantify marine isoprene
emissions.

The main goal of this work was to increase the global dataset of marine isoprene
measurements and provide a better understanding of the biogeochemical cycling in the
surface ocean. This improved understanding was used to calculate the global surface
isoprene distribution and the isoprene emission to the atmosphere in order to estimate
the influence of marine isoprene on the Earth’s atmosphere and climate.

In the first study, isoprene measurements from three different ocean basins were used
to improve model simulations of global marine isoprene distributions. Remotely sensed
monthly mean satellite data of chlorophyll a (chl-a), sea surface temperature, wind
speed, and mixed layer depth were used in a steady-state model to estimate monthly
mean global isoprene distributions. Compared to in-field isoprene data, the model under-
estimated the actual isoprene concentration by a factor of 19+12. The main improvement
was achieved by replacing a single isoprene production rate by chl-a normalized iso-
prene production rates from different phytoplankton functional types. However, the im-
proved model still could not sufficiently reproduce the distribution pattern and underes-
timated the measured concentrations by a factor of two suggesting at least one missing
source or possibly other factors influencing surface ocean isoprene distributions. Global
marine isoprene emissions were calculated (0.21 Tg C yr ), increasing earlier emission
estimates by a factor of two. However, the calculated emissions had to be 10-20 times
higher to account for measured atmospheric isoprene concentrations.
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The goal of the second study was to better understand isoprene sources and sink pro-
cesses of isoprene in the surface ocean. Isoprene and related field measurements were
carried out in the oligotrophic Indian Ocean as well as in the East Pacific Ocean, in the
coastal upwelling region off to Peru. The results of these two contrasting regions demon-
strated that isoprene production is mainly influenced by light, ocean temperature, and
salinity. Additionally, nutrient availability played a role in the strength of isoprene pro-
duction by different phytoplankton types. For the first time, in-field isoprene production
rates for different phytoplankton functional types under varying biogeochemical and
physical conditions were calculated. By implementing these newly derived production
rates into the improved model of the first study, the results indicated that an additional
sink process was needed, which was attributed to heterotrophic bacterial respiration.

The results of different global marine isoprene emission estimates were used in the
third study to estimate the influence of marine isoprene derived SOA (iSOA) on total
atmospheric iSOA concentration. As a result of the first study three different monthly
mean emission inventories were used and implemented into a global chemistry climate
model (ECHAM-HAMMOZ). A novel framework within ECHAM-HAMMOZ connected
the semi-explicit isoprene oxidation chemistry with an explicit treatment of aerosol trac-
ers. The results showed that marine iSOA concentrations are very low (contribution:
<1%) compared to total SOA concentrations on a global scale, but are important on re-
gional and seasonal scales, as the atmosphere over remote ocean parts was significantly
influenced by marine-derived iSOA. Although the annual mean direct radiative effect of
marine-derived iSOA in different ocean regions was <0.2 W m’, the contribution to the
total aerosol direct radiative effect on regional and seasonal scales was calculated to be
up to 43% (boreal summer, North Atlantic region). However, the effect of marine-derived
iSOA on the radiative balance seemed to be weakened due to the formation of larger
aerosol particles compared to smaller particle formation over land. The different size
distribution might indicate that marine-derived iSOA contributes to the growth of al-
ready existing particles instead of contributing to their initial formation.

Despite the low marine-derived iSOA concentrations on a global scale, this thesis il-
lustrates that marine isoprene emissions significantly influence the atmospheric chemis-
try and the radiative balance in the open ocean regions. In these regions the terrestrial
influence is only of minor importance or even absent which strengthens the influence of
local marine sources of isoprene on the atmospheric chemistry over the ocean. There-
fore, a better understanding of production and consumption of isoprene helps to deter-
mine missing sources and sinks influencing surface ocean isoprene distributions to final-
ly quantify marine isoprene emissions and their atmospheric impact. The results show
that isoprene emission estimates have to be incorporated into atmospheric chemistry
climate models in order to predict SOA concentrations and their influence in a changing
climate.
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Zusammenfassung

ZUSAMMENFASSUNG

Fliichtige organische Verbindungen (VOCs: volatile organic compounds) haben einen
groflen Einfluss auf die oxidative Kapazitit der Atmosphire. Weltweit gesehen sind die
Emissionen biogener VOCs um eine Groéflenordnung starker als menschengemachte
Emissionen. Isopren, als wichtigster Vertreter der biogenen VOCs, wurde in den letzten
Jahren zunehmende Aufmerksamkeit zuteil, da es als wichtiger Vorlauferstoff fir die
Bildung von sekundiren organischen Aerosolen (SOA: seconary organic aerosols) ver-
antwortlich ist. In der Atmosphére beeinflusst SOA durch Streuung und Absorption von
Sonnenstrahlung die Strahlungsbilanz der Erde und hat somit einen direkten Einfluss auf
das Klima. Im Gegensatz zu terrestrischen Emissionen von Isopren ist die Starke von
ozeanischen Emissionen immer noch nicht ermittelt, da bis heute nur wenige Messungen
von Isopren in den weltweiten Ozeanen durchgefiithrt wurden. Sowohl die raumliche und
saisonale Verteilung als auch die Bildungs- und Abbauprozesse von Isopren im Oberfla-
chenozean sind noch immer nicht ausreichend erforscht. Ein besseres Verstidndnis dieser
Prozesse ist jedoch wichtig um die Stirke mariner Emissionen von Isopren zu quantifi-
zieren.

Ziel dieser Arbeit war es Messungen von Isopren im Ozean durchzufithren und die
Prozesse sowohl zur Bildung als auch zum Abbau von Isopren im Oberfldchenozean zu
untersuchen. Die hieraus gewonnenen Erkenntnisse wurden genutzt, um sowohl die
globale Konzentrationsverteilung von Isopren im Oberflichenozean als auch die resultie-
renden Emissionen in die Atmosphére zu berechnen, und um somit schlussendlich den
globalen Einfluss von ozeanischem Isopren auf das Klima der Erde abschitzen zu kon-
nen.

In der ersten Studie wurden Messungen von Isopren in drei verschiedenen Ozeanen
genutzt, um die Modellsimulation der globalen Konzentrationsverteilung von Isopren im
Oberflachenozean zu verbessern. Mithilfe monatlich gemittelter Satellitendaten von
Chlorophyll a (chl-a), der Wassertemperatur, der Windstarke, sowie der Durchmi-
schungstiefe wurden globale Konzentrationsverteilungen von Isopren im Oberfla-
chenozean berechnet. Im Vergleich zu den Messungen unterschitzte das Modell die
Oberflachenkonzentration von Isopren um den Faktor 19+12. Das Modell wurde durch
den Einsatz von verschiedenen, je nach Phytoplanktonart abhéngigen, chl-a normalisier-
ten Isoprenproduktionsraten erheblich verbessert. Jedoch konnte das verbesserte Modell
die Konzentrationsverteilung immer noch nicht vollstindig wiedergeben. Auflerdem
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waren die Konzentrationsvorhersagen im Vergleich zu den Messungen immer noch um
das zweifache zu gering. Dies weist auf wenigstens einen oder mehrere nicht berticksich-
tigte Prozesse von Isopren im Oberflachenozean hin. Die mit dem neuen Modell berech-
neten globalen Isoprenemissionen (0,21 Tg C yril) waren doppelt so hoch wie frithere
Berechnungen, allerdings um das 10-20 fache zu niedrig, um die gemessenen atmospha-
rischen Isoprenkonzentrationen zu erklaren.

Das Ziel der zweiten Studie war es die Produktions- und Abbauprozesse von Isopren
im Oberflaichenozean zu untersuchen. Daftir wurden Messungen von Isopren und weite-
ren Parametern sowohl im néahrstoffarmen indischen Ozean als auch im Ostpazifik, im
nahrstoffreichen Auftriebsgebiet vor Peru, durchgefiihrt. Die Ergebnisse aus den beiden
unterschiedlichen Regionen zeigten, dass die Produktion von Isopren hauptsichlich
durch Licht, Wassertemperatur und Salzgehalt beeinflusst wird. Zusatzlich spielte die
Verfiigbarkeit von Nahrstoffen bei einigen Phytoplanktonarten eine Rolle. Zum ersten
Mal tberhaupt wurden Produktionsraten von Isopren unter verschiedenen biochemi-
schen und physikalischen Bedingungen im Ozean berechnet. Diese neu berechneten
Produktionsraten wurden in das Modell der ersten Studie implementiert. Die Ergebnisse
des aktualisierten Modells zeigten, dass ein zusatzlicher Abbauprozess von Isopren, mog-
licherweise bakterielle Respiration, benétigt wird, um die gemessenenen Isoprenkon-
zentrationen im Oberflachenozean zu erkléren.

Die unterschiedlichen globalen Emissionsabschdtzungen von ozeanischem Isopren
aus der ersten Studie wurden in der dritten Studie genutzt, um den Einfluss des aus ma-
rinem Isopren gebildeten SOA (iISOA) auf die totale atmosphérische iSOA Konzentration
abzuschétzen. Dazu wurden drei verschiedene marine Isoprenemissionsszenarien in ein
globales, chemisches Klimamodell (ECHAM-HAMMOZ) implementiert. Ein neuer Be-
standteil in ECHAM-HAMMOZ verband dabei die semi-explizite Oxidation von Isopren
mit einer expliziten Betrachtung von Aerosoltracern. Die Ergebnisse zeigten, dass die
marinen iSOA Konzentrationen auf globaler Ebene im Vergleich zu den totalen SOA
Konzentrationen sehr gering waren (Anteil: <1%). Jedoch hatten die marinen iSOA Kon-
zentrationen tiber dem offenen Ozean einen signifikanten Einfluss auf regionaler und
saisonaler Skala. Der direkte Effekt auf die Strahlungsbilanz iiber verschiedenen Ozean-
regionen war im jahrlichen Mittel kleiner 0,2 W m”. Allerdings war der Anteil am tota-
len aerosolinduzierten direkten Effekt auf die Strahlungsbilanz je nach Jahreszeit und
Region bis zu 43% (Sommer, Nordatlantik). Der Einfluss von marinem iSOA auf den
direkten Strahlungseffekt wird jedoch dadurch geschwécht, dass es bei der Bildung von
marinem iSOA zur Bildung von gréf3eren Partikeln kommt als im Vergleich zur Bildung
von iSOA iber Land. Die unterschiedliche Groflenverteilung legt den Verdacht nahe,
dass marines iSOA zum Wachstum bereits existierender Partikel und nicht zur deren
intitialen Bildung beitragt.

Auch wenn die marinen iSOA Konzentrationen auf globaler Ebene gering erscheinen,
zeigt diese Arbeit, dass marine Emissionen von Isopren die Chemie in der Atmosphére
und die Strahlungsbilanz tiber dem offenen Ozean signifikant beeinflussen. In diesen
Regionen ist der Einfluss terrestrisch gebildeten Isoprens kaum noch vorhanden, was
den Einfluss lokaler Ozeanquellen von Isopren auf die Chemie in der Atmosphére iiber

dem Ozean verstarkt. Dies zeigt, dass ein besseres Verstindnis der Produktions- und
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Abbauprozesse von Isopren hilft, um die noch fehlenden Quellen und Senken im Ober-
flachenozean zu bestimmen. Die gewonnen Erkenntnisse helfen weiter die globale Kon-
zentrationsverteilung von Isopren im Oberflichenozean zu berechnen, um so letztendlich
den Einfluss von marinen Isoprenemissionen auf die Chemie in der Atmosphire zu be-
stimmen. Die Ergebnisse dieser Arbeit zeigen, dass die Emissionsabschitzungen von
marinem Isopren in globale, atmosphérische Klimamodelle integriert werden missen,
um so die SOA Konzentration und deren Einfluss in einem sich verindernden Klima
abschétzen zu konnen.
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Introduction

1 INTRODUCTION

Aerosols influence the radiative balance of our Earth’s system directly through ab-
sorption and scattering of solar radiation, or indirectly, through formation of cloud con-
densation nuclei (IPCC, 2013). They have a negative radiative forcing potential and,
therefore, counteract the warming potential of greenhouse gases (Figure 1.1a). Aerosols
are either emitted directly (primary aerosols) from natural (e.g. volcanic eruption, sea
spray) or anthropogenic sources (e.g. combustion process) or are formed in the atmos-
phere (secondary aerosols) by gas-particle processes through heterogeneous or multi-
phase chemical reactions (e.g. sulfates, nitrates, organic compounds). Organic aerosol
(OA) represents the dominant component of global aerosol (KANAKIDOU et al., 2005) and
is divided similarly into primary OA (POA) and secondary OA (SOA). SOA is formed by
volatile organic compounds (VOC), which act as precursor gases in the atmosphere
(PANDIS et al., 1992). Globally, 90% of SOA is due to biogenic emissions of VOCs
(KANAKIDOU et al., 2005). However, in the northern hemisphere, anthropogenic sources
are suggested to be equally important (DE GOUW and JIMENEZ, 2009; LIN et al., 2012)
(Figure 1.1b).

Radiative forcing of climate between 1750 and 2011 = Biogenic SOA — Oceanic OA
a Forcing agent b - Biofuel POA - Urban POA
- Open BB POA = Urban SOA
Well Mixed
Greenhouse Gases —;;;;;l_
o Ozone
g _ -
3 mwear 3
g Surface Albedo Land Use}+4  Black cabon ..E —
< Contrals Contrail induced cirus S
Aerosol-Radiation Interac. [~~~y I g
o
Aerosol-Cloud Interac. : w 1.
© - .
,E Solar irradiance Bl
. ; ) ! )
= B 0 1 2 8 90 -60 -30 0 30 60 90
Radiative Forcing (W m) Latitude

Figure 1.1: Different components of the climate system showing their radiative forcing (a) and mean
zonal proportion of organic aerosol sources (b). (a) Globally averaged radiative forcing for the period
1750-2011 with uncertainties (5 to 95% confidence range) from IPCC (2013). (b) Estimated zonal mean
distribution of different SOA and POA sources as fraction of total organic aerosol from DE GOUW and
JIMENEZ (2009). BB: biomass burning. Note: no differentiation of primary and secondary derived marine
OA.

One of the biogenic VOCs is isoprene (2-methyl-1,3-butadiene), which has received
the most attention in recent years concerning its terrestrial importance for SOA for-
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mation (CARLTON et al., 2009). Once emitted to the atmosphere, isoprene is highly reac-
tive and influences more than SOA formation. Through reaction with OH, isoprene oxi-
dation affects the lifetime of the greenhouse gas methane (COLLINS et al., 2002). Addi-
tionally, isoprene oxidation products can increase tropospheric ozone levels during high
nitrogen oxides (NOy) levels (HOFZUMAHAUS et al., 2009). On the other hand, during low
NOy levels, isoprene directly reacts with ozone, decreasing atmospheric ozone levels
(ATKINSON and AREY, 2003).

Isoprene has the highest global emission estimate of all biogenic VOCs with flux es-
timates of 410 - 600 Tg C yrf1 (ARNETH et al., 2008). Terrestrial emissions from plants are
dominant and only a minor amount (~1 TgCyr') is attributed to marine emissions
(SHAW et al., 2010 and references therein). The contribution of marine-derived SOA to
the total global SOA budget is highly discussed (MESKHIDZE and NENES, 2006). It appears
relatively small on a global basis (GANTT et al., 2010) but could be up to 100% over the
Southern Ocean (DE GOUW and JIMENEZ, 2009).

Determination and prediction of aerosol production and its radiative forcing poten-
tial in models is an important research topic in atmospheric chemistry and climate
change research. However, there are large uncertainties in global models trying to esti-
mate the current and future influence of aerosols on the radiative balance of the Earth’s
system. A part of these uncertainties can be reduced by fully understanding the for-
mation of SOA through isoprene oxidation. Particularly, the understanding of the com-
position and formation of marine SOA is limited and needs further research to quantify
the influence of oceanic isoprene emissions on atmospheric SOA formation. In the fol-
lowing sections the current knowledge of the formation of isoprene, its marine and ter-
restrial source, and its emissions to the atmosphere will be discussed. Furthermore, an
overview of the mechanistic understanding of atmospheric isoprene oxidation to SOA
formation will be given.

1.1 Terrestrial isoprene

1.1.1 Production

The emission of isoprene by plants was discovered 60 years ago (SANADZE, 1957) and
was firstly quantified using mass spectrometry by SANADZE (1969) and RASMUSSEN
(1970). Isoprene is synthesized in chloroplasts of plants from the precursor dimethylallyl
pyrophosphate (DMAPP) using the enzyme isoprene synthase (SILVER and FALL, 1991).
DMAPP is produced by the 2-methylerythritol 4-phosphate (MEP) pathway starting with
the reaction of pyruvate and glyceraldehyde 3-phosphate (ROHMER et al., 1993). Fig-
ure 1.2 shows the MEP pathway, including the energetic costs. SHARKEY and SINGSAAS
(1995) MILNE et al. (1995) MILNE et al. (1995) To date, it is still unclear if isopentenyl py-
rophosphate (IPP) is produced first, which then can be isomerized to DMAPP, or if
DMAPP is formed directly. Monoterpenes and carotenoids can also be formed via the

2|
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Figure 1.2: The MEP pathway. CDP-ME, 4-(cytidine 5’-diphospho)-2-C-methyl-D-erythritol; CDP-ME2P,
2-phospho-4-(cytidine 5’-diphospho)-2-C-methyl-D-erythritol; DMAPP, dimethylallyl pyrophosphate;
DXR, deoxyxylulose-5-phosphate reductoisomerase; DXS, deoxyxylulose-5-phosphate synthase; IPP, iso-
pentenyl pyrophosphate; MECDP, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate. Modified from SHARKEY
and YEH (2001).

MEP pathway. Plants that do not have the enzyme isoprene synthase are not able to pro-
duce and emit isoprene. The MEP pathway costs 6 carbon atoms, 20 adenosine triphos-
phates (ATP), and 14 nicotinamide adenine dinucleotide phosphates (NADPH) to pro-
duce isoprene. The benefits plants derive from isoprene emissions are highly debated,
because some plants do emit isoprene whereas others do not (SHARKEY and YEH, 2001).
The most discussed advantage plants may gain from producing isoprene is thermotoler-
ance (Figure 1.3a), which was first observed by SHARKEY and SINGSAAS (1995). This pro-
tection against heat stress involves the protection from direct solar radiation resulting in
heat or sunflecks (SHARKEY et al., 2008). Leaves at the top of a canopy, which are ex-
posed to higher light levels than those at the bottom, emit up to four times more isoprene
(HARLEY et al., 1996). The light dependence of isoprene emission in plants is well known
and emissions increase with increasing light intensity (Figure 1.3b). Isoprene may also
serve as antioxidant because it rapidly reacts with ozone or other reactive oxygen species
(STOKES et al., 1998). Atmospheric CO; levels are also thought to influence isoprene
emissions, but there are contradicting results. Some studies suggest that isoprene emis-
sions are inhibited at high CO, levels (TINGEY et al., 1981), whereas other studies suggest
that isoprene emissions are enhanced, which may also be plant dependent (SHARKEY et
al., 1991).



Marine isoprene - Formation, emissions and their impact on the atmospheric chemistry

5 T 14
X Eucalyptus globulus - Guenther et al, 1991 a b
® Liquidambar styraciflua - Guenther et al., 1993 é
® Licuidambar stymciflua - Hadey et al. 1996 12 a i
Liquidambar stymciflua - Hadey et al, 1996 ;
4 7" | m Mucuna pruriens - Monson et al., 1992 1 B .. = X
_ M Mucuna pruriens - Monson et al., 1992 H _ °
z @ Populus tremubides - Guenther et al., 1993 3 10 u-—-o¥
Quercus rubra - Singsaas and Sharkey, 2000 ° = . x‘:“ "
|4 Queraus rubra - Singsaas and Sharkey, 2000 " £
3 A Quercus rubra - Singsaas and Sharkey, 2000 g 08 ﬁ)‘ . ™ X
; e 5 P
- % @ ‘ L1
° ¢ 2 ° -
t E 06 ~
€ . YM M | 2 & A X Eucalyptus globulus - Guenther et al, 1991
4 “k& s e, @ ® Liquidambar styraciflua - Guenther et al, 1993
3 }x’?i ) g 04 e oL - Harley et al., 1996
E ‘x \. X ® ° 2 ™ i" Liquidambar styracifiua - Harley et al., 1996
2® o ] Mucuna pruriens - Monson et al., 1992
1 \x‘-,-' b S 0 o W Mucuna pruriens - Monson et al., 1992
b o 0.2 1% * Populus - Guenther etal, 1993
P g e # Populus tremuloides - Monson and Fall, 1989
° : L4 : A Quercus rubra - Loreto and Sharkey, 1990
X 2 | i i i
0 + t 0.0 ; i H
15 20 25 30 35 40 45 50 55 0 500 1000 1500 2000 2500 3000
leaf T (C) PPFD (micromol/m2's)

Figure 1.3: Response of isoprene emission to temperature (a) and light (b) from PACIFICO et al. (2009).
PPFD: Photosynthetic photon flux density in pmol m™” s, T: temperature in °C.

1.1.2  Spatial distribution

Figure 1.4 shows monthly mean spatial distributions of terrestrial isoprene emissions
using a terrestrial ecosystem emission model (MEGAN, GUENTHER et al., 2012). The
global mean annual isoprene emission estimate over the period of 1980-2010 is
594 + 34 Tg (SINDELAROVA et al., 2014), which is comparable to other global isoprene
emission estimates ranging from 410 Tg yr_1 (MULLER et al., 2008) to 635 Tg yr ' (POTTER
et al., 2001). Although the emission estimates differ in various studies, the spatial distri-
bution of terrestrial isoprene emissions is similar in each study. Strongest isoprene emis-
sions can be seen in tropical and south-tropical regions, driven by high temperatures and
incoming solar radiation. Northern and southern tropics account for 88% of total terres-
trial isoprene emissions. The strength of isoprene emissions is shifted towards to the
southern hemisphere during austral summer (Figure 1.4a) and to the northern hemi-
sphere during boreal summer (Figure 1.4b).

30°N T T T T T 90°N T T T

80°N [ 80°N[

B0 60°N[

30°N[ 30°N[
o F
30°s[ 30°s[
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Figure 1.4: Modeled spatial distribution of monthly mean isoprene emissions in mg m* day ' for (a) Janu-
ary and (b) July averaged over the period 1980-2010 from SINDELAROVA et al. (2014).
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1.2 Marine isoprene

Evidence for the marine production of isoprene was found for the first time in the
early 1990s by BONSANG et al. (1992). They performed isoprene measurements in the
atmosphere and in the ocean. Due to the supersaturation in the water they concluded
that it has to be produced in the marine environment. Furthermore, they proposed that it
is produced biologically because the isoprene concentration was mainly following the
fluorescence signal of their measurements when performing vertical profiles. Since then,
15 more studies of field measurements were published in order to quantify isoprene con-
centrations in different parts of the ocean (general range: <1 - 200 pmol L™; references:
Table 1.1). Furthermore, laboratory studies under varying conditions were performed in
order to investigate the influence of physical and physiological parameters on the pro-
duction and consumption of isoprene in the marine environment. A state-of-the-art

overview of processes driving the isoprene production and consumption is given in the

following sections.

Table 1.1: Literature review of published field studies of marine isoprene concentrations in pmol L™

Reference Region Month Concentration

BONSANG et al. (1992) Pacific Ocean, April, 3.6 -98
Mediterranean Sea May/October

MILNE et al. (1995) Florida Straits, September 9.8-51
Gulf Stream

BROADGATE et al. (1997) Southern Ocean, November 0.7 - 90
North Sea

BAKER et al. (2000) Eastern Atlantic Ocean May 5-55

MATSUNAGA et al. (2002) Western North Pacific May <12-94

BROADGATE et al. (2004) Mace Head, Ireland September 10 - 21

WINGENTER et al. (2004) Southern Ocean January mean: 1.8

MOORE and WANG (2006)  Eastern North Pacific July 2-6.5

KURIHARA et al. (2010) Western North Pacific April 4-68

KURIHARA et al. (2012) Sagami Bay April - December 44-10

TRAN et al. (2013)
KAMEYAMA et al. (2014)
ZINDLER et al. (2014)

OOKI et al. (2015)

Arctic Ocean

Southern (Indian) Ocean
Eastern Atlantic Ocean
Southern Ocean, Indian
Ocean, Northwest Pacific

Ocean, Bering Sea, west-
ern Arctic Ocean

July

January

November

September - November,
November - January,

April - September, Octo-
ber, September

mean: 26 + 31
0.2-395

mean: 25.7 + 14.7
basin: 1.3 - 121

slope: 1.5 - 165
shelf: 2.7 - 136
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Table 1.1: continued.

Reference Region Month Concentration
Li et al. (2017) East China Sea, July 32-174

South Yellow Sea
HACKENBERG et al. (2017) Atlantic Ocean, October/November, 1-66

Arctic Ocean March/July

1.2.1 Sources

Biological production. Oceanic isoprene concentrations mainly follow the chloro-
phyll a (chl-a) depth profile (BONSANG et al., 1992; HACKENBERG et al., 2017; MILNE et al.,
1995; TRAN et al., 2013). Using different monocultures of phytoplankton functional types
(PFTs) in laboratory studies, MILNE et al. (1995) could prove that isoprene is produced
biologically by phytoplankton. Figure 1.5 shows a typical depth profile of isoprene,
which follows the shape of the chl-a profile and the profile of some abundant PFTs.
However, further studies discovered that not every PFT has the same ability to produce
isoprene (SHAW et al., 2010 and references therein). Measured chl-a normalized isoprene
production rates from monocultures range from 0.36 £0.22 umol (g chl-a)”! day’1
(species of chlorophytes; BONSANG et al., 2010) up to 32.16 + 5.76 pmol (g chl-a)" day ™’
(species of prasinophytes; EXTON et al., 2013). The strength of isoprene emissions is
mainly attributed to environmental conditions like light and temperature stress (EXTON
et al., 2013; MESKHIDZE et al., 2015; SHAW et al., 2003) which is similar to terrestrial iso-
prene emissions. Generally, isoprene production rates increase with increasing light lev-
els and increasing temperature, but also might level off or even decrease at higher light
or temperature levels. The influence of light and temperature varies already within one
group of phytoplankton (MESKHIDZE et al., 2015; SRIKANTA DANI et al., 2017). These re-
sults suggest a similar physiological function of isoprene for phytoplankton in the ocean
as for terrestrial plants on land.

Chemical production. An additional source for isoprene could be the reaction of
photochemically excited dissolved organic matter and fatty acids in the surface micro-
layer (SML) of the ocean. In reactor experiments CIURARU et al. (2015) measured iso-
prene in the gas phase immediately after illuminating sea water containing humic acid
(acts as dissolved organic matter) and nonanoic acid (surfactant). If a surfactant was not
added, no isoprene emission was observed. Surfactant concentration is known to be high
in the SML (WURL et al., 2011), therefore a photochemical reaction of organic matter
with surfactants could be a hint of non-biological production of isoprene in the marine
environment.
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Figure 1.5: Depth profiles of isoprene (left), chl-a (middle), and different PFTs (right) in the Arctic Ocean
during summer 2010 from TRAN et al. (2013).

1.2.2  Sinks

Biological consumption. Very little is known about bacterial degradation of iso-
prene in seawater. ACUNA ALVAREZ et al. (2009) tested some bacteria species and could
show that bacterial degradation might take place. Recently, JOHNSTON et al. (2017) iden-
tified isoprene degrading bacteria strains in estuarine and marine environments. Howev-
er, these studies did not provide any isoprene loss rates and they are thought to be very
small compared to the biological production (SHAW et al., 2003).

Chemical degradation. Even less is known about chemical degradation of isoprene
in seawater and only assumptions were made to date. PALMER and SHAW (2005) used
rates for the reaction with OH in the gas phase and for the reaction with singlet oxygen
in chloroform (Figure 1.6). Scaling these rates with the oceanic concentration of each
oxidant (OH=1O_17 mol L', singlet oxygen=10_14 mol L' from COOPER et al. (1988)) leads
to mean isoprene loss rates <10% of the biological production rates of isoprene (PALMER
and SHAW, 2005).

Air-sea gas exchange. The dominant loss of isoprene in the ocean is thought to be
the gas exchange to the atmosphere. The lifetime of isoprene due to air-sea gas exchange
is about seven days in the mixed layer of the ocean (PALMER and SHAW, 2005) and the
loss rate is highest in the high latitudes during seasons of high wind speeds (Figure 1.6).
Theoretically, air-sea gas exchange can also be a source for oceanic isoprene, but as iso-
prene is generally oversaturated in the surface ocean by up to three orders of magnitude
(BONSANG et al., 1992; MILNE et al., 1995; WINGENTER et al., 2004), the air-sea gas ex-
change is a net loss for marine isoprene. The strength of isoprene emissions to the at-
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mosphere depends on the concentration difference between the ocean and the atmos-
phere but also on parameters like wind speed and temperature. The concept of air-sea
gas exchange and its driving processes are explained in section 1.3.
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Figure 1.6: Modeled isoprene production and loss rates as a function of latitude and
season using satellite data from PALMER and SHAW (2005).

1.2.3  Spatial distribution

Figure 1.7 shows the modeled monthly mean isoprene concentrations in the surface
mixed layer of the ocean. PALMER and SHAW (2005) used chl-a concentrations as a proxy
to parameterize surface ocean isoprene concentrations, as isoprene is produced biologi-
cally (see section 4.2.1). Therefore, surface ocean isoprene concentrations show a similar
distribution pattern as the chl-a concentration distribution in the ocean with very low
concentrations in the tropical ocean due to oligotrophic conditions. During boreal sum-
mer, open ocean isoprene concentrations increase in the northern hemisphere, with local
hotspots of phytoplankton blooms. During austral summer, isoprene concentrations are
higher in the southern hemisphere, also with local hotspots of phytoplankton blooms in
the open ocean. However, surface ocean isoprene concentrations are lower, compared to
the northern hemisphere summer time, because constant high wind speeds are pushing
the air-sea gas exchange. Isoprene concentrations are enhanced in coastal regions, main-
ly due to regional and seasonal hotspots of biological activity.
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Figure 1.7: Modeled spatial distribution of monthly mean marine isoprene concentrations in the surface
mixed layer in pmol L' for January 2001 (left) and July 2001 (right). Isoprene concentrations were calcu-
lated from isoprene emission estimates from PALMER and SHAW (2005).

1.3 Air-sea gas exchange

The flux across the air-sea-interface is the only source for atmospheric isoprene over
the remote ocean, where the influence of terrestrially derived isoprene is negligible. The
transfer (F) of a gas is controlled by the transfer velocity (k) and the concentration gradi-
ent (AC) between the water- (Cy) and the air-phase (C,):

F=kAC=k (C,-C,) (1.1)

The physical and chemical properties influence the solubility of each gas in a liquid
medium. Therefore the Ostwald coefficient (&) is used to correct for the solubility of each
gas:

F=k(C,-aC,) (1.2)

The transfer of a gas at the interface depends on the solubility and is either controlled
in the water or in the air-side and is described by the two-film model by LiSS and SLATER
(1974). In this conceptual model, shown in Figure 1.8a, the exchange depends on the mo-
lecular diffusion at the interface in between the turbulent layer of the air and the water.
The resistance for soluble gases, like water vapor or sulfur dioxide (a = 100), is air-side
controlled (red line), whereas for insoluble gases like isoprene (blue line), the resistance
is controlled by the aqueous-side diffusive sublayer (WANNINKHOF et al., 2009).

