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Abstract

Modelling of isoprene distribution and cycling in the ocean

Isoprene (C5H8) is the most widely emitted biogenic volatile organic carbon (BVOC). It

is produced in the biosphere both on land and in the ocean, and in the atmosphere it acts as a

precursor of secondary organic aerosols. Isoprene has an eminently biological origin in phytoplank-

ton; but its agents, production and recycling mechanisms, including photochemistry, are very poorly

known. There still are large discrepancies in the estimations of global oceanic emission of iso-

prene (0.1 - 11.6 Tg C yr-1). Despite lower marine emissions than terrestrial ones, they play a key

role in cloud formation and brightness in remote regions of the oceans. Due to the unfeasibility

of getting synoptic measurements of isoprene emissions over the global ocean, they need to be

calculated with numerical models that use variables that can be measured using remote sensing

data from satellites or generated through ecosystem models. To achieve the capacity to predict the

distribution and emission of isoprene in the surface ocean in time and space, in this thesis compu-

tational tools for the statistical treatment of data and for the diagnosis/prognosis were used. Thus,

different approaches to predict and study isoprene in surface waters, including statistical modeling,

biogeochemical-ecological modeling, and remote sensing retrieval were tested. Despite most of the

focus of this PhD thesis is focused on the Southern Ocean (SO) waters, the patterns of isoprene

cycling at the global scale were also assessed.

Regarding the SO, isoprene concentration levels are driven by phytoplankton abundance

over environmental or physical descriptors. Simple statistical models based on chlorophyll-a were

developed showing different slopes and intercepts above and below a sea surface temperature

threshold of 3.4oC. The strong relationship between isoprene and photoprotective pigments brought

new evidence to the potential role of marine isoprene as a photoprotective response in phytoplank-

ton. Isoprene concentration levels were retrieved for SO waters using remote sensing algorithm

based on chlorophyll-a and sea surface temperature products from MODIS-Aqua. The highest val-

ues of isoprene concentration and emissions peak in summer season, in coastal areas of Antarc-

tica, in blooming areas close to islands, and around latitudes of 40oS. The results suggested a total

emission value of 0.063 Tg C yr-1, which supports the range of previous bottom-up estimates. We

estimated new values of isoprene production and degradation rates from Lagrangian experiments

during the PEGASO cruise. These rates together with others previously published in the literature

and estimated in laboratory conditions, were implemented on the ROMS-BEC model, a regional

ecological model for the SO which includes 3 Phytoplankton Functional Groups (PFT’s): diatoms,

coccolitophores and a group of small mixed phytoplankton. Diatoms dominated the isoprene pro-

duction in SO waters and a value of total emission of isoprene of 0.071 Tg C yr-1 was calculated,

agreeing with the values from remote sensing retrieval of isoprene concentration and bottom-up

estimates.

As to the global ocean, isoprene production rates were implemented in DARWNI-MITgcm

model, which includes 35 PFT’s that are grouped in 6 groups: diatoms, coccolitophores, mixotrophic

dinoflagellates, prokaryotes, diazotrophs, and pico-eukaryotes. According to the model outputs,



diatoms were the most important PFT in terms of isoprene production at the global scale, being

specially relevant in surface waters of the SO. Finally, the turnover of isoprene in the surface ocean

was studied from incubation experiments performed in different oceanic regions. Production of

isoprene normalized to chlorophyll-a levels increased with temperature until 23oC, and drastically

decreased in warmer waters. Biological degradation rate constants were dependent on chlorophyll-

a concentration and were generally similar or faster than ventilation rate constants, and much faster

than vertical mixing. Overall, the results suggest that isoprene cycling in the surface ocean is faster

than previously thought, with turnover times in the range 1-16 days.



Resumen

Modelización de la distribución y el ciclo del isopreno en el océano

El isopreno (C5H8) es el carbono orgánico volátil biogénico (BVOC, por sus siglas en in-

glés) más ampliamente emitido. Se produce en la biosfera tanto en tierra como en el océano, y

en la atmósfera actúa como precursor de aerosoles orgánicos secundarios. El isopreno tiene un

origen eminentemente biológico en el fitoplancton pero sus agentes, mecanismos de producción y

reciclado, incluida la fotoquímica, son muy poco conocidos. Todavía hay grandes discrepancias en

las estimaciones de la emisión oceánica global de isopreno (0.1 - 11.6 Tg C año-1). A pesar de

que las emisiones marinas son más bajas que las terrestres, juegan un papel clave en la forma-

ción y brillo de las nubes en regiones remotas de los océanos. Debido a la inviabilidad de obtener

mediciones sinópticas de las emisiones de isopreno sobre el océano global, deben calcularse con

modelos numéricos que utilicen variables que se puedan medir utilizando datos de detección remota

de satélites o generados a través de modelos de ecosistemas. Para poder predecir la distribución

y emisión de isopreno en el océano superficial en el tiempo y el espacio, en esta tesis se han

utilizado herramientas computacionales para el tratamiento estadístico de datos y para el diagnós-

tico/pronóstico. Por lo tanto, se han probado diferentes enfoques para predecir y estudiar el isopreno

en aguas superficiales, incluidos el modelado estadístico, el modelado biogeoquímico-ecológico y

la detección remota. A pesar de que la mayor parte del enfoque de esta tesis doctoral se centra en

las aguas del Océano Austral (OA), también se han evaluado los patrones del ciclo del isopreno a

escala global.

Con respecto al OA, los niveles de concentración de isopreno son controlados por la abun-

dancia de fitoplancton sobre los descriptores ambientales o físicos. Se han desarrollado modelos

estadísticos simples basados en clorofila-a que muestran diferentes pendientes e intersecciones

por encima y por debajo de un umbral de temperatura de la superficie del mar de 3.4 oC. La fuerte

relación entre el isopreno y los pigmentos fotoprotectores ha aportado nuevas pruebas del papel

potencial del isopreno marino como respuesta fotoprotectora en el fitoplancton. Los niveles de con-

centración de isopreno se han recuperado para las aguas del OA utilizando un nuevo algoritmo de

detección remota basado en productos de clorofila-a y la temperatura de la superficie del mar de

MODIS-Aqua. Los valores de concentración de isopreno y emisiones alcanzan su punto máximo en

la temporada de verano en las zonas costeras de la Antártida, en las zonas productivas ("blooms")

cercanas a las islas y alrededor de los 40 oS. Los resultados sugieren un valor de emisión total

de 0.063 Tg C año-1, que respalda el rango de estimaciones anteriores del tipo "bottom-up". Se

han estimado nuevos valores de producción de isopreno y tasas de degradación a partir de ex-

perimentos lagrangianos durante la campaña PEGASO. Estas tasas, junto con otras publicadas

anteriormente en la literatura y estimadas en condiciones de laboratorio, se han implementado en

el modelo ROMS-BEC, un modelo ecológico regional para el OA que incluye 3 Grupos Funcionales

de Fitoplancton (PFT, por sus siglas en inglés): diatomeas, cocolitóforos y un grupo de fitoplancton

pequeño mixto. Se ha encontrado que las diatomeas dominan la producción de isopreno en las

aguas del OA y se ha calculado un valor de emisión total de isopreno de 0.071 Tg C año-1, que se

encuentra en el rango de los valores estimados mediante detección remota de la concentración de



isopreno y estos de estimas "bottom-up".

En cuanto al océano global, las tasas de producción de isopreno se han implementado en

el modelo DARWNI-MITgcm, que incluye 35 PFT que se agrupan en 6 grupos: diatomeas, cocol-

itóforos, dinoflagelados mixotrofos, procariotas, diazotrofos y pico-eucariotas. Según los resultados

del modelo, las diatomeas son el PFT más importante en términos de producción de isopreno a

escala mundial, siendo especialmente relevantes en las aguas superficiales del OA. Finalmente,

se ha estudiado el recambio de isopreno en la superficie del océano a partir de experimentos de

incubación realizados en diferentes regiones oceánicas. Se ha encontrado que la producción de

isopreno normalizado a clorofila-a aumenta con la temperatura hasta 23 oC y disminuye drástica-

mente en aguas más cálidas. Las constantes de la tasa de degradación biológica dependen de la

concentración de clorofila-a y generalmente son similares o más rápidas que las constantes de la

tasa de ventilación, y mucho más rápidas que la mezcla vertical. En general, los resultados sug-

ieren que el reciclado del isopreno en la superficie del océano es más rápido de lo que se pensaba

anteriormente, con tiempos de reciclado en el rango de 1-16 días.
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Introduction





Introduction

In considering the study of physical phenomena, not merely in its bearings on the material wants of

life, but in its general influence on the intellectual advancement of mankind, we find its noblest and

most important result to be a knowledge of the chain of connection, by which all natural forces are

linked together, and made mutually dependent upon each other; and it is the perception of these

relations that exalts our views and ennobles our enjoyments.

Cosmos – Alexander von Humboldt
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Marine microorganisms, trace gases and aerosols in the context of

global change

At the global scale, atmospheric particles have the ability to strongly influence the formation and

the optical properties of clouds; affecting the planetary energy balance (Andreae and Rosenfeld,

2008). However, the behaviour of these particles, named aerosols, as cloud seeders is still one

of the biggest sources of uncertainty in global warming projections to the future (Hu et al., 2013;

Stocker et al., 2013). The climate implications of aerosol-cloud processes are still very difficult

to predict, in part due to incomplete knowledge about sources of aerosols. Trace gases, when

oxidized in the lower atmosphere, are involved in these effects by forming new aerosols and making

them grow to cloud-active sizes, namely cloud condensation nuclei (CCN). The impact of human

activities since the industrial revolution has been pointed out as a possible agent that has modified

CCN numbers, distribution and behaviour. On this line, (Carslaw et al., 2013) suggested that the

CCN concentrations in the pre-industrial era were similar to those in the present pristine oceanic

regions. Thus, the study of these remote areas will allow defining a baseline atmosphere and better

assessing anthropogenic impacts on CCN numbers and cloud formation processes and, therefore,

on the global climate.

In the marine atmosphere, where cloud formation processes are highly susceptible to

aerosol emissions, an important proportion of particle formation occurs through the oxidation of

trace gases exhaled from sea (O’Dowd et al., 2002b), many of them produced by the marine biota
(Carpenter et al., 2012) (Figure 1). Marine microorganisms are widespread in the global ocean,

where they play several roles in biogeochemical processes between the ocean and the atmosphere,

being trace gas production one of the most important ones for atmospheric processes. However, the

global assessment of trace gas production by marine biota is a challenge due to two main issues: (1)

the distribution and species richness of microorganisms differs from one place to another, being its

global contribution to ocean-atmosphere processes extremely difficult to quantify (Carpenter et al.,

2012); and (2) the emission of trace gases differs from one microbial taxon to another (Exton et al.,

2013; Meskhidze et al., 2015; Booge et al., 2016). Coupling current and future knowledge about

aerosol precursor production mechanisms within the marine ecosystem with atmospheric models is

the only way to achieve a synoptic assessment of the impact of marine biota on climate.

The CLAW hypothesis (Charlson et al., 1987) was proposed in the late ’80s by a group

of researchers who gave the first letter of their names to create the acronym CLAW: Charlson,

Lovelock, Andreae, and Warren. This hypothesis was built upon the Gaia hypothesis, previously

developed by Lovelock (Lovelock and Margulis, 1974; Lovelock, 1979), which suggested that planet

Earth has developed the ability to regulate the chemical composition of its components, the surface

pH, and possibly the climate. It must be highlighted that, although the Gaia hypothesis is nowadays

considered an intuitive theory difficult to be proven, it has demonstrated its potential as a trigger

for a new holistic view of the Earth system, strongly influencing the current biogeochemical and

environmental sciences in many different aspects (Lovelock, 2003). Thus, as a case of the Gaia hy-

pothesis, the CLAW hypothesis suggests that marine phytoplankton is able to regulate climate at the

regional and even global scales through the emission of cloud-forming volatile sulfur. Specifically,
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Figure 1: SOLAS Research Theme 4: Interconnections between aerosols, clouds, and marine

ecosystems. The Surface Ocean – Lower Atmosphere Study (SOLAS) project is an international

research initiative aiming to understand the key biogeochemical-physical interactions and feedbacks

between the ocean and atmosphere.

the hypothesis suggests that marine phytoplankton is able to produce and release DMS (dimethyl

sulfide, (CH3)2S) ,which, when leaving the ocean to the atmosphere, oxidizes to non-volatile acids

that eventually become particles. These particles are known as secondary aerosols (SA), in con-

trast with primary aerosols like salt crystals risen with sea spray by wind friction (O’Dowd et al.,

2002a). If SA grow large enough, eventually become cloud condensation nuclei (CCN) upon which

water droplets condense. The number of CCN influences cloud droplet concentration and cloud

brightness, which is relevant for the albedo of the Earth. Increases in cloud albedo reduce the

amount of solar radiation reaching the ocean surface and, therefore, lower phytoplankton activity

and UV-related stress, causing lowered DMS production. In other words, CLAW proposes that more

DMS production causes higher cloud albedo, lower light and temperature in the ocean and, conse-

quently, lower DMS and lower albedo, and so on and so forth in a negative feedback loop by which

phytoplankton help regulate the climate. Although DMS is the key component of CLAW and has

been the most studied marine trace gas up to date (Lana et al., 2011; Carpenter et al., 2012), there

are other volatiles that participate in aerosol formation and may play a similar atmospheric role, in

what can be regarded as an extended version of CLAW: isoprene (C5H8) (Meskhidze and Nenes,

2006; Dani and Loreto, 2017), methylamines (Van Neste et al., 1987; Gibb et al., 1999; Airs and

Archer, 2010), and iodomethanes (CH3I, CH2I2, CH2ClI) (Richter and Wallace, 2004; Archer et al.,
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2007; Carpenter et al., 2013). Still other compounds, such as bromomethanes (CHBr3, CH2Br2)

(Saiz-Lopez and von Glasow, 2012; Carpenter et al., 2012; Ziska et al., 2013), are also emitted by

the ocean and, despite not being involved in aerosol formation, they affect ozone concentrations and

the oxidative capacity of the atmosphere.

Due to the impossibility of measuring emissions of trace gases in a synoptic way over

the global ocean, using numerical models is vital to assess and monitor the aforementioned pro-

cesses. In recent years, there have been very significant advances in numerical modelling of
the microbial-ocean-atmosphere processes, including aerosols formation and behaviour. This

requires the use of predictor variables that can be measured using remote sensing data from satel-

lites or generated through ecosystem models. However, any numerical model aimed to be realistic

requires a good knowledge of the processes upon which it is created. Consequently, a close interac-

tion between modelling and experimental approaches is required to achieve the necessary predictive

capacity to study these processes and mechanisms.

Nowadays, under a global change scenario, there is a need to understand the hidden

phenomena in nature that trigger positive and/or negative feedbacks within Earth’s subsystems (bio-

sphere, atmosphere, geosphere, and hydrosphere). This requires disentangling the most relevant

components that dominate local processes that are able to influence global scale processes. Anthro-

pogenic climate change will be, if not the most, one of the most important challenges for humankind

during the present XXI century. In this context, improving the current knowledge related to climate

change science is essential to properly asses its risks for present and future society. During the

past decades, climate change has forced the international scientific community to join forces from

different areas of Earth Sciences (oceanography, meteorology, etc.) in order to shed light on this

global challenge. As part of it, the study of the processes that regulate the global biogeochemical

cycles within the ocean-atmosphere system is a keystone for the comprehension, assessment and

early detection of risks associated with global climate change.

The cycling of volatiles in the ocean

In order to study air-sea exchanges of trace gases, there is the need to gather the available theo-

retical and experimental knowledge of the relevant biogeochemical processes that drive their con-

centrations and fluxes. There are different mechanisms of production and degradation of trace
gases in the ocean (Carpenter et al., 2012), the most important ones being closely linked to the bio-

logical activity of marine organisms (from bacteria to macroalgae and corals) and the photochemical

processes in the surface ocean (Figure 2).

If we are to parameterize these processes and develop tools ranging from statistical mod-

els to complex ecosystem models, we must be able to mathematically describe all production and

consumption terms of a specific volatile in the ocean. Thus, at any time (t) and depth (z), the

volatile compound concentration [VOL] will be the net result of production and consumption pro-
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cesses (equation 1):

[VOL]z,t+∆t = [VOL]z,t + (GPz,t − BCz,t − Pz,t − Vz,t − Tz,t)∆t (1)

Where GP = gross volatile production; BC = bacterial volatile consumption; P = volatile photochem-

istry; T = volatile ventilation; T = volatile displacement by vertical turbulent diffusivity. Volatile photo-

chemistry (P) can be represented as the balance between photochemical loss (PC) and production

processes (PP) (equation 2):

[VOL]z,t+∆t = [VOL]z,t + (GPz,t + PPz,t − BCz,t − PCz,t − Vz,t − Tz,t)∆t (2)

For the calculation of volatile photochemistry, PP (equation 4) and PC (equation 5), total surface

irradiance (Ed,o,t) (equation 3) and the underwater light extinction coefficients Kd can be combined

to obtain the amount of radiation available at each t and z(Ed,z,t):

Ed,z,t = Ed,o,t ∗ e−Kd∗z (3)

PPz,t = [VOL]z,t ∗ Kpmax ∗ (Ed,z,t/Ed,o,max) (4)

PCz,t = [VOL]z,t ∗ Kcmax ∗ (Ed,z,t/Ed,o,max) (5)

Figure 2: Cycling of volatiles in the ocean. Extracted from Carpenter et al. (2012).
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Where Kmax = photochemical rate constant at the water surface, and Ed,o,max = maximum irradiance

at the water surface. Both parameters, Kmax and Ed,o,max, depend on the involved environmental

variables for PP (equation 4) and PC (equation 5) of each different volatile, such as for example

[CDOM], [DOM], [OH−], [I−] or [O3]air.

Ventilation applies only to the very upper water layer, from where its effects are “redis-

tributed” by turbulent diffusion. Emission or ventilation fluxes (V) can be obtained as described in

equation 6, where [VOL] is volatile concentration in sea water, [VOL]a is the volatile concentration in

the air, kcw,VOL (cm h−1) is the transfer or piston velocity, and H is the dimensionless gas-over-liquid

form of the Henry’s law constant for the specific volatile (equation 6):

V = kcw,VOL ∗ ([VOL]− [VOL]a ∗ H) (6)

However, when a volatile is largely supersaturated in the surface ocean and its atmospheric lifetime

is short, [VOLa] can be taken as ≈ 0. Therefore, V can be estimated as the product of kcw,VOL and

[VOLw] (equation 7):

V = kcw,VOL ∗ [VOL] (7)

[VOL] transport can be calculated from vertical turbulent diffusivity (Kz) previously diagnosed with a

1D water column model and vertical [VOL] gradient as described in equation (equation 8).

T = Kz ∗ d[VOL]/dz (8)

In conclusion, by estimating the values of all the processes described above, it is possible to quantify

the concentration of a trace gas in seawater from the balance between its production and degrada-

tion rates and/or values. Despite this formulation may look simple, the cycling of traces gases varies

not only depending on the different volatile but also across every ocean in terms of horizontal space,

depth and seasonality. Consequently, prior to attempting to model the cycling of a specific trace gas,

achieving the maximum quantity of knowledge about the parameters in all the equations described

above is needed. Unfortunately, for many trace gases, there is still a lack of experimental data of

its cycling process, in many cases even a lack of concentration measurements, which makes under-

standing its distribution and cycling across the oceans a formidable challenge. Consequently, more

experimental studies of cycling processes, conducted in laboratory and field conditions, are essen-

tial to improve the basic knowledge to be implemented in numerical models of ocean-atmosphere

exchanges.

Isoprene in the Earth’s biosphere

Isoprene on land

Isoprene (C5H8), or 2-methyl-1,3-butadiene, is a volatile (boiling point of 34◦C) non-methane hy-

drocarbon (NMHC) included in the group of biogenic volatile organic compounds (BVOC). Iso-

prene is produced in the biosphere both on land and in the ocean, being the most widely emit-
ted BVOC to the atmosphere and the second most abundant natural hydrocarbon, after methane
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(CH4)(Guenther et al., 2006; Müller et al., 2008; Arneth et al., 2008) (Figure 4). Figure 3 (extracted

from (Murrell et al., 2020)) sketches the cycle of isoprene on Earth. Globally, its main source is
photosynthetic vegetation, mostly trees and shrubs, (Zimmerman et al., 1988; Sharkey and Yeh,

2001), whose emission ranges from 413 Tg C yr-1 (Müller et al., 2008) to 500 Tg C yr-1 (Guenther

et al., 1995),representing approximately 90% of global isoprene emissions (Sharkey et al., 2008).

Furthermore, isoprene plays several roles in vegetation communities like forests, where it can ac-

count for up to 80% of all hydrocarbons released (Lamb et al., 1987), protecting plants from reactive

oxygen species (ROS) and heat stress (Sharkey et al., 2008; Zeinali et al., 2016). If we include

crops in the budget of isoprene production by plants, the total emission amounts 530 Tg C yr-1

(Murrell et al., 2020). Apart from plants, its production has also been detected for bacteria, algae,

protists, fungi, and animals. Regarding its sinks, atmospheric reactions and bacterial communities in

terrestrial soils are the most relevant loss pathways of emitted isoprene (Cleveland and Yavitt, 1998;

El Khawand et al., 2016). All in all, as shown in Figure 3, the net contribution to the isoprene budget

of many sources and sinks, such as anthropogenic activities, humans themselves, animal livestock,

freshwater ecosystems, fens, or biomes like tundra, is still unknown.

Figure 3: Isoprene budget and cycling on Earth. Extracted from Murrell et al. (2020).

When emitted to the atmosphere, its high reactivity and short life-time make this com-

pound relevant for the climate (Pacifico et al., 2009). Overall, isoprene has several impacts on the

atmosphere (Figures 4 and 5), from increasing the levels of tropospheric ozone (O3) through reaction

with NO (Sharkey et al., 2008; Pacifico et al., 2009), to the formation of secondary organic aerosols,

which can impact human health (Heal et al., 2012) but also absorb and scatter solar radiation and

participate in cloud formation processes (Carslaw et al., 2013). Moreover, isoprene, together with

CH4, contributes to atmospheric CO2 through oxidation processes (Stocker et al., 2013).
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Figure 4: Isoprene emissions from land and atmospheric reactions. Source: T.S. Dibble, State

University of New York.

Isoprene in the ocean

At sea, isoprene was first described by Bonsang et al. (1992), who quantified a global marine emis-

sion of 0.1 Tg C yr-1, four orders of magnitude lower than terrestrial emissions (Guenther et al.,

1995). However, there still are large discrepancies in the bottom-up or top-down estimations
of global oceanic emission (Brüggemann et al., 2018). Recent estimates range from ≈ 1 Tg C yr-1

(Palmer and Shaw, 2005; Gantt et al., 2009) to 11.6 Tg C yr-1 (Luo and Yu, 2010). Consequently, de-

spite isoprene was detected in marine waters decades ago, we are still far from possessing enough

knowledge to be able to assess the direct or indirect effects that this trace gas can trigger in the lo-

cal atmosphere or the global climate. Most of the inaccuracies in quantifying global marine isoprene

emissions are due to the lack of knowledge of its production and degradation processes (Booge

et al., 2018), magnitude and spatial distribution (Ooki et al., 2015; Hackenberg et al., 2017), and its

relationship with environmental parameters and phytoplankton speciation (Carpenter et al., 2012;

Exton et al., 2013). Despite marine isoprene emissions are much lower than terrestrial emissions,

in the remote oceans far from continental influence ocean-leaving isoprene impacts in local remote

marine boundary layer (MBL) chemistry and represents a major source of secondary organic
aerosols (SOA) (Claeys et al., 2004; Kroll et al., 2006; Liao et al., 2007; Gantt et al., 2009; Luo and

Yu, 2010) (Figure 1). Consequently, isoprene-derived SOA will serve as cloud condensation nuclei

(CCN) and result in reduced radiative forcing over the oceans (Carslaw et al., 2010). It has been

estimated that isoprene may trigger climate cooling by contributing 5-25 percent of global of
natural SOA (Claeys et al., 2004), and this contribution is expected to be even higher in remote

oceanic regions like the Southern Ocean (Meskhidze and Nenes, 2006).
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Figure 5: Biogenic emissions from land plants, including isoprene, and their roles as SOA precur-

sors. Source: Pöhlker et al. (2012).

Distribution of isoprene across the oceans

Isoprene is produced by phytoplankton, which has been repeatedly confirmed in the field since

three decades ago (Bonsang et al., 1992; Milne et al., 1995; Broadgate et al., 1997; Baker et al.,

2000; Matsunaga et al., 2002; Shaw et al., 2003; Wingenter et al., 2004; Kurihara et al., 2010;

Kameyama et al., 2010; Kurihara et al., 2012; Tran et al., 2013; Kameyama et al., 2014; Zindler

et al., 2014; Ooki et al., 2015; Hackenberg et al., 2017). Due to this close relationship with phy-

toplankton, hot-spots of isoprene concentration have been found in biologically enriched areas,

such as coastal areas or phytoplankton blooms, specially in spring and summer seasons (Liakakou

et al., 2007; Zindler et al., 2014; Ooki et al., 2015; Booge et al., 2016; Hackenberg et al., 2017; Wohl

et al., 2020). Not surprisingly, high levels of isoprene concentration have also been measured in

experiments of iron fertilization performed in the Southern Ocean (Wingenter et al., 2004; Moore,

2006). Some areas of the ocean are still greatly under-sampled, such as the Pacific Ocean (see

compilation in Conte et al. (2020)). Overall, isoprene concentration values in the surface ocean typi-

cally range from 1 to 100 pM, with some exceptions that can reach up to 200 pM (Tran et al., 2013;

Kameyama et al., 2010). Regarding its vertical distribution, isoprene typically follows chlorophyll-a

concentrations and primary production (Hackenberg et al., 2017; Booge et al., 2018; Conte et al.,

2020), which suggest again its strong dependency on phytoplankton. Nevertheless, the number of
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field studies addressing these questions in remote oceanic areas is still quite small. This is the case

for the Southern Ocean, a region where isoprene distribution and cycling have been poorly studied

(Meskhidze and Nenes, 2006; Kameyama et al., 2010; Ooki et al., 2015; Hackenberg et al., 2017),

despite of its remoteness and the occurrence of spots of strong biological productivity during the

austral summer.

Production and degradation of marine isoprene

Isoprene production has been confirmed for microalgae (Moore et al., 1994; Milne et al., 1995;

McKay et al., 1996; Shaw et al., 2003; Exton et al., 2013; Liakakou et al., 2007; Bonsang et al.,

2010; Meskhidze et al., 2015, in total 124 isoprene production rates), macroalgae (Broadgate et al.,

2004), and microbial communities (Fall and Copley, 2000). In some of these works, isoprene

production rates by the different phytoplankton species have been normalized by chlorophyll-a and,

less frequently, cell size. The exploration of the estimated production rates per chlorophyll-a re-

veals remarkable differences of up to 2 orders of magnitude even between strains of the same

species. These differences are likely due to differences in the culture conditions, such as light and

temperature, as well as during the maintenance of cell stocks (Booge et al., 2016). On this line,

only Meskhidze et al. (2015) have tested the effects of physiological stress conditions triggered by

changes in water temperature and light irradiance over different marine microalgae species and

found that physiological acclimation may trigger enhanced production of isoprene and also monoter-

penes. These discrepancies hamper the use of these isoprene production rates to estimate global

isoprene emissions, although some studies like Dani et al. (2017) attempted to do so based on the

rates derived from two cultured diatoms. Furthermore, an additional isoprene source has recently

been suggested to occur by interfacial photoproduction in the sea-surface microlayer from organic

surfactants (McKay et al., 1996; Ciuraru et al., 2015a; Fu et al., 2015; Brüggemann et al., 2018).

Regarding the main loss processes of marine isoprene, these are believed to be bacterial
degradation and flux to the atmosphere (Palmer and Shaw, 2005; Kameyama et al., 2014; Booge

et al., 2018), over chemical oxidation by reactive oxygen species (ROS) (Riemer et al., 2000; Palmer

and Shaw, 2005; Zinser, 2018), and vertical mixing. However, the quantification of biological degra-

dation is still a pendant issue to solve the cycling of marine isoprene. On the one hand, Shaw et al.

(2003) suggested that bacterial degradation must be very small, almost negligible. On the other

hand, Alvarez et al. (2009) showed that isoprene consumption by bacteria did not exhibit first-order

dependency on isoprene concentration in samples from temperate and tropical marine ecosystems.

All in all, up to date no experiment of isoprene degradation has been performed in open ocean waters

in natural conditions, including isoprene concentrations. Recently, Booge et al. (2018) supported the

idea already stated in previous modelling studies (Palmer and Shaw, 2005; Arnold et al., 2009) that

biological degradation by bacteria can not be avoided when budgeting isoprene production and its

eventual emission to the atmosphere. In any case, isoprene occurs dissolved in seawater and is

susceptible to be consumed by marine bacteria, likely in a similar way to that found for soil bacteria

and fresh water sediments (Gray et al., 2015; Srivastva et al., 2017; McGenity et al., 2018).

43



INTRODUCTION

Modelling of marine isoprene distribution and cycling

As described previously, if we are to achieve a complete comprehension of the cycling of any marine

volatile like isoprene, we need to understand and quantify all of the processes involved. To do

that, experimental studies conducted in laboratory and field conditions are essential. Ultimately,

the outcomes of these experiments will allow constructing models to understand the distribution

and cycling of isoprene at different spatial and temporal scales. The use of models can help to

identify which are the processes and mechanisms that are still unclear and not properly quantified.

Furthermore, models make it possible to asses the sensitivity of the full cycle to changes in one or

more of its processes. Altogether, the combination of experiments and models is the way to go

to evaluate the behavior of volatiles in the ocean whose theoretical and experimental knowledge is

still limited, which is the case of isoprene.

Up to date, several modelling and remote sensing studies of global marine isoprene con-

centration and emission have been performed. These have been deeply discussed in Booge et al.

(2016) and Brüggemann et al. (2018). Since isoprene is related to marine primary production, dif-

ferent relationships have been proposed between isoprene concentration levels and environmental

variables such as chlorophyll-a and other phytoplankton pigments, temperature, and light irradiance.

Ooki et al. (2015) proposed a set of statistical models to predict isoprene concentration based on

its relationships with chlorophyll-a in different sea surface temperature regimes. In a similar way,

Hackenberg et al. (2017) explored the relationship between isoprene concentration and chlorophyll-

a, primary production and photoprotective pigments. Although these two works used the biggest

datasets available, which covered a broad latitudinal gradient, they still lacked measurements in

some important regions like the Southern Ocean. Ooki et al. (2015) provided a diagnostic equation

for polar waters, merging the measurements from the Arctic and the Southern Oceans as though

they were totally comparable in the phytoplankton sources. Hackenberg et al. (2017) proposed

a based diagnostic model for isoprene concentration specific for sea surface temperatures below

20oC. This temperature threshold greatly exceeds the temperatures of polar and sub-polar waters.

As stated previously in this section, the attempts to quantify the total emission of iso-
prene have provided different estimates with large uncertainties in terms of magnitude still unsolved.

Overall, there have been two main conceptual frameworks to tackle this questions: (1) bottom-up
estimates: based on extrapolation of observations and/or modelling of marine concentrations of

isoprene (0.1 – 1.2 Tg C yr-1); and (2) top-down estimates: estimating marine emissions needed

to account for the atmospheric isoprene concentration in the marine boundary layer (MBL) (1.5 –

11.6 Tg C yr-1). Among the bottom-up approaches, Palmer and Shaw (2005) used MODIS satel-

lite chlorophyll observations and a steady-state water column model; they assumed that air-sea

exchange is the dominant isoprene sink in the surface ocean, followed by bacterial losses. Arnold

et al. (2009) retrieved global distribution of phytoplankton functional types from remote sensing data,

which were combined with phytoplankton-specific isoprene rates (based on phytoplankton functional

types, PFT’s) to estimate isoprene concentration and emission. Gantt et al. (2009) also used PFT’s

but related the production of isoprene to photosynthetically active radiation (PAR) irradiance along

with chlorophyll-a levels. Booge et al. (2018) also provided a global map of oceanic concentrations
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and emissions of isoprene, based on remote sensing estimates of PFT. Moreover, they largely dis-

cussed the limitations of bottom-up approaches and the use of a simple statistical model to study

isoprene cycling at the global scale. As to top-down studies, Arnold et al. (2009), Luo and Yu (2010)

and Hu et al. (2013) calculated the highest global emissions (up to 11.6 Tg C yr-1), the most dis-

tant from bottom-up estimates. These discrepancies have been suggested to be due to the poor

knowledge of the marine isoprene cycle processes, which are not properly described and quan-

tified. For example, the aforementioned photochemical production or bacterial degradation. Very

recently, Conte et al. (2020) have studied the global cycling of isoprene by using the PISCES eco-

logical model (coupled to the physical model NEMO), which contains 2 phytoplankton functional

groups (PFT) with two different production rates associated based on the estimates compiled in

Booge et al. (2016) and Meskhidze et al. (2015). Furthermore, they have also tested the effects of

the inclusion of the surface microlayer production (using the isoprene production factors provided by

Brüggemann et al. (2018)) and of implementing the degradation rate as either a constant value or

linked to chlorophyll-a levels. Overall, their results agree more with bottom-up than with top-down

estimates.

All in all, these works attempting to model isoprene distribution and cycling have high-

lighted that there still is a paucity of relevant observations and experiments in the field. This

has implications for the development of simple statistical models which rely on the extrapolation

of the relationships found between isoprene concentration and environmental descriptors to the

global scale. The same applies to all the production and loss terms belonging to the marine cycle

of isoprene, which are far from being constrained, making their correct implementation in complex

ecological models still quite inaccurate.
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Ph.D Thesis objectives

In this PhD Thesis, we investigated and modelled the regional (Southern Ocean) and global cycling

of marine isoprene, focusing on its distribution, turnover and emission. To do that, we used com-

putational tools for the statistical treatment of data and for the diagnosis and prognosis through the

approximations described in the following objectives. Specifically, we combined different modelling

approaches, from remote sensing to biogeochemical modelling, gathering published and new ex-

perimental and field-work data. By using this set of models, this work has shed light on the main

inconsistencies and uncertainties of the conceptual and experimental knowledge of marine isoprene

cycling that challenge its modelling. It also pointed out which are the main processes that must be

investigated in future experiments in laboratory and fieldwork settings to achieve a global compre-

hension of the distribution and emission of marine isoprene.

1. Compilation of existing data of isoprene concentration, production and degrada-
tion; and estimation of new ones

What is the spatial and temporal distribution of isoprene concentration in the surface ocean?

Understanding isoprene cycling in the ocean requires a data-set of isoprene measure-

ments as well as physical and biological descriptors. In this PhD thesis we gathered in a common

data set the measurements of isoprene concentration published in previous works and new data

from our research projects. This PhD thesis was developed in parallel to another PhD thesis with

an experimental focus: that of Pau Cortés, PhD candidate, who was in charge of all the analytical

procedures and measurements of isoprene during our cruises. The data set resulting from the com-

pilation has a global coverage with an special focus on Southern Ocean waters. With more than

1400 observations, this is the biggest data set up to date, not only in terms of isoprene distribution

but also in its associated variables: chlorophyll-a and sea surface temperature. We used these com-

piled values of isoprene concentration and ancillary variables to study the distribution of isoprene

concentration in Southern Ocean (Chapters 1 and 2), and to validate model results (Chapters 3
and 4).

At what rates is isoprene produced by marine phytoplankton, and degraded by bacteria and
chemical reagents?

To constrain the isoprene cycling process, we compiled estimates of production and degra-

dation of isoprene from different works and calculated new values based on our own experimental

results. We estimated isoprene production rates by different PFT’s at the Lagrangian occupations

during the PEGASO cruise, by solving the full cycle of isoprene in each studied water mass, which

constitutes a novel approach. We took advantage of dark incubation experiments performed in dif-

ferent locations of the surface ocean to estimate new values of isoprene degradation rates. These

estimates of isoprene production and loss rates were used in Chapter 3 to model the cycling of

isoprene in the Southern Ocean, in Chapter 4 to assess the global production of isoprene in the

surface ocean, and in Chapter 5 to study the turnover of isoprene across different oceanic regions.
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Through combining laboratory and field estimates of isoprene cycling, we aimed to disentangle not

only how fast is isoprene produced and consumed in the oceans, but also to point which were the

main gaps of knowledge to be solved in future experimental works.

2. Exploration of statistical relationships with in situ and remote sensed environmen-
tal and biological variables in the Southern Ocean

Which are the main drivers and distribution of isoprene concentration in the Southern Ocean?

To pave the way towards developing diagnostic parameterizations for isoprene concentra-

tion in the surface waters of the Southern Ocean (SO), we used data of environmental variables

acquired simultaneously to isoprene measurements described in Objective 1. In Chapter 1, we

studied which were the main drivers of isoprene concentration in contrasting surface waters of the

SO among environmental, physical, and biological variables. We explored the potential relationships

between those parameters and isoprene levels which hold potential for the development of simple

statistical models.

Is it possible to retrieve isoprene concentrations in the Southern Ocean using remotely-
sensed variables?

Remote sensing algorithms are vital to obtain synoptic assessments of the distribution

of trace gases in the surface ocean at the regional and global scales. These type of models in-

corporate variables easily extracted from satellite data and global databases, such as chlorophyll,

temperature and mixing layer depth. In Chapter 2, we matched-up up our own in situ measurements

with remotely sensed variables obtained from MODIS Aqua products. We explored the relationship

of isoprene concentration levels and the remotely-sensed variables to develop a remote sensing

algorithm to estimate isoprene concentrations in the Southern Ocean. A model of this type can be

considered as a first step towards the development of future models to retrieve isoprene concentra-

tion from remote sensing images at the regional and global scales.

