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HIGHLIGHTS

e Maine atmospheric isoprene has a negative correlation with latitude.
e Observed marine atmospheric isoprene concentration 2-3 orders of magnitude higher than the model estimated.
e Atmospheric removal capacity is an important factor for marine atmospheric isoprene in latitudes south of 60°S.

ARTICLE INFO ABSTRACT

Keywords: Isoprene is important to the formation of secondary organic aerosols and can change the atmospheric oxidation
ISOPfene o capacity in the remote marine environment. However, the influencing factors of marine atmospheric isoprene are
Spatial distribution still unclear. Here, we report observed atmospheric isoprene in ambient air along three cruises path from the

Influencing factors
Marine emission capacity
Atmospheric removal capacity

Arctic Ocean to the Southern Ocean. The levels of isoprene ranged from not detected (ND) to 452 pptv, with an
average value of 48 + 81 pptv, with large variability. A negative correlation was found between isoprene and
latitude (r = —0.40, p < 0.01). The spatial distributions of isoprene flux from oceanic phytoplankton by the
modelled results were different from those of observed atmospheric isoprene. The observed isoprene concen-
tration was 2-3 orders of magnitude higher than the model estimation. Environmental variables such as tem-
perature, wind speed (WS), sea surface temperature (SST), salinity and atmospheric removal capacity can
influence the distribution of isoprene. At latitudes north of 60°S, the marine emission capacity was relatively
important and contributed 45.06%. Atmospheric removal capacity was the most important factor for atmo-
spheric isoprene, contributing 55.05% to the concentration of atmospheric isoprene in latitudes south of 60°S.
Low atmospheric oxidation capacity and wind speed cause high atmospheric isoprene in the Southern Ocean in
summer and will eventually affect secondary organic aerosol concentrations.

1. Introduction approximately 500-750 Tg yr~! (Guenther et al., 2006). Isoprene has
also been suggested as a significant precursor of secondary organic

Isoprene is one of the dominant compounds of biogenic volatile aerosols (SOAs) and is important to atmospheric chemistry; it can react
organic compounds (BVOCs), with global continental emissions of with ozone, hydroxyl radicals (OH) and nitrogen oxide radicals (Boge
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et al., 2006; Bates and Jacob, 2019; Claeys et al., 2004). Compared with
terrestrial emissions, isoprene emissions of global oceanic (0.32-11.6
TgC yr’l) is small (Conte et al., 2020; Luo and Yu, 2010). However, due
to its fast reaction with OH (Wennberg et al., 2018), the atmospheric
oxidation capacity could potentially be influenced by isoprene in a
remote marine atmosphere (Lewis et al., 2001; Liakakou et al., 2007).
Although marine isoprene emissions are far less than DMS emissions, the
production of SOAs from isoprene is high (Novak and Bertram, 2020),
and biogenic-origin SOAs may have an important role in cloud forma-
tion in clean background environments (Meskhidze and Nenes, 2006).
A previous field study of marine atmospheric isoprene found that
marine atmospheric isoprene can be influenced by land emissions; for
example, in the southern Indian Ocean, a high level of 280 parts per
trillion by volume (pptv) of isoprene was observed (Yokouchi et al.,
1999). In addition, temperature, light intensity and phytoplankton
species may be responsible for the different spatial distributions of at-
mospheric isoprene. Shaw et al. (2003) studied isoprene production by
phytoplankton such as Prochlorococcus, Synechococcus and others, the
results found that the production rates of isoprene by per phytoplankton
cell changed with the cellular growth phase and that the production of
isoprene was increased at high light levels (100 pE m’zs’l). In addition
to the biogenic source of marine isoprene, some studies have reported
that abiotic processes can also produce isoprene. Photochemical re-
actions at the sea water—air interface are an important source of abiotic
isoprene and have a potential contribution of more than 60% to organic
aerosol mass in the sea-surface microlayer (SML) over the remote ocean
(Briiggemann et al., 2017, 2018; Ciuraru et al., 2015). According to
oceanic chlorophyll-a concentrations, model simulation results showed
large uncertainties (Palmer and Shaw, 2005). Based on the “bottom-up”
and “top-down” methods to evaluate global oceanic emissions of
isoprene, the emissions were 0.32 TgC yr ' and 11.6 TgC yr ' of the
“bottom-up” and “top-down” methods, respectively, almost 2 orders of
magnitude (Luo and Yu, 2010). Marine atmospheric isoprene is influ-
enced by the sea-air exchange flux and atmospheric oxidation (Booge
etal., 2018; Wells et al., 2020). In addition, some isoprene sources might
be missing in previous studies (Booge et al., 2016; Fu et al., 2019; Wells
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et al., 2020).

