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=
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=
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=
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f ′(x, y)

1!
(x− xo) +
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+O(∆x2)D 21
3#'M30'10 N4#>1MO455& 5(71 2
6171 (2 421' <30 561 5(71 '(2
015(;&5(3#+ :61 N4#>1MO455& P 71563' 
3#2(25 (# 1=&/4&5(#> 561 <4#
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High coupling frequency is an important issue for air-sea interaction (IPCC report, ’The

Physical Science Basis’, 2007). However, it can bring new technical issues. As internal gravity

waves are excited in the ocean which are poorly resolved in realistic ocean models some smoothing

is necessary to damp this numerical problem (IPCC report, ’The Physical Science Basis’, 2007).

Here the high time resolution of the model allows to observe and study inertia-gravity waves

with a good accuracy.

3.3 Energy

Frictions between the ocean and the atmosphere conserve the total momentum but induce an

energy dissipation. To calculate the loss of energy due to friction, I firstly study a non rotating

model.

I can not find uo and vo with geostrophic conditions as f=0 so I impose directly velocities:

uo(y) = −4π.10−2sin(2πy) m/s

vo = 0 m/s.

At the initial step atmospheric velocity is null. Over time both fluids approach the same

average velocity u. According to inertial conservation:

(mo +ma)u = mouo ⇔ u =
mo

mo +ma
uo. (26)

Where mo and ma are respectively the mass of the ocean and atmosphere, per surface area unit

ρoho and ρaha.

The relative variation of total energy is:

Ef − Ei

Ei
=

1
2(m

o +ma)u2

1
2m

ouo2
− 1 =

mo +ma

mo

u2

uo2
− 1.

Hence, I replace u thanks to equation (26):

Ef − Ei

Ei
=

−ma

mo +ma
≃ −ρ

aHaS

ρoHoS
≃ −2, 5.10−3

The numerical results (Fig 5), check well that the potential energies are zero, and that

mechanical energy of one fluid is equal to its kinetic energy. They also show a growth of kinetic

energy of the atmosphere layer and a decrease of kinetic energy of the ocean. Indeed, as I already

know, kinetic energy is transferred from the ocean to the atmosphere as initially atmosphere is

at rest.

At the beginning of the simulation, the friction is high (uo−ua ≫ 0), it leads to a significant

dissipation of energy, that’s why the relative total energy decreases rapidly during the first two
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months. After the velocity difference reduces, so the friction is lower and there is no or a little

loss of energy. According to the graph (Fig 5), the relative total energy approaches −2, 5.10−3,
which is the analytical obtained value. Please note that this value is independent of the friction.

Figure 5: Temporal evolution of energies in a non rotating frame

When the Coriolis force is included some kinetic energy is transformed in potential energy so

it is difficult to analytically calculate the energy dissipation. However simulations show a loss of

relative energy forty times smaller (Ef−Ei
Ei

= −6.10−5) (Fig 6). The ocean kinetic energy is now

constant, this is balanced with the decrease of the ocean potential energy.

Figure 6: Temporal evolution of energies in a rotating frame
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3.4 Energy Fluxes

It is interesting to study the temporal evolution of the kinetic energy flux at a particular point.

Here the study is made at the point y = 750 kilometers where velocities are maximal in absolute

values (Fig 7). Results show well the transfer of kinetic energy from the ocean to the atmosphere.

Figure 7: Temporal evolution of energy flux

The simplify system can be described by:

∂tu
o − fvo = −ρaτ(uo

−ua)
ρoho

(27)

∂tv
o + fuo = −ρaτ(vo−va)

ρoho
(28)

∂tu
a − fva = τ(uo

−ua)
ha

(29)

∂tv
a + fua = τ(vo−va)

ha
. (30)

Kinetic energy fluxes can be calculated thanks to these equations:

∂t(Eco) = ∂t(
ρoho

2
(uo2 + vo2)) = ρoho(uo∂tu

o + vo∂tv
o) (31)

= −ρaτ(uo2 − uauo − vova + vo2) (32)

