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1 Introduction

The Gulf Stream is a warm Atlantic Ocean current that originates in the Gulf of Mexico and
stretches to Newfoundland before crossing the Atlantic Ocean. At about 40°N 30°W it splits in
two with the northern stream crossing to Northern Europe and the southern stream recirculating
off the coast of West Africa [1]. The Gulf Stream transfers great amounts of heated water mass
from tropical towards the northern, relatively colder climate zones where it acts as a "warm
climate generator" through heat exchange processes with the atmosphere. The behavior and
characteristics of the Gulf Stream as well as its impact on the climate of Europe and North

America have been the focal points of many research papers [2, 3].

Mesoscale eddies and strong ocean currents such as the Gulf Stream are found at spatial scales
of tens of kilometers to several hundred kilometers and timescales of weeks to years [1]. Explicit
resolving of these perturbations requires a model with a grid size of at least 25 km, which is
roughly equal to 1/4°. Modern computer resources allow global ocean models of up to 1/10°
resolution [4], while climate models generally use 1/4° or coarser. High-resolution models offer
much detail but are computationally very expensive as the complexity of the problem increases
with the grid size reduction. Simulating decades to centuries at a resolution of 1/20° or higher

is only possible over limited domains, e.g. the North Atlantic or Mediterranean.

Ocean models can be categorized in three classes: the "non-eddying" models with a grid
resolution larger than 50km, which are unable to resolve any mesoscale eddy motion, the
"eddy-permitting" models with resolutions varying from 10 to 50 kilometers, which resolve
some mesoscale eddys but often underestimate their kinetic energy, and the "eddy-resolving"
models with a grid size smaller than 10 km, which fully resolve mesoscale eddys at
midlatitudes. Unresolved eddies are typically represented by a harmonic or a bi-harmonic
diffusion on tracers and momentum while "non-eddying" models often apply an added
diffusion on tracers following the GM scheme [5].

The goal of this thesis is to compare simulations at different horizontal resolutions and
describe the resulting differences in the kinetic energy, air-sea fluxes and the position of the
associated resolution-dependent gyre. Also, an important objective is to find the optimal
resolution model with respect to the computational capacity on an observed timescale with the
aim of generalising the used analytic method to more complex models, e.g. the climate system.
Consequently, it will be determined if this simplified ocean model is applicable to the North

Atlantic basin and if it is sufficient to describe ocean currents such as the Gulf Stream.
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2 Idealised ocean and NEMO

For the purpose of computing and data analysis, the ocean engine of NEMO (Nucleus for
European Modelling of the Ocean), a primitive equation model adapted to regional and global
ocean circulation problems, has been used. Prognostic variables are the three-dimensional
velocity field, (u, v, w), the Conservative Temperature, 7" and the Absolute Salinity, S. The
model domain is very similar to the one used in Levy et al. [2] with a rectangular basin of 3286
km by 2226 km and a flat bottom at 4200 m depth. The domain is rotated clockwise by 45° to
resemble the North Atlantic basin.

The ocean is a fluid that can be described to a good approximation by the primitive equations,
i.e. the Navier-Stokes equations along with a nonlinear equation of state which couples the two
active tracers (temperature T and salinity S) to the fluid velocity U (split into horizontal U},

and vertical w component):

% = [(VxU)xU+ %V(UQ)];L — fkx Uy, — %vthr DY + FY 2.1)
% = —pg (2.2)

V(U)=0 (2.3)

%—f = -V(IU)+ D" + F” (2.4)

%;j = -V(SU) + D + F? (2.5)

p=p(S,T,p), (2.6)
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where V is the generalised derivative vector operator in (z, y, z) directions, t is the time, z is
the vertical coordinate, p is the density, py is a reference density, p the pressure, f = 2k is the
Coriolis acceleration (where €2 is the Earth’s angular velocity vector), and g is the gravitational
acceleration. DY, D™ and D? are the parameterisations of small-scale physics for momentum,

temperature and salinity, and FY, FT and F? surface forcing terms.

Hydrostatic approximation is given by the second equation. In term (2.6) EOS-80 equation
of state [6] is used which prescribes a non linear dependency of density towards salinity and
temperature. Mass conservation is provided by equation (2.3). As it is presumed in this
simulation that the water is an incompressible fluid, the fluxes in zonal, meridional and vertical

direction must cancel out. The heat and salt conservation is given by equations (2.4) and (2.5).