In recent years, global warming has caused a series of changes in sea
surface temperature, sea ice concentration, marine ecological environ-
ment and so on (IPCC et al., 2018; 2019). Due to the potential influence
of BVOC on atmospheric oxidation and climate effects (Shaw et al.,
2010), more field observations are needed in the ocean, especially in the
remote ocean with these changes coming. This work provides the
updated levels and spatial distribution of ship-based measurements of
atmospheric isoprene over a large latitude range. Combined with the
simple modelled emission of isoprene sources, the potential influencing
factors of marine atmospheric isoprene are discussed.

2. Methods
2.1. Field sampling

Samples were collected on the R/V Xuelong during the 5th China
Arctic Research Expedition (CHINARE2012, from July 2012 to
September 2012), 28th China Antarctic Research Expedition (CHI-
NARE2011/2012, from November 2011 to April 2012), and 29th China
Antarctic Research Expedition (CHINARE2012/2013, November 2012
to April 2013), as shown in Fig. 1. The cruises of CHINARE2012 trav-
elled from the East China Sea to the Arctic Ocean, and CHINARE2011/
2012 and CHINARE2012/2013 all travelled from the East China Sea to
the Antarctic region. Cleaned and air-evacuated 2 L electropolished
stainless steel canisters were used for atmospheric isoprene sample
collection at the fifth fore deck of the R/V Xuelong, approximately 30 m
above sea level (He et al., 2016). The canisters were cleaned with
high-purity nitrogen gas more than five times before the sampling
operation and then use a rotary vane pump (Alcatel, 2008A) to vacuum
the canisters and lower the pressure in the canister to less than 3 Pa.
Details of the steps were described by Hu et al. (2016) and Blake et al.
(1994). Before sampling, the cover of the canister’s air inlet port was
taken off and kept upwind for 2-3 min. Air was blown in the
fore-pipeline. Then, the valve of the canister was opened, and each air
sample was collected upwind for 5 min. After the air inflow sound
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Fig. 1. Spatial distributions of isoprene over oceans. The square indicates CHINARE2012, the cycle indicates CHINARE2011/2012 and the diamond indicates

CHINARE2012/2013. PB: Prydz Bay.
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disappeared, it was balanced for 1 min, and then the canister valve was
closed. Air samples were analysed at the Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences, after the campaigns
finished.

2.2. Laboratory analysis and data processing

The detailed steps of laboratory analysis and quality control and
assurance of the canister air samples were described by previous studies
(Hu et al., 2016; Zhang et al., 2012). A preconcentrator (Entech In-
struments Inc. Model 7100, California, USA) connected with an Agilent
5973 N gas chromatography-mass selective detector/flame ionization
detector (GC-MSD/FID, Agilent Technologies, USA) was used. First,
500 ml air samples were enriched in a liquid-nitrogen cryogenic trap at
—160 °C and then heated to 10 °C. The trapped samples were adsorbed
by Tenax-TA and carried by helium into a secondary trap at —40 °C.
After these steps, the target compound was then heated and transferred
by helium to a third cryo-focus trap at —170 °C. Then, the temperature
was rapidly raised to transfer the enriched compound into the GC-
MSD/FID system for analysis. A DB-1 capillary column (60 m x 0.32
mm X 1.0 pm, Agilent Technologies, USA) was used. The GC oven
temperature was initially set at —50 °C for 3 min and increased to 10 °C
at 15 °C min~?, then 120 °C at 5 °C min~?, then 250 °C at 10 °C min ™!
and remaining at 250 °C for 10 min. The MSD was used in selected ion
monitoring (SIM) mode.