∂t(Eca) = ∂t(
ρaha

2
(ua2 + va2)) = ρaha(ua∂tu

a + va∂tv
a) (33)

= −ρaτ(ua2 − uauo − vova + va2). (34)

At the beginning, oceanic fluxes are higher in absolute values because atmospheric velocities ua

and va are very low, so ∂t(Eco) = −ρaτ(uo2−uauo−vova+vo2) ≃ −ρaτ(uo2+vo2)≪ 0 (equation

(32)). Over time, atmospheric velocities increase so −uoua − vova rises and ocean energy fluxes
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decrease. Initially atmospheric energy fluxes are 0W/m2 because ua = va = 0. Then ua and va

increase, while remaining low, thereby ua2+ va2 ≃ 0 and −uoua− vova decreases so atmospheric

energy fluxes increase. Over time ua2 + va2 rises faster than −uoua − vova so inflows decrease

until oceanic and atmospheric velocities are equals (equation (34)).

The loss of energy is equal to the sum of atmospheric inflows and oceanic outflows:

∂t(Eco+ Eca) = −ρaτ [(uo − ua)2 + (vo − va)2] = −ρaτ |u|2, (35)

where |u| =
√

(uo − ua)2 + (vo − va)2.

Similarly, the dissipation of energy decreases in time as it depends on the ocean and atmo-

spheric velocity difference (equation (35)). In fact analytical calculations show that the energy

flux lost is proportional to the square of the velocity difference, for a Rayleigh friction.

4 Influences of Ekman veering and quadratic drag law:

In this part I am going to describe evolution differences when I include the Ekman veering

and the quadratic drag law to the friction.

4.1 Spatial evolution

The Ekman veering does not change the velocity shape because it just modifies velocity

directions.

Figure 8: Section of ocean after one day

The quadratic friction leads to an inflexion point at the center of the field (Fig 8), due to

the non linear quadratic term. In the meridional direction geostrophic velocity initially vanishes
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thereby the meridional velocity vo(y) adopts the same shape as the friction force. As for the

linear friction, velocities in the atmosphere generated by the friction adopt the same shape as

ocean velocities.

4.2 Temporal evolution and wave generation

As noted previously, the Ekman veering does not change the standard velocity but only the

direction. Temporal evolution of velocities and height variations with and without the Ekman

veering have so only one difference in the wave amplitudes (Fig 9 b and c).

Inertia-gravity waves are generated in the ocean and atmosphere and decay exponentially in

time for all frictions. After 10 months waves amplitude are very small, lower than 0.2× 10−4m/s

for all friction (Fig 9). In the ocean and in the atmosphere Ekman veering and quadratic friction

increase the wave amplitudes.

For the quadratic friction, velocities and height variation are slower and smaller than for a

linear Rayleigh friction (Fig 9, a and b).

(a) Rayleigh friction

(b) Quadratic friction
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(c) Ekman Quadratic friction

Figure 9: Profiles of the atmosphere for different frictions

4.3 Energy Fluxes

The Ekman veering does not change the standard velocity but only the direction, so this term

has no influence on fluxes. For quadratic cases the term |u| =
√

(uo − ua)2 + (vo − va)2 comes

into play.

I do the same computation as in the paragraph (3.4), just changing the friction term to:

Fx
k = −ρaCd|u|(uo − ua)

ρkhk
. (36)

Energy fluxes are equals to:

∂t(Eco) = −ρaCd|u|(uo2 − uauo − vova + vo2) (37)

∂t(Eca) = −ρaCd|u|(ua2 − uauo − vova + va2). (38)

Inflow in the atmosphere and outflow of the ocean are multiplicated by |u|. At the beginning,

ua and va are very low so |u| ≃
√
uo2 + vo2 while in the Rayleigh friction (τ = Cduo) I have not

considered the vo. That’s why energy fluxes are more important initially (Fig 10 and Fig 7).

