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Abstract. The role of an increased numerical vertical reso-1 Introduction

lution, leading to an explicit resolution of the bottom Ekman

layer dynamics, is investigated. Using the hydrostatic ocearrhe realism of numerical models of the ocean dynamics de-
model NEMO-OPA9, we demonstrate that the dynamics ofpends on their capability to correctly represent the important
an idealised gravity current (on an inclined plane), is well processes, at large and also at small scales. The dynamics of
captured when a few (around five) sigma-coordinate levelsyravity currents was identified as a key process governing the
are added near the ocean floor. Such resolution allows to constrength of the thermohaline circulation and its heat transport
siderably improve the representation of the descent and trangrom low to high latitudes (Willebrand et al., 2001).

port of the gravity current and the Ekman dynamics near the - qceanic gravity currents are small compared to the basin
ocean floor, including the important effect of Ekman Veer- g0 in the horizontal and vertical directions, only about
ing, which is gsually neglected in today’s simulations of the 100 km wide and a few hundred metres thick, but they have
ocean dynamics. a substantial impact on the global climate dynamics.

Results from high resolution simulations (wihand z- A conspicuous feature of todays numerical simulations of
coordinates) are compared to simulations with a vertical res- P y

. . , the ocean circulation is their increased vertical resolution at
olution commonly employed in today’s ocean models. The

latter show a downslope transport that is reduced by almostthe ocean surface. It is the physics of the near surface pro-

an order of magnitude and the decrease in the along slop%ﬁi:t?;n iﬂgttihn? 'ro'srggotﬁgncﬁ dfcr);ﬁtrr::n:ﬁenzgflfhgcsej?agg_
transport is reduced six-fold. We strongly advocate for an in- P 9 '

crease of the numerical resolution at the ocean floor, similaulvIore precisely, the ocean is forced predominantly by fluxes

to the way it is done at the ocean surface and at the lowe y:;;irt(l;;;r:jd r:r?;t;‘: Itsoi%r;iie.IaTthsjerT:Iaur:](iecss %g’gl_r)'sﬁif
boundary in atmospheric models. P y ylayer dy '

through this boundary layer, that the surface forcing propa-
gates to the interior ocean. The quality of a simulation of the
ocean dynamics is thus governed by the representation of the
PBL dynamics. The important dynamical processes in the

Correspondence toA. Wirth surface PBL have a smaller vertical scale than the dynamics
BY