3. Ecological modelling of marine isoprene cycling in the surface ocean: from the
Southern Ocean to the Global Ocean

Which are the most relevant phytoplankton groups for isoprene production at the regional
(Southern Ocean) and global scales?

Ecological-biogeochemical models are a useful tool to study trace gas cycling and emis-

sion in the oceans. We studied (1) marine isoprene production, degradation, and emission at the

regional scale (Southern Ocean), and (2) isoprene production at a global scale. To that aim, we

took advantage of two different ecological models: ROMS-BEC for the Southern Ocean in Chapter
3 (ETH Zurich), and DARWIN-MITgcm for the Global Ocean in Chapter 4 (Massachusetts Insti-

tute of Technology). In both approaches, we used all new and published values of cycling process

rate parameters (e.g. production and degradation terms from Objective 2) and implemented them,
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and used the measurements of isoprene concentration (from Objective 1) to validate the results.

In Chapter 3, we used the ROMS-BEC model to explore the concentration and emission patterns

from the Southern Ocean. Moreover, we compared the results of using different estimates of iso-

prene production and consumption rates derived from laboratory and field work (PEGASO cruise)

to assess the predictive capacity of each approach. In Chapter 4, we addressed isoprene pro-

duction patterns at the global scale using DARWIN-MITgcm. We gathered a data set of up to 124

lab-derived isoprene production rates and used the model to assess the key phytoplankton taxa that

dominate the production of isoprene in each oceanic region. Overall, we assessed the potential

of ecological-biogeochemical models as a complementary tool to remote sensing algorithms and

statistical models to predict and understand the regional and global cycling of marine isoprene.

4. Shedding light on the turnover of isoprene in the global surface ocean

How fast is isoprene cycling in the surface ocean?

Although some processes of isoprene cycling in the surface ocean have been discussed

in previous works, their focus has been limited to the concentrations, production and emission to

the atmosphere. The degradation pathways of isoprene in the ocean are still far from being properly

constrained because no measurements exist. In Chapter 5, we used data from field measurements

and incubation experiments in different regions across the oceans to understand how fast is isoprene

produced, degraded, ventilated and mixed in the surface ocean. Moreover, we pursued the parame-

terization of the resulting values with descriptor variables such as chlorophyll-a and/or temperature,

which is essential for their application in numerical models. We quantified the relative importance of

the microbial and chemical losses with respect to the other sinks. Furthermore, we quantified the

chlorophyll-a normalized production of isoprene in the same experiments and explored its relation-

ship with sea surface temperature. With this approach, we also contributed to the debate of which is

the most appropriate method to estimate isoprene production levels: (1) using simple statistical rela-

tionships with total chlorophyll-a levels and other environmental descriptors (as pursued in Objective

2), or (2) through a PFT-based ecological modelling approach (Objective ).
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Difficulties are just things to overcome, after all.

Ernest Henry Shackleton
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Abstract

Isoprene is a biogenic trace gas produced by terrestrial vegetation and marine phytoplank-

ton. In the remote oceans, where secondary aerosols are mostly biogenic, marine isoprene emis-

sions affect atmospheric chemistry and influence cloud formation and brightness. Here, we present

the first compilation of new and published measurements of isoprene concentrations in the Southern

Ocean and explore their distribution patterns. Surface ocean isoprene concentrations in November

through April span 1 to 94 pM. A band of higher concentrations is observed around a latitude of

≈40oS and a surface sea temperature of 15oC. High isoprene also occurs in high productivity wa-

ters near islands and continental coasts. We use concurrent measurements of physical, chemical,

and biological variables to explore the main potential drivers of isoprene concentration by means of

paired regressions and multivariate analysis. Isoprene is best explained by phytoplankton-related

variables like the concentrations of chlorophyll-a, photoprotective pigments and particulate organic

matter, photosynthetic efficiency (influenced by iron availability), and the chlorophyll-a shares of

most phytoplankton groups, and not by macronutrients or bacterial abundance. A simple statistical

model based on chlorophyll-a concentration and a sea surface temperature discontinuity accounts

for half of the variance of isoprene concentrations in surface waters of the Southern Ocean.
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Graphical abstract of Chapter 1
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1.1 Introduction

Isoprene is a marine trace gas whose production in oceanic surface waters is associated with the

photosynthetic activity of phytoplankton Carpenter et al. (2012); Shaw et al. (2003); Exton et al.

(2013). When released to the atmosphere, isoprene acts as a precursor of secondary organic

aerosols with the potential capability to influence cloud formation and brightness (Meskhidze and

Nenes, 2006; Arnold et al., 2009). In remote regions of the planet, like the Southern Ocean, isoprene

may control secondary aerosol formation together with other trace gases such as DMS (Meskhidze

and Nenes, 2006; Vallina et al., 2007; Dani and Loreto, 2017). Despite its importance, there is a

large discrepancy between current estimates of isoprene emission from the global ocean, which

range from ~1 (Shaw et al., 2003) to 12 Tg C yr -1 (Luo and Yu, 2010). This discrepancy has been

suggested to be due to a hitherto overlooked source of isoprene in the ocean, as the knowledge of

its cycling processes is still rather poor (Booge et al., 2018; Alvarez et al., 2009). The existence of

significant photochemical production in the surface microlayer has been suggested from lab-based

experiments (Ciuraru et al., 2015a), but not confirmed in the field (Brüggemann et al., 2018). Better

constraining global emission estimates is quite a challenging task due to scarcity of measurements

and experiments performed in the field to better understand isoprene distribution, dynamics, cycling

rates, and drivers (Booge et al., 2018).

Due to the close association of isoprene with photosynthesis and biological production,

there have been several attempts to develop predictive tools for isoprene concentrations in the sur-

face ocean. Most of them are based on simple statistical relationships with collocated measurements

of potential predictors such as chlorophyll-a concentration, sea surface temperature, and light (Ooki

et al., 2015; Booge et al., 2016; Hackenberg et al., 2017). Other attempts to simulate either iso-

prene concentration or emission patterns have involved remotely sensed satellite products, chiefly

chlorophyll-a and sea surface temperature, in combination with simple numerical models of isoprene

production and loss rates (Palmer and Shaw, 2005; Arnold et al., 2009; Luo and Yu, 2010). The later

generation of these models have parameterized production not from total chlorophyll-a but from

the pigment shares of phytoplankton functional types (PFT) estimated from satellite ocean colour,

and the application of PFT-specific isoprene production rates determined in laboratory experiments

with monocultures (Booge et al., 2016; Dani et al., 2017).

Only a few regional studies of the drivers of isoprene production exist, which found signif-

icant paired or multiple relationships to sea surface temperature, chlorophyll-a, photoprotective pig-

ments, light, nutrients, and/or primary production (Zindler et al., 2014; Ooki et al., 2015; Booge et al.,

2016; Hackenberg et al., 2017; Booge et al., 2018). In the Southern Ocean in particular, despite its

remoteness from continental sources, and therefore the pristine oceanic origin of its aerosols, only a

few reports of isoprene measurements exist (Ooki et al., 2015; Kameyama et al., 2010; Hackenberg

et al., 2017; Wohl et al., 2020). In this work, we present new data of isoprene concentrations and

accompanying physical and biological variables from three cruises in the Southern Ocean (below

40◦S), which altogether provide an unprecedented coverage of sub-regions and contrasting envi-

ronmental conditions. Our goals are (a) to identify which areas of the Southern Ocean are most

relevant in terms of isoprene concentration, (b) to detect the main biological and abiotic drivers of
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isoprene concentration distribution across contrasting environmental conditions, and (c) to identify

which of these variables can be used as statistical predictors of isoprene concentration.

1.2 Materials and Methods

1.2.1 The PEGASO, TransPEGASO and ACE cruises

The PEGASO cruise took place on board the R/V Hesperides in the Atlantic sector of the Southern

Ocean from 2 January to 11 February 2015 (Dall’Osto et al., 2017; Nunes et al., 2019a; Zamanillo

et al., 2019a). Four locations were studied in Langrangian occupation: north of the South Orkney

Islands (NSO), southeast of the South Orkney Islands (SSO), northwest of South Georgia Island

(NSG), and west of Anvers Island (WA). In each location, surface waters were sampled over several

days by using either the uppermost (≈4 m) bottle of the rosette on SBE911+ Conductivity, Tem-

perature, and Depth (CTD) casts, which recorded temperature and salinity, or the ship’s underway

pumping system, which had the water intake located 5 m below sea level. In the latter case, sea-

water temperature and salinity were recorded continuously via the flow-through thermosalinograph

SBE21 SeaCAT (Sea Bird Scientific, Bellevue, WA, USA). The TransPEGASO cruise crossed the

Atlantic Ocean from North to South on the R/V Hesperides, between 20 October and 21 Novem-

ber 2014. Surface seawater was sampled twice a day (early morning and early afternoon) using

the same underway pumping system intake as above. Here, we only consider the measurements

conducted south of 40◦ S, i.e., on the Southwestern Atlantic shelf. The Antarctic Circumnavigation

Expedition (ACE) completed the full circumnavigation of the Southern Ocean in December 2016–

March 2017 on the R/V Akademik Treshnikov. The cruise was divided into three legs: Leg 1 from

Cape Town (South Africa) to Hobart (Tasmania), Leg 2 from Hobart to Punta Arenas (Chile), and

Leg 3 from Punta Arenas to Cape Town. Seawater samples were collected every 6 h most of the

days, using either the underway pumping system (4 m depth) or CTD casts (Henry et al., 2020).

1.2.2 Isoprene concentration measurements

Isoprene was measured along with other volatile compounds on a gas chromatography–mass spec-

trometry system (5975-T LTM GC/MS, Agilent Technologies). Aliquots of 25 mL were drawn from

the glass bottle with a glass syringe with a teflon tube, and filtered through a 25 mm glass fibre filter

while introduced into a purge and trap system (Stratum, Tekmar Teledyne). Volatiles were stripped

by bubbling with 40 mL min−1 of ultrapure He for 12 min, trapped on solid adsorbent at room tem-

perature, and thermally desorbed (250 ◦C) into the GC. Isoprene, monitored as m/z 67 in selected

ion monitoring mode, had a retention time of 2.4 min in the LTM DB-VRX chromatographic column

held at 35 ◦C. The detection limit was 1 pmol L−1, and the median analytical precision was 5%.

On TransPEGASO and PEGASO, calibration was performed by injections of a gaseous mixture of

isoprene in N2. On ACE, a liquid standard solution prepared in cold methanol and subsequently

diluted in MilliQ water was used instead.
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1.2.3 Biological, physical and environmental variables

For chlorophyll-a analyses, 250 mL (PEGASO) and 2 L (ACE) seawater samples were filtered on

glass fiber filters (Whatman GF/F), which were extracted with 90% acetone at 4 ◦C in the dark for

24 h. The fluorescence (CHL-FLUO) of extracts was measured with a calibrated Turner Designs

fluorometer (Yentsch and Menzel, 1963). No phaeopigment corrections were applied. Complete

suites of phytoplankton pigments were determined by HPLC (Nunes et al., 2019a; Antoine et al.,

2019). The CHEMTAX chemical taxonomy software was run on the pigment distributions to derive

the contribution of microalgal groups to the total chlorophyll-a biomass (ngChla L−1). Eight main

pigmentary classes were quantified: Chlorophytes (CHLO), Cryptohytes (CRYP), Dinoflagellates

(DINO), Diatoms (DIAT; Diatom types 1 and 2 were modelled and combined to one class for ACE),

Haptophytes (HAPTO; Type 6+7), Pelagophytes (PELA), Phaeocystis (PHAEO; Haptophytes type

8), and Prasinophytes (PRA). For CHEMTAX application on PEGASO pigments, see the work in

Nunes et al. (2019a). For ACE, initial pigment ratios were compiled from Rodriguez et al. (2002),

Zapata et al. (2000), Cook et al. (2011), Higgins et al. (2011), and Cassar et al. (2015) and included

a Cyanobacteria class. The ACE pigment samples were separated into 5 clusters according to hi-

erarchical clustering using Ward’s method in R version 3.5.0 and CHEMTAX v1.95 was then run on

each cluster separately 60 times to derive optimized pigment ratio matrices for each cluster before

a final 20 runs determined the final taxonomic abundances for each cluster. Pigment concentrations

were also used to compute sum of Photoprotective Carotenoids (PPC: zeaxanthin, alloxanthin, di-

adinoxanthin, and α- and β-carotenes) and the sum of the main Light Harvesting Carotenoids (LHC:

fucoxanthin, 19′-butanoyloxyfucoxanthin, 19′-hexanoyloxyfucoxanthin and peridinin), as well as the

coefficient PPC:LHC (Nunes et al., 2019a; Higgins et al., 2011).

The maximum quantum efficiency of PSII photochemistry (Fv : Fm) was continuously mea-

sured from the underway system using Fast Repetition Rate Fluorometers (FRRF): a FASTracka

(Chelsea Technologies, Surrey, UK) (Kolber et al., 1998; Royer et al., 2015) on PEGASO, and a

Fluorescence Relaxation and Induction system (FIRe, Satlantic, now Sea-Bird Instruments (Ryan-

Keogh and Robinson, 2020)) on ACE.

The abundance of heterotrophic prokaryotes (PHA) was obtained by flow cytometry, fol-

lowing standard methods after fixation with 1% paraformaldehyde plus 0.05% glutaraldehyde (Gasol

and Del Giorgio, 2000), as described in Zamanillo et al. (2019a).

In PEGASO and ACE, Particulate Organic Carbon (POC) and Particulate Organic Nitro-

gen (PON) were determined for 1 L (PEGASO) and 2 L (ACE) water samples filtered through pre-

combusted (4 h, 450 ◦C) GF/F glass fiber filters (Whatman) that remained frozen (−20 ◦C) until

further processing. Then, filters were oven dried (40 ◦C), acidified with HCl to remove carbonates

and analysed with an elemental analyser (2400 CHN, Perkin-Elmer, Waltham, MA, USA for PE-

GASO samples and Flash EA 1112, Thermo Finnigan, San Jose, CA, USA for ACE samples). Dry

blanks (measured on pre-combusted GF/F filters) were subtracted from each sample.

Daily averaged solar radiation doses (SRD) in the mixed layer were estimated during PE-
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GASO and ACE as described in (Zamanillo et al., 2019a):

SRD =
1

Kd(PAR)×MLD
×
(

1− e(−Kd(PAR)×MLD)
)

(1.1)

where Kd(PAR) is the diffuse attenuation coefficient in the euphotic zone for the PAR broadband

(400–700 nm) and MLD is the depth of the mixed layer. MLD was determined from CTD profiles as

the depth at which density was 0.125 kg m−3 higher than that at 5 m.

Concentrations of the macronutrients nitrate (NITRA), nitrite (NITRI), phosphate (PHOSP),

and silicate (SILIC) were measured in unfiltered water samples collected in 10 mL (PEGASO) or 15

mL (ACE) sterile polypropylene bottles and stored frozen (−20 ◦C) until application of standard

segmented flow analysis with colorimetric detection (Hansen and Grasshoff, 1983; Wolters, 2002;

Egan, 2008). In ACE samples, phosphate was determined manually by colorimetry (Grasshoff et al.,

2009).

1.2.4 Other data sources in the Southern Ocean

We expanded our dataset with isoprene concentration, chlorophyll-a concentration, and sea surface

temperature measurements from other cruises (Table 4.8): AMT23 & AMT23 (Hackenberg et al.,

2017), KH-09-5 (Ooki et al., 2015; Schlitzer et al., 2018), and ANDREXII (Wohl et al., 2019, 2020).

We averaged the data of AMT22 & AMT23 (Hackenberg et al., 2017) and ANDREXII (Wohl et al.,

2019) to intervals of 6 h in order to make them comparable to ACE measurements and avoid their

overrepresentation in the entire dataset. Isoprene concentrations from cruise KH-10-7 (Kameyama

et al., 2010), the other reported cruise in the SO, were excluded from our analysis as their values

were significantly higher than any other in the region, most probably due to methodological biases

(Kameyama, personal communication). Overall, our dataset consists of more than 450 isoprene

observations (Table 3.3, Figure 4.8a), making it the most complete ever compiled for the Southern

Ocean (>40◦ S).
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Table 1.1: Variables from PEGASO and ACE cruises used in this study. Data were log10-

transformed after checking their non-normality using the Shapiro–Wilk’s test. Temperature was

transformed to Kelvin degrees to avoid negative values. The last columns show the statistics of

the logarithmic regression of isoprene with all independent variables (r2: explained variance (in

bold when p-value < 0.05); p-value: levels of significance; n = sample size.). * Effective quantum

efficiency of φPSII photochemistry. "n. d." = non dimensional.

Variable Abbreviation Units Statistics

Dependent variable Isoprene ISO pmol L−1 r2 p-value Intercept Slope n

Independent variables

Chlorophyll-a (Fluorometric) CHL-FLUO µg L−1 0.34 < 0.001 1.0 0.57 173

Chlorophyll-a (HPLC) CHL-HPLC µg L−1 0.48 < 0.001 1.4 0.56 120

Chlorophytes CHLO µg Chl-a L−1 0.14 < 0.001 1.4 0.15 119

Cryptophytes CRYP µg Chl-a L−1 0.17 < 0.001 1.4 0.14 119

Dinoflagellates DINO µg Chl-a L−1 0.23 < 0.001 1.7 0.3 119

Diatoms DIAT µg Chl-a L−1 0.26 < 0.001 1.4 0.3 119

Haptophytes HAPT µg Chl-a L−1 0.17 < 0.001 1.5 0.3 118

Pelagophyceae PELA µg Chl-a L−1 0.17 < 0.001 1.7 0.29 119

Phaeocystis PHAEO µg Chl-a L−1 0.26 < 0.001 1.3 0.30 119

Prasinophytes PRA µg Chl-a L−1 0.1 < 0.001 1.5 0.21 119

Photoprotective carotenoids PPC µg L−1 0.45 < 0.001 1.6 0.41 120

Light harvesting carotenoids LHC µg L−1 0.45 < 0.001 1.5 0.62 120

PPC : LHC PPC:LHC n. d. 0.16 < 0.001 1.4 0.47 120

Fv : Fm * Fv : Fm n. d. 0.31 < 0.001 2.5 1.9 103

Prokaryotic heterotrophic abundance PHA Cells mL−1 0.02 > 0.05 169

Particulate organic carbon POC µmol L−1 0.25 < 0.001 0.02 1.07 117

Particulate organic nitrogen PON µmol L−1 0.34 < 0.001 0.9 1.03 117

Nitrate NITRA µmol L−1 0.01 > 0.05 120

Nitrite NITRI µmol L−1 0.05 < 0.05 0.8 -0.41 120

Phosphate PHOSP µmol L−1 0.001 > 0.05 120

Silicate SILIC µmol L−1 0.03 < 0.001 1.2 -0.13 120

Sea surface temperature SST Kelvin 0.002 > 0.05 166

Mixed layer depth MLD m 0.01 > 0.05 120

Solar radiation dose SRD W m−2 0.03 > 0.05 117
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Figure 1.1: Dataset of measurements compiled in this work: (a) research cruises, (b) isoprene

surface concentration, (c) chlorophyll-a concentration, and (d) sea surface temperature. A summary

of the data shown in this figure can be found in Table 3.3.

1.2.5 Statistical analysis and model development

All statistical analyses were performed using R software implemented in the platform R-studio (RStu-

dio Team, 2015). For most of the analyses r-base packages were used; other packages used for

statistics or plotting were ggplot2, ggbiblot, xts, zoo, reshape2, mapdata, maptools, mapproj, rgdal,

ggthemes, readr, and viridis.

The relationships between isoprene concentrations and collocated variables were explored

with a set of statistical analyses performed on the PEGASO and ACE datasets. After checking the

non-normality distribution of our variables using Shapiro–Wilk’s test, data were log-transformed.

First, we performed paired regression analyses between isoprene concentrations (as dependent

variable) and every biological and environmental variable available (Table 1.1). Second, we ran a

Principal Components Analysis (PCA) for all measurements after centering and scaling the vari-

ables. As PCA does not accept samples with void variables, missing values during PEGASO were

filled with the median of the Lagrangian site (PEGASO). In ACE, samples with void variables were

entirely removed form the dataset.
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We further explored the use of chlorophyll-a to develop a statistical model for predicting

isoprene levels in the PEGASO and ACE datasets. We chose chlorophyll-a because (a) it showed

the best correlation with isoprene of all the variables tested, (b) it was available in all the Southern

Ocean cruises and, hence, could be used for cross-comparisons, and (c) it can be easily measured

in future cruises or obtained from remote sensing data (Rodríguez-Ros et al., 2020b). However,

in view of the limited predictive power of chlorophyll-a, previous works had combined chlorophyll-a

and SST, with the latter not contributing as a predictor but as a threshold or breaking point for a

shifting regime of the isoprene to chlorophyll-a regression (Ooki et al., 2015; Booge et al., 2016;

Hackenberg et al., 2017). We split the TransPEGASO, PEGASO, and ACE dataset according to a

SST threshold, and computed the isoprene-chlorophyll-a regressions below and above this SST. We

assayed SST thresholds between 1 ◦C and 10 ◦C in 0.1 ◦C steps, and selected the one at which the

two regressions together explained the largest variance of isoprene concentrations. We did separate

analyses using the chlorophyll-a measured either fluorometrically or with HPLC (Table 1.1). To com-

pare our regression model to the ones previously published (Booge et al., 2016; Hackenberg et al.,

2017), we applied those models to the datasets from the AMT2, AMT 23, KH-09-5, and ANDREXII

cruises, which were not included in the model developed in this study (Figure 4.8; Table 3.3) and

compared the outcomes to the observations. The values of Root Mean Square Error (RMSE) of

predicted vs. observed isoprene concentrations were used to assess the predictive capacity of each

model:

RMSE =

√∑n
i=1 (ŷi − yi)

2

n
(1.2)

where ŷi are the predicted values, yi are the observations, and n is the sample size.

1.3 Results and Discussion

1.3.1 General patterns of isoprene surface concentration in the Southern Ocean

In Figure 4.8b, we show surface ocean isoprene concentration measurements from all cruises (see

also Table 3.3). Overall, higher isoprene concentrations occurred in waters with high temperature

(Figure 4.8d) and chlorophyll-a (Figure 4.8c). The highest concentrations (close to 100 pM) were

measured during PEGASO in the phytoplankton bloom north of South Georgia Islands (Zamanillo

et al., 2019a; Nunes et al., 2019a). In contrast, concentrations as low as 1–2 pM occurred in waters

with low chlorophyll-a content during ACE and PEGASO (Figure 4.8b,c and Figure 1.2b). Concen-

trations of isoprene during PEGASO show the largest variability among cruises, which is due to the

sampling strategy of this cruise, which aimed at blooming waters and contrasting conditions (Table

3.3). The rest of the cruises showed concentrations that rarely exceeded 50 pM (Figure 4.8b).

In the combined dataset, a hump of higher isoprene concentrations (>20 pM) is observed

at water temperatures of ≈15 ◦C and a latitude 40–45◦ S (Figure 1.2a–d). This same pattern was

already described by Ooki et al. (2015) and was attributed to the temperature range associated with

phytoplankton blooms in transitional and subpolar waters, and consequently being coincident with

the Subantarctic front. This latitudinal band, which covers a large area, is important for isoprene
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emission, more so than coastal or near island, biologically rich sites like the South Georgia and

Kerguelen blooms (Figure 1.2b,d). In most of the rest of the SO, characterized by chlorophyll-

poorer waters, isoprene concentrations are low (<15 pM). Consequently, we suggest that the 40–

45◦ S waters would be a good target for future experimental studies aiming to decipher isoprene

production, cycling, and emission rates and their seasonality in the SO.

1.3.2 Drivers of isoprene concentration in the Southern Ocean

Isoprene was significantly correlated with CHL-FLUOR and CHL-HPLC (r2 = 0.38 and 0.48, re-

spectively) across the PEGASO and ACE cruises (Table 1.1). It also correlated positively with total

light-harvesting and total photoprotective carotenoids (LHC and PPC, respectively; r2 = 0.45 in

both cases). Positive correlation extended to all phytoplankton groups analyzed, particularly di-

atoms (DIAT), Phaeocystis-like haptophytes (PHAEO), and dinoflagellates (DINO) (r2 = 0.26, 0.26,

and 0.23, respectively). Among the other biological and environmental descriptors, isoprene signifi-

cantly correlated with Fv : Fm, POC, and PON (r2 = 0.31, 0.25, and 0.34, respectively) and showed

negative but weak significant correlation with nitrite and silicate concentrations (r2 = 0.05 and 0.03,

respectively).

A multivariate PCA was performed with PEGASO and ACE data to visualize combinations

of variables that better explained isoprene patterns as well as the differences between the visited

errorregions (Figure 1.3). PC1 + PC2 explained 57% of the total variance (Figure 1.3). Essentially,

PC1 can be regarded as a “productivity” axis, contributed positively by phytoplankton-related vari-

ables and with negative weak contributions by SRD and nitrite. In contrast, PC2 represents the

physico-chemical environment, with SST and MLD on one side and macronutrients on the oppo-

site side. Note that the abundance of prokaryotic heterotrophs is strictly aligned with SST. Isoprene

contributes only to PC1, and aligns positively with proxies of phytoplankton biomass (chlorophyll-

a, POC, PON) and the biomass shares of most phytoplankton taxa, particularly diatoms. It also

aligns positively with light-harvesting capacity (LHC) and Fv : Fm, which varies with phytoplankton

taxonomy (Suggett et al., 2009), but is also a powerful indicator of the efficiency of photosystem II in

phytoplankton (Kolber et al., 1998; Behrenfeld and Boss, 2006; Royer et al., 2015). In the overall Fe-

limited Southern Ocean, spots of Fe availability, generally associated with divergence zones near

islands, show increases in productivity, phytoplankton biomass and Fv : Fm (Gervais et al., 2002;

Holeton et al., 2005; Morris and Sanders, 2011; Ryan-Keogh et al., 2013; Zamanillo et al., 2019a).

As mentioned above, these are zones of high isoprene too. Isoprene is orthogonal to PC2, meaning

that it does not contribute to the proportion of the total variance explained by this component. This

confirms what the paired regressions had indicated: isoprene shows no proportionality, either posi-

tive or negative, to macronutrients, SST, MLD, or PHA. In other oceans, phytoplankton productivity

is largely dictated by macronutrient availability; the SO, however, is generally macronutrient-replete

but limited in micro-nutrient Fe, essential for building photosynthetic machinery (Moore et al., 2013a;

Hoppe et al., 2017). Therefore, macronutrients do not contribute to the variances of phytoplankton

biomass proxies and isoprene concentration. SST is also orthogonal to isoprene; previous stud-

ies had already reported that SST does not show any covariance with isoprene concentration but

it rather defines regions of distinct isoprene variability (Ooki et al., 2015; Hackenberg et al., 2017).
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Figure 1.2: Isoprene (a and c) and chlorophyll-a (b and d) concentrations in surface waters (0 to

10 meters depth) of the Southern Ocean (> 40◦S) along with sea surface temperature and latitude

gradients for all cruises compiled in this work (Figure 4.8, Table 3.3). Blue lines show the trend of

the full dataset, while red lines represent the trend when excluding PEGASO cruise data. Notation

for latitude in (a) and (b) is decimal degrees.
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Regarding PHA, even though it has been demonstrated that heterotrophic prokaryotes can both pro-

duce (Fall and Copley, 2000) and consume (Alvarez et al., 2009) isoprene, their total abundance is

not a significant driver of isoprene concentration. It must be noted that total prokaryotic heterotrophic

abundance does not necessarily parallel prokaryotic activity, less so the activity of specific phyla po-

tentially involved in isoprene production or consumption.

The sampling sites from PEGASO and ACE are spread over the 2D field defined by PC1

and PC2, according to the contribution of the two components to the site’s total variance. PC1

splits the sampling sites between the high isoprene, chlorophyll-rich blooms of PEGASO (SG, WA,

and NSO) plus a few stations near Kerguelen visited during ACE (leg 1), and the low isoprene,

chlorophyll-poor waters generally encountered during ACE and in PEGASO SSO. PC2 distributed

sampling sites essentially according to SST, with higher SST and lower macronutrient concentrations

encountered near Hobart in the end of ACE leg 1 and the beginning of ACE leg 2, and the lowest

SST, associated with high macronutrient concentrations, located near the Antarctic coasts during

the two cruises.

Considering the paired regressions and the PCA, there is a clear pattern in the control

mechanisms of isoprene concentration in the SO, which is largely associated with phytoplankton

abundance and biological productivity (Figure 1.3). This correlation is mainly driven by the measure-

ments from PEGASO, a cruise that purposely sampled regions of high productivity, accompanied

by high isoprene concentrations. Conversely, ACE had a much less targeted cruise track, more rep-

resentative of the background conditions of the SO, and the isoprene concentrations encountered

were persistently low, except for a few sampling sites at lower latitudes, near the Kergelen-Heard

islands, or right at the Antarctic continental coast (Figure 4.8b).

The link of isoprene concentration to overall phytoplankton abundance has been repeat-

edly reported in previous works in the Southern Ocean (Wingenter et al., 2004; Meskhidze and

Nenes, 2006; Moore, 2006), and is not surprising given that isoprene production has been observed

and quantified in laboratory conditions for many phytoplankton species (Shaw et al., 2003; Bonsang

et al., 2010; Exton et al., 2013; Meskhidze et al., 2015). Diatoms, which are common bloom form-

ers, have been proposed as the main producers of isoprene in the global ocean (Dani et al., 2017).

In this work, of the phytoplankton taxonomic indicators, diatoms (DIAT) showed the strongest corre-

lation to isoprene concentrations. However, most phytoplankton groups were positively correlated to

isoprene too, including known strong isoprene producers like dinoflagellates, haptophytes, and cryp-

tophytes (Booge et al., 2016), but also including Phaeocystis-like haptophytes, which have not been

reported to be isoprene producers (Broadgate et al., 1997). This is likely due to the tight covariation

of most phytoplankton taxa throughout large sections of the cruise tracks.

Hackenberg et al. (2017) proposed a relationship between isoprene and PPC that was

even better than that with chlorophyll-a for the global ocean. As PPC are indicators of photoaccli-

matation of phytoplankton to high SRD, the tight relationship was suggestive of a photoprotective

function of isoprene, or at least of isoprene being a by-product of photoprotection in phytoplank-

ton. In land vegetation, isoprene emission as a photoprotective mechanism has been demon-

strated (Sharkey and Yeh, 2001). In the ocean, however, although a connection between isoprene
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and phytoplankton light stress has been speculated (Shaw et al., 2003; Gantt et al., 2009; Bonsang

et al., 2010; Meskhidze et al., 2015), involvement in a photoprotective mechanism has not yet been

proved (Hackenberg et al., 2017). Our observed correlation between isoprene and PPC across the

Southern Ocean (Table 1.1) could support such a photoprotective role; however, a similar corre-

lation was found with LHC, and none of the two were better than the correlation with CHL-HPLC.

In the PCA, PPC were strongly aligned with all indicators of phytoplankton biomass (Figure 1.3)

and, most importantly, they did not align with SRD, which had a minor and opposite-to-PPC con-

tribution to PC1. Therefore, we believe that the variability of PPC across our Southern Oceans

samples was less indicative of photoacclimation or photoprotection and essentially driven by total

phytoplankton abundance. The ratio PPC/LHC normalizes photoprotective capacity with respect to

the light harvesting one, hence being more appropriate to asses photoacclimation; nonetheless,

isoprene concentration only weakly correlated to PPC/LHC (r2 = 0.16, Table 1.1). Even though we

cannot discard that isoprene may be involved in phytoplankton photoprotection mechanisms, or be

a by-product of it, our results do not provide any evidence for it.
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Figure 1.3: Principal Components Analysis (PCA) results for PEGASO and ACE. Abbreviations can

be found in Table 1.1. PEGASO cruise: North of the South Orkney Islands (NSO), Southeast of the

South Orkney Islands (SSO), Northwest of South Georgia Island (NSG), and West of Anvers Island

(WA). ACE cruise: Cape Town - Hobart (Leg 1), Hobart - Punta Arenas (Leg 2), and Punta Arenas -

Cape Town (Leg 3).
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1.3.3 The predictive capacity of chlorophyll-a and sea surface temperature to iso-
prene concentration in the Southern Ocean

The ability of simple models to predict isoprene concentration in surface waters of the oceans has

been widely discussed by Booge et al. (2016) and Hackenberg et al. (2017). The global dataset of

isoprene concentrations in the surface ocean is still quite poor, challenging the creation of simple

statistical models of global applicability. The published attempts (Ooki et al., 2015; Hackenberg et al.,

2017) agree that chlorophyll-a and sea surface temperature are the best statistical predictors of iso-

prene concentrations, although other variables like other pigments, nutrients, or light hold potential

to improve the models (Gantt et al., 2009; Booge et al., 2018; Hackenberg et al., 2017). Despite

the high number of experimental approaches attempting to study the production and concentration

levels of isoprene in laboratory conditions (Shaw et al., 2003; Bonsang et al., 2010; Exton et al.,

2013; Booge et al., 2016), only a few publications have tried to model isoprene concentrations using

field data (Broadgate et al., 1997; Kurihara et al., 2010, 2012; Ooki et al., 2015; Hackenberg et al.,

2017).

Exploration of isoprene to chl-a relationships according to SST regimes, following the work

in (Ooki et al., 2015; Hackenberg et al., 2017), rendered 3.4 ◦C as the SST break point that al-

lowed to explain the largest portion of the isoprene concentration variance in PEGASO, ACE, and

TransPEGASO (Figure 1.7a–d; Table 1.2). This break point agrees with that proposed by Ooki et al.

(2015) for Arctic and Antarctic waters (3.3 ◦C). The fact that the resulting dual regression model is

based on CHL-FLUO and SST makes it comparable to the other existing models and can be easily

implemented on remote sensing measurements. Furthermore, SST and CHL-FLUO are typically

sampled on oceanographic cruises, making the application of these relationships feasible to future

datasets to test and improve their predictive capacity.

Table 1.2: Statistics of the relationships between isoprene and chlorophyll-a and sea surface tem-

perature. Data used for these analyses were sampled in surface waters of the Southern Ocean

(>40◦S) during TransPEGASO, PEGASO and ACE cruises (Table 3.3). Abbreviations van be found

in Table 1.1. *RMSE = Root Mean Square Error (see equation 1.2).

Predictor var. SST regime Equation r2 p-value RMSE (pM)* n

CHL-FLUO > 3.4oC ISO = 3.5 + 12.6 × CHL-FLUO 0.67 < 0.001 14.1 106

CHL-FLUO < 3.4oC ISO = 4.9 + 1.33 × CHL-FLUO 0.45 < 0.001 3.2 115

CHL-HPLC > 3.4oC ISO = 8.5 + 23.12 × CHL-HPLC 0.63 < 0.001 22.6 97

CHL-HPLC < 3.4oC ISO = 4.9 + 4.45 × CHL-HPLC 0.43 < 0.001 4.4 79

We examined the misfit between our model predictions and observations as a function

of the magnitude of the predictor variables (CHL-FLUO and CHL-HPLC) (Figure 1.6). For both

chlorophyll-a variables, the misfit was smaller at SST < 3.4 ◦C than at SST > 3.4 ◦C, which is

due to the boader range into higher isoprene concentrations at SST > 3.4 ◦C. The model tended

to overestimate higher isoprene concentrations as chlorophyll-a increases in both SST regimes,

and underestimate lower isoprene concentrations at low chlorophyll-a concentrations.
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To compare the predictive performance of our model with the other statistical models sug-

gested to date (Ooki et al., 2015; Hackenberg et al., 2017), we applied each of the models to the

measurements which were not used for their development (Figure 1.4). We only used CHL-FLUO

because this is the chl-a used in the published models, and there are no CHL-HPLC data available

for the rest of cruises. Our model predictions generally overestimated observations for the AMT,

KH-09-05, and ADREXII cruises, and the fit was weak (r2 = 0.26), but the slope was nearly 1 (Fig-

ure 1.4a). The overall fit to the data used to develop the model (developed from CHL-FLUO) was

r2 = 0.56 (Figure 1.4d). Conversely, the model of Ooki et al. (Ooki et al., 2015) (cruise KH-09-5)

on the AMT, TransPEGASO, PEGASO, ACE, and ANDREXII data gave a slope much lower than 1,

a weaker fit (r2 = 0.11), and severely underestimated many isoprene measurements (Figure 1.4b).

The model of Hackenberg et al. (2017) did not perform any better (r2 = 0.16, slope << 1) on the

data from KH-09-05, TransPEGASO, PEGASO, ACE, and ANDREXII, underestimating most of the

observations (Figure 1.4c).

Figure 1.4: Comparison of different isoprene statistical models based on CHLA-FLUO and SST with

measurements of isoprene concentration (Table 3.3). a: Comparison of our model (Figure 1.7a and

b). b: Comparison of the (Ooki et al., 2015) model. c: Comparison of the (Hackenberg et al., 2017)

model. d: Comparison of our model predictions with the measurements used in its development.