Then energy is given by the ocean to the atmosphere thereby atmospheric velocities ua and

va increase, and Cd|u| decreases whereas the term τ in the Rayleigh friction is constant. This

induces a decrease of fluxes more important for the quadratic friction(Fig 10 and Fig 7).

The energy flux dissipated is equal to:

∂t(Eco+ Eca) = −ρaCd|u|[(uo − ua)2 + (vo − va)2] = −ρaCd|u|3. (39)

It is proportional to |u|3 while it is proportional to |u|2 with a Rayleigh friction. Initially,

velocity difference is high so Cd|u|3 ≫ τ |u|2 and the energy flux lost is higher for quadratic
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friction. When the velocity difference becomes very low (|u| < 10−1m/s), Cd|u|3 ≪ τ |u|2, and

the energy flux lost is much smaller for the quadratic friction.

Figure 10: Energy flux for a quadratic friction

4.4 Energy

For the energy mass balance there is no difference when I include the Ekman veering term

to the friction as velocities and height variations are the same that for the Rayleigh friction.

For quadratic friction, the potential energy in the ocean and energies in the atmosphere

respectively decrease and increase faster during the first two months (Fig 11, Fig 6 ). In contrast,

they decrease and increase slower after this period. This is directly due to the difference of energy

fluxes with a quadratic friction.

Figure 11: Balance relative energy for a quadratic friction
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5 Air-sea interaction due to the friction:

The aim of these simulations is to ease the instability development in the ocean for study the

air-sea interaction in two dimensions, in presence of eddies. The resolution is increased to 1.95

kilometers, there are 512× 512 points.

First it is necessary to lower the ocean dynamic viscosity. I reduced the ocean dynamic

viscosity to have Reynolds numbers (Re = UkL/νk) of the same magnitude in the ocean and

atmosphere ie for νo = 1m2/s.

Then narrow oceanic and atmospheric currents must be imposed in different direction from

the outset. In the atmosphere it only depend on y-direction unlike in the ocean it only depends

on x-direction, so they are perpendicular.

They are initially defined by the height variations which represent the first terms in the

Fourier series of a sawtooth function (Fig 12):

ηoo(x, y) = 100m× (sin(2πx)− 1

3
sin(4πx) +

1

5
sin(6πx)− 1

7
sin(8πx) +

1

9
sin(10πx))

ηao (x, y) = 300m× (sin(2πy)− 1

3
sin(4πy) +

1

5
sin(6πy)− 1

7
sin(8πy)),

and the geostrophic velocity field which is associated (ie uoo and vao are 0).

Figure 12: Sawtooth function of ocean height variations

A restoring in the atmosphere to the initial (sawtooth) layer thickness is essential. The restor-

ing acts to force the average (in the x-direction) of the layer thickness projected on the sawtooth

profile towards its initial value. This is accomplished by projecting the observed average in the

x-direction on the sawtooth profile followed by an adding or subtracting of the sawtooth profile

on the whole domain to restore the projection towards a constant level. The restoring time is

two days. Such kind of (large-scale) restoring affects the large scale dynamics without directly

influencing the small scales which can evolve freely.
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Another restoring is done in the ocean to avoid the explosion of the simulation. Indeed in

these simulations there is no dissipation of energy in the ocean whereas in the reality continents

and exchanges with the deep water layer dissipate mechanical energy. In order to not disturb the

air-sea interaction, the restoring time is very long (1000 days).

5.1 Atmosphere influence on the ocean for a linear friction

In this part the friction is considered as linear.

5.1.1 Global evolution of the system

After few days, little instabilities (−5m < ηa < 5m) appear in the atmosphere (Fig 13,a).

They have typical velocities of about 6×10−2m/s. They can be observed when the average height

variation along the x-direction for each y is removed to each height variation at the y coordinate.

In the same way, mean current along the x-direction for one y is removed to each velocity at

the y coordinate. This allows to observe instabilities hidden by the mean current which is sixty

times faster(about 3.7m/s) and leads to height variations ten times higher (about 70m). After

several hundred days two oceanic instabilities with diameters about 500 kilometers are set up

(Fig 13,b). These two eddies rotate in opposite directions and are located at each extremity of the

field, to better develop. Indeed if rotations were in the same direction at this scale (few hundred

kilometers), they would form a single eddy.

