Rendiconti Lincei. Scienze Fisiche e Naturali (2024) 35:311-325
https://doi.org/10.1007/512210-024-01243-y

THE MEDITERRANEAN SYSTEM: A HOTSPOT FOR CLIMATE CHANGE ")
AND ADAPTATION Gheck for

Atmosphere and ocean interactions

Dino Zardi'

Received: 5 November 2023 / Accepted: 20 March 2024 / Published online: 13 June 2024
© The Author(s) 2024

Abstract

The nature and extent of the main interactions between the Earth’s atmosphere and the ocean are briefly reviewed, introducing
the main properties of these two planetary systems, the hierarchy of timescales and spatial scales characterizing their
processes, and the main mechanisms involved. To clarify these mechanisms, a few examples of exchanges of momentum,
energy, and mass exchanges are briefly outlined. The paper aims at stimulating students to discover the fascinating interplay
among two of the most relevant components of our planet, such as the atmosphere and the ocean, and suggests resources
for further exploration.
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1 Introduction

Atmosphere—ocean interactions are a complex and
interconnected system that regulates Earth’s climate and
weather. The exchange of energy, heat, moisture, and gases
between the atmosphere and oceans influences precipitation
patterns, ocean currents, storm formation, and long-term
global climate change. Indeed, the atmosphere and the
ocean are two key components of the complex system of our
planet. From school studies and personal experience all of us
have an idea of what they are and how they evolve. However,
it may be worth briefly introducing their properties here,
to lay down a common basis for the subsequent reasoning.

1.1 The atmosphere

The atmosphere is the layer, mostly composed of a mixture of
gases commonly named air, that surrounds our planet, being
retained there by gravity. We say “mostly” because the atmos-
phere also contains a myriad of particles, either solid or liquid,
of different sizes. Solid particles are collectively referred to
as particulate matter: they include all kinds of dust, as well as
tiny ice bodies, such as the variety of ice crystals composing
many cold clouds, and snowflakes. Liquid particles include
the constituents of clouds, haze and fog, as well as raindrops.
This myriad of particles, of different size and distribution,
play key roles in a variety of atmospheric processes—such as
nucleation, cloud formation, precipitation dynamics, radiation
budgets, and atmospheric energetics. However, for the pur-
pose of the present article, we may neglect these nongaseous
constituents, and concentrate on the purely gaseous part of
the atmosphere. The composition of the atmosphere is rather
homogeneous up to a height of about 100 km above mean sea
level (the so-called homosphere) and contains approximately
78% nitrogen (N,), 21% oxygen (O,), 0.9% argon (Ar), and
smaller amounts of other gases, as listed in Table 1.

Components listed in Table 1 are almost ubiquitously
found in the homosphere with the same fraction indicated
therein. Instead, in the upper atmosphere (heterosphere)
lighter constituents, such as hydrogen (H,), helium (He)
and atomic oxygen (O), dominate. However, the dynam-
ics of these upper levels are quite beyond the scopes of
the present paper, as their connections with the oceans are
rather limited. Also, within the homosphere, other trace
constituents can be found, whose concentration may vary
under different situations, being higher in some regions
than in others.

This is the case of ozone (O3;), whose concentration
is maximum in the ozonosphere, a layer between 15 and
35 km above the earth surface, and varies with the seasonal
change in incoming solar radiation, as ozone is produced
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Table 1 Composition of dry air (Source Wikipedia, s. v., “Atmos-
phere of Earth”)

Dry air

Gas Mole fraction
Name Formula In %
Nitrogen N, 78.084
Oxygen 0, 20.946
Argon Ar 0.9340
Carbon dioxide CO, 0.0417
Neon Ne 0.001818
Helium He 0.000524
Methane CH, 0.000187
Krypton Kr 0.000114

from atmospheric oxygen through the absorption of ultra-
violet radiation.

Air also contains a highly variable amount of water vapor.
Its variability is closely connected to the frequent changes
from liquid water or ice to vapor, and vice versa, that huge
amounts of water substance continuously undergo over the
earth. This fact is peculiar of the planet Earth, and follows
from the range of temperatures, around the freezing/melting
point of water, that are commonly found over its surface, as a
result of the energy budget of the planet, as discussed below.
The frequent and ubiquitous conversions of huge masses
of water from one state to another are a key factor for the
hydrological cycle, that will be discussed below either.