To ensure the validity of the standard curve quantification, the
standard sample with a concentration of 1 ppbv was measured before
analysing the samples, and the existing standard curve was used for
quantification. The deviation of the quantitative result from the theo-
retical concentration value was less than 10%; if the deviation was
greater than the range, the standard curve was recalibrated. In addition,
blank tests to ensure that no target compounds were detected or were
under the detection limit were undertaken. The method detection limit
of isoprene was 13 pptv. For the calibration of isoprene, this information
was added as supplementary information (Fig. S1).

The atmospheric isoprene data were prescreened to avoid contami-
nation from the vessel’s exhaust. CO, benzene, and toluene were used as
contamination markers to filter the data, and detailed information is
shown in the supplementary information.

2.3. Supporting data sources, air mass back trajectories and statistical
analysis

The sea surface temperature (SST), air temperature (T), salinity and
wind speed (WS) data were taken from ship-borne measurements. The
formaldehyde (HCHO) was obtained from Tropospheric Emission
Monitoring Internet Service (https://disc.gsfc.nasa.gov/datasets/OM
HCHOd_003). To identify the influence from the continent, the HYbrid
Single Particle Lagrangian Integrated Trajectory (HYSPLIT) transport
and dispersion model of the NOAA Air Resources Laboratory (http://r
eady.arl.noaa.gov/HYSPLIT.php) was used for modelling of 2-day air
mass back trajectories (BTs). Thirty-two samples were found to be
influenced by the air mass passing through the continent, accounting for
approximately 20% of the samples discussed in this study.

The isoprene concentration under the method detection limit was
counted as 0, which may cause the average value to be lower than the
actual atmospheric concentration. IBM SPSS Statistics 20 was used for
the principal components analysis-multiple linear regression (PCA-MLR)
analysis; the detailed method is shown in Hu et al. (2018).

2.4. Darwin model and isoprene sea-air flux calculation

A biogeochemistry and ecosystem model (DARWIN project: htt
p://darwinproject.mit.edu/) was used in this study to model the
biomass and community structure of phytoplankton in seawater (Dut-
kiewicz et al., 2009, 2012). The model was used to understand the
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diversity and biogeography of the plankton communities in the ocean
and is often applied to describe the biochemical activity of the ocean
(Wu et al., 2020; Zhang et al., 2020). The model simulated the biogeo-
chemical cycling of phosphorus, nitrogen, carbon, silicon, and iron, and
six phytoplankton groups were modelled according to resource compe-
tition theory, namely, diatoms, Synechococcus, Prochlorococcus, Tricho-
desmium, Coccolithophores and other large eukaryotes (Dutkiewicz et al.,
2015; Losa et al., 2019). Diatoms were found to be an important prolific
species in the Southern Ocean (Yassaa et al., 2008). Prochlorococcus
dominate in the tropical and subtropical oceans with a strong isoprene
emission rate (9.66 pmol g[chlorophyll a]*1 dayfl) (Arnold et al., 2009;
Shaw et al., 2003). Synechococcus and Trichodesmium have strong
emission rates of isoprene (3-4.97 pmol g[chlorophyll a]™! day™1)
(Bonsang et al., 2010; Shaw et al., 2003), and Synechococcus and Tri-
chodesmium mainly exist in the equatorial Pacific and tropical or sub-
tropical regions, respectively (Alvain et al., 2008; Yassaa et al., 2008). A
coarse spatial resolution (1° x 1° horizontally) and hourly temporal
resolution were used in the simulation.

According to the phytoplankton concentration given by the DARWIN
model and the production rate of each phytoplankton (Arnold et al.,
2009; Bonsang et al., 2010), isoprene sea-air flux was calculated as
shown in Supplementary (Rodriguez-Ros et al., 2020b).