(a) for the atmosphere without the mean

current

(b) for the ocean

Figure 13: Maps of height variations and velocity field after 2 years

After few years for example 4 years and 10 months (Fig 14), the dynamics of the ocean
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depends almost only on the y-direction, ie it is nearly aligned with the large scale atmospheric

dynamics. At the same time, little atmospheric eddies start to disappear. If the simulation is

continued the ocean will have a dynamics similar to the atmospheric dynamics.

(a) for the atmosphere (b) for the ocean (c) for the atmosphere without

the mean current

Figure 14: Maps of height variations and velocity field after 4 years and 10 months

5.1.2 Energy fluxes

The evolution of probability density function of energy fluxes (Fig 15) confirms that the

ocean adjusts to the atmosphere. Indeed the same trimodal form is observed in the atmosphere

and in the ocean after several years (Fig 15, b), with a third peak much smaller. Energy fluxes

in the ocean are the symmetrical of atmospheric energy fluxes. Globally the atmosphere losses

energy and transfers it to the ocean. However, absolute energy fluxes outgoing of the atmosphere

are higher than the absolute energy fluxes incoming into the ocean. As ocean mass is very big,

energy given by the atmosphere and absorbed by the ocean is very inefficiently, so a lot of energy

is dissipated into heat fluxes.

The integral of the probability density function for one time step gives the dissipated energy

flux in the field. The dissipate energy flux is strong initially (2.40×106Watts) and decreases

rapidly to reach a value of 3.59×104Watts after one week. After 4 years and 10 months the

dissipate energy flux in all the field is equal to 3.55×104Watts. The average total dissipated

energy, in all the field, during 4 years and 10 months is equal to 2.63×1011Joules.
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(a) after 3 months

(b) after 4 years and 10 months

Figure 15: Probability density function of energy fluxes

The probability density function of energy fluxes can be linked to the energy flux maps (Fig

15 b and Fig 16) to determine where the energy fluxes the most numerous are located on the

field.

In the atmosphere, the main part of energy fluxes is between 3×10−4 and −1.7×10−3 W/m2

so they are very slightly negative or extremely slightly positive. These fluxes are located between

200 and 350 kilometers and between 650 and 800 kilometers in the y-direction (Fig 16, blue-green

color). The second major part of energy fluxes is moderately negative about −4.9× 10−2W/m2.

They are mainly located at the north between 900 and 1000 kilometers and at the south of the

field between 0 and 100 kilometers (Fig 16, azure color). The third major part corresponds to an
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important loss of energy about −1.0× 10−1W/m2 located at the center of the field between 500

and 550 kilometers (Fig 16, navy blue color).

In the same way, the main part of energy fluxes of the ocean is almost zero, and is located at

the south between 150 and 400 kilometers and at the north between 650 and 800 kilometers (Fig

16, blue-green color). The second corresponds to incoming energy fluxes of about 1.5×10−3W/m2

mainly located at the north between 850 and 1000 kilometers and at the south between about 0

and 70 kilometers (Fig 16, yellow-green and yellow color). The third peak is hardly visible but it

represents strong incoming fluxes about 5.5×10−3W/m2 in the center of the field around 500-550

kilometers (Fig 16, orange color). The main energy fluxes incoming in the ocean is located in the

same areas where main energy fluxes go out of the atmosphere.

This energy flux repartition can be explained by the oceanic and atmospheric structures.

Because of oceanic eddy locations, atmospheric and oceanic velocities are slow and substantially

perpendicular between 150-350 kilometers and 650-800 kilometers (Fig 13), so energy fluxes

are very low (equations (32)-(34)). Unlike at the north, the south and at the center of the field,

oceanic and atmospheric velocities are in the same direction, and ocean velocities are much slower

than atmospheric velocities, which leads to important energy fluxes incoming on the ocean and

outgoing of the atmosphere (equations (32)-(34)). Moreover at the center, atmospheric velocities

are much faster so energy fluxes are the highest in this area.

