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Abstract. The Southern Ocean is a critical component of Earth’s climate system, but its remoteness makes it challenging to

develop a holistic understanding of its processes from the small to the large scale. As a result, our knowledge of this vast region

remains largely incomplete. The Antarctic Circumnavigation Expedition (ACE, austral summer 2016/2017) surveyed a large

number of variables describing the dynamic state of the ocean and the atmosphere, the freshwater cycle, atmospheric chemistry,

ocean biogeochemistry and microbiology. This circumpolar cruise included visits to twelve remote islands, the marginal ice5

zone, and the Antarctic coast. Here, we use 111 of the observed variables to study the latitudinal gradients, seasonality, shorter

term variations, the geographic setting of environmental processes, and interactions between them over the duration of 90 days.

To reduce the dimensionality and complexity of the dataset and make the relations between variables interpretable , we applied

a
::
we

::::::
applied

:::
an

:::::::::::
unsupervised

:::::::
machine

::::::::
learning

:::::::
method,

:::
the

:
sparse Principal Component Analysis (sPCA), which describes

environmental processes through 14 latent variables. To derive a robust statistical perspective on these processes and to estimate10

the uncertainty in the sPCA decomposition, we have developed a bootstrap approach. We identified
:::
Our

::::::
results

:::::::
provide

:
a
:::::
proof

::
of

::::::
concept

::::
that

:::::
sPCA

::::
with

::::::::::
uncertainty

:::::::
analysis

:
is
::::
able

::
to

:::::::
identify

:
temporal patterns from diurnal to seasonal cycles, as well as

geographical gradients and “hotspots” of interaction . Our results establish connections of oceanic, atmospheric, biological and

terrestrial processes in an innovative way, while
::::::
between

::::::::::::
environmental

:::::::::::::
compartments.

:::::
While

:
confirming many well known

relations of
::::::::
processes,

:::
our

::::::::
analysis

:::::::
provides

:::::
novel

:::::::
insights

::::
into

:
the Southern Ocean system

::::
water

:::::
cycle

::::::::::
(freshwater

:::::::
fluxes),15

::::
trace

:::::
gases

::::::::
(interplay

:::::::
between

::::::::::
seasonality,

::::::
sources

::::
and

::::::
sinks),

:::
and

::::::::
microbial

:::::::::::
communities

:::::::
(nutrient

:::::::::
limitation

:::
and

::::
mass

::::::
island

:::::
effects

::
at
:::
the

::::::
largest

:::::
scale

:::
ever

::::::::
reported). More specifically, we identify: the important role of the oceanic circulations, frontal

zones, and islands in shaping the nutrient availability that controls biological community composition and productivity; that sea

ice predominantly controls sea water salinity, dampens the wave field, and is associated with increased phytoplankton growth

and net community productivity possibly due to iron fertilization and reduced light limitation; and
:
,
:
clear regional patterns of20

aerosol characteristics emerged, stressing the role of the sea state, atmospheric chemical processing, as well as source processes

near “hotspots” for the availability of cloud condensation nuclei and hence cloud formation. A set of key variables and their

combinations, such as the difference between the air and sea surface temperature, atmospheric pressure, sea surface height,

geostrophic currents, upper ocean layer light intensity, surface wind speed and relative humidity , played an important role in

the majority of latent variables, highlighting their importance for a large variety of processes and
:::
our

:::::::
analysis,

:::::::::::
highlighting25

the necessity for Earth System Models to represent them adequately. In conclusion, our study highlights the use of sPCA to

identify key ocean-atmosphere interactions across physical, chemical, and biological processes and their associated spatio-

temporal scales.
::
It

::::::
thereby

::::
fills

::
an

::::::::
important

::::
gap

:::::::
between

::::::
simple

:::::::::
correlation

:::::::
analyses

::::
and

:::::::
complex

:::::
Earth

::::::
System

:::::::
Models.