The transfer velocity (k) describes the kinetic force controlling the gas transfer. Many
processes influence the transfer velocity and are mainly wind induced, including break-
ing waves and bubble entrainment (e.g. ASHER et al., 1996; ZHANG et al., 2006). Surface
films (e.g. BROECKER, 1978) or rain (e.g. HO et al,, 1997) also affect & Today, different
approaches are carried out in the field in order to determine 4 The turbulent flux F
above the interface can be directly measured using micrometeorological techniques, like
the eddy covariance technique (e.g. MARANDINO et al., 2007; MCGILLIS et al., 2001). Val-
ues for & can be directly derived using equation (1.1) when both the Fand AC are meas-
ured simultaneously. Another technique is the so called mass balance technique. The
dual tracer method is one of several techniques, where the mass balance of a gas in the
water is perturbed by adding a mixture of 3He/SFG-gas to the water (e.g. HO et al., 2006;

9
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WANNINKHOF et al., 1993). As these gases are inert, measurements of C, and C, over
time yield the flux F

Measurements have shown that wind speed has a dominant effect and, therefore, is a
good indicator to describe the gas transfer (e.g. BELL et al., 2013; HO et al., 2011;
W ANNINKHOF et al., 2009). Since Liss and MERLIVAT (1986) published the first wind speed
based parameterization, different other parameterizations (e.g., quadratic, cubic) were
published and are shown in Figure 1.8b. During this work three different wind speed (at

10 m height, Ujy) based parameterizations were applied to calculate isoprene emissions:

9 Sc -0.5
kwo,=0.31 Uj, (%) , WANNINKHOF (1992) (1.3)
3 Sc -0.5
Kyyoo=0.0283 U3, (%) , WANNINKHOF and MCGILLIS (1999) (1.4)
9 Sc -0.5
knoo=(0.333 Uy+0.222 U%)) (%) , NIGHTINGALE et al. (2000) (1.5)

The temperature (7) dependent dimensionless Schmidt number (S¢) of isoprene, which is
the ratio of the molecular diffusivity of isoprene in seawater and the kinematic viscosity
of seawater, is taken from PALMER and SHAW (2005):

2 3
Sc =3913.15 - 162.13T + 2.67T° - 0.012T (1 6)
120 H———— ! ! —4
a b [— Wanninkhof [1992] i
- - Nightingale et al. [2000b]
—— Ho et al. [2006]
Turbulentlayer | Wanninkhof et al. [2009]
(air) 100~ 3 -
a Best fit to all "He/SFg
® k(600) (SO GasEx)
aC W k(600) (SAGE) Ny
JE NN RN ISP S, A k(600) (SOFeX) Yy < 4
80 v k(600) (IronEx Il) % A r
Diffusive sublayer B k(600) (GasEx-98) Z
O k(600) (North Sea)
aC, k(600) (FSLE)
60 — A k(600) (Georges Bank) L

k(600) (cm h™)

Diffusive sublayer
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Turbulent layer
(water)

20+
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o (ms™)
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Figure 1.8: Conceptual two-film model (a) and different relationships of the transfer velocity (£) and wind
speed (b). (a) Concentration profile of an insoluble gas (blue line) and a soluble gas (red line) from WAN-
NINKHOF et al. (2009). (b) Parameterizations and results for & from *He/SF, dual tracer experiments de-
pendent on the wind speed from HO et al. (2011).

The parameterizations are generally comparable in a wind regime <7 ms ', but the
differences increase significantly at higher wind. Other factors like surface films or bub-
ble entrainment are one hypothesis to explain the divergence in parameterizations at
higher wind speeds. It is very important to reduce the uncertainties of theses parameteri-
zations in the future, especially at high wind speeds. A better assessment of flux esti-
mates of climate relevant gases will improve to estimate their influence on the chemistry

in the atmosphere today and in a changing climate.

10]



Introduction

1.4 Isoprene in the atmosphere

1.4.1  Atmospheric distribution

Total global emissions of isoprene range from 410 to 600 Tg C yr ' (ARNETH et al.,
2008). Oceanic emissions of isoprene represent only a minor amount. Depending on
model simulations (“bottom-up” or “top-down” approaches) global oceanic emission es-
timates range from 0.1 to 11.6 Tg C yr_1 (ARNOLD et al., 2009; GANTT et al., 2009; LUO
and YU, 2010; PALMER and SHAW, 2005). Due to the short lifetime of 1 - 4 hours (SHAW et
al., 2010 and references therein), mean daily atmospheric concentrations in the terrestri-
al boundary layer are generally <1 ppb but can be up to 11 ppb and 26 ppb during day-
time over the central amazon forest and an oil palm plantation, respectively (JARDINE et
al., 2016; MISZTAL et al., 2011). Isoprene concentrations in the atmosphere over the re-
mote oceans are generally lower than 100 ppt (YOKOUCHI et al., 1999). Concentrations in
the marine atmosphere are mainly influenced by light, as shown in Figure 1.9 (LIAKAKOU
et al, 2007). This is due to higher emissions from phytoplankton during
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Figure 1.9: Time series of isoprene and methyl vinyl ketone+methacrolein mixing ratios (a), their correla-
tion (b) and light dependent isoprene mixing ratio (c). (a) Time series of isoprene and MVK+MACR in
ppbv over a palm oil plantation in Malaysian Borneo from MISZTAL et al. (2011). (b) Correlation of iso-
prene and its oxidation products MVK+MACR volume mixing ratios (r’=0.80) in the atmosphere over the
Southern Indian Austral Ocean from COLOMB et al. (2009). (c) Atmospheric isoprene mixing ratios in ppbv
from unpolluted marine air dependent on light intensity (W m) from a coastal site on the island of Crete
in the East Mediterranean from LIAKAKOU et al. (2007).
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daytime, which is similar to emissions from plants. LEWIS et al. (1997) measured a diel
cycle of isoprene concentrations in marine influenced atmosphere at a coastal station in
Mace Head, Ireland. The diel cycle was similar to the variation in concentration from
terrestrial influenced air with the highest concentrations during 12 pm and 2 pm.

The spatial and seasonal distribution in the terrestrial atmosphere is similar to the ter-
restrial emission distributions of isoprene (Figure 1.4), as transport of atmospheric iso-
prene is of minor importance due to the short lifetime. Generally, the same is true for
isoprene in the marine boundary layer. Atmospheric concentrations over the North At-
lantic (during boreal winter) and the Southern Ocean (throughout the whole year) are
comparatively higher than marine concentrations due to strong winds driving the iso-

prene gas exchange from the ocean to the atmosphere.

1.4.2  Atmospheric reactions

Once emitted to the atmosphere isoprene is highly reactive, due to the two double
bonds, and influences the oxidative capacity of the atmosphere (CARLTON et al., 2009).
The short lifetime of isoprene is mainly dependent on the atmospheric reactions with
hydroxyl radicals (OH), nitrate (NOs), and ozone (Os). The rate constant (at 298 K) for
the reaction of isoprene with OH is highest (1.0x 10" em’ molecule s7), followed by the
reaction with NOj3 (6.8x10_13 cm’ molecule™ s') and Oy (1.3><10_17 cm® molecule™ s
(ATKINSON et al., 2006). Isoprene directly modulates the O3 concentration (WILLIAMS et
al., 2010), but also, through oxidation with OH, indirectly influences the lifetime of me-
thane (CHy) in the atmosphere. Isoprene oxidation via OH is the most important reaction
and will be discussed, with regard to SOA formation, in section 1.4.3.

Figure 1.10 shows a mechanistic overview of the isoprene reaction pathway initiated
by Os. Isoprene reacts with O3 to form primary ozonides which react to carbonyl oxides
(ZHANG and ZHANG, 2002). These so-called Criegee intermediates either stabilize or un-
dergo unimolecular reactions to form dioxiranes followed by the formation of organic
acids and methacrolein (MACR) or methyl vinyl ketone (MVK) (APLINCOURT and RUIZ-
LOPEZ, 2000). MACR and MVK are intermediates of the SOA formation pathway and are
further discussed in section 1.4.3. However, Criegee intermediates can also form OH
radicals due to collisional deactivation (OH vyield: 0.25) (ATKINSON et al., 2006). The
formed OH radicals, in turn, directly impact the formation or loss of Os. In the remote
clean atmosphere over the open ocean (low NOy level) the Os loss rate is almost constant
and independent of the NOy concentration. However, the production rate of O3 increases
with increasing NOy concentration leading to a threshold value of NOy concentration of
~60 pptv, where production and loss rate of O3 are balanced (LIU et al., 1992). Higher
concentrations of NOy lead to O3 production, lower concentrations lead to O3 destruc-
tion. Thus, during low NOy conditions isoprene strengthens the Os depletion, during
elevated NOy conditions isoprene counteracts the O3 production by reacting with Os.
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Figure 1.10: Mechanistic overview of the Oj; initiated reaction pathways of isoprenefrom FAN and ZHANG
(2004). MVK: methyl vinyl ketone, MACR: methacrolein.

The reaction of isoprene with NOs is only important during the night, as OH concen-
trations decrease and NOs is not degraded photochemically to NO; and NO. Additional-
ly, NOs concentrations over the remote oceans are low compared to concentrations over
polluted terrestrial regions, due to low precursor (NOy) concentrations. Isoprene oxida-
tion via NOs is less understood, but may be similar to the initial OH oxidation step (FAN
and ZHANG, 2004). The main products are organic nitrates, which act as a sink for NOy
and therefore indirectly influence the ozone level (HOROWITZ et al., 2007). MVK and
MACR are also formed but in low yields (KWOK et al., 1996). Therefore, isoprene oxida-
tion via NOs does not significantly contribute to SOA formation and will not be dis-
cussed in the next section.

1.4.3 SOA formation

General mechanism. Reaction with OH is the dominant loss for isoprene in the
atmosphere (HENZE and SEINFELD, 2006) and the mechanism of OH initiated isoprene
oxidation has received most study (Figure 1.11 shows as a simplified mechanism). Key
products of the first generation oxidation with OH are MACR or MVK, which are still
volatile. Measurements from a palm oil plantation (MISZTAL et al., 2011), as well as
measurements of isoprene over the ocean (COLOMB et al., 2009), demonstrate the direct
link between isoprene and its oxidation products MVK and MACR (Figure 1.9a, b).
Those first generation products need to be further oxidized (second generation products)
to semi volatile products with a low vapor pressure in order to contribute to SOA by par-
titioning into the particle phase or, in case of water-soluble intermediate products like
glyoxal, through photooxidation in the aqueous-phase. During laboratory studies, meas-
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urable, semi-volatile hygroscopic products, like methyl tetrols, are common indicators for
the formation of SOA from isoprene oxidation (EDNEY et al., 2005). They contribute to
particle growth or act as cloud condensation nuclei (CLAEYS et al., 2004b).

The reaction mechanism of isoprene oxidation with Os (Figure 1.10) is different than
the OH pathway, but also leads to volatile intermediates like MACR and MVK (KAMENS
et al., 1982). The isoprene oxidation with Os also initiates a peroxide-OH radical cycle
(WANG et al., 2012), which in turn enhances the formation of SOA by organic com-
pounds (CARLTON et al., 2006). Additionally, these highly-soluble peroxides increase the
particle-phase acidity, which favors SOA formation from isoprene oxidation (SURRATT et
al., 2007). However, the SOA yield from ozonolysis of isoprene is minor, compared to the
oxidation via OH (KLEINDIENST et al., 2007).
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Figure 1.11: Simplified overview of OH initiated pathway of isoprene oxidation leading to SOA (e.g.
isoprene tetrol, 2-methylglyceric acid) from CARLTON et al. (2009).
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Environmental controls. Although field and laboratory studies demonstrate the
contribution of isoprene to SOA formation, the strength is still unclear. Chamber exper-
iments performed under different atmospheric conditions suggest that SOA yields are
highly sensitive to environmental conditions. As the main oxidant, OH concentration
controls the extent and the rate of the reaction (CARLTON et al., 2009). However, concen-
trations of NOs become more important during night, because OH concentrations de-
crease and NOs reacts rapidly with unsaturated alkenes as isoprene (ATKINSON and
AREY, 2003). NOs concentrations are controlled by O3 and NOy levels. OH concentra-
tions are also influenced by the NOy level, which makes it complicated to determine the
dependence of SOA formation solely on OH concentration (KROLL et al., 2006). Addi-
tionally, NOy levels influence the yield of first-generation products of the isoprene oxida-
tion with OH (Figure 1.11). SOA mass yields range from <1-3% (EDNEY et al., 2005) dur-
ing “high NOy” conditions (~630 ppbv) to 24% (NG et al., 2008) during “NOy-free” condi-
tions or even up to 29% under “low-NOx-acid-catalyzed” conditions (SURRATT et al.,
2010), dependent on conditions in chamber simulations. The SOA yield is also dependent
on the organic aerosol loading, which controls the gas-particle partitioning of the semi-
volatile substances (ODUM et al., 1996).

Global yields. Global models estimate yearly isoprene SOA (iISOA) production to be
in the range from 6 Tg (HENZE and SEINFELD, 2006) to 19 Tg (HEALD et al., 2008). Global
iSOA production estimates contribute up to 78 % (HEALD et al., 2008) to the total SOA,
dependent on the model approach. However, the influence of marine-derived SOA is still
highly debated. Some model studies demonstrate, that the marine isoprene emissions are
too low to control the formation of SOA over the remote oceans (ANTTILA et al., 2010;
ARNOLD et al., 2009; GANTT et al., 2009; MYRIOKEFALITAKIS et al., 2010; SPRACKLEN et al.,
2008). However, field derived data from HU et al. (2013) suggest that high isoprene emis-
sions during phytoplankton blooms are important for the formation of organic aerosols.

1.5 Climate feedbacks

The publication of the CLAW-hypothesis in 1987 (CHARLSON et al., 1987), describing
the climate feedback mechanism of oceanic dimethyl sulfide (DMS) emission and pro-
duction of aerosol particles, received the most attention in the field of atmospheric parti-
cle formation by oceanic trace gases in the last decades. QUINN and BATES (2011) demon-
strated that this link is more complex than it was proposed in the late 1980s. To date,
some hypotheses about potential feedbacks on the Earth’s climate are postulated, howev-
er, the complete feedback is not yet understood. Even if the strength of the influence is
not yet clear, emissions of isoprene influence atmospheric SOA formation (CLAEYS et al.,
2004a). SOA scatters and absorbs light, which decreases the temperature of the Earth. On
the other hand, isoprene reacts with OH, which modulates the lifetime of the greenhouse
gas CHy. Therefore, an increase of isoprene emissions would increase the atmospheric
CHy, concentrations leading to an increasing temperature. Generally, increasing temper-

ature favors isoprene production and emission, but there might also be a decrease of iso-
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prene production at a certain temperature maximum. These very simple conclusions
demonstrate that the climate feedback of isoprene emissions is still very unclear.

Some studies already tried to quantify future global isoprene emissions and their in-
fluence on the atmospheric chemistry in different climate scenarios. SANDERSON et al.
(2003) calculated that global isoprene emissions may increase by up to 34% in 2090 due
to temperature increase. Using the RCP8.5 scenario (RIAHI et al., 2007) global isoprene
emissions would increase until 2100 by 69% due to future climate (PACIFICO et al., 2012).
Climate change alone (e.g. temperature effect, oxidative capacity) would not significant-
ly change the mean SOA production, but would increase the SOA burden from biogenic
sources by 35% (HEALD et al., 2008). However, the influence of marine isoprene emis-
sions in these global models is still unknown. Additionally, these feedback models have
large uncertainties, indicating the need to fully understand the marine strength of iso-
prene emissions and their impact on the complex processes of atmospheric SOA for-
mation.
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Thesis outline

2 THESIS OUTLINE

Once emitted to the atmosphere, isoprene affects the oxidation capacity of the atmos-
phere and, as a precursor for secondary organic aerosol (SOA) formation, influences the
radiative balance of the Earth's system. Current global climate chemistry models use
isoprene emission inventories only from terrestrial sources in order to estimate the im-
pact of global isoprene emissions on today’s atmosphere and climate. Although terrestri-
al isoprene emissions are known to be higher than marine isoprene emissions, terrestri-
ally derived isoprene is not likely to influence the open ocean regions due to its short
lifetime of a few hours. The strength of oceanic emissions is highly debated, because less
is known about global marine isoprene distributions as measurements of marine isoprene
concentrations in the world oceans are sparse. Moreover, oceanic isoprene emissions are
critically controlled by surface ocean biogeochemical and physical factors, which are
poorly quantified. Understanding the biogeochemical cycling and quantifying source and
sink processes of isoprene are crucial to estimate global oceanic isoprene concentrations
and their emissions to the atmosphere in order to answer the overarching question of
this thesis:

How important are marine isoprene emissions in influencing the Earth’s
climate?

This thesis is based on marine isoprene measurements from three different ocean ba-
sins (eastern Atlantic Ocean, Indian Ocean, eastern Pacific Ocean) and is subdivided into
the following three chapters, each one addressing sub-questions, whose answers are

combined and discussed together in the conclusions with regard to the main question.

1) Can simple models predict large scale surface ocean isoprene concentra-
tions?

Only a few measurements of surface ocean isoprene have been carried out to
date. Extrapolating these measurements globally may result in large uncertainties,
as isoprene concentrations and emissions vary with location and season. In this
chapter an existing model, based on a steady-state assumption for production and
consumption of isoprene in the oceanic mixed layer, is used to predict global surface
ocean isoprene concentrations. Monthly mean remotely sensed satellite data of chlo-
rophyll a, sea surface temperature, wind speed, and mixed layer depth are used to-
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2)

3)
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gether with production and consumption rates to parameterize global isoprene con-
centrations on a monthly basis. This model is improved and verified with surface
ocean isoprene field measurements from three different ocean basins. (CHAPTER 4:
MODELING MARINE ISOPRENE CONCENTRATIONS)

What are the in-field production and consumption rates of isoprene in
the surface ocean?

Isoprene is produced biologically by phytoplankton in the surface ocean. Howev-
er, published isoprene production rates for different phytoplankton functional types
(PFTs) are generally determined in laboratory studies with different monocultures.
In this chapter, isoprene and pigment data, as well as related field measurements
(e.g. nutrients, bacteria, salinity) are used to investigate the influence of varying bi-
ogeochemical and physical conditions on isoprene production. Furthermore, in-field
production rates of different PFTs are calculated for two contrasting regions: the ol-
igotrophic open ocean and the coastal upwelling region. Finally, different loss pro-
cesses of isoprene in the surface ocean are discussed. (CHAPTER 5: PRODUCTION AND
CONSUMPTION OF ISOPRENE)

How much do marine isoprene emissions impact the formation of total
iSOA?

In this chapter, marine isoprene emission inventories are implemented into a
global chemistry climate model ECHAM-HAMMOZ. In this framework, the model
provides a novel, explicit coupling between the sectional aerosol model HAM-
SALSA and the chemistry model MOZ. It connects semi-explicit isoprene oxidation
with explicit treatment of aerosol tracers in order to calculate isoprene derived SOA
formation. The global influence of marine isoprene on iSOA formation is investigat-
ed using different emission estimates based on the results of chapter 4. Monthly
mean emission inventories are used to assess the seasonal influence, as well as the
regional marine source strengths on total iSOA formation. Additionally, the impact
of marine-derived iSOA in general, as well as the influence of their particle size dis-
tribution on the total aerosol direct radiative effect is discussed. (CHAPTER 6: INFLU-
ENCE OF MARINE ISOPRENE EMISSIONS ON SOA FORMATION)
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3 METHODS

3.1 Analytical quantification of isoprene

For all oceanic isoprene measurements performed during this work, discrete water
samples were taken and quantified by purge & trap - gas chromatography - mass spec-
trometry (P&T-GC-MS). A general set-up of the analytical system is shown in Figure 3.1.
The fundamentals of the different analytical techniques as well as their application to
quantify isoprene in seawater are described in the following sections.

Purge & Trap unit Data processing software
b a0 | \%

Figure 3.1: System set-up onboard R/V Sonne. MS: mass spectrometer, GC: gas chromatograph.

3.1.1  Purge & Trap technique

The P&T-technique is a common tool for separating gases from a water sample. Iso-
prene and other gases are swept out of a liquid sample over time using an inert gas
(purge step). They are preconcentrated in an analytical trap (trap step), due to the very
low concentrations of isoprene in seawater (10"%-10"" mol L") and due to limits of de-
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tection for many analytical systems. Details of the two steps of the P&T-technique are
described below.

Purging. The seawater sample is purged with an inert gas using a needle sparger at a
constant flow rate over time removing isoprene and other volatile dissolved gases from
the liquid phase (Figure 3.2). Without purging, the vapor pressure of the respective gas
would be the only driving force to achieve equilibrium between the water and the gas
phase (headspace). The advantage of the purging method is that the partial pressure of
the respective gas in the headspace above the sample can be assumed as zero. Hence, this
accelerates the extraction of the gas from the water phase: The gas is stripped out. The
time it takes to remove the gas from the sample depends on the physical properties of the
gas itself. The solubility of a gas in water is described by the Henry’s law constant,
which is specific for every substance and is increasing with decreasing temperature. A
comparison of properties of different gases, which were analyzed with the P&T-GC-MS
set-up, is shown in Table 3.1. Also the temperature of the sample and the purge volume
of the inert gas determine the time for extraction of a gas. The purge volume is the prod-
uct of the purge flow rate and the purge time. A gas is extracted from the sample faster,
the higher the flow rate and the higher the temperature of the sample. The purge effi-
ciency is dependent on purge time, purge flow rate, sample volume, and sample tempera-
ture.

The purge efficiency, using helium as purge gas, was determined manually with re-
gard to an efficient sample throughput and a sample volume which was large enough to
detect isoprene at even low concentrations. A purge time of 15 min was sufficient to
remove >99% of isoprene from the sample when a sample volume of 50 mL and a purge
flow rate of 70 mL min"' was used. The purge efficiency shown as percentage recovery
(signal of first purge compared to the sum of the signals of all purge steps) depending on
the purge time is shown in Figure 3.2.

100

—@— 15 min
—@— 10 min

5 min

recovery [%]

sample
O 1 | | |

0 1 2 3 4
number of purge cycle

Figure 3.2: Isoprene recovery percentages of different purge times (a) and a schematic of a sample being

purged (b).
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Trapping. After purging, the extracted gas is trapped either in an adsorbent trap or a
cryotrap. The adsorbent must be chosen depending on the properties of the gas to be
trapped. A cryotrap works at temperatures which are low enough to retain the extracted
gas while allowing the purge gas to flow unimpeded through the trap.

For the analysis of isoprene in this work, a cryotrap was chosen, because it is inde-
pendent of the properties of different gases. The trap was a 1/16” sulfinert stainless steel
tubing in U-form, which was cooled with liquid nitrogen (liq. N2) while trapping. Liq. N,
has a boiling point of 77 K, retaining all compounds in the trap with a boiling point
higher than 77 K. Helium, the purge gas, is not retained due to its lower boiling point
(4 K). The concentrated trapped gas was quickly heated with hot water (~70°C) for injec-
tion to a GC for further analysis.

Water removal. Water vapor must be removed from the gas stream as it can freeze
and could cause pressure problems by blocking the tubing. Furthermore, water vapor can
reduce the lifetime of the column used in the GC. Therefore, the isoprene containing gas
stream is dried, either using hygroscopic potassium carbonate (KoCOs) or a Nafion”
membrane dryer.

During this work both drying systems were used. The desiccant K,COs dries the gas
stream efficiently, but may not be suitable for all types of compounds (e.g. acidic com-
pounds are absorbed). Also, the K,COs has to be changed after a certain amount of
measurements, because the water containing solid KyCOs is blocking the tubing. The
Nafion® membrane dryer transfers the water vapor from the wet sample stream via a
membrane (a copolymer of tetrafluoroethylene and perfluoro-3,6-dioxa-4-methyl-octene-
sulfonic acid) to a counter-flowing dry gas stream. This set-up needs a constant dry gas
supply when purging the sample and is also limited to compounds, as the membrane
transfers gases, other than water vapor, dependent on their polarity. Both systems are
suitable for isoprene. During this work, K,COs as drying agent was used first, but then
replaced by a Nafion® dryer, due to easier handling.

Table 3.1: Properties and retention times of isoprene and other gases analyzed with the measurement set-
up. Values of the boiling point, vapor pressure, and molar mass are from NIST (2017).

Compound Boiling  Vapor pres- Molar Henry constant (25°C) GC method
point sure (20°C) mass [mol m” Pa'l] retention
[°C] [10* Pa] [g mol™] time [min]

Isoprene 34 6.07 68.12 3.4x10"  LENG et al. 5.2

(2013)

Methanethi- 6 16.4 48.12 2.8x10°  STAUDINGER and 3.5

ol ROBERTS (2001)

Dimethyl 38 5.27 62.13 53x10°  STAUDINGER and 4.8

sulfide ROBERTS (2001)

Carbon 46 3.94 76.14 6.1x10" WARNECK and 4.9

disulfide WILLIAMS (2012)
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3.1.2  Gas chromatography

In analytical chemistry, gas chromatography is a widely used method to separate in-
dividual compounds from a gas mixture. The gas mixture (mobile phase), carried through
a column by an inert gas, interacts with a liquid stationary phase of the column. The
column is located in a programmable column oven and constantly flushed with the inert
carrier gas. The separation depends on the boiling point of each substance (Table 3.1)
and the time of interaction of a substance with the stationary phase (difference in polari-
ty). The lower the boiling point and the bigger the difference in polarity compared to the
stationary phase (less interaction), the faster a component travels through the column.
Besides the selection of an appropriate column, only the temperature program of the
column oven can optimize the separation of the gas mixture. The time it takes for a
component to travel through the column and being recorded as a gaussian curve (peak)
is called retention time and is characteristic for each compound under identical chroma-
tographic conditions.

During this work an Agilent 7890A GC was used. The column was a fused silica ca-
pillary column (SupeI—QTM PLOT, length: 30 m, inner diameter: 0.32 mm, average thick-
ness: 15 pm) containing divinylbenzene polymer as stationary phase. This column was
suitable for C1-C4 hydrocarbons and for many sulfur gases. Helium (purity: 5.0) was
used as the carrier gas and the column pressure was held constant at 15 psi (~1 bar). Dur-
ing the development of the method the temperature program as shown in Table 3.2
proved to be optimal for the separation of the isoprene peak (retention time: 5.2 min)
from other compounds, such as sulfur gases, in a seawater sample (Figure 3.3, Table 3.1).
The GC was connected to a detector for quantification of isoprene which is described in
the following section.

Table 3.2: Temperature program of the used GC-method.

Rate [°C min''] Temperature [°C] Hold time [min] Total run time [min]
40 2.1 2.1
40 120 2 6.1
120 180 2.4 9
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counts

time [min]

Figure 3.3: Chromatogram of a seawater sample, illustrating the separation of isoprene
from other gases in the sample (retention times shown in Table 3.1). MeSH: methan-
ethiol, DMS: dimethyl sulfide, CS,: carbon disulfide.

3.1.3  Mass spectrometry

A mass spectrometer (MS) measures the molecular weight of a substance and is high-
ly sensitive. Additionally, it can differentiate between substances with small mass differ-
ences. A GC-MS system can differentiate between compounds with the same retention
times. The operation of a mass selective detector (MSD) can be split into three parts:
ionization, mass separation, and mass detection. The fundamental analytical techniques
on the basis of the ionization by the electron ionization method, the separation by a
quadrupole mass filter, and the detection by an electron multiplier are explained in the
following.

Electron ionization. The principle of this most common method is to transfer the
neutral incoming molecules into positively charged ions. As shown in Figure 3.4a, an
electron beam hits the incoming molecules from the GC. It interacts with the outer shell
electrons of the molecules (M) forming positively charged ions (M"):

M+e ->M™+2e” (3.1)

The potential difference between cathode and anode is typically set to 70 V
(Figure 3.4) leading to a kinetic energy of 70 eV of the electrons. The needed energy for
the abstraction of one electron is normally less than 15 eV. Hence, the excess energy
destabilizes the radical cation by excitation of the vibrational and rotational energy lev-
els, leading to fragmentation of the molecule. Every mass spectrum using a specific ioni-
zation energy is unique for a molecule. The ionization energy of 70 eV is commonly used
due to a good ion yield and for a comparable mass spectra database (NIST, 2017). The
mass spectrum of isoprene, using an ionization energy of 70 eV, is shown in Figure 3.4b
(relative intensity vs. mass-to-charge ratio (m/z)). Fragmentation of one hydrogen atom
has the highest probability (m/z=67), followed by the fragmentation of a methyl group
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(m/z=53). The radical cations leave the ionization source and are focused through ion

lenses and accelerated using a potential gradient towards the quadrupole.
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Figure 3.4: Schematic of the electron ionization chamber (a) and mass spectrum of isoprene (b). a: incom-
ing molecules (1), electron beam of 70 eV (2), cathode (3), anode (4), outlet (5), ion beam to mass filter (6),
repeller (A), acceleration potentials (B,C) from BUDZIKIEWICZ and SCHAFER (2013). b: mass spectrum of
isoprene at 70 eV (relative intensity vs. ratio of mass m to number of charges z (m/z)) taken from NIST
(2017).

Quadrupole mass filter. The separation of ions of different masses is dependent
on the interaction with the electric fields in the quadrupole mass filter. The quadrupole
consists of four metal rods where each opposing rods are connected via an alternating
current (AC) voltage V in a radio frequency (f=w/2n) with a direct current (DC) offset
voltage U establishing alternating fields with a negative and positive potential
(Figure 3.5). The cations are traveling through the system and are directed to the center
of the quadrupole during a positive phase and towards the rods during a negative phase.
A stable flight path of the ions, and its amplitude, is dependent on the DC voltage, the
frequency of the AC voltage, and the mass of the ion. Ions with a mass that have no sta-
ble flight path at a certain AC and DC voltage are diverted into one of the rods and are
discharged. By varying the two voltages appropriately, only an ion with a certain m/z
can travel through the system on a stable flight path and is detected by the ion collector.
During a measurement the voltages can be changed in order to measure ions of different
m/z within one sample. The time the system is measuring one m/z is called the dwell
time. Higher dwell times result in higher sensitivity of the measurement. However, it is
not possible to use the highest dwell time available, as there are finite retention times for
each m/z. Typically a dwell time is chosen that yields 15-20 scans across a peak of a spe-

cific mass.
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Figure 3.5: Schematic of a quadrupole mass filter modified from HUBSCHMANN (2009) and schematic of
an electron multiplier modified from SCHRODER (1991).

Electron multiplier. The electron multiplier is the detector of the MS. The operat-
ing principle is to amplify the signal of one ion arriving at the electron multiplier by
emitting an electron cascade of secondary electrons (Figure 3.5). The ions collide with a
high energy dynode which emits primary electrons. The emitted primary electrons strike
a surface to emit secondary electrons. In typical electron multipliers, the electron cas-
cades through 12 to 24 dynodes, is transferred to a signal amplifier board and is dis-
played as counts per time. The formation of secondary electrons depends on the surface
of the dynode and the energy of the primary electron.

During this work an Agilent 5975C (inert XL MSD with triple axis detector) was used.
The compounds were 1) ionized by the electron ionization method using an ionization
energy of 70 eV, 2) separated by a quadrupole mass filter using a dwell time of 100 ms,
and 3) detected by an electron multiplier. For analysis of the resulting chromatogram the
software MSD ChemStation (Agilent Technologies) was used.

3.2 General sampling and analytical procedure

Seawater samples for isoprene measurements were taken bubble-free with a transpar-
ent glass vial (Chromatographie Handel Miiller, Fridolfing, Germany). A gastight syringe
(VICI Precision Sampling, Series A-2, Baton Rouge, Louisiana) was used to push 10 mL
of helium (5.0, AirLiquide, Diisseldorf, Germany) into the sampling vial replacing 10 mL
of seawater to supply a headspace for purging. Isoprene was completely removed from
the sample (>99%, see section 3.1.1) by purging with helium at a flow rate of 70 mL min’’
for 15 min at room temperature (RT). The helium purge flow contained 500 pL gaseous
deuterated isoprene (isoprene-d5; 98%, Polymer Source, Montreal, Canada), which was
inserted within the helium flow into the sample vial from a Sulfinert” stainless steel
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sample loop (1/16” O.D., Restek, Bad Homburg, Germany) (Figure 5.2: purge unit, load
position). The sample flow was dried using either K,COs3 (Carl Roth GmbH, Karlsruhe,
Germany) or a Nafion” membrane dryer (Perma Pure, Ansyco GmbH, Karlsruhe, Ger-
many). While using a Nafion® membrane dryer, CO,- and hydrocarbon-free dry, pres-
surized air (flow: 180 mL min"'") was used as counter flow. Isoprene was trapped in a
Sulfinert” stainless steel trap (1/16” O.D.) cooled with liq. N, (Figure 5.2: trap unit, load
position). The GC-method was started after a purge time of 15 min using the software
MSD ChemStation (Agilent Technologies) following the temperature program described
in Table 3.2. After 0.1 min the trapped isoprene was injected into the GC by switching
the 6-port valve (VICI Valco Instruments, Houston, Texas) to “load position” and chang-
ing from lig. Ny to hot water (Figure 5.2: trap unit, load position). After 2.1 min the trap
was decoupled from the GC by switching the 6-port valve back to “load position”. The
trap was flushed and cleaned with helium for at least one minute before a new sample
was purged. The new sample was already purged while the method for the actual sample
was still running which lead to a higher throughput and less storage time for each sam-
ple.

The MS was operated in selected ion mode (SIM) by quantifying isoprene and iso-
prene-d5 using m/z-ratios of 68 and 73, respectively. As qualifier ions, ions with a m/z-
ratio of 67 and 72 were measured for isoprene and isoprene-d5, respectively. After meth-
od completion the amount of isoprene was determined from the peak area of the quanti-
fier ion at the corresponding retention time using daily calibrations (section 3.4.1).