The effects of smaller scale motions (coming from the advective terms in the Navier-Stokes
equations) must be represented entirely in terms of large-scale patterns to close the equations.
These effects appear in the equations as the divergence of turbulent fluxes (i:e: fluxes associated
with the mean correlation of small scale perturbations). It is usually called the subgrid scale
physics. It must be emphasized that this is the weakest part of the primitive equations, but also
one of the most important for long-term simulations as small scale processes in fine balance the
surface input of kinetic energy and heat. For tracers, a second order, or harmonic diffusion is
used:

D" =V(ATVT), (2.7

with AT being a diffusion coefficient in the given exemplary equation for temperature. When
the eddy induced velocity parametrisation (GM) [5] is used, an additional stabilising tracer
advection is introduced to the equation (2.7). Fourth order or bi-harmonic diffusion is used to

represent the momentum, for example:

DY = V?(AYV?U), (2.8)

in case of zonal velocity. This approach is appropriate for implementation in the higher

resolution models [3].
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FY, FT and F? coefficients are dictated by the physical consideration that a SST anomaly
in the ocean interacts with atmospheric fluxes and is modified through this interaction. They

are generally formed through following equations:

FV = CYU? (2.9)
FT = CcN(T-T,) (2.10)
F° = S.(E-P), (2.11)

where CV and CT are transfer coefficients for momentum and heat, S, is a reference salinity,
U, and T, are the wind speed and air temperature, £ is evaporation and P is precipitation.
Hence the direction of sensible heat flux is directed down the temperature gradient across the
ocean surface. Air-sea flux coefficients FU, F7 and F* are established by prescribing U, T,
and £/ — P which are zonally uniform, i.e. only vary in time and latitude. These atmospheric

conditions have an imposed seasonal cycle but no inter-annual variability.

GYRE_QSR
i 190.86
184 .66
401 178 45
5. 172.24 =
o' 35 1 §
) 166.03 =
3 i
& 301 159.83
A E
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5
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20 4 141.21
135.00

85  -80 -75 70  —-65  —60  —55
Longitude [deg_E]

Figure 1: Time-averaged solar short wave radiation.
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A portion of the net heat flux comes from the solar radiation. Shortwave (solar) heat flux is
always directed into the ocean while longwave (terrestrial) heat flux is always directed out of
the ocean. Solar heat flux is allowed to penetrate within the water column. The penetrative solar

radiation is imposed zonally and grows with latitude as seen from figure 1.

The fresh water flux is prescribed and varies zonally. It is also determined such as, at each
time step, the basin-integrated flux is zero. This condition ensures the conservation of salinity.

Evaporation decreases with latitude while the precipitation increases as shown in figure 2.

The circulation is forced by analytic profiles of wind and buoyancy fluxes. The applied
forcing vary seasonally in a sinusoidal manner between winter and summer extrema. The wind
stress is zonal and its curl changes sign at 22°N and 36°N. All simulations use wind forcing,

heat fluxes and freshwater fluxes identical to Levy et al [2].

This thesis will be handling four models with horizontal resolutions R2 (1/2°), R4 ( 1/4°),
R10 (1/10°) and R20 (1/20°). Detailed description of each model’s technical parameterization

is given in table 1.

GYRE_EMPMR le—5
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45
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0.441
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Lu
(%)
!

—0.552

—1.048

Latitude [deg N]
2

Water flux[kKg/m2/s]

—1.545
—2.041
—2.538

20 1
—-3.034

85 80 -75 -70  —65  —60 55
Longitude [deg E]

Figure 2: Time-averaged freshwater flux, & — P.
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Parameters Resolution
R2 R4 R10 R20
Grid size 53km 26.5km 10.6km 5.3km
ZTZ"eblem 62 x 42 x 31 122 x 82 x 31 302 x 202 x 31 602 x 402 x 31
Node hours | 0.09 0.3 3.2 24
Time step 1800s 1440s 600s 300s
E.ddy ) 272 x 10%m?/s -2.25 x 10'9m?/s -2.16 x 10"9m?/s -0.27 x 109m?/s
viscosity
Ed dy . 600m?/s 300m?3/s 120m?/s 60m?3/s
diffusivity
GM )
scheme applied N/A N/A N/A

Table 1: Properties of individual resolution models.
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3 Results

3.1 Equilibration of the model

The experiments were run over 40 years, which satisfied the time required to equilibrate the
mean circulation and to stabilise the model’s energy profile. The stabilization of gyre
circulation is shown by a vertically integrated KE (kinetic energy) timeseries in figure 3.
Model starts with zero velocity values and no horizontal gradients. First few years of
simulation can be neglected as energy influx and energy dissipation aren’t balanced in this
time period. After the stabilisation, it can be noted that the R20 model posses the highest KE at
around 40TJ with decreasing trend towards R2 model which is set to ~ 4TJ. The overall
kinetic energy displays oscillations in yearly periods which are more pronounced in higher

resolution runs.