Thermodynamic properties of the atmosphere, such
as air temperature and density, atmospheric pressure and
humidity, as well as dynamical variables, such as winds
strength and direction, continuously vary in time and space.
However, some underlying long-term basic structures may
be identified, which constitute the basic state and the general
circulation of the atmosphere, respectively.

In particular, air temperature exhibits a peculiar vertical
structure (Fig. 1), resulting from the combination of radia-
tion budgets and thermal energy redistribution operated by
atmospheric and oceanic circulations (see below). Among
the various layers identified in the thermal structure outlined
in Fig. 1, the closest to the earth surface is the troposphere.
It exhibits an average depth of about 11 km and includes
80% of the atmospheric mass. Practically, all the weather
phenomena occur there, as well as surface—atmosphere
exchanges, including interactions with the biosphere, e. g.,
the photosynthesis by terrestrial plants and breathing of ter-
restrial animals.

1.2 The ocean

The ocean is the body of salt water that covers approxi-
mately 70% of our planet. The term ocean is also used to
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Fig. 1 Average vertical thermal structure of the Earth’s atmosphere

refer individually to any of the five large bodies of water
into which the worldwide ocean is conventionally divided,
i.e., Pacific, Atlantic, Indian, Southern, and Arctic Ocean
(Fig. 2). For the purpose of the present paper, we will refer
to the ocean as to any large body of salt water, extensively
including seas, such as the Mediterranean.

The ocean is the primary component of the Earth’s
hydrosphere, which also includes freshwater bodies (lakes,
rivers, etc.) as well as underground water and water vapor
in the atmosphere (Table 2).

Unlike the atmosphere, that covers uniformly all the earth
surface, the ocean is constrained to fill some regions above
the earth crust, as allowed by the underlying topography
(Fig. 3). This determines quite a varied distribution of depth,

Fig.2 Conventional partition-
ing given by geographers and
scientists to the different areas
of the continuous body of water
that comprises Earth’s Ocean.
(Source: https://scied.ucar.edu/
learning-zone/earth-system/
hydrosphere)

Pacific
Ocean

since the ocean surface level, apart from local oscillations
connected to the cycles of tides and the effects of atmos-
pheric pressure and winds, is quite uniformly distributed all
over the earth surface by the equalizing effect of gravity. In
fact, the mean sea level is usually adopted as a reference hor-
izontal level for atmospheric quantities, such as atmospheric
pressure. Accordingly, for weather stations based in regions
where the earth’s surface is above sea level, it is standard
observational practice to reduce the measured surface pres-
sure to the sea level. This is done by calculating, assuming
hydrostatic balance, the pressure that the atmosphere would
exhibit directly below the measurement level all the way
down to the sea level.

The mean vertical thermal structure of the ocean is sim-
pler than that of the atmosphere, although nontrivial. In
particular, the upper part of the ocean is the most exposed
to incoming solar radiation, which is absorbed in the upper
few hundreds of meters, depending on water absorbance
and inclination of the radiation beam over the surface. This
heat exchanges produce the thermocline, an upper layer,
right below the water surface, where the temperature gradi-
ent is appreciably greater than the gradients below it. The
so-called permanent thermocline refers to the layer unaf-
fected by the seasonal and diurnal changes in the surface
forcing, whereas the seasonal thermocline is the thermocline
unaffected by the diurnal changes in the surface forcing, as
shown in Fig. 4. In general, the latter is established each year
by heating of the surface water in the summer and is reduced
or destroyed the following winter by cooling at the surface
and wind-driven mixing. As opposed to the above layers,
the diurnal thermocline refers to the layer that is usually
established every day by the heating of the surface water and
destroyed the following night by the cooling and/or wind-
driven mixing.
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Table 2 Partitioning of water in the various components of the hydro-
sphere

Water Quantity (km?) Quantity (%)
Total water (pure and saline)

Oceans 1,348,000,000 97.39
Snow caps, icebergs, glaciers 227,820,000 2.01
Groundwater and soil moisture 8,062,000 0.58
Lakes and rivers 225,000 0.02
Atmosphere 13,000 0.001
Total 1,584,120,000 100.00

Fig.3 Map of the oceanic depth, as resulting from the varied topog-
raphy of the ocean’s floor. Colors denote both ocean floor (blues) and
land (browns). (Reproduced with permission from Weatherall et al.
(2015))

As for many liquids, water mostly expands when it gets
warmer,' and hence its density decreases. As a consequence
of gravity, lighter water tends to rise for buoyancy and to
occupy upper levels. Hence the structure outlined in Fig. 5
implies a persistently stable stratification.