3.3 Storage tests

Depending on the amount of samples taken at once, samples had to be stored a cer-
tain amount of time prior to analysis, as only one sample could be analyzed immediately
after sampling, due to the purge time and the analytical method. Furthermore, in some
cases, the sample had to be transported to the laboratory, when the GC-MS was not at
the same location as the sampling site. However, isoprene samples may not be stable,
because isoprene is produced biologically in the surface ocean. The biological production
or any other production/consumption process could influence the concentration of iso-
prene in the sample vial between sampling and analysis. The influence of sample storage
while waiting for analysis, was tested in three storage experiments. Samples were treated
and prepared for analysis as described in section 3.2. Storage experiments were per-
formed under four different conditions: at RT next to the window (light), at RT in the
cupboard (dark), in the fridge (+5°C), and in the freezer (-20°C). Samples were measured
1-2 hours, 3-4 hours, 6-7 hours, 24 hours, 48 hours, and 5-7 days after sampling, for light
and dark conditions, respectively. Samples from the fridge were measured earliest 3-
4 hours after sampling to account for the time it takes to cool down the sample. Frozen
samples (-20°C) were only measured 1 day, 2 days, and 5-7 days after sampling to ac-
count for the time it takes to freeze and melt the seawater. Figure 3.6 shows the change
in % to the initial concentration immediately after sampling. Storing the sample under
dark conditions in the fridge appeared to be the best choice for storing isoprene samples
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up to 4 hours before analysis (mean: 0.3+3.9%). The mean change during dark conditions
was also very small after 3-4 hours (5.4%), although coming along with a very high
standard deviation (27.7%) resulting from three experiments. Samples under light condi-
tions where highly influenced after 1 hour of sampling. Freezing the samples appeared
not to be a solution for long time storage, as the concentrations decreased by ~70% after
being in the freezer for longer than 1 day.
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Figure 3.6: [soprene storage experiment. Mean change in percent of concentration (+ standard devi-
ation) under different conditions (light: RT, dark: RT, 5°C: fridge, -20°C: freezer).

As a result of the storage experiment, analysis during this work was performed within
two hours of collection while storing the samples in the fridge, when the GC-MS was
onboard of the research vessel or at the same site the sample was taken at. When sam-
ples had to be transported to the analytical system, they were measured as fast as possi-
ble but within four hours of collection.

3.4 Data analysis

3.4.1 Calibrations

Three to five point calibration curves with known quantities of isoprene were per-
formed in order to calculate the isoprene concentration from the resulting peakarea of a
seawater sample. The preparation of a standard solution in ethylene glycol (299.5%,
Merck, Darmstadt, Germany) was performed gravimetrically:

Two 25 mL brown glass vials (Chromatographie Handel Miiller, Fridolfing, Germany)
were weighed before and after the addition of ~24 mL ethylene glycol. A specific amount
(generally ~10 pL) of isoprene (99%, stab. with ca. 0.02% 4-tert-butylcatechol, Alfa Aesar,
Karlsruhe, Germany) was added and weighed to the first vial. The amount of isoprene
njs, in mol was calculated using the added mass mj, and the molar mass M,
(68.12 g mol ™) of isoprene:
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Mg

iso™
M

n (3.2)

is0

The density of ethylene glycol (1.11 g cm™) and isoprene (0.68 g cm ) were used to con-
vert the added masses into the corresponding volumes ( Vi, and Vis,). The concentration
of isoprene in the first standard Stdicj, was calculated as follows using 75, Ve, and

Viso:

N0
Stdlcisn=m (3.3)
About 5 pL of standard 1 (Vi) were added to the second vial and weighed. The concen-

tration of isoprene in the second standard Std2c;s, was calculated as follows:

VStdl x Stdlciso

Std2c;
Vim+ Vs

iso™

(3.4)

Three point calibrations were obtained by diluting three different amounts of Standard 2
in 10 mL of Milli-Q water and performing the analysis in the same way as the samples.
Three Blanks were measured prior to the calibration to account for significant amounts
of isoprene in the Milli-Q water. The mean peak area of the m/z=68 signal (PAss) of the
Milli-Q blanks was abstracted from each calibration measurement. An example of a five
point calibration is shown in Figure 3.7. The amount of isoprene njy, in a sample was
calculated from the peak area of the sample, the slope s, and the intercept b of the linear
regression:

PAg-b
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n

(3.5)
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Figure 3.7: Example of a five point calibration using a liquid standard solution.
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3.4.2  Sensitivity drift

Sensitivity is defined as the change of signal to the change of analyte concentration
described by the signal-to-noise ratio (5§/N). An increased signal and decreased noise, or
a combination of both is increasing the sensitivity. Sensitivity in the MS is influenced by
the ion creation in the ion source, the ion transmission through the lenses, and the ion
detection by the electron multiplier. The ion source has to be cleaned or/and the MS
conditions have to be readjusted (tuning) to improve sensitivity. However, these opera-
tions cannot be done frequently, as the system has to be shut down (ion source cleaning)
and the system has to be recalibrated.

Once the MS conditions are set it is common to experience sensitivity loss in the GC-
MS. With every sample being measured, the ion source gets dirty and the ions are less
focused by the lenses. This change in sensitivity over time is negligible when measuring
samples a few hours before and after performing a calibration. However, serious drift
can occur when the system is in operation for long periods of time (e.g. during research
cruises). Liquid calibrations can only account partially for a sensitivity change as they
are done once in 24 h assuming that the change in sensitivity is linear between two cali-
brations, which is not always correct (Figure 3.8). 500 pL gaseous isoprene-d5 was added
to every measurement as an internal standard to account for the sensitivity drift of the
system between two calibrations. Figure 3.8 shows the sensitivity drift of the system dur-
ing ASTRA-OMZ in 2015. The system was tuned three times during the cruise to im-
prove the sensitivity.
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Figure 3.8: Sensitivity drift of the system during ASTRA-OMZ cruise 2015. Data points show raw
peak area of isoprene-d5 (m/z=73) acting as internal standard. The system was tuned (dashed line:
“tune”) three times during the cruise to improve the sensitivity of the system.

The procedure to account for the sensitivity drift in between two calibrations is de-
scribed in the following: Isotopically labeled isoprene is 98% pure and, therefore, con-
tains low levels of natural isoprene. The proportion m/z=68 (unlabeled isoprene) in iso-
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prene-d5 (m/z=73) was determined to be 0.102. Hence, the signal of isoprene-d5
(m/z=73) was multiplied by 0.102 and subtracted from the measured m/z=68 signal of the
sample.

The magnitude of peak area counts of the internal standard had to be transferred to
the magnitude of peak area counts of the liquid calibrations. Therefore, the ratio K, of
the peak area of the actual liquid calibration measurement PAss (m/z=68) and the corre-
sponding peak area of the internal standard PA 3 (m/z=73) was calculated for n calibra-
tions:

R 3 PA73
n PA68 (3'6)

The ratios K, and R,.; were plotted over time £, and #,,; and a linear regression was
applied resulting in a time dependent ratio R over time #with the slope sand intercept 4:

R=sxt+b (3_7)

The ratio R was received from equation (3.7) dependent on the time # for every meas-
urement in between these two calibrations. PAss of each measurement was calculated by
dividing the corresponding PA7; of each measurement by R using equation (3.6).

This procedure was done for all three volumes of the standard calibration resulting in
three different calculated PAss for every single measurement. These peak areas were
used for a three point calibration. Calibration curves were performed for every single
measurement as described in section 3.4.1 in order to calculate the isoprene concentra-
tion. An example of this calibration including the sensitivity drift is shown in Figure 3.9.
The signal of the internal standard (m/z=73) was used according to equations (3.6) and
(3.7) to calculate a “pseudo” calibration signal of m/z=68 for each measurement in be-
tween two actual calibrations at times £, and #,,;.
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Figure 3.9: Example for calculated m/z=68 calibration peak areas for 1 pL, 10 pL, and 50 pL stand-
ard addition. Crosses show peak areas of m/z=68 signal of measured calibrations at times #, and £, ;.
The “pseudo” peak areas were used for three point calibration at each point of measurement.

42|



Methods

3.4.3  Error analysis

The total error estimate for the measurements performed for this work was calculated
using error propagation. The following variables contributed to the overall error:

- Volume of the sea water sample

- Peak integration

- Concentration of the standard solution

- Linear calibration

Sample volume. Sample volumes were always filled headspace free. The volumes of
the sample vials were tested and, due to manufacturing, were not identical. The system-
atic error of the sample volume was calculated from eight sample vials of one batch. The
mean volume of a sample vial is 60.86 mL with a standard deviation of 0.24 mL.

The amount of seawater replaced by helium when creating headspace is dependent on
the temperature difference of the helium in the gas bottle (7joe outside temperature)
and in the sea water sample ( 7iazer). The volume of helium changes in proportion to the
temperature change (in K) according to Gay-Lussac’s law and following the ideal gas
law. The volume of helium in the sample vial ( Vi) is then described as follows:

T
water
Vwater =Vb0ttle x

bottle

(3.8)

The seawater temperature for 75% of the data in this work ranged from 17 - 27°C, de-
pending on the region and the depth a sample was taken. The temperature of the sample
is converging to the surrounding air temperature while sampling from the CTD. For the
following error calculation it is assumed that the difference of the sample and air tem-
perature is £5°C, when pushing 10 mL of helium into the sample vial. Combining

Twater=Tbottlei5 K (39)

and equation (3.8) gives:

Tbottle +5K 5K

Vwater =Vb0ttle x =Vb0ttle x ( 1+
bottle bottle

(3.10)

The error for the volume of helium in the sample (Vyuze) replacing 10 mL of sea water is

calculated following

AV,
Avwater=\j (ﬁ A\]bottle)

The error of the syringe which is used to take 10 mL of helium from the gas bottle

2

5K
= (1i )'Avbottle

bottle

(3.11)

(AVboie) is assumed to be maximum 0.1 mL (10% of the main graduation interval of the
syringe). It can be seen from equation (3.11), that AV}, is dependent on the outside
temperature Tjomie, but as this influence is negligible (1£ (5/ 7hortie)~1), AViwater is 0.1 mL
(=AVbottte)-
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Summing up the two error estimations (the volume of the sample vial and the volume
of helium replacing the sea water) yields in an absolute error of 0.34 mL (0.67%) for the
volume of the analyzed seawater (AV).

Peak integration. The relative error by manual peak integration increases with de-
creasing peak area. The limit of detection (LOD) of this system set-up is 3x10" mol
(2 6 pmol L"), which is 10 times the standard deviation of the baseline noise. An error of
+ half a standard deviation of the baseline noise due to manual integration would lead to
an error of 5% (2 0.3 pmol L") for the manual peak area integration at the LOD. In gen-
eral, the peak height was higher than 100 times one standard deviation of the baseline
noise, leading to a relative error of <0.5% for manual peak integration. This is considered
negligible for further error propagation and will no longer be included.

Standard solution. As described in section 3.4.1, the preparation of the standard so-
lution was performed gravimetrically. Every weighing step was done three times. The
error of the isoprene concentration in the standard solution is 1% on average calculated
from the standard deviation and the absolute amount of added isoprene.

The amounts of standard solution which were added to the Milli-Q were taken with a
microliter syringe (Hamilton, Reno, Nevada), which has a volume error of 1% of the
nominal volume (specifications of Hamilton syringe). Hence, combining the volume er-
ror and the weighing error, the amount of isoprene added from the standard solution has

a total error of V1%+1%=1.41%.

Linear calibration. The amount of isoprene in the sample is calculated by the linear
regression of the calibration according to equation (3.5). The standard errors for the
slope As and the intercept Ab were derived from the linear regression of each calibration.
Equation (3.12) gives the error for the amount of isoprene in the sample (An;):

2

g |(22s) (2 - (PR ) (L) 3.12
o= a5 %) "Uap - 2 ) Uy (3.12)

The amount of isoprene (in mol) in the sample divided by the analyzed volume (in L) of

. . . -1
sea water gives the 1soprene concentration (sto, mol L ):

Njso

iso=T (313)

C

The total error calculated for each isoprene concentration (Acjs,) during this work was
calculated with the given error for the amount of isoprene in the sample (An;s,) and the
error of the water volume (AV):

2

A (aCiS“A )2 (aCiSOAV) (1 A ) (niso AV)Z (Aniso )2 (0.34aniSO)2
“iso= oy, %) "\av ~J\W o) TR = \50omL) T\ (50.9mL)z (3.14)

Over all the mean Ac;s, for each measurement was about +3.0 pmol L. The mean meas-

2

ured concentration of isoprene was ~30 pmol L, which leads to a precision of +10% of
the isoprene analysis during this work.
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3.5 The chemistry climate model ECHAM-
HAMMOZ

ECHAM-HAMMOZ is an atmospheric chemistry climate model that describes gas-
phase reactions and aerosol chemistry in the troposphere and stratosphere. The current
model version ECHAM6.3-HAM2.3-MOZ1.0 is described in SCHULTZ et al. (2017). The
sixth generation of ECHAM (ECHAMBS6) is an atmospheric general circulation model,
focusing on large-scale circulations and diabatic processes, which are driven by radiative
forcing (STEVENS et al., 2013). The original version, a branch of the European Center for
Medium Range Weather Forecasts model, was developed by the Max Planck Institute for
Meteorology in Hamburg (ECHAM). The second version of the Hamburg Aerosol Model
(HAM2) describes the composition and size distribution of aerosols including aerosol-
cloud interactions (ZHANG et al., 2012). The atmospheric chemistry is described by the
gas-phase tropospheric and stratospheric module MOZ from the Model for Ozone and
Related chemical Zracers MOZART (EMMONS et al., 2010).

In order to simulate atmospheric concentrations, different emission inventories of
trace gases and aerosols are used. Anthropogenic emissions are taken from the ACCMIP
(Atmospheric Chemistry and Climate Model htercomparison Foject) interpolated in-
ventory (LAMARQUE et al., 2010) and biogenic emissions are taken and simulated from
version 2.1 of the Model of Emissions of Gases and Aerosols from Nature (MEGAN)
(GUENTHER et al., 2012). Parameterized emissions of NO due to lightning are described in
GREWE et al. (2001).

3.5.1 Modification for isoprene derived SOA formation

In the current version 2.3 of HAM all relevant aerosol processes are parameterized,
including nucleation, condensation, coagulation, cloud activation, dry and wet deposi-
tion, and sedimentation (SCHULTZ et al., 2017). HAM is combined with the Sectional
Aerosol module for Large Scale Applications SALSA to calculate the aerosol micro phys-
ics (KOKKOLA et al., 2008). The combination of HAM and SALSA is coupled to MOZ in
order to calculate secondary organic aerosol (SOA) precursors.

An isoprene oxidation mechanism, including isoprene oxidation via OH, O3 and NOs,
was implemented by TARABORRELLI et al. (2009) and further developed to include varia-
tion of low volatility organic compounds (LVOCs), resulting in a detailed gas-phase
chemistry scheme JAM003 (filich Atmospheric Mechanism). JAMO003, including its 147
isoprene oxidation reactions, is used in MOZ in order to calculate compounds contrib-
uting to isoprene derived SOA (iSOA). This chemical mechanism contains 779 chemical
reactions, including eight tropospheric and 16 stratospheric heterogeneous reactions, as
well as 146 photolysis reactions from in total 254 gas species (STADTLER et al., 2017a).
Four LVOCs from isoprene oxidation products were identified in this model set-up to be
low volatile enough (saturation vapor pressure <0.01 Pa) to contribute to iSOA and are
shown in Table 3.3.
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Table 3.3: Four low volatility organic compound oxidation products contributing to isoprene derived
secondary organic compounds. Calculated saturation vapor pressure p and Henry’s law coefficient /A are
listed at a temperature of 298 K. AH,,, is the evaporation enthalpy. Data from STADTLER et al. (2017a).

Compound po [Pa] AHy,p[Kk] mol'] H [atm™] empirical formula
LNISOOH 2.2x10™ 11.7 2.1x10° CsHoNO;,
LISOPOOHOOH 3.8x107 155.3 2.0x10" CsH;504
LC57800H 2.0x10" 1232 3.0x10" CsH 1005

C5900H 1.0x10™ 125.0 3.0x10"" CsH,,05

Starting from isoprene the exact chemical reaction steps leading to one of the four
LVOCs are shown in STADTLER et al. (2017a) and SCHULTZ et al. (2017). An overview,
including the main steps of multiple isoprene oxidations, is shown in Figure 3.10. Iso-
prene reacts with a NOs radical to form a nitrate peroxy radical in a NOx dominated en-
vironment. This radical is further oxidizes in different steps to form LNISOOH (name
following the MCM nomenclature (JENKIN et al., 1997)) in a very low yield of 0.1%. The
other three LVOCs contributing to iSOA are generated through oxidation with OH as
first step. The formed isoprene peroxy radical isomers undergo self/cross reactions as
well as reactions with other radicals yielding LC57800H, C5900H and LI-
SOPOOHOOH in 1%, 2% and 9%, respectively. C5900H can also be formed via a second
oxidation pathway starting from an isoprene peroxy radical, when NO radicals are pre-
sent. Isoprene oxidation with Os is also included in JAM003, but none of the products is
volatile enough to act as iSOA.

IS()l’lI{F,NE
NO; )\/ O,
Z B reactive uptake
|on
isoprene nitrate NO isoprene peroxy self/cross reactions
peroxy radical radical isomers
NOl OHl selflreactions 80 HO hv
OH |, CH,0, | Jon |om
CH;0, LIEPOX
» HO’ 32
HO, l OIN ﬁog l 2 HO, e
OOH OOH OOH OH OH
o, /0%(\0 HO\%(\OH OWOH «— |Hoo \><(\OH
OH 0 OH 00H
LNISOOH C5900H LC57800H LISOPOOHOOH
0.1% 2% 1% 9%

Figure 3.10: Simplified overview of oxidation pathways of isoprene in HAMMOZ leading to iSOA. Each
arrow indicates a reaction step. Various formation pathways of IGLYOXAL are not shown due to
readability of the figure. Numbers indicate the yield from isoprene in percent. Bold bonds in oxidation
products highlight the isoprene skeleton. Modified from STADTLER et al. (2017a).
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In addition to the production of the four LVOCs the chemical mechanism in MOZ in-
cludes the production of LIEPOX, which is formed during the LISOPOOHOOH reaction
chain (see Figure 3.10) and isoprene derived glyoxal (IGLYOXAL), which is formed
during numerous steps of all isoprene oxidation pathways, including the ozone oxidation
pathway. LIEPOX (24% yield) and IGLYOXAL (5% yield) undergo reactive uptake by
particles which is described in STADTLER et al. (2017b) and are accounting for the
multiphase chemical iSOA formation in the model.

In total, six compounds (C5900H, LC57800H, LISOPOOHOOH, LNISOOH,
IGLYOXAL, LIEPOX) account for the iSOA formation in this model set-up.
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4 MODELING MARINE ISOPRENE
CONCENTRATIONS

published as: Dennis Booge, Christa A. Marandino, Cathleen Schlundt, Paul L
Palmer, Michael Schlundt, Elliot L. Atlas, Astrid Bracher, Eric S. Saltzman, Douglas W.
R. Wallace: Can simple models predict large scale surface ocean isoprene concentra-
tions? Atmos. Chem. Phys., 16, 11807-11821, 2016, doi:10.5194/acp-16-11807-2016.

Abstract. We use isoprene and related field measurements from three different
ocean data sets together with remotely sensed satellite data to model global marine iso-
prene emissions. We show that using monthly mean satellite-derived chl-a concentra-
tions to parameterize isoprene with a constant chl-a normalized isoprene production rate
underpredicts the measured oceanic isoprene concentration by a mean factor of 19+12.
Improving the model by using phytoplankton functional type dependent production val-
ues and by decreasing the bacterial degradation rate of isoprene in the water column
results in only a slight underestimation (factor 1.7+1.2). We calculate global isoprene
emissions of 0.21 Tg C for 2014 using this improved model, which is twice the value cal-
culated using the original model. Nonetheless, the sea-to-air fluxes have to be at least 1
order of magnitude higher to account for measured atmospheric isoprene mixing ratios.
These findings suggest that there is at least one missing oceanic source of isoprene and,
possibly, other unknown factors in the ocean or atmosphere influencing the atmospheric
values. The discrepancy between calculated fluxes and atmospheric observations must be
reconciled in order to fully understand the importance of marine-derived isoprene as a
precursor to remote marine boundary layer particle formation.
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4.1 Introduction

Remote marine boundary layer aerosol and cloud formation is important for both the
global climate system/radiative budget and for atmospheric chemistry (TWOMEY, 1974)
and has been investigated, with contentious results, for decades. The question remains:
what are the precursors to aerosol and cloud formation over the ocean? Earlier studies
pinpointed dimethyl sulfide (DMS) as the main precursor, as described in the CLAW
hypothesis (CHARLSON et al., 1987). More recently, this hypothesis has been debated con-
troversially (QUINN and BATES, 2011) because primary organic aerosols (POA; O'DOWD
et al., 2008)) and small sea salt particles (ANDREAE and ROSENFELD, 2008; DE LEEUW et al.,
2011) have been identified as cloud condensation nuclei (CCN) precursors with higher
CCN production potential than DMS. In addition to POA, other gases besides DMS have
been hypothesized as important for remote marine secondary organic aerosol formation
(SOA), including isoprene (2-methyl-1,3-butadiene), which has received the most atten-
tion in recent years (CARLTON et al., 2009).

Isoprene is a byproduct of plant metabolism and one of the most abundant of the at-
mospheric volatile non-methane hydrocarbons (NMHC). On a global basis, as much as
90% of atmospheric isoprene comes from terrestrial plant emissions (400-600 TgC yr-1;
ARNETH et al., 2008; GUENTHER et al., 2006). Isoprene is very short lived in the atmos-
phere, with a lifetime ranging from minutes to a few hours. The principal loss mecha-
nism is reaction with hydroxyl radicals (OH), but reactions with ozone and nitrate radi-
cals are also important sinks (ATKINSON and AREY, 2003; LELIEVELD et al., 2008).

The importance of the ocean as a source of atmospheric isoprene is unclear, as only
few studies have directly measured isoprene concentrations in the euphotic zone.
Throughout most of the world oceans, near-surface seawater isoprene concentrations
range between <1 and 200 pmol L, depending on season and region (BAKER et al., 2000;
BONSANG et al., 1992; BROADGATE et al., 1997; BROADGATE et al., 2004; MATSUNAGA et
al., 2002; MILNE et al., 1995; OOKI et al., 2015; ZINDLER et al., 2014). Higher isoprene lev-
els have been measured in Southern Ocean and Arctic waters (395 and 541 pmol L-1,
respectively; KAMEYAMA et al., 2014; TRAN et al., 2013). Atmospheric isoprene levels can
be as high as 300 parts per trillion (ppt), varying with location and time of day (SHAW et
al., 2010). Generally, the mixing ratios are lower than 100 ppt in remote areas not influ-
enced by terrestrial sources (YOKOUCHI et al., 1999), but they can also increase up to
375 ppt during a phytoplankton bloom (YASSAA et al., 2008). MATSUNAGA et al. (2002)
found that the sea-to-air flux estimated from measurements could not explain the at-
mospheric concentrations observed in the western North Pacific. This agrees with the
model calculations of (HU et al., 2013), who found that top-down and bottom-up models
estimating isoprene emissions disagree by 2 orders of magnitude.

Assessing the importance of isoprene for marine atmospheric chemistry and SOA
formation requires extrapolations of measurements to develop global emissions climatol-
ogies and inventories. Model studies suggest that oceanic sources of isoprene are too
weak to control marine SOA formation (ANTTILA et al., 2010; ARNOLD et al., 2009;
GANTT et al., 2009; MYRIOKEFALITAKIS et al., 2010; SPRACKLEN et al., 2008) and field stud-
ies indicate that the organic carbon (OC) contribution from oceanic isoprene is less than
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2% and out of phase with the peak of OC in the Southern Indian Ocean (ARNOLD et al.,
2009). In contrast, HU et al. (2013) found that, despite sometimes low isoprene fluxes
calculated by models, oceanic isoprene emissions can increase abruptly in association
with phytoplankton blooms, resulting in regionally and seasonally important isoprene-
derived SOA formation. Further experiments showed that isoprene oxidation products
can increase the level of CCN when the number of CCN is low (EKSTROM et al., 2009).
LANA et al. (2012) used both model-calculated fluxes of isoprene and remote sensing
products to investigate isoprene-derived SOA formation in the marine atmosphere. Their
results illustrated that the oxidation products of marine trace gases seemed to influence
the condensation growth and the hygroscopic activation of small primary particles. Flux-
es of isoprene (and other marine-derived trace gases) showed greater positive correla-
tions with CCN number and greater negative correlations with aerosol effective radius
than POA and sea salt over most of the world’s oceans.

Since isoprene concentration measurements from the open ocean are sparse, it is es-
sential to combine laboratory and field measurements, remote sensing, and modeling if
we want to understand marine isoprene emissions. This study utilizes measurements of
surface ocean isoprene and associated biological and physical parameters on three
oceanographic cruises to refine and validate the model of PALMER and SHAW (2005) for
estimating marine isoprene concentrations and emissions. The resulting model, with
satellite-derived input, is used to compute monthly climatologies and annual average

estimates of isoprene in the world ocean.

4.2 Methods

4.2.1 Model description

In this study we use a simple steady-state model for surface ocean isoprene consisting
of a mass balance between biological production, chemical and biological losses, and
emission to the atmosphere (PALMER and SHAW, 2005):

Kas
P —Cw (ZkCHEM,iCXi + Kpjor, + m) —Lwix =0, (4.1)

where biological production (P) is balanced by all loss processes, Cyy is the seawater
concentration of isoprene, kcpgwm is the chemical rate constant for all possible loss path-
ways (i) with all reactants (X) (X=OH and Oy), kgior, is the biological loss rate constant,
which takes into account the biodegradation of isoprene, kas is the air—sea gas transfer
coefficient that considers the loss processes due to air-sea gas exchange scaled with the
depth of the ocean mixed layer (MLD), and Lax is the loss due to physical mixing
(Table 4.1). The model equation was rearranged to solve for Cy as follows:

P— LMIX

Cw =

k
ZkCHEM,iCXi + kBIOL + M—‘ﬁ% (42)

The air-sea flux of isoprene (F) was calculated using the equation
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F = Kkas(Cw — Ca/Kn) = ~kas(Cw) (4.3)

where Cj, is the air-side concentration of isoprene and Ky is the dimensionless form
of the Henry’s law constant (equilibrium ratio of Ca and Cw). Ca is assumed to be negli-
gible compared to Cy as noted above (Eq. (4.3)). As a result, the air—sea isoprene gradi-
ent is assumed equal to the surface ocean isoprene level, and emissions are assumed to
be first order in Cyw. This assumption is justified over the open ocean because of the
short atmospheric lifetime of isoprene. In coastal regions downwind of strong isoprene
sources, this assumption may not be valid. The air-sea exchange transfer coefficient
(kas) is computed using the WANNINKHOF (1992) wind-speed-based (Uj) parameteriza-
tion and the Schmidt number Sc of isoprene (PALMER and SHAW, 2005):

-0.5

2 Sc
kas = 0.31 U3, (%) : (4.4)

Further details about the rate constants and input parameters are described in Ta-
ble 4.1. Monthly mean wind speed (Ujg) and sea surface temperature (SST) were ob-
tained from the Quick Scatterometer (QuickSCAT) satellite and the Moderate Resolution
Imaging Spectroradiometer (MODIS) instrument on board the Aqua satellite, respective-
ly, and from in situ shipboard measurements. MLDs were obtained from climatological
monthly means (DE BOYER MONTEGUT et al., 2004) and compared to those calculated by
in situ conductivity, temperature, and depth (CTD) profile measurements during each
cruise. MLD was defined as the depth at which temperature is at least 0.2°C higher or
lower than the temperature at 10 m depth (DE BOYER MONTEGUT et al., 2004). Chloro-
phyll a (chl-a) concentrations were obtained either from the MODIS instrument on board
the Terra satellite or from in situ shipboard measurements (here chl-a is defined as the

sum of monovinyl chl-a, divinyl chl-a, and chlorophyllide a). Model calculations were
carried out using MATLAB (Mathworks).

The steady-state model assumption is justified by the relatively short lifetime of iso-
prene in seawater as air—sea exchange is the dominant loss term over all latitudes and
seasons (lifetime: 7-14 days) followed by kgior and kcupm (PALMER and SHAW, 2005). In
this study, model runs were carried out using three different sets of model parameters

(Table 4.1).

1. ISOpsps: the original configuration used by PALMER and SHAW (2005). In this con-
figuration, the production of isoprene is parameterized as the product of the bulk
chl-a concentration and a chl-a normalized isoprene production rate (Pchioro) in-
ferred from laboratory phytoplankton monocultures of several cyanobacteria, eu-
karyotes, eukaryotes, and coccolithophores (SHAW et al., 2003). This approach in-
herently assumes that all phytoplankton have the same isoprene production char-
acteristics. PALMER and SHAW (2005) also assumed that biological degradation of
isoprene occurs in the water column, based on indirect evidence of a biological
sink for isoprene (MOORE and WANG, 2006), but no isoprene loss rate constants
have been published to date. They assumed a global average lifetime of ~17 days
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(kpror = 0.06 day_l) based on the biological degradation rates of different data sets
of methyl bromide (TOKARCZYK et al., 2003; YVON-LEWIS et al., 2002).

ISOppr: different Pehioro values are applied for different phytoplankton functional
types (PFTs). Laboratory studies have shown that isoprene production rates vary
significantly across different PFTs (ARNOLD et al., 2009; BONSANG et al., 2010;
COLOMB et al., 2008; EXTON et al., 2013; SHAW et al., 2003). We use the PFT-
dependent isoprene production rate constants and field observations of PFT dis-
tributions to estimate isoprene production rates. The chl-a normalized isoprene
production rates of the different algae species are averaged within each PFT to ob-
tain an estimated Pcpioro value of isoprene for each PFT. PFT distributions along
our cruise tracks were derived from the soluble organic pigment concentrations
obtained from filtered water samples through Whatman GF/F filters using high-
pressure liquid chromatography (HPLC) according to the method of BARLOW et al.
(1997). This method was adjusted to our temperature-controlled instruments as
detailed in TAYLOR et al. (2011b). We determined the list of pigments shown in
Table 2 of TAYLOR et al. (2011b) and applied the method of AIKEN et al. (2009) for
quality control of the pigment data. Pigment data from expedition ANT-XXV/1
have been already published in TAYLOR et al. (2011b). From the HPLC pigment
concentration we calculated PFT groups using the diagnostic pigment (DP) analy-
sis developed by VIDUSSI et al. (2001) and adapted in UITZ et al. (2006) to relate the
weighted sum of seven, for each PFT representative DP. Using this approach, the
chl-a concentrations for diatoms, dinoflagellates, haptophytes, chrysophytes, cryp-
tophytes, cyanobacteria (excluding prochlorophytes), and chlorophytes were de-
rived. The chl-a concentration of prochlorophytes was derived directly from the
divinyl-chl-a concentration (the marker pigment for this group).

ISOprr-kpio: the PFT approach is utilized to parameterize isoprene production as in
ISOppr and assumes that biological losses of isoprene in the water column are sig-
nificantly slower than assumed by PALMER and SHAW (2005). Seawater incubation
experiments carried out in temperature-controlled water baths over periods rang-
ing from 48 to 72 h under natural light conditions, using deuterated isoprene (iso-
prene-d5), showed significantly longer lifetimes (manuscript in preparation). In
the ISOprrkpio configuration, we test a biological degradation lifetime of mini-
mum 100 days (kgior, = 0.01 dayil).
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Table 4.1: List of parameters used in each model.

Abbre- ' Model approach

Parameter viation Unit
ISOpsos ISOpgr ISOprr-KBIO

Isoprene production rate P pmol L' dayfl Penloro X [chl-a]  Pehoro X [PFT]  Petioro X[PFT]
Chemical loss rate korCon day'_1 0.0518 0.0518 0.0518

ko»Cor  day ' 0.0009 0.0009 0.0009
Biological loss rate kgioL day'_1 0.06 0.06 0.01
Gas transfer coefficient  kag ms’ W ANNINKHOF (1992)
Mixed layer depth MLD m DE BOYER MONTEGUT et al. (2004)
Mixing loss rate Larx pmol L' dayfl 0.0459 0.0459 0.0459
Chl-a normalized iso- P hloro pmoligg chl-2) 1.8 PFT dependent (Table 4.2)

! day

prene production rate

4.2.2 Cruise tracks

Isoprene was measured in the surface seawater during three separate cruises: the
ANT-XXV/1 in the eastern Atlantic Ocean, the SPACES/OASIS cruises in the Indian
Ocean, and the ASTRA-OMZ cruise in the eastern Pacific Ocean. ANT-XXV/1 took
place in November 2008 on board the R/V Polarstern from Bremerhaven, Germany, to
Cape Town, South Africa (Figure 4.1; for details about isoprene and ancillary data see
also (Figure 4.1; for details about isoprene and ancillary data see also ZINDLER et al.,
2014). The SPACES/OASIS cruises took place in June—July 2014 on board the R/V Sonne
from Durban, South Africa, via Port Louis, Mauritius, to Malé, Maldives, and the AS-
TRA-OMZ cruise took place in October 2015 on board the R/V Sonne from Guayaquil,
Ecuador, to Antofagasta, Chile (Figure 4.1). Air mass backward trajectories (12 h; start-
ing altitude: 50 m) from the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT; http://www.arl.noaa.gov/HYSPLIT.php) model were calculated for the sam-
pling sites. The trajectories, in combination with atmospheric measurements, suggest
that the air masses encountered on these cruises were from over the ocean for more than
12 h prior to sampling and are therefore unlikely to contain significant isoprene derived
from terrestrial sources (Figure 4.1).
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Figure 4.1: Cruise tracks (black) of ANT-XXV/1 (November 2008, East Atlantic Ocean), SPACES/OASIS
(June/July 2014, Indian Ocean) and ASTRA-OMZ (October 2015, East Pacific Ocean). Air mass back tra-
jectories calculated for 12 hours with a starting height of 50 m using HYSPLIT are superimposed on the
cruise track. Color coding indicates altitude about sea level.