3. Results and discussion
3.1. Spatial distribution of marine atmospheric isoprene

The spatial distributions of marine atmospheric isoprene are shown
in Fig. 1. The concentration of isoprene ranged from not detected (ND)
to 452 pptv, with a mean and median value of 48 + 81 pptv and 25 pptv,
respectively, and the result showed a large variability. Table 1 lists some
field studies of marine atmospheric isoprene. In different sea areas and
seasons, isoprene concentrations are different. The mean concentration
of atmospheric isoprene collected over oceans in this study was much
lower than that in coastal cities and biogenic air passes from vegetation
(Emmerson et al., 2018). Some studies reported that isoprene concen-
trations in the Arctic were very low (<13.82 pptv) (Hackenberg et al.,
2017; Hopkins et al., 2002; Mungall et al., 2017). Approximately 63% of
the samples collected in CHINARE2012 did not detected isoprene,
especially in the Arctic Ocean. In addition, the mean isoprene concen-
trations collected in CHINARE2012 (12 pptv) were much lower than
those collected in CHINARE2011,/2012 and CHINARE2012/2013 (60
pptv), which had the most routes located in the Southern Hemisphere
oceans. A negative correlation was found between isoprene and latitude
(r = —0.40, p < 0.01). These results showed that marine atmospheric
isoprene in the Southern Hemisphere was higher than that in the
Northern Hemisphere. The lower isoprene concentration in the Northern
Hemisphere agrees with the modelled annual mean concentration of
isoprene, which suggests concentrations in the Southern Hemisphere are
higher than those in the Northern Hemisphere due to phytoplankton
distribution differences (L.uo and Yu, 2010b).

The isoprene concentrations collected in CHINARE2011/2012 and
CHINARE2012/2013 were higher than those in the UK-South Atlantic
(Hackenberg et al., 2017) and almost on the same level as those in other
studies over the Pacific Ocean and Indian Ocean (Bonsang et al., 1992;
Colomb et al., 2009; Matsunaga et al., 2002). Some high isoprene con-
centrations were found in the region near the continent, such as the
Australian coastal area, and according to the 2-day air mass BTs, the
results showed that these samples were influenced by land air mass
(shown in Fig. S4). Previous studies reported that marine atmospheric
isoprene in the Tropic Ocean region may be affected by land emissions
and cause the concentration of isoprene to often exceed 100 pptv (Shaw
et al., 2010; Yokouchi et al., 1999). Atmospheric isoprene in Prydz Bay
(PB, 60°S-70°S, 68°E—79°E) showed a high value (Fig. 1). Yassaa et al.
(2008) reported higher isoprene concentrations (up to 375 pptv) at a
sampling site close to chlorophyll-a blooms, and high isoprene SOA
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Table 1
Marine atmospheric isoprene at different locations.
Locations Time Isoprene(pptv) Reference
range mean
Arctic Jul-Sep 1999 <1.9 Hopkins et al.
(2002)
Jul, Aug 2014 1.6 Mungall et al.
(2017)
Mar 2013 <13.82 3.17 Hackenberg
et al. (2017)
Jul, Aug 2013 <1.61 0.19 Hackenberg
et al. (2017)
Western North May 2001 7.2-110 45 Matsunaga et al.
Pacific (2002)

Southern Pacific May, Jun 1987 <2-36 Bonsang et al.

(1992)

Eastern Pacific Oct 2015 0-6 Booge et al.
(2016)
Southern Indian Mar 1986-May <10-20 Bonsang et al.
Ocean 1987 (1992)
Dec 2004 20-340 40 Colomb et al.
(2009)
Indian Ocean Jun—Jul 2014 0-10 Booge et al.
(2016)
South-east Australia Dec 2012-Feb 280 Emmerson et al.
2013 (2018)
Near tropical islands ~ Dec 1996-Jan 100-286 Yokouchi et al.
and Australia 1997 (1999)
UK-South Atlantic Oct, Nov 2012 <18.28 1.47 Hackenberg
et al. (2017)
Oct, Nov 2013 <10.24 2.72 Hackenberg
et al. (2017)
TSO Jan-Feb 1997 >100 Yokouchi et al.
(1999)
Dec 1997-Mar <1-57 Yokouchi et al.
1998 (1999)
Jan 2002 <3 Wingenter et al.
(2004)
Jan-Feb 2002 0.03-0.68 Meskhidze and
Nenes (2006)
Jan-Mar 2007 “ ND-48 Yassaa et al.
(2008)
Jan-Mar 2007 " 60-138 Yassaa et al.
(2008)
Jan-Mar 2007 ¢ 32-375 Yassaa et al.
(2008)
CHINARE2011/ Nov-Dec 2011, ND-189 32 This study

2012 Feb-Mar 2012

CHINARE2012 Jul-Sep 2012 ND-74 12

CHINARE2012/ Nov-Dec 2012, ND-452 113
2013 Feb-Mar 2013

# -Far away before the bloom.

b

-Distant bloom.
-In situ bloom.