The cross-comparison between statistical models reveals how challenging it is to find a
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simple model with good performance in an oceanic region as heterogeneous as the SO. An expla-

nation why our model performs better than the other two models predicting isoprene concentrations

from other cruises may lay in the broader geographic span and wider chlorophyll-a range (Figure

3.10) of PEGASO and ACE together. The AMT cruises (Hackenberg et al., 2017) reached a max-

imum southern latitude of 50◦ S, without making any isoprene measurements in coastal areas or

island blooms. Ooki et al. (2015) pooled together Arctic and Antarctic data according to their SST

despite the differences between the two regions in terms of phytoplankton taxa and environmental

variables. Added to this need for a good data coverage of the SO, there is the difficulty of harmoniz-

ing the observations obtained from different cruises, methods, and operators. We compared models

based on CHL-FLUO because this was available from PEGASO, TransPEGASO, ACE, KH-05-05,

and the AMTs. On ANDREXII, however, chlorophyll-a concentrations were recorded with a sen-

sor that had been calibrated against a solution prepared with pure chlorophyll-a. In the SO, Turner

fluorometric measurements render CHL-FLUO concentrations that typically are more than twice

the CHL-HPLC concentrations (Figure 1.7e), which can be considered close to pure chlorophyll-a.

Therefore, the isoprene vs. chlorophyll-a slope of ANDREXII was higher than those of the other

cruises, and it can be anticipated that, should CHL-FLUO had been available from that cruise too,

our model validation would have given a better fit. Recently, Rodríguez-Ros et al. (2020b) devel-

oped a statistical model to estimate isoprene concentrations based on chlorophyll-a and sea surface

temperature retrieved from satellite (MODIS Aqua) matchups to the isoprene observations. The ad-

vantage of this remote sensing approach is that it overcomes the aforementioned limitations of non-

harmonized predictor data from diverse origins. Remote sensing has its own limitations, particularly

in the cloudy SO, but it offers a promising alternative to studies based purely on field measurements.

In summary, our results support the idea that the complexity of the SO, with marked frontal

zones and ephemeral or persistent presence of sea ice, land, and ice shelf coastlines, constitutes a

challenge for ecological and biogeochemical model development of any kind (Ardyna et al., 2017),

and particularly for trace gases. We have shown that, beyond an isoprene-rich band around 40◦ S,

there is a background of low isoprene concentrations (1–2 pM) on top of which local peaks occur in

shelf, polynya, and coastal waters, and island-associated blooms where phytoplankton communities

are not iron-limited (Hoppe et al., 2017; Morris and Sanders, 2011; Moore et al., 2013a). Future

efforts aiming to comprehensively describe isoprene distribution and cycling in the Southern Ocean

should consist of a combination of the PEGASO and the ACE approaches, that is, a combination of

measurements over the large low-productivity areas, across biological and physical boundaries (Ar-

dyna et al., 2017) as well as targeting for contrasting upwelling and blooming spots at different

statges of bloom development (Ardyna et al., 2019).
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Figure 1.5: Comparison of the relationship between isoprene and chlorophyll-a concentrations on

the cruises examined in this work (Table 3.3).
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1.4 Appendix

Summary of compiled cruise variables

Table 1.3: Surface isoprene concentration measurements (0 – 10 meters depth) in the Southern

Ocean (>40◦S) along the research cruises used for model comparisons (Figure 4.8): PEGASO,

TransPEGASO, ACE Expedition, AMT22, AMT23, KH-09-5, and ANDREXII. For more details, see

Rodríguez-Ros et al. (2020b).

Isoprene (pM) Chlorophyll-a (µgL−1) Sea surface temperature (oC) Southern Ocean area Cruise
Mean (Min – Max) Mean (Min – Max) Mean (Min – Max)

10.7 (2.1 – 88.4) 1.46 (0.15 – 8.70 ) 4.16 (-0.18 – 13.06) SO Circumnavigation ACE

22.4 (1.6 – 93.5) 2.42 (0.28 – 8.95) 1.45 (-0.87 – 5.38) SO and Weddell Sea PEGASO

25.3 (12.0 – 49.5) 2.59 (0.97 – 3.71) 9.97 (7.73 – 12.28) Southwestern Atlantic Self TransPEGASO

29.0 (13.1 – 57.1) 0.97 (0.55 – 1.67) 12.68 (10.46 – 14.40) SO + South Atlantic Ocean AMT23 & AMT22

9.5 (2.3 – 39.0) 0.49 (0.34 – 0.56) 1.82 (-1.45 – 14.2) SO + South Indian Ocean KH-09-5

13.5 (4.8 – 39.1) 0.33 (0.02 – 1.27) 0.91 (-1.68 – 10.63) SO + South Atlantic Ocean ANDREXII
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Residuals

Figure 1.6: Scatterplot of misfit (residuals) among observed and predicted isoprene concentration

values from PEGASO and ACE cruises cruises versus chlorophyll-a levels (Fluorometric: a and b;

and HPLC: c and d).
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Statistical relationships between isoprene concentration and chlorophyll-a concen-
tration and sea surface temperature

Figure 1.7: (a) and (b) Isoprene model based on CHLA-FLUO with the shifting regime based on a

SST threshold of 3.4oC. (c) and (d) Isoprene model based on CHLA-HPLC with the shifting regime

based on a SST threshold of 3.4oC. (e) CHLA-HPLC vs CHLA-FLUO. For these plots only data from

TransPEGASO, PEGASO and ACE cruises were used (Figure 4.8, Table 3.3). RMSE = Root Mean

Square Error (see equation 1.2).
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—No es encesario haber estado en un sitio para saberlo todo sobre él—respondía Abdul—; si no,

los marineros serían más sabios que los teólogos.

Baudolino – Umberto Eco.
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Abstract

Isoprene produced by marine phytoplankton acts as a precursor of secondary organic

aerosol and thereby affects cloud formation and brightness over the remote oceans. Yet, the marine

isoprene emission is poorly constrained, with discrepancies among estimates that reach 2 orders

of magnitude. Here we present ISOREMS, the first satellite-only based algorithm for the retrieval of

isoprene concentration in the Southern Ocean. Sea surface concentrations from six cruises were

matched with remotely-sensed variables from MODIS Aqua, and isoprene was best predicted by

multiple linear regression with chlorophyll-a and sea surface temperature. Climatological (2002-

2018) isoprene distributions computed with ISOREMS revealed high concentrations in coastal and

near-island waters, and within the 40o-50oS latitudinal band. Isoprene seasonality paralleled phy-

toplankton productivity, with annual maxima in summer. The annual Southern Ocean emission of

isoprene was estimated at 63 Gg C yr-1. The algorithm can provide spatially and temporally realistic

inputs to atmospheric and climate models.

Plain Language Summary

Isoprene is a marine trace gas with climatic relevance in remote regions of the ocean,

because it reacts readily in the atmosphere to produce aerosols (atmospheric particles) that make

clouds brighter. In the Southern Ocean, however, its regional emission is poorly quantified. We

explored the capability of satellite observations (MODIS Aqua, NASA) to reconstruct isoprene con-

centrations measured in the Southern Ocean during various oceanographic cruises. We found an

empirical relationship between isoprene and sea-surface chlorophyll and temperature, and used it to

produce regional maps of isoprene emission. The new tool presented here, named ISOREMS, en-

ables detailed exploration of the role of ocean-leaving isoprene in the Southern Ocean atmosphere.

Key points

• We present an algorithm for the retrieval of isoprene concentrations in the Southern Ocean

from remote sensing.

• Isoprene peaks in mid-summer and is highest in coastal and near-island waters and in the

40o-50oS latitudinal band.

• The annual isoprene emission from the entire Southern Ocean amounts 63 Gg C yr-1.
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2.1 Introduction

Marine aerosols control cloud micro-physics and optics over the oceans (Andreae and Rosenfeld,

2008). Trace gases of marine origin, when oxidized in the lower atmosphere, form new aerosol

particles and condense on pre-existing ones. These particles can eventually grow large enough to

act as cloud condensation nuclei (CCN), increasing cloud brightness and lifetime (Carslaw et al.,

2013). When the particle-forming oxidation products are mainly organic, the resulting aerosols are

named Secondary Organic Aerosols (SOA) (O’Dowd et al., 2004). Ocean-emitted isoprene (2-

methyl-1,3-butadiene, C5H8) contributes between 5-25 % of the natural SOA sources in the global

marine atmosphere (Claeys et al., 2004; Liao et al., 2007; Gantt et al., 2009; Luo and Yu, 2010).

Owing to its high reactivity (1–2 hours lifetime) (Medeiros et al., 2018), isoprene can impact the

chemistry of the marine boundary layer (Palmer and Shaw, 2005; Lewis et al., 2005) and cool the

climate (Claeys et al., 2004; Carslaw et al., 2013). This impact is thought to be stronger in the

Southern Ocean (SO), away from land vegetation emissions, where isoprene can act synergistically

with marine dimethylsulfide to form CCN (Meskhidze and Nenes, 2006; Vallina et al., 2007; Booge

et al., 2016; Dani and Loreto, 2017).

Although it has been suggested that, depending on the regional magnitude of its emis-

sion fluxes, marine isoprene should be taken into account in climate models (Gantt et al., 2009;

Shaw et al., 2010), this objective is currently hampered by the lack of knowledge about its drivers,

spatio-temporal distribution, and atmospheric effects (Carslaw et al., 2013). Even the magnitude of

marine isoprene emission is largely unconstrained, and there still are large discrepancies between

the bottom-up (0.085 – 1.2 Tg C yr−1; (Bonsang et al., 1992; Milne et al., 1995; Broadgate et al.,

1997; Palmer and Shaw, 2005; Arnold et al., 2009; Gantt et al., 2009; Booge et al., 2016)) and the

top-down (1.9 – 11.6 Tg C yr-1; (Arnold et al., 2009; Luo and Yu, 2010)) estimates of the global

oceanic flux. Most of the discrepancy stems from limited knowledge of isoprene production and loss

processes in sea water (Shaw et al., 2010; Booge et al., 2016, 2018; Brüggemann et al., 2018),

and the relationship between isoprene concentrations and biological and environmental parameters

(Carpenter et al., 2012; Exton et al., 2013).

Due to the scarcity of in situ data, large-scale estimates of isoprene rely on either process-

based ecosystem models or empirical models based on remote sensing data. Process-based iso-

prene parameterizations are currently limited by poor knowledge of the underlying processes. There-

fore, empirical models linking directly observed sea-surface concentrations and remotely sensed

variables offer a workable alternative for mapping isoprene, while allowing for uncertainty estimates.

According to the available observations, higher marine isoprene concentrations tend to co-occur

with phytoplankton blooms (Ooki et al., 2015). In the SO, local foci of iron supply lead to higher

productivity and are expected to result in higher isoprene, as confirmed by deliberate iron fertiliza-

tion experiments (Wingenter et al., 2004). The close relationship of isoprene to primary production

and phytoplankton biomass, further tuned by environmental drivers such as temperature and light,

has been demonstrated by both laboratory experiments and measurements at sea (Moore et al.,

1994; Milne et al., 1995; McKay et al., 1996; Shaw et al., 2003; Exton et al., 2013; Liakakou et al.,

2007; Bonsang et al., 2010; Meskhidze et al., 2015). Therefore, chlorophyll-a concentration has
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been proposed, either alone or together with temperature or light, to empirically estimate isoprene

concentration and emission from remote sensing observations (Bonsang et al., 1992; Booge et al.,

2016; Ooki et al., 2015; Hackenberg et al., 2017). In their pioneering work, Palmer and Shaw (2005)

used a mixed approach that combined MODIS (Moderate-resolution Imaging Spectroradiometer)

chlorophyll-a (CHL) observations with a steady-state water-column model, parameterizing isoprene

production from experimentally determined chlorophyll-a-specific production rates and prescribing

microbial and chemical losses at fixed rate constants. Arnold et al. (2009), Luo and Yu (2010)

and Booge et al. (2016) went a step further by using remote sensing estimates of phytoplankton

functional types (PFT) and applying PFT-specific production rates from phytoplankton culture exper-

iments.

The aforementioned models suggested that high southern latitudes are strong emitters of

marine isoprene, by concurrence of high seasonal productivity and strong winds. Therefore, several

circumstances concur in the SO that warrant a focused effort to assess isoprene emissions from

remote sensing: potential for high emissions due to productivity and wind speed, cleanliness of

the atmosphere and remoteness from continental influence. However, there has been a paucity of

measurements of isoprene concentrations in the region (Kameyama et al., 2014; Ooki et al., 2015;

Hackenberg et al., 2017). In the present work, we utilise an unprecedented dataset of isoprene

concentrations from six research voyages (two of them reported here for the first time), which collec-

tively span a much larger area than ever observed in-situ, to develop an algorithm for the retrieval of

isoprene from remote sensing in the SO. The algorithm, here used to generate monthly synoptic dis-

tributions of isoprene concentration and emission fluxes, should allow the evaluation of interannual

variability and decadal trends, and can be used to feed atmospheric models to assess ocean-climate

interactions in this sensitive and critical region of the Earth.

2.2 In situ measurements

The PEGASO cruise was conducted in January 2015 on board the RV Hesperides in waters of the

Atlantic sector of the SO, the Antarctic Peninsula and the Weddell Sea (Zamanillo et al., 2019a;

Nunes et al., 2019a; Rodríguez-Ros et al., 2020a). The ACE cruise circumnavigated the SO be-

tween December 2016 and April 2017 on board the RV Akademik Tryoshnikov (Rodríguez-Ros et al.,

2020a). During both cruises, seawater samples were collected from either the underway pumping

system (intake at ≈ 4-5 m depth) or the uppermost (≈ 5 m) bottle of the rosette on CTD casts. In

either case, 0.5 L all-glass bottles were completely filled leaving no headspace, and analyzed within

1 hour after collection. Isoprene was measured, along with other volatile compounds, on a gas

chromatography-mass spectrometry system (5975-T LTM-GC/MSL, Agilent Technologies). Aliquots

of 25 mL were taken from the glass bottle with a glass syringe with a teflon tube, and filtered through

a GF/F filter while introduced into a purge and trap system (Stratum, Tekmar Teledyne). Volatiles

were stripped by bubbling with 40 mL min-1 of ultrapure He for 12 minutes, trapped on solid adsor-

bent at room temperature and thermally desorbed (250oC) into the GC. Isoprene, monitored as m/z

67 in selected ion monitoring mode, had a retention time of 2.4 min in the LTM DB-VRX chromato-

graphic column held at 35oC. The detection limit was 1 pmol L−1. All samples were run in duplicates.
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In PEGASO, calibration was performed by injections of a gaseous mixture of isoprene in N2. In ACE,

a liquid standard solution prepared in cold methanol was used instead. In situ chlorophyll concen-

trations (CHLfluo) were determined by filtration of 250 mL (PEGASO) or 2000 mL (ACE) of sea water

through GF/F filters, extraction with cold 90% acetone for 24 h, and fluorescence measurement of

extracts on a calibrated Turner Designs fluorometer.

For model development and validation, we also compiled surface (0-10 m depth) isoprene,

CHL and temperature data from four other research cruises conducted entirely or partly in the SO (>

40◦S), namely: KH-09-5-2010 (Ooki et al., 2015), AMT23-2013 & AMT22-2012 (Hackenberg et al.,

2017), and ANDREXII-2019 (Wohl et al., 2020) (Table 3.3, Figure 4.8). Description of measurement

procedures can be found in the corresponding publications. Another cruise was discarded for this

analysis because the reported isoprene concentrations were much higher than any other cruise’s

in the region (Kameyama et al., 2014), and there is the suspicion that they had a systematic offset

(Kameyama, personal communication). A frequency distribution analysis reveals that isoprene mea-

surements of the entire data set were evenly spread across the diel solar cycle (Figure 2.5), probably

because a large proportion of the database is contributed by automated instruments or underway

measurements at high temporal resolution (ANDREXII, KH-09-5, part of PEGASO).

Figure 2.1: (a) Surface ocean isoprene concentrations from the six cruises. Note the log scale. (b)

Cruise tracks. More information in Table 3.3

2.3 Remote sensing matchups

We matched the in situ measurements (Table 3.3) with several remotely sensed variables including

chlorophyll-a (CHL), sea-surface temperature (SST), photosynthetically available radiation (PAR),

euphotic layer depth (ZEU), particulate inorganic carbon (PIC) and particulate organic carbon (POC).

MODIS-Aqua daily, 8-day and monthly composites at 4.64 km resolution were obtained from the

NASA Ocean Color Website, accessed in February 2019 (2019), https://oceancolor.gsfc.

nasa.gov/) (Table 2.2). The SO is challenging for remote sensing of ocean colour due to per-

sistent heavy clouds, presence of sea ice, and low sun angles (Neukermans et al., 2018). To over-

come the frequent satellite data gaps, match-ups were searched sequentially in order of decreasing
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spatial-temporal resolution until a valid value was found. For the time and position of each in situ

measurement, the search started with the daily single-pixel value, continued with the average of 3x3

and 5x5 pixel bins centered around it, and proceeded similarly for 8-day and monthly composites,

ensuring that the best available resolution was used (Galí et al., 2018). Finally, in situ measure-

ments that corresponded to the same satellite datum were averaged to avoid over-representation.

The resulting database of isoprene and satellite measurements was matched to the mixed layer

depth (MLD) obtained from a global monthly 1◦x1◦ climatology (Holte et al., 2017).

2.4 ISOREMS: a new remote sensing-based model to predict isoprene

concentrations in the Southern Ocean

We explored the predictive capacity of each remotely sensed variable for isoprene concentration

through linear regression analysis. The best paired relationship was with CHL (r2 = 0.15, p-value <

0.05, n = 408), followed by SST (r2 = 0.09, p-value < 0.05, n = 408). A redundancy analysis (Leg-

endre and Legendre, 2012) revealed that both CHL and SST contributed to the variance of isoprene

concentration, while other variables were highly redundant to either CHL (POC, ZEU) or SST (PAR)

(Figure 2.6). The fit improved indeed with a multiple regression model with CHL and SST together

(r2 = 0.24, p-value < 0.05). To further improve the model, we excluded three subsets that degraded

the fit disproportionately, such that a total of 327 points were retained out of 408 (80%). Two of the

subsets were removed owing to large discrepancies between in situ vs. satellite CHL, whose uncer-

tainty propagated to the regression model. This was the case with some samples from the bloom

north of South Georgia Islands, where diatoms represented more than 80% of the phytoplankton

community (Nunes et al., 2019a); under these particular conditions, standard algorithms for CHL

determination from satellite show poor agreement to in situ CHLfluo due to the interference of chloro-

phyll c pigments (Moutier et al., 2019). We also excluded from the database the cases where CHL

values fell out of the 90% confidence prediction intervals of the regression between CHL and their

CHLfluo match-ups (r2 = 0.63, p-value < 0.05); this criterion removed points where the discrepancy

could have been due either to optical reasons (which could not be assessed in the original datasets),

or to poor match-up (e.g., due to strong small-scale variability). Finally, we also excluded two cases

with CHL higher than 2 µg L−1 that were flagged outliers in the isoprene vs CHL regression. The re-

sulting multiple regression model between isoprene and CHL + SST improved after these removals

(Equation 2.1, r2 = 0.45, MAPE = 46%, RMSE = 10.6 pM, relative RMSE = 0.73, relative BIAS =

-0.5%, n = 327), and we named it ISOREMS (Isoprene Southern Ocean Remote Sensing) (numbers

in brackets show the 95% confidence interval for each coefficient, estimated as described in section

2.5):

ISO = 3.0 [1.9− 4.2] + 35.22 [29.35− 40.08] · CHL + 0.68 [0.59− 0.77] · SST (2.1)

Where ISO is predicted isoprene concentration in pM (pmol L−1), CHL is satellite-derived

chlorophyll-a concentration, and SST is satellite-derived sea-surface temperature in degrees celsius
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(oC). We note that ISOREMS is developed from observations within the following ranges: 0.04 –

1.54 µg L−1 CHL, -1.8 – 24.5oC SST, 72.42oS – 40.00oS latitude, and its applicability is uncertain

beyond these ranges. However, note that the proportion of 1x1 degree pixels with climatological

CHL > 1.54 µg L−1 is only 1.8 % in October through March and 0.7 % suring the rest of the year.

In Figure 2.2, we display the scatter plot of the predicted vs observed isoprene concentrations. In

Figure 2.7 the residuals of ISOREMS predictions are shown to explore the misfit with observations

along ranges of the potential predictor variables (CHL, SST, PAR, ZEU, PIC, POC and MLD). The

misfit between predictions and observations is typically in the range of -30 to +30 pM, with the

largest differences corresponding to six measurements from the diatom bloom in PEGASO (Nunes

et al., 2019a; Zamanillo et al., 2019a). The analysis of the residuals (Figure 2.7) does not support

the addition of any of the other potential predictors or the need for nonlinear terms in the multiple

regression.

Figure 2.2: Scatter plot of ISOREMS predictions vs. observations of isoprene concentrations.
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2.5 Validation of ISOREMS

Since all available data in the SO were used to develop ISOREMS, a random sampling approach

was taken to validate the performance of the algorithm. First a multiple regression model equivalent

to ISOREMS was performed on 80 % of in-situ isoprene and matched satellite CHL and SST dataset.

The resulting equation was then applied to the remaining 20 % of the dataset, and predicted values

were compared to observations using an array of skill metrics. We ran a total of 10,000 simulations

following this process, which provided us with robust estimates of ISOREMS coefficients and skill

metrics, along with their respective confidence intervals. Scatter plots of the randomly generated

ISOREMS coefficients (Figure 2.8a) indicate a negative relationship between the intercept and the

CHL coefficient in Equation 2.1, contrasting with the independent behavior of the SST coefficient.

This exercise reveals a trade-off in the ability of ISOREMS to fit low isoprene concentrations (more

influenced by the intercept) or high concentrations (more influenced by the CHL coefficient). More-

over, it suggests that additional predictor variables may be needed to obtain better fits. Unfortunately,

inclusion of none of the other tested variables (Table 2.2) improved ISOREMS significantly. Finally,

the histograms of the 10,000 randomly generated ISOREMS validation statistics (Figure 2.8b) are

clearly centered around the statistics obtained when fitting the entire data-set (Table 3.3). There-

fore, these statistics can reliably be used as uncertainty estimates of ISOREMS predictions on a

pixel basis.

2.6 ISOREMS implementation to compute isoprene concentrations and

emission fluxes

We implemented the ISOREMS model using monthly climatological fields of CHL and SST from

MODIS-Aqua for the period 2002-2018 from NASA Ocean Colour service (https://oceancolor.

gsfc.nasa.gov/). We then used the resulting concentrations of ISOISOREMS to calculate the air-sea

flux of isoprene (Palmer and Shaw, 2005):

FISO = kAS · (ISOw −
ISOa

KH
) ≈ kAS · ISOw (2.2)

Where ISOw is isoprene concentration in sea water, ISOa is isoprene concentration in the

air, KH is the Henry’s Law constant for isoprene, and kAS is the gas exchange velocity (cm h−1). Air-

side isoprene can be considered near zero and neglected for flux calculations because (a) isoprene

is typically largely supersaturated in the surface ocean (> 700% during ANDREXII; (Wohl et al.,

2020)), and (b) its short atmospheric lifetime (Medeiros et al., 2018) prevents that high airborne

isoprene concentrations of continental origin occurred during our sampling. For kAS we used the

Wanninkhof (2014) parameterization:

kAS = 0.251 ·< U2
10 > ·

(
SC

660

)−0.5

(2.3)
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Where < U2
10 > is the average of the square of the wind speed at 10 m (m2 s−2), and Sc is

the Schmidt number (non dimensional). We used monthly mean climatological fields of U2
10 at 1x1

degrees spatial resolution constructed from the CCMPv2 product at 0.25x0.25 degrees and 6 h res-

olution for the period 1987-2018, which includes data from many inter-calibrated satellites (all the in-

formation and the most recent estimates are available at http://www.remss.com/measurements/

wind/). To calculate Sc we used the equation proposed by Palmer and Shaw (2005):

SC = 3913.15− 162.13 · SST + 2.67 · SST2 − 0.012 · SST3 (2.4)

Where SST is in degrees celsius (oC).

2.7 ISOREMS-derived isoprene concentrations and emission in the

Southern Ocean

Our climatological monthly concentrations and air-sea fluxes of isoprene in the SO show remarkable

coupling to biological productivity, with higher values in coastal regions, such as the Antarctic and

South Atlantic Shelves, and next to subantarctic islands (Figures 2.3 and S5). This is expected from

equation (1) and consistent with previous fieldwork studies (Broadgate et al., 2004; Ooki et al., 2015;

Zindler et al., 2014; Hackenberg et al., 2017).

A band of higher isoprene concentrations and air sea-fluxes is observed around the Sub-

antarctic front (approximately between 40oS and 50oS), as already depicted by Ooki et al. (2015)

and Wohl et al. (2020). However, the air-sea fluxes show a more spread distribution than concen-

trations, with weaker gradients towards continental shelves and islands. This is consistent with the

modelling simulations of Luo and Yu (2010) and Booge et al. (2016). Monthly average concentra-

tions of ISOISOREMS in the entire SO peak in January (13 pM), and the annual mean throughout the

climatological year is 7 pM (Figure 2.4a). By latitudes, concentrations are higher in the 40-50oS

band (Figure 2.4b), reaching maximum values above 20 pM in November-December (Figure 2.4a).

The 50-60oS and 60-70oS bands also show clear seasonality, yet their annual maxima are around

16 pM in December and 15 pM in January, respectively (Figure 2.4a).

As depicted by Figure 2.3, large portions of the SO are devoid of CHL data over the months

of May through August. Consequently, isoprene concentrations cannot be computed in these areas.

Similarly, large areas lack climatological wind speeds in May through August as well as near the

Antarctic coasts all year round (Figure 2.9), impeding calculation of the air-sea flux. In order to

circumvent this lack of data and be able to estimate SO-integrated isoprene emissions, we made two

assumptions: (a) when light is not enough to allow remote sensing of CHL, we assume a minimum

isoprene concentration of 3 pM, which is the intercept of Equation 1; (b) the gaps of remote sensing

wind speed are filled with a fixed value of 7 m s−1, considered a reasonable approximation to year-

round conditions close to the Antarctic coasts (Bintanja et al., 2014). Moreover, following Peng

et al. (2013) and Meier et al. (2017) we created a mask of sea ice coverage with monthly averages
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for 2018, and assumed that isoprene emission is zero at sea ice concentrations above 10% (Galí

et al., 2019). Integrating the resulting fluxes, monthly isoprene emissions from the entire SO peak

in January (7.9 Gg C month−1, Figure 2.4c), where the highest monthly averaged isoprene fluxes

(around 50 nmol m−2 d−1) occur in the latitudinal band of 40-50oS (Figure 2.4d). Integrated over

an entire climatological year, isoprene emission in the SO amounts 63 Gg C yr−1. The latitudinal

band of 40-50oS contributes 57% of this emission, and the 50-60oS and 60-70oS bands contribute

33% and 8%, respectively. Note that the SO comprises 27% of the world’s ocean area, and our

annual isoprene emission (63 Gg C yr−1) represents 5-74% of the bottom-up emission estimates

for the global ocean (Bonsang et al., 1992; Milne et al., 1995; Broadgate et al., 1997; Palmer and

Shaw, 2005; Arnold et al., 2009; Gantt et al., 2009; Booge et al., 2016), and 0.5-3% of the top-

down estimates (Arnold et al., 2009; Luo and Yu, 2010). Therefore, ISOREMS supports the order of

magnitude of the bottom-up approaches to marine isoprene emissions.

Figure 2.3: Monthly climatology of ISOISOREMS concentration in the Southern Ocean.
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Figure 2.4: (a) Climatological seasonality of ISOISOREMS concentrations in the entire Southern

Ocean (red) and integrated by latitudinal bands (40 to 70oS). (b) Boxplot of annual mean concen-

trations of isoprene grouped by latitude. (c) Climatological accumulated emissions of ISOISOREMS

through the year. (d) Boxplot of annual mean isoprene emission fluxes grouped by latitude. In the

boxplots (b and d), the horizontal black line inside the boxes is the median, the upper and lower

limits of the boxes are, respectively, 75th and 25th percentiles; and the horizontal bars represent the

upper and lower whiskers (largest values within 1.5 times interquartile range above 75th percentile

and below 25th percentile).

2.8 Caveats of ISOREMS and future research

2.8.1 Lack of observations in a complex ocean

The surface waters of the SO are a complex mosaic in terms of biological, environmental and phys-

ical properties (Ardyna et al., 2017). Since Longhurst (1995) described oceanic biogeochemical

provinces 35 years ago, there have been several attempts to revisit that concept, reaching different

results depending on the criteria used and the purpose of the regionalization (Fay and McKinley,

2014; Ardyna et al., 2017). The conspicuous heterogeneity of the SO makes diagnostic isoprene

parameterizations strongly dependent on the distribution of data used to build the statistical model.

The paucity of measurements in the SO limited previous attempts to predict isoprene concentrations

from in-situ CHL and SST: Ooki et al. (2015) pooled together data from the Arctic and the Antarctic,

and Hackenberg et al. (2017) barely explored the northernmost area of the Atlantic sector of the SO

(Figure 4.8, Table 3.3). We significantly increased the number of isoprene observations and cov-

ered most of the biogeochemical provinces, biomes and bioregions suggested by Fay and McKinley

(2014) and Ardyna et al. (2017), yet only in summer or early fall. More observations in heavily un-

dersampled regions like the Pacific sector, and at the beginning and end of the productive season,
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are needed for a better representation of the spatial and temporal heterogeneity.

2.8.2 Uncertainties about potential sources of atmospheric isoprene from the South-
ern Ocean

In view of the enormous existing discrepancies between top-down and bottom-up approaches to

isoprene emissions, a missing oceanic source has been invoked, and interpretation of laboratory

experiments has partly attributed it to photoproduction reactions in the surface microlayer (SML),

i.e., right at the air-sea interface (Ciuraru et al., 2015b). Brüggemann et al. (2018) provided a global

map of SML isoprene photoproduction factors to calculate the relative contribution of this process

to the isoprene production by phytoplankton. Conte et al. (2020) (in review in Journal of Geophys-

ical Research - Oceans) implemented these factors in the PISCES global model and estimated

that emissions of isoprene by SML photoproduction represent up to ≈ 60% of the global emission.

Therefore, our ISOREMS emission estimates probably set a lower limit for the total emission of iso-

prene from the SO, which may increase when a sound parameterization of the SML photoproduction

is implemented. However, eddy covariance measurements of the oceanic flux of isoprene over the

open ocean at relatively high wind speeds and low light levels have found no evidence for photo-

chemical production of isoprene in the SML (Kim et al., 2017), and isoprene airborne concentrations

in the Arctic did not correlate with a proxy of SML photoproduction either ( Mungall et al. (2017)).

It also must be noted that for oceanic regions with persistent high wind speeds, like the SO, the

widespread occurrence of an SML is controversial (Brüggemann et al., 2018).

2.9 Closing remarks

• ISOREMS is the first published statistical model to predict isoprene concentrations based

solely on remote sensing data, which allows synoptic distributions of isoprene concentrations

to be computed over the entire SO.

• Similar regional models should be developed for other oceanic regions in order to predict

the global patters of isoprene concentration and its emission to the atmosphere. A mosaic

of regional models holds better potential than a single model to accurately constrain global

isoprene emissions and contribute to close the current existing gap between bottom-up and

top-down approaches.

• Our results do not resolve the aforementioned discrepancy but support the order of magnitude

of the bottom-up estimates.

• Even though the SO has areas and months of high productivity due to abundance of macronu-

trients and localised iron supply, isoprene concentrations and emissions are moderated by the

low temperatures. This does not preclude they may be important for the SOA budget in a

region that is particularly sensitive to aerosols of marine origin.
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• ISOREMS represents a useful tool to study the role of oceanic isoprene emissions in climate

and the oxidative capacity of the atmosphere over the SO.
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2.10 Appendix

Measurements of isoprene concentration

Table 2.1: Surface (0 – 10 m) isoprene concentration measurements (pM) in the SO (>40◦S) used

for ISOREMS model development. *GC-MS: Gas Chromatography-Mass Spectrometry. **PTR-MS:

Proton Transfer Reaction - Mass Spectrometry.

Mean [Min – Max] Southern Ocean Area Cruise name Method Source

10.7 [2.1 – 88.4] Southern Ocean Circumnavigation ACE GC-MS* This work

22.4 [1.6 – 93.5] Atlantic sector and Weddell Sea ACE GC-MS* This work

29.1 [13.2 – 57.1] Atlantic sector AMT22 & AMT23 GC-MS* Hackenberg et al. (2017)

9.5 [2.3 – 39.0] Indian sector KH-09-5 GC-MS* Ooki et al. (2015)

13.5 [4.8 – 39.1] Atlantic sector ANDREXII PTR-MS** Wohl et al. (2020)

Remote sensed variables

Table 2.2: Variables used in this work and their sources.

Abbreviation Name Source Units % matchup Mean [Minx – Max] Reprocessing status

ISO Isoprene concentration Table 3.3 pM – 14.6 [1.0 – 93.5] -

CHL Chlorophyll-a concentration MODIS aqua µg L−1 86.84 0.45 [0.07 – 3.20] R2018.0

SST Sea surface temperature MODIS aqua Deg. C 84.65 3.02 [-1.80 – 12.30] R2014.0

PIC Particulate Inorganic Carbon MODIS aqua Mol m-3 86.84 4.17x10−4 [1.19x10−5 - 2.5x10−3] R2018.0

PAR Photosynthetically Active Radiation MODIS aqua Einstein m−2 d−1 96.93 33.62 [8.81 – 66.49] R2018.0

POC Particulate Organic Carbon MODIS aqua mg m-3 86.40 91.85 [33.65 – 254.04] R2018.0

ZEU Depth of the Euphotic Layer MODIS aqua m 93.86 57.54 [17.71 – 112.32] R2018.0

MLD Mixing Layer Depth Holte et al. (2017) m 100 38.43 [10.98 – 145.72] R2018.0
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Solar time frequency of measurements

Figure 2.5: Number of isoprene concentration measurements over the diel cycle of solar times. Solar

times were calculated from GMT time and longitude using the solaR package on R.
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Redundancy analysis

Figure 2.6: Redundancy analysis (RDA) (Legendre and Legendre, 2012) of isoprene concentration

and remote sensing variables using vegan package on R. After checking the non-normality dis-

tribution of our variables using Shapiro-Wilk’s test, data were log-transformed. See Table 2.2 for

abbreviations.

100



CHAPTER 2. REMOTE SENSING RETRIEVAL OF ISOPRENE CONCENTRATIONS IN THE SOUTHERN OCEAN

Residuals of ISOREMS

Figure 2.7: Misfit (residuals) of ISOREMS-predictions vs. each of the potential predictive variables

tested (ISO, CHL, SST, PIC, PAR, POC, ZEU, MLD; Table 2.2). Last panel: Misfit of ISOREMS-

predictions vs. observed isoprene concentrations.
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Validation of ISOREMS

Figure 2.8: (a) Scatter-plot of the coefficients of CHL and SST and the intercepts of the multiple

linear regressions of random-sampling (80%) simulations (see text for details). (b) Histograms of the

validation statistics (r2, RMSE, relative RMSE, BIAS, percent BIAS, and MAPE) randomly generated

by the above simulations on 20% of the data. Number of simulations = 10,000.
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Climatological emission of ISOISOREMS

Figure 2.9: Monthly climatology of ISOISOREMS emission fluxes in the Southern Ocean. Blank spaces

are pixels where either satellite CHL or wind speed are lacking.
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I don’t have any particular recipe... It is like being lost in a jungle and trying to use all the knowledge

that you can gather to come up with some new tricks, and with some luck, you might find a way out.

Maryam Mirzakhani - Fields Medal winner (2014)
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Abstract

Isoprene (C5H8) is a volatile organic compound produced by vegetation on land and phy-

toplankton in the ocean. Upon emission to the atmosphere, isoprene acts as a precursor of sec-

ondary organic aerosols and influences cloud formation and microphysics. This influence is larger

in oceanic regions remote from continental emissions, like the Southern Ocean. Up to date, global

estimates of marine isoprene emissions to the atmosphere still show a substantial uncertainty, span-

ning two orders of magnitude. Using new in situ measurements of isoprene biological cycling over

Lagrangian studies in the Southern Ocean, we implemented chlorophyll-specific isoprene produc-

tion rates of three phytoplankton functional types (Diatoms, Coccolitophores and a group of Small

Mixed Phytoplankton) into a regional ecosystem model for the Southern Ocean (ROMS-BEC). Fur-

thermore, isoprene consumption rates calculated in the model were based on new experiments.

The model simulated monthly regional distributions of isoprene concentrations and emissions to

the atmosphere. We compared these model outputs with those obtained using a compilation of

published laboratory-derived PFT-specific production rates as well as prescribed consumption rates

from previous works. Altogether, isoprene concentration peaks in summer, which agrees with the

observations, although the highest concentrations are found in the latitudes from 60 to 70oS, which

disagrees with the observations. The modelled annual emission of isoprene from the SO (>40◦S)

amounts 0.071 Tg C yr−1. The model results suggest that that phytoplankton isoprene production

rates and microbial degradation rates must be better constrained if we are to improve our predictive

capacity to isoprene emission changes in the current global warming scenario.
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3.1 Introduction

Isoprene (C5H8) is a biogenic volatile organic compound produced in the biosphere by photosyn-

thetic organisms. Its main source are terrestrial plants (Zimmerman et al., 1988; Sharkey and Yeh,

2001), accounting for a flux to the atmosphere of up to 400-750 Tg C yr−1 (Guenther et al., 2006;

Müller et al., 2008). Estimated marine emissions of isoprene are 2-3 orders of magnitude lower

(0.1-11.6 Tg C yr−1, Palmer and Shaw (2005); Gantt et al. (2009); Luo and Yu (2010); Shaw et al.