The atmosphere and the ocean of course interact,
especially through their boundary surfaces: indeed, the
ocean covers almost 3/4 of the planet, and its surface is
openly exposed to the atmosphere there. This exchange
plays a crucial role in regulating the Earth’s climate system.
Atmosphere—ocean interactions also influence ocean
currents and circulation patterns (Huisman et al. 2010).
The transfer of energy, heat, and moisture between the
atmosphere and the oceans drives the flow of water masses
on a global scale. For example, the uneven heating of the
Earth’s surface by the sun creates temperature and density
gradients in the oceans, which may affect the wind-driven
large-scale circulation patterns like the Gulf Stream and the
Antarctic Circumpolar Current (Huisman et al. 2010).

! A rather peculiar property of the relationship between density and
temperature for water will be discussed later.
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Fig.4 Mean vertical thermal structure of the upper ocean and typi-
cal ranges of its latitudinal and seasonal variations (https://commons.
wikimedia.org/wiki/File:ThermoclineSeasonDepth.png)

In addition to these direct interactions, atmosphere—ocean
interactions also shape long-term climate patterns. The
oceans, with their high heat capacity, act as a buffer, absorb-
ing and storing heat over long periods of time. This helps to
regulate global climate by reducing temperature extremes.
Changes in atmospheric conditions, such as increased green-
house gas concentrations, can disrupt this balance and lead
to changes in ocean circulation patterns, sea surface tem-
peratures, and climate regimes such as El Nifio and La Nifia
(cf. Trenberth and Branstator 1992).

In the following section, the mechanisms controlling such
interactions will be briefly reviewed in more detail.

2 The main factors affecting atmospheric
and ocean dynamics

To understand atmospheric and ocean dynamics, it is
important to identify the main factors affecting them, and to
what extent they do so. Indeed, as we will see below, these
dynamics encompass a variety of spatial and time scales.
Here we will start from an overview of these two systems
as a whole, as part of the planet; hence, we will first focus
on the so-called planetary scale (a more complete outline
of the scales of planetary motions will be provided below).

At a first approximation, our planet can be represented as
a sphere with a radius of about 6370 km.? With a total mass

2 A better approximation would include the effect of polar flattening,
which makes our planet better represented by a rotation ellipsoid with
a polar radius of 6359 km and an equatorial radius of 6378 km. How-
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Fig.5 Schematic of various interactions between the atmosphere and
the ocean. (Source: COMET Program). The source of this material
is the COMET® Website at http://meted.ucar.edu/ of the University
Corporation for Atmospheric Research (UCAR), sponsored in part
through cooperative agreement(s) with the National Oceanic and
Atmospheric Administration (NOAA), U.S. Department of Com-
merce (DOC). ©1997-2024 University Corporation for Atmospheric
Research. All Rights Reserved

estimated in M = 5.97 10**kg, mostly due to its denser solid
and interior components, the Earth exerts a strong gravi-
tational attraction onto both the waters forming the ocean
and the gaseous components of the atmosphere,’ and keep
them quite close to the surface: both atmospheric (Fig. 1)
and oceanic depths (Fig. 3) are about 2-3 orders of mag-
nitude smaller than the earth making their layers a rather
shallow fluid coating of the planet. As a consequence, the
trajectories of water and air parcels composing the plan-
etary flows, in the atmosphere and in the ocean respectively,
need to follow the planetary curvature. Another remarkable
property of our earth is that it revolves around its axis with
a turnover period 7 = 86164s (sideral day) and, hence, an
angular frequency Q = 27” = 7.292 10~>Hz. This rotation has
two main consequences for the terrestrial components. First,
any reference system fixed with the Earth, as it is common
for observers who are based on earth, is a non-inertial one.
This means that fictitious forces arise, such as the centrifugal
force (slightly modifying the pure gravitation attraction into
an effective gravity) and the Coriolis force acting on every
moving parcel of mass m moving at a velocity v to deviate

Footnote 2 (continued)

ever, this distinction is not strictly required for the purpose of the pre-
sent papers, hence it will be neglected hereinafter.

3 Notice that this attraction is stronger on heavier elements (such as
molecular nitrogen N, and oxygen O,) and weaker on lighter constit-
uent (such as hydrogen H, and helium He), which explains why the
earth lower atmosphere is richer in the former and poorer in the latter,
as outlined above.