Isoprene measurements

4.2.3.1 Eastern Atlantic Ocean

The isoprene measurements from the ANT-XXV/1 (November 2008, eastern Atlantic
Ocean) cruise are described in detail in ZINDLER et al. (2014). Seawater from approxi-
mately 2 m depth was continuously pumped on board and flowed through a porous Tef-
lon membrane equilibrator. Isoprene was equilibrated by using a counterflow of dry air
and was measured using an atmospheric pressure chemical ionization mass spectrometer
(mini-CIMS), which consists of a “’Ni atmospheric pressure ionization source coupled to
a single quadrupole mass analyzer (Stanford Research Systems, SRS RGA200). Isoprene
from a standard tank was added to the equilibrated air stream every 12 h to calibrate the
system. The precision for isoprene measurements was +13%. The isoprene data used here
are 5 min averages.

4.2.3.2 Indian and eastern Pacific Oceans

The isoprene measurements on the SPACES/OASIS (June-July 2014, Indian Ocean)
and ASTRA-OMZ (October 2015, eastern Pacific Ocean) cruises have not been published
previously. Water samples (50 mL) were taken every 3 h from a continuously running
seawater pump system located in the ship’s moon pool at approximately 6m depth. All
samples were analyzed on board within 15 min of collection using a purge and trap sys-
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tem attached to a gas chromatograph/mass spectrometer operating in single ion mode
(GC/MS; Agilent 7890A/Agilent 5975C; inert XL MSD with triple axis detector). Iso-
prene was purged from the water sample with helium for 15 min and dried using a Nafi-
on membrane dryer (Perma Pure; ASTRA-OMZ) or potassium carbonate (SPAC-
ES/OASIS). Before being injected into the GC, isoprene was preconcentrated in a trap
cooled with liquid nitrogen. Gravimetrically prepared liquid standards in ethylene glycol
were measured in the same way as the samples and used to perform daily calibrations
for quantification. Gaseous deuterated isoprene (isoprene-d5) was measured together
with each sample as an internal standard to account for possible sensitivity drift between
calibrations. The precision for isoprene measurements was +8%.

Air samples were collected in electropolished stainless steel flasks and pressurized to
approximately 2.5 atm with a metal bellows pump. Analysis was conducted after samples
were returned to the laboratory. Isoprene was measured along with a range of halocar-
bons, hydrocarbons, and other gases using a combined GC/MS/FID/ECD system with a
modified Markes Unity II/CIA sample preconcentrator. The modifications incorporated a
water removal system consisting of a cold trap (-20°C) and a Perma Pure dryer (MD-050-
24). Isoprene and >C4 hydrocarbons were quantified using selected ion MS and were
calibrated against a whole air sample that is referenced to a NIST hydrocarbon mixture
using GC/FID. Precision for isoprene is estimated at approximately +0.4 ppt +5%.

4.3 Results and discussion

4.3.1 Comparison of modeled and in situ measured iso-
prene data

The shipboard isoprene measurements from the ANT-XXV/1 cruise ranged from 2 to
157 pmol L', with the highest levels in the subtropics of the Southern Hemisphere and
lower levels in the tropics (Figure 4.2). Model simulations were carried out along the
cruise track using monthly mean satellite data from November 2008 for chl-a, surface
winds, SST, and MLD as input parameters. The simulations underestimated the meas-
ured isoprene concentrations significantly, by as much as a factor of 20 over most of the
cruise track (mean error of 19.1 pmol L"). Simulations were also carried out using in situ
shipboard measurements (chl-a, wind speed, SST, MLD) as the input parameters. In both
cases, the model simulations show a peak in the calculated isoprene levels at 13-17°N
which is not present in the observations, whereas the peak, using in situ data as input
parameter, is much smaller. This peak corresponds to elevated chl-a concentrations, sug-
gesting that while there may have been high biological activity in this region, isoprene-
producing species were not abundant (Figure 4.3, Figure 4.4). These results demonstrate
that a single isoprene production factor and bulk chl-a concentration do not adequately
describe the variability in isoprene production. When isoprene-producing PFTs are dom-
inant, however, the modeled isoprene values follow the observed isoprene values (in-

creasing isoprene concentration north of 33°N; Figure 4.2, Figure 4.5). The elevated iso-
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prene concentrations in the subtropics of the Southern Hemisphere are not represented
by the model.
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Figure 4.2: Comparison of observed (black) and modeled seawater isoprene concentrations for the ANT-
XXV/1 cruise. Model calculations were carried out using the ISOPS05 model configuration, with monthly
mean satellite data (blue) for chl-a, wind speed, SST, and MLD (climatology) and in situ shipboard meas-
urements (red).

Monthly mean satellite data cannot resolve rapid changes like short phytoplankton
blooms or wind events. We compared the satellite data to the ship’s in situ measure-
ments of SST, wind speed, calculated MLD, and in situ measured chl-a concentration as
input parameters for the model (Figure 4.3) in order to determine if the resolution of the
satellite data does resolve important features. The modeled isoprene concentrations
closely follow the variability in chl-a, demonstrating that chl-a has the strongest influ-
ence of the four input parameters to the model. The differences between modeled iso-
prene concentrations using in situ data vs. satellite data are due primarily to the differ-
ences in chl-a (in situ data are in general 2 times higher than satellite data) with the
largest differences in the regions from 10-25 to 40-45°N. As the discrepancies between
in situ and satellite data are significant, in situ measured data of chl-a are used from now
on for further calculations with the ISOpsys model. Using monthly mean satellite data for
wind speed, SST, and climatological values for MLD does not bias the model results sig-
nificantly relative to the in situ data. Eight-day mean chl-a and weekly wind speed satel-
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lite data (not shown) are also available and could lower the discrepancies to the in situ
data. For this study, 8-day values were not useful for this region and time due to cloud
coverage (loss of 46% of data points). A compromise between the two would be to aver-
age the 8-day values over a larger area grid to increase the amount of satellite-derived
data, but this would lower the resolution and therefore the accurate comparison with the
cruise track.
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Figure 4.3: Satellite and in situ data for the ANT-XXV/1 cruise. Monthly mean satellite derived data
(blue) and in situ measurements (red) of (a) chl-a, (b) wind speed, (c) SST. (d) Monthly mean climatology
values (blue) and in situ measurements (red) of MLD.
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Figure 4.4: Comparison of in situ measured isoprene (black) with model derived isoprene concentrations
for the ANT-XXV/1 cruise using ISOpss (blue), ISOppr (orange) and ISOprrmio (red); squares and circles:
direct measurements; solid lines: interpolated data.

4.3.2 Modeling isoprene production using PFTs and re-
vised kBIOL

PALMER and SHAW (2005) used a universal Pchoro value of 1.8+0.7 pmoles (g chl-a)
! da)f1 based on laboratory phytoplankton monoculture experiments with several cyano-
bacteria, eukaryotes, and coccolithophores (Table 4.1; SHAW et al., 2003). Subsequent
laboratory experiments with monocultures of different phytoplankton species have
shown generally higher isoprene production rates with large variations between PFTs
(ARNOLD et al., 2009; BONSANG et al., 2010; COLOMB et al., 2008; EXTON et al., 2013). In
addition, TRAN et al. (2013) observed that isoprene concentrations in the field are highly
PFT dependent.

We averaged the Pchloro values of different PFTs (Table 4.2) and multiplied these val-
ues by the amount of the corresponding PFT. Using PFTs instead of total biomass of
phytoplankton (chl-a) in the model run results in higher isoprene model concentrations
(orange, Figure 4.4), which match the overall isoprene concentration levels measured
north of 10°N quite well. However, there are also regions where the model still cannot
reproduce the measured isoprene concentrations. Between 10°N and 25°S, the calculated
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isoprene concentrations are quite stable with only small variations between 6 and
23 pmol L. Measured concentrations are slightly higher between 10°N and 12°S (15-
30 pmol L) and sharply increase to 40-60 pmol L' south of 12°S with a maximum con-
centration of 150 pmol L' (16°S). As there were no significant differences in wind speed,
SST, or MLD in these two regions during the cruise, there must be at least one additional
source which is not captured in the model. In contrast, at 15°N and at 22°N the model
overestimates the isoprene concentration (Figure 4.4). Chl-a concentrations are 10-20
times higher in these two areas than elsewhere on the cruise (Figure 4.3) and dominated
by diatoms. However, the calculated isoprene is not 10-20 times higher, since diatoms
have a relatively low Pcpioro value (2.54 pmol (g Chl-a)_1 day_l) and, therefore, using their
respective PFT value modulates the influence of the increased chl-a on isoprene concen-
trations (Figure 4.5).
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Figure 4.5: Proportion of main PFTs contributing to the total isoprene production rate for each station
during ANT-XXV/1.

Excluding the two bloom areas, the main PFTs contributing to the modeled isoprene
concentrations were prokaryotic phytoplankton (cyanobacteria and Prochlorococcus)
and haptophytes (Figure 4.5, see also TAYLOR et al., 2011b). It should be noted that the
PFTs considered in our study are only part of the full phytoplankton community. In ad-
dition, these values can be easily over- or underestimated due to a high variability in the
Pchioro values within one group of PFTs (e.g., haptophytes: 1-15.36 pmol isoprene (g chl-
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a)_1 day_l; Table 4.2). Using the ISOppr-ksio model approach, the isoprene concentrations
increase by a factor of 1.35, resulting in better agreement with the observations
(Figure 4.4). Overall for the conditions of this cruise, the ISOppr-kpio model simulation
yields 12-fold higher isoprene levels than ISOpsys (mean error of 11.8 pmol L.

It is obvious that even after implementing these changes the model does not repro-
duce all the measured isoprene values or their distribution pattern. One particular prob-
lem is that marine isoprene emissions are very low in comparison to terrestrial isoprene
emissions. Coastal emissions have to be calculated and interpreted carefully due to this
terrestrial influence. We assume no terrestrial influence in the open ocean, since the
atmospheric lifetime of isoprene is short. Despite the terrestrial influence on atmospheric
isoprene values over the ocean, calculating surface ocean isoprene concentrations, other
assumptions in the model should be scrutinized in order to understand the discrepancies
between measured and calculated values:

1. The model assumes well-mixed isoprene concentrations through the MLD, which
is, in fact, not the case. Measurements of depth profiles show a vertical gradient
with a maximum of isoprene at the depth of the chl-a maximum slightly below
the MLD (BONSANG et al., 1992; MILNE et al., 1995; MOORE and WANG, 2006),
which was also measured during our three campaigns (data not shown). GANTT
et al. (2009) tried to solve this problem using a light-dependent isoprene produc-
tion rate, but this resulted in high fluxes in the tropics that are questionable when

compared to field measurements.

2. Using PFT-dependent production rates strongly improved the model by adding
more specific and realistic product information. Nonetheless, we may still be
missing some important species within the PFTs, and the average taken over the
isoprene measurements among the cultured species within one PFT carries some
uncertainty. We used up to eight different PFTs, illustrating that only the four
main groups (haptophytes, cyanobacteria, Prochlorococcus, and diatoms) produce
the most isoprene (Figure 4.5). These groups are also the only four detected by
the satellite product PHYSAT (ALVAIN et al., 2005), which has been used previ-
ously for predictions of isoprene (ARNOLD et al., 2009; GANTT et al., 2009). How-
ever, neglecting the other PFTs might lead to different results (others, Figure 4.5).
This highlights the need to measure the isoprene emission of more species within
each PFT group under different physiological conditions. Emissions in laboratory
culture experiments can vary depending on the growth stage of the phytoplank-
ton species (MILNE et al., 1995). SHAW et al. (2003) showed that the health condi-
tions of the phytoplankton species directly influence the emission rates of iso-
prene when using phage-infected cultures. However, also environmental stress
factors, such as temperature and light, influence the ability of different species to
produce isoprene (EXTON et al., 2013; MESKHIDZE et al., 2015; SHAW et al., 2003).
More exact data would also, potentially, lower the uncertainty of global marine
isoprene emissions, which was found to be in the range of 20% when using the
upper or lower bounds of PFT-dependent production rates (GANTT et al., 2009).
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3. The temporal resolution of the simple model may also not be adequate. GANTT et

al. (2009) could show that their model, using remote sensing input in combina-
tion with the light dependence of isoprene production, overestimated daytime
isoprene concentrations and underestimated nighttime concentrations compared
to the high temporal resolution field measurements of MATSUNAGA et al. (2002).
The possible diurnal cycle of isoprene could not be resolved with remote sensing
data obtained only at a specific local time during the day (e.g., 10:00 for MODIS
Terra and 13:00 for MODIS Aqua).

The role of bacteria in producing isoprene is also unclear and may be a missing
variable in the steady-state equation. ACUNA ALVAREZ et al. (2009) observed bac-
terial isoprene production in estuary sediments and discovered isoprene produc-
tion using different cultures of bacteria. However, SHAW et al. (2003) could not

find any evidence of bacterial isoprene production in separate experiments.

Table 4.2: Chlorophyll-normalized isoprene production rates (Peuloro) determined from analysis of phyto-
plankton cultures experiments described in the literature (EXTON et al. (2013) and references therein).

Peploro-values are given in pmol (g chlfa)fl dayil.

Averaged

Species Literature Pehtoro valu'e‘s References
Pchloro Value  for  specific

PFTs
Bacillariophyceae
Chaetoceros neogracilis (CCMP1318) 28.48 COLOMSB et al. (2008)
Cheatoceros neogracilis (CCMP 1318) 1.26 £1.19 BONSANG et al. (2010)
Thalassiosira pseudonana (CCAP 1085/12) 5.76 £0.24 EXTON et al. (2013)
Pelagomonas calceolate (CCMP 1214) 1.6 £1.6 SHAW et al. (2003)
Phaeodactylum tricornutum (Falkowski) 2.85 COLOMSB et al. (2008)
Phaeodactylum tricornutum (UTEX646) 1.12 £0.32 2.54 BONSANG et al. (2010)
Skeletonema costatum 1.32 +1.21 BONSANG et al. (2010)
Skeletonema costatum (CCMP 1332) 1.8 SHAW et al. (2003)
Thalassiosira weissflogii (CCMP 1051) 4.56 £0.24 EXTON et al. (2013)
Diatoms (elsewhere) 2.48 £1.75 ARNOLD et al. (2009)
Cylindrotheca sp. 2.64 EXTON et al. (2013)
cold adapted Bacillariophyceae
Fragilariopsis kerguelensis 0.56 £0.35 BONSANG et al. (2010)
Chaetoceros debilis 0.65 +0.2 BONSANG et al. (2010)
Chaetoceros muelleri (CCAP 1010/3) 9.36 £1.2 Excluded from EXTON et al. (2013)
Fragilariopsis cylindrus 0.96 +0.24 j[he average EXTON et al. (2013)
Nitzschia sp. (CCMP 1088) 0.96 £0.24 :isl?iriZierztreo_ EXTON et al. (2013)
Synedropsis sp. (CCMP 2745) 0.72 +0.24 EXTON et al. (2013)
Diatoms (Southern Ocean) 1.21 £0.57 ARNOLD et al. (2009)
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Averaged

Species Literature Pehtoro valu.e's References
Pchioro value  for  specific

PFTs
Dinophyceae
Prorocentrum minimum 10.08 +1.44 EXTON et al. (2013)
Symbiodinium sp. (CCMP 2464) 4.56 +3.12 EXTON et al. (2013)
Symbiodinium sp. (CCMP 2469) 17.04 +8.4 13.78 EXTON et al. (2013)
Symbiodinium sp. 9.6 +2.8 EXTON et al. (2013)
Symbiodinium sp. (CCMP 2463) 27.6 £1.68 EXTON et al. (2013)
Cyanophyceae
Prochlorococcus sp. (axenic MED4) (high light) 1.5 £0.9 1.5 SHAW et al. (2003)
Prochlorococcus 9.66 +5.78 9.66 ARNOLD et al. (2009)
Synechococcus sp. (RCC 40) 4.97 £2.87 BONSANG et al. (2010)
Synechococcus sp. (WH 8103) 1.4 6.04 SHAW et al. (2003)
Synechococcus sp. (CCMP 1334) 11.76 +0 EXTON et al. (2013)
Chlorophyceae
Dunaliella tertiolecta 0.36 +0.22 BONSANG et al. (2010)
Dunaliella tertiolecta (DUN, Falkowski) 2.85 1.47 COLOMB et al. (2008)
Dunaliella tertiolecta (CCMP 1320) 1.2 EXTON et al. (2013)
Cryptophyceae
Rhodomonas lacustris (CCAP 995/3) 9.36 £0.72 9.36 EXTON et al. (2013)
Prasinophyceae
Micromonas pusilla (CCMP 489) 1.4 0.8 SHAW et al. (2003)
Prasinococcus capsulatus (CCMP 1614) 32.16 £5.76 12.47 EXTON et al. (2013)
Tetraselmis sp. (CCMP 965) 3.84 £0.24 EXTON et al. (2013)
Prymnesiophyceae
Calcidiscus leptoporus (AC365) 5.4 COLOMSB et al. (2008)
Emiliania huxleyi (CCMP 371) 11.54 COLOMB et al. (2008)
Emiliania huxleyi (CCMP 371) 1 BONSANG et al. (2010)
Emiliania huxleyi (CCMP 373) 1+0.5 6.92 SHAW et al. (2003)
Emiliania huxleyi (CCMP 373) 2.88 £0.48 EXTON et al. (2013)
Emiliania huxleyi (CCMP 1516) 11.28 +£0.96 EXTON et al. (2013)
Gephyrocapsa oceanica 15.36 +4.1 EXTON et al. (2013)
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4.3.3 Verification of the ISOpfr_810L Mmodel using data
from the Indian and eastern Pacific Oceans

Isoprene concentrations calculated with the original (ISOpsos) and revised (ISOpgr-
kpior,) model are compared to measured isoprene in the surface ocean at two additional
campaigns in two widely differing ocean basins (Indian Ocean, SPACES/OASIS, 2014;
eastern Pacific Ocean, ASTRA-OMZ, 2015). The original model ISOps5 predicts on aver-
age 19+12 times lower isoprene concentrations compared with measured values for the
additional two ship campaigns (circles, Figure 4.6), which confirms the results obtained
for ANT-XXV/1. With the newly determined (lower) value for kgior, and PFT-dependent
Pchloro values, the ISOpprpio model predicts concentrations that are 10 times higher than
the original model ISOpsys output (crosses, Figure 4.6). This leads to a mean underestima-
tion of 1.7+1.2 between modeled and measured isoprene concentrations. The main cause
of the better agreement between measured and modeled isoprene concentrations is the
isoprene production rate related to the production input parameter (color coding, Fig-
ure 4.6). The mean isoprene production rate using chl-a as an input parameter multiplied
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Figure 4.6: Observed isoprene concentration divided by modeled isoprene concentration on a logarithmic
scale for three different cruises; left: SPACES/OASIS 2014, middle: ASTRA-OMZ 2015, right: ANT-XXV/1
2008; circles and crosses represent data derived by the original ISOpgys and revised ISOppripsi0 model,
respectively; every data point is color coded with the corresponding isoprene production rate input param-
eter; grey diamonds represent data using parameterized PFT data by HIRATA et al. (2011); the black line
represents a ratio of 1.

66|



Modeling marine isoprene concentrations

by a factor of 1.8 pmol (g chl-a)” day_1 is less than 0.5 pmol L™ day ™', which is insuffi-
cient to explain the measured concentrations in all three campaigns. Using Pcpioro values
multiplied with the concentration of the related PFT yields in an isoprene production
rate of 1-2 pmol L' day’1 in non-bloom areas and even higher rates during phytoplank-
ton blooms, resulting in isoprene concentrations that are comparable to the measured
ones. The opposite can also occur, as seen on DOY 322 (Figure 4.6), when PFT specific
production rates are smaller than those using chl-a only, due to the dominance of a low
isoprene-producing PFT. Even though the improved model is tested in three widely dif-
ferent ocean basins, there are still different regions where the model should be tested
with direct isoprene measurements to verify the model output.

4.4 Global oceanic isoprene emissions and im-
plications for marine aerosol formation

60

isoprene flux [nmol m 72day71]

Figure 4.7: Global marine isoprene fluxes in nmol m™* day ' for 2014.

Monthly mean global ocean isoprene concentrations were calculated using the revised
model ISOppripi0 (2° x 2° grid). As there were no PFT satellite data readily available, we
used an empirical relationship between chl-a and PFTs as parameterized by HIRATA et al.
(2011). The quality of this parameterization was verified against the PFT data sets from
all three campaigns (coefficient of determination: R*=0.89, Figure S4.1 in the supple-
ment) and is shown in Figure 4.6 (grey diamonds). Monthly mean global ocean isoprene
emissions (Figures S4.2-54.13 in the supplement) were averaged in order to compute
global sea-to-air fluxes of isoprene for 2014 (Figure 4.7). An annual emission of
0.21 Tg C was calculated, which is 2 times higher than the value estimated by PALMER
and SHAW (2005) (0.11 Tg C yr ). The highest emissions, more than 100 nmol m ™ day ",
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can be seen in the North Atlantic Ocean and the Southern Ocean, associated with high
biological productivity and strong winds driving the air-sea gas exchange. The influence
of regional hot spots of biological productivity, such as the upwelling off Mauretania or
the Brazil-Malvinas Confluence Zone, can also be seen. The tropics (23.5°5-23.5°N) ac-
count for only 28% of global isoprene emissions, but they represent ~47% of the world
oceans.

Yearly emissions of 0.21 Tg C are at the lower end of the range of previously pub-
lished studies (ARNOLD et al., 2009, 0.27 Tg C yr-1; GANTT et al., 2009, 0.92 Tg C yr-1).
Both studies use remotely sensed PFT data instead of chl-a to evaluate the isoprene pro-
duction. Unlike this study, they implemented the ALVAIN et al. (2005) approach using
PHYSAT data, which uses spectral information to produce global distributions of the
dominant PFT but is limited to four phytoplankton groups (haptophytes, Prochlorococ-
cus, Synechococcus, and diatoms). It should be noted that PHYSAT does not provide
actual concentrations but rather only the relative dominance of the four groups. ARNOLD
et al. (2009) used similar assumptions as PALMER and SHAW (2005) to calculate isoprene
loss, namely that loss in the water column by advective mixing and aqueous oxidation is
on a longer timescale than loss by air-sea gas exchange and, therefore, negligible. Thus,
their calculated emissions of 0.27 TgC yri1 are an upper estimate. The approach of had
two main differences compared to our study. (1) Instead of using the MLD climatology of
DE BOYER MONTEGUT et al. (2004), they used a maximum depth where isoprene produc-
tion can occur as calculated by the downwelling irradiance (using the diffuse attenuation
coefficient values at 490 nm) and the light propagation throughout the water column
that is estimated by using the Lambert-Beer law. (2) They tested two of the detectable
PFTs in laboratory experiments using monocultures of diatoms and coccolithophores
growing under different light conditions to evaluate light-intensity-dependent isoprene
production rates. Light-intensity-dependent production rates of Prochlorococcus and
Synechococcus were derived after GANTT et al. (2009) using the original production rates
at a specified wavelength measured by SHAW et al. (2003). Their isoprene emission cal-
culations are more than 4 times higher than calculated with our approach, probably as a
result of the light-dependent isoprene production rates. Whereas our global map shows
very low emissions in the tropics due to a low phytoplankton productivity, the emissions
modeled by GANTT et al. (2009) are comparable to those of high productivity areas like
the Southern Ocean or the North Atlantic Ocean, likely as a consequence of the high
solar radiation in the tropics. The data from our three cruises contradict this model-
derived result and show very low concentrations in the tropical regions, which implies a
very low flux of isoprene to the atmosphere. Furthermore, MESKHIDZE et al. (2015)
showed that, at a specific light intensity, the isoprene production rate of tested monocul-
tures sharply decreases.

Using atmospheric isoprene concentrations measured in two of the three campaigns,
we were able to use a top-down approach to calculate isoprene emissions in order to
compare with the bottom-up flux estimates. We used a box model with an assumed ma-
rine boundary layer height (MBLH) of 800 m, which reflected the local conditions during
the two campaigns. The only source of isoprene for the air was assumed to be the sea-to-

air flux (emission) and the atmospheric lifetime (t) was assumed to be determined by
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reaction with OH (chemical loss, 1 h). The sea-to-air flux was calculated by multiplying
kas with the measured isoprene concentration (Cw) in the ocean (Eq.(4.3)). We assumed
Ca to be zero in order to have the highest possible sea-to-air-flux, following a conserva-
tive approach. The concentration outside the box was assumed to be the same as inside
to neglect advection into and out of the box. The resulting calculated steady-state iso-
prene air concentration for every box (1-day mean value of all individual measurements
at daytime) is shown in Figure 4.8 (for a 1h lifetime it takes approximately 10 h to
achieve steady state) and is calculated as follows:

T
Ca = (kas X Cw)m- (4.5)
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Figure 4.8: 1-day mean measured (blue) and calculated (red) daytime isoprene mixing ratios (ppt) during
SPACES/OASIS (2014) and ASTRA-OMZ (2015). Calculated isoprene air values were derived by using the
sea-to-air flux, a marine boundary layer height of 800 m and the one hour atmospheric lifetime based on a
simple box model approach for each individual measurement.

For comparison, the mean measured concentration of isoprene in the atmosphere dur-
ing the two cruises is 2.5+1.5 ppt and therefore 45 times higher than the calculated iso-
prene air values. The measured concentrations match previously measured remote open
ocean atmospheric values (SHAW et al., 2003). We only used atmospheric measurements
which were obtained during daytime (to reflect reaction with OH) and were not influ-
enced by terrestrial sources. This was determined by omitting data points with concomi-
tant high levels of anthropogenic hydrocarbons (concentrations of butane higher 20 ppt).
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Reported mean atmospheric lifetime estimates of isoprene range from minutes up to 4 h,
depending mainly on the atmospheric concentration of OH (PFISTER et al., 2008). We
calculate that for an estimated lifetime of 1 and 4 h, a sea-to-air flux of at least 2000 and
500 nmol m ™ dayil, respectively, is needed to reach the atmospheric concentration
measured during SPACES/OASIS and ASTRA-OMZ, which is approximately 10-20
times higher than computed (even when assuming Ca as zero). Recent studies showed
that the measured fluxes of isoprene range from 4.6-148 nmol m* day ™ in June—July
2010 in the Arctic (TRAN et al., 2013) to 181.0-313.1 nmol m > day ' in the productive
Southern Ocean during austral summer 2010/2011 (KAMEYAMA et al., 2014). Despite
these high literature values, it appears that the calculated fluxes cannot explain the
measured atmospheric concentrations even when a conservative lifetime of 4 h is as-
sumed.

4.5 Conclusions

The revised PALMER and SHAW (2005) isoprene emission model was evaluated against
direct surface ocean isoprene measurements from three different ocean basins, yielding
comparable ocean concentrations that were slightly underestimated (factor of 1.7+1.2).
The resulting annual global oceanic isoprene emissions are 2 times higher than the cal-
culated flux with the original model. However, using a simple top-down approach based
on measured atmospheric isoprene levels, we calculate that emissions from the ocean are
required to be more than 1 order of magnitude greater than those computed using the
bottom-up estimate based on measured oceanic isoprene levels. This result is consistent
with a numerical evaluation of global ocean isoprene emissions by LUO and YU (2010).
One possible explanation could be production in the surface microlayer (SML) that is not
simulated by the model. CIURARU et al. (2015) showed that isoprene is produced photo-
chemically by surfactants in an organic monolayer at the air-sea interface. As the SML
is enriched with surfactants (WURL et al., 2011), the isoprene flux from the SML could
range from 1000 to 33000 nmol m”’ day”', which is much larger (about 2 orders of mag-
nitude) than the highest fluxes calculated from our observations. To date, there is no
evidence of such a large gradient in the surface ocean between the surface and 10 m.
Thus, further field measurements probing the SML could be a step forward in reconciling
the role of the ocean for the atmospheric isoprene budget. Using the bottom-up ap-
proach, isoprene emissions are much smaller and given this scenario, isoprene conse-
quently appears to be a relatively insignificant source of OC in the remote marine at-
mosphere. ARNOLD et al. (2009) calculated a yield of 0.04 Tg yr' OC derived from ma-
rine isoprene by using yearly emissions of 1.9 Tg yri1 and a SOA vyield of 2% (HENZE and
SEINFELD, 2006). This is equivalent to 0.5% of estimated 8 Tg yr ' global source of oceanic
OC (SPRACKLEN et al., 2008). Using our bottom-up emission of 0.21 TgC yr ' will even
lower this small influence. Until this discrepancy between bottom-up and top-down ap-
proaches is resolved, the question of whether isoprene is a main precursor to remote
marine boundary layer particle formation still remains open.

70)



Modeling marine isoprene concentrations

4.6 Data availability

All isoprene data are available from the corresponding author. Pigment data from
ANT-XXV/1 are available from PANGAEA (TAYLOR et al., 2011a). Pigment data from
SPACES/OASIS and ASTRA-OMZ will be available from PANGAEA but for now can be
obtained through the corresponding author.
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4.8 Supplementary material

Figure S4.1 shows the comparison between the measured isoprene production rate
and the isoprene production rate derived from the phytoplankton functional type (PFT)-
parameterization by HIRATA et al. (2011). The comparison shows very good linear corre-
lation in less productive regions (dashed regression line) whereas it is not linear over the
whole range of isoprene production rates. The parameterization is dependent on the chl-
a concentration and Figure S4.1 shows, fairly clearly, that the parameterization overes-
timates the PFT concentration and, therefore, the isoprene production rate (dotted re-
gression line) in productive regions. The phytoplankton pigment data used in the param-
eterization of HIRATA et al. (2011) is well distributed in the Atlantic Ocean, sparsely dis-
tributed in the Indian Ocean region of SPACES/OASIS, and there has been no data used
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for the parameterization in the region off to Peru where ASTRA-OMZ took place. This
may also cause some discrepancies between the measured and calculated values. But as
these overestimated PFT values only account for 5% of our data set the overall coefficient
of determination between the derived data using HIRATA et al. (2011) and the measured
isoprene production rate is 0.89.
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Figure S4.1: Measured isoprene production rates versus parameterized isoprene production rates from
three different cruises (black: ANT-XXV/1; blue: SPACES/OASIS; red: ASTRA-OMZ). The dashed line
and dotted line represent the regression line of isoprene production rates between 0 and 10 pmol L' day_1
and higher than 10 pmol L' day ', respectively. The solid line represents the 1:1 line.
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isoprene flux [nmol m™> day"]

Figure $4.2: Global monthly mean marine isoprene fluxes in nmol m™ day ™' for January 2014.
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Figure $4.3: Global monthly mean marine isoprene fluxes in nmol m™ day ™' for February 2014.
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isoprene flux [nmol m™2 dayq]

Figure $4.4: Global monthly mean marine isoprene fluxes in nmol m™“ day ' for March 2014.
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Figure $4.5: Global monthly mean marine isoprene fluxes in nmol m* day ™' for April 2014.
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Figure $4.6: Global monthly mean marine isoprene fluxes in nmol m™ day ' for May 2014.
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Figure $4.7: Global monthly mean marine isoprene fluxes in nmol m ™ day ' for June 2014.
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Figure $4.8: Global monthly mean marine isoprene fluxes in nmol m™“ day ' for July 2014.
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Figure $4.9: Global monthly mean marine isoprene fluxes in nmol m™ day™' for August 2014.
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Figure $4.10: Global monthly mean marine isoprene fluxes in nmol m* day ™' for September 2014.
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Figure $4.11: Global monthly mean marine isoprene fluxes in nmol m™ day ™' for October 2014.
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Figure $4.12: Global monthly mean marine isoprene fluxes in nmol m* day ™" for November 2014.
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Figure $4.13: Global monthly mean marine isoprene fluxes in nmol m™ day ™' for December 2014.
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5 PRODUCTION AND CONSUMP-
TION OF ISOPRENE

submitted as: Dennis Booge, Cathleen Schlundt, Astrid Bracher, Sonja Endres,
Birthe Zancker, Christa A. Marandino: Marine isoprene production and consumption in
the mixed layer of the surface ocean — A field study over 2 oceanic regions, Biogeosci-
ences Discuss., 2017, doi:10.5194/bg-2017-257.