(2010); Brüggemann et al. (2018)). The large discrepancies in the global marine isoprene emission

estimates can to some extent be attributed to our incomplete understanding of the magnitude and

spatio-temporal variability of marine isoprene concentrations due to limitations in data availability

(Hackenberg et al., 2017; Booge et al., 2018). Despite comparatively low marine emissions, oxida-

tion of ocean-leaving isoprene (Cui et al., 2019) represents a major source of secondary organic

aerosols (SOA) in remote marine atmospheres (Claeys et al., 2004; Meskhidze and Nenes, 2006;

Gantt et al., 2009; Luo and Yu, 2010; Huang et al., 2011; Cui et al., 2019). SOA contribute to the

pool of cloud condensation nuclei, thus affecting cloud formation properties (Moore et al., 1994) and

resulting in reduced radiative forcing and cooling or reduced warming (Claeys et al., 2004; Rosenfeld

et al., 2019). Consequently, isoprene has been highlighted as an important component for global

climate change projections (Meskhidze and Nenes, 2006; Arnold et al., 2009).

As a result of the remoteness of the Southern Ocean (SO) atmosphere from landmasses

and hence continental emissions of isoprene, its chemical and optical properties in general and

the formation of SOA in particular mainly depend on oceanic emissions (Claeys et al., 2004; Mat-

sunaga et al., 2005; Henze and Seinfeld, 2006; Meskhidze and Nenes, 2006). Some studies have

suggested that polar oceans are important sources of isoprene (Luo and Yu, 2010; Meskhidze and

Nenes, 2006), while others have shown that its emissions are restricted to productive coastal polar

waters (Palmer and Shaw, 2005; Booge et al., 2016), contrasting with a much lower contribution from

the oligotrophic polar oceans (Arnold et al., 2009; Hackenberg et al., 2017, Chapter 1). However,

measurements of marine isoprene concentration in the SO are scarce and no field-work experiments

of isoprene production and degradation have been conducted in the area, impeding a reliable ex-

trapolation from these few measurements to the regional scale. The highest isoprene concentrations

in the SO have been measured in spring and summer in coastal and highly productive areas, never

exceeding a concentration of 65 pM (Ooki et al., 2015; Hackenberg et al., 2017), or upon iron fer-

tilization experiments where isoprene was correlated with biological productivity and concentrations

increased by a factor of four in the fertilized patch (Wingenter et al., 2004). Overall, these studies

suggest that phytoplankton productivity plays a dominant role in governing isoprene concentrations.

However, there have been no studies to date of the characterization and magnitude of isoprene

cycling processes in the SO.

Isoprene production has been confirmed for microalgae (collection of ≈124 strains from

Shaw et al. (2003); Bonsang et al. (2010); Exton et al. (2013); Booge et al. (2016); Meskhidze

et al. (2015)), and macroalgae (Broadgate et al., 2004). Production by heterotrophic bacteria has

also been demonstrated (Fall and Copley, 2000) but the occurrence and significance of this pro-

cess in the ocean is unknown. Based on this relationship with biological production, three dif-
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ferent approaches have been proposed to estimate isoprene production rates by phytoplankton

functional groups (PFTs) in the oceans: using isoprene:chlorophyll-a relationships from cultured

strains, using isoprene:chlorophyll-a:irradiance functions from cultured strains, and using specific

isoprene:chlorophyll-a ratios from in situ measurements in the field. Thus, measurements of iso-

prene production by phytoplankton are typically from laboratory experiments showing remarkable

differences in the production rates across and within PFTs, varying up to 2 orders of magnitude even

between strains of the same species (Shaw et al., 2003; Exton et al., 2013; Booge et al., 2016). Only

recently, Booge et al. (2018) have estimated isoprene production rates by PFTs in field conditions,

finding discrepancies (≈ 1 order of magnitude) with the values compiled in Booge et al. (2016). Con-

cretely, they found lower values of production rates of isoprene for Prochlorococcus, chlorophytes

and diatoms; and higher rates for haptophytes and cyanobacteria (mainly Synechococcus). Further-

more, following the approach suggested by Gantt et al. (2009), Booge et al. (2018) calculated new

PFT isoprene production rates from field measurements by relating production to irradiance. Re-

garding the main loss processes of marine isoprene, they are thought to be bacterial degradation,

chemical oxidation and emission to the atmosphere, with a negligible contribution of vertical mixing

(Booge et al., 2018). However, due to the lack of in-situ experiments, the relative importance of

bacterial and chemical losses in controlling marine isoprene concentrations is still rather uncertain

(Booge et al., 2018).

Several statistical modelling and remote sensing studies have been performed on a global

scale to estimate marine isoprene emissions. Two studies have developed statistical models to pre-

dict surface ocean isoprene concentrations from environmental parameters such as light, pigments

and/or temperature (Ooki et al., 2015; Hackenberg et al., 2017), but their applicability in the SO is

uncertain as few data from this region were used in the development of the models. In parallel, top-

down estimates of isoprene emission to isoprene (balancing atmospheric observations with model

outputs) have rendered much higher values than bottom up estimates (1 or 2 orders of magnitude,

see compilation in Brüggemann et al. (2018)). Arnold et al. (2009) compared the emissions needed

to satisfy the isoprene concentration levels in the marine boundary layer generated in a global chem-

ical transport model (GEOS-CHEM) in which they implemented lab-based PFT production rates in

a remote sensing product (PHYSAT). A similar methodology (PFT and PHYSAT), but this time ex-

clusively bottom-up, was used by Booge et al. (2016) showing that the SO is a relevant area for

isoprene concentration and emission. Furthermore, there have been attempts to quantify the distri-

bution and emission of marine isoprene using remote sensing data. Palmer and Shaw (2005) were

the first to quantify global isoprene marine emissions using remote sensing data of chlorophyll-a and

sea surface temperature, and a simple model of isoprene cycling. Recently, Rodríguez-Ros et al.

(2020b) used the same satellite variables to developed an algorithm for surface isoprene concen-

tration retrieval specific for the SO. However, remote sensing products are known to have a huge

degree of uncertainty in polar waters (Neukermans et al., 2018), and specifically in the SO, due to

solar angle, heavy cloudiness and the presence of sea ice.

Prognostic modelling based on coupled physical-ecosystem models and isoprene produc-

tion and cycling rates is a challenging but potentially powerful tool to simulate global or regional

distributions of isoprene concentration and emission. Prognostic models offer the possibility to

project future and past scenarios, an essential step in the current state of global change. Since
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the uncertainty of these models will be inversely proportional to our knowledge of the cycling pro-

cesses involved, it is vital to shed light on the isoprene degradation and production processes that

remain unknown. In this study, we conducted field and modelling work with the aim to advance

our knowledge of isoprene cycling processes in the SO and build a predictive tool for isoprene dis-

tribution over the entire region. First, we measured isoprene concentrations and loss rates during

Lagrangian occupations of three oceanographic stations near the South Orkney and South Georgia

Islands, and budgeted them to estimate in situ PFT-specific isoprene production rates. Then, we

implemented these production and loss rates as an isoprene module into a physical-biogeochemical

model ROMS-BEC specifically developed for the SO (Nissen et al., 2018). The model provided

regional and seasonal distributions of isoprene concentrations and emission to the atmosphere.

3.2 Methods

3.2.1 Sampling and physical measurements

The TransPEGASO cruise crossed the Atlantic Ocean from North to South on the R/V Hesperides,

between 20 October and 21 November 2014 Zamanillo et al. (2019b); Nunes et al. (2019b). Surface

seawater was sampled using the ship’s underway pumping system, which had the water intake

located 4-5 m below sea level. All the parts of the centrifugal pump (BKMKC-10.11, Tecnium) that

were in contact with the fluid were made of polypropylene and glass. Seawater temperature and

salinity were recorded continuously via the flow-through thermosalinograph SBE21 SeaCAT (Sea

Bird Sci.). The PEGASO cruise was conducted on board the R/V Hesperides in the regions of

Antarctic Peninsula, South Orkney and South Georgia Islands from 2 January to 11 February 2015

Dall’Osto et al. (2017); Zamanillo et al. (2019a); Nunes et al. (2019a). Seawater samples were

collected from either the underway pumping system intake (same as above) or the uppermost (≈
4 m) bottle of the rosette on SBE911+ CTD casts, which recorded temperature and salinity. The

Antarctic Circumnavigation Expedition (ACE) completed the full circumnavigation to the antarctic

continent while visiting a large number of sub-antarctic islands between 20 December 2016 and 21

March 2017 on board R/V Akademik Treshnikov. In a similar way than TransPEGASO and PEGASO

cruises, surface seawater was sampled using the ship’s underway pumping system (intake located

5 m below sea level) and CTD cast deployments (Henry et al., 2020).

3.2.2 Lagrangian studies during PEGASO

During PEGASO, three regions were occupied for several days following a Lagrangian approach:

north of the South Orkney Islands (NSO), southeast of the South Orkney Islands (SSO), and north-

west of South Georgia (NSG) (Dall’Osto et al., 2017; Zamanillo et al., 2019a; Nunes et al., 2019a).

NSO and NSG were selected due to their high levels of chlorophyll-a (Chl a) based on previous 8-day

average composite images of satellite data (NASA Ocean Colour). SSO was selected for its vicinity

to the sea ice edge. To track the water bodies in NSO and NSG, WOCE (World Ocean Circulation

Experiment) standard drifters provided with Iridium communication system were used. In SSO, two
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Figure 3.1: Location of the three blooms during the PEGASO Cruise (pink circles) and track (blue

line): North of the South Orkney Islands= NSO, Southeast of the South Orkney Islands = SSO and

Northwest of South Georgia = NSG.

icebergs were used as natural Lagrangian drifters. During each Lagrangian occupation over more

than 24 hours, seawater samples were taken every 30 min. with the ship’s clean underway pumping

system, and every 4 hours with CTD casts. Surface ocean isoprene concentrations were measured

every 30 min., whereas chlorophyll-a and biomarker pigments were measured every 4 hours.

3.2.3 Phytoplankton pigments and taxonomy

For chlorophyll-a analyses, 250-mL seawater samples were filtered on glass fibre filters (Whatman

GF/F), which were extracted with 90% acetone at 4oC in the dark for 24 hours. Fluorescence of

extracts was measured with a calibrated Turner Designs fluorometer (Yentsch and Menzel, 1963).

No phaeopigment corrections were applied. Taxonomy-related pigments were measured with HPLC

as described in Nunes et al. (2019a). The CHEMTAX chemical taxonomy software was run on

the pigment distributions to derive the contribution of microalgal groups to the total Chl a biomass

(ngChlaL−1). Eight main pigmentary classes were quantified: chlorophytes, cryptohytes, dinoflagel-

lates, diatoms, haptophytes, Phaeocystis-like haptophytes, pelagophytes, and prasinophytes.
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3.2.4 Isoprene concentration

During the TransPEGASO, PEGASO and ACE cruises, isoprene was measured on a gas chromatography-

mass spectrometry system (5975-T LTM GC/MS, Agilent Technologies). Aliquots of 25 mL were

drawn from the glass bottle with a glass syringe with a teflon tube, and filtered through a 25 mm

glass fibre filter while introduced into a purge and trap system (Stratum, Tekmar Teledyne). Volatiles

were stripped by bubbling with 40 mL min-1 of ultrapure He for 12 minutes, trapped on solid ad-

sorbent at room temperature and thermally desorbed (250oC) into the GC. Isoprene, monitored as

m/z 67 in selected ion monitoring mode, had a retention time of 2.4 min in the LTM DB-VRX chro-

matographic column held at 35oC. The detection limit was 1 pmol L-1, and the median analytical

precision was 5%. In TransPEGASO and PEGASO, calibration was performed by injections of a

gaseous mixture of isoprene in N2. In ACE, a liquid standard solution prepared in cold methanol

and subsequently diluted in MilliQ water was used instead.

3.3 Isoprene cycling processes from Lagrangian series

3.3.1 The isoprene budget in the surface mixed layer

The daily change in isoprene concentration in the surface mixed layer (d ISO
dt , nmol m−3 d−1) is the

net result of production and consumption processes as described as follows:

d ISO

dt
= P− L = PPFT − LBIO − LCHEM − LATM − LMIX (3.1)

where PPFT (nmol m−3 d−1) is isoprene production by phytoplankton organisms, LBIO (nmol m−3

d−1) is the biological degradation of isoprene, LCHEM (nmol m−3 d−1) is the chemical reaction with

radicals O2 and OH; LATM (nmol m−3 d−1) is the emission of isoprene to the atmosphere, and LMIX

(nmol m−3 d−1) is the vertical mixing of isoprene.

3.3.2 Bacterial degradation and chemical oxidation rates

Isoprene biological and chemical losses rates (LCHEM & LCHEM) are defined as:

LBIO = ISO · kBIO (3.2)

LCHEM = ISO · kCHEM (3.3)

where kBIO (d−1) and kCHEM (d−1) are the respective rate constants. Previous studies have used

values of LCHEM and LCHEM derived from other gases or in other media (Palmer and Shaw, 2005;

Booge et al., 2016). Alvarez et al. (2009) provided evidence of bacterial consumption of isoprene

in temperate and tropical marine and coastal environments, but used isoprene additions orders

of magnitude higher than natural concentrations. Moore (2006) and Booge et al. (2016) used a

kBIO value of 0.06 d−1, taken from the biological degradation rate constant of methyl bromide, a
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completely different trace gas (Tokarczyk et al., 2003; Yvon-Lewis et al., 2002). More recently,

Booge et al. (2018) the need for a variable kBIO spanning at least between 0.01 and 0.1 d−1 was

invoked to close the balance between observed concentrations and a semiempirical model. All in

all, most of the studies agree that consumption by bacteria must be taken into account to estimate

isoprene concentration in the oceans (Exton et al., 2013; Booge et al., 2016). Nevertheless, no kBIO

values have been experimentally determined anywhere in the global ocean. Regarding chemical

degradation, in previous works it has been implemented as a constant kCHEM value of 0.0527 d−1

derived from reaction rate constants and estimated concentrations of reactive oxygen species in the

surface ocean (Riemer et al., 2000; Palmer and Shaw, 2005).

At the three locations of Lagrangian occupation during PEGASO (NSO, NSG and SSO;

Figure 3.1 and Table 3.1), duplicate all-glass bottles (0.5 L) were completely filled, leaving no

headspace. One of the bottles was analyzed in duplicate for isoprene within 1-2 hours after col-

lection, to set the initial concentration. The other bottle was dark-incubated for 24 hours in a tank

with constant flushing of pumped-in surface ocean water, to keep incubation temperature the same

as in situ. At the conclusion of the incubation time isoprene concentration was analysed in duplicate.

In one case (NSG), an intermediate point was sampled and analysed after 9h. In these experiments,

LBIO and LCHEM occurred simultaneously in the incubation bottle. Therefore, the observed loss over

time was, in fact, the result of both KBIO and KCHEM, and was named the loss rate constant kLOSS

(d−1) (Table 3.1). kLOSS was calculated as the slope of Ln(concentration) vs. time (Simó et al. 2020):

LBIO + LCHEM = ISO · kLOSS (3.4)

3.3.3 Air-sea exchange fluxes and rates

The isoprene flux to the atmosphere (FATM, in nmol m−2 d−1) was calculated as:

FATM = kAS · (ISOw −
ISOa

KH
) ≈ (kAS · ISOw) (3.5)

where (ISOw is the isoprene concentration in surface sea water, (ISOa is the isoprene concentration

in the air, KH is the Henry’s Law constant for isoprene, and kAS is the gas exchange velocity (cm

h−1). Air-side isoprene can be considered near zero and neglected for flux calculations because

isoprene is highly reactive in the atmosphere and it is largely supersaturated in the surface ocean.

kAS was estimated from Wanninkhof (1992):

kAS = 0.31 · U2
10

(
SC

660

)−0.5

(3.6)

where U10 is the wind speed at 10 m (ms−1), and SC is the Schmidt number (non-dimensional).

On cruises, wind speed was measured by the ships’ meteorological stations. Sc was computed as

(Palmer and Shaw, 2005):

SC = 3913.15− (162.13 · SST) + (2.67 · SST2)− (0.012 · SST3) (3.7)

where SST is in degrees Celsius (oC). FATM was determined every 30 minutes and then it was

integrated for a 24 hour period. To convert the ventilation flux FATM (nmol m−2 d−1) into the emission
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rate (LATM, nmol m−3 d−1), the flux was divided by the mixed layer depth (ZML, m):

LATM =
FATM

ZML
(3.8)

ZML was determined from CTD profiles as the depth at which density was 0.125 kg m−3 higher than

that at 5 m.

3.3.4 Vertical mixing fluxes and rates

At the three PEGASO Lagrangian occupations, the rate of vertical mixing by turbulent diffusion

(FMIX) was estimated from measured vertical profiles of isoprene concentration and the turbulent

diffusion across the pycnocline (KZ). Thus, the vertical mixing flux at the bottom of the ML (FMIX,

nmol m−2 d−1) was calculated as:

FMIX = KZ ·
(

∆ISO

∆Z

)
(3.9)

where a KZ = 2.6 m2 d−1 (or 0.3 cm2 s−1) was considered appropriate for the Southern Ocean

(Yang et al., 2013), ∆ISO (nmol m−3) was the isoprene concentration gradient across the upper

pycnocline, and ∆Z (m) was the distance covered by this gradient. To convert mixing flux into a

mixing rate (LMIX), FMIX was multiplied by the ZML (determined from the CTD profiles as above).

Depending on the location of the concentration maximum, LMIX was positive (loss term, export from

the ML) or negative (gain term, import into the ML):

LMIX =

(
KZ

ZML

)(
∆ISO

∆Z

)
(3.10)

3.3.5 PFT-specific production rates

Reordering equation 3.1 and implementing all the defined loss terms, production of isoprene (P,

nmol m−3 d−1) on each bloom is described as follows:

P =
∆ISO

d
+ ISO · kLOSS +

FISO

ZML
+

(
KZ

ZML

)(
∆ISO

∆Z

)
(3.11)

where ∆ISOw
d (nmol m−3 d−1) is the daily isoprene budget, taken as the change in isoprene concen-

tration (ISO, nmol m−3) within 24 hours, ISO (nmol m−3) is the mean of isoprene concentration in

sea water over the 24 hours.

We calculated all the terms in equation 3.11 as described (Table 3.1), and obtained the iso-

prene production rate P from each site. Isoprene is produced inside the plastids of phytoplanktonic

organisms and released into the marine environment through their cellular membrane (Dani et al.,

2017). Therefore, following Exton et al. (2013) and Booge et al. (2016), the isoprene production

rate Pi
PFT (nmol m−3 d−1) of each phytoplankton functional type (PFT i) which contributes to the

total production of isoprene (P) is considered linearly coupled to their respective chlorophyll concen-

tration (Bi
CHLA, µgL−1) through a constant rate specific to each PFT i (ρi

CHLA, nmol m−3 mgChl−1
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d−1). Consequently, the total isoprene production by all PFTs (PPFT, nmol m−3d−1) at each site was

calculated as:

P = PPFT =
3∑

i=1

ρi
CHLA · Bi

CHL (3.12)

In previous works, ρPFT
CHLA values have been obtained from laboratory culture experiments (Milne

et al., 1995; Shaw et al., 2003; Bonsang et al., 2010; Exton et al., 2013). However, these lab

experiments have the limitation of focusing on exponential growth, being conducted in conditions

regarding light, temperature and turbulence that may differ notably from conditions of the surface

SO, and being conducted with cultured strains that may behave differently from natural populations.

Instead, we took advantage of the Lagrangian approach during the PEGASO cruise to estimate

new values based on in situ measurements. In Figure 3.2 and Table 3.1 we show a synthesis

of the community composition of the different phytoplankton groups on each site (NSO, SSO and

NSG). SSO was mainly dominated by haptophytes (62.08%), NSG by diatoms (81.17%) and NSO

by a more diverse assemblage, being cryptophytes the largest contributor (32.08%). To calculate

Figure 3.2: Phytoplankton community composition based on CHEMTAX-HPLC analyses (Nunes

et al., 2019a) for the three blooms during the PEGASO cruise (See Figure 3.1: North of the South

Orkney Islands= NSO, Southeast of the South Orkney Islands = SSO and Northwest of South Geor-

gia = NSG).

ρPFT
CHLAduring PEGASO’s blooms, we solved the system of equations 3.13 formed by the isoprene
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production equation for each site (Table 3.1, Figure 3.1):

PNSO =
(

BNSO
DIAT
100 · ρ

DIAT
CHLA

)
+
(

BNSO
COCC
100 · ρ

COCC
CHLA

)
+
(

BNSO
SP

100 · ρ
SP
CHLA

)

PSSO =
(

BSSO
DIAT
100 · ρ

DIAT
CHLA

)
+
(

BSSO
COCC
100 · ρ

COCC
CHLA

)
+
(

BSSO
SP

100 · ρ
SP
CHLA

)

PNSG =
(

BNSG
DIAT
100 · ρ

DIAT
CHLA

)
+
(

BNSG
COCC
100 · ρ

COCC
CHLA

)
+
(

BNSG
SP

100 · ρ
SP
CHLA

)
(3.13)

After solving the system of equations 3.13, the resulting isoprene production rates (in nmol C5H8 mg Chl d−1)

were: ρDIAT = 12.14, ρCOCC = 10.98, and ρSP = 0.69.

Table 3.1: Parameters used to estimate the isoprene production rates of each PFT (diatoms, coc-

colitophores and small mixed phytoplankton) calculated from in situ data in three different blooms

studied in the PEGASO cruise (See Figure 3.1: North of the South Orkney Islands= NSO, Southeast

of the South Orkney Islands = SSO and Northwest of South Georgia = NSG). *Mean of kLOSS in the

PEGASO cruise experiments = 0.29 d−1.

Parameter Units NSO SSO NSG

P nmol m−3 d−1 5.63 2.24 57.87

CHLA mg m−3 1.96 0.28 5.37

PCHLA nmol mgchla−1 d−1 2.87 7.77 10.77

ISOw nmol m−3 21.75 17.55 89.31
∆ISOw

d nmol m−3 d−1 -0.14 -0.75 -9.96

kLOSS d−1 0.19 * 0.06 * 0.64 *

FATM nmol m−2 d−1 26.05 27.37 320.53

ZML m 36.70 17.85 47.35

∆C nmol m−3 -4.9 -5.6 49.5

∆Z m 15 20 56

FVENT nmol m−2 d−1 -7.96 -9.28 2.94

SRD W m−2 65 105 24

Diatoms % HPLC-CHEMTAX 10.32 8.89 81.17

Haptophytes % HPLC-CHEMTAX 10.362 62.08 7.67

Phaeocystis % HPLC-CHEMTAX 17.29 7.27 3.97

Cryptophyceae % HPLC-CHEMTAX 32.08 8.89 0.86

Prasinophytes % HPLC-CHEMTAX 9.93 1.25 1.42

Dinophyceae % HPLC-CHEMTAX 4.83 3.23 2.44

Pelagophyceae % HPLC-CHEMTAX 5.65 2.42 1.14
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3.4 An ecosystem model for isoprene concentration and emission in

the Southern Ocean

3.4.1 Description of the ROMS-BEC model and setup

We used the regional setup for the SO of the UCLA-ETH version of ROMS (Regional Ocean Mod-

eling System, Shchepetkin and McWilliams, 2005; Haumann, 2016), which is a circumpolar model

with a latitudinal range from ≈24◦S-78◦S and an open northern boundary. The spatial resolution for

this study is 0.5 degrees and the water column is divided into 64 sigma layers. The primitive equa-

tions are solved with a time step of 2700 seconds. Coupled to ROMS is an extended version of the

biogeochemical model BEC (Moore et al., 2013b), which has recently been extended by an explicit

parametrization of coccolithophores (Nissen et al., 2018) and which we further extended by an ex-

plicit parametrization of isoprene for this study. BEC resolves the cycling of all major biogeochemical

cycles (C, N, P, Si, Fe, O2) and includes four PFT’s (diatoms, coccolithophores, mixed small phyto-

plankton and diazotrophs), whose growth and loss parameters are chosen based on available in-situ

and laboratory studies (see Nissen et al., 2018). Furthermore, BEC includes one zooplankton PFT

which grazes on all phytoplankton groups and which is parametrized to describe the characteristics

of both microzooplankton and macrozooplankton (Moore et al., 2002; Sailley et al., 2013). A more

detailed description of the SO setup of ROMS-BEC used here can be found in Nissen et al. (2018).

Our model setup is identical to the one described in Nissen et al. (2018) regarding its at-

mospheric forcing, boundary and initial conditions, and BEC parameters. But in the present work,

we used a lower horizontal resolution (0.5 as compared to 0.25 degrees in Nissen et al., 2018).

For the initial conditions of isoprene, we computed surface isoprene concentration values by ap-

plying the equation proposed by Hackenberg et al. (2017) for surface waters with a temperature

below 20 ◦C (Equation 3.14) to MODIS Aqua monthly climatologies of sea surface temperature and

chlorophyll-a concentration (9x9 km spatial resolution, MODIS Aqua, "NASA’s OceanColor Web",

https://oceancolor.gsfc.nasa.gov/):

ISO = 33.2 · ×[Chl− a,mg m−3] + 13.7 (3.14)

The mean value supplied for surface ocean waters over the antarctic summer period (December,

January and February) was 23.07 pM (>40◦S), which lies within the range of in situ measurements

(9.48 - 29.05 pM, Table 3.3). Below the surface, for both initial fields and the boundary conditions,

we assumed a constant value of 0.001 pM. Same as in Nissen et al. (2018), we first did a physics

only spin up of 30 years and, thereafter, we ran the coupled ROMS-BEC setup for another 20 years,

of which a monthly climatology over the last 5 full seasonal cycles was analyzed.

3.4.2 An isoprene module for ROMS-BEC

In ROMS-BEC, changes over time of isoprene concentrations in sea water (ISO, pM) result from

the balance of its production (P, nmol m−3 d−1) and loss rates (L, nmol m−3 d−1), as described in
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equation 3.1 in previous sections. Isoprene is generally produced by the phytoplankton PFTs (PPFT,

nmol m−3 d−1) and is lost via biological degradation by bacteria (LBIO, nmol m−3 d−1), chemical

reaction with radicals O2 and OH (LCHEM, nmol m−3 d−1), and emission to the atmosphere (LATM,

nmol m−3 d−1, equation 3.8, following Wanninkhof (1992)). Finally, LMIX, the vertical mixing of iso-

prene, which was dynamically resolved in ROMS-BEC. In our BASELINE ROMS-BEC configuration,

kBIO and kCHEM are implemented together as kLOSS = 0.29 d−1 (BASELINE, Table 4.2), which is the

average of the three values obtained from incubations at the three Lagrangian sites of the PEGASO

cruise (Table 1; Simó et al. 2020). Note that these experimental results spanned on order of magni-

tude (0.06–0.64 d−1), which is indicative of the limitations of using fixed values for kBIO and kCHEM.

In our BASELINE simulation we used a fixed isoprene degradation rate derived from a variety of

biological and environmental conditions in the region. In some of our other simulations, we used the

values previously proposed in other regions of the global ocean (0.01–0.06 d−1, see below).

3.4.3 BASELINE simulation and model experiments

To study the effects of parameter choices on model outputs, we performed a set of modelling ex-

periments where we implemented one or another method of isoprene production estimation, or

one or another kBIO (Table 4.2). These experiments were grouped in four categories: BASELINE

(where PFT-specific production rates as well as kLOSS were the ones experimentally determined

in PEGASO); Direct (which differed from the BASELINE in that two extremes of kBIO were taken

from previous works, while kCHEM was fixed); Laboratory (which incorporated light-independent

variable PFT-specific production rates from laboratory experiments); and Light (which incorporated

light-dependent, variable PFT-specific production rates from laboratory experiments). The modelling

experiments are summarized in Table 4.2. The PFT Chl a shares required to apply specific pro-

duction rates upon, were provided by the ROMS-BEC simulations. We excluded diazotrophs in the

calculation of isoprene production since their contribution to the total phytoplankton biomass in the

model is negligible at latitudes higher than 40 ◦S (Hirata et al., 2011; Nissen et al., 2018) (Figure

3.19).

For Laboratory experiments, we implemented values of ρPFT
CHLA derived from the ones com-

piled in Booge et al. (2016) (Laboratory, Table 4.2). These rates were obtained as the daily increase

of isoprene per unit or chlorophyll-a during the exponential growth phase of phytoplankton cultured

strains. We averaged the individual values of ρPFT
CHLA for each of the three PFT’s selected in ROMS-

BEC (diatoms, coccolitophores and small phytoplankton), only considering species known to occur

in the SO (LAB, Table 4.2). Thus, for diatoms we used the values belonging to the "cold adapted

diatoms" field, while for coccolitophores we used the values of Emiliana huxleyi strains, since it is the

dominant species among SO coccolitophores (Saavedra-Pellitero et al., 2014; Balch et al., 2016).

Lastly, for small mixed phytoplankton communities we used Chlorophyceae species values. We also

implemented the minimum and maximum ρPFT
CHLA values for every PFT present in polar waters among

the values provided in Booge et al. (2016) (runs RHO.LOW and RHO.HIGH, respectively, in Table

4.2). Moreover, we used the specific value for "Diatoms of the Southern Ocean" compiled in Booge

et al. (2016) (DIAT.SO, Table 4.2). Then, for Laboratory experiments we also tested the kBIO values

of 0.01 and 0.06 d−1. For Direct experiments, since the values used in our BASELINE obtained
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during the PEGASO cruise are unique, we just varied the value of kBIO based on the reported in

literature (Booge et al., 2016) (Direct, Table 4.2). For Light experiments, we calculated and imple-

mented the values of ρPFT
CHLA retrieved from the light emission factors provided by Gantt et al. (2009)

and Booge et al. (2018), following the equation 3.15 (Light, Table 4.2). This parametrization uses an

unique factor for each PFT (EF), which relates with the intensity of PAR radiation (I, µE m−2 d−1).

ρPFT
CHLA = EFPFT ∗ ln(SRD ∗ 2)2 (3.15)

During PEGASO, the solar radiation dose was calculated at every sampling site using equation 3.16,

where I is the average surface intensity radiation in the 24 hours previous to sampling (Wm−2), k is

the light attenuation coefficient (m−1), and ZML is the mixed layer depth (m):

SRD =
I

k · ZML
· (1− e−k·ZML) (3.16)

The phytoplankton community of NSG was dominated by diatoms (81 %, Figure 3.2), and SSO by

Haptophytes (69 %, Figure 3.2). Therefore, we made the assumption that PCHLA of NSG and SSO

are equal to ρDIAT
CHLA and ρCOC

CHLA , respectively. Then, we applied the EF values from (Gantt et al., 2009)

and (Booge et al., 2018): 0.0064 and 0.042 for NSG, and 0.0099 and 0.019 for SSO (Table 4.2).

Finally, we estimated ρSP
CHLA from NSO using the EF values resulting of taking into account together

Chlorophytes, dinoflagellates and Cryptophytes: 0.015 and 0.028 (Table 4.2). We chose NSO for

ρSP
CHLA calculation since it had the most diverse representation of the different PFT’s belonging to the

small phytoplankton category. Since the values of ρPFT
CHLA used Light experiments were calculated

with the same measurements as for Direct experiments, we also tested the effects of implementing

kCONC.

Table 3.2: Overview of model parameters used in BASELINE simulation and model experiments.

Annual means of isoprene concentration (0-10 m), and integrated annual flux values in surface

waters are shown for latitudes > 40◦S.

Run name ρDIAT
CHLA ρCOC

CHLA ρSP
CHLA kBIO kCHEM Flux Concentration

nmol C5H8
mg Chl ·d

nmol C5H8
mg Chl ·d

nmol C5H8
mg Chl ·d d−1 d−1 Tg C yr−1 nmol m−3

BASELINE 12.14 10.98 0.69 kLOSS = 0.297 0.071 68.92

Direct
DIRECT 12.14 10.98 0.69 0.06 0.0527 0.142 143.17

DIRECT.KBIO.LOW 12.14 10.98 0.69 0.01 0.0527 0.199 207.81

Laboratory

LAB 2.06 5.54 5.73 0.06 0.0527 0.045 46.12

KBIO.LOW 2.06 5.54 5.73 0.01 0.0527 0.044 40.57

RHO.LOW 0.56 1.00 1.4 0.06 0.0527 0.0077 7.15

RHO.HIGH 9.36 11.2 9.66 0.06 0.0527 0.119 115.67

DIAT.SO 1.21 5.54 5.73 0.06 0.0527 0.021 17.83

Light

EF.BOOGE 1.2 2.5 3.5 0.06 0.0527 0.017 16.13

EF.BOOGE.KBIO.NEW 1.2 2.5 3.5 kLOSS = 0.297 0.0078 7.69

EF.BOOGE.KBIO.LOW 1.2 2.5 3.5 0.01 0.0527 0.025 23.61

EF.GANTT 7.8 4.9 6.5 0.06 0.0527 0.095 94.91

EF.GANTT.KBIO.NEW 7.8 4.9 6.5 kLOSS = 0.297 0.041 45.50

EF.GANTT.KBIO.LOW 7.8 4.9 6.5 0.01 0.0527 0.134 138.06

The BASELINE simulation produced the maximum isoprene concentrations (sometimes

exceeding 100 pM) in spring and summer periods in coastal and blooming areas, mostly occurring

124



CHAPTER 3. ECOLOGICAL MODELLING OF MARINE ISOPRENE IN THE SOUTHERN OCEAN

within the 60–70 ◦S latitudinal band (Figures 3.3 A and B, and 3.15). This distribution parallels

the distribution of diatoms, which dominate the phytoplankton community across the SO in ROMS-

BEC (Nissen et al., 2018) (Figures 3.18). Our BASELINE simulation gave a year-averaged surface

concentration of 68.9 pM (Table 4.2), which is high in comparison with the existing measurements

(Table 3.3). Among all experiments, the highest annual mean isoprene concentration was obtained

by DIRECT.KBIO.LOW (207.81 pM, Table 4.2), which is far off the mean of observations (Table 3.3).

In contrast, the lowest annual mean isoprene concentrations were obtained by RHO.LOW (7.15 pM,

Table 4.2) and EF.BOOGE.KBIO.NEW (7.69 pM,Table 4.2). These values are rather low compared

with the mean of observations (Table 3.3).

Regarding the emission of isoprene, the highest values were also obtained during the

summer period but their spatial patterns showed differences with isoprene surface concentration.

Fluxes of isoprene peak at lower latitudes than isoprene concentration (40-60◦S, Figure 3.3 C and

3.14), where wind speed and sea surface temperature are higher, and sea ice is not present all over

the year (Haumann, 2016). This contrasting geographical pattern between isoprene concentration

and fluxes reflects the dominance of the open ocean over the coastal areas or islands for the annual

emission of isoprene from the SO in contrast to other oceans, agreeing with previous works (see

Figure S2 in Booge et al. (2016)). Among the model experiments, the highest isoprene fluxes of

isoprene were simulated in the experiment EF.GANTT.KBIO.LOW (0.199 Tg C yr−1) and DIRECT

(0.142 Tg C yr−1), while the lowest in RHO.LOW (0.0071 Tg C yr−1) and EF.BOOGE.KBIO.NEW

(0.0078 Tg C yr−1), with differences that reached to 2 orders of magnitude (Table 4.2).
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Figure 3.3: Overview of the mean isoprene surface (0–10 m) concentration (a), chlorophyll-a

biomass (c) and isoprene emission (e) patterns in ROMS-BEC from the BASELINE run (Table 4.2).

Boxplots representing the latitudinal distribution of the year integration of isoprene surface concen-

tration (b), total chlorophyll-a biomass (d) and emission of isoprene (f). In the boxplots only values

within percentile 5% and 95% are shown.

Direct

The biggest changes in surface isoprene concentration were simulated when applying the value

of ρPFT
CHLA calculated form the PEGASO cruise, due to the change of kBIO from 0.297 d−1 to 0.06

d−1 and 0.01 d−1, in DIRECT and DIRECT.KBIO.LOW respectively (Table 4.2). Thus, these runs

triggered an increase in isoprene concentration of 108% (DIRECT) and 202% (DIRECT.KBIO.LOW)

(Figure 4.7a). We also observed that changes in isoprene concentration in DIRECT.KBIO.LOW and
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DIRECT runs showed their highest values in the latitudinal bands of 60-70◦S (Figure 4.7a).

Laboratory

Among all the experiments performed using the values of production and degradation rates from

Booge et al. (2016), RHO.HIGH resulted in the highest changes in isoprene concentration in surface

waters of the whole SO (68%, Figure 4.7c). When looking at latitudinal differences, we observed that

RHO.HIGH triggers a more intense effect on isoprene concentrations at low latitudes (40-50◦S, 68%,

Figure 4.7c), rather than higher ones (60-70◦S, 65%, Figure 4.7c). In contrast, isoprene concentra-

tions in surface waters decreased in runs RHO.LOW and DIAT.SO (-41% and -74%, respectively,

Figure 4.7c). However, latitudinal differences in RHO.LOW run are much more smaller than the

ones for RHO.HIGH (40-50◦S: -88%, and 60-70◦S: -90%, Figure 4.7c). Finally, setting kBIO to 0.01

d−1 (KBIO.LOW) increased, respectively, the concentration or surface isoprene in the SO but in a

weaker way than when increasing the production rates by diatoms (Figure 4.7c).