(achim.wirth@hmg.inpg.fr) in the interior ocean and this fact has to be represented in the
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grid of the numerical model, leading to the above mentioneddone near the surface. This refinement can easily be imple-
refinement near the surface. mented in a-coordinate grid, available in several numerical
At the ocean floor a similar PBL develops. This feature is, models of the ocean circulation. This idea has, so far to the
however, rarely reflected in the structure of the vertical reso-best of our knowledge, not been explored in detail. The im-
lution. To the contrary, the grid size is usually an increasingportance of the vertical resolution in gravity current dynam-
function of depth, leading to the sparsest resolution at thdcs has already been emphasised by various authors. A fine
ocean floor. The PBL dynamics at the ocean floor can not berid or a grid refinement near the ocean floor was already
explicitly represented with such a vertical grid. Please note.employed, for example, in Ezer and Weatherly (1990), Win-
that in numerical models of the dynamics of the atmosphereton et al. (1998), Jungclaus (1999), Ezer and Mellor (2004);
a grid refinement near the earth’s surface is commonly emEzer (2005). But we like to mention that in these publica-
ployed to resolve explicitly a large part of the important pro- tions, although having a high vertical resolution, the Ekman
cesses at this boundary. The dynamics at the ocean floor igyer dynamics in the PBL is usually not sufficiently resolved
however similarly important and involved, as the dynamicsand the effect of vertical resolution on the gravity current dy-
at the ocean surface and at the lower boundary of the atmoaamics has not been explored in detail. Most recently Legg et
sphere. A large part of the kinetic energy is supposed to bel. (2008), varying the vertical viscosity over more than three
dissipated at the ocean floor representing a major sink of ki-orders of magnitude rather than the grid resolution, noted
netic energy and an important player in the global energythat resolving the Ekman layer has a dominant role in de-
cycle of the ocean dynamics. termining the descent of the gravity current and favours its
Furthermore, a misrepresentation of the PBL dynamics isdlownslope movement. Their paper also gives a very nice in-
worse in the bottom layer than in the surface layer, whentroduction to, and a review of, recent results using numerical
the momentum balance is considered. Indeed, at the surfacgmulations of gravity current dynamics.
the wind shear is imposed and thus also the corresponding In this work we suggest a vertical resolution in ocean mod-
Ekman transport, which means, that even with a bad repreels that represents a compromise between calculation time
sentation of the PBL dynamics the overall Ekman transportand representation of the important processes. We focus on
is correct in magnitude and direction. In the bottom layer, tothe importance of vertical resolution in the representation of
the contrary, the shear is a function of the velocity field nearthe dynamics of gravity currents as: (i) gravity currents are
the bottom. Getting the velocity field wrong also means, thataffected by the PBL dynamics on the ocean floor, (ii) gravity
the Ekman transport is wrong in magnitude and direction. Itcurrents are important features of the large scale circulation,
is through the divergence of the Ekman layer transport thadiii) they represent a difficult problem to simulate numeri-
the momentum fluxes at the boundaries are communicated toally and (iv) they have been thoroughly studied in obser-
the ocean interior (see e.g. Pedlosky 1998). The need is esations, laboratory experiments, numerical models and an-
pecially important when the dynamics of gravity currents arealytical calculations and the results are discussed in a large
considered. It was demonstrated by Willebrand et al. (2001number of publications.
that the thermohaline circulation of the North Atlantic in nu-  The present work is dedicated to the importance of Ekman
merical models is strongly influenced by the local represendayer dynamics and its vertical resolution in numerical simu-
tation of the gravity current dynamics in the Denmark Strait. lations of gravity currents. This vertical resolution is shown
Many efforts have been made during the last thirty years tato be of paramount importance for the process considered
parametrise the effect of the bottom PBL on the large-scalenere. The important problem of errors in the horizontal pres-
ocean dynamics. Parametrisations of varying complexitysure gradient inr-coordinate models, a subject discussed in
have been developed to represent various features of the dg large number of publications, is not considered here.
namics of gravity currents (see e.g. Killworth and Edwards,
1999; Xu et al., 2006; Legg et al., 2006, 2008). Today there
is no generally accepted parametrisation and the representg- Dynamics and representation of the oceanic bottom
tion of gravity currents is considered a major flaw in today’s ~ Poundary layer
state-of-the-art ocean models. Developing a parametrisation L )
of the Ekman layer dynamics, based on linear homogeneoughe dynamics in the PBL at_ the_ ocean_fl(_)or IS turb_ulent. The
stationary Ekman layer theory might be of limited use in key parameter of its dynamics is the friction velocity:

cases where the Ekman layer is neither linear nor homoge- T

neous nor stationary. Indeed, inertial oscillations and a rapidl* =,/ (1)
evolution of the gravity current, make the validity of such P

parametrisations questionable. wherer is the friction force per unit area exerted by the ocean

In the present work we explore another direction. Ratherfloor andp is the density of the sea water.
than parametrising the total PBL dynamics on the bottom The PBL in the ocean can be roughly decomposed into
we resolve some of it explicitly, by increasing the resolu- four layers. The first, counting upward from the bottom, is
tion near the bottom in the very same way as it is commonlythe viscous sub-layer which is only a few millimetres thick
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8,~5v/u* and which is governed by laminar viscous dynam- 3 Idealised oceanic gravity current on the f-Plane
ics. Above this layer the dynamics transits in the buffer layer _ _
towards the log-layer, which is a few metres thick and gov-3.1 The physical problem considered

erned by turbulent transfer of inertia. The thickness of the . ) )
buffer-layer is a function of the roughness of the ocean floor.IN the experiments presented here we use an idealised ge-