Abstract. Parameterizations of surface ocean isoprene concentrations are numerous,
despite the lack of source/sink process understanding. Here we present isoprene and
related field measurements in the mixed layer from the Indian Ocean and the East Pacif-
ic Ocean to investigate the production and consumption rates in two contrasting regions,
namely oligotrophic open ocean and coastal upwelling region. Our data show that the
ability of different phytoplankton functional types (PFTs) to produce isoprene seems to
be mainly influenced by light, ocean temperature, and salinity. Our field measurements
also demonstrate that nutrient availability seems to have a direct influence on the iso-
prene production. With the help of pigment data, we calculate in-field isoprene produc-
tion rates for different PFTs under varying biogeochemical and physical conditions. Us-
ing these new calculated production rates we demonstrate that an additional, significant
and variable loss, besides a known chemical loss and a loss due to air sea gas exchange,
is needed to explain the measured isoprene concentration. We hypothesize that this loss,
with a lifetime for isoprene between 10 and 100 days depending on the ocean region, is

potentially due to degradation or consumption by bacteria.
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5.1 Introduction

Isoprene (2-methyl-1,3-butadiene, CsHs), a biogenic volatile organic compound
(VOC), accounts for half of the total global biogenic VOCs in the atmosphere (GUENTHER
et al., 2012). 400-600 Tg C yri1 are emitted globally from terrestrial vegetation (ARNETH
et al., 2008; GUENTHER et al., 2006). Emitted isoprene influences the oxidative capacity of
the atmosphere and acts as a source for secondary organic aerosols (SOA)(CARLTON et
al., 2009). It reacts with hydroxyl radicals (OH), as well as ozone and nitrate radicals
(ATKINSON and AREY, 2003; LELIEVELD et al., 2008), forming low-volatility species, such
as methacrolein or methyl vinyl ketone, which are then further photooxidized to SOA
via more semi-volatile intermediate products (CARLTON et al., 2009). Model studies sug-
gest that isoprene accounts for 27% (HOYLE et al., 2007), 48% (HENZE and SEINFELD, 2006)
or up to 79% (HEALD et al., 2008) of the total SOA production globally.

Whereas the terrestrial isoprene emissions are well known to act as a source for SOA,
the oceanic source strength is highly discussed (CARLTON et al., 2009). Marine derived
isoprene emissions only account for a few percent of the total emissions and are suggest-
ed, based on model studies, to be generally lower than 1 Tg C yr" (ARNOLD et al., 2009;
BOOGE et al., 2016; GANTT et al., 2009; PALMER and SHAW, 2005). Some model studies
suggest that these low emissions are not enough to control the formation of SOA over
the ocean (ANTTILA et al, 2010; ARNOLD et al, 2009; GANTT et al, 2009;
MYRIOKEFALITAKIS et al., 2010; SPRACKLEN et al., 2008). However, due to its short atmos-
pheric lifetime of minutes to a few hours, terrestrial isoprene is not reaching the atmos-
phere over remote regions of the oceans. In these regions, oceanic emissions of isoprene
could play an important role in SOA formation on regional and seasonal scales, especial-
ly in association with increased emissions during phytoplankton blooms (HU et al., 2013).
In addition, the isoprene SOA yield could be up to 29% under acid-catalyzed particle
phase reactions during low-NOy conditions, which occur over the open oceans (SURRATT
et al., 2010). This SOA yield is significantly higher than a SOA burden of 2% during neu-
tral aerosol experiments calculated by HENZE and SEINFELD (2006).

Marine isoprene is produced by phytoplankton in the euphotic zone of the oceans, but
only a few studies have directly measured the concentration of isoprene to date and the
exact mechanism of isoprene production is not known. The concentrations generally
range between <1and 200 pmol Lt (BAKER et al., 2000; BONSANG et al., 1992;
BROADGATE et al., 1997; BROADGATE et al., 2004; HACKENBERG et al., 2017; KURIHARA et
al., 2010; MATSUNAGA et al., 2002; MILNE et al., 1995; OOKI et al., 2015; ZINDLER et al.,
2014). Depending on region and season, concentrations of isoprene in surface waters can
reach up to 395 and 541 pmol L during phytoplankton blooms in the highly productive
Southern Ocean and Arctic waters, respectively (KAMEYAMA et al., 2014; TRAN et al.,
2013).

Studies have shown that the depth profile of isoprene mainly follows the chlorophyll-
a (chl-a) profile suggesting phytoplankton as an important source (BONSANG et al., 1992;
HACKENBERG et al., 2017; MILNE et al., 1995; TRAN et al., 2013) and furthermore,
BROADGATE et al. (1997) and KURIHARA et al. (2010) show a direct correlation between
isoprene and chl-a concentrations in surface waters and between 5 and 100 m depth,
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respectively. However, this link is not consistent enough on global scales to predict ma-
rine isoprene concentrations using chl-a (Table 5.1). Laboratory studies with different
monocultures illustrate that the isoprene production rate varies widely depending on the
phytoplankton functional type (PFT) (BOOGE et al., 2016 and references therein). In addi-
tion, environmental parameters, such as temperature and light, have been shown to in-
fluence isoprene production (EXTON et al., 2013; MESKHIDZE et al., 2015; SHAW et al.,
2003). In general, the production rates increase with increasing light levels and higher
temperature, similar to the terrestrial vegetation (GUENTHER et al., 1991). However, this
trend cannot easily be generalized to all species, because each species-specific growth
requirement is linked differently to the environmental conditions. For example,
SRIKANTA DANI et al. (2017) showed that two diatom species, Chaetoceros calcitrans and
Phaeodyctylum tricornutum, have their maximum isoprene production rate at light lev-
els of 600 and 200 pmol m™ 5™, respectively, which decreases at even higher light levels.
Furthermore, MESKHIDZE et al. (2015) measured the isoprene production rates of differ-
ent diatoms at different temperature and light levels on two consecutive days. Their re-
sults showed a less variable, but higher emission on day two, suggesting that phyto-
plankton must acclimate physiologically to the environment. This should also hold true
for dynamic regions of the ocean and has to be taken into account when using field data
to model isoprene production.

The main loss of isoprene in seawater is air-sea gas exchange, with a minor physical
loss due to advective mixing and chemical loss by reaction with OH and singlet oxygen
(PALMER and SHAW, 2005). The existence of biological losses still remains an open ques-
tion, as almost no studies were conducted concerning this issue. SHAW et al. (2003) as-
sumed the biological loss by bacterial degradation to be very small. However, ACUNA
ALVAREZ et al. (2009) showed that isoprene consumption in culture experiments from
marine and coastal environments did not exhibit first order dependency on isoprene
concentration. They observed faster isoprene consumption with lower initial isoprene
concentration.

This study significantly increases the small dataset of marine isoprene measurements
in the world oceans with new observations of the distribution of isoprene in the surface
mixed layer of the oligotrophic subtropical Indian Ocean and in the nutrient rich
upwelling area of the East Pacific Ocean along the Peruvian coast. These two contrasting
and, in terms of isoprene measurements, highly undersampled ocean basins are interest-
ing regions to compare the diversity of isoprene producing species. With the help of con-
currently measured physical (temperature, salinity, radiation), chemical (nutrients, oxy-
gen), and biological (pigments, bacteria) parameters, we aim to improve the understand-
ing of isoprene production and consumption processes in the surface ocean under differ-

ent environmental conditions.
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Table 5.1: Factors of different regression equations from different studies ([isoprene]=u*[chl-
a]+v*SST+intercept) compared to factors from this study. Bold/italic/regular R? value: correlation signifi-
cant/not significant/significance not known (significant: p<0.05). [chl-a] in pg L, SST in °C, [isoprene] in

pmol L.
reference cruise/region SST bins u v intercept R?
HACKENBERG et AMT 22 (Atlantic O.) <20°C 37.9 - 17.5 0.37 (n=39)
al. (2017)
AMT 23 (Atlantic O.) 5 R— 18.4 0.55 (n=11)
ACCACIA 2 (Arctic) 341 - 111 0.61 (n=34)
AMT 22 (Atlantic O.) 220°C 300 - -3.35 0.60 (n=93)
AMT 23 (Atlantic O.) 103 —- 5.58 0.82 (n=22)
OOKI et al. (2015)  Southern Ocean, Indian 3.3-17°C 143 2.27 2.83 0.64
Ocean, Northwest Pacific
17-27°C 20.9 -1.92 63.1 0.77
Ocean, Bering Sea, west-
ern Arctic Ocean >27°C 319 8.55 -244 0.75
KurmiARAetal. o i Ba nobin 107 — 5.9 0.49 (n=8)
(2012) & Y ' ' ==
éléll{g)lARA etal Western North Pacific no bin 18.8 - 6.1 0.79 (n=60)
BROADGATE et al. .
(1997) North Sea no bin 6.4 - 1.2 0.62
This study whole study no bin 2.45 -—- 22.1 0.07(n=138)
SPACES (Indian Ocean) 20.2 - 8.01 0.30 (n=37)
OASIS (Indian Ocean) 42.6 - 12.6 0.10 (n=59)
ASTRA-OMZ (Southeast 1.26 - 26.5 0.07 (n=42)
Pacific O.)
<20°C 392 - 115 0.59 (n=46)
>20°C 25.6 - 16.6 0.14 (n=92)
3.3-17°C 1.30 10.0 -144 0.84 (n=10)
17-27°C 10.4 0.76 -3.70 0.41 (n=97)
>27°C 40.4 -0.58 39.7 0.17 (n=31)
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5.2 Methods

5.2.1 Sampling sites

Measurements of oceanic isoprene were performed during three separate cruises, the
SPACES (Science Partnerships for the Assessment of Complex Earth System Processes)
and OASIS (Organic very short-lived substances and their air-sea exchange from the
Indian Ocean to the stratosphere) cruises in the Indian Ocean and the ASTRA-OMZ (Air
sea interaction of trace elements in oxygen minimum zones) cruise in the eastern Pacific
Ocean. The SPACES/OASIS cruises took place in July/August 2014 on board the
R/V Sonne I from Durban, South Africa via Port Louis, Mauritius to Malé, Maldives and
the ASTRA-OMZ cruise took place in October 2015 on board the R/V Sonne Il from
Guayaquil, Ecuador to Antofagasta, Chile (Figure 5.1).
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9°
6°S
18°S
12°S
27°S
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Figure 5.1: Cruise tracks (black) of ASTRA-OMZ (October 2015, East Pacific Ocean) and SPACES/OASIS
(July/August 2014, Indian Ocean) plotted on top of monthly mean sea surface temperature detected by the
Moderate Resolution Imaging Spectroradiometer (MODIS) instrument on board the Aqua satellite. Circles
indicate CTD stations (grey: SPACES/OASIS and open ocean stations during ASTRA-OMZ, black: equato-
rial stations during ASTRA-OMZ, red: coastal stations during ASTRA-OMZ). Numbers indicate stations,
where a CTD depth profile was performed. Stations 6 & 8 (SPACES) as well as stations 4 & 6 and 13 & 14
(OASIS) have almost the same geographical coordinates. If a station number is omitted (SPACES: stations
5 & 7; OASIS: stations 3, 5 & 12; ASTRA-OMZ: stations 4 & 9) no CTD cast was performed.
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5.2.2 Isoprene measurements

During all cruises, up to 7 samples (50 mL) from 5 to 150 m depth for each depth pro-
file were taken bubble-free from a 24 L-Niskin bottle rosette equipped with a CTD (con-
ductivity-temperature-depth; described in STRAMMA et al. (2016)). 10 mL of helium were
pushed into each transparent glass vial (Chromatographie Handel Miiller, Fridolfing,
Germany) replacing the same amount of sea water and providing a headspace for the
upcoming analysis. The water samples were, if necessary, stored in the fridge and ana-
lyzed on board, within 1 h of collection, using a purge and trap system attached to a gas
chromatograph/mass spectrometer (GC/MS; Agilent 7890A/Agilent 5975C; inert XL
MSD with triple axis detector) (Figure 5.2). Isoprene was purged for 15 minutes from the
water sample with helium (70 mL min™') containing 500 pL of gaseous deuterated iso-
prene (isoprene-d5) as an internal standard to account for possible sensitivity drift
(Figure 5.2: purge unit, load position). The gas stream was dried using potassium car-
bonate (SPACES/OASIS) or a Nafion® membrane dryer (Perma Pure; ASTRA-OMZ).
CO,- and hydrocarbon-free dry, pressurized air with a flow of 180 mL min" was used as
counter flow in the Nafion® membrane dryer (Figure 5.2: water removal). Before being
injected into the GC (Figure 5.2: trap unit, inject position), isoprene was preconcentrated
in a Sulfinert” stainless steel trap (1/16” 0.D.) cooled with liquid nitrogen (Figure 5.2:
trap unit, load position). The mass spectrometer was operated in single ion mode quanti-
tying isoprene and d5-isoprene using m/z - ratios of 67, 68 and 72, 73, respectively. In
order to perform daily calibrations for quantification, gravimetrically prepared liquid
isoprene standards in ethylene glycol were diluted in Milli-Q water and measured in the
same way as the samples. The precision for isoprene measurements was + 8%.
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Figure 5.2: Schematic overview of the analytical purge-and-trap-system, divided into three parts: purge
unit (left), water removal (middle) and trap unit (right). He: helium, MFC: Mass flow controller, K,COj:
potassium carbonate, GC-MS: gas chromatograph/mass spectrometer.
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5.2.3 Nutrient measurements

Micronutrient samples were taken on every cruise from the CTD bottles (covering all
sampled depths). The samples from SPACES were stored in the fridge at -20°C and
measured during OASIS. Samples from OASIS and ASTRA-OMZ were directly meas-
ured on-board with a QuAAtro auto-analyzer (Seal Analytical). Nitrate was measured as
nitrite following reduction on a cadmium coil. The precision of nitrate measurements

was calculated to be £0.13 pmol L.

524 Bacteria measurements

For bacterial cell counts, 4 mL samples were preserved with 200 uL. glutaraldehyde
(1% v/v final concentration) and stored at -20°C for up to three months until measure-
ment. A stock solution of SybrGreen I (Invitrogen) was prepared by mixing 5 puL of the
dye with 245 pL dimethyl sulfoxide (Sigma Aldrich). 10 pL of the dye stock solution and
10 pL fluoresbrite YG microspheres beads (diameter 0.94 pm, Polysciences) were added
to 400 pL of the thawed sample and incubated for 30 min in the dark. The samples were
then analyzed at low flow rate using a flow cytometer (FACS Calibur, Becton Dickinson)
(GasoL and DEL GIORGIO, 2000). TruCount beads (Becton Dickinson) were used for cali-
bration and in combination with Fluoresbrite YG microsphere beads (0.5-1 pm, Pol-
ysciences) for absolute volume calculation. Calculations were done using the software
program “Cell Quest Pro”.

5.2.5 Phytoplankton functional types from marker
pigment measurements

Different PFTs were derived from marker phytoplankton pigment concentrations and
chlorophyll concentrations. To determine PFT chl-a, 0.5 to 6 L of sea water were filtered
through Whatman GF/F filters at the same stations as isoprene was sampled. The soluble
organic pigment concentrations were determined using high-pressure liquid chromatog-
raphy (HPLC) according to the method of BARLOW et al. (1997) adjusted to our tempera-
ture-controlled instruments as detailed in TAYLOR et al. (2011). We determined the list of
pigments shown in Table 2 of TAYLOR et al. (2011) and applied the method by AIKEN et
al. (2009) for quality control of the pigment data. PFT chl-a was calculated using the di-
agnostic pigment analysis developed by VIDUSSI et al. (2001) and adapted in UITZ et al.
(2006). This method uses specific phytoplankton pigments which are (mostly) common
only in one specific PFT. These pigments are called marker or diagnostic pigments (DP)
and the method relates for each measurement point the weighted sum of the concentra-
tion of seven, for each PFT representative DP to the concentration of monovinyl chloro-
phyll a concentration and by that PFT group specific coefficients are derived which ena-
ble to derive the PFT chl-a concentration. The latter is an ubiquitous pigment in all PFT
except Prochlorococcus sp. which contains divinyl chlorophyll a instead. In general, chl-a
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is a valid proxy for the overall phytoplankton biomass. In the DP analysis as DP concen-
trations of fucoxanthin, peridinin, 19’hexanoyloxy-fucoxanthin, 19’butanoyloxy-
fucoxanthin, alloxanthin, and chlorophyll 4 indicative for diatoms, dinoflagellates, hap-
tophytes, chrysophytes, cryptophytes, cyanobacteria (excluding Prochlorococcus sp.),
and chlorophytes, respectively, are used. With the DP analysis then finally the chl-a con-
centration of these PFTs were derived. The chl-a concentration of Prochlorococcus sp.
was directly derived from the concentration of divinyl chlorophyll a.

5.2.6  Photosynthetic available radiation within the wa-
ter column measurements

Since no underwater light data were available for all cruises, we used global radiation
data from the ship’s meteorological station together with the light attenuation coeffi-
cients (determined from the chl-a concentration profiles) to calculate the photosynthetic
available radiation) within the water column during a day. In detail we processed these
data the following way:

We fitted the hourly resolved global radiation data with a sine function to account for
the light variation during the day and converted into PAR just above surface, PAR(0") in
umol m™”s™ during the course of a day, by multiplying these daily global radiation val-
ues with a factor of 2 (JACOVIDES et al., 2004) (Figure S5.1a).

The subsurface PAR (PAR(0)) was calculated using the refractive index of water
(n=1.34) and 0.98 for transmission assuming incident light angles <49°:

PAR(07)=E4PAR(0")x1.34%/0.98 (5.1)

In order to derive the diffuse attenuation coefficient for PAR (K PAR) we calculated
the euphotic depth (Z,) from the chl-a profile for all stations using the approximation by
MOREL and BERTHON (1989) further refined by MOREL and MARITORENA (2001). In detail
the following was done: From the chl-a profiles at each station the total chl-a integrated
for Za, (Cior) was determined. A given profile was progressively integrated with respect
to increasing depth (2). The successive integrated chl-a values were introduced in Equa-
tion 2 or 3 accordingly, thus providing successive Z, values that were progressively de-
creasing. Once the last Z., value, as obtained, became lower than the actual depth z used
when integrating the profile, these Cy,; and Z, values from the last integration were

taken. Profiles which did not reach 7., were excluded.
Z0=912.5xC%% 1if 10m<Z,,<102m (5.2)
Zeu=426.3xC2>" Sif 7. >102m (5.3)

K PAR of each station was then calculated from 7., as follows:
4.6

K4PAR= (5.4)

eu

The plane photosynthetic available irradiance at each depth (2) in the water column,
PAR(z), is then calculated applying Beer-Lambert’s law (Figure S5.1b):
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PAR(Z) =PARsurface x ein ’ (5 . 5)

An example of two PAR fitted depth profiles for the time of the two specific stations
is shown in the supplement (Figure S5.2), which have been compared to directly meas-
ured downwelling photosynthetic available radiation (£,PAR) profiles. The comparison
shows that the fitted PAR profiles obtained from ship’s global radiation data and chloro-
phyll profiles were reliable.

E4PAR profiles were only measured during ASTRA daytime stations with a hyper-
spectral radiometer (RAMSES, TriOS GmbH, Germany) covering a wavelength range of
320 nm to 950 nm with an optical resolution of 3.3 nm and a spectral accuracy of 0.3 nm
(for more details on the measurements see TAYLOR et al. (2011)). The downwelling irra-
diance Ey(zA) RAMSES data were interpolated to 1 nm resolution and then the Ey(z)
given in W m” at each nm wavelength step between 400 to 700 nm was converted to
pumol quanta m’s’ by following the principle that one photon contains the energy
Ep=(h*c)/A (with the Planck’s constant h=6.6266*10""Js and the speed of light
c=299792458 m s ). Finally, the Ey(z 1) were integrated from 400 to 700 nm to receive
the downwelling photosynthetic available plane irradiance (£PAR(Z)).

5.2.7 Calculation of isoprene production

We calculated the isoprene production rate (#) in two different ways: a direct and an
indirect calculation, which will be explained in the following paragraphs. For all calcula-
tions made we came up with one production rate per station within the mixed layer. This
was either due to the shallow mixed layer depth (MLD) resulting in only one measure-
ment within the mixed layer (coastal stations ASTRA-OMZ) or due to well mixed iso-
prene concentrations showing almost no gradient within the mixed layer (data explained
in section 5.3.2).

5.2.7.1 Direct calculation of isoprene production rates

Isoprene production rates of different PFTs were determined in laboratory phyto-
plankton culture experiments (see a collection of literature values: Table 2 in BOOGE et
al. (2016)) and were used here to calculate isoprene production from measured PFTs in
the field. These literature studies showed that isoprene production rates are light de-
pendent, with increasing production rates at higher light levels (BONSANG et al., 2010;
GANTT et al.,, 2009; MESKHIDZE et al., 2015; SHAW et al., 2003). To include the light de-
pendency in our calculations, we followed the approach of GANTT et al. (2009) for each
PFT by applying a log squared fit between all single literature laboratory chl-a normal-
ized isoprene production rates Pepjoro (Hmol isoprene (g chl—a)i1 hfl) (references in Ta-
ble 5.2) and their measured light intensity 7 (umol m*s ') during individual experiments
to determine an emission factor (£F) for each PFT (Figure S5.3):

Pchloro =EFx ln(I)Z (56)
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The resulting £F from this log squared fit is unique for each PFT and is listed in Ta-
ble 5.2: The higher the EF of a PFT, the higher its Pz, value at a specific light intensi-
ty. It should be noted that we are not sure what species were actually present during the
cruises. We realize, therefore, that this method of calculating £75 is limited. In order to
calculate the isoprene production at each sampled depth (2) at each station, we used the
scalar photosynthetic available radiation in the water column, PAR(z), (see section 5.2.6)
as input for Z which was used with the respective, calculated £F of each PFT using Equa-
tion (5.6). The product was integrated over the course of the day, resulting in a Pesioro
value (umol isoprene (g chl-a)" day™) for each PFT and day depending on the depth in
the water column (Figure S5.4). The light and depth dependent individual Z.pjr; values
of each PFT at the sampled depth z were multiplied with the corresponding, measured
PFT chl-a concentration (/PFT}]). The sum of all products gives the directly calculated
isoprene production rate at each sampled depth z:

Pdirect(z)= z (Pchloroi x [PFT]I) (57)

Integrating over all measurements within the mixed layer and scaling with the MLD
results in a “mean” direct isoprene production rate (Pgirect) for each station.

Table 5.2: Emission factor (EF) of each PFT determined by applying a log squared relationship between
light intensity and isoprene production rates resulting from published phytoplankton cultures experiments.

PFT emission factor references of literature values used for fitting*
Diatoms 0.0064 IS\Z[;;VH% ;i: g(;(l)?(),z(]?g;fsms et al. (2010), EXTON et al. (2013),
Chlorophytes 0.0168 SHAW et al. (2003), BONSANG et al. (2010), EXTON et al. (2013)
Dinoflagellates 0.0176 EXTON et al. (2013)

Haptophytes 0.0099 SHAW et al. (2003), BONSANG et al. (2010), EXTON et al. (2013)
Cyanobacteria 0.0097 SHAW et al. (2003), BONSANG et al. (2010), EXTON et al. (2013)
Cryptophytes 0.0120 EXTON et al. (2013)

Prochlorococcus 0.0053 SHAW et al. (2003)

*exact species within a PFT tested for calculation production rates can be found in the references cited for
each PFT

5.2.7.2 Indirect calculation of isoprene production rates

The indirect calculation of the isoprene production rate is dependent on our measured
isoprene concentrations (Cimeasured) We used the simple model concept of PALMER and
SHAW (2005), assuming that the measured isoprene concentration is in steady state,
meaning that the production (/) is balanced by all loss processes:
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Kas
P-Cwmeasured (ZkCHEM,iCXi+kBIOL+ m) -Lyvix =0, (5.8)

where kcrpwm is the chemical loss rate constant for all possible loss pathways (7) with
the concentrations of the reactants (Cx = OH and O,), &gior is the biological loss rate
constant due to biological degradation, and Ly is the loss due to physical mixing. These
constants are further described in PALMER and SHAW (2005). kas is the loss rate constant
due to air-sea gas exchange scaled with the MLD. The MLD at each station was calculat-
ed from CTD profile measurements applying the temperature threshold criterion
(£0.2°C) of DE BOYER MONTEGUT et al. (2004). kas was computed using the Schmidt num-
ber (&c) of isoprene (PALMER and SHAW, 2005) and the quadratic wind-speed-based ( Uh)
parameterization of WANNINKHOF (1992):

-0.5
Sc

kas=0.31 Uj, (@) : (5.9)

As we assume steady state isoprene concentration, we used the mean wind speed and
the mean sea surface temperature of the last 24 h of shipboard observations before tak-
ing the isoprene sample to calculate Uy and Sc, respectively.

We modified equation (5.8) to calculate the needed production rate (Ppeed) by multi-
plying Gwmeasured With the sum of kcrem (0.0527 dayil) and kag scaled with the MLD:

Ppeed=C (k +£)
need ‘Wmeasured CHEM MLD . (510)

We neglected the loss rates of isoprene due to biological degradation and physical
mixing because they are low compared to Acppm and kas (BOOGE et al., 2016; PALMER
and SHAW, 2005), meaning that the resulting Fueed value can be seen as a minimum

needed production rate.
5.3 Results and discussion

5.3.1  Cruise settings

The first part of the Indian Ocean cruise, SPACES, started in Durban, travelled east-
wards while passing the Agulhas current and the southern tip of Madagascar (Toliara
reef) with relatively warm water masses (mean: 23.4°C) and southerly winds. Southeast
of Madagascar wind direction changed to easterly winds and we encountered the Ant-
arctic circumpolar current with significantly lower mean sea surface temperatures of
19.7°C before heading north to Mauritius. Mean wind speed during the cruise was
8.2+37ms ' and mean salinity was 35.5+0.2. Global radiation over the course of the day
was on average ~360+70 W m”. As shown in Figure 5.3, within the mixed layer, chl-a
concentrations were very low (average value < 0.3 pg L") during the whole cruise, coin-
ciding with generally low nutrient levels in the mixed layer (mean values for nitrate and
phosphate were 0.14 and 0.15 pmol L™, respectively).
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The second part of Indian ocean cruise, OASIS, covered open ocean regimes,
upwelling regions, such as the equatorial overturning cell as described in SCHOTT et al.
(2009) and the shallow Mascarene Plateau (8°-12°S, 59°-62°E). Constant south easterly
winds (mean: 10.3+4.2 m's”') were observed that were characteristic for the season of the
southwest monsoon. During the cruise, sea surface temperature was constantly increas-
ing with latitude from 24.4°C (Port Louis) to 29.7°C (southern tip of the Maldives) with
mean daily light levels of ~457+64 W m . Salinity ranged from 34.4 to 35.4. As for the
SPACES cruise, the chl-a concentration in the western tropical Indian Ocean was low
(0.2-0.5 ug L' on average, Figure 5.3). Nitrate levels (mean: 0.42 pmol L") in the mixed
layer were higher than during SPACES, but not phosphate (mean: 0.17 pmol L),
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Figure 5.3: Mean salinity (black), isoprene concentration (blue), temperature (red), and chl-a concentra-
tion (green) in the MLD at each station during SPACES (upper panel), OASIS (middle panel), and ASTRA-
OMZ (bottom panel). Grey rectangles highlight the 8 coastal stations during ASTRA-OMZ. Numbers in
each panel refer to corresponding number of station.

The ASTRA-OMZ cruise took place in the coastal, wind driven Peruvian upwelling
system (16°S - 6°S). This area is a part of one of the four major eastern boundary
upwelling systems (CHAVEZ and MESSIE, 2009) and is highly influenced by the El Nifio-
Southern Oscillation. We observed constant southeasterly winds (8.2+2.5 m s travel-
ling parallel to the Peruvian coast. During neutral surface conditions or La Nifia condi-
tions, cold, nutrient rich water is being upwelled at the shelf of Peru resulting in high
biological productivity. However, in early 2015 a strong El Nino developed, which
brought warmer, low salinity waters from the western Pacific to the coast of Peru, result-
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ing in suppressed upwelling with lower biological activity due to the presence of nutri-
ent-poor water masses. The cruise started with a section passing the equator from north
to south at 85.5°W east of the Galapagos Islands with mean sea surface temperatures of
25.0°C and low salinity waters (mean for profiles: 34.2), as well as low chl-a concentra-
tions (mean for profiles: 0.5pgL"). Levels of incoming shortwave radiation were
~508+67 W m °. Afterwards, we performed 4 onshore-offshore transects at about 9, 12,
14, and 16°S off the coast of Peru (Figure 5.1) where the incoming shortwave radiation
was significantly decreased by clouds (~300 W m’?). Upwelled waters identified by high-
er salinity (mean: 35.2) and lower sea surface temperatures (mean: 18.9°C) were found
during the second part of the cruise. Chl-a values were highest directly at the coast (max:
13.1pg L), coinciding with lower sea surface temperatures (Figure 5.3) showing that
some upwelling was still present.

5.3.2 Isoprene distribution in the mixed layer

The isoprene concentrations during the SPACES cruise were generally very low,
ranging from 6.1 pmol L' to 27.1 pmol L" in the mixed layer (mean for the average of a
profile: 12.3 pmol L) in the southern Indian Ocean, mainly due to very low biological
productivity. During the OASIS cruise, the isoprene concentrations south of 10°S were
comparable to the concentrations of the SPACES cruise. North of 10°S, the isoprene val-
ues in the mixed layer were significantly higher (mean: 35.9 pmol L) (Figure 5.3). These
results are in good agreement with the sea surface isoprene concentrations of OOKI et al.
(2015) in the same area east of 60°E, who measured concentrations lower than
20 pmol L' south of 12°S and concentrations of ~40 pmol L' north of 12°S during a cam-
paign between November 2009 and January 2010. During ASTRA-OMZ the concentra-
tions ranged from 12.7 pmol L' to 53.2 pmol L with a mean isoprene concentration of
29.5 pmol L' in the mixed layer. Although the chl-a concentrations at the coastal sta-
tions (3.8 pg L) were significantly higher than open ocean values (0.7 ug L), the iso-
prene values did not show the same trend (Figure 5.3).

A mean normalized depth profile of each cruise for isoprene (blue), water temperature
(black), oxygen (red), and chl-a (green) is shown in Figure 5.4. In order to compare the
depth profiles of each cruise with respect to the different concentration regimes, we
normalized the measured values by dividing the concentration of each depth of each sta-
tion by the mean concentration in the mixed layer from the same station profile. A nor-
malized value >1 means that the value at a certain depth is higher than the mean value in
the mixed layer, a value <1 means less than in the mixed layer. As the sampled depths at
each station were not the same at every cruise, we binned the data into seven equally
spaced depth intervals (15 m) and averaged each data of an interval over each of the
three cruises. The calculated mean mixed layer depths of the SPACES and OASIS cruis-
es, using the temperature threshold criterion (£0.2°C) of DE BOYER MONTEGUT et al.
(2004), were about 60 m, the mean mixed layer depth of the ASTRA-OMZ cruise was
30 m excluding the four coastal stations, which had only a MLD of 20 m resulting in only
one bin interval in the MLD. Figure 5.4 shows, that during all three cruises almost no

gradient of isoprene in the mixed layer was detectable. In contrast to the isoprene con-
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centration, the highest chl-a concentration was measured slightly above or below the
MLD during SPACES/OASIS, whereas during ASTRA-OMZ chl-a showed the same
trend as isoprene. These results suggest a very fast mixing of isoprene after it is pro-
duced by phytoplankton and released to the water column above the MLD.
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Figure 5.4: Mean normalized depth profiles of temperature (black), oxygen (red), chl-a (green) and iso-
prene (blue) during (a) SPACES, (b) OASIS, and (c,d,e) ASTRA-OMZ. The black dashed line represents the

mean MLD for each cruise.