Light

When incorporating the values of kBIO and ρPFT
CHLA derived from PEGASO following the light approach

described in Gantt et al. (2009) and Booge et al. (2018), we observed dramatic changes in isoprene

concentration, reaching up to more than 100% (60-70◦S, EF.GANTT.KBIO.LOW, Figure 4.7b). The

highest isoprene concentrations were obtained when implementing the light approach values de-

rived from the factors from Gantt et al. (2009) (EF.GANTT and EF.GANTT.KBIO.LOW, 38% and

100%, respectively, Figure 4.7b). In contrast, when using the light factor from Booge et al. (2018)

we observed a decrease in isoprene concentration levels (EF.BOOGE, EF.BOOGE.KBIO.LOW and

EF.BOOGE.KNEW: -77%, -66%, and -89%, respectively, Figure 4.7b), which are values similar to

RHO.LOW (Figure 4.7A). However, the simulated change in the lat bands is different across simu-

lations. Thus, while EF.BOOGE and EF.BOOGE.KBIO.LOW triggered the biggest effects between

40-50◦S, EF.BOOGE.KNEW showed the biggest changes in the latitudinal band of 40-50◦S. Over-

all, the runs using the light factors from Gantt et al. (2009) gave higher isoprene concentrations

even when applying the highest kBIO (kBIO = 0.29 d−1, Table 4.2). Finally, in EF.GANTT.NEW run

simulated isoprene levels in the latitudinal band of 50-60◦S were higher than in the other latitudes.
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Figure 3.4: Changes in annual mean isoprene concentration (0-10), as percent difference, among

all experiments (a: In situ - Direct; b: In situ - Light; c: Laboratory) (Table 4.2) for all latitudes

higher than 40◦S, and 10◦ latitudinal bands (40-50◦S, 50-60◦S, 60-70◦S). BASELINE run is taken

as reference (white color in a, b and c). d: Sensitivity Analysis results of BASELINE simulation to

changing parameter by ±50% (Table 3.4). The state variable selected to that aim was isoprene

concentration. Black bars indicate that an increase of the parameter causes an increase of the

state variable, while grey bars indicate that an increase of the parameter causes a decrease of the

variable state.

3.4.4 Model evaluation

For the model evaluation, we compiled a data set of isoprene concentrations in the SO (>40◦S) from

six different cruises (Table 3.3): ACE (Antarctic Circumnavigation Expedition), PEGASO (South

Georgia Island, South Orkney Islands and Antarctic Peninsula), TransPEGASO (South Atlantic

Ocean, Nunes et al. (2019b), Zamanillo et al. (2019a)), AMT23 & AMT23 (South Atlantic Ocean and

SO, Hackenberg et al. (2017)), KH-09-5 (South Indian Ocean and SO, Ooki et al. (2015); Schlitzer

et al. (2018)), and ANDREXII cruise (Wohl et al., 2019). In total, this data set amounts up to ≈ 330

observations in the SO (Figure 3.6), making it the most complete data set compiled for this oceanic

region (>40◦S) up to date. It covers all latitudes and longitudes of the SO (Figure 3.6 A), and in-

cludes some sub-antarctic islands. Nevertheless, some areas are still greatly under-sampled, mostly

the Pacific sector of the SO.

In ROMS/BEC, the highest values of isoprene concentration were found in highly produc-
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Figure 3.5: Global estimates (light blue) vs estimates from this work (blue). Dash lines in the results

from this work represents the maximum and minimum values of isoprene emission from our experi-

ments. The estimates from published works included in this graphs are bottom-up approaches.

Table 3.3: Surface isoprene concentration (0 – 10 m, pM) in the SO (>40◦S) along the research

cruises represented in Figure 3.6 A: PEGASO, TransPEGASO, ACE Expedition, AMT23, AMT22,

KH-09-5 and ANDREXII.

Range (Mean) Southern Ocean Area Cruise

2.12 – 88.38 (10.68) Southern Ocean Circumnavigation ACE Expedition

1.6 – 93.46 (22.42) South Atlantic Ocean and Weddell Sea PEGASO cruise

12.01 – 49.52 (25.25) Southwestern Atlantic Self TransPEGASO cruise

13.15 – 57.14 (29.05) South Atlantic Ocean AMT23 & AMT22 cruises

2.3 – 39.03 (9.48) South Indian Ocean KH-09-5

4.82 – 39.07 (13.53) South Atlantic Ocean ANDREXII

tive waters being especially high in large scale bloom and coastal areas of Antarctica, contrasting

with a low concentration background in most of the open ocean (Figure 3.6 A, Figure 3.3 A and B,

Figure 3.22, and Table 3.3). Regarding the depth distribution of isoprene concentrations, the highest

values were typically confined above 20 meters depth (Figure 3.15). In fact, ≈ 80% of isoprene

production was constrained to the first 10 meters depth (data not shown, Figure 3.16).

In the BASELINE simulation, there is a strong discrepancy between model results and

observations regarding the latitudinal pattern. We noticed that there is a bias in the dataset, with

many more observations in the latitudes where ROMS-BEC yields the highest isoprene concentra-

tions (> 60◦S, Figure 3.6 B). We also observed that our model overestimates concentrations at high

latitudes (> 60◦S) and, in contrast, underestimates at low latitudes (40-50◦S, Figure 3.6C). The best

agreement between observations and model results was found at latitudes of 50 and 55◦S (Fig-
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ure 3.6 C). Pairwise comparison showed that model outputs and observations of isoprene surface

concentrations fall within the same overall range (0-150 pM). However, differences up to 2 orders of

magnitude were found (Figure 3.6 D). When the published statistical models (Ooki et al., 2015; Hack-

enberg et al., 2017) were pairwise compared to observations, the models generally overestimated

concentrations, more so with the lowest observed concentrations (Figure 3.6 E and F).

The patterns of simulated phytoplankton biogeography were comparable in the setup for

this work and for Nissen et al. (2018) (compare Figure 3.3 B to Figure 1a in Nissen et al., 2018)

showing the same positive bias of chlorophyll-a and sea surface temperature in high latitudes (Nis-

sen et al., 2018) (Figure 3.3 A). In our ROMS-BEC configuration, diatoms were the main contributor

to biomass of total chlorophyll-a in the SO (Figures 3.3 and 3.18). Concretely, they represented the

93.45% in terms of chlorophyll-a, are the strongest producers of isoprene representing the 98.01%

of the total production in the Southern Ocean (Figure 3.7). Small mixed phytoplankton were the sec-

ond contributors (4.83% of total isoprene production, 0.32% of chlorphyll-a in ROMS-BEC), while

coccolitophores were the lowest contributors among the three modelled PFT’s (1.72% of total pro-

duction, 1.67% of chlorphyll-a). While coccolithophore biogeography looked different from that of

diatoms, showing higher values at 40-50◦S in summer, covering the area known as the "Great Cal-

cite Belt" (Balch et al., 2011), small phytoplankton peaked in high latitudes (60-80◦S). Regarding

the seasonal patters, the highest values of diatom biomass (monthly integrated mean values up to

5 µg L−1) and chlorophyll-a concentration occurred in December in the latitudinal band of 60-70◦S

and, with a lower magnitude, also in the band 70-80◦S that includes coastal Antarctica (Figure 3.15).

This pattern matched the peaks of modelled isoprene concentration and production in the summer

period, indicating that diatoms are the main drivers of isoprene in the model. A more detailed de-

scription of phytoplankton biogeography in the SO and its implementation in ROMS-BEC model can

be found in (Nissen et al., 2018).

130



CHAPTER 3. ECOLOGICAL MODELLING OF MARINE ISOPRENE IN THE SOUTHERN OCEAN

3.4.5 Sensitivity experiments

To assess the sensitivity of the simulated isoprene concentration levels to critical parameters, we

conducted a set of sensitivity analysis (SA) experiments by increasing/decreasing each parameter

(k ) by 50% in our BASELINE configuration (Table 3.4). Since the focus of this study were the surface

concentrations and the fluxes to the atmosphere, we restricted the analysis to the upper 10 meters

of the SO for all sensitivity simulations performed to our BASELINE simulation (Table 4.2). Further-

more, it is in the first ten meters where the highest concentration of the three PFTs implemented in

ROMS-BEC are found (Figure 3.18, 3.20, and 3.21). Therefore, we quantified the sensitivity as a

change in annual means of isoprene concentration integrated over the upper 10 meters, since (1)

it reflects the available isoprene to be transferred to the atmosphere and (2) isoprene production

is typically constrained to surface waters (in our BASELINE simulation, 67 % of the total isoprene

production (data not shown) occurred within the first 10 meters of the water column); and (3) all

of our in situ measurements to validate the model lie within the first ten meters of the surface SO

(Section 3.4.4). The SA index, describing the percentage change of a target model output variable

when varying an initial model parameters value, was taken from Le Clainche et al. (2004) and was

defined as follows:

Sk =
ISOkmax − ISOkmin

ISOBASELINE
∗ 100 (3.17)

where ISOkBASELINE
, ISOkmax and ISOkmin

are the annual means of isoprene concentration integrated

over the upper 10 meters obtained for the each sensitivity simulation (Table 3.4): BASELINE (refer-

ence value of parameter k ), 50% increase in the parameter k (kmax = 1.5 ∗ k), and 50% decrease

in the parameter k (kmin = 0.5 ∗ k). All sensitivity runs start from the common spin-up described in

section 3.4.1 and only differ in the chosen isoprene production or loss rates (Table 4.2). Each of

the sensitivity simulations was started from the 10-year restart file of the BASELINE run, and then

run for ten years. As for the BASELINE, we assessed the annual means of isoprene concentration

obtained from the monthly climatology of the last 5 seasonal cycle.

Table 3.4: Overview of sensitivity experiments (as described in Section 4.2.4) for BASELINE simu-

lation (Table 4.2).

Run name ρDIAT
CHLA ρCOC

CHLA ρSP
CHLA kLOSS

nmol C5H8
µgChl d

nmol C5H8
µgChl d

nmol C5H8
µgChl d d−1

DIAT.50+ 18.21 10.98 0.69 0.29

DIAT.50- 6.07 10.98 0.69 0.29

COCC.50+ 12.14 16.47 0.69 0.29

COCC.50- 12.14 5.49 0.69 0.29

SP.50+ 12.14 10.98 1.03 0.29

SP.50- 12.14 10.98 0.34 0.29

KBIO.50+ 12.14 10.98 0.69 0.45

KBIO.50- 12.14 10.98 0.69 0.15

For isoprene surface concentrations (Figure 4.7.D), ρDIAT
CHLA has the largest effects, which is

not surprising due to the dominance of diatoms in the total production of isoprene (Figure 3.7.A), but

131



CHAPTER 3. ECOLOGICAL MODELLING OF MARINE ISOPRENE IN THE SOUTHERN OCEAN

Figure 3.6: a: Validation data set of isoprene concentration for the cruises compiled in Table 3.3 plot-

ted together with the monthly average of isoprene surface concentration for the months of December,

January, February and March (BASELINE run, Table 4.2). b: Latitudinal distribution of monthly aver-

aged isoprene surface (0-10 m) concentrations for the months of concentration December, January,

February and March and number of observations in our data set (Table 3.3). c: Boxplot of latitudinal

values of observations and BASELINE run for the climatological period November - March, and lati-

tudes higher than 40◦S. d: Scatterplot of observations of isoprene concentration and model results

from BASELINE run (Table 4.2).
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also on every latitudinal band (Figure 3.7.B). The effects of changes in ρCOCC
CHLA and ρSP

CHLA groups were

much smaller compared with changes in diatoms production rate. Moreover, the KLOSS triggered an

stronger effect than ρCOCC
CHLA and ρSP

CHLA on isoprene concentration levels. Overall, changes in all tested

parameters affected the isoprene surface concentration levels at high latitudes (60-70◦S, Figure 4.7)

more strongly rather than in low latitudes of the SO (40-60◦S, Figure 4.7).

Testing the sensitivity of isoprene concentration in ROMS-BEC to changes in the main

parameters can be useful to detect the main uncertainties in our modelling capability of isoprene

emission from the SO. The huge variability of the tested parameters, kBIO, kCHEM and ρPFT
CHLA, ob-

tained from in situ measurements and/or laboratory experiments, must be better constrained if we

are to improve the predictability of isoprene production and degradation. Hence, these ROMS-BEC

results will help to point where future efforts in experimental works must be performed, if we aim to

characterize isoprene in the SO, in particular, and in the global ocean, in general.

Figure 3.7: a: Comparison of the relative contribution (%) of each PFT to chlorophyll-a and to

isoprene production. b: Time series of isoprene production (logarithm of 10) per PFT throughout

the climatological months. Data used for A and B is BASELINE (Table 4.2).

3.5 Discussion

3.5.1 Sources and sinks of isoprene

The laboratory-derived isoprene production rates used in this study (Table 4.2), compiled in (Booge

et al., 2016), were measured during the exponential growth phase of phytoplankton monocultures

(Shaw et al., 2003; Exton et al., 2013). Consequently, they may not necessarily be applicable

to natural conditions of the surface ocean, because it has been shown that isoprene production

changes depending on the growth stage (Milne et al., 1995). Moreover, the strains used in labora-

tory experiments are usually a product of generations grown in laboratory conditions. We checked in

http://www.algaebase.org/ the presence in the SO of the phytoplankton species compiled in Booge
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et al. (2016). Among the compiled species, 33 are present in polar waters and 21 in the SO. There-

fore, we believe that the data of this broad range of cultured strains can be a good approximation to

isoprene production in the SO. However, measurements in natural communities of the SO had never

been performed; before the PEGASO cruise, no production rates had been proposed specifically for

this area. Likewise, we determined for the first time the rates of chemical and biological isoprene

losses in the SO (Simó et al. 2020). Degradation processes in the marine environment have been

discussed in several works in the past (Shaw et al., 2003; Alvarez et al., 2009; Booge et al., 2018).

Despite early laboratory experiments suggested that biological consumption was negligible (Shaw

et al., 2003), recent studies pointed out that it may be the most important isoprene sink from the

surface ocean (Booge et al., 2018) (Simó et al. 2020). In this work we determined production and

loss rates that were higher than those used hitherto, suggesting that isoprene cycling is faster than

believed.

3.5.2 The role of community structure in the production of isoprene

Phytoplankton communities in the SO are diverse in terms of both its biogeochemical triggers (Ar-

dyna et al., 2019) and its species composition (Table 3.1). In our ROMS-BEC configuration, iso-

prene production and concentration levels are constrained to surface waters (Figure 3.16 & 3.15),

coinciding with chlorophyll-a (Figure 3.22), although it is also produced and transported from deeper

levels. Among the three PFTs implemented in our isoprene-ROMS-BEC model, diatoms dominate

the total isoprene production in the SO (Figure 3.7.A). This agrees with previous works that have

suggested that diatoms are the most important producers of isoprene in the ocean (Arnold et al.,

2009; Dani et al., 2017). In contrast, the production of isoprene from coccolitophores and small

mixed phytoplankton represents a much lower contribution than the one from diatoms, with differ-

ences of several orders of magnitude (Figure 3.7.B). However, the PFT-specific production rates we

determined in PEGASO were very similar for diatoms and coccolithophores; therefore, the promi-

nent role of diatoms obeys to their prominent abundance, not to an isoprene-prone physiology. The

small mixed phytoplankton, conversely, have a much lower specific isoprene production.

For all latitudinal bands from 40 to 70 ◦S, isoprene production by coccolitophores is higher

than the one by small mixed phytoplankton, except for the climatological months of November, De-

cember and January and February in latitudes 60-70 ◦S (Figure 3.7.B). This agrees with previous

works that have reported that assemblages of mixed phytoplankton are more common at subantarc-

tic latitudes, with substantial contributions of coccolitophores (Balch et al., 2011, 2016). Overall, our

experimental results revealed that marine phytoplankton production of isoprene may be significantly

higher than that estimated from monoculture experiments in the laboratory.

3.5.3 Limitations within the model

In our ROMS-BEC configuration we implemented the specific isoprene production rates for three

PFTs: diatomns, coccolitophores, and small mixed phytoplankton. We may be missing the isoprene

production of some taxa that play a relevant role in phytoplankton blooms in the SO, like Phaeocystis
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(DiTullio et al., 2000). Isoprene production by Phaeocystis has been neglected so far in modelling

works since Broadgate et al. (1997) suggested that this taxon inhibits the production of isoprene.

We suggest that it should be experimentally re-visited. Our measurements in NSO, that we at-

tributed to small mixed phytoplankton, corresponded to a phytoplankton assemblage with 17% of

the chlorophyll-a contributed by Phaeocistys (Table 3.1). Unfortunately, it is not possible to provide

a specific isoprene production rate by Phaeocystis.

Moreover, it must be taken into account that, as described in Nissen et al. (2018), the

ROMS-BEC model configuration has a positive chlorophyll bias at high SO latitudes, resulting partly

from high temperatures, shallow mixed layer depth and missing ecosystem complexity, which may

result in an overestimation of the simulated isoprene production. Consequently, further versions of

ROMS-BEC model have to be improved in order to correct these biases. Furthermore, the shortage

of data in relevant regions directly affects the validation of our results (Figure 3.12) in an ocean which

is quite complex in terms of biogeochemistry dynamics (Ardyna et al., 2017, 2019).

3.5.4 Paucity of in situ measurements and experiments

The database of isoprene concentrations in the SO compiled for this work, despite being the most

complete up to date, it is still quite scarce in terms of spatial and temporal coverage (Figure 3.6A),

which causes seasonal and geographical biases. As shown in Figure3.13, in ROMS-BEC the Pacific

sector is the main contributor to isoprene emissions from the SO (>40◦S) because it comprises the

largest area. However, the number of isoprene measurements in this sector is the smallest one

(n = 38, Figure 3.13). In contrast, the Atlantic sector (n = 241, Figure 3.13) is the lowest emitter

of isoprene and contains the highest number of isoprene measurements. The Indian sector falls

somewhere between the Pacific and the Atlantic sectors (n = 38, Figure 3.13).

The validation of isoprene concentrations in the vertical column is even more challenging

since less than 10 measured profiles are available in the whole SO. The small number of isoprene

measurements in the SO in particular, and the global ocean in general, can be easily noticed when

comparing with another trace gas like DMS, whose dataset in the SO amounts more than 8,000

measurements (Lana et al., 2011). In consequence, despite the available data cover all latitudes and

longitudes of the ocean, it is not enough to disentangle biogeochemical processes and ecological

patterns related to isoprene production and consumption. Another bias is that the different cruises

performed in the SO have followed different sampling approaches. Some of the cruises consisted

of untargeted transects (Ooki et al., 2015; Hackenberg et al., 2017), while others targeted areas of

particular characteristics such as blooming or ice edge waters, like PEGASO. Both strategies are

required if we are to achieve a better coverage in an oceanic region that is quite complex in terms of

biogeochemical dynamics (Longhurst, 1995; Ardyna et al., 2017, 2019).
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3.5.5 The annual emission of isoprene from the SO

The year integrated emission obtained from our BASELINE simulation (0.071 Tg C yr−1, Table 4.2)

for the SO (> 40◦S) represents from 6 to 84% of previous global estimates (see compilation in

Brüggemann et al. (2018)). Note that the upper limit exceeds the percentage of the global ocean

represented by the SO waters (≈ 27%). The highest emission estimates were obtained with the

DIRECT.KBIO.LOW run (0.199 Tg C yr−1, Table 4.2). In this configuration we implemented the

specific production rates derived from the PEGASO cruise, and the kBIOL from Palmer and Shaw

(2005). This illustrates how the parameter choice in model configurations have a big impact in

isoprene emissions. Field-work derived specific production rates, which were higher than lab-derived

values, must be accompanied with field-work derived loss rate constants, which were also higher

than prescribed ones; otherwise, the big imbalance leads to emission overestimates. Regarding

the runs using the light-dependent emission factors from lab experiments Gantt et al. (2009); Booge

et al. (2018), there are also remarkable differences among them. So there are among configurations

that used light-independent PFT-specific production rates from lab experiments Booge et al. (2016),

which yielded emissions that spanned up to two orders of magnitude (from 0.0077 to 0.119 Tg C

yr−1, Table 4.2). We must stress that all these isoprene production parameterizations were not

derived from polar water measurements. Moreover, the differences in the lab-derived production

rates of isoprene even within strains of the same species (e.g. Emiliania huxleyi, see Table 2 in

Booge et al. (2016)), reflect that isoprene production is dependent on culture conditions and the

physiological state of the organism. Consequently, in-situ isoprene production by phytoplankton may

also vary also depending on the place and season. In any case, overall our emissions estimates

are more coincident with the range of bottom-up rather than top-down estimates (see compilation in

(Brüggemann et al., 2018)).

Global emissions of isoprene have been a widely discussed topic among atmospheric and

marine research communities (Palmer and Shaw, 2005; Arnold et al., 2009; Luo and Yu, 2010;

Hackenberg et al., 2017). Recently, Brüggemann et al. (2018) synthesized all previous estimates of

global marine isoprene emissions revealing strong discrepancies among the published studies (Fig-

ure 5.5). These differences are due to methodological approaches, from the combination of remote

sensing and modelling (Palmer and Shaw, 2005) to the use of PFT-specific isoprene production

rates (Booge et al., 2016). All of them, moreover, suffer from a poor knowledge of how production

and degradation processes actually occur in the ocean.

3.6 Conclusions

For the first time, we have quantified the emission of isoprene from the SO using a PFT-based

biogeochemical modelling approach into which we implemented PFT-specific isoprene production

rates determined from in-situ measurements. Mechanistic (prognostic) modelling approaches are

complementary to statistical (diagnostic) models to assess isoprene emissions at the regional and
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Table 3.5: Global estimates of isoprene emissions for the global ocean in comparison with our results

for the Southern Ocean. A more complete version of global estimates of isoprene emission can be

found in (Brüggemann et al., 2018).

Area Ref Flux (Tg C yr−1) Type

S. Ocean (>40◦S, 26.37 % of GO) This work - mean (range) 0.071 (0.002 - 0.18) Bottom-up

Global ocean Palmer and Shaw (2005) 0.1 Top-down

Global ocean Booge et al. (2016) 0.21 Bottom-up

Global ocean Arnold et al. (2009) 0.31 - 1.9 Bottom-up – Top-down

Global ocean Luo and Yu (2010) 0.32 - 11.6 Bottom-up – Top-down

Global ocean Gantt et al. (2009) 0.92 Bottom-up

Global ocean Brüggemann et al. (2018) 1.1 Bottom-up

Global ocean Shaw et al. (2010) 0.085 - 11.6 Bottom-up – Top-down

global scales, adding the capability to make projections into the past or future. To improve prognostic

models, our sensitivity analysis highlights that there is a need for better-constrained production rates

of isoprene by different PFT’s, not only from lab experiments but also from in situ data. There is also

a need to better evaluate and parameterize isoprene degradation rates by marine microbes and

chemical radicals. Moreover, increasing the data set of measurements of isoprene concentrations

in the SO will improve further validation of model results. We call for making all isoprene data in the

SO publicly available to facilitate model developments and validations and to look for weaknesses

and strengths in existing modelling approaches.

Ecological-biogeochemical modelling approaches are an accurate tool to understand iso-

prene levels and emission patterns at the regional scale. Temperature increase due to global warm-

ing will impact on the marine ecosystem of the SO in many different ways either by temperature

itself or through sea ice changes, stratification of the water column, and ocean acidification (Hoegh-

Guldberg and Bruno, 2010; Stocker et al., 2013). These changes will result in shifts in the phyto-

plankton community composition (Tortell et al., 2008; Montes-Hugo et al., 2009; Boyce et al., 2010),

thereby expanding or contracting the geographic range of marine isoprene-emitters like diatoms or

coccolithophores (Dani and Loreto, 2017; Pinkernell and Beszteri, 2014). Only numerical prognostic

models that incorporate a better knowledge of isoprene cycling processes will be able to anticipate

future changes in isoprene emission patterns in this relevant region for global climate.
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3.7 Appendix

General patterns

Figure 3.8: Monthly climatologies of isoprene concentration (pM) for the BASELINE run (Table 4.2).

Figure 3.9: Monthly climatologies of flux of isoprene (mmol m−2 d−1) for the BASELINE run (Table

4.2).

Figure 3.10: Monthly climatologies of total chlorophyll-a concentration (µg L−1)for the ROMS-BEC

configuration used in this work.
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Model experiments

Figure 3.11: Time series of monthly integrated isoprene concentration (left) and flux (right) in the

Southern Ocean (>40◦S) from ROMS-BEC runs. Note that the results of applying the statistical

models from Ooki et al. (2015) (blue) and Hackenberg et al. (2017) are not shown.
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Validation of experiments

Direct

Light

Laboratory

Figure 3.12: Validation of isoprene concentration results from our simulations (Table 4.2) with ob-

servations of isoprene concentration from the cruises compiled in 3.3. RMSE = Root Mean Squared

Error.
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Ocean basins

Figure 3.13: Relative contribution of every oceanic basin: Atlantic, Indian and Pacific Ocean (limits

are defined according to NODC-NOAA: https://www.nodc.noaa.gov/woce/woce_v3/wocedata_

1/woce-uot/summary/bound.htm) when latitude was below 40 ◦S (3.13).The marine emission of

isoprene is proportional to the size of each ocean basin. Thus, for our BASELINE run, the Pacific

Ocean is the main emitter (12.15 Mg C y−1) followed by the Indian Ocean (11.37 Mg C y−1) and

the Atlantic Ocean (7.58 Mg C y−1).
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Hovmoller diagrams

Figure 3.14: Hovmoller diagram of isoprene emission in the Southern Ocean (>40◦S) from the

BASELINE simulation.
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Figure 3.15: Hovmoller diagram of the vertical distribution of isoprene concentration in the Southern

Ocean from the BASELINE simulation.
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Figure 3.16: Hovmoller diagram of the vertical distribution of isoprene production in the Southern

Ocean from the BASELINE simulation.
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Figure 3.17: Hovmoller diagram of the vertical distribution of isoprene biological + chemical degra-

dation (kLOSS, see Section 3.4) in the Southern Ocean from the BASELINE simulation.
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Figure 3.18: Hovmoller diagram of the vertical distribution of diatom biomass in the Southern Ocean

from the BASELINE simulation.
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Figure 3.19: Hovmoller diagram of the vertical distribution of diazotroph biomass in the Southern

Ocean from the BASELINE simulation.
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Figure 3.20: Hovmoller diagram of the vertical distribution of coccolitophore biomass in the Southern

Ocean from the BASELINE simulation.
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Figure 3.21: Hovmoller diagram of the vertical distribution of small phytoplankton biomass in the

Southern Ocean from the BASELINE simulation.
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Figure 3.22: Hovmoller diagram of the vertical distribution of total chlorophyll-a biomass in the South-

ern Ocean from the BASELINE simulation.
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Our imagination is struck only by what is great; but the lover of natural philosophy should reflect

equally on little things.

Alexander von Humboldt
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Abstract

Isoprene is a marine biogenic trace gas which may play relevant atmospheric and climatic

roles in the marine atmosphere of remote oceanic regions. Although several studies have attempted

to model its cycling in the ocean, some of its production and degradation processes are still un-

known. We use the phytoplankton functional type (PFT) outputs of the ecological-biogeochemical

DARWIN model to explore the spatial and seasonal patterns of isoprene production in the global

ocean. To this aim, we implemented PFT-specific isoprene production rates normalized per chlorophyll-

a from laboratory experiments to the abundances of 6 PFTs predicted by DARWIN. We found that

phytoplankton taxa dominating isoprene production differ among the oceanic regions. The high-

est levels of isoprene production occur in the productive waters of coastal areas, islands and up-

welling regions. Diatoms dominate isoprene production in polar regions while prokaryotes and pico-

eukaryotes in the tropical oceans. We suggest that complex models like DARWIN, with a larger

number of PFT’s, are valid tools to disentangle the key processes and role players of isoprene pro-

duction across different oceanic regions. Furthermore, we point out to the main gaps to be solved if

aiming to model isoprene production using prognostic ecological-biogeochemical models.
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4.1 Introduction

Isoprene is a marine trace gas produced eminently by phytoplankton all over the oceans (Carpen-

ter et al., 2012). Despite its oceanic emission is two orders of magnitude lower than terrestrial

emissions, in the atmosphere of remote oceanic regions isoprene can play a relevant role in cloud

formation processes and brightness, therefore influencing climate at the local and the global scale

(O’Dowd et al., 2004; Arnold et al., 2009). Despite all the previous efforts in quantifying the marine

emission of isoprene (see compilation in Brüggemann et al. (2018)), there is a discrepancy up to

2 orders of magnitude (see compilation in (Brüggemann et al., 2018)). Thus, top-down estimates

suggest values up to 11.6 Tg C yr-1 (Arnold et al., 2009; Luo and Yu, 2010); while bottom-up ap-

proaches have provided lower values, typically ≈ 1 Tg C yr-1 (Palmer and Shaw, 2005; Booge et al.,

2016). This issue has been pointed to be due to a poor description and quantification of isoprene

sources and sinks (Hackenberg et al., 2017; Booge et al., 2018; Brüggemann et al., 2018).

Isoprene production is directly linked to biological activity (Booge et al., 2016, 2018), and

it has been confirmed for many phytoplankton species in laboratory conditions (Milne et al., 1995;

Shaw et al., 2003; Bonsang et al., 2010; Colomb et al., 2009; Exton et al., 2013; Dani et al., 2017).

From these studies, a set of isoprene production rates normalized per chlorophyll-a were compiled

in (Booge et al., 2016), which showed discrepancies up to 2 orders of magnitude among cultured

strains of the same species. Soon after that, Meskhidze et al. (2015) tested the effects of physiologi-

cal stressors such as light irradiance and temperature in culture experiments. Just recently, isoprene

production rates have been directly retrieved from measurements in the field by Booge et al. (2018)

following the approach of Gantt et al. (2009, described in Chapter 3). Very recently, (Conte et al.,

2020) have modeled the global cycle of isoprene using the culture-based isoprene production rates

from Booge et al. (2016) and Meskhidze et al. (2015). Moreover, they have tested the effects of

including an extra photochemical production for isoprene, using the factor provided by Brüggemann

et al. (2018), and assess how this impact on the global emission values. Overall, they shed light on

many uncertainties related to production and degradation of isoprene which still make it difficult to

model the cycling of isoprene in the global ocean. Specifically, they suggested that isoprene pro-

duction and degradation rates must be modulated by environmental and biological parameters such

as temperature, light or chlorophyll-a.

Taking into account the present discrepancies among the published PFT-specific isoprene

production rates, it remains essential to constrain the relative importance of each PFT to regional

and global isoprene production levels. Up to date, the only study that has attempted an assessment

of which phytoplankton functional type (PFT) dominates isoprene production levels on each oceanic

region using a global ecological-biogeochemical model (NEMO-PISCES; Conte et al. (2020)) only

included two PFT’s (Diatoms and others). In this work, we used the DARWIN model (Dutkiewicz

et al., 2019; Kuhn et al., 2019) to estimate the isoprene production of 35 phytoplankton taxa grouped

in 6 major PFTs: Prokaryotes, Mixotrophic dinoflagellates, Diatoms, Coccolitophores, Diazotrophs

and Pico-Eukaryotes. To this aim, we performed a set of modelling experiments using the PFT-

specific isoprene production rates compiled in Booge et al. (2016) and Meskhidze et al. (2015). We

evaluated the spatial patterns of isoprene production, in terms of latitude and vertical distribution,
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as well as the differences among oceanic basins. Additionally, we assessed whether the PFT that

dominate the phytoplankton communities in terms of chlorophyll-a levels also dominate the isoprene

production. Finally, we compared the climatological values of isoprene production with an updated

data set of ≈ 1400 isoprene concentration measurements across the global ocean.

4.2 Methods

4.2.1 DARWIN model setup

We used the outputs of the DARWIN model to study the global patterns of isoprene production

by the different PFT’s whose isoprene production has been confirmed on laboratory experiments

(Meskhidze et al., 2015; Booge et al., 2016). The DARWIN model setup is the one described in

Dutkiewicz et al. (2019) and Kuhn et al. (2019). It includes a total of 35 phytoplankton taxa that

are grouped in 6 major PFTs: Prokaryotes (PRO), Pico-Eukaryotes (PIC), Coccolitophores (COCC),

Diazotrophs (DIAZ), Diatoms (DIAT), and Mixotrophic dinoflagellates (MIX). The horizontal resolution

is 1x1 degrees, the vertical scale ranges from 0 to 5700 m, and the temporal scale is climatological

months. Regarding the latitudinal range, this DARWIN configuration goes from 80oS to 80oN, which

covers practically all oceanic waters of the Earth (≈ 95%, estimated with marelac package in R). A

broader description of DARWIN can be found in the Appendix 4.4.

Table 4.1: Overview of the PFT’s implemented in the configuration of the DARWIN model used in

this work (Dutkiewicz et al., 2019; Kuhn et al., 2019)

.

Minor PFT Major PFT Number of minor PFT’s

CHL_1 to CHL_2 Prokaryotes (PRO) 2

CHL_3 to CHL_4 Pico-eukaryotes (PIC) 2

CHL_5 to CHL_9 Coccolitophores (COCC) 5

CHL_10 to CHL_14 Diazotrophs (DIAZ) 5

CHL_15 to CHL_25 Diatoms (DIAT) 11

CHL_26 to CHL_35 Mixotrophic dinoflagellates (MIX) 10

4.2.2 Isoprene production in DARWIN

Isoprene production is implemented in DARWIN in the same way as for ROMS-BEC in Chapter 3

of this thesis. Isoprene is produced inside the plastids of phytoplanktonic organisms and released

into the marine environment through their cellular membrane (Dani et al., 2017). Therefore, the

isoprene production rate Pi
PFT (nmol m−3 d−1) of each phytoplankton PFT i in DARWIN can be

considered linearly coupled to their respective cellular chlorophyll concentration (Bi
CHLA, µgL−1)

through a constant rate specific to each PFT i (ρi
CHLA, mmol mgChl−1 d−1) (Shaw et al., 2003;

Bonsang et al., 2010; Exton et al., 2013; Meskhidze et al., 2015; Booge et al., 2016). Consequently,
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the total isoprene production by all PFTs present in a community (PPFT, nmol m−3 d−1) is calculated

as:

PPFT =
n∑

i=1

ρi
CHLA · Bi

CHL (4.1)

Where n is the number of phytoplankton species in the community, which in the case of

this work is 35 grouped in 6 major groups (Table 4.1).

4.2.3 Baseline simulation and experiments

For our BASELINE simulation, we compiled all the production rates from Meskhidze et al. (2015)

and Booge et al. (2016) (n = 124, Table 4.4). These rates were obtained as the daily increase of

isoprene per unit or chlorophyll-a during the exponential growth phase of cultured phytoplankton

strains. Although this DARWIN model configuration accounts for a total of 35 PFT’s, it is not possible

to assign specific isoprene production rates to each of them due to the small number of published

measurements and the little comprehension about the relation of these rate with environmental (e.g.

temperature or light) and physiological (e.g. cell size) parameters. Thus, we averaged the individual

values of ρPFT
CHLA from Booge et al. (2016) and Meskhidze et al. (2015) that could be assigned to the

six major PFT’s in DARWIN (Table 4.1), and implemented them following equation 4.1. Specifically,

taking Table 4.4 as a reference, we used Bacillariophyceae for DIAT (ρDIAT
CHLA), Prasinophyceae for PIC

(ρPIC
CHLA) , Cyanophyceae (Prochlorococcus + Synechococcus) for PRO (ρPRO

CHLA), Prymnesiophyceae

for COCC (ρCOCC
CHLA ), and Dinophyceae for MIX (ρMIX

CHLA). Finally, for DIAZ (ρDIAZ
CHLA) we used the isoprene

production rates for Trichodesmium from Bonsang et al. (2010), which are the only ones published

up to date for this PFT.

Furthermore, we ran three experiments (Table 4.2) to assess the uncertainty associated

with the implementation of these parameters in DARWIN. We first tested the effects on isoprene

production of assuming that all PFT’s produce the same amount of isoprene per unit of chlorophyll-

a (CHLA, Table 4.2). For this, we averaged all ρPFT
CHLA compiled in Table 4.4, obtaining a value of

4.53 mmol mgChl−1 d−1. Subsequently, in the experiments named RHO.MAX and RHO.MIN (Table

4.2), we implemented in equation 4.1 the minimum and maximum published values of ρPFT
CHLA values

(Booge et al. (2016), Meskhidze et al. (2015), Arnold et al. (2009)).

Table 4.2: Overview of model experiments using DARWIN model.

Run name ρDIAT
CHLA ρPRO

CHLA ρCOCC
CHLA ρDIAZ

CHLA ρPIC
CHLA ρMIX

CHLA

mmol mgChl−1 d−1

BASELINE 3.79 5.38 5.16 3 12.46 6.94

CHLA 4.53

RHO.MAX 28.48 11.76 15.36 4.7 32.16 27.6

RHO.MIN 1.12 1.4 1 1.6 1.4 4.56

163



CHAPTER 4. GLOBAL ECOLOGICAL MODELLING OF MARINE ISOPRENE PRODUCTION

4.2.4 Sensitivity experiments

To assess the sensitivity of simulated isoprene production to model parameters, we conducted a

sensitivity analysis (SA) by increasing/decreasing each parameter (k) by 50% of the BASELINE

configuration described in Table 4.2). Since the focus of this study was isoprene production, we

restricted the analysis to the upper 20 meters of the water column. Sensitivity was quantified as

a change in total annual production of isoprene integrated over the upper 20 meters, since (1) it

reflects the available isoprene to be eventually transferred to the atmosphere, and (2) isoprene

production (PPFT) is typically constrained to surface waters (Figure4.4)). The SA index, describing

the percentage change of a target model output variable when varying an initial model parameter,

was taken from Le Clainche et al. (2004) and is defined as follows:

Sk =
PPFTk50+

− PPFTk50−

PPFTBaseline

∗ 100 (4.2)

Where PPFTkBaseline
, PPFTk50+

and PPFTk50−
are the annual total productions of isoprene inte-

grated over the upper 20 meters obtained for the each sensitivity simulation: BASELINE (reference

value of parameter k), 50% increase in the parameter k (k50+ = 1.5 ∗ k), and 50% decrease in the

parameter k (k50− = 0.5 ∗ k).