I}

(3.9-95 ng/m%) was found in PB when phytoplankton blooms occur
during summer (Hu et al., 2013), indicating that the high isoprene
concentration in this region may be caused by phytoplankton emissions.
Satellite data of chlorophyll-a show high concentrations of chlorophyll-a
at the time of sampling (Fig. S5).

3.2. Comparison of isoprene flux from oceanic phytoplankton and
observed isoprene in the atmosphere

Previous studies have shown that phytoplankton emissions are an
important source of isoprene in the remote ocean (Hu et al., 2013; Tran
et al., 2013). The DARWIN model was used to model the phytoplankton
species and concentrations of the top 100 m of seawater. The discussion
here does not include the samples that are influenced by land air mass to
avoid the impact of land emissions. In addition, since most samples in
CHINARE2012 did not detect isoprene, samples collected in CHI-
NARE2012 were not discussed.

The concentration of total phytoplankton is also high in latitudes
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south of the 40°S ocean compared to low latitudes (30°S to 30°N).
Diatom was the dominating species in latitudes south of the 40°S ocean,
in accord with previous studies (Alvain et al., 2008; Yassaa et al., 2008),
while Prochlorococcus dominated in the low latitude ocean. The pro-
duction rate of isoprene varies substantially for different phytoplankton
species. For example, the emission rate of Prochlorococcus is strong (9.66
pmol g[chlorophyll a]~! day~!), while the emission rate of Coccolitho-
phore is weak (1 pmol g[chlorophyll a] ™! day™!) (Bonsang et al., 2010;
Luo and Yu, 2010; Yassaa et al., 2008). According to the isoprene pro-
duction rate of each phytoplankton, as shown in Table S2, the isoprene
production rate of phytoplankton was calculated. Although the emission
rate of diatoms was not the highest (1.21 and 2.48 pmol g[chlorophyll
a]~! day~! in the South Ocean and elsewhere, respectively) compared to
other phytoplankton species (Arnold et al., 2009), diatom was the
dominating isoprene-emitting phytoplankton species in latitudes south
of 40°S, with a mean production rate of 0.0044 pmol m~> day ' (shown
in Fig. 2). Second, Synechococcus showed a smaller isoprene production
rate in latitudes south of 40°S (0.0003 pmol m~3 day’l). At low lati-
tudes, Prochlorococcus was the main isoprene-producing species (0.0012
pmol m ™~ day~1). The total isoprene production rates were significantly
different at different sampling sites (Fig. 2 and Table 2). Generally, the
Southern Ocean was higher than at low latitudes, and the mean value of
the total production rate at latitudes south of 60°S was 0.0045 ymol m >
day !, 0.0042 pmol m~23 day ! at 60°S to 30°S, and 0.0019 pmol m >
day™! at 30°S to 30°N. This result was different from previous work.
Conte et al. (2020) found that the isoprene annual production rate by
phytoplankton was high between 10°N and 30°S, then decreased above
60°N and 60°S, and decreased with increasing latitude at high latitudes
due to the low temperature. The study time was in summer, and the
effect of temperature was not considered in this study, which might
cause the differences in the work of Conte et al. (2020).