Low density of
incident rays
(northern winter)

Sun

High density of
incident rays
(southern summer)

Fig. 6 Effect of latitude in the inclination of sun rays onto the Earth
surface

it toward a direction orthogonal to its velocity, as described
by the formula:

FC = 2mQ X7

where Q is the rotation vector, aligned with the rotation axis
and pointing northward, with modulus Q. Second, the rota-
tion time is short enough to expose all the areas in a zone®
of comparable latitude to comparable incoming solar radia-
tion in a 24-h time. This explains why the variation of most
quantities with longitude is rather weak, and mostly depends
on the uneven distribution on continents and ocean. On the
other hand, incoming solar radiation strongly depends on
latitude, as a consequence of the different angles made by
parallel-beam radiation when they hit the curved earth sur-
face at different latitudes’ (Fig. 6). Also, the tilting by 23.5°
above the ecliptic plane of the earth rotation axis makes
the seasonal dependence of direct radiation more and more
relevant for higher latitudes, with extreme situations in polar
areas, which are completely deprived of incoming radiation
during the long polar nights in wintertime.

* In geophysics the word zone (from the Greek (o, i. e. belr) indi-
cates surface bands included between two parallels. Accordingly, the
flow direction running along parallels is named zonal. Instead, a flow
running either poleward or equatorward along the meridians is named
meridional.

5 The word climate (from the Greek kAipa, inclination) reminds how
climatic zones depend on the angles under which, on average, sun
rays hit the earth surface (for a historical review on the origin of the
terms climate and climatology see Barry 2013).
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Fig.7 A rational subdivision of the scales of horizontal atmospheric motions. (Reproduced with permission from Orlanski 1975)

3 Exchanges between atmosphere
and ocean

Atmosphere—ocean interactions are a consequence of
exchanges between the Earth’s atmosphere and the oceans.
These exchanges can be explained in terms of fluxes of
energy, momentum, and mass of substances (e. g., moisture,
gases, etc.) across the ocean surface, and their redistribution
within the ocean and within the atmosphere, respectively
(Fig. 5). In the following subsections we will briefly review
examples of such exchanges.

@ Springer

3.1 Scales of atmospheric and oceanic motions

As most of the exchanges between the ocean and the atmos-
phere are promoted by, and have consequences on, their
motions, it is of utmost importance to remind that motions
of large planetary fluid bodies are organized in a hierarchy
of spatial and time scales. Figure 7 provides an overview of
such scales following the rational subdivision proposed by
Orlanski (1975).

In the following, we will mostly concentrate on the plan-
etary and synoptic scale.
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3.2 Momentum exchanges

The hydrosphere and the atmosphere altogether are
commonly referred to as the fluid earth, as opposed to the
solid earth, which includes the earth crust and all the other
solid layers beneath, such as the lithosphere. Indeed, oceans
are composed of salty water, which can be assumed to a
good approximation as an incompressible fluid, whereas the
atmosphere is mainly composed of air, i. e., a compressible
fluid, whose physical properties are very well amenable
to those of perfect gases. Hence both the ocean and the
atmosphere are fluid bodies, and as such they exhibit the
distinctive property that they cannot withstand any tendency
by applied forces to deform them in a way which leaves
the shape unchanged: they may resist attempts to deform
them, but resistance cannot prevent the deformation from
occurring, or, equivalently, the resisting force vanishes with
the rate of deformation (Batchelor 1967).

A key factor controlling momentum exchanges in the
planetary fluids is their density, i.e., the mass per unit vol-
ume. Density controls both the inertia of fluid parcels, and
the effect of gravity onto them. As for most of the liquids,
the density of water changes with temperature. However,
water is somehow peculiar as the temperature increases
above the freezing point, rising to a peak at about 4 °C, and
then decreases (Fig. 8). This initial increase is unusual, as
most liquids only exhibit thermal expansion, i. e., for them
density always decreases with increasing temperature. The
density of oceanic water also depend on the concentration of
salt: since sodium chloride (NaCl) and other salts commonly
found in marine water are heavier than water, the higher their

concentration, the higher the density of salt water. Changes
in temperature and concentration reflects in changes of buoy-
ancy, i. e., the forcing effect of gravity on water masses:
this is the reason why circulations controlled by density
contrasts, originating from varied combinations of either
temperature or salinity, or from both, are also named ther-
mohaline circulations.®

The density of dry air also depends on temperature: at
equal pressure, dry air density decreases with increasing
temperature. It also depends on pressure, although to a lesser
extent. On the other hand, water vapor also contributes to
modifying density of moist air. Water is a species with a
molar weight lesser that the effective molar weight of dry
air, and this results in moist air being less dense the dry air
at equal temperature and pressure. The combination of these
variables is well expressed by the perfect gas equation for
moist air:

P

P = RI(1+06lg) M

where p is the moist air density, p is pressure,
R, = 287JK 'kg™!is the constant for the state equation of
dry air, T is the absolute temperature and ¢ is the specific
humidity. Changes of density are crucial for the vertical
atmospheric motions associated with atmospheric convec-
tion (Saravanan and McCreary 1999).