4.2.5 Data of isoprene concentration

We compiled data of isoprene measurements from the cruises listed in Table 4.3 to test the predic-

tive capacity of isoprene production, chlorophyll-a concentration and sea surface temperature from

DARWIN for isoprene concentration levels. Measurements from TransPEGASO, PEGASO and ACE

cruises have been broadly described in Chapters 1, 2 and 3 of this thesis. The measurements taken

during the BIOGAPS expedition near Moorea Island (French Polynesia) were conducted following

the same instrumental setup and analytical procedure (Chapter 5). The information regarding the

methodology followed on the rest of cruises can be found in their respective publications, which are

listed in the last column of Table 4.3. Additionally, this dataset aims to contribute to a better de-

scription of the global spatial and temporal patterns of isoprene concentration and to constrain the

uncertainty in our models parameters. Moreover, this dataset will serve as a resource to be used in

the development and validation processes of future modelling works.

4.3 Results and Discussion

4.3.1 Assessment of published isoprene production rates

The specific production rates of isoprene (ρPFT
CHLA) compiled for this work amount 124 data (Figure

4.1, Table 4.4). Prasinophytes (n = 3) shows the highest mean values of ρPFT
CHLA, and Cyanophiceae
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Table 4.3: Isoprene concentration measurements compiled for this work.

Mean [Min - Max] (pM) Oceanic region Cruise Reference
10.9 [1.0 - 88.4] Southern Ocean Circumnavigation ACE Expedition Rodríguez-Ros et al. (2020a)
22.6 [1.6 - 93.5] South Atlantic Ocean PEGASO cruise Rodríguez-Ros et al. (2020a)
37.5 [9.8 - 115.8] South Atlantic Ocean TransPEGASO cruise Rodríguez-Ros et al. (2020a)
37.0 [16.0 - 82.4] Mediterranean Sea HOTMIX cruise Cortés and Simó (Non-published)

18.72 [14.48 - 22.39] Moorea, French Polynesia BIOGAPS Expedition Masdeu and Simo (Non-published)
11.21 [0.28 - 93.51] South Atlantic Ocean AMT22 cruise Hackenberg et al. (2017)
9.61 [0.13 - 123.52] South Atlantic Ocean AMT23 cruise Hackenberg et al. (2017)
5.35 [0.03 - 146.46] Arctic Ocean ACCACIA1 cruise Hackenberg et al. (2017)
21.19 [2.41 - 70.61] Arctic Ocean ACCACIA2 cruise Hackenberg et al. (2017)

88.34 [37.26 - 144.10] NW Pacific KT-09-5 Ooki et al. (2015)
26.44 [6.63 - 73.15] NW Pacific KH-08-2 Ooki et al. (2015)
25.64 [2.16 - 74.7] NW Pacific Indian Ocean to Southern Ocean KH-09-5 Ooki et al. (2015)

26.07 [13.16 - 50.17] NW Pacific KH-10-1 Ooki et al. (2015)
16.67 [1.33 - 71.52] NW Pacific Bering Sea and Arctic Ocean MR12-E03 Ooki et al. (2015)
23.46 [8.40 - 47.80] Tropical Pacific Ocean R/V Science Li et al. (2019)
24.12 [1.25 - 81.26] Tropical Pacific Ocean SPACES, OASIS, ASTRA-OMZ Booge et al. (2018)
2.40 [1.02 - 5.09] Arctic Ocean Transsiz V. Gros (Non-published)

30.10 [8.70 - 83.28] Arctic Ocean ARKXXV V. Gros (Non-published)
13.53 [4.82 - 39.07] Antarctic Ocean ANDREXII Wohl et al. (2020)

(n = 6) and Chlorophyceae (n = 3) the lowest (Figure 4.1a). Note, however, that in both cases

the number of ρPFT
CHLA estimates is very small (Figure 4.1a). Diatoms are the PFT with the highest

number of estimates of ρPFT
CHLA (n = 75). When splitting the estimates of ρPFT

CHLA by species, differ-

ences are much larger (Figure 4.1b), even of one order of magnitude among strains (Figure 4.1b).

This fact was already pointed out by Booge et al. (2018), who suggested that this is due to the dif-

ferent environmental forcing conditions experienced by the phytoplankton cells during the previous

acclimation process. Among all estimates, Symbiodinium sp (n = 4), Emiliana huxleyi (n = 5) and

Chatoceros neoglacialis (n = 2) are the species that show the largest intraspecific differences (Fig-

ure 4.1b, Table 4.4). However, we can not be certain that the rest of species would not show similar

variability, because species with multiple experimental estimates are very scarce (Figure 4.1.B and

C). The maximum n of a ρPFT
CHLA is 29 for Thalassiosira pseudonana and Thalassiosira weissflogii

((Meskhidze et al., 2015)).

Values of ρPFT
CHLA increased exponentially with temperature (Figure 4.1c) and light inten-

sity (Figure 4.1d) until reaching a threshold value (respectively, ≈ 26oC and 300 µE s−1 m−2) be-

yond which ρPFT
CHLA started to decresae. Unfortunately, the culture conditions of many of the ex-

periments were not reported, making this relationship still preliminary. Most of these values came

from Meskhidze et al. (2015), who tested the changes of ρPFT
CHLA along gradients of temperature

(for two diatom species: Thalassiosira weissflogii and Thalassiosira pseudonana) and light irradi-

ance (for Thalassiosira eissflogii and Thalassiosira pseudonana, and also for one prymnesiophyte:

Pleurochrysis carterae; two dinoflagellates: Karenia brevis and Prorocentrum minimum; and one

cryptophyte: Rhodomonas salina). They found an enhancement of ρPFT
CHLA with increasing temper-

ature and light intensity until reaching a saturation limit, which was different for each tested strain.

Therefore, probably a much clearer relationship between ρPFT
CHLA and light and/or temperature will

appear when more species are tested.

We also explored the relationship of ρPFT
Cells with cell volume, firstly observed by Bonsang
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et al. (2010) with a limited set of strains. When possible, we attributed cell volumes to the afore-

mentioned assayed species using the tables from Harrison et al. (2015) (Figure 4.1e). We found

a relationship similar but weaker than that proposed by Bonsang et al. (2010) (r2 = 0.77), which

suggests that isoprene production rates could be parameterized as a function of cell size. Unfortu-

nately, the low numbers of available ρPFT
Cells concomitant with cell sizes makes this implementation in

prognostic ecological models still uncertain.

Figure 4.1: Isoprene production rates normalized by chlorophyll-a from lab experiments by taxon

(a), by species (c), and a combination of both (c). Isoprene production rates vs (d) temperature in

the cultures, and vs (e) light conditions in the cultures. (e) Isoprene production rates per cell vs cell

volume. The values used for this Figure can be found in Table 4.4.

4.3.2 Seasonality and spatial distribution of isoprene production in the global ocean

To analyze the seasonal patterns of isoprene production on a monthly basis from our BASELINE

simulation (Table 4.2), we integrated the isoprene production over the first 20 meters of the water

column for each PFT (Figure 4.2). Overall, we did not observe a strong seasonality for the specific

isoprene production of the following PFTs: COCC, DIAZ, MIX, PIC and PRO (Figure 4.2). In contrast,

isoprene produced by DIAT shows a clear seasonal behaviour, with higher production rates during

summer in the Southern Hemisphere (Figure 4.2). This is not surprising since species belonging to

DIAT dominate in polar waters of the Southern Ocean, blooming in the austral summer (Saavedra-

Pellitero et al., 2014; Balch et al., 2016). Along the climatological year, only PIC and PRO dominate
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over DIAT at the global scale during boreal summer months (May – September). DIAZ are by much

the lowest producers of isoprene in the global surface ocean (Figure 4.2).

Regarding the spatial distribution, the highest isoprene production rates are found in highly

productive waters from upwelling regions and coastal areas (Figure 4.11 and 4.3). A significant

portion of the total isoprene production budget takes place in the temperate regions around the

latitudes of 40 oS and 40 oN, as observed in models for production Conte et al. (2020) and in

models and data compilations for concentration (Luo and Yu, 2010; Ooki et al., 2015; Booge et al.,

2016). Our results also agree with (Conte et al., 2020) in suggesting that oligotrophic oceans are the

least important areas in terms of total isoprene production along the climatological year. In contrast,

we observed an intense hot-spot of isoprene production in the eastern tropical Atlantic which was

not detected in (Conte et al., 2020).

Looking at the relative contribution of each PFT to total isoprene production levels across

the global surface ocean (Figure 4.3), Isoprene production by DIAT is clearly constrained within

high latitudes of Northern and Southern Hemispheres, being more intense in the North Pacific area.

Production of isoprene by DIAZ essentially occurs in warm waters at low and middle latitudes, being

specially high in waters of the North Indian Ocean. Isoprene production by COCC is higher in the

eastern tropical Atlantic, contributing to the aforementioned hot-spot in production; it is also higher

in the area of the Southern Ocean known as the "Great Calcite Belt" (Balch et al., 2011). Regarding

isoprene production by MIX, it occurs over most of the ocean with the exception of the subtropical

gyres, and also shows higher values in the North Atlantic Ocean, the Southern Ocean and north

of Australia. Isoprene production by PRO, it is dominant in tropical and sub-tropical waters (Figure

4.2).

In our BASELINE simulation, isoprene production is confined to surface waters and rarely

present at deeper than 100 meters (Figure 4.4). Moreover, the most relevant areas in terms of annual

isoprene production are the transitional waters of the sub-polar and polar fronts in the Southern

Ocean. Also, isoprene is highly produced in the Arctic Ocean and Equatorial waters. In contrast, the

oligotrophic subtropical gyres are the weakest contributors to global isoprene production, and show

maximum production in deeper waters, co-occurring with deep chlorophyll maxima, probably due to

the strong stratification and the deeper penetration of light.

Figure 4.2: Seasonality of isoprene production in the surface global ocean (0-20 m) for each PFT

(BASELINE simulation, Table 4.2).
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Figure 4.3: Total surface isoprene production (0-20 meters depth) along the full climatological year

for all PFTs (TOP) and each of them individually (BASELINE simulation, Table 4.2).
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Figure 4.4: Hovmoller diagrams of the vertical distribution of isoprene production integrated along

the full climatological year for all PFTs (TOP) and each of them individually (BASELINE simulation,

Table 4.2).
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4.3.3 Which PFT dominates isoprene production in each oceanic region?

Figure 4.5 compares the PFT that dominate isoprene production with the PFT that dominate chlorophyll-

a concentrations in the BASELINE simulation. Over the climatological year, PRO (yellow in Figure

4.5) dominate isoprene production in surface waters of the oligotrophic oceans, mainly confined to

the subtropical gyres. PIC (green in Figure 4.5) dominate the production of isoprene in coastal areas

of tropical and sub-tropical latitudes, but also in polar regions and open ocean regions. The fact that

PIC make a large and widespread contribution to isoprene production but only dominate chlorophyll-

a levels in some locations during summer is due to their high ρPIC
CHLA (Table 4.2). DIAT (orange in

Figure 4.5) are the dominant PFT in polar regions, showing a larger contribution to chlorophyll-a in

spring and summer in both hemispheres. Despite DIAT dominate the phytoplankton communities in

coastal upwelling areas, PIC dominate the production of isoprene. Regarding COCC (dark green in

Figure 4.5), despite being the largest contributor to total chlorophyll-a levels in the Great Calcite Belt

and the eastern tropical Atlantic, their dominance of isoprene production is rare.

The BASELINE simulation results provide a total production of isoprene in the surface

ocean (0-50 m) that amounts 1.43 Tg C yr−1 while the CHLA, RHO.MIN, RHO.MAX experiments

gave values of 1.15, 0.24 and 5.88 Tg C yr−1, respectively. This remarkable difference up to one

order of magnitude is the consequence of the poorly constrained isoprene production rates from the

different PFT’s. Looking into the spatial patterns of the total production in our BASELINE simulation,

the highest isoprene production rates are placed in the latitudinal band of 30-60oS, while the lowest

are found in polar regions, mainly in waters of the Arctic Ocean (>60oN) (respectively, 8.25 and 1.34

µmol m−2 yr−1, Figure 4.6a, left). DIAT is the largest contributor to isoprene production at a global

scale (Figure 4.6a, right). While DIAT dominate production in latitudes higher than 30oN and 30oS,

PIC dominate the tropical regions (from 30oS to 30oN), which represent a larger area than the polar

oceans. As expected, the MAX experiment (Table 4.2) shows an increase in isoprene production

in all latitudinal bands, peaking in 30-60oS (39.72 µmol m−2 yr−1, Figure 4.6a, left). In contrast to

BASELINE, MAX replaces the dominance of PIC with PRO in tropical waters, except in the bands

where DIAT dominate (Figure 4.6a, right). In the MIN experiment, isoprene production decreases

one or two orders of magnitude at all latitudes (Figure 4.6a, left). Similarly to BASELINE, DIAT are

the main contributors to isoprene production in the polar oceans and PIC dominate over the tropical

regions (Figure 4.6a, right). Finally, the CHLA experiment gives intermediate levels of isoprene

production closer to BASELINE than MIN or MAX (Figure 4.6a, left). However, MIX replace DIAT

as the global dominant PFT because they contribute the most to isoprene production in latitudes

higher than 30oN and in the band of 30-60oS (Figure 4.6a, right). Altogether, the only region where

the same PFT dominates isoprene production in the four experiments is the high latitude Southern

Ocean (>60oS), where DIAT are always the most important producers. In the tropical regions (30oN–

30oS) it is not clear whether PRO or PIC dominate isoprene production.

Finally, we explored whether or not the PFT that dominates isoprene production also dom-

inates the phytoplankton community in terms of its relative contribution to chlorophyll-a levels, ac-

cording to DARWIN (Figure 4.12). The analysis reveals that, along the climatological year, a co-

incidence occurs only in 20-30% of the global surface ocean: PRO (mainly placed in the tropical
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regions) and DIAT (in the Southern Ocean in summer) are the PFTs who dominate both, isoprene

production and chloraphyll-a concentration (Figure 4.12). In 70–80% of the global ocean the PFT

that contributes the most to isoprene production is not the same as the PFT that dominates the

phytoplankton community. PIC and DIAT are the PFTs that typically dominate isoprene production

without being the most abundant phytoplankton. DIAT, PRO and COCC are the PFTs that most often

dominate chlorophyll-a concentration but not isoprene production.

Winter

Summer

Figure 4.5: Dominance of isoprene production (top) and chlorophyll-a levels (bottom) of each PFT

implemented in DARWIN for January and July (BASELINE simulation, Table 4.2).

171



CHAPTER 4. GLOBAL ECOLOGICAL MODELLING OF MARINE ISOPRENE PRODUCTION

Figure 4.6: Results of the experiments described in Table 4.2. for the global ocean and each of

its ocean basins (A: Global Ocean, B: Atlantic, C: Indian, and D: Pacific). The right column shows

the annual integrated total production of isoprene per latitudinal bands. The left column depicts the

DARWIN-predicted dominant PFT in terms of isoprene production in the first 20 meters of the water

column during the climatological year.
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4.3.4 Sensitivity analysis

Our sensitivity analysis (SA) results show the large differences among the effects that the variation

in the values of the PFT-specific isoprene production rates trigger in the total production of isoprene

(Figure 4.7) . Thus, changes in ρDIAZ
CHLA only affect the total production of isoprene by less than 3%. In

contrast, ρDIAT
CHLA triggers the strongest effects (above 30%). In between, variations in ρCOCC

CHLA , ρMIX
CHLA,

ρPIC
CHLA and ρPRO

CHLA give intermediate values of SI (9.15 to 12.9%).

Figure 4.7: Results from the Sensitivity Analysis for our BASELINE simulation. The target variable

to measure the effects of varying each parameters by -50% or +50% is the integrated production of

isoprene per year in surface waters (0-20 meters).

4.3.5 Isoprene production and concentration in the global ocean

In our data-set of isoprene concentration (n = 6,000 raw measurements), there is a clear over-

representation of measurements in the Atlantic Ocean, which contrasts with the data scarcity in

the Pacific and Indian Oceans (Figure 4.8a). The Southern Ocean has been a region traditionally

poorly explored in terms of isoprene concentration measurements (Kameyama et al., 2014; Ooki

et al., 2015; Hackenberg et al., 2017). However, in this work, we include our recently published data

from TransPEGASO (2014), PEGASO (2015), ACE (2016-2017) (Rodríguez-Ros et al., 2020a,b)

and ANDREXII (Wohl et al., 2020) cruises, which have significantly increased the size of the data

set in the Southern Ocean. Overall, we observe peaks of isoprene concentration in the Equatorial

regions, slightly shifted to northern latitudes (Figure 4.8a and b). High isoprene concentrations are

also present in upwelling coastal regions (Mauritanian upwelling, TransPEGASO Cruise) or island

blooms in the Southern Ocean (e.g. South Georgia Islands during PEGASO cruise (Nunes et al.,

2019a)). To avoid over-representation of locations with repeated measurements, we binned our data

by month and gridded them to the cells of 1x1 degrees used in the DARWIN model. After doing so,

our sample size fell to ≈ 1,400 observations. Overall, there is a lack of isoprene measurements all
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over the oceans. Trace gas research requires a large number of measurements, both in surface wa-

ters and deeper levels of the ocean (Carpenter et al., 2012), not only for the development of simple

statistical models, like the ones described in this thesis (Chapters 1 and 2) and previous works (Ooki

et al., 2015; Hackenberg et al., 2017); but also to validate the results of global or regional models

such as DARWIN or ROMS-BEC (Chapter 3). Consequently, moving towards the development or

improvement of any regional or global modelling approach of marine isoprene cycling requires an

increase in the current number of measurements of isoprene concentration and ancillary parame-

ters.

We compared the observations of isoprene concentration with isoprene production rates,

chlorophyll-a concentration and sea surface temperature from the DARWIN model (Figure 4.9). Al-

though the isoprene concentration is positively correlated with isoprene production rates, sea surface

temperature and chlorophyll-a concentration (Figure 4.9a, b and c; respectively), the variance of iso-

prene concentration explained by any of the three variables is very low (<5%). The fact that modeled

isoprene production explains very little of the variance of isoprene concentration indicates that loss

processes (ventilation, degradation, mixing) play a big role in regulating isoprene concentration in

the surface ocean. Usually, the highest isoprene concentrations are placed in locations where PIC,

DIAT and PRO dominate isoprene production. In cold waters where DIAT dominate, isoprene con-

centrations tend to be lower than in warmer waters where PIC and PRO are the most important

isoprene producers (Figure 4.9b).
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Figure 4.8: Global data-set of isoprene published measurements from cruises compiled in Table 4.3.

(a) measurement locations and values. (b) Latitudinal distribution of isoprene concentrations.
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Figure 4.9: (a) Comparison of measurements of isoprene concentration (Table 4.3) with (a) iso-

prene production rates from the BASELINE simulation of DARWIN, (b) climatological chlorophyll-a

concentration from DARWIN, (c) and sea surface temperature.

176



CHAPTER 4. GLOBAL ECOLOGICAL MODELLING OF MARINE ISOPRENE PRODUCTION

4.3.6 Uncertainties related to isoprene production

The described patterns of isoprene production in the global ocean isoprene are highly sensitive to

changes in the production rates implemented on the DARWIN outputs. In this work we found a clear

hot-spot of isoprene production in the eastern tropical Atlantic (Longhurst, 1995) which has not been

predicted by Conte et al. (2020), the only prior study that has assessed the production of isoprene in

the global ocean using a PFT based ecological model (NEMO-PISCES). Taking into account that the

isoprene production in this area is driven by COCC and Conte et al. (2020) only used two PFT’s in

their configuration of PISCES (Diatoms + others), we suggest that their exclusion of coccolitophores

may be the reason why the eastern tropical Atlantic did not show up as an isoprene production hot-

spot. Overall, there is a need for better quantification and comprehension of the specific isoprene

production rates. Extrapolation of results from a limited number of species to the global ocean is

not a realistic approach. For example, (Dani et al., 2017) suggested that diatoms are the largest

contributors to isoprene production at the global scale, based on the results from 2 diatom strains

cultured in the lab. Although they are possibly right because diatoms are abundant across a large

portion of the global ocean, we show that they do not dominate isoprene production in some latitudes

and, is the low end of the lab-based specific production rates is considered (MIN experiment), they

are even replaced by mixotrophic dinoflagellates at intermediate latitudes (Figure 4.6).

The BASELINE simulation results provide a total production of isoprene in the surface

ocean (0-50 m) that amounts 1.43 Tg C yr−1 while the CHLA, RHO.MIN, RHO.MAX experiments

gave values of 1.15, 0.24 and 5.88 Tg C yr−1, respectively. This remarkable difference up to one

order of magnitude is the consequence of the poorly constrained isoprene production rates from the

different PFT’s. Looking into the spatial patterns of the total production in our BASELINE simulation,

the highest isoprene production rates are placed in the latitudinal band of 30-60oS, while the lowest

are found in polar regions, mainly in waters of the Arctic Ocean (>60oN) (respectively, 8.25 and 1.34

µmol m−2 yr−1, Figure 4.6a, left). DIAT is the largest contributor to isoprene production at a global

scale (Figure 4.6a, right). While DIAT dominate production in latitudes higher than 30oN and 30oS,

PIC dominate the tropical regions (from 30oS to 30oN), which represent a larger area than the polar

oceans. As expected, the MAX experiment (Table 4.2) shows an increase in isoprene production

in all latitudinal bands, peaking in 30-60oS (39.72 µmol m−2 yr−1, Figure 4.6a, left). In contrast to

BASELINE, MAX replaces the dominance of PIC with PRO in tropical waters, except in the bands

where DIAT dominate (Figure 4.6a, right). In the MIN experiment, isoprene production decreases

one or two orders of magnitude at all latitudes (Figure 4.6a, left). Similarly to BASELINE, DIAT are

the main contributors to isoprene production in the polar oceans and PIC dominate over the tropical

regions (Figure 4.6a, right). Finally, the CHLA experiment gives intermediate levels of isoprene

production closer to BASELINE than MIN or MAX (Figure 4.6a, left). However, MIX replace DIAT

as the global dominant PFT because they contribute the most to isoprene production in latitudes

higher than 30oN and in the band of 30-60oS (Figure 4.6a, right). Altogether, the only region where

the same PFT dominates isoprene production in the four experiments is the high latitude Southern

Ocean (>60oS), where DIAT are always the most important producers. In the tropical regions (30oN–

30oS) it is not clear whether PRO or PIC dominate isoprene production.
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4.4 Appendix

Isoprene production rates from the literature

Table 4.4: Compilation of isoprene production rates (normalized by chlorophyll-a biomass or number

of cells) by different species estimated in laboratory experiments and their culture conditions. Refer-

ences: Milne et al. (1995); Shaw et al. (2003); Bonsang et al. (2010); Colomb et al. (2009); Arnold

et al. (2009); Exton et al. (2013). * Rates from Meskhidze et al. (2015) included in this table are the

average of Tables 2 and 3 in (Meskhidze et al., 2015).

Taxa Specie prod. rate per chla prod. rate per cell Source Light intensity (period) Nutrients Temperature Cell volume (source)
pmol iso mg chla-1 d-1 pmol cell-1 d-1 µEs− 1m− 2 Deg. C µm3

Bacillariphyceae

Chaetoceros affinis - 1.09*10−6 Milne et al. (1995) - (14:10) - - 2440 (Harrison et al., 2015)

Chaetoceros neogracilis (CCMP 1318) 28.48 - Colomb et al. (2009) 250 (12:12) F/2 22.5 321 (Harrison et al., 2015)

Chaetoceros neogracilis (CCMP 1318) 1.26 1.25*10−6 Bonsang et al. (2010) 100 (12:12) F/2 20 177.8 (Bonsang et al., 2010)

Cylindrotheca sp. 2.64 - Exton et al. (2013) 300 (14:10) F/2 + Si 16 289 (Harrison et al., 2015)

Diatoms (elsewhere) 2.48 - Arnold et al. (2009) 100 (-) F/2 -

Pelagomonas calceolate (CCMP 1214) 1.6 5.7*10−8 (Shaw et al., 2003) 45 (14:10) F/2 + Si 20 -

Phaeodactylum tricornutum (Falkowski) 2.85 - Colomb et al. (2009) 250 (12:12) F/2 23 14 (Shaw et al., 2003)

Phaeodactylum tricornutum (UTEX 646) 1.12 - Bonsang et al. (2010) 100 (12:12) F/2 22.5 -

Phaeodactylum tricornutum 1.12 3.2*10−7 Bonsang et al. (2010) 100 (12:12) F/2 20 -

Skelotema costatum 1.32 8.5*10−7 Bonsang et al. (2010) 100 (12:12) F/2 20 56.23 (Bonsang et al., 2010)

Skelotema costatum - 1.25*10−6 Milne et al. (1995) - (14:10) - 20 141.25 (Bonsang et al., 2010)

Skelotema costatum (CCMP 1332) 1.8 - Shaw et al. (2003) 90 (14:10) F/2 + Si - 215 (Harrison et al., 2015)

Thalassiosira pseudonana (CCAP 1085/12) 5.76 - Exton et al. (2013) 300 (14:10) F/2 + Si 23 385 (Shaw et al., 2003)

Thalassiosira pseudonana (CCAP 1085/12) 3.89 * 3.16*10−8* Meskhidze et al. (2015) 90 (12:12) F/2 + Si 22 385 (Shaw et al., 2003)

Thalassiosira weissflogii (CCMP 1051) 4.56 - Exton et al. (2013) 300 (14:10) F/2 + Si 16 54.3 (Harrison et al., 2015)

Thalassiosira weissflogii (CCMP 1051) 3.78 * 3.69*10−8 Meskhidze et al. (2015) 90 (12:12) F/2 + Si 22 54.3 (Harrison et al., 2015)

Chlorophyceae
Dunaliella tertiolecta 0.36 4.9*10−7 Bonsang et al. (2010) 100 (12:12) F/2 20 12800 (Harrison et al., 2015)

Dunaliella tertiolecta (CCMP 1320) 1.2 - Exton et al. (2013) 180 (14:10) F/2 16 158.49 (Harrison et al., 2015)

Dunaliella tertiolecta (DUN - Falkowski) 2.85 - Colomb et al. (2009) 250 (12:12) F/2 22.5 -

Bacillariphyceae (cold adapted)

Chaetoceros debilis 0.65 6.07*10−7 Bonsang et al. (2010) 30 (12:12) F/2 4 199.52 (Bonsang et al., 2010)

Chaetoceros muelleri (CCAP 1010/3) 9.36 - Exton et al. (2013) 300 (14:10) F/2 + Si 16 232 (Harrison et al., 2015)

Diatoms (Southern Ocean) 1.21 - Arnold et al. (2009) 30 (12:12) F/2 4 -

Flagilariopsis cylindrus 0.96 - Exton et al. (2015) 160 (14:10) F/2 + Si -1 -

Flagilariopsis kerguelensis 0.56 *10−6 Bonsang et al. (2010) 30 (14:10) F/2 4 5623 (Bonsang et al., 2010)

Nitzschia sp. (CCMP 1088) 0.96 - Exton et al. (2013) 160 (14:10) F/2 + Si -1 312 (Harrison et al., 2015)

Synedropsis sp. (CCMP 2745) 0.72 - Exton et al. (2013) 160 (14:10) F/2 + Si -1 -

Cryptophyceae
Rhodomonas lacustris (CCAP 995/3) 9.36 - Exton et al. (2013) 300 (14:10) F/2 16 217 (Harrison et al., 2015)

Rhodomonas salina 2.78 * 2.06*10−8 * Meskhidze et al. (2015) 90 (12:12) F/2 22 217 (Harrison et al., 2015)

Cyanophiceae
Prochlorococcus 9.66 - Arnold et al. (2009) 100 (12:12) F/2 20 0.13 (Shaw et al., 2003)

Prochlorococcus sp. (axenic MED4 - High light) 1.5 1.4*10−9 Shaw et al. (2003) 110 (14:10) F/2 + Si 23 0.13 (Shaw et al., 2003)

Prochlorococcus sp. (MIT 9401) - 1.7*10−9 Shaw et al. (2003) 110 (14:10) F/2 + Si 23 0.13 (Shaw et al., 2003)

Prochlorococcus sp. (ss120) - 1.1*10−9 Shaw et al. (2003) 110 (14:10) F/2 + Si 23 0.13 (Shaw et al., 2003)

Synechococcs sp. (CCMP 1334) 11.76 - Exton et al. (2013) 110 (14:10) F/2 26 0.4 (Shaw et al., 2003)

Synechococcs sp. (RCC 40) 4.97 2.7*10−8 Bonsang et al. (2010) 120 (14:10) F/2 20 0.4 (Bonsang et al., 2010)

Synechococcs sp. (WH 8103) 1.4 4.9*10−9 Shaw et al. (2003) 100 (12:12) F/2 + Si 23 0.4 (Shaw et al., 2003)

Trichodesmium 3 1*10−2 Bonsang et al. (2010) 110 (14:10) F/2 20 -

Dinophyceae

Amphidinium aperculatum (Aboef) - 5.4*10−6 Milne et al. (1995) - (14:10) - - 1440 (Harrison et al., 2015)

Prorocentrum minimum (Plymouth 18B) 10.08 - Exton et al. (2013) 300 (14:10) F/2 16 1120 (Harrison et al., 2015)

Prorocentrum minimum 3.30 * 2.41*10−8* Meskhidze et al. (2015) 90 (12:12) F/2 22 1120 (Harrison et al., 2015)

Karenia brevis 2.05 * 1.44*10−8 * Meskhidze et al. (2015) 90 (12:12) F/2 22 -

Symbiodinium sp (A1" – CCMP 2464) 4.56 - Exton et al. (2013) 300 (14:10) F/2 26 -

Symbiodinium sp (A13" – CCMP 2469) 17.04 - Exton et al. (2013) 300 (14:10) F/2 26 -

Symbiodinium sp (A20" – D. Pettay) 9.6 - Exton et al. (2013) 300 (14:10) F/2 26 -

Symbiodinium sp (B1" – CCMP 2463) 27.6 - Exton et al. (2013) 300 (14:10) F/2 26 -

Prasinophyceae
Micromonas pusilla (CCMP 489) 1.4 2*10−8 Shaw et al. (2003) 45 (14:10) F/2 + Si 23 7 (Shaw et al., 2003)

Prasinococcus capsulatus (CCMP 1614) 32.16 - Exton et al. (2013) 300 (14:10) F/2 26 -

Tetraselmis sp. (CCMP 965) 3.84 - Exton et al. (2013) 300 (14:10) F/2 26 -

Prymnesiophyceae

Calcidiscus leptoporus (AC 365) 5.4 - Colomb et al. (2009) 250 (12:12) F/2 22.5 -

Emiliana huxleyi (CCMP 1516) 11.28 - Exton et al. (2013) 300 (14:10) F/2 16 113 (Harrison et al., 2015)

Emiliana huxleyi (CCMP 371) 11.54 - Colomb et al. (2009) 250 (12:12) F/2 22.5 39.8 (Bonsang et al., 2010)

Emiliana huxleyi (CCMP 371) 1 6.6*10−8 Bonsang et al. (2010) 100 (12:12) F/2 20 39.8 (Bonsang et al., 2010)

Emiliana huxleyi (CCMP 373) 1 3.8*10−7 Shaw et al. (2003) 45 (14:10) F/2 + Si 23 70 (Shaw et al., 2003)

Emiliana huxleyi (CCMP 373) 2.88 - Exton et al. (2013) 300 (14:10) - 16 113 (Harrison et al., 2015)

Emiliana huxleyi (MCH) - 2.25*10−6 Milne et al. (1995) - (14:10) - - 113 (Harrison et al., 2015)

Emiliana huxleyi (MCH) - 2.3*10−6 Shaw et al. (2003) 45 (14:10) F/2 + Si 23 113 (Harrison et al., 2015)

Emiliana huxleyi (WH 1387) - 2*10−7 Shaw et al. (2003) 45 (14:10) F/2 + Si 23 113 (Harrison et al., 2015)

Gephyrocapsa oceanica 15.36 - Exton et al. (2013) 300 (14:10) - 16 -

Pleurochrysis carterae 2.08 * 1.35*10−8 * Meskhidze et al. (2015) 90 (12:12) - 22 -
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Climatology of isoprene production from the DARWIN model

Total production

Figure 4.10: Monthly climatology (January and July) of total isoprene production (BASELINE simu-

lation, Table 4.2).
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Dominance of minor PFT’s in isoprene production

Figure 4.11: Monthly climatology (January and July) of minor PFT’s dominating isoprene production

in the Global Ocean (BASELINE simulation, Table 4.2).
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Dominance in isoprene production levels vs dominance in chlorophyll-a contribution

Figure 4.12: Dominance of isoprene production and relative contribution to chlorophyll-a levels of

all PFT’s in the global surface ocean. This figure shows the results for the climatological months of

January and July.
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The DARWIN model

In the recent years, the research group at the MIT led by Dr. Mick Follows and Dr. Stephanice Duk-

tiewicz has developed a global, trait-based model which is an essential tool to study the relationships

between marine ecosystem processes and biogeochemical processes in the context of present and

future global change scenario (Follows et al., 2007). One of their best achievements was the simu-

lation of several ecotypes of Prochlorococcus and Synecoccocus (Dutkiewicz et al., 2009), marine

species of phytoplankton that are numerically dominant in the oligotrophic oceanic regions.

The ecosystem model used in this work is a version of the MIT ecological selection model

(Vallina et al., 2014a; Dutkiewicz et al., 2019), it can be forced using one-dimensional (depth-

resolved) or three-dimensional physical framework set-ups (see Equations 4.6, 4.7, 4.8, 4.9, 4.10

and 4.11; and Tables 4.5, 4.6 and 4.7). The computer model is written in Fortran programming

language. The foodweb complexity is modular since we can select any number of species per taxon

and trophic level. There are three trophic levels: photo-autotrophic phytoplankton, herbivorous zoo-

plankton and carnivorous zooplankton. For each taxon and trophic level, we can select any number

of species; something similar to what is presented in Figure 4.13. The generic herbivore zooplank-

ton feeds upon all phytoplankton species with killing-the-winner (KTW) predation strategy (Vallina

et al., 2014b). The generic carnivore zooplankton feeds upon the herbivore zooplankton and upon

itself (i.e. closure term). The model mass currencies are nitrogen, phosphorus, iron, and silica and

it resolves four types of abiotic compounds: dissolved inorganic nutrients (NO3, PO4, SiO2, Fe),

dissolved organic matter (DOM) and particulate organic matter (POM). The model assumes Monod

kinetics for the uptake of dissolved inorganic nitrogen (DIN = NO3 + NH4) and therefore uptake and

growth are assumed to be coupled. There is only one nutrient uptake affinity for each species j,

which applies to all dissolved nutrients; where µ is the maximum uptake rate and K is the half-

saturation. Ammonium is assumed to be taken up preferentially over nitrate (Vallina and Le Quéré,

2008). Also, the model saves you from having to choose to select the specific effects of light on

your species, assuming if there is (or not) differential fitness along the solar radiation environmental

gradient. Organisms and abiotic compartments are passively mixed in the column water by vertical

turbulent diffusion. Only detritus (i.e. POM) is subject to vertical sinking.

In the model, functional diversity refers to phytoplankton species-trait variability along three

environmental gradients independently: dissolved nutrient concentration, ocean temperature and

photosynthetic active radiation (PAR). Thus, it is possible to have as high a number of functional

species as needed. Here, we present an example of 64 functional types of species (Figure 4.14.a),

with four optimal levels of nutrients (NOpt), temperature (TOpt) and solar radiation (PAROpt). Con-

sequently, each of the three environmental gradients define the species niches, which leads to 4 x

4 x 4 = 64 species, each with a particular nutrient-temperature-PAR optimal niche where they are

ecologically superior competitors (Figure 4.14.b).

Regarding the uptake strategy, there is a transition from resource gleaners to resource

opportunists. This diversity in nutrient uptake strategies results from a gleaner-opportunist trade-

off that provides each phytoplankton species with a particular nutrient niche: slow-growing nutrient
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gleaners are superior competitors at low nutrient concentration because they have a higher nutrient

affinity, while fast-growing nutrient opportunists are superior competitors at high nutrient concentra-

tion because they have a higher maximum growth rate (Litchman et al., 2015). This growth-affinity

trade-off (α · µmax = constant) implies that the species-trait maximum growth (µmax) alone is enough

to define the nutrient uptake curve and thus the optimal nutrient concentration (Nopt) of any given

uptake strategy. The diversity in temperature and PAR preferences results from different tempera-

ture optima (Topt) and PAR optima (PARopt) with a tolerance range. The phytoplankton community

will self-assembly depending on the local environmental conditions (environmental filtering) and the

presence of other competitors (resource competition), leading to dynamical simulations of the global

biogeography of the modelled phytoplankton species.
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Figure 4.13: Simplification of a marine ecosystem model showing its main parameters. Source:

Banas (2011).

Figure 4.14: Environmental nitches along three gradients: temperature (SST), dissolved inorganic

nitrogen (DIC) and photosynthetically active radiation (PAR). Source: Pedro Cermeño (Institute of

Marine Sciences - CSIC).
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1D physical model description

Modified from (Vallina et al., 2008).

General form of the 1D model equations

∂Xi

∂t
= Ji − |~w|

∂Xi

∂z
+

∂

∂z
(kz

∂Xi

∂z
) (4.3)

where Xi = Phytoplankton, Chlorophyll, Volatiles ...; Ji are the biological source/sink terms for each

variable i as defined above,|~w|∂Xi
∂z is the vertical sinking (only applies to phytoplankton and detritus),

and ∂
∂z (kz ∂Xi

∂z ) is the vertical turbulent diffusion.