According to the production rate of phytoplankton, the sea-air ex-
change flux of isoprene was calculated (Fig. 2) to be from 0 to 0.4 pmol
m~2 day ™!, with a mean value of 0.03 pmol m~2 day . The spatial
distribution trend of isoprene flux was 0.03, 0.06 and 0.008 pmol m 2
day’1 in latitudes south of 60°S, 60°S to 30°S, and 30°S to 30°N,
respectively, and showed a different trend to the isoprene production
rate. The highest isoprene flux was observed at latitudes between 60 and
30°S, although the production rate was at approximately the same level
as those from latitudes south of 60°S. This might be caused by the high
wind speed, which may promote the sea-air flux from 60°S to 30°S (11.5
m/s, Table 2). No correlations were found between the flux and
observed atmospheric isoprene concentration. A simple box model was
used to estimate the atmospheric isoprene concentration according to
the emissions flux from the DARWIN model estimate, and the method
was referenced in (Booge et al., 2016). Assuming that the atmospheric
boundary layer height is 800 m, the atmospheric residence time of
isoprene is 1-4 h, and the calculated atmospheric concentration of
isoprene is 0.04-0.15 pptv, 300-1400 times lower than that observed.
Conte et al. (2020) reported that the oceanic isoprene flux was 0-0.12
pmol m~2 day ™!, approximately 0.27 Tg C yr ! when considering the
biochemical sink; without the biochemical sink, the global oceanic
isoprene flux to the atmosphere was 0.32 Tg C yr’1 (Luo and Yu, 2010)
and 0.27 Tg C yr’1 (Arnold et al., 2009). According to the model results,
the estimated global oceanic isoprene flux to the atmosphere was 0.22
Tg Cyr! in this study, almost at the same level as previous studies. This
means that none of the previous methods based on model calculations
can well explain the concentration of isoprene in the atmosphere, and
there may be an undiscovered isoprene source. This result is consistent
with previous reports (Booge et al., 2016). In addition, other factors in
the atmosphere, such as the atmospheric oxidation capacity and wind
speed, may also affect isoprene concentrations.
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Fig. 2. Observed atmospheric isoprene concentration (right axis), production rate of different phytoplankton species (left axis, black) and the sea-air exchange flux of
isoprene (left axis, pink) with different samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Table 2
The mean isoprene production rate, sea-air exchange flux, and wind speed in
different regions.

latitude production rate (pmol Flux of isoprene (pmol Wind speed
m~3day™") m~2day ") (m/s)
south of 0.0045 0.03 9.3
60°S
60°S - 30°S 0.0042 0.06 11.5
30°S - 0.0019 0.008 6.7
30°N

3.3. Role of atmospheric removal capacity in marine atmospheric isoprene
distribution

Through the comparative discussion in section 3.2, the distributions
of atmospheric isoprene and sea-air flux were different. To further
discuss the potential influencing factors of marine atmospheric isoprene
distribution, PCA-MLR was used to analyse temperature, WS, SST,
salinity, HCHO, the concentration and isoprene production rate of
phytoplankton, and the isoprene sea-air flux of CHINARE2011/2012
and CHINARE2012/2013 performed by SPSS 20. Table 3 shows the
loadings of various environmental variables in the PCA results. Factor 1,
Factor 2 and Factor 3 explained 37.11%, 31.29% and 19.38% of the total
variance, respectively. Factor 1 had a high loading on temperature, SST,
salinity and HCHO. Factor 2 characterized a high loading on phyto-
plankton concentration, production rate, and the sea-air flux of
isoprene. Factor 3 characterized a high loading on WS.

SST and salinity can influence phytoplankton distribution and pro-
ductivity (Shaw et al., 2003; Sugie et al., 2020). A previous study re-
ported that the isoprene production rate increased with increasing SST
when the temperature was higher than 23 °C (Shaw et al., 2003). In
addition, high SST has been suggested to promote sea-air exchange (Liss
and Merlivat, 1986), thus elevating atmospheric isoprene concentra-
tions. Salinity influences isoprene production (Booge et al., 2018).

Table 3
Loadings of variables in factor analysis by the maximum variance rotation

method.

variables Factor 1 Factor 2 Factor 3
WS —0.168 0.041 0.938
Temperature 0.897 —0.278 —0.166
SST 0.883 —0.333 —0.183
Salinity 0.723 —0.427 0.127
HCHO 0.797 —-0.018 —0.390
Phytoplankton concentration —0.333 0.912 0.075
Production rate of phytoplankton —0.231 0.949 0.103

Flux —-0.186 0.631 0.651
% of variance 37.11% 31.29% 19.38%
Cumulative % 37.11% 68.40% 87.78%

Atmospheric isoprene can rapidly react with hydroxyl radicals (OH),
and HCHO is an important oxidation component of the isoprene
photochemical process and is often used to trace atmospheric isoprene
(Marais et al., 2014; Wennberg et al., 2018). Wind speeds can cause
isoprene to diffuse and reduce its concentration in the atmosphere.
Factor 1 and Factor 3 were considered physical and chemical environ-
mental variables. Factor 2 was considered the marine emission capacity,
including isoprene sea-air flux, concentration and production of
phytoplankton. Combined with MLR analysis, Factor 1 and Factor 3
contributed 43.63% to atmospheric isoprene, while Factor 2 contributed
56.37% to atmospheric isoprene. This means that at large spatial scales,
both emissions and physical and chemical environmental parameters are
important for atmospheric isoprene distribution.