The transfer of inertia is supposed constant throughout th@MetY considering an infinite gravity current on an inclined
log-layer and its magnitude also depends on the roughness &ane With constant slope of 1n a rotating frame with a con-
the ocean floor. In the fourth layer, at even further distanceSt@nt Coriolis parametef=1.0313<10""s"*. The water in

8 7~0.2u*/f, of a few tens of metres above ground, rotation the gravity current isAT=0.2 K colder than the surrounding

- - _ 2 -
influences the dynamics and a turbulent Ekman layer develWater, gravity 'Sg—9'80651m§ “and the thermal expansion
ops (see Coleman et al., 1990; McWilliams, 2009). coefficient equals 2:0* K—1. This leads to a reduced gravity

The dynamics in the first three layers can not be explicitly & =3:9226x 10-*ms 2. In the initial condition the thickness
resolved in ocean models even in a far future. The viscoudt(Y) has a parabolic shape that is 20 km wide and has a maxi-
sub-layer is only a few millimetres thick and the buffer- and MumM value of 200 m. Initially the velocity is in a geostrophic
log-layer are governed by turbulent structures of only a few®auilibrium.. , - ,
metres in size in the vertical and horizontal directions. An Y/hen dissipative effects and instability of the gravity cur-
explicit resolution asks for grid cells of less than one me- rent are ignored the gravity current is stationary and travels

tre in all three spatial directions and a time step smaller thar{" the along-slgpe diregtion with an average geostrophic ve-
one second, requirements which are far from being feasibldCity Of u = (g’/f)tanT. Itis the friction, transmitted by

for basin-scale ocean models, with today’s and tomorrow'sth€ PBL dynamics, that is responsible for the evolution of

computer resources. The characteristic time scale of the dyth® gravity current. Please note that in the rotating case it
namics in the first three boundary layers is faster than thdS friction that makes the gravity current move down-slope,

inverse of the Coriolis parameter, which is a prerequisite for/hereas in the non-rotating gravity current friction opposes

an efficient parametrisation in ocean models. The dynam!N€ down slope movement. This dynamics has been studied
ics in the first three bottom layers, viscous-, buffer- and log-numerically in Wirth (2009) using the non-hydrostatic model
layer, is usually parametrised by implementing either: (i) aAROMOD introduced in Wirth (2004). We are here con-
no slip boundary condition together with an increased verti-cerned with the representation of the dynamics in hydrostatic

cal turbulent viscosity or (ii) a drag force at the lowest grid °c€an models.
cell, which depends linearly or quadratically on the veloc-
ity at the first grid point from the wall. The actual drag

force per unit area in today’s ocean models is often given, the present research we consider two configurations to

by F=(cp/p)(Jul+c)u, whereu is the fluid velocity near the  g4,qy the physical problem described above. The first con-
ocean floorep the drag coefficient depending on the rough- ¢4, ration is 2.5 dimensional and the second 3 dimensional.

ness of the ocean floor ards a velocity representing pro- |5 the 25D configuration we only consider the dynamics
cesses not .epr|C|tIy mclgded, as f_or example the tidal dy-\ithin a4 2 dimensional vertical slice perpendicular to the
namics. This leads to a linear friction force forcc and @ = gaostrophic velocity. We do not allow for variations in the
_quadrat_lc friction force for>>c. The probl_em_of parametrls_- long-stream direction. Although the geometry is 2-D all
ing the influence of these three layers lies in the determinagee components of the velocity vector are retained. The
tion of the corresponding friction parameters (see Wirth and; 5.y configuration has two advantages. First, it suppresses
Verron, 2009; Wirth, 2010)', , o large scale instability of the gravity current and the forma-
We prefer to resolve explicitly a part of the dynamics inthe i of jarge scale eddies, which is beneficial to our goal of
Ekman layer rather than to totally parametrise its influence|,oying at the influence of small scale processes in the PBL.
on the dynamics above. The parametrisation of the Ekmarsecong, a detailed study of the influence of resolution is nu-
layer dynamics is more subtle due to the veering (tuming) oferically more feasible in the less costly 2.5-D configura-
the velocity vector in the Ekman layer. When this effect is o The 3-D configuration is then used to verify how the re-
omitted, as it is currently in most ocean general circulationg, s found in the 2.5-D configuration transfer, qualitatively
models, the friction force is not only wrong in magnitude 54 quantitatively, to the full 3-D case. That is, we check if