Advection (Sinking) and Diffusion Terms

Phytoplankton and Detritus sinking S

S(Xi) = |~w|∂Xi

∂z
(4.4)

for Xi = Phytoplankton, Chlorophyll, Volatiles ...

Turbulent diffusion D

D(Xi) =
∂

∂z
(kz

∂Xi

∂z
) (4.5)

for Xi = Phytoplankton, Chlorophyll, Volatiles ...
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MITesm: Ecosystem equations.

General equations of Predator, Prey and Nutrients. (4.6)

∂Pj
∂t

= FPj − EPj −GPj −MPj +∇z(κ∇zPj)

∂Zj
∂t

= FZj − EZj −GZj −MZj +∇z(κ∇zZj)

∂NO3

∂t
= −FNO3

P

+ ε(PNO3) EP + ε(ZNO3) EZ

+ Ω(PNO3) MP + Ω(ZNO3) MZ

+ δ(PONNO3) MPON + δ(DONNO3) MDON + δ(NH4NO3) MNH4

+∇z(κ∇zNO3)

∂NH4

∂t
= −FNH4

P −MNH4

+ ε(PNH4) EP + ε(ZNH4) EZ

+ Ω(PNH4) MP + Ω(ZNH4) MZ

+ δ(PONNH4) MPON + δ(DONNH4) MDON

+∇z(κ∇zNH4)

∂DON

∂t
= −MDON

+ ε(PDON) EP + ε(ZDON) EZ

+ Ω(PDON) MP + Ω(ZDON) MZ

+ δ(PONDON) MPON

+∇z(κ∇zDON)

∂PON

∂t
= −MPON

+ ε(PPON) EP + ε(ZPON) EZ

+ Ω(PPON) MP + Ω(ZPON) MZ

+∇z(κ∇zPON) + ω∇zPON

Matter decomposition. (4.7)

MNH4 = ψNH4 NH4

MDON = ψDON DON

MPON = ψPON PON
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Phytoplankton production. (4.8)

FPj = FNO3
Pj

+ FNH4
Pj

FNO3
Pj

= µmaxPj
(QNO3

Pj
QSSTPj

QPAR) Pj

FNH4
Pj

= µmaxPj
(QNH4

Pj
QSSTPj

QPAR) Pj

FNO3
P =

∑
j
FNO3
Pj

FNH4
P =

∑
j
FNH4
Pj

FP =
∑

j
FPj

QDINPj
= QNO3

Pj
+QNH4

Pj
≤ 1

QNH4
Pj

= (NH4/(KDIN
Pj

+NH4))

QNO3
Pj

= (NO3/(KDIN
Pj

+NO3)) (1−QNH4
Pj

)

QSSTPj
= exp(−(T

Pj

opt − T )2/ (2 σ2T )) ≤ 1

QPAR = (I/Iopt) exp(1− (I/Iopt)) ≤ 1

I = I0 exp

(
−
∫ z

0
(kw + kp

∑
j
Pj) dz

)

Zooplankton production (preyi , predatorj). (4.9)

QZj =
∑

i
QPi
Zj

+
∑

i
QZi
Zj

= QtotZj
≤ 1

QPi
Zj

=
φij P

α
i

(
∑

k φkj P
α
k +

∑
k ϕkj Z

α
k )

QtotZj

QZi
Zj

=
ϕij Z

α
i

(
∑

k φkj P
α
k +

∑
k ϕkj Z

α
k )

QtotZj

QtotZj
=

(
∑

k φkj Pk +
∑

k ϕkj Zk)
β

Kβ
Zj

+ (
∑

k φkj Pk +
∑

k ϕkj Zk)
β

GPi =
∑

j
(µmaxZj

Zj)Q
Pi
Zj

GZi =
∑

j
(µmaxZj

Zj)Q
Zi
Zj

FZj = (µmaxZj
Zj)QZj

FZ =
∑

j
FZj

Plankton excretion. (4.10)

EPj = (1− βP ) FPj

EZj = (1− βZ) FZj

EP = (1− βP ) FP

EZ = (1− βZ) FZ
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Plankton mortality. (4.11)

MPj = ψP Pj

MZj = ψZ Zj

MP = ψP
∑

Pj

MZ = ψZ
∑

Zj

MITesm: Parameters in equations.

Variable Description Units

Pj Phytoplankton species j mmolN m−3

Z1 Zooplankton herbivore mmolN m−3

Z2 Zooplankton carnivore mmolN m−3

NO3 Nitrates mmolN m−3

NH4 Ammonium mmolN m−3

DON Dissolved Organic Nitrogen mmolN m−3

PON Particulate Organic Nitrogen mmolN m−3

Table 4.5: Ecosystem model state-variables.

Term Description Units

FP Production of phytoplankton mmolN m−3 d−1

FNO3
P Production of phytoplankton on nitrate mmolN m−3 d−1

FNH4
P Production of phytoplankton on ammonium mmolN m−3 d−1

FZ Production of zooplankton mmolN m−3 d−1

EP Excretion of phytoplankton mmolN m−3 d−1

EZ Excretion of zooplankton mmolN m−3 d−1

GP Grazing on phytoplankton mmolN m−3 d−1

GZ Grazing on zooplankton mmolN m−3 d−1

MP Mortality of phytoplankton mmolN m−3 d−1

MZ Mortality of zooplankton mmolN m−3 d−1

MNH4 Decomposition of ammonium mmolN m−3 d−1

MDON Decomposition of dissolved organic nitrogen mmolN m−3 d−1

MPON Decomposition of particulate organic nitrogen mmolN m−3 d−1

Table 4.6: Ecosystem model terms.
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Parameter Symbol Units

Phytoplankton maximum specific growth rate µmaxPj
d−1

Phytoplankton half-saturation for DIN uptake KPj mmolN m−3

Phytoplankton optimal temperature T
Pj

opt
◦C

Phytoplankton saturating irradiance Iopt W m−2

Phytoplankton temperature tolerance σT
◦C

Phytoplankton assimilation efficiency βP n.d.

Phytoplankton mortality specific rate ψP d−1

Phytoplankton excretion fraction going to NO3 ε(PNO3) n.d.

Phytoplankton excretion fraction going to NH4 ε(PNH4) n.d.

Phytoplankton excretion fraction going to DON ε(PDON) n.d.

Phytoplankton excretion fraction going to PON ε(PPON) n.d.

Phytoplankton mortality fraction going to NO3 Ω(PNO3) n.d.

Phytoplankton mortality fraction going to NH4 Ω(PNH4) n.d.

Phytoplankton mortality fraction going to DON Ω(PDON) n.d.

Phytoplankton mortality fraction going to PON Ω(PPON) n.d.

Zooplankton herbivore preference on phytoplankton i φi1 n.d.

Zooplankton carnivore preference on phytoplankton i φi2 n.d.

Zooplankton herbivore preference on zooplakton i ϕi1 n.d.

Zooplankton carnivore preference on zooplakton i ϕi2 n.d.

Zooplankton maximum specific growth rate µmaxZj
d−1

Zooplankton half-saturation for grazing KZj mmolN m−3

Zooplankton killing-the-winner parameter α n.d.

Zooplankton grazing Hill coefficient β n.d.

Zooplankton assimilation efficiency βZ n.d.

Zooplankton mortality specific rate ψZ d−1

Zooplankton excretion fraction going to NO3 ε(ZNO3) n.d.

Zooplankton excretion fraction going to NH4 ε(ZNH4) n.d.

Zooplankton excretion fraction going to DON ε(ZDON) n.d.

Zooplankton excretion fraction going to PON ε(ZPON) n.d.

Zooplankton mortality fraction going to NO3 Ω(ZNO3) n.d.

Zooplankton mortality fraction going to NH4 Ω(ZNH4) n.d.

Zooplankton mortality fraction going to DON Ω(ZDON) n.d.

Zooplankton mortality fraction going to PON Ω(ZPON) n.d.

NH4 decomposition specific rate ψNH4 d−1

NH4 decomposition fraction going to NO3 δ(NH4NO3) n.d.

DON decomposition specific rate ψDON d−1

DON decomposition fraction going to NO3 δ(DONNO3) n.d.

DON decomposition fraction going to NH4 δ(DONNH4) n.d.

PON decomposition specific rate ψPON d−1

PON decomposition fraction going to NO3 δ(PONNO3) n.d.

PON decomposition fraction going to NH4 δ(PONNH4) n.d.

PON decomposition fraction going to DON δ(PONDON) n.d.

PON sinking rate ω m d−1

PAR irradiance vertical attenuation due to water kw m−1

PAR irradiance vertical attenuation due to self-shading kp m2 mmolN−1

Table 4.7: Ecosystem model parameters.
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Abstract

Isoprene is a chemical ubiquitously produced by the biosphere that accounts for half of the

emission of non-methane biogenic volatile organic compounds to the atmosphere. The vast majority

of the global isoprene emission is from terrestrial vegetation, but it is the oceanic pervasive source

that impacts on the atmospheric oxidative capacity and aerosol numbers and size in the remote

marine atmosphere. Of the processes that control isoprene concentration in the ocean, laboratory

experiments have addressed production by phytoplankton, but in situ biological and chemical losses

have not yet been experimentally quantified. Here we present data from incubation experiments,

conducted across contrasting regions of the global ocean, which show that isoprene is consumed in

the absence of light and ventilation. Rate constants of isoprene loss are proportional to chlorophyll-

a concentrations, suggesting they are due to microbial activity, with an intercept that approaches

a fixed chemical loss. The proposed equation will allow parameterising the loss term in numerical

and remote sensing models for oceanic isoprene emission. Together with estimates of temperature-

dependent specific production, our overall results show that marine isoprene is produced and con-

sumed in dynamic cycling by planktonic microbial food webs.
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5.1 Introduction

Isoprene (2-methyl-1,3-butadiene) emissions by terrestrial and marine life are of a magnitude similar

to the sum of natural and anthropogenic emissions of methane, ca. 500 Tg C year-1 (Guenther et al.,

2012; Saunois et al., 2016). Owing to its reactivity and short lifetime in the atmosphere (Seinfeld and

Pandis, 2016; Medeiros et al., 2018) (minutes to hours), isoprene impacts on atmospheric chemistry

by forming tropospheric ozone, modifying the oxidation behaviour of other organic compounds, and

contributing to secondary organic aerosols Claeys et al. (2004); Carlton et al. (2009); Hu et al.

(2013). Even though the oceans emit much less isoprene than vegetated land, the potential of

biogenic aerosols to influence cloud albedo and lifetimes, hence climate, is large over the vast

oceans remote from anthropogenic sources (Andreae and Rosenfeld, 2008; Carslaw et al., 2013).

On land, isoprene is produced and released mainly by trees and shrubs (Pacifico et al.,

2009). In the ocean, isoprene is produced primarily by phytoplankton (Bonsang et al., 1992) and

also by seaweeds (Broadgate et al., 1997). Whilst in vascular plants isoprene production is related

to rapid alleviation of thermal and oxidative stress, and chemical signalling (Loreto and Schnitzler,

2010; McGenity et al., 2018; Murrell et al., 2020), the ecophysiological functions of isoprene biosyn-

thesis in phytoplankton are unknown, yet a similar antioxidant role has been speculated (Dani and

Loreto, 2017). In any case, isoprene is ubiquitous in the surface ocean, where it occurs at con-

centrations mostly within the 1 – 100 nmol m−3 range (Ooki et al., 2015; Hackenberg et al., 2017;

Rodríguez-Ros et al., 2020b,a; Conte et al., 2020).

Estimations of the global ocean emission of isoprene have been attempted either by ”top

down” (balancing atmospheric observations with model outputs) or “bottom up” (modelling oceanic

isoprene concentration and air-sea flux) approaches, and they diverge by one or two orders of mag-

nitude (maximum range: 0.1 – 12 Tg C year−1) (compilation in Hackenberg et al. (2017)). One

of the reasons why the isoprene emission is so badly constrained is our poor knowledge of the

magnitude, drivers, distribution and dynamics of its cycling processes. It is thought that not all of

the isoprene produced by phytoplankton escapes to the atmosphere because part of it is degraded

in seawater, but the actual proportion is unknown. Chemical oxidation is taken for granted20 be-

cause of isoprene’s high reactivity (Huang et al., 2011), but it has never been measured. Likewise,

the occurrence of isoprene-degrading bacteria in seawater has been demonstrated (Alvarez et al.,

2009; Johnston et al., 2017; Murrell et al., 2020) and a significant microbial sink has been sug-

gested (Palmer and Shaw, 2005; Moore and Wang, 2006; Booge et al., 2018), but it has not been

experimentally confirmed, let alone measured, in natural conditions.

With the aim to determine rates of isoprene loss from the surface ocean, we conducted

seawater incubations during four oceanographic expeditions. Ten of the eleven experimental sites

were located in the open ocean, and one was located offshore on the wide Southwestern Atlantic

Shelf. Altogether they covered wide ranges of latitude (40oN – 61oS), sea surface temperature

(-0.8 – 28.6oC), daily wind speed (3 – 12 m s−1), fluorometric chlorophyll a (chla) concentration

(0.1 – 5.8 mg m−3), and isoprene concentration (4 – 104 nmol m−3) (Figure 5.1, Table 5.1 and

5.2). Water samples from the surface ocean were incubated in glass bottles for 24 hours, at the
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in situ temperature and in the dark. First-order loss rate constants were determined from initial

and final, and sometimes intermediate, isoprene concentrations (see Methods). Enclosure without

headspace prevented any isoprene loss by ventilation, and darkness was assumed to arrest all or

most of the biological production (Bonsang et al., 2010) and any photochemical production (Ciuraru

et al., 2015b) or degradation. Thus, the measured loss was considered to be the result of microbial

degradation and chemical oxidation.

Figure 5.1: Geographical distribution of the experiments. Location of the sampling and incubation

sites, coloured for isoprene concentration.

5.2 Methods

5.2.1 Sampling and physical measurements

The HOTMIX cruise (Benavides et al., 2016) traversed the Mediterranean Sea from East to West be-

tween 27 April and 29 May 2014 on board the R/V Sarmiento de Gamboa. Seawater was collected

with a General Oceanics rosette, equipped with 24 L Niskin bottles. Temperature and salinity were

recorded with a SBE911+ CTD system (Sea Bird Sci.). The TransPEGASO cruise (Riemer et al.,
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Table 5.1: Sample characteristics and estimates of isoprene process rates. Sample location on

map of Figure 5.1, sea surface temperature (SST, which was the temperature of the incubation),

chlorophyll-a concentration (chla), concentration of heterotrophic prokaryotes (mostly bacteria), iso-

prene concentration, rate constants for isoprene loss (kloss, biological and chemical) and ventilation

(kvent), total turnover time (τ ), and specific or chla-normalized production rate.

Area date SST chla bacteria isoprene kloss kvent total τ specific prod. rate

sample (# on map) (d/m/y) (oC) (mg m−3) (106 cell mL−1) (nmol m−3) (d−1) (d−1) (d) (nmol (mg chla)−1 d−1)

Tropical Pacific #1 06/04/2018 28.6 0.31 0.92 17.5 0.06 0.03 11.2 4.8

Mediterranean #2 02/05/2014 18.9 0.15 0.64 27.8 0.09 0.08 6.0 29.9

Mediterranean #3 13/05/2014 19.1 0.19 0.86 25.1 0.07 0.10 6.0 21.3

Mediterranean #4 17/05/2014 16.8 0.15 1.32 39.0 0.03 0.03 15.5 15.8

Atlantic #5 26/10/2014 23.4 0.61 1.46 104.1 0.15 0.08 4.4 37.9

Atlantic #6 30/10/2014 28.1 0.20 1.29 25.0 0.04 0.07 9.3 13.0

Atlantic #7 04/11/2014 25.5 0.11 0.78 4.5 0.08 0.11 5.4 7.3

Atlantic #8 17/11/2014 13.9 1.67 2.64 27.6 0.28 0.16 2.3 7.2

Southern Ocean #9 27/01/2015 5.0 5.77 0.63 64.2 0.64 0.07 1.4 7.9

Southern Ocean #10 15/01/2015 1.0 1.96 0.23 8.8 0.19 0.06 4.0 1.1

Southern Ocean #11 18/01/2015 -0.8 0.29 0.36 6.3 0.06 0.14 4.9 4.2

Table 5.2: Location of the experimental sites, sampling depth, and physical variables. SSS: sea

surface salinity; SST: sea surface temperature; ZML: mixed layer depth; U10 24h: wind speed at 10

m above sea surface, averaged over 24 hours. a: Estimated from a monthly climatology (Holte et al.,

2017).

Area date latitude longitude depth SSS SST ZML U10 24h

(d/m/y) (m) (oC) (m) (m s−1-1)

Tropical Pacific 06/04/2018 17.45oS 149.84oW 0.2 36.50 28.6 12a 2.8

Mediterranean 02/05/2014 34.07oN 27.22oE 4 36.68 18.9 20 6.4

Mediterranean 13/05/2014 39.57oN 11.40oE 4 37.80 19.1 15 6.2

Mediterranean 17/05/2014 38.60oN 7.25oE 4 37.68 16.8 20 4.4

Atlantic 26/10/2014 20.55oN 19.03oW 5 36.05 23.4 23a 6.6

Atlantic 30/10/2014 3.05oN 27.67oW 5 35.99 28.1 37a 7.5

Atlantic 04/11/2014 15.99oS 35.54oW 5 37.45 25.5 34a 9.2

Atlantic 17/11/2014 38.75oS 56.46oW 5 33.48 13.9 18a 9.3

Southern Ocean 27/01/2015 50.33oS 39.78oW 4 33.70 5.0 58 11.8

Southern Ocean 15/01/2015 60.07oS 45.67oW 4 33.70 1.0 21 7.2

Southern Ocean 18/01/2015 61.30oS 43.95oW 4 33.19 -0.8 12 8.4

2000) crossed the Atlantic Ocean from North to South on the R/V Hesperides, between 20 Octo-

ber and 21 November 2014. Surface seawater was sampled using the ship’s underway pumping

system, which had the water intake located 4-5 m below sea level. All the parts of the centrifu-

gal pump (BKMKC-10.11, Tecnium) that were in contact with the fluid were made of polypropylene

and glass. Seawater temperature and salinity were recorded continuously via the flow-through ther-

mosalinograph SBE21 SeaCAT (Sea Bird Sci.). The PEGASO cruise (Zamanillo et al., 2019a) was

conducted on board de R/V Hesperides in the regions of Antarctic Peninsula, South Orkney and

South Georgia Islands from 2 January to 11 February 2015. Seawater samples were collected from
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either the underway pumping system intake (same as above) or the uppermost (4 m) bottle of the

rosette on SBE911+ CTD casts, which recorded temperature and salinity. The BIOGAPS-Moorea

expedition took place between 2 and 27 April 2018 at the northern coast of the island of Mo’orea,

French Polynesia. Surface (0.2 m) seawater was hand-collected from a boat 3.5 km offshore over a

water column depth of 1100 m. Seawater temperature was recorded with a SBE56 sensor (Sea Bird

Sci.) continuously flushed with pumped-in surface seawater. The sample was taken to the Gump

Research Station (University California Berkeley) on the island for processing.

5.2.2 Incubations

In all cases, duplicate all-glass bottles (0.5 L) were completely filled, leaving no headspace. One of

the bottles was analysed in duplicate for isoprene within 1-2 hours after collection, to set the initial

concentration. The other bottle was dark-incubated for 24 hours in a tank with constant flushing

of pumped-in surface ocean water, to keep incubation temperature the same as in situ. At the

conclusion of the incubation time isoprene concentration was analysed in duplicate. In some cases

(samples HOTMIX H04, H15 and H19, PEGASO B3, BIOGAPS-Moorea OO), an intermediate point

was sampled and analysed after 9-11h. The loss rate constant of isoprene kloss (d−1) was calculated

as the slope of Ln(concentration) vs. time, under two assumptions: (a) consumption follows first

order kinetics, as in the case of other trace gases such as dimethyl sulphide (Toole et al., 2006) and

methyl halides (Tokarczyk et al., 2003); (b) isoprene production by phytoplankton, which is linked

to photosynthesis (Bonsang et al., 2010), is arrested over the 24 h of incubation in the dark; if

biosynthesis resumed for a while, this would have reduced apparent loss and would have caused

underestimation of kloss.

5.2.3 Isoprene concentration

Isoprene was measured along with other volatile compounds on a gas chromatography-mass spec-

trometry system (5975-T LTM GC/MS, Agilent Technologies). Aliquots of 25 mL were drawn from

the glass bottle with a glass syringe with a teflon tube, and filtered through a 25 mm glass fibre filter

while introduced into a purge and trap system (Stratum, Tekmar Teledyne). Volatiles were stripped

by bubbling with 40 mL min-1 of ultrapure He for 12 minutes, trapped on solid adsorbent at room

temperature and thermally desorbed (250oC) into the GC. Isoprene, monitored as m/z 67 in selected

ion monitoring mode, had a retention time of 2.4 min in the LTM DB-VRX chromatographic column

held at 35oC. The detection limit was 1 pmol L-1, and the median analytical precision was 5%. In

HOTMIX, TransPEGASO and PEGASO, calibration was performed by injections of a gaseous mix-

ture of isoprene in N2. In BIOGAPS-Moorea, a liquid standard solution prepared in cold methanol

and subsequently diluted in MilliQ water was used instead.
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5.2.4 Isoprene ventilation rate constant

The isoprene ventilation or air-sea exchange fluxes (Fvent, in nmol m−2 d−1) were calculated as:

Fvent = kAS · ([isow]− [isoa]/KH) ≈ kAS · [isow] (5.1)

where [isow] is the isoprene concentration in surface sea water, [isoa] is the isoprene concentration

in the air, KH is the Henry’s Law constant for isoprene, and kAS is the gas exchange velocity (cm

hd−1). Air-side isoprene can be considered near zero and neglected for flux calculations because

isoprene is highly reactive in the atmosphere and it is largely supersaturated in the surface ocean.

kAS was estimated from Wanninkhof (2014):

kAS = 0.251 · U2
10 · (Sc/660)−0.5 (5.2)

where U10 is the wind speed at 10 m (m s−1), and Sc is the Schmidt number (non-dimensional). On

cruises, wind speed was measured by the ships’ meteorological stations and averaged over a period

of 24 hours, which was the duration of the incubations. In offshore Mo’orea, we recorded wind speed

on the boat with a portable Skywatch BL500 micrometeorological station. This instantaneous wind

speed was converted to the daily average by applying the factor between instantaneous and daily

average wind speeds measured at the Gump Station on shore. Sc was computed as Palmer and

Shaw (2005):

Sc = 3913.15 + 162.13 · SST + 2.67 · SST2 + 0.012 · SST3 (5.3)

where SST is in degrees Celsius (oC). To convert the ventilation flux Fvent (nmol m−2 d−1) into

the rate constant kvent (d−1), the flux was divided by the mixed layer depth (ZML, m) and by the

isoprene concentration (nmol m−3), assuming that the surface concentration was the mixed-layer

concentration (Booge et al., 2016). During HOTMIX and PEGASO, ZML was determined from CTD

profiles as the depth at which density was 0.125 kg m−3 higher than that at 5 m. In the case of the

TransPEGASO cruise and the Mo’orea expedition, where no CTD casts were conducted, we used

the geo-localized monthly values from a global climatology (Holte et al., 2017).

5.2.5 Isoprene vertical mixing rate constant

In the case of the three PEGASO samples, kmix was estimated from measured vertical profiles of

isoprene concentration and the turbulent diffusion across the pycnocline (Kz). Thus, the vertical

mixing flux at the bottom of the ML (Fmix, nmol m−2 d−1) was calculated as:

Fmix = Kz · (∆[iso]/∆z) (5.4)

where a Kz = 2.6 m2 d−1 (or 0.3 cm2 s−1) was considered appropriate yet conservative for the South-

ern Ocean (Yang et al., 2013), ∆[iso] (nmol m−3) was the isoprene concentration gradient across

the upper pycnocline, and ∆z (m) was the distance covered by this gradient. Depending on the lo-

cation of the concentration maximum, Fmix was positive (loss term, export from the ML) or negative

(gain term, import into the ML). kmix (d−1) was calculated by dividing Fmix by the surface isoprene

concentration and ZML (determined from the CTD profiles as above). For HOTMIX, TransPEGASO

and BIOGAPS-Moorea, kmix could not be estimated from in situ data and a fixed value of -0.005 d−1

was taken from the global integral suggested by the model of Conte et al. (2020).
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5.2.6 Chlorophyll a concentration

Seawater 250-mL samples were filtered on glass fibre filters, which were extracted with 90% acetone

at 4oC in the dark for 24 hours. Fluorescence of extracts was measured with a calibrated Turner

Designs fluorometer. No phaeopigment corrections were applied.

5.2.7 Bacterial abundance

Aliquots of 2 mL of the initial sample were fixed with 1% paraformaldehyde plus 0.05% glutaralde-

hyde and stored frozen at -80oC. Numbers of heterotrophic bacteria (actually prokaryotic heterotrophs,

including archaea) were determined by flow cytometry after staining with SYBR-Gree (Gasol and

Del Giorgio, 2000). The population of cells with higher fluorescence content in the green fluores-

cence vs. side scatter plot was considered high nucleic acid containing (HNA) bacteria.

5.3 Results and Discussion

5.3.1 Isoprene loss rate: variability and drivers

Loss rate constants (kloss = kbio + kchem) varied over an order of magnitude, ranging 0.03 – 0.64 d−1

with a median of 0.08 d−1 (Table 5.1). They showed proportionality to the chla concentration (Figure

5.2a) that was best described by this linear regression equation:

kloss = 0.10 · [chla] + 0.05 (5.5)

The fact that the variability of kloss is largely driven by [chla] strongly suggests that the

variable term (0.10 · [chla]) corresponds to microbial consumption (kbio), which in our experiments

gave values between 0 and 0.59 d−1, with a median of 0.03 d−1. With a lack of experimental

measurements, a pioneering modelling study (Palmer and Shaw, 2005) proposed the use of a fixed

kbio at 0.06 d−1; recently (Booge et al., 2018), though, the need for a variable kbio spanning at

least between 0.01 and 0.1 d−1 was invoked to balance observed concentrations with predictions of

the production term from phytoplankton culture data, once the ventilation and chemical losses were

accounted for. Our experimental results indicate that such variable kbio indeed exists and spans

even a broader range. We attribute this kbio to degradation or utilisation by heterotrophic bacteria.

There is sparse but solid evidence (Alvarez et al., 2009; Johnston et al., 2017) for the presence in

marine waters of isoprene-degrading bacteria belonging mainly to the phylum Actinobacteria. The

same study (Alvarez et al., 2009) demonstrated the potential for bacterial consumption after isoprene

additions at concentrations at least four orders of magnitude higher than natural concentrations. Our

kloss did not show any significant correlation with the total bacterial abundance (Table 5.1), not even

with the abundance of high nucleic acid-containing bacteria (Table 5.3), which are considered to

be the more active members of the bacterial community (Lebaron et al., 2001). It must be noted,

though, that bacterial abundance does not necessarily parallel bacterial activity, less so the activity
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Figure 5.2: Isoprene processes and their main drivers. a. Rate constant of isoprene loss in dark

incubations (kloss , considered to be microbial and chemical consumption) vs. chlorophyll-a concen-

tration. The linear regression equation is kloss = 0.10 · [chla] + 0.05 (R2=0.96, p=10−7, n=11). Error

bars represent the experimentally-determined standard error of k loss .The colour scale of the circles

indicates bacterial abundances. b. Specific (chla- normalised) rate of isoprene production vs sea-

water temperature (SST) across the sample series. The dashed line is the general smoothed trend.

The blue line is the exponential adjustment at SST < 23oC: isoprene sp.prod. = 2.04 ·e(0.13·SST) +

0.71 (R2=0.85, p=10−3, n=8).

of specific phyla, whereas a general trend of higher bacterial activity with higher chla concentration

is commonly observed (Gasol and Duarte, 2000). Circumstantial evidence in one study (Sinha et al.,

2007) suggested that the cosmopolitan cyanobacterium Synechococcus might consume isoprene; if

confirmed, this could have contributed to the correlation between kloss and [chla]. However, the three

highest kloss were measured in waters colder than 14oC where Synechococcus occurred at very low

biomass (Zamanillo et al., 2019a,b). We therefore believe that the kbio term of kloss corresponded

mainly to degradation by specialized heterotrophic bacteria.

The intercept of Equation 5.5 could be attributable to a less variable loss by chemical
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Table 5.3: Measured biological variables and isoprene process rate constants. chla: chlorophyll a

concentration; BA: bacterial (prokaryotic heterotroph) abundance; HNA-BA: high nucleic acid con-

taining bacterial abundance; kloss: rate constant of isoprene loss in incubations (microbial degrada-

tion + chemical oxidation); kvent: rate constant of isoprene ventilation to the atmosphere; kmix: rate

constant of isoprene vertical mixing by turbulent diffusion at the bottom of the mixed layer (negative

means import into the surface mixed layer); kprod: rate constant of isoprene production, assuming

24-h steady state for the isoprene concentration. a: Taken from the global integral suggested by the

model of Conte et al. (2020).

Area date chla BA HNA-BA isoprene kloss kvent kmix kprod

(d/m/y) (mg m−3) (105 cells mL−1) (nmol m−3) (d−1) (d−1) (d−1) (d−1)

Tropical Pacific 06/04/2018 0.31 9.23 4.22 17.5 0.06 0.03 -0.005a 0.09

Mediterranean 02/05/2014 0.15 6.38 1.94 27.8 0.09 0.08 -0.005a 0.17

Mediterranean 13/05/2014 0.19 8.61 3.66 25.1 0.07 0.10 -0.005a 0.17

Mediterranean 17/05/2014 0.15 13.16 6.12 39.0 0.03 0.03 -0.005a 0.06

Atlantic 26/10/2014 0.61 14.56 12.01 104.1 0.15 0.08 -0.005a 0.23

Atlantic 30/10/2014 0.20 12.90 1.05 25.0 0.04 0.07 -0.005a 0.11

Atlantic 04/11/2014 0.11 7.83 3.50 4.5 0.08 0.11 -0.005a 0.19

Atlantic 17/11/2014 1.67 26.37 10.64 27.6 0.28 0.16 -0.005a 0.44

Southern Ocean 27/01/2015 5.77 6.33 3.79 64.2 0.64 0.07 0.001 0.71

Southern Ocean 15/01/2015 1.96 2.32 1.21 8.8 0.19 0.06 -0.005 0.25

Southern Ocean 18/01/2015 0.29 3.59 1.63 6.3 0.06 0.14 -0.010 0.20

oxidation (Huang et al., 2011; Riemer et al., 2000). In remarkable support to this, the value of the

intercept, 0.05 d−1, is identical to the kchem commonly used hitherto (Conte et al., 2020; Palmer and

Shaw, 2005; Booge et al., 2016), which was calculated from reaction rate constants and estimated

concentrations of reactive oxygen species in the surface ocean.

In spite of the limited number of experiments, the fact that they cover a wide range of con-

trasting oceanic regions and conditions confers to Equation 5.5 the potential to be used in numerical

models of marine isoprene cycling, replacing the fixed term for microbial consumption (Palmer and

Shaw, 2005; Booge et al., 2016). The kloss vs. [chla] relationship can also be used to predict kloss

from remote sensing chla measurements (Galí et al., 2015, 2018):

[chlasat] = 0.79 · [chla]0.78 (R2 = 0.66, n > 1, 000) (5.6)

Substitution in Equation 5.5 results in:

kloss = 0.14 · [chlasat]
1.28 + 0.05 (5.7)

which is our recommended equation for kloss prediction from satellite chla. Note that only

the variable kbio term changes from Equation 5.5, while the kchem (intercept) is maintained at 0.05

d−1.
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5.3.2 Comparison of isoprene sinks

The change of isoprene concentration ([iso]) in the surface mixed layer over time can be described

as the budget of sources and sinks:

∆[iso]/∆t = [iso] · (kprod − kloss − kvent − kmix) (5.8)

where kprod, kvent and kmix are the rate constants of isoprene production, ventilation to the atmo-

sphere and vertical mixing by turbulent diffusion, respectively. We calculated kvent from our sampling

sites over a period of 24 hours (Table 1). Ventilation has been considered to be the main isoprene

sink from the upper mixed layer of the ocean (Palmer and Shaw, 2005). In our sampling sites, kloss

was 0.4 to 10 times the kvent (median 1.2). That is, loss through microbial + chemical consumption

was of the same order as ventilation, sometimes considerably faster. kmix was estimated to be one

order of magnitude lower than the other process rates (Table 5.3), and in all cases but one it was

calculated or assumed not to be a loss term but an import term into the mixed layer, because vertical

profiles generally show maximum isoprene concentrations below the mixed layer (Hackenberg et al.,

2017; Milne et al., 1995). Altogether, the microbial, chemical and ventilation losses resulted in total

turnover times of isoprene between 1.4 and 16 days, median 5 days.

5.3.3 Isoprene production

Assuming steady state for isoprene concentrations over 24 hours, i.e., ∆[iso]/∆t = 0 in Equation

5.8, the sum of the rate constants of all sinks (kloss + kvent) equals the rate constant of isoprene

production (kprod), with kmix adding to either side depending on whether it is an import to or an

export from the mixed layer (Table 5.3). The product of kprod by the isoprene concentration gives the

isoprene production rate, which can be normalised to the chla concentration. This specific isoprene

production rate varied between 1 and 38 nmol (mg chla)−1 d−1 (Table 1), median 8 nmol (mg chla)−1

d−1. These values are within the broad range reported across phytoplankton taxa from laboratory

studies with monocultures (0.3 – 32, median 3 nmol (mg chla)−1 d−1, n = 124; see compilations in

Booge et al. (2016); Meskhidze et al. (2015)).

Five of the eleven sites gave values > 13 nmol (mg chla)−1 d−1, i.e., in the higher end

of the laboratory data range. This is not unexpected, since measurements in monoculture experi-

ments are typically conducted before reaching nutrient limitation, below light saturation, and in the

absence of UV radiation, to mention three stressors commonly occurring in the surface open ocean.

If isoprene biosynthesis and release is enhanced by these stressors, as is the case in vascular

plants (Pacifico et al., 2009; Loreto and Schnitzler, 2010), then monoculture-derived results will eas-

ily render underestimates of isoprene production in the open ocean. Production by heterotrophic

bacteria (Fall and Copley, 2000) could have also contributed to increase apparent specific isoprene

production rates, but the occurrence and significance of this process in the marine environment is

unknown. While expanding the lab-derived database of specific isoprene production rates across

phytoplankton taxa is always desirable, we argue there is a need for in situ measurements if we are

to reliably predict isoprene production in the ocean.
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Close inspection of the phytoplankton taxonomic composition of all samples (data not

shown) revealed no clear relationship to the isoprene specific production rates. Instead, a pattern

was apparent with the sea surface temperature (SST), which was also the temperature of the incu-

bations. Specific production rates increased exponentially with SST across the eight sampling sites

between -0.8oC and 23.4oC, and dropped drastically at higher SST (Figure 5.2b). Several studies

with phytoplankton monocultures have reported positive dependence of isoprene specific production

rates on temperature (Meskhidze et al., 2015; Fall and Copley, 2000; Shaw et al., 2003; Gantt et al.,

2009; Exton et al., 2013). Among these, Meskhidze et al. (2015) described that the increase with

temperature reaches an optimum for production that varies among phytoplankton strains and with

light intensity, but falls around 23–26oC. The most detailed study (Shaw et al., 2003) was conducted

with a Prochlorococcus strain; remarkably, the specific production rate vs. temperature curve for this

cyanobacterium strain was almost identical to that of Figure 5.2b, with an exponential increase until

23oC and a drop thereafter. This is the canonical curve type of enzymatic activities, but the thermal

behaviour of the enzymes for isoprene synthesis in marine unicellular algae has not yet been char-

acterized15. In spite of the lack of a mechanistic explanation, we conclude that temperature does

more than phytoplankton taxonomy to govern chla-normalised isoprene production across regions

of the open ocean.

5.3.4 Revising the magnitude and players of the marine isoprene cycle

Our results allow redrawing the isoprene cycle in the surface ocean (Figure 5.3). Until now, the focus

had entirely been on the production term, considering specific production rates by phytoplankton

as though they were constitutive and shaped by phylogeny (Booge et al., 2016) , with occasional

emphasis on acclimation (Meskhidze et al., 2015; Shaw et al., 2003, 2010). Even though teasing

apart phylogeny and acclimation at the cross-basin and seasonal scales is not an easy task because

environmental stressors are interlinked with species and community succession, our results call

for a deeper exploration of the ecophysiological drivers of isoprene biosynthesis by phytoplankton.

As a matter of fact, whilst absolute isoprene production is grosso modo related to phytoplankton

biomass and primary production (Figure 5.3), the isoprene concentration does not necessarily follow

indicators of phytoplankton biomass such as chla but it is further tuned by environmental factors such

as SST (Ooki et al., 2015; Dani and Loreto, 2017; Hackenberg et al., 2017; Rodríguez-Ros et al.,

2020a,b).