As isoprene is produced biologically by phytoplankton, many studies attempted to
find a correlation between chl-a and isoprene, but found very different results. BONSANG
et al. (1992), MILNE et al. (1995) and ZINDLER et al. (2014) did not find a significant corre-
lation, whereas other studies could show a significant correlation and, therefore, at-
tempted a linear regression to show a relationship between isoprene and chl-a, as well as
SST (BROADGATE et al., 1997; HACKENBERG et al., 2017; KURIHARA et al., 2012; KURIHARA
et al., 2010; OOKI et al., 2015). Comparing the different factors of each regression equa-
tion (Table 5.1), it can be seen that, even if the correlations for most of the datasets are
significant, there is no globally unique regression factor to adequately describe the rela-
tionship between chl-a (and SST) and isoprene. As shown in Table 5.1, during ASTRA-
OMZ there was no significant correlation between chl-a and isoprene, whereas during

98|



Production and consumption of isoprene

SPACES and OASIS the correlation was significant but with low R*-values (SPACES:
R®=0.30, OASIS: R*=0.10) and different regression coefficients. HACKENBERG et al. (2017)
split their data from three different cruises into two SST bins with SST values higher and
lower than 20°C, resulting in significant correlations with R*-values from 0.37 to 0.82
depending on the cruise (Table 5.1). OOKI et al. (2015) described a multiple linear rela-
tionship between isoprene, chl-a and SST when using three different SST regimes
(Table 5.1). Our correlations, using the approaches of OOKI et al. (2015) and HACKENBERG
et al. (2017), were significant, except for SST values higher than 27°C, but the regression
coefficients were also significantly different to those found by OOKI et al. (2015) and
HACKENBERG et al. (2017). These varying equations demonstrate that bulk chl-a concen-
trations, or linear combinations of chl-a concentration and SST, do not adequately pre-
dict the variability of isoprene in the global surface ocean, but do point to these variables

as among the main controls on isoprene concentration in the euphotic zone.

5.3.3 Modeling chl-a normalized isoprene production
rates

The directly calculated production rate (Pyirecs) using Equation 7 and the indirectly
calculated production rate (Zeeq) using Equation 10 were compared and were found to
be significantly different (Figure 5.5a, difference in percent: (Puiect - Preed)! Preed 100).
The difference of more than -70% between Pjecr and Peeq during SPACES/OASIS means
that Pgirect is too low to account for the measured isoprene concentrations, which is also
true for the equatorial region of ASTRA-OMZ. In the open ocean region of ASTRA-
OMZ, the average difference between Piecrand Peeq is the lowest but still highly varia-
ble from station to station. However, in the coastal region of ASTRA-OMZ the directly
calculated isoprene production rate is highly overestimating the needed production by
75% on average. There are three possible explanations for this difference: 1) the presence
of a missing sink, which is not accounted for in the calculation of Ppees. Adding an addi-
tional loss term to equation 10 would increase the needed production to reach the meas-
ured isoprene concentration. This sink would only be valid for this specific coastal re-
gion, but would increase the discrepancy between Pjecr and Ppeeq for all other performed
cruises. Furthermore, this possible loss rate constant would have to be on average
0.22 day”" and, therefore, higher than the main loss due to air sea gas exchange in the
coastal region (see section 5.3.5 and Figure 5.8). Thus, it is highly unlikely that this addi-
tional loss term is the only reason for the discrepancy between Pyirecr and Ppeed; 2) uncer-
tainty of using a light dependent log squared fit. Measurements from different laboratory
studies used different species within one group of PFTs. All species within one PFT
group were combined to produce a light dependent isoprene production rate
(Figure S5.3), although the isoprene production variability of different species within one
PFT group is quite high. This will certainly influence Py, but cannot explain the 70%
difference between P and Preeq measured at SPACES/OASIS and ASTRA-OMZ
(equator) (Figure 5.5); 3) incorrect literature derived chl-a normalized isoprene produc-
tion rate (Penioro) for one or more groups of PFTs. For example, the high Pyjers values,
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compared to the Ppeeqvalues, during ASTRA-OMZ coincided with high chl-a concentra-
tions in the coastal area. These coastal stations were, in contrast to all other measured
stations, highly dominated by diatoms (up to 7.67 pg L, Figure $5.5). This might point
to a possibly incorrect Pepjor, value (too high) for diatoms (and other PFTs).
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Figure 5.5: Percent differences between (a) Pyyeer and Freed (Paireer Freed)! Frced) and (b) Prype and Free,
((PratePreed)! Pueed) for the different cruises / cruise regions. Left of the vertical black line data is divided
into the three different cruises, right of the vertical black line data is shown for the three cruises where
outliers from left part are excluded. Additionally, ASTRA-OMZ was split into three regions (equator,
coast, open ocean). Number of stations (n) used for each set of data is shown in italics. The red line repre-
sents the median, the boxes show the first to third quartile and the whiskers illustrate the highest and
lowest values that are not outliers. The red plus signs represent outliers. The number indicated after \ de-
notes a station that has been excluded from the analysis.

Therefore, we calculated new individual chl-a normalized production rates of each
PET (Pehioronew) within the MLD. We used the concentrations of haptophytes, cyanobac-
teria and Prochlorococcus for SPACES/OASIS and the concentrations of haptophytes,
chlorophytes and diatoms for ASTRA-OMZ, as these PFT were the three most abundant
PFTs of each cruise, accounting on average for =80% of total PFTs. We performed a mul-
tiple linear regression by fitting a linear equation between the P,e.s values for each sta-
tion and the corresponding PFT chl-a concentrations (analogous to equation (5.7)) to
derive one new calculated 2. onew value for each PFT and cruise, which is listed in Ta-
ble 5.3. The lower and upper limit of the PFepironew value was set to 0.5 and
50 pmol (g chl-a) ' day ™', respectively, when performing the multiple linear regression, to
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avoid mathematically possible but biologically unreasonable negative chl-a normalized
isoprene production rates. The upper limit was chosen in relation to the maximum pub-
lished chl-a normalized isoprene production rate of Prasinococcus capsulatus by EXTON
et al. (2013) (32.16+5.76 pmol (g chl-a)" dayil). This rate was measured during common
light levels of 300 pmol m s '. Applying a same log squared relationship between light
levels and the isoprene production rate as for the other PFTs would increase this value
up to 50 pmol (g chl-a) " day ™' at light levels of ~1000 pmol m”s". Our tests using the
whole PFT community for the multiple linear regression did not change our results and,
in some cases, led to highly unlikely production rates for the less abundant PFTs.

With the help of the multiple linear regression derived Pepjoronew values, we calculated
the new direct isoprene production rate (Z.,) in the same way as Pyiers in equation 7.
We compared our calculated 7., values with the 7.4 values, which are shown in Fig-
ure 5.5b (difference in percent between P, and Peeq). We found one outlier station for
each cruise (SPACES: Station 1, OASIS: Station 10, ASTRA-OMZ: Station 17), when
using the new Ppjoronew values for each PFT for each whole cruise (Figure 5.5b, left part).
We excluded these stations from every following calculation and redid the multiple line-
ar regression. Furthermore, we split the ASTRA-OMZ into three different regions (equa-
tor, coast and open ocean), due to their contrasting biomass to isoprene concentration
ratio, and calculated new Z.ijoronew values for each of the three most abundant PFTs for
SPACES, OASIS, and each part of ASTRA-OMZ.

Haptophytes were one of the three most abundant PFTs during all three cruises
(Figure S5.5) and their Pepjoronew values range from 0.5 to 47.9 pmol (g Chl—.ar)f1 day’1 with
a mean value of 17.9 + 18.3 pmol (g chl-a) ' day ™" for all cruises. The haptophyte produc-
tion rates exhibited two interesting features. First, this range is highly variable depend-
ing on the oceanic region (tropical ocean (SPACES), subtropical ocean (OASIS)) and
different ocean regimes (coastal, open ocean). Second, the average value is different from
the mean value of all laboratory study derived isoprene production rates of haptophytes
(6.92+5.78 pmol (g chl-a)'1 day'l, Table 5.3). During SPACES/OASIS the Zpioronew values
of Prochlorococcus (both 0.5 pmol (g chl-a)" day™') are slightly lower but in good agree-
ment with the mean literature value (1.5 pmol (g chl-a)" day_l, Table 5.3), whereas the
cyanobacteria values are higher (44.7 and 13.9 pmol (g chl-2) " day™') than the literature
value (6.04 pmol (g chl-a)" day”', Table 5.3). Chlorophytes, as well as diatoms, are
known to be low isoprene producers with mean  Ppp, values  of
1.47 ymol (g chl-2) ' day” and 2.51 pmol (g chl-a) " day ', respectively (Table 5.3). For
diatoms, this is verified with our calculated rates during ASTRA-OMZ (all values
< 0.6 umol (g chl-2) " day '), whereas the rate for chlorophytes in the coastal regions
(6.1 pmol (g chl-2)" day™) is significantly higher than in the open ocean and equatorial
region during ASTRA-OMZ (0.5 pumol (g chl-2)" day ™). Over all three cruises no signifi-
cant correlations were found between the new multiple linear regression derived
Pepioronew values of each PFT and any other parameter measured on the cruise. This may
be caused by the high variability of the chl-a normalized production rates of different
PFTs (Table 5.3). Another explanation could be the high variability of isoprene produc-
tion of different species within one PFT group. For instance, in the PFT group of hapto-
phytes, the isoprene production rates of two different strains of Emiliania huxleyi meas-
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ured by EXTON et al. (2013) were 11.28 + 0.96 and 2.88 + 0.48 umol (g chl-2) "' day ™' for
strain CCMP 1516 and CCMP 373, respectively. Laboratory culture experiments show
that stress factors, like temperature and light, also influence the emission rate within one
species (EXTON et al., 2013; MESKHIDZE et al., 2015; SHAW et al., 2003). SRIKANTA DANI et
al. (2017) showed that in a light regime of 100-600 pmol m s the isoprene emission
rate was constantly increasing with higher light levels for the diatom Chaetoceros calci-
trans, whereas the diatom Phaeodyctylum tricornutum was highest at 200 pmol m’s"
and decreased at higher light levels. Furthermore, health conditions (SHAW et al., 2003),
as well as the growth stage of the phytoplankton species (MILNE et al., 1995), can also
influence the isoprene emission rate.

With the new P, values, we slightly overestimate the needed production Pees by up
to 20% on average (Figure 5.5b, right part). For SPACES and OASIS, except for stations 1
and 10, using one P.pioronew value for each PFT for the whole cruise is reasonable because
the biogeochemistry in these regions did not differ much within one cruise. This was not
true for ASTRA-OMZ, due to the biogeochemically contrasting open ocean region and
the coastal upwelling region. Using just one Peporonew value for each PFT for the whole
cruise resulted in a highly overestimated and variable 2., value (Figure 5.5b, “ASTRA-
OMZ”). Therefore splitting this cruise into three different parts (equator, coast, open
ocean), due to their different chl-a concentration and nutrient availability, resulted in
less variable 7., values. However, in the coastal region, the variability is still the high-
est, but with the new derived P, the agreement with 7,..q is significantly better than
with Pgjrect (compare Figure 5.5a and b).

Table 5.3: Calculated chl-a normalized isoprene production rates (Zqporonews pmol (g chl—a)_1 day_l) of the
three most abundant PFTs during SPACES/OASIS (haptophytes, cyanobacteria, Prochlorococcus) and
ASTRA-OMZ (haptophytes, chlorophytes, diatoms). Number indicated after \ denotes a station that has
been excluded from the analysis. For explanation of the omission, please refer to section 5.3.3.

cruise haptophytes cyanobacteria Prochlorococcus chlorophytes diatoms
SPACES\1 0.5 44.7 0.5 -- -
OASIS\10 21.2 13.9 0.5 - -
equator 47.9 - - 0.5 0.5
ASTRA- coast\17 9.6 -- -- 6.1 0.6
OoMZ
open 103 - - 0.5 0.5
ocean

Collection of litera-
ture values in BOOGE  6.92 6.04 1.5* 1.47 2.51*
et al. (2016)

*production rates from ARNOLD et al. (2009) were excluded from literature values listed in BOOGE et al.
(2016)
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5.3.4 Drivers of isoprene production

As mentioned above, no significant correlations between each calculated Pepioronew
value and any other parameter during the three cruises were found. Prochlorococcus was
one of the three most abundant PFTs during SPACES and OASIS, but concentrations
decrease to almost zero in the colder open ocean and upwelling regions of ASTRA-OMZ
(Figure 5.1), which confirms the general knowledge that Prochlorococcus is absent at
temperatures <15°C (JOHNSON et al., 2006). Our newly derived production rates confirm
the actual laboratory derived rates, demonstrating Prochlorococcus as a minor contribu-
tor to isoprene concentration. However, Prochlorococcus is especially abundant at high
ocean temperatures, where isoprene production rates from the other PFTs show evidence
of decreasing. Cyanobacteria concentrations (excluding Prochlorococcus) were also re-
lated to temperature, but, in contrast to Prochlorococcus, other cyanobacteria taxa can be
abundant in colder waters during ASTRA-OMZ. The different derived isoprene produc-
tion rates for SPACES and OASIS might be related to the different mean ocean tempera-
ture and light levels during these cruises. During SPACES, with lower ocean tempera-
tures and lower light levels, compared to OASIS, the production rate is higher. This rela-
tionship would confirm the findings of two independent laboratory studies of BONSANG
et al. (2010) and SHAW et al. (2003). BONSANG et al. (2010) tested two species of cyano-
bacteria at 20°C and found higher isoprene production rates than a different species test-
ed by SHAW et al. (2003) at 23°C and even stronger light intensities. However, EXTON et
al. (2013) measured the same rate as SHAW et al. (2003) at 26°C for one species, but a 5-
times higher production rate for another species at the same temperature. Because we do
not know which species were present, we hypothesize that the production rate is not
dependent on one environmental parameter and varies from species to species within the
group of cyanobacteria.

Comparing the calculated isoprene production rates of the haptophytes with global
radiation, ocean temperature, salinity and nitrate results in some interesting qualitative
trends (Figure 5.6). Mean global radiation during SPACES (~360 W m”) was lower than
during OASIS (~457 W m’). Highest mean values were measured during ASTRA-OMZ
(at equator, ~508 W mfz). The same trend can be seen in the Pepjpronew values of the hap-
tophytes. Within the open ocean and coastal regimes of ASTRA-OMZ, the isoprene pro-
duction rate was lower than around the equator (mean global radiation decreased to
~310 W m®). A similar trend can be seen with the mean ocean temperature and the
Pepioronew values of the haptophytes. These results are similar to several laboratory exper-
iments with monocultures: Higher light intensities and water temperatures enhance phy-
toplankton ability to produce isoprene (EXTON et al., 2013; MESKHIDZE et al., 2015; SHAW
et al., 2003). However, MESKHIDZE et al. (2015) showed in laboratory experiments that
isoprene production rates from two diatoms species were highest when incubated in wa-
ter temperatures of 22 to 26°C. Higher temperatures caused a decrease in isoprene pro-
duction rate. During OASIS, mean water temperatures were 27.3°C with up to 29.2°C
near the Maldives. Increasing ocean temperatures influence the growth rate of phyto-
plankton generally, but also differently within one group of PFTs. For haptophytes,
HUERTAS et al. (2011) show that two strains of Emiliania huxleyi were not tolerant to a
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temperature increase from 22°C to 30°C, whereas Isochrysis galbana could adapt to the
increased temperature. In general, the optimal growth rate temperature decreases with
higher latitude (CHEN, 2015), but the link between growth rate of phytoplankton and
isoprene production rate is still not known. Assuming this temperature dependence can
be transferred from diatoms also to haptophytes, the high seawater temperatures during
OASIS could explain why the calculated isoprene production rate is lower than in the
ASTRA-OMZ-equatorial regime. Additionally, as mentioned before, the temperature as
well as the light dependence of isoprene production might vary between different species
of haptophytes when comparing different ocean regimes. Another reason for the very
high isoprene production rate of haptophytes in the equatorial regime during ASTRA-
OMZ, apart from temperature and light intensity, could be stress-induced production
caused by low saline waters, which was already shown for dimethylsulphoniopropionate,
a precursor for the climate relevant trace gas dimethyl sulfide (DMS), produced by phy-
toplankton (SHENOY et al., 2000). The salinity is considerably lower at the equator during
ASTRA-OMZ than for all other cruise regions, with values down to 33.4. We observed
that the Pepjoronew values decrease again in regions with more saline waters, where phy-
toplankton likely experience less stress due to salinity, temperature or light levels
(Figure 5.6).
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Figure 5.6: Mean values (+ standard deviation) for (a) calculated ZF jr0new haptophytes (blue line) and
global radiation (yellow bars), (b) ocean temperature, (c) salinity and (d) nitrate during SPACES/OASIS
and ASTRA-OMZ (split into 3 different parts: equator, coast and open ocean).

104|



Production and consumption of isoprene

In order to identify parameters that influence not only the chl-a normalized isoprene
production rate of haptophytes, but the rate of all PFTs together, we calculated a normal-
ized isoprene production rate (£,o:m) independent from the absolute amount of each PFT.

Hence, we divided each Py value at every station by the amount of the three most
abundant PFTs:

Z?:l Pchloronewi x [PFr]l _ Pcalc

Pnorm =
o, [PFT] o, [PFT]

. , (5.11)

i = three most abundant PFTs during each cruise.

The Pporm value helps us to obtain more insight about the influencing factors at each
station, rather than only one mean data point for each cruise. We plotted the P, val-
ues of each station versus the ocean temperature and color-coded them by nitrate con-
centration as a marker for the nutrient availability (Figure 5.7).
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Figure 5.7: Relationship between £, in pmol (ug PFT)" day ' and ocean temperature in °C during
SPACES (squares), OASIS (triangles), and ASTRA-OMZ (circles) color-coded by NO3™ in pmol L' (Left

panel). Mean salinity (+ standard deviation) of samples from left side plot in each box divided by dashed
lines (Right panel).

During SPACES (squares) and OASIS (triangles), the normalized production rate is on
average 12.8+2.2 pmol (ug PFT)" day ' and independent from the ocean temperature,
while the nitrate concentration is very low (0.33+0.53 pmol L). During ASTRA-OMZ
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(circles) in the coastal and open ocean region, the nitrate concentrations were signifi-
cantly  higher  (16.4£5.5 pmol Lil), but the P,,, values were lower
(< 8 pmol (ug PFT)" day ') correlating with lower ocean temperatures. In the equatorial
region of ASTRA-OMZ, the production rates are significantly higher than during
SPACES and OASIS, with up to 36.4 pmol (ug PFT)" day'. On the right panel of Fig-
ure 5.7, the mean salinity for each Py dependent box (separated by the dashed lines) is
shown. ASTRA-OMZ (equator) and SPACES and OASIS do not differ in ocean tempera-
ture or in nitrate concentration. However, the normalized production is significantly
higher at the ASTRA-OMZ equatorial region, which may be caused by the low salinity
there. In summary: 1) During ASTRA-OMZ (coast, open ocean) Py, is comparably
lower (< 8 pmol (ug PFT)" day™") under “biogeochemically active” conditions (high ni-
trate concentration) but increases with increasing ocean temperature, 2) Under limited
nutrient conditions oy, is significantly increased likely due to nutrient stress 3) If the
phytoplankton are additionally stressed due to lower salinity, £, is furthermore in-
creased. These results show that there is no main parameter driving the isoprene produc-
tion rate, resulting in a more complex interaction of physical and biological parameters
influencing the phytoplankton to produce isoprene.

5.3.5 Loss processes

The comparison between P, and Ppeeq in Figure 5.5b shows a mean overestimation
of 10-20%. This is likely due to a missing loss term in the calculation, which would bal-
ance out the needed and calculated isoprene production. Chemical loss (red dashed line)
and loss due to air sea gas exchange (black solid line) using the gas transfer parameteri-
zation of WANNINKHOF (1992) were already included in the calculation (Equation 10) and
their loss rate constants are shown in Figure 5.8. For comparison, we added the k45 val-
ues using the parameterizations of WANNINKHOF and MCGILLIS (1999) (black dotted line)
and NIGHTINGALE et al. (2000) (black dashed line). They have different wind speed de-
pendencies of gas transfer, which could influence the computed isoprene loss at high
wind speeds. The parameterization of WANNINKHOF and MCGILLIS (1999) is cubic and
will increase the loss rate constant of isoprene due to air sea gas exchange at high winds
compared to the other parameterizations (Figure 5.8, OASIS). NIGHTINGALE et al. (2000)
is a combined linear and quadratic parameterization, which would decrease the isoprene
loss due to air sea gas exchange. However, during SPACES and ASTRA-OMZ the wind
speed was between 8 and 10 m s where the parameterization of WANNINKHOF (1992) is
higher than both WANNINKHOF and MCGILLIS (1999) and NIGHTINGALE et al. (2000).
Therefore the use of these alternative parameterizations would even lower the loss rate
constant due to air sea gas exchange, leading to the need of an additional loss rate in
order to balance the isoprene production.

To calculate the additionally required consumption rate (kconsumption), we only used
stations where a loss term was actually needed to balance the calculated and needed pro-
duction (Praje > Preed)- Those values were averaged within each cruise and are shown in
Figure 5.8. For comparison, we added the loss rate constants due to bacterial consump-
tion from PALMER and SHAW (2005) (blue dashed line; 0.06 dayfl) and an updated value
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Figure 5.8: Different mean loss rate constants (+ standard deviation) during SPACES, OASIS und AS-
TRA-OMZ. Blue points: calculated loss rate (kcopsumprion)> blue dotted line: pro; from BOOGE et al. (2016),
blue dashed line: &gy from PALMER and SHAW (2005), red dashed line: k¢zz4 black points: calculated loss
rate constants due to air-sea-gas exchange.

from BOOGE et al. (2016) (blue dotted line; 0.01 dayil). Comparable to the chemical loss
rate, the kpjo; values were assumed to be constant (following the assumption of PALMER
and SHAW (2005)), because no data about bacterial isoprene consumption in surface wa-
ters is available. Figure 5.8 clearly shows that the needed loss rate constant is not a con-
stant factor. During SPACES and OASIS the loss rate constant is roughly in the middle
of the assumed kpjor values of PALMER and SHAW (2005) and BOOGE et al. (2016), where-
as during ASTRA-OMZ (equator and open ocean) the calculated loss rate constant fits
quite well with the assumed value of BOOGE et al. (2016). In all four regions, the addi-
tional calculated sink is lower than the chemical loss and the loss due to air sea gas ex-
change, which is not true for the coastal region of ASTRA-OMZ. Here, the loss rate con-
stant (0.1 day ™) is about 10 times higher than in the open ocean region, resulting in a
lifetime of isoprene of only 10 days, which is comparable to the lifetime due to air sea
gas exchange during ASTRA-OMZ (open ocean) and OASIS. Physical loss, like advective
mixing through the thermocline, cannot account for this sink, as this lifetime is assumed
to be several years (PALMER and SHAW, 2005) and, therefore, negligible. Even a change in
the chemical loss rate would only change the absolute value of the calculated loss rate
constant, but not its variability. We tested a temperature dependent rate for the reaction
with OH, but the mean difference of the temperature dependent kcmzas to the non-

107



Marine isoprene - Formation, emissions and their impact on the atmospheric chemistry

temperature dependent kcpzy was less than 2% for all temperature regimes during the
cruises and, therefore, negligible. It must be noted that the loss rate due to the reaction
with OH is a gas phase reaction rate (ATKINSON et al., 2004) and the used rate for reac-
tion with singlet oxygen derives from measurements in chloroform (MONROE, 1981),
meaning that these rates might not be suitable for isoprene reactions in the water phase.
These rates, involving possible temperature and pressure dependencies, have to be eval-

uated in seawater in order to determine the chemical loss in the water column.
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Figure 5.9: Relationship between isoprene concentration [pmol L] and total bacteria counts [mL"] dur-
ing SPACES/OASIS and ASTRA-OMZ. Black and red points represent samples where the contribution of
haptophytes to the total phytoplankton chl-a concentration is higher and lower than 33%, respectively.
Linear regression (R*=0.80, p=2.34*1077) for red points only.

Marine produced halocarbons, like dibromomethane and methyl bromide, are known
to undergo bacterial degradation (GOODWIN et al., 1998). Compared to halocarbons, iso-
prene is not toxic and has two energy-rich double bonds and, therefore, may be even
favored to be oxidized by heterotrophic marine bacteria (ACUNA ALVAREZ et al., 2009).
Figure 5.9 shows a comparison of total bacteria counts and isoprene concentration from
each station in the MLD. The correlation between bacteria and the concentration of iso-
prene is only significant when haptophytes are less than 33% of the total phytoplankton
chl-a concentration (R*=0.80, p=2.34*1077). Haptophytes were one of the three dominant
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PFTs during all cruises and had a mean calculated isoprene production rate of
17.9 umol (g chl-2) ' day ™" (Table 5.3). This is a high isoprene production rate and we
could assume higher isoprene concentrations with higher concentrations of haptophytes.
This relationship, however, is not evident (data not shown), which may indicate that
other processes mask this relationship. Multiplying the chl-a normalized isoprene pro-
duction rate of 17.9 pmol (g chl-a)"! day’1 with the chl-a concentration of haptophytes
results in a mean isoprene production rate of ~3 pmol L' day™' which is about 4 times
higher than the mean calculated loss rate due to bacterial degradation over all cruises
(~ 0.8 pmol L' dayil). This could hide the correlation of isoprene concentrations with
bacteria when haptophytes are dominant (>33%). In addition, haptophytes themselves are
suggested to be the main marine bacterial grazers, compared to other PFTs (UNREIN et
al., 2014). This leads to the hypothesis that, if there is a lot of isoprene abundant which
can be used (e.g. as energy source) by bacteria, also the bacteria abundance will increase,
independent of any PFT. However, if the phytoplankton community is dominated (>33%)
by haptophytes, the isoprene concentration is no longer correlated to the bacteria abun-
dance, due to the grazing of bacteria by haptophytes (Figure 5.9, total bacteria cell counts
of black points are lower than of the red points at similar isoprene concentrations).
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Figure 5.10: Mean values (+ standard deviation) for (a) &consumption [dayil], (b) total bacteria counts [mL"]
and (c) AOU [pmol L] during SPACES/OASIS and ASTRA-OMZ (split into three different parts: equator,
coast and open ocean).
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Due to the different loss rate constants of bacterial degradation (~0.01 day ' during
ASTRA-OMZ (equator) compared to ~0.1 day’1 in the coastal region of ASTRA-OMZ,
Figure 5.8) in the different regions it is important to identify their dependence on envi-
ronmental parameters. Unfortunately, the absolute amount of bacteria does not have a
significant influence on Acopsumprion (Figure 5.10a,b), which may be caused by different
heterotrophic bacteria, each with a different ability to use isoprene as an energy source.
However, we find a similar qualitative trend for Acopsumprion and the apparent oxygen
utilization (AOU) (difference of equilibrium oxygen saturation concentration and the
actual measured dissolved oxygen concentration) during the three cruises (Figure 5.10c).
The higher loss rate constant of isoprene due to possible bacterial consumption coincides
with considerably higher AOU values in the coastal regime of ASTRA-OMZ, which may
be caused by heterotrophic respiration. Even if this correlation is not significant, this
trend points to the influence of environmental conditions on biological activity, which in
turn influences the isoprene consumption.

5.4 Conclusions

For the first time, marine isoprene measurements were performed in the eastern Pa-
cific Ocean. In addition, our isoprene measurements in the highly undersampled Indian
Ocean further increase the small dataset of oceanic isoprene measurements in this re-
gion. The results from both oceans show that isoprene is well mixed in the MLD. De-
spite the known biogenic origin of isoprene, the marine isoprene concentrations cannot
be described globally with a simple parameterization including chl-a concentration or
SST or a combination of both. On regional scales this relationship might be sometimes
significant (HACKENBERG et al., 2017; OOKI et al., 2015), but laboratory monoculture ex-
periments show that isoprene production rates range widely over all different PFTs, as
well as within one PFT (collection of literature values in BOOGE et al. (2016)). The pro-
duction rates from laboratory experiments have to be evaluated in the field, as different
PFTs are not distributed equally over the world ocean and are also influenced by temper-
ature and salinity, as well as changing light levels. Therefore we used isoprene meas-
urements as well as different phytoplankton marker pigment measurements to derive in-
field production rates for haptophytes, cyanobacteria, Prochlorococcus, chlorophytes,
and diatoms in different regions. The results confirm findings from previous laboratory
studies that the isoprene production is influenced by light and ocean temperature, due to
stress, and nutrients, due to their effect on changing phytoplankton communities and
their abundances (e.g. DANI and LORETO, 2017; SHAW et al., 2010). Moreover, our data
leads to the conclusion that isoprene production rates in the field, irrespective of phyto-
plankton communities and their abundance, are influenced by nutrient levels, which has
never been shown before. Additionally, we show that isoprene production rates are in-
fluenced by salinity levels, which has also been shown in previous studies (RINNAN et al.,
2014 and references therein). Our calculations also show that, besides chemical loss and
the loss due to air sea gas exchange, another non-static isoprene consumption process

has to be taken into account to understand isoprene concentrations in the surface ocean.
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This loss may be attributed to bacterial degradation, or more generally, to heterotrophic
respiration, as we could show a similar qualitative trend between the additional loss rate
constant and the AOU. These results clearly indicate that further experiments are needed
to evaluate isoprene production rates for every PFT in general, but additionally under
different biogeochemical conditions (light, salinity, temperature, nutrients). With the
help of incubation experiments under different conditions, the additional loss process
can be investigated. The exact knowledge of the different production and loss processes,
as well as their interaction, is crucial in understanding global marine isoprene cycling.
Furthermore, the most appropriate wind speed based k parameterization to compute air
sea gas exchange, the main loss process for isoprene in the ocean, must be used in future
studies. Different parameterizations under different wind levels highly influence the loss
term, which is additionally influenced by surface films at low or bubble generation at
high wind speeds. Isoprene loss processes, in conjunction with the complexity of iso-
prene production, should be further examined in order to predict marine isoprene con-
centrations and evaluate the impact of isoprene on SOA formation over the remote open

ocearn.

5.5 Data availability

All isoprene data and bacterial cell counts are available from the corresponding au-

thor. Pigment and nutrient data from SPACES/OASIS and ASTRA-OMZ will be availa-
ble from PANGAEA, but for now can be obtained through the corresponding author.
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5.7 Supplementary material
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Figure S5.1: Example for above and in-water radiation. (a) Data points represent hourly radiation meas-
urements (converted from W m™ into photosynthetic active radiation (PAR, pmol m s ") as described in
section 5.2.6) from the ship (mean values + standard deviation from all cruises), blue line is the fitted data
using a sine function. (b) Underwater mean calculated PAR over the course of a day depending on depth
by applying the attenuation coefficient KiPAR and Beer-Lambert’s law. Dashed line represents mean
mixed layer depth (MLD) for each cruise.

112|



Production and consumption of isoprene

60 & B
E
e
=]
oY
[
°
80 ¢ B
100 ¢ -
120 1
. 1m binned data station 6
fit (Beer—Lambert’s law)
1m binned data station 15
fit (Beer—Lambert's law)
140 L L L L L L I I I
0 20 40 60 80 100 120 140 160 180 200

PAR(0*) [umol m™2 s7"]

Figure $5.2: Example of two PAR(¢") depth profile measurements during ASTRA-OMZ. Data points are
1m binned data of station 6 (black) and station 15 (red). The line is calculated from PAR(0") by applying
Beer-Lambert’s law using a mean attenuation coefficient K;PAR obtained from all £,PAR(0") depth profile
measurements during OASIS and ASTRA-OMZ.
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Figure S5.3: Single literature laboratory chl-a normalized isoprene production rates F.,,, (Lmol isoprene
(g chl-a) " h™") (Table 5.2) as a log squared function of light intensity /(pmol m?s™).
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Figure $5.4: Example of calculated F,, values (umol isoprene (g chl-a)”' day™) for each PFT at
station 9 during SPACES depending on the depth in the water column.
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Figure S5.5: Contribution of each of the three most abundant PFTs to the total phytoplankton chl-a con-
centration at each station during SPACES (upper panel), OASIS (middle panel), and ASTRA-OMZ (bottom
panel).
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6 INFLUENCE OF MARINE ISO-
PRENE EMISSIONS ON SOA
FORMATION

6.1 Introduction

6.1.1 Global isoprene derived SOA

Due to the importance of aerosols in influencing the radiative balance of the Earth’s
system, it is crucial to understand their formation and impact in the atmosphere. Many
model studies use laboratory and field measurements in order to determine actual organ-
ic aerosol concentrations and predict their concentrations in a changing climate (HoDzIC
et al, 2016). However, model results have large uncertainties due to the incomplete
knowledge about secondary organic aerosol (SOA) composition or their physicochemical
properties (LIN et al., 2012). Moreover, the SOA chemistry in the atmosphere is still not
fully understood. This leads to highly uncertain estimates of SOA concentrations using
different model set-ups (e.g. HEALD et al., 2005; KANAKIDOU et al., 2005). Furthermore,
biogenic VOC emission inventories, as the most important SOA precursor, have large
uncertainties (ARNETH et al., 2008). Biogenic precursors are estimated to contribute an
order of magnitude more to SOA formation than anthropogenic sources, strengthening
the need for precise emission estimates of biogenic VOCs (Table 6.1). SOA from biogenic
sources ranges from 16.8 Tg yr " (TSIGARIDIS and KANAKIDOU, 2007) up to 107 Tgyr '
(LIN et al., 2012) depending on model set-ups. Some more explicit model studies also de-
termined SOA concentrations formed by just isoprene oxidation with different results,
ranging from 4.6 Tg yr ' (TSIGARIDIS and KANAKIDOU, 2007) to 19.2 Tg yr ' (HEALD et al.,
2008). The majority of these studies show that isoprene is by far the main contributor to
the biogenic source of SOA. A recent model study from STADTLER et al. (2017) estimated
the isoprene derived SOA formation to be 148 Tg yrfl, which is one order of magnitude
higher than results of other studies (Table 6.1). However, the uncertainty of these model
estimations is still high, which mainly depends on the uncertainty in emission invento-
ries used in each study.