Figure 16: Maps of energy fluxes after 4 year and 10 months

Few very small areas in the atmosphere, gain some energy. Obviously in these areas the

ocean energy fluxes are negative because it is the ocean that provides the energy going to the

atmosphere. These areas are located, around 280 kilometers in the y-direction and between 0 to

100 kilometers in the x-direction and around 725 kilometers in the y-direction and between 580
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and 800 kilometers in the x-direction (Fig 16, green color). They are located where atmospheric

velocities (about -0.01 m/s) are lightly slower than oceanic velocities (about -0.05 m/s). With a

linear friction, there is an exchange from the ocean to the atmosphere but it is highly localized

and very low.

It is also interesting to look for energy fluxes which the maximum of energy is lost for the

atmosphere and won for the ocean (Fig 17). They can also be linked to the energy flux maps

(Fig 16) to determine where energy is lost and gained in the oceanic and atmospheric field. The

trimodal form is still observed for the atmosphere whereas the form is bimodal in the ocean. In

the atmosphere most of energy is lost, for energy fluxes around 5×10−2W/m2 located in the south

and in the north of the field where the outgoing energy fluxes are medium but rather numerous.

There is also a significant loss in the middle of the area where energy fluxes are the strongest

about 1 × 10−1W/m2 but less numerous. For the ocean most of energy is gained in the north

and in the south of the field where incoming energy fluxes are medium about 1.6 × 10−3W/m2

but rather numerous. An other part of energy is gained in the center of the field where incoming

energy fluxes are the strongest about 5.6 × 10−3W/m2. Finally in the main part of the field

energy fluxes are nearly zero so there is no energy exchange between the atmosphere and the

ocean.

Figure 17: Energy lost or gained in function of energy flux values after 4 years and 10 months

5.2 Ocean influence on the atmosphere for a quadratic drag law

In this part the friction is considered as quadratic.
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5.2.1 Global evolution of the system

As in the linear case, the ocean tries to align with the atmosphere and adopt its dynamics

(Fig 18, a and b). Atmospheric perturbation are more important (−21m < ηa < 21m), that is

why they are also apparent in the map of atmospheric height variations (Fig 18, a). They have

typical velocities of 0.95 m/s, which is four times speeder than typical velocities of ocean eddies.

(a) for the atmosphere (b) for the ocean (c) for the atmosphere without

the mean current

Figure 18: Maps of height variations and velocity field after 4 years and 10 months with a

quadratic drag law

5.2.2 Energy fluxes

Energy fluxes are studied in the same way as in the previous subsection.

The same shape is observed for the probability density function of energy fluxes, for the

linear and the quadratic friction, although the third peak is more pronounced with a quadratic

friction (Fig 19 a and Fig 15 b). The number of energy fluxes null or outgoing of the ocean is

higher, 55000 with the quadratic law friction versus 46000 with the linear friction. Globally these

fluxes are still localized in the same areas. Indeed atmospheric eddies modify the atmospheric

velocity direction at the north between 650 and 800 kilometers and at the south between 150

and 300 kilometers. In these areas atmospheric and oceanic velocities are more opposed hence

the increase of negative flow in the ocean. In the central area, atmospheric instabilities lead to

atmospheric velocities better aligned with the oceanic velocities. High energy fluxes in absolute

values in the ocean and in the atmosphere are so more numerous in this area that is why the

trimodal form is more pronounced.
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(a) Probability density function

(b) Maps of energy flux

Figure 19: Probability density function and maps of energy flux at 4 years and 10 months

5.2.3 Hovmöller diagram

A Hovmöller diagram is used to plot the time evolution of the height variation profile at

y=750 kilometers along the x-direction in the atmosphere (Fig 20). The axes of the Hovmöller

diagram are the time in abscissa, the x-direction in ordinate, and the value of the height variation

field represented through colors. A zoom of the Hovmöller diagram between month 17 and 23

(Fig 20 b) allows to calculate the typical displacement of the perturbation.