:
The

sPCA processing code is available as open-accessand we believe that our approach is widely applicable to other environmental

field studies:
::::::::::::::::::::::::::::::::::::::::::::::::
https://renkulab.io/gitlab/ACE-ASAID/spca-decomposition

:
.
:::
As

:::
we

::::
show

:::::
here,

::
it

:::
can

::
be

:::::
used

:::
for

::
an

::::::::::
exploration30

::
of

::::::::::::
environmental

::::
data

::::
that

::
is

::::
less

:::::
prone

::
to

::::::::
cognitive

::::::
biases,

::::
and

:::::::::::
confirmation

::::::
biases

::
in

:::::::::
particular,

::::::::
compared

:::
to

:::::::::
traditional

::::::::
regression

:::::::
analysis

::::
that

:::::
might

::
be

:::::::
affected

:::
by

:::
the

:::::::::
underlying

:::::::
research

:::::::
question.
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1 Introduction

The Southern Ocean plays an important role in Earth’s climate. Comparisons of climate models suggest that the 30% of the

global ocean surface south of 30�S strongly mitigates global surface warming. The region accounts for about 43% of the35

uptake of anthropogenic CO2 (labeled as (a) in Figure
:::
Fig. 1) and 75% of the excess heat uptake by global oceans (Frölicher

et al., 2014). This substantial uptake of excess heat and CO2 is due to the formation of large volumes of subsurface waters by

subduction in this region (Figure
:::
Fig. 1b), accounting for around 65% of all global ocean subsurface water (DeVries, 2014).

The Southern Ocean is not only responsible for the subduction of water masses, it is also the region where the deepest ocean

waters return to the surface, accounting for about 80% of the resurfacing of North Atlantic Deep Water and Antarctic Bottom40

Water (Talley, 2013) (Figure
:::
Fig. 1c). Through this upwelling, it provides the surface ocean with important macronutrients such

as dissolved nitrate, phosphate, and silicate (Marinov et al., 2006). However, at the surface of the Southern Ocean itself, the

consumption of these macronutrients through biological production is incomplete, due to the limited availability of iron, which

determines the efficiency of the so-called biological carbon pump in this region (Tagliabue et al., 2017) (Figure
:::
Fig. 1d). The

unused macronutrients are then exported to lower latitudes, where they have been estimated to fuel about 75% of the global45

ocean biological production (Sarmiento et al., 2004). While this overall important role of the Southern Ocean in the global

climate system (through its ocean circulation and influence on the carbon and energy cycle) is widely accepted, very little is

known about the local interactions between its components, i.e. the atmosphere, biosphere, sea ice, land and ocean.

::
To

::::::
explore

::::::::::
interactions

:::::::
between

:::
the

::::::::
Southern

::::::
Ocean

::::::
system

::::::::::
components,

:::
we

:::::
apply

::
an

:::::::::::
unsupervised

:::::::
learning

:::::::
method,

::::::
sparse

:::::::
principal

::::::::::
component

:::::::
analysis

:::::::
(sPCA).

::::::::::
Application

::
of

:::
the

:::::
sPCA

:::
has

::::
two

:::::::::
objectives:

::
i)

:::::::::
conducting

:::
an

:::::::::
untargeted

:::
and

::::::::
therefore50

::::
more

::::::::
objective

:::::::
analysis

:::
of

::::
data,

::::::
where

:::
the

:::::::
method

::
is

:::
less

:::::::
tailored

::
to
::::

the
::::::
science

::::::::
question

::
as

:::::::::
compared

::
to

:::::
more

:::::::::
traditional

::::::::
regression

::::::::
analysis,

:::
and

::
ii)

::
to

:::::
target

::
a
::
set

:::
of

::::::
specific

:::::::
research

::::::::
questions

::::::
(RQ):

::::
RQ1

:
:
:
Is
::::::
sparse

:::::::
principal

::::::::::
component

:::::::
analysis

::
an

::::::::
adequate

:::
tool

::
to

::::::
extract

:::::::::
interaction

::::::::
processes

:::::::
inherent

::
to

:
a
::::::::::::
heterogeneous

::::
and

:::::::::
temporally

:::
and

:::::::
spatially

:::::
short

::::
data

:::
set,

:::::
which

::::::::
describes

::::::::::::
environmental

::::::::::
variability?