For further discussion, samples were divided into two groups (south
of 60°S, north of 60°S) to perform PCR-MLR analysis to discuss the
geographical difference. Table S3 shows the loadings of various envi-
ronmental variables of the PCA results at different latitudes. Factor 1,
with high loadings of sea-air flux, concentration and production rate of
phytoplankton, was considered marine emission capacity. Factor 2, with
high loadings of HCHO and wind speed, was considered the atmospheric
isoprene removal capacity. Factor 3 contributed by high loadings on air
temperature and SST. For the northern region of 60°S, Factor 1 was
considered the atmospheric removal capacity and temperature because
it showed high loadings on wind speed, temperature, SST and HCHO.
Factor 2 has a high loading on the salinity, sea-air flux, concentration
and production rate of phytoplankton, considered to be the marine
emission capacity.

Fig. 3 shows the relative contributions of different factors at different
latitudes. The main controlling factors were different with latitude
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distribution. At latitudes south of 60°S, the atmospheric removal ca-
pacity and marine emission capacity contributed 55.05% and 35.98%,
respectively. Because the SST (0.85 °C) was low in the Southern Ocean
and may limit isoprene production (Rodriguez-Ros et al., 2020a, 2020b),
temperature becomes a limiting factor of isoprene production and
contributed 8.97%. The relatively low atmospheric oxidation capacity
and wind speed result in isoprene accumulation in this region. In lati-
tudes north of 60°S, the marine emission capacity contributed 45.06%.
The potential marine emission capacity was relatively important in the
northern 60°S, which might be caused by the low concentration and
production rate of phytoplankton in the region. Salinity was an impor-
tant factor affecting isoprene productivity. The atmospheric removal
capacity and temperature cannot be completely separated and
contribute 54.94%. The atmospheric oxidation capacity in middle and
low latitudes is more susceptible to anthropogenic emissions (Ding et al.,
2011; Li et al., 2008, 2018), and atmospheric oxidizing ability has al-
ways been relatively strong, so the source will be more important.

From the PCA-MLR results at different latitudes, the main controlling
factors affecting the atmosphere are different. The atmospheric removal
capacity was important for marine atmospheric isoprene distribution,
contributing 55.05% to latitudes north of 60°S. Due to the low atmo-
spheric oxidation (Bahm and Khalil, 2004) in the Southern Ocean, high
atmospheric isoprene accumulates in the Southern Ocean. At low lati-
tudes, the marine emission capacity was more important.

4. Conclusions

Atmospheric isoprene was measured from the Arctic Ocean to the
Southern Ocean in three campaigns. The levels of isoprene ranged from
ND to 452 pptv, with an average value of 48 + 81 pptv, and the results
showed a large variability. Atmospheric isoprene has a much lower
concentration in the Arctic Ocean than in the Southern Ocean, and a
high isoprene value was found in the southern Ocean. A negative cor-
relation was found between isoprene and latitude (r = —0.40, p < 0.01).
The observed atmospheric isoprene was much higher than the modelled
estimation, and the spatial distribution of atmospheric isoprene was
different from the sea-air flux of marine isoprene in the Southern
Hemisphere. The influences of marine atmospheric isoprene are
complicated; except for emission sources, environmental variables such
as temperature, WS, SST, salinity and atmospheric oxidation can also
influence the distribution of isoprene. At large spatial scales, both ma-
rine emissions capacity and physical and chemical environmental pa-
rameters are important for atmospheric isoprene distribution,
contributing 56.37% and 43.63%, respectively, to atmospheric isoprene.
At latitudes south of 60°S, atmospheric removal capacity was the most
important factor for atmospheric isoprene, contributing 55.05%. In
latitudes north of 60°S, the marine emission capacity was more impor-
tant and contributed 54.94%.

In this study, the photochemical emissions by the microsurface layer
and the consumption of isoprene, such as biodegradation and photo-
chemical processes, in seawater were not considered, and more detailed
measurements in the air and water phases are needed in the future to
explain the influence of environmental variables on marine atmospheric
isoprene to better understand the contributions of marine isoprene to
SOA in the remote ocean.
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