but also in direction. The focus of the present work is 0N yresence of 3-D instabilities and other structures alter the
the numerical resolution of the Ekman layer dynamics at the,agits found in the 2.5-D case.

3.2 The mathematical model

ocean floor. The domain spans 50 km in the y-direction (upslope), its
maximal depth is 1250m. The 3-D configuration spans
200 km in the x-direction which is ten times the initial width
of the vein (see below).
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Table 1. List of the 2.5-D exps. The domain spans 50 km in the y- at the same depth relative to the total depth at each horizon-
direction. The number of levels in the vertical zones Z1, Z2 and z3t@l location. This type of grid structure allows for an effi-

(as explained in the text) are given. cient refinement of the grid near the topography. Except for
two experiments all our experiments are performed with a

Exp. Resolution (ny,nz) Coord.type Zz1 Zz2 Z3 Rem. o-coordinate system. No 3-D reference experiments (high
GO1  (350.500) Z 98 278 124 reference resolution) experiments have been performed due to the in-
G02  (350.200) o 16 64 120 reference hibitive computer requirements. The convective adjustment
GO03  (350.10) o 3 4 2 on the tracer (only) is used in all simulations (by increasing
G04 (16.10) o 3 4 2 . . g 1
GO5  (350.8) o 1 4 2 the vertical diffusivity to 10 As™1).
G06  (350.7) 4 3 1 2 We want to emphasise here that the mathematical model
o 828:2 i T presented in the previous subsection has a well defined solu-
GO09  (250.250) 2 49 139 62 convectadj tionwhichis, of course, independent of the numerical model

employed to approach it. As the numerical models with both

types of grids are consistent their solutions will both con-

verge to the mathematical solution when the grid resolution
The mathematical model used to study the physical conand the corresponding time step are reduced. The question

figuration introduced above comprises the hydrostatic (prim-is, however, which of the grids has a faster convergence when

itive) equations subject to a no slip boundary condition at thenumerical costs are equal. The case considered here is clearly

bottom and an implicit free surface at the top. The verticalin favour of thes -coordinate model.

eddy viscosity is 4 10-3 m? s~ ! leading to a thickness ofthe ~ In our numerical simulations we distinguish three zones

laminar Ekman layer oBgx=+/2v/f=8.8m and the verti- in the vertical direction (see Fi@). The first zone, called

cal diffusivity is 1x10~4m?s~1. The horizontal viscosity is  Z1, includes the sea-floor PBL and is about 40 m thick. The

vh=10m? s~1 and the horizontal diffusivity isn=1 m?s~1. second, called Z2, extends from about 40 to 200 m from the
ocean floor and includes thus the upper part of the vein. The
3.3 The numerical model and its vertical resolution third zone, called Z3, extends from about 200 m above the

ocean floor to the surface and contains no gravity current
The above introduced mathematical models are numeriwater. It, nevertheless, has an influence on the dynamics of
cally integrated with the numerical model NEMO-OPAQ (see the gravity current. The vertical resolution is varied between
Madec, 2008). The horizontal resolutioA=143m) inthe  experiments in the three zones to explore its effect on the

direction of the slope is, with one exceptioh(=3125min  representation of the gravity current dynamics.
GO04), the same in all experiments (please see Tabkwd

2 for details). The horizontal resolution of experiment G04
is typical for high resolution regional models. In the three 4 Experiments
dimensional experimentsx=400 m.