. M
30 i I
— GYRE_R2Z
E GYRE R4
&)
' GYRE R10
¥ 0 -
—— GYRE_R20
|
10 -
/e — _—
l} -I T T
0000 0015 0030

ears

Figure 3: Vertically integrated kinetic energy of each resolution model.
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3.2 Mean state

As a consequence of periodical external wind forcing, sea surface level pressure, buoyancy flux
and internal features of the ocean such as an inhomogeneous density and temperature profile,
an uneven mean SSH(Sea surface height) can be observed over the domain. For resolutions
R10 4c) and R20 4d) the sea surface has its mean maximum values at 29°N and 83°W with
steep latitudinal decrease towards north along the 30°N parallel. Also the SSH gradient is
consistently weakening eastwards across this parallel until reaching the domain limit. In the
case of R2 4a) and R4 4b) the SSH has a similar maxima location but with gradient being

the strongest alongside the northwestern gridline with eastwards gradient persisting only until
65°W.

Mean S5H GYRE_R2 Mean S5H GYRE_R4
09
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06
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T T
00 & 0o 3
30
03 -03

-85 80 75 -70 65 60 55 -85 -80 -5  -70 -85 &0 55
Longitude [deg_E] Longitude [deg_E]

&

[

=

=1

Latitude [deg_N]
Latitude [deg_N]

N
i}
&R

I~
=}
=}

Mean SSH GYRE_R10 Mean SSH GYRE_R20
09 09
45 45
06 06
0 2
- 03 = 03
g3 P
i 00§ § 00 &
EE EE
| ' 03 3 ' -03
b5 b5
06 06
B E)
09 2 09
-85  -80  -75 7o 65  -60 35 -85  -80  -J5  -J0 65 -60 -85
Longitude [deg_E] Longitude [deg_E]
Figure 4: Mean surface height. a)R2(top-left), b)R4(top-right), c)RI10(bottom-left),

d)R20(bottom-right).
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SSH distribution indicates the fluid movement arrangement as the process of diffusion
compels the water mass to follow the SSH gradient, with higher velocities along the steeper
changes of the surface height. Mean ocean surface kinetic energy corresponds to this
assessment as shown in figure 5. The values of kinetic energy are represented in m?/s* (per
unit of mass). The gyre, which can be defined along the high kinetic energy spread, doesn’t
separate from the northwestern gridline in R2 representation fig 5a). R4 model 4b) displays a
very weak longitudinal dispersion of kinetic energy at latitudes of 33°N reaching out only to
77°W. R10 5c¢) and especially R20 5d) show a eastwards developing gyre with higher kinetic

energy spread over the domain.

Mean KE GYRE_R2 Mean KE GYRE_R4
a5 0.450 45 0450
0.375 a0 0375
z =
p 0.300 o s 4 0300
s ) S,
m |- m i =4
5] <
] 0.225 I N 0225
5 * 5 .
0.150 S 0150
\ 5 s
S, .,
b \\
0.075 0.075
20 20
0.000 0000
-85  -80 -5 -T0 -65  -60 55 -85 -80 =15 -70 -65 -0  -55
Longitude [deg_E] Longitude [deg_E]
Mean KE GYRE_R10 Mean KE GYRE_R20
5 / 0.450 0450
0 0.375 0375
g A 0300 = 0300
g N b
E) . 5
@ R =4 u =4
L . 0.225 3 0225
3 K|
0.150 0150
ES .
~,
0.075 0.075
20 20
7/ 0.000 AY 4 0.000
-85 -80  -75  -T0 -65 -0 5% -85 -80 -75  -70 -65  -60 5%
Longitude [deg_E] Longitude [deg_E]

Figure 5: Mean surface kinetic energy. a)R2(top-left), b)R4(top-right), c)RI0(bottom-left),
d)R20(bottom-right).
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Mean SST (Sea surface temperature) varies with latitude similar to figure 1 as it is heavily
influenced by the short wave solar radiation’s heat influx. Despite of this, the turbulent ocean
surface layer alters the SST mean distribution as shown in figure 6. R2 model 6a) supports
a high temperature deformation along the northwestern grid up to 40°N, which is also visible
from a R4 run 6b) but only reaching 33°N. Higher resolution simulations show a more smooth
transition between latitudinal temperature zones with temperatures higher than 20°C reaching
30°N.