Conservation of momentum in fluid mechanics is
expressed by the Navier—Stokes equations, which is
the extension of Newton’s second law of dynamics for
a pointwise material body to fluid continua. Their full
expression and their derivation from basic principles can be
found in many textbooks of fluid dynamics (cf. Batchelor
1967) or geophysical fluid mechanics (cf. Gill 1981;
Pedlosky 1987; Holton and Hakim 2012; Vallis 2017).

Given the almost spherical shape of our planet, for the
geophysical flows it is convenient to write these equations
in spherical polar coordinates. The resulting mathemati-
cal expressions include a variety of terms, accounting on
one side for acceleration, and on the other side for the vari-
ous forces acting on fluid parcels, either from long-range
forces (e.g., gravity), or from short-range interactions with
neighboring fluid parcels. A very convenient property of
the above equations is that they reproduce adequately well
the dynamics of both the atmosphere and the ocean over a
surprisingly broad spectrum of scales (cf. Charney and Flierl
1981). However, not all the factors accounted for in those
equations have the same importance at all the scales. On the
contrary, at each scale of motion the dominating terms are
typically fewer, and quite different for the different scales.
Concentrating on the dominating terms, and neglecting all

% From the Greek words 0¢ppoc i. e. warm and &Ac i. e. salt.
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Fig.9 Airflows associated with the geostrophic winds around pres-
sure highs (H) or lows (L) in the northern hemisphere

the others, allowed much progress in our understanding of
key mechanisms behind the most relevant atmospheric and
oceanic flows (Charney 1948; Burger 1958).

Also, different factors, and hence different scales,
characterize the vertical structure differently from the
horizontal ones, either zonal or meridional. Gravity acts on
the vertical direction, and it is so strong that the average
vertical structure of pressure, both in the ocean and in the
atmosphere, is dominated by the hydrostatic balance, i.e.,
the asset that the fluid mass would exhibit at rest. Even
when the atmosphere or the ocean are not at rest, still
pressure and density anomalies associated with the flows
are mostly connected by hydrostatic balance. Significant
departures from the hydrostatic distribution only occur in
connection with very strong vertical accelerations, e.g., as
a consequence of strong convection, or from topographic
effects, such as uplift upstream to a steep mountain range or
downdraft downstream to it.

On the other hand, horizontal motions, either in the zonal
or in the meridional directions, both at planetary and at
synoptic scale, away from the equatorial zone, are dominated
by a balance between horizontal pressure gradients Vp and
Coriolis force:

28 xT-Lvpro @)
p)

This situation is named geostrophic balance, and the
resulting balanced flow is named geostrophic flow (and,
more specifically, geostrophic wind in the atmosphere,
geostrophic current in the ocean). This flow is characterized,
at any level and at any latitude ¢ (except near the equator,
where ¢ ~ 0) by a horizontal velocity V given by
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where f = 2Qsing is the so-called Coriolis parameter, and
% is the unit vector normal to the earth surface, i. e. indicat-
ing the vertical direction. As a result of the vector product
in Eq. (3), the geostrophic wind turns out to be always per-
pendicular to the vertical direction, i. e., purely horizontal,
and normal to the pressure gradient, i. e., parallel to the
constant-pressure contours (isobars), which can, thus, be
adopted as streamlines. Schematic examples of the flows
resulting from the above wind field are shown in Fig. 9 for
the northern hemisphere. Around high-pressure centers, the
flow rotates clockwise (anticyclonic); whereas around low-
pressure centers, it rotates counterclockwise (cyclonic). The
rotation is reversed in the southern hemisphere.