The purpose of our research is to evaluate the effect of ave performed two sets of experiments, the first are 2.5-D
vertical grid refinement near the ocean floor and determineand the second 3-D. Both sets are explained in the following
the grid structure that is an optimal compromise between actwo subsections, the results of the experiments are given in
curacy and the cost of calculation. Two types of grid ge-the next section. The initial conditions, identical for both
ometries are employed here, both are standard options in theets of experiments, can be seen in Higthe temperature
NEMO-OPA9 model. One is the conventional z-coordinate,is constant within the gravity current which has a parabolic
where all grid-points of a certain level lie at the same depth.shape and the long-slope velocity is geostrophically adjusted,
The grid structure has a regular orthogonal form. Usuallyplease note that it reverses within the gravity current.
the vertical resolution is a function of depth, with a refine-
ment near the surface and a sparse grid at the bottom. Fot.1 Experiments 2.5-D
the case considered here, a high resolution at the topography,
the refinement has to extend over the total depth, leading to &Ve started by performing two reference experiments of the
uniform grid structure with many grid points in areas where 2.5-D configuration at very high vertical resolution with
they are not necessarily needed. 500 levels for the z-coordinate and 200 levels for the

The second type of grid geometry is thecoordinate, coordinate calculations. Please see Tdlfter a concise pre-
which is terrain following. The standard Jacobian formu- sentation of all the 2.5-D experiments performed. The first
lation is used for the calculation of the horizontal pressurereference experiment (G01), one of two experiments using
gradient (see Madec, 2008, 90 p., of the reference manualp z-coordinate, and the second (G02) with-@oordinate,

In ao-coordinate model the number of levels is equal every-are performed to establish results with which the other ex-
where so that no grid point is wasted in the vertical. In aperiments can be compared. In experiment GO1 the vertical
o-coordinate model grid points of the same level are situatedesolution is 2.5 m everywhere, whereas in experiment G02

Ocean Sci., 6, 563%72 2010 www.ocean-sci.net/6/563/2010/
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Fig. 1. Initial condition: temperature (left) and geostrophically adjusted velac{gross stream component; y-direction is upslope).

the first level is a_t only 0.3m from the ocean floor (mea}sured.ralble 2. List of the 3-D exps. (see Tablefor details).
at the upslope side of the domain). Experiment GO2 is thus
of higher quality than GO1 due to the grid refinement near the
ocean floor. In other experiments the resolution is varied in
the vertical zones defined above (Z1, Z2 and Z3) to evaluate
the lack of resolution in the different zones, each one being G11  (500.350.12) o 3 4 4
representative of different physical processes. For the grids G12  (500.350.10)
with three levels in the zone Z1 the first three horizontal- G13  (500.350.14) a 0
velocity grid points are at 2.5m, 10m and 22.5m from the

ocean floor resolution (on the up slope side of the domain).

A typical o-coordinate grid with three levels in the zone Z1 ) _
is given in Fig.3 in the zone Z3 as compared to the 2.5-D experiments is re-

with quired for the numerical stability of the calculation. Indeed,

the eddy dynamics due to large scale instability of the flow,
which are suppressed in the 2.5-D calculations, ask for a

_higher resolution in Z3 (see Se&). The resolution of G11

Exp. Resolution  Coord.type Z1 Z2 Z3
(nx,ny,nz)