Mean temperature GYRE_R2 Mean temperature GYRE_R4
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= =]
& &
& <}

B
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o
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m
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&5 0 15 70 &5 -0 55 85 80 /5 -10 -85 50 55
Longitude [deg_E] Longitude [deg_E]
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a5 0 45 20
40 16 40 16
= =z
o 3 o 35
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3 = 3 =
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-
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-85 -80 -75 -70 —65 —a0 -55 -85 -80 -15 -70 -65 -&0 -=5
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Figure 6: Mean surface temperature. a)R2(top-left), b)R4(top-right), c)RIO(bottom-left),
d)R20(bottom-right).
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Depth profile of temperature separates the ocean into vertically isothermal layers. At depths
below 1200 m water temperature changes are negligible. In R2 and R4 20°temperature reaches
the depths of 100 meters which is only half of the maximum depth that the same temperature
layers reach for R10 and R20 runs as seen from figure 7 which also shows the cross section
used to analyse the temperature. Temperature layer maximum depth is set at latitudes of 32°N,
not separating from the domain gridline, in case of R2 7a) and R4 7b) simulations. This feature
changes for R10 7c) with layer depth set at 29°of latitude and 28°of latitude for R20 7d) without

steep temperature gradient as compared to R2 7a).

Mean temperature GYRE_R2 Mean temperature GYRE_R4

20

1e

12
=)
-

8

a4

o

20 2 24 26 28 30 ks
Latitude [deg_N] Latitude [deg_N]

Mean temperature GYRE_R10 Mean temperature GYRE_R20

20
16
1z
8

Depth [m]
Depth [m]

Depth [m]
TIK]

=

o

20 22 24 26 28 30 ks
Latitude [deg_N] Latitude [deg_N]

Figure 7: Temperature depth profile. a)R2(top-left), b)R4(top-right), c)RI0(bottom-left),
d)R20(bottom-right).
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Atmosphere and the ocean exchange heat through the ocean’s surface. This heat flux can be

directed upwards or downwards, depending on temperature differences among the two systems.

R2 simulation 8a) displays highest upwards outgoing values of heat along the northwestern

gridline with values decreasing with distance to this basin boundary. R4 model 8b) has a

detaching "streamline" of hot water at 33°of latitude which doesn’t go further than 75°W.

"Streamline" in R10 8c) and R20 8d) models is well developed westwards, stemming from

the origin point of 30°N and 85°W, and transferring notable amount of heat in areas ranging all

the way up to 64°W.
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Figure 8: Total non-solar heat flux between the sea and the atmosphere, a)R2(top-left) b)R4(top-right)

c)RI10(bottom-left) d)R20(bottom-right).
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3.3 Gulf Stream variability

Surface kinetic energy maximum values at a cross section marked in figure 5 during the last 10
years of simulation are portrayed in a timeseries graph given by figure 9. R2 run is characterised
by arelatively time-consistent maximum value with negligible deviations in interannual periods.
The kinetic energy maximum observed in this run is notably high at around 0.95 m?/s%. R4
model portrays a timeseries function with values ranging from 0.2 to 0.65 m?/s?. This function
reaches its maximum two times during the evaluation period with 6 years difference between
these two events. R10 and R20 runs have a surface kinetic energy maximum set at around 0.2

m?/s? with interannual deviations reaching values of 0.1 m? /s,

deptht = 49752655
._._,_.—._.—-—'_'_'_._‘_'_‘_‘—-—._.—-—'_'_‘_‘—-—._._._.—

0.8 |
—— GYRE_R2
061 GYRE R4
E GYRE_R10
—— GYRE_R20

0.4 -

A/\

0.2 __E_ﬂj\/

0033 0036 0039
ears

Figure 9: Maximal surface kinetic energy at a cross section.