The Coriolis parameter becomes very small when the lati-
tude angle ¢ approaches zero, i. e., around the equator. This
suggests that the geostrophic balance, and hence the approxi-
mation of the wind with the geostrophic formula from Eq.
(3), are inapplicable at these latitudes. In general, the effects
of Coriolis force are nonnegligible whenever the length scale
representative of the horizontal extent of the flow, L, and
the order of magnitude of the velocity, U, are such that the
nondimensional ratio named Rossby number Ro = U [/fL is
significantly smaller than unity. This implies that at midlati-
tudes the effects of Earth rotation may be significant even
for relatively smaller water bodies (e.g., large lakes) when
creeping velocities are considered (cf. Amadori et al. 2018).

Apart from intertropical zones, where the geostrophic
balance is inapplicable,’ there is another planetary region
where the geostrophic wind is inaccurate in providing the
main wind features: this region is the atmospheric boundary

7 Near the equator latitude angles ¢ become very small, and so does
sing, making f smaller and smaller, and hence the expression in
Eq. (3) singular: this suggests that geostrophic balance does not cor-
rectly reproduce the dominant dynamics in the tropical regions, as it
does in the extratropical ones.
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layer, i. e. the atmospheric layer closest to the earth surface
(either land or ocean) and more strongly interacting with it,
responding to surface forcing on timescales of order 1 h or
even less. Indeed, in this atmospheric layer closer to the sur-
face the strong interaction with either the terrain or the ocean
favors the production of turbulent motions, which enhance
exchanges across the surface, including momentum loss to
the surface, i.e., enhanced friction. This resistance assumes
an order of magnitude comparable to the other two terms
in Eq. (3).

As aresult, the near-surface wind around a low-pressure
center is not any more blowing perfectly parallel to the iso-
bars, but rather exhibits a cross-isobar component, produc-
ing a net convergence of the flow toward the center. Hence,
as a consequence of the continuity of the flow, deriving
from the requirement of mass conservation, a compensat-
ing upward vertical motion develops in the column above the
center. This upward motion promotes vertical transport of
moisture and heat form the surface to the upper levels. This
upward flow has two consequences: on one hand, it may fill

sensible

heat

(80, 90) (15, 25)

thermal
down surface

thermal
up surface

their uncertainty ranges, representing present day climate conditions
at the beginning of the twenty first century. (Reproduced with permis-
sion from Wild et al. (2013))

the column with lighter air,® and hence further deepens the
low-pressure center; on the other hand, the lifting of moist
air promotes condensation and the formation of cloud and
precipitations. This mechanism holds both for extratropical
(Fig. 9) and for tropical cyclones (Fig. 10), the latter being
favored by warmer oceanic surface water.

For this reason, an intensification of tropical cyclone
intensity is to be expected under a changing climate
(Knutson and Tuleya 2004).

3.3 Energy exchanges

One of the main processes of atmosphere—ocean interactions
is the transfer of heat. The oceans exchange heat with the
atmosphere through radiation, conduction, and evaporation.
This heat transfer is an essential component of the energy
budget controlling the Earth’s temperature, as the oceans
act as a heat sink, absorbing and storing large amounts of
heat. Conversely, the oceans also release heat back into the
atmosphere, which influences atmospheric circulation pat-
terns (Weller and Anderson 1996).

8 This is more typical or tropical cyclones, whereas sometimes for
extratropical cyclones air at surface level may have a lower enthalpy
than air at upper levels.
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Fig. 12 An example of different penetration of spectral components
of shortwave radiation underneath the ocean surface depending on
wavelength and water location (open ocean or coastal waters)
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Fig. 13 The general circulation of the atmosphere resulting from the
combination of the meridional thermal-convective flow, compensat-
ing the uneven heating and cooling of the equatorial vs. the polar
zones, and the earth rotation

The primary source of thermal energy is the solar radia-
tion. Apart from long-term fluctuations of the sun activity,
the energy emission from the sun is quite regular over the
years, and solar radiation reaches the top of the atmosphere
with an average irradiance, normal to the beam direction,
known a solar constant S=1368 W m~2. Figure 11 shows
how this energy input interacts with the atmospheric and
terrestrial components and is then partitioned in the overall
energy budget of the earth—ocean—atmosphere system.

Atmospheric gases are almost transparent to the incom-
ing shortwave radiation, but clouds, aerosol and reflecting
surfaces on the Earth collectively bounce back about 30%
of the incoming flux. Most of the heat energy of the sunlight
that strikes the Earth is absorbed in the first few millimeters
of the soils, which heats up very quickly during daytime,
and in turn exchanges heat with the overlying atmosphere.
On the other hand, radiation penetrates much deeper below
the ocean’s surface (Fig. 12), which heats during the day and
cools at night as heat is lost to space by radiation. Waves
contribute to mixing the water near the surface layer and
distribute heat to deeper water such that the temperature
may be relatively uniform in the mixed layer, depending on

@ Springer

wave strength and on surface turbulence caused by currents.
Below this mixed layer, the temperature remains relatively
stable over day/night cycles, as shown in Fig. 4.