Q
=
w >
N

Experiment G04 has a coarser horizontal
Ay=3.125km a value typical for today's state-of-the-
art regional GCM calculations. A second experiment
GO09, with a z-coordinate system is performed. It has -
coarser resolution (in x and z) as compared to GO1 and th& shown in Fig3. L
convective adjustment is also used on the momentum (by 1he effect of a non resolved Ekman layer was studied in
increasing the vertical viscosity to 1 %). Such scheme exp_enment G12, its vertical resolution IS.SIm.Ilal’ to GO5. Ex-.
is usually employed in ocean global circulation models perlm_entGli_% at an even sparser res_olutlon is ck_)se to what is
(OGCM) integrations to parametrise convective processeélsedln classical hlgh vertical-resolution c_alculatlons of grav-
at the ocean surface. The convective adjustment procedur® current dynamics and OGCM calculations.
used, increases the vertical viscosity and diffusivity many
orders of magnitude, to 10981, when a static instability
is detected. This mimics convection and is beneficial near
the surface, but destroys the gravity current dynamics as wWg 1 Results 2.5-D
will demonstrate in the next section.

Results

The two reference simulations (G01 and G02) produce very
4.2 Experiments 3-D similar results for the temperature structure, compared in

Fig. 2 and the velocity field, showing the consistency of the
In the 3-D experiments a reference experiment, as performedumerical scheme on both numerical grids. The shapes com-
for the 2.5-D case, is prohibited by the size of the calculation.pare very well to the results of non-hydrostatic calculations
We therefore used the resolution in Z1 and Z2, which wasof Wirth (2009) and to laboratory experiments made on the
found to give good results in the 2.5-D case, experiment GOXoriolis platform in Grenoble (Wirth and Sommeria, 2007),
(see Tablel and Sectb) as the resolution of our 3-D refer- validating the use of a hydrostatic model to numerically sim-
ence experiment G11 (see Taldle The higher resolution ulate gravity current dynamics. The conspicuous feature,

Wwww.ocean-sci.net/6/563/2010/ Ocean Sci., 6, 5G2-2010
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Fig. 2. Temperature structure (in®Cin the reference simulations after 7 days; left: z-coordinate (G01) and riglbordinate (G02).
Coordinates give grid in the x-direction and the z-direction for the z-coordinate grid. Fer-teerdinate results are interpolated to the
z-coordinate grid (in the z-direction).

water masses and their inertia. The convective adjustment
used in our simulations does this by artificially augmenting
the vertical diffusivity and viscosity to the value of #sr?.
Increasing only the diffusivity and leaving the viscosity un-
changed is contrary to the fact that the turbulent Prandtl num-
ber is order unity. This procedure is found to mimic very well
the convective dynamics at the ocean surface but has a disas-
trous effect on the dynamics of gravity currents. Indeed, at
the downslope front of the gravity current the down-slope ve-
locity decreases in the vicinity of the floor and heavy gravity
current water superposes lighter ambient water, which trig-
gers convective adjustment. The high vertical viscosity then
: : ; : inhibits a downslope movement of the gravity current and a
50 100 150 z00 250 300 vertical wall of dense water develops at the down-slope side
of the gravity current as shown in Fig, this is an artifact
Fig. 3. o-coordinates of G11 shown (black lines). Red-lines mark of the convective adjustment procedure. A comparison to
the boundaries of the zones Z1, Z2 and Z3 (bottom to top). BlueFig. 2 shows clearly the completely different dynamics due
line gives initial profile of gravity current. to the convective adjustment and demonstrates that it should
not be used in gravity current calculations. The experiment

. ) . involving convective adjustment will not be further discussed
common in all the laboratory experiments and high resolu-j, the sequel.

tion numerical simulations, is a vein, the thick part of the
gravity current and a thin “friction layer” at its down slope
side. The vein descends only slowly in time, but detrains
water at its down-slope side through the friction layer. This
two part structure is key to the dynamics of oceanic gravity
currents. It is discussed in detail in Wirth (2009). [x(T —To)dA

The first point we like to emphasise is the disastrous effect’ = m’ @
that the convective adjustment implemented in most ocean
models has on the dynamics of gravity currents. WhenwhereTy is the temperature of the surrounding water and the
heavier water overlies lighter water a convective dynamicswhole area, in the 2.5-D case, or the whole volume, in the
mixes the two water masses in a short time (see e.g. Wirth3-D case, is denoted by.
2009). In hydrostatic OGCMs this process is absent and a A conspicuous feature is the strong resemblance between
convective adjustment procedure is used that mixes the tweéhe experiments having at least three levels in the zone Z1

1200 -
T A, .
]

600 |-

A0 T ........ A ERPPRPRRTRTY: .....................