125



Marine isoprene - Formation, emissions and their impact on the atmospheric chemistry

Table 6.1: Global SOA modeling studies. E;,: isoprene emissions, Ep;,: biogenic VOC emissions, SOA;q,:
SOA production from isoprene, SOAp;,: SOA production from biogenic sources, SOA,: total SOA produc-
tion. Unless otherwise noted, all units in Tg yr_l.

References Eiso Ebio SOA; SOAL SOA ot
TSIGARIDIS and KANAKIDOU (2007) 530 747 4.6 16.8 18.6
HEALD et al. (2008) 562 539" 19.2° 22.9* 24.3"
HENZE et al. (2008) 461 635 14.4 26.8 30.3
HOYLE et al. (2009) 220 386" 14 53.4
O'DONNELL et al. (2011) 460 537 17 21.0 26.6
LIN et al. (2012) 590" 77-107 91-121
HobzIC et al. (2016) 22-99 36-132
STADTLER et al. (2017) 445 - 148 -
MYRIOKEFALITAKIS et al. (2010)d 1.0 --- 0.1 5.1 ---

. -1 b . . .. . . .. . .
"in Tg Cyr , ~ excluding isoprene emissions, © actual biogenic VOC emissions are not provided in the

publication, ¢ This model study uses only oceanic emissions to calculate marine-derived SOA.

6.1.2 Marine isoprene emissions

MESKHIDZE and NENES (2006) demonstrated that marine biological productivity and
SOA formation over the ocean are directly linked to each other influencing aerosol and
cloud formation over the remote oceans. Since marine isoprene is biologically produced
from phytoplankton and therefore could influence aerosol levels over the remote ocean
significantly, a few model studies were carried out in order to determine the global
strength of marine isoprene emissions (Table 6.2). Model simulations using isoprene
concentrations in the water (“bottom-up”-method) calculated emissions ranging from
0.12 Tg yr ' (PALMER and SHAW, 2005) to 1 Tgyr' (GANTT et al., 2009). ARNOLD et al.
(2009) and Luo and YU (2010) used atmospheric isoprene concentrations in the marine
environment (“top-down”-approach) and calculated the ocean to be a source for isoprene
of 1.9Tg yri1 and 13 Tg yril, respectively. Since the discrepancies between bottom-up
and top-down approaches are one order of magnitude, conclusions about the impact of
marine emissions on global SOA formation are highly speculative (ANTTILA et al., 2010;
ARNOLD et al., 2009; GANTT et al., 2009; HU et al., 2013).
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Table 6.2: Comparison of global oceanic isoprene emissions from different model simulations.

Reference Model approach Emission [Tg yr'l]
PALMER and SHAW (2005) bottom-up 0.12

ARNOLD et al. (2009) bottom-up 0.31

ARNOLD et al. (2009) top-down 1.9

GANTT et al. (2009) bottom-up 1.0

LUO and YU (2010) bottom-up 0.36

LUO and YU (2010) top-down 13

BOOGE et al. (2016) bottom-up 0.21

To date, only one model study concentrated on the global influence of marine iso-
prene on SOA formation (Table 6.1) assuming isoprene emissions of 1 Tgyr ' (average
value of different study emission estimates in Table 6.2) (MYRIOKEFALITAKIS et al., 2010).
The global source of marine-derived SOA is estimated to be 5.1 Tg yr ' in total, whereas
only 0.1 Tg yri1 is produced by oxidation of isoprene and monoterpenes. The main pro-
portion of SOA (4 Tg yrfl) is produced via methanesulfonic acid by the oxidation of
DMS. However, the SOA production might be underestimated by using a two-product
model based on ODUM et al. (1996), which neglects explicit chemical transformation
when calculating the formation of SOA (STADTLER et al., 2017). Compared to the SOAjs,
values in Table 6.1, a yield of 0.1 Tg yri1 from marine sources accounts only for <1% of
biogenic derived SOA from total global isoprene sources. However, if the isoprene emis-
sions are at least one order of magnitude higher as suggested by the top-down approach
of Luo and YU (2010), the contribution of marine isoprene derived SOA could be signifi-
cant (MYRIOKEFALITAKIS et al., 2010). This emphasizes the need to assess the SOA for-
mation from marine isoprene emissions and to estimate their influence on total global
SOA formation.

This study uses different monthly mean global marine isoprene emission inventories
implemented into the global chemistry climate model ECHAM-HAMMOZ to calculate
atmospheric isoprene concentrations and marine-derived iSOA formation, including
their global iSOA distributions. Additionally, the importance of marine-derived iSOA on
a regional and seasonal scale is discussed. The model results are used to investigate the
direct radiative effect of marine-derived iSOA and its influence on a global marine aero-
sol scale.
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6.2 Methods

6.2.1 Model description

Isoprene derived SOA concentrations for 2012 were calculated using the atmospheric
chemistry climate model ECHAM-HAMMOZ. It couples the aerosol chemistry with the
gas-phase reactions in the troposphere and stratosphere and is described in its actual
version ECHAM6.3-HAM2.3-MOZ1.0 by SCHULTZ et al. (2017). The combination of the
Hamburg Aerosol Model HAM2.3 and the Sectional Aerosol module for Large Scale Ap-
plications SALSA (KOKKOLA et al., 2008) is coupled to the Model for OZone And Related
chemical Tracers MOZART (MOZ1.0) to simulate the interaction between trace gases
and aerosols. In MOZ1.0, a semi-explicit isoprene oxidation mechanism JAMO003 was
implemented (STADTLER et al., 2017) describing the gas-phase chemistry of low volatile
compounds. The horizontal resolution is 1.875° x 1.875° with 47 vertical layers from the
surface to 0.01 hPa. Further information of each module and the coupling between
HAM-SALSA and MOZ can be found in (STADTLER et al., 2017).

In this study isoprene emissions from terrestrial biogenic sources, from terrestrial bi-
omass burning and from marine sources were used in order to calculate iSOA concentra-
tions. Emission inventories of terrestrial biogenic isoprene (and other biogenic VOCs)
are implemented using the Model of Emissions of Gases and Aerosols from Nature ME-
GAN (GUENTHER et al.,, 2012) and emissions from biomass burning were taken from the
Atmospheric Chemistry and Climate Model Intercomparison Project ACCMIP
(LAMARQUE et al., 2010). A complete list of emission inventories in the current version of
the model is shown in SCHULTZ et al. (2017). For the first time, marine isoprene emission
estimates were implemented and are described in the following section.

6.2.2 Marine isoprene emissions

Model runs were performed using four different marine isoprene emission set-ups for
2012:

ISO_land. During this model run, marine isoprene emissions were excluded. The re-
sulting concentrations of isoprene and iSOA act as background concentrations assuming
no marine emissions of isoprene. By subtracting the concentrations of this model output
from the concentrations of other model runs, it is possible to determine the influence of

marine isoprene emissions on iISOA formation.

ISO_orig. The revised PALMER and SHAW (2005) model from BOOGE et al. (2016) was
used with monthly mean satellite data to calculate global monthly mean isoprene surface
concentrations and emissions. The biological production in this steady-state model as-
sumption is balanced by all loss processes (chemical loss, biological loss, physical loss
due to mixing and loss due to air-sea gas exchange) following equation (4.1).
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The biological production is calculated by monthly mean chl-a satellite data obtained
from the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument on board
the Terra satellite which is converted into concentrations of six different PFTs using the
parameterization from HIRATA et al. (2011). Each of the PFT concentrations was multi-
plied with the corresponding isoprene production rate obtained from Table 4.2. The qual-
ity of this parameterization was verified with actual PFT field concentrations and is
shown in the supplement of BOOGE et al. (2016).

The chemical loss rate is parameterized by the rate of reaction of isoprene with OH
radicals (ATKINSON et al., 2004) and singlet oxygen (MONROE, 1981) scaled with their
corresponding concentrations in seawater (COOPER et al., 1988), yielding a total chemical
loss rate constant of 0.0527 dayil. As no literature data is available regarding the
strength of bacterial degradation, we estimated a biological loss rate of 0.01 day ', de-
pendent on temperature controlled natural seawater incubations (manuscript in prepara-
tion). The loss due to air-sea gas exchange is calculated by the gas exchange coefficient
scaled with the mixed layer depth (DE BOYER MONTEGUT et al., 2004). The gas exchange
coefficient is calculated using the wind speed (obtained from the Quick Scatterometer
(QuickSCAT) satellite) dependent parameterization from WANNINKHOF (1992), and the
temperature dependent Schmidt number of isoprene (temperature obtained from the
MODIS instrument on board the Aqua satellite), following equation (4.4). The lifetime of
isoprene due to physical mixing to the deeper ocean is estimated to be >100s days, which
is insignificant compared to other loss processes (PALMER and SHAW, 2005).

The air-sea gas exchange was calculated by multiplying the derived surface ocean
concentration with the gas transfer coefficient, following equation (4.3) and assuming
the atmospheric concentration of isoprene to be negligible. Figure 6.1 shows the global
annual distribution of isoprene fluxes using the ISO_orig emission estimate. Highest
emissions can be seen in the Southern Ocean and North Atlantic Ocean. High biological
productivity and strong winds in these regions are the driving forces which lead to emis-
sion fluxes of more than 80 nmol m* day .

isoprene flux [nmol m? day’1]

Figure 6.1: Annual mean global marine isoprene emissions for 2012.
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ISO_x10 and ISO_x20. These emission estimates use 10 and 20 times higher emis-
sions than ISO_orig. BOOGE et al. (2016) used measured surface ocean isoprene concen-
trations in a box model in order to compute the atmospheric isoprene concentrations
assuming a lifetime of 1 and 4 h. The measured corresponding atmospheric isoprene
concentrations were on average 45 times higher compared to the modeled values. Fur-
ther calculations demonstrated that the sea-to-air flux must be 10 or 20 times higher us-
ing a lifetime of 4 and 1 h, respectively, in order to reach the measured atmospheric iso-
prene concentrations. One explanation for the discrepancy between measured and mod-
eled atmospheric isoprene concentrations could be the photochemical production of iso-
prene in the surface microlayer (CIURARU et al., 2015) which is not captured by the mod-
el and is discussed in BOOGE et al. (2016). Annual global mean marine and terrestrial

isoprene emissions of the different model simulations are shown in Table 6.3.

6.3 Results and discussion

6.3.1 Atmospheric isoprene distribution

Figure 6.2 shows the seasonal mean atmospheric isoprene mixing ratio over the ocean
of the four different model simulations during December, January, and February (DJF)
and during June, July, and August (JJA). During the ISO_land simulation, where the ma-
rine isoprene emissions were set to zero, only the coastal atmosphere contains signifi-
cant amounts of isoprene (>5 ppt). These mixing ratios are due to transport from terres-
trial sources, where the atmospheric isoprene mixing ratio can be up to 10 ppb, depend-
ing on the vegetation. The range of this transport depends on the wind speed but also on
the isoprene mixing ratio at the source, which is highlighted e.g. off the coast of Austral-
ia and South America. During austral summer (DJF), where terrestrial isoprene emis-
sions in both regions are higher than during austral winter (JJA), the range of isoprene
transportation over the coastal ocean is higher. In general, due to the short atmospheric
lifetime of maximum 4 hours, the atmosphere over the remote open ocean contains no
isoprene. For the atmospheric mixing ratios from ISO_orig, ISO_x10, and ISO_x20 simu-
lations in Figure 6.2, the ISO_land mixing ratios were subtracted in order to illustrate the
influence of the marine isoprene emissions. The global variability of atmospheric iso-
prene over the open ocean is similar for all three model simulations and follows the ma-
rine isoprene emissions (Figure 6.1). During austral summer the mixing ratio is highest
in the Southern Ocean, due to high biological production and high wind speeds driving
isoprene gas exchange. During boreal summer mixing ratios are highest in the North
Atlantic and in the Arctic, but also comparably high atmospheric marine-derived iso-
prene mixing ratios can be seen in the South Atlantic and South Indian Ocean (40°-50°S).
Mixing ratios are lowest in the subtropical oceans. Also, local hot spots of marine iso-
prene production can be seen: Such as the upwelling off the coast of Mauretania which
primarily is strongest from December to April is also visible with higher atmospheric
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isoprene mixing ratios during DJF than during JJA. The same is true e.g. for the
upwelling region off the coast of Namibia and Angola for JJA.

— = e i — — et == P — — —=1
180°W 120°W  60°W 0° 60°E 120°E 180°W 180°W 120°W  60°W 0° 60°E  120°E 180°W
T T T
0 10 20 30 40 50 60 70 >80
atmospheric isoprene [ppt]

Figure 6.2: Seasonal mean atmospheric isoprene concentrations above the ocean for 2012. Left column:
seasonal mean isoprene concentrations for winter months (DJF); right column: seasonal mean isoprene
concentrations for summer months (JJA). First row: ISO_land; second, third and fourth row are mean

atmospheric isoprene concentrations of ISO_orig, ISO_x10, and 1SO_x20, respectively, with the ISO_land
values subtracted.

The annual mean marine atmospheric isoprene mixing ratio using the ISO_orig mod-
el simulation is about 1 ppt with highest values up to 5 ppt in the biologically productive
regions. These values are very low compared to atmospheric isoprene measurements in
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the remote marine boundary layer (SHAW et al., 2010 and references therein.). Even in
the oligotrophic subtropical Indian Ocean, mean measured values of 2.5 ppt (BOOGE et
al., 2016) are more than twice as high compared to the modeled annual mean isoprene
mixing ratio, leading to the conclusion that the ISO_orig model simulation is underesti-
mating the atmospheric isoprene mixing ratio. Annual mean atmospheric isoprene mix-
ing ratios are 8 ppt and 16 ppt for the ISO_x10 and ISO_x20 model simulations, respec-
tively. In the area of the Indian Ocean (0°-30°S, 30°-60E), which is similar to the study
area of BOOGE et al. (2016), the mean mixing ratio using ISO_x10 is 2.3 ppt, which is
comparable to the findings of BOOGE et al. (2016). ISO_x20 overestimates the mixing
ratio in this region (4.6 ppt), however, YASSAA et al. (2008) and COLOMB et al. (2009)
measured mixing ratios of 26-187 ppt and 20-340 ppt in the Southern Ocean and South-
ern Indian Ocean, respectively. In these biological productive regions, ISO_x20 might
even underestimate the atmospheric mixing ratio. Comparing to field data, ISO_x10 and
ISO_x20 might simulate marine atmospheric isoprene mixing ratios best.

6.3.2 Global iSOA distribution

Figure 6.3 (upper panel) shows the seasonal mean surface iSOA concentration over
the ocean of the ISO_land simulation during December, January, and February (DJF) and
during June, July, and August (JJA). The global mean iSOA concentration over the ocean
is 154492 ng m” and 236+165 ng m” for DJF and JJA, respectively, using ISO_land.
Lowest values are less than 0.01 ng m” over the Southern Ocean. Transport of terrestri-
ally-derived isoprene is the only source for iSOA in this region, as the ISO_land model
does not include oceanic isoprene emissions. Highest concentrations of iSOA can be
found over the Tropical Ocean and in the coastal areas near terrestrial sources, with val-
ues higher than 1 pg m”. A decreasing gradient from the coast to the open ocean can be
seen, due to transportation from terrestrial sources, especially in the outflow regions of
South America and Africa. It is more likely that iSOA is transported over the remote
oceans, as it has a lifetime of 4.2 days (STADTLER et al., 2017), whereas isoprene has a
lifetime of only a few hours.

The influence of marine isoprene emissions on iSOA concentration is calculated by
subtracting the iSOA concentration of the ISO_land simulation from the different simu-
lations that include oceanic isoprene emissions (ISO_orig, ISO_x10, and ISO_x20). The
results are shown in Figure 6.3 (lower three panels) for DJF and JJA. The global distribu-
tion of marine-derived iSOA mainly follows the distribution of marine isoprene concen-
trations (Figure 6.2) with high concentrations in the Southern Ocean during austral
summer and elevated concentrations in the North Atlantic during boreal summer. Global
mean surface marine iSOA concentrations are 0.004+9.79 ng m”, 2.77+7.11 ng m”, and
3.94+7.46 ng m” for ISO_orig, ISO_x10, and ISO_x20, respectively. The high standard
deviation is due to the high iSOA concentrations in the tropics. This region is the only
region where global marine iSOA and atmospheric isoprene distributions are different.
Atmospheric isoprene mixing ratios are low in the tropical regions due to low oceanic
emissions. However, iSOA concentrations in the tropics are very high (~ 600 ng m”) due
to transportation from terrestrial sources. Subtracting ISO_orig, ISO_x10, and ISO_x20
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Figure 6.3: Seasonal mean iSOA concentrations for 2012. Left column: seasonal mean iSOA concentra-
tions for northern hemisphere winter (DJF); right column: seasonal mean iSOA concentrations for north-
ern hemisphere summer (JJA). First row: ISO_land; second, third and fourth row are mean iSOA concen-
trations of ISO_orig, ISO_x10, and ISO_x20, respectively, subtracted by ISO_land. White grid points indi-
cate negative iSOA concentrations after subtraction.

from ISO_land also results in negative iSOA concentrations which are indicated as white
grid points in Figure 6.3. This difference is mainly attributed to the noise of each model
run and indicates that the oceanic isoprene emissions in those regions do not significant-
ly influence the iSOA concentration. Variations in terrestrial isoprene emissions in dif-
ferent model simulations are a second reason for negative iSOA concentations after sub-
traction. Table 6.3 shows the isoprene emissions and the resulting iSOA formation from
the different model simulations. When implementing marine isoprene emissions, the
terrestrial isoprene emissions derived from MEGAN are slightly lower than without ma-
rine isoprene emissions. The addition of marine isoprene emissions leads to a slight in-
crease in aerosol concentration and therefore to a slight reduction in radiation reaching

the Earth’s surface, which is called global dimming. Hence, less light means less isoprene
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production. Although the differences in different isoprene emission estimates are small,
they influence the strength of the marine iSOA formation significantly due to the low
marine isoprene emissions compared to terrestrial emissions. Subtracting the results of
the ISO_orig simulation from the ISO_land simulation leads to negative marine iISOA
formation, as the sum of marine and terrestrial emission in ISO_orig (443.85 Tg yr ) is
less than the total isoprene emissions in ISO_land (443.87 Tg yr ).

Table 6.3: Annual global isoprene emissions and iSOA formation in Tg yr .

Reference Marine isoprene Terrestrial iso- Marine iSOA Terrestrial iSOA
emissions prene emissions formation formation
This work
ISO_land - 443.87 - 147.79
ISO_orig 0.23 443.62 -0.21* 147.58
ISO_10x 2.27 443.82 0.39 148.17
ISO_20x 4.55 443.71 0.46 148.25

MYRIOKEFALITAKIS et al. (2010)

marine isoprene 1.0 - 0.1 -

negative value, because sum of marine and terrestrial isoprene emissions in ISO_orig is lower than
terrestrial isoprene emissions in ISO_land alone.

On an annual global view the marine-derived iSOA concentrations account for
0.002%, 1.35%, and 1.91% of the total global iSOA concentration using ISO_orig,
ISO_x10, and ISO_x20, respectively. Assuming a mean contribution of ~50% from iso-
prene derived SOA on total SOA following the model results listed in Table 6.1, the pro-
portion of marine-derived iSOA on the total SOA concentration using ISO_x10 and
ISO_x20 is less than 1%. However, marine-derived iSOA formation might contribute
significantly to total marine aerosol concentrations because atmospheric marine aerosol
numbers are lower by one order of magnitude compared to terrestrial aerosol numbers
(SALTZMAN, 2013). Marine-derived organic aerosol concentrations at Mace Head were
360 ng m” on average when clean marine air was sampled (OVADNEVAITE et al., 2011).
Additionally, GANTT et al. (2015) modeled total marine organic aerosol concentrations.
Their results are in the same range as concentrations from field measurements, with
annual mean global concentrations of ~130 ng m™. Marine-derived aerosol concentra-
tions are highest (>2000 ng m") in seasons and locations of high biological productivity
but concentrations also drop below 100 ng m™ in oligotrophic oceanic regions or in the
dark winter months at high latitudes. Comparing these values to our calculated marine-
derived iSOA concentration distribution (Figure 6.3) leads to the conclusion that marine-
derived iSOA influences the aerosol distribution over the remote ocean basins like the
Southern Ocean, where terrestrial sources of organic aerosols are negligible. Due to the

short lifetime of isoprene, marine isoprene emissions appear to influence the iSOA con-
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centrations, or even total organic aerosol concentrations, more significantly on regional
scales. Moreover, BOOGE et al. (2016) could show that oceanic isoprene emissions are
highly dependent on season and therefore might significantly influence the iSOA con-
centration even on a global scale during months with high oceanic isoprene emissions.
The regional and seasonal impacts of oceanic isoprene emissions will be discussed in the

following section.

6.3.3 Regional and seasonal impacts

Four different oceanic regions, dependent on isoprene emissions and iSOA concentra-
tions as well as their seasonal variability, were chosen in order to investigate the region-
al and seasonal impacts of isoprene emissions on iISOA concentrations (Figure 6.4):

1. North Atlantic (38-58°N, 15-45°W): In this region the influence of terrestrial iSOA
is moderate. The focus in this region lies on the seasonal impacts, as the North At-
lantic has a strong variability in seasonal isoprene emissions and marine-derived
iISOA concentrations.

2. South Indian Ocean (30-50°S, 40-100°E): This region is the counterpart in the
southern hemisphere to the North Atlantic region having a strong seasonal varia-
bility in oceanic isoprene emission and only a moderate influence of terrestrial
iSOA. Additionally the atmosphere above this region is even more likely to be
marine air due to a constant westerly wind regime in this region.

3. Tropical Ocean (14°S-6°N, 85-110°W): The Tropical East Pacific is chosen as a re-
gion with a very high influence of terrestrial iSOA and very low oceanic isoprene
emissions, showing almost no seasonality.

4. Southern Ocean (60-90°S): The marine atmosphere over this region contains al-
most no terrestrially derived iSOA, but has a strong seasonality with high iso-
prene mixing ratios during austral summer and almost no oceanic emissions dur-

ing the dark austral winter.

Figure 6.4 (left panel) shows the annual mean isoprene emissions in the four different
regions using ISO_orig, ISO_x10, and ISO_x20. Highest amounts of marine isoprene are
emitted in the North Atlantic (cyan) followed by the South Indian Ocean region (blue).
The strength of marine emissions in the tropics (red) is only half of the emission strength
in the North Atlantic. On annual average, isoprene emissions to the atmosphere in the
Southern Ocean region are lowest because marine isoprene is only produced during day-
light, which is only available in austral summer. The absolute amount of emissions is
dependent on the marine emission inventory used and ranges from 0.15 kgC yri1 km? in
the Southern Ocean using ISO_orig up to 18.8 kgC yr ' km” in the North Atlantic using
ISO_x20. However, the oceanic emissions do have different proportional contributions to
the total iSOA formation in the corresponding regions (Figure 6.4). Using ISO_orig there
is almost no increase in iISOA formation compared to ISO_land, suggesting that the oce-
anic emissions are not high enough to influence the iISOA concentration. The highest
impact on iSOA formation can be seen in the Southern Ocean resulting in an increase
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Figure 6.4: Impact of oceanic isoPrene emissions on iSOA formation and iSOA burden. Left panel: Ocean-
ic isoprene emissions in kgC yr ' km™ in four different regions using ISO_orig, ISO_x10, and ISO_x20.
Right panel: The change in % of iSOA formation and iSOA burden using ISO_orig, ISO_x10, and ISO_x20
compared to ISO_land. The locations of the four different regions are shown on the world map in the up-
per left corner.

of 17% and 32% using ISO_x10 and ISO_x20, respectively. This high proportional in-
crease is mainly due to the low absolute amount of 1.2 kgC yf1 km™* using ISO_land.
However, this result indicates that even these low emissions have a significant impact on
the total amount of marine iSOA over this remote ocean region. Oceanic emissions in
the tropical region do not have a significant effect on the total iSOA formation, due to
the already very high iSOA formation of 102 kgC yr’1 km™ from terrestrial sources,
which confirms the findings of the iSOA distribution discussed in section 6.3.2. The
iSOA formation in the North Atlantic and the South Indian Ocean region is comparable
when marine isoprene emissions are excluded, with an annual formation of 19 kgC km™*
and 21 kgC km®, respectively. However, using ISO_x20 the increase of 8% in the South
Indian Ocean region is twice as high as in the North Atlantic region. This increase of 8%
also leads to an increase of 4% in the yearly iSOA burden on the South Indian Ocean
region using ISO_x20. The change in iSOA burden for the North Atlantic region and the
Southern Ocean region is even smaller resulting in an increase of 1% and 2%, respective-
ly, using ISO_x20. The absolute change in the annual mean marine iSOA concentration
is shown in Figure 6.5a. A relative increase of 4%, 2%, and 1% corresponds to an annual
mean marine-derived iSOA concentration of 11.0 ng m>, 1.2 ng m”, and 5.4 ng m” for
the South Indian Ocean, Southern Ocean, and North Atlantic region, respectively.
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Figure 6.5: Annual mean and seasonal trend of marine-derived and terrestrially derived iSOA in four
different regions. Annual mean (a) marine iSOA concentration in ng m”, (c) marine iSOA proportion from
total iSOA in %, (e) terrestrial iSOA concentration in ng m”. Monthly mean (b) marine iSOA concentra-
tion in ng m” using ISO_x10, (d) iSOA proportion in % using ISO_x10, (f) terrestrial iSOA concentration
in ng m”. Marine iSOA concentrations in Tropic region are not shown due to the large error bars. Season-
al trends for marine SOA in (b) and (c) is shown using ISO_x10 as a conservative estimate. Note the loga-
rithmic scale for terrestrial iSOA in (e,f).

Annual mean marine-derived iSOA concentrations in the Southern Ocean region and the
South Indian Ocean region account for more than 50% of total iSOA concentrations
using ISO_x20 (Figure 6.5¢) and could be as high as 75% during austral summer in the
Southern Ocean region using ISO_x10 (Figure 6.5d). The marine-derived iSOA
concentrations in the North Atlantic region also show seasonal variability, with higher
values during boreal summer and lower values during boreal winter (Figure 6.5b, data
shown using ISO_x10 as a conservative estimate). However, the contribution to total
iSOA is highest during boreal winter and lowest during boreal summer, although the
absolute concentrations of marine dervied iISOA are higher in summer. This contrasting
trend leads to the conclusion that the North Atlantic open ocean region is influenced by
terrestrially derived iSOA, especially in the boreal late summer months (July, August and
September) (Figure 6.5f). In the South Indian Ocean and, even more, in the Southern
Ocean region the seasonal trends of the marine iSOA concentration and the marine
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proportion to total iSOA concentrations are similar. Marine-derived iSOA significantly
influences the total iSOA concentration and variability in these regions in contrast to the
tropical region, which is not influenced by marine-derived iSOA due to high terrestrial
influence (Figure 6.5¢,e,f).

6.3.4 Direct radiative effect

The results from analyzing the four different oceanic regions clearly indicate the im-
portance of marine-derived iSOA in the South Indian Ocean and the Southern Ocean
region with a proportion of 40% and 50% of the total iSOA concentration using the mod-
el simulation ISO_x10 and ISO_x20, respectively. The seasonal proportion of marine-
derived iSOA can be as high as 72% and 83% in the austral summer months especially in
the Southern Ocean using ISO_x10 and ISO_x20, respectively. The influence of the ma-
rine-derived iSOA on the global radiative balance of the Earth’s system, the direct radia-
tive effect, was estimated by comparing the incoming radiative flux at the surface of the
different model simulations. In general, the absorption of solar radiation of the dark
ocean, due to its low albedo (0.07) is higher than absorption of solar radiation by terres-
trial surfaces (0.12-0.36) or ice/snow (0.62-0.66) (BRIEGLEB et al., 1986). Therefore, the
effect of each particle over the ocean on the radiative balance in scattering or absorbing
solar radiation might be stronger than over land. Using ISO_x20, the model with strong-
est marine isoprene emissions, the global annual mean radiation at the surface decreased
by 0.0032%, which is within the uncertainty of the model and therefore negligible. The
result confirms the findings made in section 6.3.2 that marine-derived iSOA has a negli-
gible influence on total iSOA on a global scale. The influence of marine-derived iSOA on
the radiative effect on regional and seasonal scale is calculated and shown in Figure 6.6.
The annual mean direct radiative effect in the South Indian Ocean region as well as in
the Southern Ocean region is negligible. Following the clear seasonal cycle in iSOA con-
centration in those two regions (Figure 6.5b) a seasonal influence on the radiative bal-
ance is visible too. However, the seasonal direct radiative effect is less pronounced. Sur-
face radiation decreases in the tropical region by 0.2 W m (annual mean surface radia-
tion: ~220 W m *) when marine isoprene emissions are included in the calculation. Due
to the very low emissions in this region it is highly speculative if the decrease in surface
radiation is influenced by the marine emissions or if it is just the uncertainty in the mod-
el due to the strong terrestrial influence coming along with high iSOA concentrations. In
the North Atlantic region the influence of marine-derived iSOA on the radiative balance
shows a clear seasonal trend with a decrease in surface radiation in boreal summer (max:
-125Wm™) and a slight increase in boreal winter times. Compared to the marine-
derived iSOA concentration in Figure 6.5b, the direct radiative effect is strongest when
the iISOA concentration is highest. Although the proportion of marine-derived iSOA in
boreal summer is less than 25% (Figure 6.5d), the absolute iSOA concentration is high
enough to significantly influence the incoming surface radiation. On a yearly average
the mean surface radiation in the Atlantic Ocean region is 0.18 W m > lower when ma-

rine isoprene emissions are included in the model run.
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Figure 6.6: Direct radiative effect of marine-derived iSOA in four different ocean regions. Right part of
each subplot: monthly mean change in radiative flux in W m” at the surface using ISO_x10 and ISO_x20
compared to ISO_land and the absolute radiative flux at the surface in W m” (yellow). Left part of each
subplot: annual mean change in radiative flux of ISO_x10 and ISO_x20 compared to ISO_land at the sur-
face in W m™”.

Model and remote sensing studies suggest that the direct radiative effect of aerosols
over the ocean is in the range of -5 to -6 W m> (BOUCHER and TANRE, 2000; MYHRE et
al., 2007; REMER and KAUFMAN, 2006). This value is attributed to aerosols over the ocean
and does not describe the effect of marine derived aerosols alone. It is highly influenced
by terrestrial aerosols e.g. in outflow regions as West Africa and the Arabian Sea (com-
pare Figure 6.3). REMER and KAUFMAN (2006) calculated an annual mean direct radiative
effect of -2.9 W m ™ for the south tropical Pacific, a region which is hardly influenced by
terrestrially derived aerosols. Therefore, this value might reflect the direct radiative ef-
fect of marine derived aerosols. The annual mean direct radiative effect from marine-
derived iSOA in the North Atlantic region (-0.18 Wm_z) contributes ~6% to the total
aerosol direct radiative effect (-2.9 W m™). This proportion is increased up to 43% in
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June during boral summer. The contribution of marine-derived iSOA to the total aerosol
radiative effect in the South Indian Ocean during late austral summer is ~25%. Although
the annual mean marine iSOA concentration in the South Indian Ocean region is higher
than in the North Atlantic region (Figure 6.5a), the direct radiative effect is weaker than
in the North Atlantic region (Figure 6.6). Consequently, the absolute amount of particles
is not the only driving force influencing the radiative balance.