The diverse response to radiation budgets between
water surface and land surface determines significant
thermal contrasts among lower atmospheric layer overlying
neighboring offshore water and inland surfaces along
coastlines. Such contrasts produce density imbalances
between neighboring airmasses and hence promote
compensating density currents moving airmasses for tens
of kilometers across the coastline in the form of sea and
land breezes (Rotunno 1983; Simpson 1994). This effect also
occurs in extended inland water bodies such as large lakes
(Laiti et al. 2014; Giovannini et al 2015).

Values shown in Fig. 11 are globally averaged annual
mean, to be considered as reference values: there is a well-
known imbalance in the Earth’s energy (Trenberth et al.
2014), which is the basis of diverse budgets in different zones
and interannual variability. In particular heat is received more
in the near equatorial zone, and less in the polar areas. As a
consequence of this imbalance, air in the intertropical regions
is expected to be warmer, and then less dense, than at the
poles. The resulting buoyancy effects are expected to promote
a thermal-convective compensating circulation moving air at
upper levels form the equator to the poles, and in the oppo-
site direction at lower levels (Fig. 13, left panel). However,
observations have shown that this simple idea of compensat-
ing flows arranged in a single axial-symmetric cell connecting
the equatorial belt with the poles in each hemisphere is not
realistic. Rather, the system seems to be better represented
with a scheme organized in three annular cells as represented
in Fig. 13(central panel). The couple of cells closer to the
equator, one in the northern and the other in the southern
hemisphere respectively, are usually named Hadley Cells.’
Also, purely meridional flows cannot occur, as motions on the
earth surface are also subject to Coriolis force, arising from
earth rotation, which deviates the trajectories of moving air
parcels toward the right-hand direction of an observer moving
with them in the northern hemisphere (while toward the left
in the southern). Hence, a meridional component of the flow
needs to be accompanied by a zonal one, as shown in Fig. 13
central panel. Indeed, the resulting zonal flows represent the
permanently blowing easterly Trade Winds in the intertropi-
cal areas, and the westerly winds in the midlatitude zones. In
fact, the uneven distribution of land and sea adds up further
disturbance to this regular picture, producing a scattered dis-
tribution of rather persistent high- and low-pressure centers,

 After the British mathematician and astronomer John Hadley
(1682-1744) who first suggested an explanation of trade winds (Had-
ley 1735).
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> Warm-water current

Fig. 15 The general circulation of the ocean

promoting either anticyclonic or cyclonic circulation around
them, respectively.

The resulting overall flow constitutes the so-called gen-
eral circulation of the atmosphere: its patterns at mean sea
level horizontal surface are well represented by the surface
pressure and wind structure outlined in Fig. 14 for the two
extreme seasons, summer and winter, respectively.

The wind exerts a drag force on the underlying ocean
surface. The force exerted by the wind per unit area in the
direction parallel to the surface is named wind stress. The
wind stress at the sea surface is the primary driving force for
many oceanic phenomena including surface gravity waves,
storm surges, and ocean currents. Wind stress 7 is normally

b Cold-water current

estimated from the wind speed using the bulk formula in
terms of a drag coefficient C,

7= p,CprU? 2

where p, is the air density, U is the mean wind speed at a
reference height above the mean sea level, and Cp, is the
drag coefficient at the same height. The drag coefficient is
usually parameterized as a function of the mean wind speed
and of the roughness of the sea surface, as determined by the
waves (Munk 1955; Charnock 1955; Lin and Sheng 2020).
The combination of currents driven by the wind drag results
in the surface oceanic circulation patterns shown in Fig. 15.
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Fig. 16 Overview of the
overturning meridional oceanic
circulation

Fig. 17 Schematic of the hydro-
logical cycle

The above surface forcing exerted by the wind combines
with the varied oceanic bathymetry and with the changes in
water density associated with heating/cooling and increased
salt concentration from surface evaporation to produce the
so-called general circulation of the ocean. In particular, cur-
rents that move up and down in the water column, also called
vertical currents, are created by differences in the density of
water masses, where heavier waters sink, and lighter waters
rise (Fig. 16).