::::
RQ2

:
:
:
Is
::

it
:::::::
possible

::
to

:::::::
identify

:::::::::
geographic

::::::::
locations

::::::::::
(“hotspots”)

::::
that

:::
are

:::::::
common

::
to

::::::
several

:::::::::
interaction

::::::::::
processes?55

::::
RQ3

:
:
:::::
Which

:::
are

:::
the

::::
key

:::::::
observed

::::::::::::
environmental

::::::::
variables

:::
that

::::::::
strongly

::::::::
contribute

::
to

::::::
several

:::::::::
interaction

:::::::::
processes?

:

::::::
Specific

:::::::
answers

:::
to

::::
RQ1

:::
are

:::::
given

::
in

:::::::
section

:::
3.5,

::::
with

:::::::
respect

::
to

:::::
model

::::::::::
limitations

:::
and

::::::::::
advantages,

:::
and

::::
5.2,

::::
with

:::::::
respect

::
to

:::::::::
interaction

::::::::
processes.

:::::
RQ2

::
is

::::::::
answered

::
in

::::::
section

:::
5.1

::::
and

::::
RQ3

::
in

::::::
section

::::
5.3.

::::
Note

::::
that

:::
we

:::::
focus

::
on

::::
the

::::
proof

:::
of

::::::
concept

:::
of

::
the

::::::
sparse

::::::::
principal

:::::::::
component

:::::::
method

::
by

::::::
basing

:::
the

:::::::::::
interpretation

::::::::
primarily

:::
on

:::
the

::::::
known

::::::::
processes

::
of

:::
the

::::::::
Southern

::::::
Ocean

::::::
climate

::::::
system.

:::::
New

:::::::
scientific

:::::::
insights

:::::
from

:::
this

:::::
novel

::::::::
approach

:::
are

::::::::
described

::
in

::::::
section

:::
4.1.

:
60

::::::::
Southern

::::::
Ocean

:::::::::
Processes. The exchange of heat, freshwater, momentum, chemical species (e.g. in the form of trace gases

such as CO2, DMS, and aerosols) in the Southern Ocean is determined by the complex interaction of the atmosphere, ocean,

land, ice, and the microbial communities (Figure
:::
Fig. 1). Between 40�S and 60�S the strong westerly wind-belt develops nearly

unhindered by land masses (Figure
:::
Fig. 1e), making the Southern Ocean the stormiest and fiercest ocean of the world (Hanley

et al., 2010; Derkani et al., 2021). Winds and waves strongly modulate ocean mixing (Thorpe, 2007; Toffoli et al., 2012), biolog-65
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Figure 1. Conceptual illustration of selected Southern Ocean processes. The red dashed line represents the ACE cruise track. Letters indicate

processes described in more detail in the introduction: (a) CO2 uptake, (b) formation of bottom water, (c) upwelling of nutrient rich water,

(d) biological carbon pump, (e) westerly storm track, (f) formation of sea spray, (g) cyclone activity and low-level cloud deck, (h) emission

of microbial
::::::
biogenic gases and secondary aerosol formation, (i) cloud modulated radiation budget, (j) evaporation and precipitation, (k)

nutrient (iron) rich areas near islands through the island mass effect, (l) meltwater inducing phytoplankton blooms.

ical production (Nicholson et al., 2016; Uchida et al., 2020), air-sea gas exchange (Wanninkhof et al., 2009; Gruber et al., 2019),

sea ice dynamics(Alberello et al., 2020; Vichi et al., 2019)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Alberello et al., 2020; Vichi et al., 2019; Holland and Kwok, 2012)

and sea spray emission (Figure
:::
Fig. 1f) , relevant for cloud formation (Schmale et al., 2019; Quinn et al., 2017; Bigg, 1973).
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