The latitudinal position of the maximum is represented by a timeseries 10. For R2 model
surface KE maximum doesn’t relocate throughout time. It is constantly placed at a latitude
close to 35°. North-South oscillations can be observed for other runs which are particularly
emphasised in R10 and R20 runs. R4 simulation has a maximum with varying position around
33°N. As for R10 and R20 models, the latitudinal annual change reaches over 3°in a meridional

direction with R20 model’s maximum going as south as 29°N.
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Figure 10: Latitudinal position of the maximal surface kinetic energy at a cross section.
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4 Discussion

The difference between gyre representations of the implemented resolution models
corresponds to "inter-resolution" changes noted in Levy et el [2]. As seen in figure 3 the
overall mean kinetic energy in resolution runs decreases with increase in resolution. This can
be attributed to higher viscosity coefficient for low resolution models shown in table 1 which
increases energy dissipation. Consequently, as suggested by figure 5, R2 model’s surface
energy distribution is constrained to the northwestern coastline with R4 showing only a
minimal zonal improvement at 33°N. R10 and R20 runs represent a more faithful display of
the Gulf Stream with a band of kinetic energy extending eastward into the basin interior. This
statement is supported by the latitudinal temperature shifts at moderate depths for R10 and
R20 simulations shown in figure 7. This temperature anomaly can be interpreted as a relatively
warmer flow of water which is separated from the coastline and crosses the ocean model at
30°N. The consequential heat exchange along this flow is visualised in the heat flux figure 8
and can be used to describe the Gulf Stream’s heating effect on North America and Europe.
Comparative research between "eddy-permitting” and "eddy-resolving" models has been
documented in the work of Kjellsson/Zanna [3]. They find that due to discrepancies in the
effect of wind forcing, horizontal viscosity, potential to kinetic energy, conversion, and
nonlinear interactions on the kinetic energy budget the energy cascades of these two models
will differ significantly. This can be applied to R4 and R10/R20 runs studied here. Suggestion
for improving the "eddy-permitting" model is to parameterise the effect of mesoscale eddies

by enhancing the potential to kinetic energy conversion [3].

As kinetic energy is defined by the fluid velocity, the maximum surface KE value and its
position represent the latitudinal and longitudinal position of the fastest moving gyre’s stream
section. The R2 model results in a high KE stream at a constant latitude of 35°. In contrary, R4
run shows a decrease in KE with oscillating values and north-west shift of latitudinal position.
At given cross section of the basin, the R20 model has higher KE then the R10 model with
both displaying a interannual latitudinal deviations of approximately 4°. This periodical change
of position is documented and analysed in the work of Joyce et el.[7] which correlates this
behavior to the phase shift between external forcing and ocean’s potential vorticity. They find
the Gulf Stream path variability to be at least 2° of latitude. It is important to note that the
tracking method used in the work of Joyce et el.[7] relies on observing the 15°C isoline at 200m
depth which clearly differs from the method used in this thesis. Also the interannually identical
extarnal forcing and a flat bottom basin prescribed here have an effect on the difference in the

resulting shift.
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From the results it is clear that higher resolution runs (R10 and R20) display a reliable
Gulf Stream simulation, meaning that this method of the ocean’s behaviour modeling can be
expanded from simplified ocean models, such as this one, to more complex ones. It can be
applied to topographically rigid basins, i.e. the Mediterranean sea, the North Pacific Ocean
or the North Atlantic Ocean with a complex bottom, as the ocean floor topography negligibly
affects the results with most of the energy and heat exchange processes happening in the ocean’s
upper layers. When adding a dynamic, spatially distributed ice layer over the ocean’s surface,
it is to be expected that the air-sea heat flux will be severely modified as the solar shortwave
radiation reaching the ocean will be dependent on the ice coverage. This would be a major factor
when applying this model to sea masses near the Earth’s poles, i.e. the Arctic and Antarctic
circle. Applying an annually alternating extarnal forcing could result in a higher main current
spatial variability but it would be hard to prove this statement as it is out of scope of this thesis.
The remote effects of nearby oceans should also be considered as here they are replaced by

non-penetrable solid boundaries.

5 Conclusion

It has been proven that with increase in model resolution the simulated gyre more reliably
encaptures the Gulf Stream’s behavior. The downside of this precision improvement is the
computing time and resources needed to support the high resolution simulations which is due
to their relatively big problem size and node hours length as shown in table 1. Optimally, the
R10 method presents itself as a best choice in terms of time preservation and result faithfulness.
Although, it should be noted that some physics such as topographic effects or the contribution of
water mass formation in marginal seas are not taken into account in our idealized experiments.
Despite this, the results are descriptively reliable and could be well implemented into a more

complex climate model.
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