This buoyancy-driven effects combine in the so-called
overturning meridional oceanic circulation (sometimes
also named thermohaline circulation), because winds move
warm surface waters from the equator toward the poles,
where the water cools and increases in density. Some of this
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water gets so cold that it freezes, leaving its salt behind in
the remaining water, thus further increasing the density of
this water. This cold, salty water near the poles (primarily
in the North Atlantic and near Antarctica) sinks and spreads
along the bottom and eventually rises back toward the sur-
face of the ocean. In the absence of such mixing, the circu-
lation would be confined within a very shallow layer, and
all the interior of the ocean would become filled with very
dense water (Vallis 2017). Notice however that it takes about
1000 years for water to circulate around what is called the
global conveyor belt that moves water three dimensionally
throughout the world’s ocean basins.

These ocean currents can have significant effects on cli-
mate and weather patterns. For example, the Gulf Stream
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Fig. 18 Schematic of exchanges
of carbon among soil, atmos-

phere, biosphere, ocean, and A
lithosphere
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transports warm water from the tropics to the North Atlantic,
which helps to moderate temperatures in regions such as
Western Europe. The flow of these currents can also influ-
ence the distribution of nutrients, affecting the productivity
of marine ecosystems and the distribution of marine species.

Furthermore, atmosphere—ocean interactions play a role
in the formation and intensity of tropical cyclones, also
known as hurricanes or typhoons (Solomon et al. 2008).
These storms develop over warm ocean waters, where the
interaction between the atmosphere and the ocean surface
provides the necessary energy for their formation and inten-
sification. The heat and moisture transferred from the ocean
to the atmosphere fuel the storm, while the storm’s strong
winds and turbulent winds mix the ocean waters, bringing
cooler waters to the surface and potentially weakening the
storm.

4 Mass exchanges

Another important aspect of atmosphere—ocean interactions
is the exchange of matter. Here, we will focus in particular
on the exchange of two key species, namely water and car-
bon, for the special relevance they have in atmospheric and
climate processes.

Evaporation from the ocean’s surface adds moisture to the
atmosphere, which can then condense and form clouds and
precipitation. The amount of moisture in the atmosphere is a
key factor in determining weather patterns and can influence
the formation of storms. The hydrological, cycle also known
as water cycle, is schematically reproduced in Fig. 17.

The oceans also play a role in the exchange of gases,
particularly carbon dioxide. The ocean’s surface acts as a
sink for excess atmospheric carbon dioxide (CO,) of anthro-
pogenic origin (Canadell et al. 2021), absorbing and storing
large amounts of carbon. This process, known as carbon
sequestration, helps to regulate the Earth’s carbon cycle and
mitigate the effects of global warming. Carbon dissolved
in oceanic water can be used by microorganism to build up
their own shells and skeletons, and the end of their lifetime
sinks to the ocean floor and becomes part of the mineral car-
bon. However, the timescale of these exchanges are quite dif-
ferent, as shown in Fig. 18. In particular, the rate of removal
of carbon performed by this process is very slow, excessive
carbon dioxide absorption by the oceans can lead to ocean
acidification, which negatively impacts marine ecosystems
(Doney er al. 2009).

5 Conclusions

Understanding and studying atmosphere—ocean interactions
is crucial for protecting our environment, and for predicting
and mitigating the impacts of climate change. Scientists
use both numerical models and observational data from a
variety of sources, including ground based direct and remote
sensing devices, as well as satellites, to investigate these
interactions and project future scenarios. By improving our
understanding of how the atmosphere and oceans interact,
we can better anticipate changes in weather patterns, sea
level rise, and the overall health of ecosystems (Collins et al.
2013).
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Readers who are interested in learning more about these
dynamics will find further contents in two comprehensive
books, a classical one by Gill (1981), specifically meant to
cover both ocean and atmosphere dynamics, and a more
recent one by Vallis (2017), a comprehensive overview
of dynamical oceanography and meteorology. The
mathematical treatment of geophysical flows is explained in
depth in the well-known textbook by Pedlosky (1987). Two
further textbooks, more focusing on atmospheric processes,
are Wallace and Hobbs (2006), which offers an introductory
overview on the variety of physical processes involved in
the atmosphere, and Holton and Hakim (2012), a classical
textbook on dynamical meteorology. Finally, Marshall and
Plumb (2007) provides an introductory and comprehensive
overview on processes controlling climate and climate
change.
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