We also show that the loss terms in the cycle are more complex and variable than believed,

with a microbial sink that is tightly coupled to production and can dominate over ventilation in chla-

rich waters (Figure 5.3). The resulting total turnover times of isoprene in the surface mixed layer

are in the order of one or two weeks in the oligotrophic ocean but can be as short as one to four

days in productive waters. The metabolic mechanisms and microorganisms involved in isoprene

consumption warrant further investigation because this important sink will be regulated by triggers of

microbial speciation and activity, potential co-metabolisms, and microbial mortality by predators and

viruses. All in all, isoprene concentration and emission to the atmosphere can no longer be regarded

as controlled only by phytoplankton biomass and functional types, but intimately connected to the

structure of the pelagic microbial food web.
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Figure 5.3: Steady state cycling processes of isoprene in the surface ocean, according to oceanic

productivity. Process rates averaged from the seven oligotrophic sites with [chla] < 0.5 mg m−3

(blue arrows) and from the four productive sites with [chla] > 0.5 mg m−3 (green arrows). The width

of the arrows is proportional to the magnitude of the process rate. Note the change in the relative

magnitude of the sinks.
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No nos hagamos, pues, ilusiones: si la vida de un hombre basta para saber algo de todas las

disciplinas humanas, apenas es suficiente para dominar hasta el detalle una o dos de ellas.

Reglas y consejos sobre investigaación científica

Dr. Santiago Ramón y Cajal (Nobel Prize in Physiology or Medicine 1906)
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Drivers and modelling of isoprene distribution in the Southern Ocean

During the last decades, the trace gas DMS, which acts as Secondary Aerosol (SA) and Cloud Con-

densation Nuclei (CCN) precursor, has been studied in SO waters (Vallina et al., 2006) to assess

the validity of the CLAW hypothesis (Charlson et al., 1987) in this remote region. In contrast, other

relevant trace gases for SA and CCN formation over the ocean have received less attention. This

is the case of isoprene, although the Southern Ocean has been suggested to be a relevant area in

terms of isoprene emission (Meskhidze and Nenes, 2006; Luo and Yu, 2010; Booge et al., 2016). In

this PhD thesis on isoprene, we have focused on this region in Chapters 1, 2 and 3. Up to date, only

three studies have been conducted in the waters of the Southern Ocean (SO) to study which were

the main drivers of isoprene concentration: Kameyama et al. (2010), Ooki et al. (2015), and Hack-

enberg et al. (2017). In these, chlorophyll-a and sea surface temperature have demonstrated some

degree of predictive capacity for isoprene concentrations. However, these three studies showed

limitations, in temporal and spatial resolution as well as their experimental design, to understand the

distribution of isoprene in the SO. In Chapters 1 and 2 of this thesis, we took advantage of three

new cruises which took place in waters of the SO (TransPEGASO, PEGASO and ACE) to explore

the drivers of marine isoprene distribution, and proposed statistical models based on in situ and

remotely-sensed predictor variables.

In Chapter 1 (Rodríguez-Ros et al., 2020a), we explored the question of which are the spa-

tial distribution and main drivers and of isoprene concentration in the SO. We found that isoprene

concentrations ranged from 1 to ≈ 100 pM in all the cruise measurements compiled for this study.

We found that higher values of isoprene concentrations occurred in waters with high chlorophyll-a

and higher temperature. Overall, the higher concentrations were found in productive and warmer wa-

ters, while low concentrations occurred in cold high latitude waters of the open ocean. We observed

the peak of isoprene concentrations around ≈ 40 oS and water temperatures of 15 oC previously

reported by Ooki et al. (2015), which highlights the important of the sub-polar front as a hotspot of

isoprene distribution. Regarding the studied cruises, PEGASO showed the highest isoprene concen-

trations because it targeted preferentially blooming areas. Overall, peaks of isoprene concentration

occurred in shelf, coastal waters, and island-associated blooms where phytoplankton communities

were not iron-limited Morris and Sanders (2011); Moore et al. (2013a); Hoppe et al. (2017). The rest

of isoprene measurements rarely exceeded 50 pM. As to the variables that drive isoprene distribu-

tion in the SO, we found that the most relevant were the ones related to phytoplankton abundance

and primary production. Thus, isoprene was significantly correlated with chlorophyll-a and other

pigments, and showed no correlation with physical variables (solar radiation, sea surface tempera-

ture, mixing layer depth) or nutrients. Isoprene concentrations were correlated with all phytoplankton

groups, specially with diatoms. Since in land vegetation isoprene production and emission is sug-

gested to be a photoprotective mechanism (Sharkey and Yeh, 2001), we explored the relationship

between the concentrations of isoprene and photo-protective pigments, already proposed by Hack-

enberg et al. (2017). Isoprene positively correlated with photo-protective pigments, as much as it did

with light-harvesting pigments. Our results, therefore, did not arise any new evidence for isoprene

being involved in photoprotection.
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Based on the information obtained regarding the drivers of isoprene in SO waters, we

proposed statistical models to predict isoprene concentrations using the measurements taken during

the TransPEGASO, PEGASO and ACE cruises. Similarly to the proposed algorithms of Ooki et al.

(2015) and Hackenberg et al. (2017) for polar waters, we developed our models based upon the

relationship of isoprene concentration to chlorophyll-a (from fluorometric and HPLC techniques)

and sea surface temperature. We found a shifting regime based on a sea surface temperature

threshold: above or below 3.4 oC. In each regime the correlation of isoprene with chlorophyll-a were

different, being higher for the waters above 3.4 oC. A very similar threshold (3.3 oC) was also found

by (Ooki et al., 2015), although they also included measurements from the Arctic Ocean. The cross-

validation of our model with those of Ooki et al. (2015) and Hackenberg et al. (2017) revealed that our

model performs better predicting isoprene concentrations, which can be due to the wider ranges of

chlorophyll-a and sea surface temperature incorporated from the PEGASO and ACE cruises. At this

point, we must highlight that one of the main challenges when combining data sets from different

studies are the potential methodological biases in the measurements of isoprene concentrations

and ancillary variables. A clear example of this is the KH-5-10 cruise (Kameyama et al. (2010)),

whose isoprene concentrations were much higher than any cruise ever performed in SO waters,

and were removed from this study after a personal communication with the authors. However,

these methodological biases can be more subtle and the potential errors in isoprene concentrations

depending on the instrument or sampling and analytical techniques have not been assessed in any

published inter-calibration or meta-analysis. In Chapter 1, where we used measurements from three

cruises in which we used the same instrumental setup and methodology, some of these biases are

avoided or, at least, reduced; making our findings more robust.

In Chapter 2 (Rodríguez-Ros et al., 2020b), we provided a new statistical model based

on remotely-sensed variables to detect isoprene concentrations in the Southern Ocean: ISOREMS

(Isoprene Southern Ocean Remote Sensing). To develop it, we matched in situ measurements of

isoprene concentration from six different cruises (PEGASO, ACE, ANDREXII, KH-09-5 (Ooki et al.,

2015), and AMT22 & 23 (Hackenberg et al., 2017)) with remote sensed variables, following the

method described in Galí et al. (2018). Specifically, we tested the potential predictive capacity of

the following variables obtained from MODIS-Aqua satellite (accessed in February 2019, 2019):

chlorophyll-a, sea surface temperature, particulate inorganic carbon, particulate organic carbon,

depth of the euphotic layer, and photosynthetically active radiation. Among them, we found that the

best predictors were chlorophyll-a and sea surface temperature. The resulting climatology (2002-

2018) of isoprene concentrations and fluxes estimated with ISOREMS were coincident with the

patterns of isoprene distribution described in Chapter 1. Thus, the highest concentrations and emis-

sions were found in biologically productive waters such as the Antarctic and South Atlantic Shelves,

and next to Sub-antarctic islands. Moreover, we also detected the band of higher isoprene concen-

trations and emissions approximately between 40 – 50oS, and a seasonal peak in summer; being

January the month with highest values for both, concentrations and emission fluxes. Although the

distribution patterns of concentrations and emissions derived form ISOREMS were similar, emis-

sions showed a more spread distribution with weaker gradients towards continental shelves and

islands. Regarding the total climatological emission of isoprene, we estimated a value of 0.063 Tg

C yr−1, which supports the order of magnitude suggested by the several bottom-up approaches
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performed up to date (Bonsang et al., 1992; Milne et al., 1995; Broadgate et al., 1997; Palmer and

Shaw, 2005; Arnold et al., 2009; Gantt et al., 2009; Booge et al., 2016; Brüggemann et al., 2018).

Altogether, ISOREMS constitutes a useful tool to study the role of oceanic emissions in climate and

the oxidative capacity of the atmosphere over the SO by providing realistic inputs for atmospheric

and climatic models.

In summary, the results from Chapters 1 and 2 supported the idea that the complexity of

the Southern Ocean (Ardyna et al., 2017) constitutes a challenge for the model development of trace

gases (Neukermans et al., 2018). Meso and sub-meso scales processes, such as eddies driving

blooms, create areas with a strong heterogeneity that may include hot-spots of isoprene concentra-

tion and emissions. Thus, we strongly recommend performing processes-oriented research cruises,

like PEGASO, that will help to increase our understanding of marine isoprene cycling in bloom

and upwelling spots Ardyna et al. (2019); specially in the latitudinal band of 40-50 oS. Nevertheless,

these studies must be complemented with cruises like ACE, which describe the isoprene distribution

over large low-productivity areas, across biological and physical boundaries Ardyna et al. (2017). All

the aforementioned would be necessary to develop and validate future model like ISOREMS, not

only for the Southern Ocean but also for other regions and the global scale. On this line, we have

contributed to the expansion of the existing data-set of isoprene measurements in the ocean, with

a significant contribution to measurements in SO waters (Figure 5.4). Before this PhD thesis, the

scarcity of measurements in this area made the validation of modelling approaches in the area quite

challenging (Conte et al., 2020). We believe that the new data presented here will contribute to solve

this issue.

Figure 5.4: Contribution of our cruises to the global dataset of isoprene concentrations.
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Combining laboratory and Lagrangian studies in the Southern Ocean

Isoprene production rates normalized by chlorophyll-a (ρPFTCHLA) have been determined in laboratory

conditions during the exponential growth phase of phytoplankton monocultures (Shaw et al., 2003;

Bonsang et al., 2010; Exton et al., 2013; Meskhidze et al., 2015). Among all the species for which

values of ρPFTCHLA have ever been estimated (Booge et al., 2016), only 21 are present in natural con-

ditions in the Southern Ocean. Furthermore, values of ρPFTCHLA had not been estimated specifically

for the Southern Ocean from field measurements and experiments. In Chapter 3, for the first time

we estimated ρPFTCHLA from field data, using the Lagrandian studies performed during PEGASO. We

found that the values estimated for diatoms and coccolitophores in natural conditions were higher

than the mean of the published rates from laboratory experiments (Booge et al., 2016). On the

same cruise, we determined for the first time the rates of chemical and biological losses for the

Southern Ocean (Chapter 5). This has long been an issue (Shaw et al., 2003; Alvarez et al., 2009;

Booge et al., 2018) that has prevented the correct implementation of the full cycling of isoprene in

models. Altogether, our field-determined production and loss rates suggest that isoprene cycling in

the Southern Ocean is faster than previously thought. We suggest that the methodology followed

to estimate isoprene production and degradation rates during PEGASO should be repeated in other

regions and opens the door to understand the cycling of isoprene in the ocean. The implementa-

tion of these new production and loss rates in the ROMS-BEC model (Nissen et al., 2018) revealed

that isoprene concentration is mostly constrained to surface waters (0-20 m). Among the PFT’s

implemented in ROMS-BEC (Diatoms, Coccolitophores and Small mixed phytoplankton), diatoms

dominate total isoprene production. However, our field-determined values of ρPFTCHLA for diatoms

and coccolitophores were very similar, which revealed that the dominant role of diatoms in isoprene

production is due to their higher abundance. We also showed that isoprene production by coccolit-

phores peaks in the area known as the "Great Calcite Belt" (Balch et al., 2011, 2016). In conclusion,

our experimental results suggest that PFT-specific production rates of isoprene may be significantly

higher than those estimated from monoculture experiments in the lab. Nevertheless, we must high-

light that these results have some limitations since (1) we were not able to determine the value of

ρPFTCHLA for Phaeocystis, a common bloom former in the Southern Ocean (DiTullio et al., 2000); and (2)

ROMS-BEC has a positive chlorophyll bias at high SO latitudes, resulting partly from model-derived

higher temperatures, shallower mixed layer depths (ZML) and missing ecosystem complexity. In

consequence, the comparison of our modelled concentrations with in situ measurements showed

opposite latitudinal patterns.

Shedding light on isoprene production

Isoprene production rates normalized by chlorophyll-a have been determined in a series of lab-

focused works (Shaw et al., 2003; Bonsang et al., 2010; Exton et al., 2013; Meskhidze et al.,

2015) and used in different modelling approaches to estimate isoprene distribution and/or cycling

in the oceans (Arnold et al., 2009; Booge et al., 2016; Conte et al., 2020). However, the be-

haviour of isoprene production in contrasting environmental conditions, such as light or temper-
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ature, has only been assessed in Meskhidze et al. (2015). In this thesis we took advantage of

these published rates and implemented them in two different biogeochemical-ecological modelling

approaches in Chapters 3 and 4, using the ROMS-BEC and DARWIN models, respectively. This

type of biogeochemical-ecological models have been repeatedly proposed as the next step towards

modeling the cycling of marine isoprene and solving the quantitative gap between bottom-up and

top-down estimates of isoprene emission (Booge et al., 2016; Hackenberg et al., 2017; Brüggemann

et al., 2018). Biogeochemical-ecological models are able to fully represent marine isoprene cycling

both in time and space. Up to date, only Conte et al. (2020) has attempted to implemented isoprene

production rates normalized per chlorophyll-a (ρPFTCHLA) in a model of this kind: PISCES. However, in

their model configuration they only used 2 PFTs and laboratory estimates of ρPFTCHLA. As discussed

in Chapters 3 and 4, there are strong discrepancies among the experimental isoprene production

rates (ρPFTCHLA) even for strains of the same species. In Table 5.4 we have gathered all the ρPFTCHLA

estimates used in Chapters 3 and 4. Remarkably, the values of ρPFTCHLA for diatoms and coccoli-

tophores obtained from solving the cycling of isoprene in PEGASO blooms (Chapter 3, BASELINE

simulation) are higher than estimates from laboratory experiments or retrieved using the light factors

from Gantt et al. (2009) and Booge et al. (2018). Overall, we demonstrated that it is possible to

estimate values of ρPFTCHLA from Lagrangian experiments. Therefore, this methodology can be used

to determine the production rates for other PFT’s than the ones from Chapter 3, if future Lagrangian

experiments are conducted.

There is a remaining question regarding the production of isoprene by phytoplankton,

which is essential to solve when attempting its modelling: Is isoprene constitutive of all phytoplank-

ton groups, of each specific phytoplankton group, or its production is mainly driven by environmental

factors? Isoprene production has been detected in all phytoplankton species tested up to date, so

the role of isoprene as a by-product of the photosynthetic process is clear, although there are differ-

ences among the tested species Booge et al. (2016). However, several works have assumed that

isoprene production is independent of the PFT, or there is no need to use many different PFT’s and

their respective isoprene production rates. On this line, Conte et al. (2020) only used 2 PFT’s to

study the global cycling of isoprene (diatoms and others) and Dani et al. (2017) suggested that only

the production by diatoms is enough to estimate the total production of marine isoprene. In terrestrial

plants, despite isoprene production and emission vary among species(Pacifico et al., 2009), envi-

ronmental factors are believed to be the main drivers at the regional and global scales (Zhao et al.,

2017). Something similar was observed by Shaw et al. (2003) and Meskhidze et al. (2015) with

marine species of phytoplankton, after testing the effects of light and temperature on the isoprene

production by cultured strains. However, only two species of phytoplankton have ever been tested

for the synergistic effects of light and temperature on isoprene production: Thalassiosira weissflogii

and Thalassiosira pseudonana (Meskhidze et al., 2015). All in all, an important role of environ-

mental factors in isoprene production can not be ignored, as it can be even more important than

the taxonomic composition of phytoplankton communities. Consequently, we suggest that values of

ρPFTCHLA must be corrected with environmental descriptors, such as light or temperature, as recently

proposed by Conte et al. (2020). By doing so, a better implementation of the isoprene production

process will be possible in ecological-biogeochemical models.

Finally, as shown in Chapter 4, there is a promising relationship between isoprene produc-
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tion rates per number of cells (ρPFTCells) and cell size of the organisms. Unfortunately, only Bonsang

et al. (2010) made the effort to estimate the cell volume of their experimental strains. We were able

to include a few new values of cell volume using the data set of Harrison et al. (2015), which resulted

in a decrease in the explained variance from r2 = 0.97 to r2 = 0.77. Consequently, although more

data of ρPFTCells and cell sizes are necessary to see if this relationship is universal or it changes de-

pending on the PFT, this opens the door to the implementation of ρPFTCells in ecological models which

use size-class PFT’s.

Table 5.4: Summary of isoprene production rates (ρPFTCHLA) estimates per PFTs in this thesis: Chapter

3 (DARWIN-MITgsm) and Chapter 4 (ROMS-BEC). a: Estimated in Lagrangian experiments during

PEGASO. b: Estimated using Booge et al. (2016). c: Estimated in Lagrangian experiments during

PEGASO using the light factors from Booge et al. (2018) or Gantt et al. (2009). d: Estimated using

Booge et al. (2016) and Meskhidze et al. (2015).

Chapter Run name ρDIAT
CHLA ρPRO

CHLA ρCOCC
CHLA ρDIAZ

CHLA ρPIC
CHLA ρMIX

CHLA ρSP
CHLA

mmol mgChl−1 d−1

Chapter 3 BASELINEa 12.14 - 10.98 - - - 0.69

ROMS-BEC: LABb 2.06 - 5.54 - - - 5.73

Southern Ocean EF.BOOGEc 1.2 - 2.5 - - - 3.5

EF.GANTTc 7.8 - 4.9 - - - 6.5

Chapter 4 BASELINEd 3.79 5.38 5.16 3 12.46 6.94 -

DARWIN: CHLAd All ρPFT
CHLA = 4.53 -

Global Ocean RHO.MAXd 28.48 11.76 15.36 4.7 32.16 27.6 -

RHO.MINd 1.12 1.4 1 1.6 1.4 4.56 -

New insights on the turnover of isoprene in the surface global ocean

The marine cycle of isoprene in the ocean is still far from being conceptually described and exper-

imentally assessed. Uncertainties related to isoprene production have been largely described in

Chapters 3 and 4 of this thesis, and in the previous section. Degradation of isoprene is probably the

most unknown part of the marine isoprene cycle and has been pointed out to be the main respon-

sible for the gap between bottom-up and top-down emissions (Booge et al., 2018). This gap in our

understanding of isoprene degradation challenges the modelling of marine isoprene cycling (Booge

et al., 2016). Isoprene degradation has been proposed to be driven by bacteria and chemical reac-

tion with radicals O2 and OH (Palmer and Shaw, 2005). However, no isoprene degradation rate by

bacteria or chemical radicals has been ever measured and published for the ocean (Booge et al.,

2018; McGenity et al., 2018).

In Chapter 5 of this thesis, we presented data from incubation experiments performed

during HOTMIX, TransPEGASO, PEGASO and BIOGAPS. In those, we demonstrated for the first

time that isoprene is consumed in the absence of light and ventilation. Moreover, we found that

rates of isoprene degradation are directly related to chlorophyll-a levels, and the intercept of that
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relationship is coincident with the previously suggested value (0.05 d−1) for chemical degradation

(Palmer and Shaw, 2005). The full cycling in synthesized in Figure XX. Furthermore, we showed

that chlorophyll-normalized isoprene production increases with sea surface temperature and drops

drastically beyond 23oC; this is in agreement with laboratory results reported by Shaw et al. (2003)

and Meskhidze et al. (2015). Although this represents a typical curve of enzymatic activity, the ther-

mal behaviour of the enzymes in charge of isoprene synthesis have not yet been characterized (Dani

and Loreto, 2017). Our results suggest that the specific isoprene production is more controlled by

temperature than by phytoplankton taxonomy. Furthermore, although ventilation has been consid-

ered as the main sink of isoprene in the surface ocean (Booge et al., 2016, 2018), our values of

isoprene ventilation to the atmosphere were from 2.5 times higher to 10 times lower than bacterial

and chemical degradation (taken together as kconc). In a similar way, vertical mixing was estimated

to be one order of magnitude lower than the rest of the loss rates. Overall, the results of Chapter

5 show that marine isoprene is produced and consumed in dynamic cycling by planktonic microbial

food webs with a total turnover times between 1.4 and 16 days, and a median of 5 days. This is

significantly faster than previously suggested in previous works (e.g. from 16 to 100 days in Hack-

enberg et al. (2017)). These results solved for the first time the question of the relative magnitudes

of the production and consumption rates of isoprene in the open ocean and, consequently, pave

the road towards the correct parametrization of the full cycling of marine isoprene in future remote

sensing and ecological modelling studies.

Emission of isoprene: bottom-up or top-down estimates?

As discussed in this PhD thesis, there is a current debate about the different estimates of total emis-

sion of marine isoprene between bottom-up (≈ 1 Tg C yr-1) and top-down (up to 12 Tg C yr-1)

approaches (see compilation in Brüggemann et al. (2018)). In Chapters 2 and 3, we quantified the

emissions of isoprene from Southern Ocean waters using two different approaches, respectively:

remote sensing retrieval and biogeochemical-ecological modelling. When analyzing monthly clima-

tological fields from both chapters, we observed that they agreed in many aspects regarding the

seasonality of isoprene concentrations and emissions, peaking in summer and in coastal areas and

island blooms. However, ROMS-BEC results disagree with ISOREMS in the latitudinal distribution

of the maximum isoprene concentration and emission levels. Thus, while isoprene peaks in the lati-

tudinal band of 50oS in ROMS-BEC (Chapter 3), with ISOREMS (Chapter 2) the maximum isoprene

emission is shifted northwards, to around 40oS. This discrepancy may be due to the aforementioned

biases in ROMS-BEC prediction of chlorophyll-a. As to the total emission of isoprene in the SO,

IROREMS Chapter 2 rendered a value of 0.063 Tg C year−1, and ROMS-BEC Chapter 3 gave

0.071 Tg C year−1, representing the 5-74% and 6 – 84%, respectively, of previous global estimates

(see compilation in Brüggemann et al. (2018)). All in all, both estimates are quite similar and sup-

port the order of magnitude of the bottom-up estimates (Figure 5.5) and their upper limits exceed the

percentage of the global ocean represented by the SO waters, which is ≈ 27% when taking 40oS

as the northern limit. Altogether, these emission estimates from Chapters 2 and 3 do not reject the

relevance of the SO, a region particularly sensitive to aerosols of marine origin, for the SOA budget.
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Figure 5.5: Estimates of isoprene emission from the Southern Ocean, calculated in Chapters 2 and

3 of this thesis, in comparison with global bottom-up estimates from previous works (Brüggemann

et al., 2018).

Moreover, the results from DARWIN-MITgsm model also contributed to the debate about

global emission values estimated from bottom-up and top-down approaches. The global phyto-

plankton production of isoprene in our DARWIN-MITgsm setup (BASELINE simulation, Chapter 4)

amounts 1.82 Tg C yr-1, which is similar to the production estimate by Conte et al. (2020): 1.52 Tg C

yr-1. In their work, they estimated a total emission to the atmosphere of 0.66 Tg C yr-1, representing

43.4% of the total production. However, this emission value is the result of adding the photochemical

production of isoprene from the surface microlayer; without the photochemical production the emis-

sion amounted 0.27 Tg C yr-1. Since we did not model the full cycle of isoprene in Chapter 4, we are

not able to estimate the global emission of isoprene. However, our total phytoplankton production of

isoprene (1.82 Tg C yr-1) supports the range of emissions provided by bottom-up studies (≈ 1 Tg

C yr-1) rather than top-down (up to 12 Tg C yr-1), since the emission of isoprene can not be higher

than its total production. Moreover, our estimate of the total production of isoprene in the Southern

Ocean (>40oS) is 0.39 Tg C yr-1. This represents 22% of the global production estimated by DAR-

WIN, while the global oceanic area belonging in the SO is ≈ 27%). On the other hand, the total

isoprene production by phytoplankton in the SO estimated with ROMS-BEC (BASELINE simulation)

is 0.43 Tg C yr-1. The fact that this value is 10% higher than the estimate from DARWIN-MITgsm

can be due to two reasons: (1) ROMS-BEC overestimates chlorophyll-a levels at certain locations

of the Southern Ocean, (2) the values of specific production rates implemented in ROMS-BEC were

significantly higher. All in all, the isoprene emission to the atmosphere derived from ROMS-BEC

accounted for 16.5% of the production by phytoplankton, which is a very similar proportion to that

in the model of Conte et al. (2020) (17%), excluding the photochemical production. In conclusion,

our results from the ISOREMS, ROMS-BEC and DARWIN-MITgsm models (Chapters 2, 3 and 4,
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respectively) support the range of global emissions from bottom-up studies (Figure 5.5).

Concluding considerations about modelling of marine isoprene

In this PhD thesis, we have provided new findings that altogether represent an stimulating contri-

bution to the existing debate about the suitability of simple models or ecological-biogeochemical

models to study the distribution and cycling of marine isoprene. In this last section, we focus on the

pros and cons of both approaches, and highlight the main findings.

In Chapter 1, we provided a model to calculate isoprene concentration based on its rela-

tionship with chlorophyll-a with the biggest dataset up to date, and validated the results with data

from previous field studies. However, these type of models have many limitations, one of them being

that relationships based on in situ measured chlorophyll-a can not be directly applied to remotely-

sensed chlorophyll-a (Moutier et al., 2019). Moreover, the data of chlorophyll-a came from different

cruises that used different analytical procedures, making these measurements a non-harmonized

dataset. This hampers implementing them in atmospheric models or remote sensing models of any

kind. We solve this issue in Chapter 2, proposing ISOREMS as the first statistical model to predict

isoprene concentrations based on remote sensing data (chlorophyll-a and sea surface temperature).

With the limitation in the fact that the Southern Ocean is a cloudy region (Neukermans et al., 2018),

challenging for remote sensing techniques, ISOREMS allows a synoptic assessment of isoprene

distribution over the entire SO and offers a promising alternative to studies based purely on field

measurements. We should note, though, that the models provided in Chapter 1 and Chapter 2 ex-

plain, respectively, 43 – 69%, and 45% of the variance. Overall, simple statistical models, mainly

those developed from remotely-sensed variables, allow the synoptic study and assessment of iso-

prene concentrations in the surface ocean at the global scale. Thanks to that, they hold potential

to provide realistic inputs to atmospheric and climate models in order to estimate the emission of

isoprene and its eventual role as a SOA precursor (Gantt et al., 2009; Shaw et al., 2010). Nev-

ertheless, the current data scarcity of isoprene measurements makes the development of a global

simple model based on remotely-sensed variables still a challenge. Furthermore, the correlation of

isoprene concentration with in situ measured ancillary variables has been demonstrated, in this PhD

thesis and in previous works (Ooki et al., 2015; Hackenberg et al., 2017), to vary depending on the

oceanic region. Consequently, we could expect a similar differential behavior when attempting to

develop and unique model for the global ocean based on remotely-sensed variables. This issue was

pointed out for DMS in Galí et al. (2018), where their proposed model showed different performance

depending on the oceanic province, being the Southern Ocean one of the most challenging areas,

if not the most. We suggest that when more data of isoprene measurement will be incorporated

to the existing global database, it will be possible to detect and characterize regional biases prior

attempting its modelling. Altogether, we suggest that regional models similar to ISOREMS must be

developed for the rest of oceanic areas in order to estimate the patterns of isoprene concentration,

and its eventual emission to the atmosphere, avoiding the extrapolation to the global scale from very

sparse datasets. A mosaic of regional models would contribute to close the current existing gap

between bottom-up and top-down approaches of global isoprene emission, shedding light on the
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relevance of isoprene as one of the main SOA precursors in the remote marine boundary layer.

The use of more complex models of the ecological-biogeochemical type, such as

ROMS-BEC or DARWIN-MITgsm (respectively, Chapters 3 and 4), to study the marine isoprene

cycle partially solves some of the caveats found in the use of simple statistical models, although its

pros come along with some cons. On the pros side, ecological-biogeochemical models allow the

modelling of the full cycle of marine isoprene through the parametrization of all its production and

loss processes. Thus, it is possible to reconstruct not only the surface levels of isoprene concentra-

tions at the global scale but also its vertical distribution and transport. Moreover, these models can

be projected into future conditions and assess how the changing environment due to climate warm-

ing may influence the cycling of isoprene. On the cons side, however, a model of this type relies

on the correct conceptual description and implementation of its terms, which depends on whether

experimental works have addressed them, and how accurate their results are. As we have shown

along this PhD thesis, this is a current issue for marine isoprene studies for several reasons. Thus,

isoprene production and degradation rates are far from being constrained, and the relevance of po-

tential processes are still under discussion, which is the case for isoprene photoproduction in the

surface microlayer (Ciuraru et al., 2015b; Brüggemann et al., 2018). Another advantage of this type

of models is that sensitivity analyses and model experiments help to detect the main uncertainties

and parameters to be constrained in future experimental work, and even which model processes

may need to be conceptually revisited. The findings of this thesis will contribute to the improve-

ment of future approaches using ecological-biogeochemical modelling. Specifically, we provide a

new methodology to estimate isoprene production rates in Lagrangian occupations and propose

new values for the Southern Ocean (Chapter 3). We also assess all published values of specific

isoprene production rates and identify which phytoplankton species and taxa must be better con-

strained (Chapter 4). Finally, we suggest a new parameterization for isoprene degradation rates

based on their relationship with chlorophyll-a (Chapter 5).
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Future perspectives

• The current data scarcity of isoprene measurements in the oceans makes the development

and validation of models a challenging task that must be overtaken in the coming years.

Specifically, more studies need to be conducted in contrasting oceanic regions to address

the differential behaviour of isoprene. On this line, large open ocean areas like most of the

Pacific Ocean are poorly sampled. Data scarcity also occurs in productive regions like the

eastern tropical Atlantic, which have emerged in this thesis as a relevant hot-spot for isoprene

production. Moreover, present and future measurements must be compiled, and dynamically

updated, in a global database in a similar way than it has been done for other trace gases

such as DMS (Lana et al., 2011).

• Up to date, there is not any time series of isoprene concentration in the open or oligotrophic

ocean. We motivate future researchers to create a set of time series of isoprene concen-

tration and ancillary variables in contrasting regions of the ocean. Moreover, isoprene mea-

surements should be incorporated to existing time series in coastal stations (e.g. Blanes Bay

(NW Mediterranean), Scripps Pier (Pacific Ocean), Rothera (W Antarctic Peninsula), etc) or in

the few existing time series in the open ocean (e.g. the Bermuda Atlantic Time-series Study

(BATS) or the Hawaii Ocean Time-series (HOT)). Doing so, it will be possible to understand,

and eventually model, the daily and seasonal cycle of marine isoprene. To achieve this goal,

the development of a 1-D model for the cycling of isoprene can be a useful tool, in a similar

way than it was done for DMS in the Sargasso sea (Vallina et al., 2008).

• Following the method provided in Chapter 2, the creation of a global model for remote sensing

retrieval of isoprene concentrations in the Global Ocean will be a useful tool to be used in

atmospheric and climate models. However, we suggest to develop a suite of remote-sensing

based models for different regions of the ocean and avoid the extrapolation of the findings in

a region to a global scale.

• Isoprene production rates by the different PFT’s have been proved to be far from being pre-

cisely constrained. Thus, more experiments are needed to quantify the specific production

rates of isoprene by the different phytoplankton species as well as its dependence on en-

vironmental variables such as light and sea surface temperature (Meskhidze et al., 2015).

Moreover, the combination of experiments performed in laboratory conditions and in the field,

following the methodology proposed in the Chapter 3 of this thesis, will contribute to clarify

the strong current discrepancies in the published isoprene production rates. In the same way,

incubation experiments in dark conditions in the field have been proven to be instrumental

to resolve isoprene degradation rates in productive (chla-rich) waters. We believe that more

experiments of this type are needes to better constrain isoprene degradation at the regional

and global scales.

• Degradation of isoprene must be further investigated using molecular tools. In a similar way

to that employed by (McGenity et al., 2018; Murrell et al., 2020) to identify the genes that reg-

ulate the degradation of isoprene in terrestrial bacteria, the gene of marine bacteria can be

227



DISCUSSION

identified. By knowing which genes codify for isoprene degradation we will be able to deter-

mine if bacteria are the only consumers or other organisms may be involved in the biological

degradation pathway of isoprene. The known genes that codify for isoprene degradation in ter-

restrial microbes (McGenity et al., 2018) could be a starting point to search in marine microbial

metagenomics (Woyke et al., 2009). Enrichments and isolations of marine bacteria capable of

degrading isoprene would be an alternative approach, by sequencing the genomes of isolates

or sequencing Single Amplified Genomes (SAGs) from enriched assemblages (Yoon et al.,

2011). The finding of isoprene degradation genes does not imply that those genes are being

expressed. Therefore, metatranscriptomic techniques (Ottesen et al., 2011) will be necessary

to determine whether the genes of degradation of isoprene are active.

• The study of isoprene concentration and emission patterns using a global ecological-biogeochemical

model, such as DARWIN, is the next step. Although Conte et al. (2020) have recently used a

similar model (PISCES) to study isoprene cycling in the global ocean, they only implemented

two PFT’s in their model configuration: diatoms and others. There is room for improvement by

the inclusion of more realistic phytoplankton communities. Nevertheless, as stated previously,

the validation of these future modelling works will not be possible without enlarging the global

database of isoprene measurements.

• Despite on land ecosystems the multiple roles of isoprene are rather well-known (Sharkey and

Yeh, 2001), for example as a release product in response to plant stress (Laothawornkitkul

et al., 2008b) or playing a key role in plant-herbivore interactions (Laothawornkitkul et al.,

2008a), it is still a mystery how this biogenic compound participates in ecological or biochem-

ical processes in marine ecosystems. We could not shed further light on the potential pho-

toprotective role of isoprene (Chapter 1). The ecophysiological roles of isoprene in marine

organisms still remain unsolved.
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Conclusions

Chapter 1. We assessed the drivers of isoprene in the Southern Ocean. Hot-spots of isoprene

concentration in the Southern Ocean occurred in biologically enriched areas non limited by iron

such as islands, and coasts of Antarctica. Furthermore, we detected a band of higher isoprene con-

centrations around 40oS and water temperatures of 15oC. Overall, isoprene concentration is driven

by phytoplankton abundance, specially diatoms, and primary productivity over physical or environ-

mental variables. We provided an empirical relationship of isoprene concentration with chlorophyll-a

which showed a differential behaviour when sea surface temperature is below or above 3.4oC. Fi-

nally, we were not able to demonstrate any photo-protective role of isoprene for phytoplankton, so

this question still remains open.

Chapter 2. ISOREMS is the first satellite-only based algorithm for the retrieval of isoprene con-

centration in the Southern Ocean. Sea surface concentrations from six cruises were matched with

remotely-sensed variables from MODIS Aqua, and isoprene was best predicted by multiple linear

regression with chlorophyll-a and sea surface temperature. Climatological (2002-2018) isoprene dis-

tributions computed with ISOREMS revealed high concentrations in coastal and near-island waters,

and within the 40o-50 oS latitudinal band. Isoprene seasonality paralleled phytoplankton productivity,

with annual maxima in summer. The annual Southern Ocean emission of isoprene was estimated at

0.063 Tg C yr −1. The algorithm can provide spatially and temporally realistic inputs to atmospheric

and climate models.

Chapter 3. We resolved isoprene cycling at three sampling sites in the Southern Ocean (SO) and

estimated in situ isoprene production rates by diatoms, coccolithophores and a group of small mixed

phytoplankton, as well as isoprene loss rate constants. For diatoms and coccolithophores, these

field-derived specific production rates are at the high end of existing laboratory-based rates mea-

sured with algal monocultures. Experimentally determined isoprene loss rate constants vary largely

among the sampling sites, but are also higher than the ones prescribed hitherto. We implemented

these experimental data with an isoprene cycling module in an ecosystem model of the SO (ROMS-

BEC). According to ROMS-BEC model, diatoms were the most abundant phytoplankton in the SO

(> 40◦S) and the SO (> 40◦S) contributes 0.071 Tg C year−1 to the global oceanic emissions of

isoprene. Ecological modelling of trace gases is a complementary approach to statistical and remote

sensing models to synoptically assess marine isoprene production, degradation and emission pat-

terns in SO waters. The model developed here is a useful tool to point out the biggest uncertainties

to be experimentally solved by future laboratory and fieldwork.

Chapter 4. Global production of marine isoprene ranges from 0.4 to 9.8 Gmol yr−1. Isoprene

production is constrained to surface levels and peaks in summer around the bands of 40oS and

40oN. Nevertheless, other regions, such as the eastern tropical Atlantic, are also hot-spots of iso-

prene production. The PFT dominance of phytoplankton production is really heterogeneous all over

the oceans, and usually (70–80% of global ocean surface area) the PFT that dominates isoprene

production is not the one that contributes the most to community biomass. Diatoms dominate the

production of isoprene in the polar regions over the year but not in the tropical and subtropical re-
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gions, where pico-eukaryotes and prokaryotes play a predominant role. However, we must stress

that these results are biased by the use of isoprene production rates calculated in laboratory exper-

iments, which showed strong discrepancies even among strains of the same species.

Chapter 5. Isoprene is dynamically produced and consumed by planktonic microbial food webs in

the open ocean, often being the biological+chemical degradation more important than ventilation to

the atmosphere, and much faster than vertical mixing. Chlorophyll-a normalized (specific) isoprene

production increases with sea surface temperature and drops dramatically beyond 23oC, which sug-

gest that phytoplankton taxonomy is less important than previously thought. Isoprene degradation

by bacteria and chemical radicals is directly related to chlorophyll-a levels, which allows its parame-

terization in future modelling works. Altogether, we suggested a median turnover times of isoprene

of 5 days, which is faster than previously stated by most studies.
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