Aerosol particles influence the scattering of light dependent on their size. They scat-
ter the light in both directions, forward and backward. However, for larger particles it is
more likely that the light is scattered in the forward direction (Mie scattering; WRIEDT,
2012). Hence, more light reaches the Earth’s surface, when scattered by larger aerosol
particles. Figure 6.7 shows the model-derived annual mean proportional size distribution
of terrestrially derived (Figure 6.7a) and marine-derived iSOA (Figure 6.7b) for the four
different regions, as well as the global (marine atmosphere) mean (Figure 6.7c). Particles
from 3 nm to 10 pm in diameter are binned into ten different logarithmically spaced size
bins. 50% of the global terrestrially derived iSOA (ISO_land) has a diameter within the
range of 187 to 362 nm. Almost 90% of the aerosol particles have a diameter between
96.7 nm and 700 nm. Marine-derived iSOA (Figure 6.7b) was calculated by subtracting
ISO_land from ISO_x10. The particle size distribution in marine-derived iSOA is clearly
shifted to the direction of larger particles. 29% of marine-derived iSOA has a diameter of
0.7 = 4.12 pm, which is true only for 8% of the terrestrially derived iSOA. The total mean
diameter is about two times higher in regions where the iSOA concentration is influ-
enced mainly by marine isoprene emissions (Figure 6.7c). Hence, marine-derived iSOA is
more likely to contribute to particle growth than to the initial formation of particles. The
mean iSOA diameter in the tropical region is only slightly higher (689 nm) in marine-
derived iSOA compared to terrestrially derived iSOA (538 nm). This confirms, as already
stated in section 6.3.2, that the tropical region is mainly influenced by terrestrially de-
rived iSOA. Additionally, the mean diameter of marine-derived iSOA is higher in the
South Indian Ocean compared to the mean diameter of marine-derived iSOA in the
North Atlantic Ocean region and, therefore, explains the lower direct radiative effect.

In summary, these results show that transport of terrestrially derived iSOA influences
the concentration distribution over the ocean. Above the remote ocean, however, ma-
rine-derived iSOA influences the concentration of total iSOA, although the concentra-
tion of marine-derived iSOA might be negligible in comparison to terrestrially derived
iSOA concentrations. Additionally, the size of already existing particles is increased by
iSOA formation from marine isoprene emissions compared to terrestrial iSOA particle
sizes, which lowers the influence of marine-derived iSOA on the direct radiative effect.
However, the formation of marine-derived iSOA significantly influences the radiative
balance over the open ocean. Therefore, one can differentiate between iSOA that is
transported from terrestrial sources and iSOA that is formed from marine emissions due

to their particle size distribution.
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Figure 6.7: Size distributions of iSOA in different regions. Size distributions of (a) terrestrially derived
iSOA (using ISO_land) and (b) marine-derived iSOA (using the difference of ISO_x10 (as a conservative
estimate) and ISO_land) in different regions. (¢) Comparison of mean size of iSOA in different regions.
Size distribution of iISOA is split into 10 different size bins.
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7 CONCLUSION AND OUTLOOK

The main goal of this work was to provide a better understanding of the biogeochem-
ical cycling of isoprene in the surface ocean in order to predict the global surface iso-
prene distribution and to assess the influence of marine-derived isoprene emissions on
secondary organic aerosol (SOA) formation. SOA scatter and absorb solar radiation and,
therefore, influence the radiative balance of the Earth. Current global atmospheric chem-
ical models only use terrestrial isoprene emission inventories to estimate the influence of
isoprene-derived SOA (iSOA), because marine isoprene emissions are thought to be neg-
ligible relative to terrestrial emissions. Furthermore, marine isoprene measurements are
sparse and, therefore, are associated with large uncertainties. Due to the short atmos-
pheric lifetime of isoprene and its oxidation products including iSOA, isoprene is known
to influence atmospheric chemistry nearby its source. Therefore, model predictions of
SOA concentrations in the atmosphere over the open ocean are highly speculative when
no marine emissions are used in the calculation.

To assess the influence of marine isoprene concentrations on SOA, this thesis was
split into three chapters. 1) Global marine isoprene distributions and resulting fluxes to
the atmosphere on the basis of isoprene measurements in three different ocean basins
were estimated, which 2) illustrated that an improved source and sink process under-
standing of isoprene in the surface ocean is needed. The resulting marine isoprene emis-
sions were 3) implemented into a global atmospheric chemistry climate model to quanti-
ty marine-derived iSOA formation. Each chapter addresses one research question that
was presented in the outline of this thesis (section 2). The questions will be answered in
the following:

1) Can simple models predict large scale surface ocean isoprene concentra-
tions?

To calculate global isoprene distributions an existing model was used, which as-
sumes a steady-state concentration balanced by production and consumption pro-
cesses of isoprene in the oceanic mixed layer. This model used monthly mean re-
motely sensed satellite data of chlorophyll a (chl-a) to parameterize the production
of isoprene and sea surface temperature, wind speed, and mixed layer depth to pa-
rameterize the loss due to air-sea gas exchange. Additionally, the model accounted
for chemical loss, biological consumption and physical loss (advective mixing) of
isoprene in the surface ocean. The model output was verified against oceanic iso-
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prene measurements from three different ocean basins (eastern Atlantic Ocean, In-
dian Ocean, eastern Pacific Ocean). This simple model underpredicted the measured
oceanic isoprene concentration by a mean factor of 19+12 leading to the conclusion
that such a simple model is not able to predict surface ocean isoprene concentra-
tions.

The model was improved by using previously published phytoplankton functional
type (PFT) dependent chl-a normalized isoprene production rates instead of one bulk
chl-a normalized isoprene production rate for all different PFTs. To keep the model
simple, PFT concentrations were parameterized from monthly mean remotely
sensed satellite data of chl-a. Additionally, the loss rate for bacterial degradation of
isoprene in the water column was decreased, dependent on results of isoprene incu-
bation experiments under natural light conditions (data not shown). A comparison
of the original and improved annual mean global model output for 2014 is shown in
Figure 7.1. The predicted annual mean surface isoprene concentration of the im-
proved model increased by a factor of four compared to the output of the original
model.

isoprene [pmol L'}

Figure 7.1: Modeled surface ocean isoprene concentrations. Left: original model. Right: improved model.
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However, compared to the field measurements of the three different cruises, the
resulting isoprene concentrations of the model were still a factor of two lower and
did not always reflect the actual spatial distribution. Additionally, the sea-to-air
fluxes and the resulting atmospheric mixing ratio of isoprene were calculated. The
results showed that the isoprene flux had to be at least one order of magnitude high-
er to account for measured atmospheric concentrations. The discrepancies between
modeled and measured oceanic isoprene concentrations, as well as between calcu-
lated and measured atmospheric mixing ratios, lead to the conclusion that the model
still did not account for all production and consumption processes.

In summary, the improved model is able to predict large scale surface isoprene
concentrations with some limitations on regional (limitation of resolution: e.g. reso-
lution of mixed layer depth climatology is 2°x2°) and time scales (e.g. monthly mean
satellite chl-a data cannot resolve short term changes in phytoplankton blooms).
However, a better process understanding of the biogeochemical cycling of isoprene
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2)

and its preferably simple incorporation into the model would help to better predict

surface ocean isoprene concentrations and subsequent emissions.

What are the in-field production and consumption rates of isoprene in
the surface ocean?

The results of the first study showed that isoprene production and consumption
processes in the surface ocean had to be better quantified to accurately predict sur-
face ocean isoprene concentrations. Isoprene production rates for different PFTs are
reported in the literature and are generally determined from incubation experiments
of monocultures in the laboratory. However, monoculture laboratory experiments
have limitations as there are different PFTs coexisting in the ocean and experiments
are not able to account for various chemical, biological and physical processes which
might influence the biogeochemical cycling of isoprene. Isoprene and pigment
measurements in the Indian Ocean and the eastern Pacific Ocean were used to de-
rive, for the first time, in-field isoprene production rates for haptophytes, cyanobac-
teria, Prochlorococcus, chlorophytes, and diatoms. The resulting in-field production
rates were different for different PFTs, but also varied by oceanic region. These re-
sults generally confirmed the results of laboratory experiments that isoprene pro-
duction is influenced by light and ocean temperature. Furthermore, this study
showed that, irrespective of different PFTs, the production of isoprene is influenced
by nutrient concentrations and salinity levels. PFT normalized calculated isoprene
production rates could be split into three different categories: 1) low PFT normalized
production rates between 1.0 and 6.5 pmol (ug PFT) " day” were observed under
high nutrient levels ([NO3 ]>10 pmol Lfl), low ocean temperatures (<20.5°C), and
low solar radiation (mean: <328 Wm_z). 2) medium PFT normalized production
rates between 9.9 and 15.7 pmol (ug PFT)" day ' were observed under low nutrient
levels ([NO3]<2 pmol L"), independent of an ocean temperature regime, and medi-
um light levels (mean: 408 W m?). 3) high PFT normalized production rates be-
tween 26.6 and 36.4 pmol (ug PFT)" day’1 were observed under medium nutrient
levels ([NO3 ]<5 pmol LY, high light levels (mean: 469 W m®), and low salinity lev-
els (mean: 34.2). The investigation of the biogeochemical cycling of isoprene also
showed that a variable consumption process influenced the surface isoprene concen-
tration. This loss process was attributed to bacterial degradation. However, the data
showed that this consumption process might also be the result of a complex combi-
nation of bacteria and haptophyte concentration. Haptophytes are known to produce
isoprene that might attract bacteria. However, haptophytes are also thought to be
the main marine bacterial grazers. Therefore, this combination might be the reason
for the variable loss rate constant between 0.01 and 0.1 day’1 dependent on ocean
region.

149



Marine isoprene - Formation, emissions and their impact on the atmospheric chemistry

3) How much do marine isoprene emissions impact the formation of total
iSOA?

This question was answered in the third study, by incorporating three different
possible isoprene emission estimates derived from the first study into a model exper-
iment. The emission inventories were implemented into a global chemistry climate
mode] that used a semi-explicit isoprene oxidation module with explicit aerosol
tracer treatment to calculate iSOA formation. Using isoprene emission estimates
that fit best to the measured atmospheric mixing ratios in the first study, the model
calculations showed that marine-derived iSOA only contributed less than 2% to total
iSOA formation on a global scale, which was attributed to the strong terrestrial
source of isoprene. However, marine isoprene emissions did significantly impact the
SOA formation over the open ocean, as the strong terrestrial isoprene emissions did
not reach the open ocean due to the short atmospheric lifetime of isoprene
(Figure 7.2). On a global scale in the atmosphere over the ocean, the annual mean
contribution of marine-derived iSOA to total iSOA formation was 24% using the av-
erage of two emission scenarios that fit best to our measurements. This proportion

was highly dependent on region and season. During boreal summer (Figure 7.2: left),
marine-derived iISOA accounted for 6% and 25% of total iSOA formation in the
northern and southern marine atmosphere, respectively. During austral summer
(Figure 7.2: right), marine-derived iSOA accounted for 20% and 36% of total iSOA
formation in the northern and southern marine atmosphere, respectively.

L L L L
0 10 20 30 40 50 60 70 80 90 100
contribution of marine-derived ISOA to total iSOA [%]

Figure 7.2: Contribution of marine-derived iSOA to total iSOA in %. Left: boreal summer (JJA). Right:
austral summer (DJF).

The hemispheric differences in the marine-derived contribution to iSOA have a
twofold explanation: 1) In the southern hemisphere the strength of marine-derived
iSOA contribution to total iSOA is driven by the absolute concentration in marine-
derived iSOA, as hardly any terrestrially derived iSOA reaches the open ocean re-
gions, especially in the Southern Ocean. 2) In contrast, in the northern hemisphere
the strength of marine-derived iSOA contribution to total iSOA is driven by the ab-
solute concentration in terrestrially derived iSOA. This can be seen e.g. in the North
Atlantic. During boreal summer, absolute concentrations of marine-derived iSOA
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are higher than during austral summer. However, the contribution of marine-
derived iSOA to total iSOA is stronger during austral summer. During austral sum-
mer, terrestrial emissions of isoprene in the northern hemisphere are low compared
to boreal summer emissions, where terrestrially derived iSOA is transported over
the ocean.

In summary, marine-derived isoprene emission significantly influence the total
iSOA concentration over the ocean with higher contribution in the southern hemi-
sphere up to almost 100% in the remote Southern Ocean during austral summer and
also in the northern hemisphere up to 60% when terrestrial isoprene emissions are
reduced.

Using the combined results of the three chapters of this thesis the overarching ques-
tion will be addressed in the following:

How important are marine isoprene emissions in influencing the Earth’s
climate?

Marine isoprene emissions estimates from the first study were used in the third study
to assess the influence of marine-derived isoprene on iSOA formation. Marine aerosols
in general have a higher impact on the radiative balance as they scatter solar radiation
that would have been more likely absorbed by the Earth’s surface than aerosols over
land. This is due to the much lower albedo of the ocean (0.07) compared to the albedo of
the terrestrial surface (0.12-0.36) and ice/snow (0.62-0.66)(BRIEGLEB et al., 1986). Marine
isoprene emissions significantly impact the climate over the open ocean in general, alt-
hough their influence is reduced in the tropical regions, due to strong terrestrially de-
rived iSOA concentrations which are transported to the atmosphere over the ocean. Ma-
rine-derived iSOA reduces the incoming solar radiation up to 1.25 W m” in seasons and
regions where the contribution of marine-derived iSOA to total iSOA is strongest (e.g.
North Atlantic, boreal summer). A decrease in incoming solar radiation of 1.25 W m
caused by marine-derived iSOA compared to the total aerosol direct effect in the clean
atmosphere over the ocean of -2.9 W m’? (REMER and KAUFMAN, 2006) demonstrates the
significant contribution (up to 43%) of marine-derived iSOA to the total aerosol radiative
effect. ANTTILA et al. (2010) reported modeled iSOA concentrations over the northeast
Atlantic to be ~5 ng m" and stated that the iSOA contribution to organic aerosol (OA) is
negligible. Their calculated marine-derived iSOA concentrations agree with the findings
of this thesis in the northeast Atlantic. However, as this region is highly influenced by
terrestrially derived aerosol, the results of this thesis demonstrate that a negligible con-
tribution of marine iSOA to OA in the northeast Atlantic cannot be extrapolated to the
global scale.

In addition to absolute number of aerosol particle, also the size distribution of iSOA
influences the effect on scattering or absorbing solar radiation. The analysis of the global
mean size distribution of marine-derived iSOA clearly showed that the mean radius was

two times higher compared to terrestrially-derived iSOA. Larger particles are known to
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scatter light mostly in the forward direction (Mie scattering; WRIEDT, 2012). Therefore,
the results indicate a weakening of the direct radiative effect of marine-derived iSOA.
However, a weakening of the direct radiative effect could increase the indirect radiative
effect. MESKHIDZE and NENES (2006) hypothesized that marine isoprene emissions direct-
ly influence cloud properties over the bloom and calculated an indirect radiative effect of
15 W m” over the bloom area, which is comparable to highly polluted areas. However,
the strength might be overestimated, as they overestimated the isoprene emissions. Ad-
ditionally, they reported higher cloud droplet numbers and decreased particle size diame-
ters. This in contrast to the results of this thesis that marine-derived iSOA contributes to
the growth of already existing particles. To date, there is no clear positive link between
marine isoprene emissions and cloud droplet numbers. Furthermore, laboratory experi-
ments in a plant chamber show that isoprene emissions even might inhibit new particle
formation in forests (KIENDLER-SCHARR et al., 2009).

The results of this thesis clearly show the importance of the influence of marine iso-
prene on SOA formation. However, it still needs further process understanding of both
isoprene cycling in the ocean and isoprene oxidation pathways in the atmosphere to fur-
ther assess the influence of marine isoprene on SOA formation. A schematic overview of
the main isoprene pathways is given in Figure 7.3. Even though it is now known that
production rates of isoprene are dependent on temperature and light, as well as on nutri-
ent and salinity levels, the understanding of this complex interaction of different factors
needs further investigation. This thesis shows that using PFT dependent isoprene pro-
duction rates significantly improves the quantification of isoprene concentrations in the
surface ocean. However, resolving the total composition of the phytoplankton communi-
ty still needs actual field measurements. Different bio-optical algorithms have been de-
veloped to identify single PFTs from space using ocean-color satellite data. To date, these
approaches either provide only the dominant PFT out of four different PFTs (ALVAIN et
al., 2005) or are still limited to three particular PFTs (diatoms, coccolithophores, cyano-
bacteria) (WOLANIN et al., 2016). Improving the retrievals of PFTs from remotely sensed
data will help to quantify the isoprene production in the surface ocean. To understand
the biogeochemical cycling of isoprene in the ocean also includes the quantification of
isoprene consumption in the surface ocean. The results of this thesis support recent find-
ings of JOHNSTON et al. (2017) that marine isoprene is degraded by bacteria. Additionally,
the mismatch between calculated and measured atmospheric isoprene concentrations in
the first study leads to the hypothesis that the sea surface microlayer (SML) might be an
additional source of isoprene. Laboratory experiments (CIURARU et al., 2015) indicate
that the flux of isoprene produced in the SML could account for the mismatch between
calculated and measured atmospheric isoprene concentrations. However, analytical trace
gas sampling techniques have to be improved to reliably determine isoprene concentra-
tions in the SML. This will help to quantify isoprene emissions and the resulting marine-
derived atmospheric isoprene concentrations. The influence of marine-derived isoprene
on SOA formation needs further research in understanding the atmospheric pathways of
isoprene oxidation. The model used in the third study is the first one providing a semi-
explicit isoprene oxidation module. However, WANG and Ruiz (2017) recently reported
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SOA formation from chlorine-initiated isoprene oxidation under low-NOy conditions,
suggesting that tropospheric chlorine could contribute significantly to atmospheric OA

loading.
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Figure 7.3: Schematic diagram of main isoprene pathways and processes in the marine and atmospheric
environment including corresponding potential feedbacks in a warming climate. The potential feedback of
a temperature increase in a future climate accompanied by increasing isoprene production in the surface
ocean is shown using a red “+” and blue “-“ for a positive and a negative feedback, respectively. SOA:
secondary organic aerosols, GHG: greenhouse gas.

Current knowledge of the climate feedbacks of isoprene emissions is used today to as-
sess the importance of isoprene emissions in a changing climate. Different studies tried
to predict future scenario terrestrial isoprene emissions estimates with different results.
SANDERSON et al. (2003) calculated an increase of terrestrial isoprene emissions up to
736 Tg yr ' in 2090 as a result of climate change, however, with today’s vegetation dis-
tribution. When they changed the vegetation accordingly to climate change in 2090 the
emission estimate decreases to 697 Tg yr ', which is only a slight increase compared to
today’s terrestrial emission estimates (ARNETH et al., 2008). Other studies do not expect
an increase of terrestrial isoprene emissions, as higher CO, concentrations could coun-
teract the positive forcing of increasing temperatures (PACIFICO et al., 2012), although the
temperature change was the primary control on isoprene emissions over the last
400 thousand years (HEALD et al., 2009). Future land-use is an additional uncertainty in
future climate models and has to be taken into account as factor influencing isoprene
emissions. Tropical deforestation would decrease future isoprene emissions (LATHIERE et
al., 2006), whereas future spreading of oil palm plantations would increase isoprene
emissions, as they are known to strong isoprene emitters (MISZTAL et al., 2011). Anthro-
pogenic pollution might increase which would lead to higher NOy levels. Thus, reaction
with isoprene would increase tropospheric O3 and increase the iSOA formation. Higher
concentrations of SOA would cool the atmosphere counteracting the temperature in-
crease by increased O3 levels (PACIFICO et al., 2009). HEALD et al. (2008) assumed that the
SOA burden from biogenic sources would increase by 35% in 2100.

The uncertainties in future terrestrial isoprene emissions and SOA formation compli-
cate the assessment of the influence of marine-derived isoprene on a global scale. To
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Figure 7.4: Projected change in global abundance of Prochlorococcus (A) and Synechococcus (B) for 2100
from FLOMBAUM et al. (2013).

date, no such future climate model studies for marine isoprene emissions were carried
out. However, the dependence of isoprene production rates on environmental parame-
ters, as shown in the second study, might help to predict future marine isoprene changes.
Nutrient availability in the surface ocean will decrease due to increasing stratification. In
contrast, eutrophication in coastal regions might increase, due to increasing anthropo-
genic influence (e.g. DIAZ and ROSENBERG, 2008). However, there are no published stud-
ies quantifying long-term trends of nutrient concentrations (IPCC, 2013). Mean global
tuture salinity levels might not change, although the magnitude between high-saline and
low-saline waters will increase (IPCC, 2013). This would have both, a positive and nega-
tive effect on isoprene production depending on the oceanic region. In a warming cli-
mate with increasing ocean temperatures one could expect that isoprene emissions
would increase, 1) as the solubility of isoprene decreases with increasing temperature
and 2) as temperature is known to positively influence isoprene production of different
PFTs. However, temperature induced isoprene production of PFTs might only be a short
term response, due to stress. Phytoplankton is known to migrate in the surface ocean due
to nutrient limitation or due to light responses (JOHNSON et al., 2006). Likewise, tempera-
ture dependence would cause a shift of phytoplankton abundance in the global ocean
under a changing climate. FLOMBAUM et al. (2013) observed complex changes in the
abundance and distribution of two marine cyanobacteria (Prochlorococcus and Synecho-
coccus) as a result of climate change in 2100 (RCP4.5 scenario) (Figure 7.4). On a global
mean, they calculated an increase of cell abundances in general, with strongest increase
towards higher latitudes for Prochlorococcus but also a decline of cell abundances
around 35°N and 35°S for Synechococcus. The in-field production rates in the second
study of this thesis for cyanobacteria (excluding Prochlorococcus) were calculated to be
at the higher end of known isoprene production rates (up to 44.7 umol (g chl-2)" day ™).
Therefore, an increase in cell abundances and a shift in distribution of phytoplankton
would have a regional as well as global effect on marine isoprene emissions.

Thus, further understanding of the biogeochemical cycling of isoprene in the surface
ocean and the subsequent air-sea gas exchange is necessary to estimate the influence of
marine isoprene on the oxidative capacity of the atmosphere. In combination with a bet-
ter process understanding of atmospheric isoprene oxidation leading to iSOA formation

this will help to predict the feedback of marine isoprene on our climate.

154|



Conclusion and outlook

References

ALVAIN, S., MOULIN, C., DANDONNEAU, Y., and BREON, F. M.: Remote sensing of
phytoplankton groups in case 1 waters from global seawifs imagery, Deep-Sea
Research Part I-Oceanographic Research Papers, 52, 1989-2004,
10.1016/j.dsr.2005.06.015, 2005.

ANTTILA, T., LANGMANN, B., VARGHESE, S., and O'DowbD, C.: Contribution of isoprene
oxidation products to marine aerosol over the north-east atlantic, Advances in
Meteorology, 10.1155/2010/482603, 2010.

ARNETH, A., MONSON, R. K., SCHURGERS, G., NIINEMETS, U., and PALMER, P. I.: Why are
estimates of global terrestrial isoprene emissions so similar (and why is this not so for
monoterpenes)?, Atmos. Chem. Phys., 8, 4605-4620, 10.5194/acp-8-4605-2008, 2008.

BRIEGLEB, B. P., MINNIS, P., RAMANATHAN, V., and HARRISON, E.: Comparison of regional
clear-sky albedos inferred from satellite observations and model computations,
Journal of Climate and Applied Meteorology, 25, 214-226, 10.1175/1520-
0450(1986)025<0214:corcsa>2.0.co;2, 1986.

CIURARU, R., FINE, L., PINXTEREN, M. v., D’ ANNA, B., HERRMANN, H., and GEORGE, C.:
Unravelling new processes at interfaces: Photochemical isoprene production at the
sea surface, Environmental Science &  Technology, 49, 13199-13205,
10.1021/acs.est.5b02388, 2015.

DiAz, R. J., and ROSENBERG, R.: Spreading dead zones and consequences for marine
ecosystems, Science, 321, 926-929, 10.1126/science.1156401, 2008.

FLOMBAUM, P., GALLEGOS, J. L., GORDILLO, R. A., RINCON, J., ZABALA, L. L., JIAO, N., KARL,
D. M., LI, W. K. W,, LoMAS, M. W., VENEZIANO, D., VERA, C. S., VRUGT, J. A,, and
MARTINY, A. C.: Present and future global distributions of the marine cyanobacteria
prochlorococcus and synechococcus, Proceedings of the National Academy of Sciences,
110, 9824-9829, 10.1073/pnas.1307701110, 2013.

HEALD, C. L., HENZE, D. K., HOROWITZ, L. W., FEDDEMA, J., LAMARQUE, J. F., GUENTHER,
A., HEss, P. G, VITT, F., SEINFELD, J. H., GOLDSTEIN, A. H., and FUNG, I.: Predicted change
in global secondary organic aerosol concentrations in response to future climate,
emissions, and land use change, Journal of Geophysical Research-Atmospheres, 113, 16,
10.1029/2007jd009092, 2008.

HEALD, C. L., WILKINSON, M. J., MONSON, R. K., ALO, C. A., WANG, G., and GUENTHER, A.:
Response of isoprene emission to ambient co2 changes and implications for global
budgets, Global Change Biology, 15, 1127-1140, 10.1111/j.1365-2486.2008.01802.x, 2009.

IPCC: Climate change 2013: The physical science basis. Contribution of working
group i to the fifth assessment report of the intergovernmental panel on climate

|155



Marine isoprene - Formation, emissions and their impact on the atmospheric chemistry

change, Cambridge University Press, Cambridge, United Kingdom and New York, NY,
USA, 1535 pp., 2013.

JOHNSON, Z. ., ZINSER, E. R., COE, A., MCNuULTY, N. P., WOODWARD, E. M. S., and
CHISHOLM, S. W.: Niche partitioning among <em>prochlorococcus</em> ecotypes

along  ocean-scale  environmental gradients,  Science, 311, 1737-1740,
10.1126/science.1118052, 2006.

JOHNSTON, A., CROMBIE, A. T., EL KHAWAND, M., SIMS, L., WHITED, G. M., MCGENITY, T.
J., and COLIN MURRELL, J.: Identification and characterisation of isoprene-degrading
bacteria in an estuarine environment, Environmental Microbiology, 19, 3526-3537,
10.1111/1462-2920.13842, 2017.

KIENDLER-SCHARR, A., WILDT, J., MAsO, M. D., HOHAuS, T., KLEIST, E., MENTEL, T. F,,
TILLMANN, R., UERLINGS, R., SCHURR, U., and WAHNER, A.: New particle formation in
forests inhibited by isoprene emissions, Nature, 461, 381, 10.1038/nature08292

https://www.nature.com/articles/nature08292#supplementary-information, 2009.

LATHIERE, J., HAUGLUSTAINE, D., FRIEND, A., NOBLET-DUCOUDRE, N. D., Viovy, N., and
FOLBERTH, G.: Impact of climate variability and land use changes on global biogenic
volatile organic compound emissions, Atmospheric Chemistry and Physics, 6, 2129-
2146, 2006.

MESKHIDZE, N., and NENES, A.: Phytoplankton and cloudiness in the southern ocean,
Science, 314, 1419-1423, 10.1126/science.1131779, 2006.

MIszTAL, P. K., NEMITZ, E., LANGFORD, B., DI MARCO, C. F., PHILLIPS, G. J., HEWITT, C. N.,
MACKENZIE, A. R, OWEN, S. M., FOWLER, D., HEAL, M. R., and CAPE, J. N.: Direct
ecosystem fluxes of volatile organic compounds from oil palms in south-east asia,
Atmospheric Chemistry and Physics, 11, 8995-9017, 10.5194/acp-11-8995-2011, 2011.

PACIFICO, F., HARRISON, S. P., JONES, C. D., and SITCH, S.: Isoprene emissions and
climate, Atmospheric Environment, 43, 6121-6135,
http://dx.doi.org/10.1016/j.atmosenv.2009.09.002, 2009.

PAcIFico, F., FOLBERTH, G. A., JONES, C. D., HARRISON, S. P., and COLLINS, W. J.:
Sensitivity of biogenic isoprene emissions to past, present, and future environmental
conditions and implications for atmospheric chemistry, Journal of Geophysical
Research: Atmospheres, 117, n/a-n/a, 10.1029/2012)D018276, 2012.

REMER, L. A., and KAUFMAN, Y. J.: Aerosol direct radiative effect at the top of the
atmosphere over cloud free ocean derived from four years of modis data, Atmos.
Chem. Phys., 6, 237-253, 10.5194/acp-6-237-2006, 2006.

SANDERSON, M. G., JONES, C. D., COLLINS, W. J., JOHNSON, C. E., and DERWENT, R. G.:
Effect of climate change on isoprene emissions and surface ozone levels, Geophysical
Research Letters, 30, n/a-n/a, 10.1029/2003GL017642, 2003.

156



Conclusion and outlook

WANG, D. S., and Ruiz, L. H.: Secondary organic aerosol from chlorine-initiated

oxidation of isoprene, Atmos. Chem. Phys., 17, 13491-13508, 10.5194/acp-17-13491-
2017, 2017.

WOLANIN, A., SOPPA, M., and BRACHER, A.: Investigation of spectral band requirements

for improving retrievals of phytoplankton functional types, Remote Sensing, 8, 871,
2016.

WRIEDT, T.: Mie theory: A review, in: The mie theory: Basics and applications, edited
by: Hergert, W., and Wriedt, T., Springer Berlin Heidelberg, Berlin, Heidelberg, 53-71,
10.1007/978-3-642-28738-1_2.

157






Curriculum Vitae

CURRICULUM VITAE

Personal

Name:
Date of Birth:

Place of Birth:
Nationality:

Education

08/2013 - 12/2017
10/2010 - 11/2012
10/2007 - 9/2010
10/2006 - 9/2007

8/1996 — 5/2005

Work Experience

12/2012 - 07/2013

1/2012 - 3/2012
4/2011 - 12/2011

3/2011

Dennis Booge
21.05.1986
Elmshorn

German

Ph.D. student at GEOMAR Helmholtz Centre for Ocean
Research Kiel, Kiel, Germany

Studies of Chemistry, M.Sc. at Christian-Albrechts-
Universitét, Kiel, Germany

Studies of Chemistry, B.Sc. at Christian-Albrechts-
Universitét, Kiel, Germany

Studies of Math at Christian-Albrechts-Universitit, Kiel,
Germany

Elsa-Brandstrom-Gymnasium with German university
entrance qualification (Abitur), Elmshorn, Germany

Research assistant at GEOMAR Helmholtz Centre for
Ocean Research Kiel, Kiel, Germany

Industrial Internship at tesa® SE, Hamburg, Germany

Student Assistant at GEOMAR, Helmholtz Centre for
Ocean Research, Kiel, Kiel, Germany

Student Assistant at Institute for Inorganic Chemistry,
Christian-Albrechts-Universitét, Kiel, Germany

159



Curriculum Vitae

Research Expeditions

11/2015 S0243 ASTRA-OMZ, R/V Sonne
Guayaquil (Ecuador) — Antofagasta (Chile)

07/2014 - 08/2014 S0234/2 and SO235 SPACES/OASIS, R/V Sonne
Durban (South Africa) — Pt. Louis (Mauritius) — Malé (Mal-
edives)

since 06/2010 several one-day cruises to time series station Boknis Eck,

Eckernforder Bay (Baltic Sea)

Publications

Dennis Booge, Scarlet Stadtler, Christa A. Marandino: The influence of marine iso-
prene emissions on secondary organic aerosol concentration over the remote ocean,

manuscript in preparation.

Alex Zavarsky, Dennis Booge, Alina Fiehn, Kirstin Kriiger, Elliot Atlas and Christa
Marandino: The influence of air-sea fluxes on atmospheric aerosols during the summer

monsoon over the tropical Indian Ocean, Geophys. Res. Lett., under review, 2017.

Dennis Booge, Cathleen Schlundt, Astrid Bracher, Sonja Endres, Birthe Zancker, Chris-
ta A. Marandino: Marine isoprene production and consumption in the mixed layer of the
surface ocean — A field study over 2 oceanic regions, Biogeosciences Discuss., 2017,
d0i:10.5194/bg-2017-257.

Lennartz, S. T., Marandino, C. A., von Hobe, M., Cortes, P., Quack, B., Simo, R., Booge,
D., Pozzer, A., Steinhoff, T., Arevalo-Martinez, D. L., Kloss, C., Bracher, A., Rottgers, R.,
Atlas, E., and Kriiger, K.: Direct oceanic emissions unlikely to account for the missing
source of atmospheric carbonyl sulfide, Atmos. Chem. Phys., 17, 385-402, 2017,
do0i:10.5194/acp-17-385-2017, 2017.

Dennis Booge, Christa A. Marandino, Cathleen Schlundt, Paul I. Palmer, Michael

Schlundt, Elliot L. Atlas, Astrid Bracher, Eric S. Saltzman, Douglas W. R. Wallace: Can
simple models predict large scale surface ocean isoprene concentrations?, Atmos. Chem.
Phys., 16, 11807-11821, 2016, doi:10.5194/acp-16-11807-2016, 2016.

160