It shows a displacement of atmospheric instabilities over time (Fig 20). The quadratic drag

law friction generates stronger atmospheric eddies and also a higher mean wind of the order of

several meters by seconds. Indeed these eddies are advected by the mean wind. The atmospheric

cyclonic eddy (negative height) moves slowly (4.37×10−2 m/s) when it is above the ocean cyclonic

eddy because this is a stable configuration(Fig 20 b). Then after two months, the mean current

succeeds in moving the eddies, so the atmospheric eddy is disconnected from the ocean eddy
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and moves in the x-direction with a velocity of 1.35×10−1m/s. The atmospheric anticyclonic

perturbation (positive height) moves quickly when it is above the ocean cyclonic eddy and slowly

when it exceeds the oceanic eddy. Simultaneously, perturbations become stronger when they move

slowly. In fact atmospheric instabilities move slowly and grow when they are superposed with

ocean eddies rotating in the same direction.

(a) Hovmöller diagram (b) Zoom of Hovmöller diagram

Figure 20: Hovmöller diagrams of height variations

Just before the acceleration of the cyclonic atmospheric disturbance, there are two little

structures moving very quickly (4.9×10−1m/s) in the opposite direction of the eddy movement.

These phenomenon become less and less pronounced after several years. Indeed, after 2 years

the ocean dynamics tries to adopt the atmospheric dynamics so oceanic instabilities are less

strong and less well localized. The capture, of the atmospheric eddy by the oceanic eddy with

the same rotating direction, during a finite period is less efficient and the horizontal velocity

becomes homogeneous.

Although there is only an exchange of mechanical energy from the atmosphere to the ocean,

the cyclonic ocean eddy attracts the atmospheric cyclonic eddy periodically and captures it for

up to two months. This phenomena has a typical periodicity of about 6 months which is much

longer than the restoring time of the atmosphere and much shorter than the restoring time of

the ocean. Atmospheric dynamics has thereby a longtime variability.
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6 Conclusion

My internship consisted in constructing an idealized but dynamically consistent model for

air-sea exchange of inertia, taking into account the velocity difference between the atmosphere

and the ocean. As far as we know, today, none of the models used for weather prediction or

climates studies takes into consideration the effect of ocean currents on the atmosphere (Achim

Wirth). Indeed the only air-sea action of the ocean on the atmosphere considered in models is

the SST. Thereby, it is of a great importance, for atmospheric and oceanic circulation models,

to improve the knowledge on this neglected phenomenon.

The first part of my internship was devoted to the elaboration of the physical, mathematical

and numerical models. The numerical model is implemented as a Fortran code and it executed on

the multiprocessor machines of the LEGI in “batch“ mode. Then I validated the model with ide-

alized simulations and analytical calculations. I showed, that inertial gravity waves are generated

in the ocean and atmosphere which decay in time.

The last part allowed to discover the importance of the friction in the air-sea interaction

in two dimensions. As we known the atmosphere transfers mechanical energy to the ocean and

drives the ocean circulation. I find that atmospheric eddies are generated by the ocean dynamics

although there is no transfer of energy from the ocean to the atmosphere. This phenomena is

stronger for the quadratic friction law. These eddies are then advected by the mean wind. The

cyclonic ocean eddy attracts the atmospheric cyclonic eddy periodically and captures it for up to

two months. This lead to a longtime variability of atmospheric dynamics with a typical period

of about 6 months.

For the continuation of this work, it would be interesting to increase the spatial resolution

of the model to less than 1 kilometer. This would allow to observe the air-sea interaction in the

presence of structures at smaller scales with a stronger turbulence. I could not do it during my

internship because the increase of the number of points to 1024×1024 (ie multiplying the number

of points by 4 and decreasing the time step by a factor of 2, CFL condition), leads to simulation

times of several months, that was far too long for an internship.
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