200 bt .......... Fass s TR TR R ]

The rate of descent of the gravity current is the most im-
portant property, its time evolution is given in F&y.The rate
of descent is defined by the movement of the x-component of
the centre of gravityy of the gravity current. Itis defined as:
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Fig. 6. Along-slope transport of the gravity current (normalised by
Fig. 4. Temperature structure (in°Cin the simulation with convec-  the initial geostrophic value) in the 2.5-D experiments during the
tive adjustment (G09). Coordinates give grid levels. first 7 days of the experiments.

——

—— G03 : : : : i

layer, increased by spurious numerical diffusion along the
horizontal direction (see Fi@).

We like to mention however, that it is not the rate of de-
scent alone that is key but also the distribution of the descent
is of paramount importance. In fact as we see in Eignost
of the fluid descends in the friction layer at the down-slope
side of the vein, whereas the bulk of the gravity current de-
scends only slowly. This dynamics was explored in detail in
Wirth (2009). This double-structure of the gravity current is
key to the evolution of the density structure at the slope and
can, of course, only be represented when the resolution at
the topography is fine enough. Please see St a dis-
cussion of the implications of the descent on the large scale
circulation.

Fig. 5. Down-slope displacement of the centre of gravity of the Anotherimportant parameter, although less important than

gravity current in the 2.5-D experiments during the first 7 days of the descent rate, is the along-slope transport of temperature.
the experiments. Vertical axis in metres and horizontal axis in dayslt is defined by:

1800 |-

Go4

1400 |

1200 |

400

FIrio R g

) Vi = /v(T — To) dA. 3)
(G01, G02, G03, G04, G06) showing a stronger descent than

the experiments with a feeb_le resolution and pro_ving.the i_m'Contrary to the downslope transport, which is performed in
portance of the PBL dynamics (already emphasised in Wirthy,o PBL, the along-slope transport is done by the gravity cur-

and Verron, 2008 and Wirth, 2010). Itis striking that: rent water above the vein, asking for a good resolution also
(i) the resolution in zones Z2 and Z3 have only a negligiblein the zone Z2. This increased resolution is provided in ex-
influence, that periment GO1, GO2 and G03 and the good agreement of the

B _ o along-slope transport in these experiments can be verified in
(i) only three layers in the zone Z1 are sufficient, and that Fig. 6,

(i) the horizontal resolution is not key (see experi- When the E"ma” layer i? not regqued the veering (turn-
ment G04). ing) of the velocity vectors in the vicinity of the wall is ab-

sent. The friction force exerted by the ocean floor is thus not
Simulations with only one level in the zone Z1 are clearly only wrong in magnitude but also in direction. In the cal-
insufficient, they all lead to a descent rate that is smaller byculations with only 3 levels in the zone Z1 a correct Ekman
at least a factor of two as compared to the reference calcuveering is observed (not shown).
lation. the higher descent rate of the z-coordinate experi-
ment (GO1) is due to the increased thickness of the friction

Www.ocean-sci.net/6/563/2010/ Ocean Sci., 6, 52-2010
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Fig. 8. Down-slope displacement of the centre of gravity of the

Fig. 7. Temperature structure (in°Cin simulation (G11) after gravity current in the 3-D experiments during the first 7 days of the
7 days. Coordinates give grid levels. experiments. Vertical axis in metres and horizontal axis in days.

5.2 Results 3-D

The dynamics in the 3-D case can clearly be divided in two
phases: a laminar phase during the first 5 to 7 days followed
by a dynamics dominated by strong eddies. The early be-
haviour somehow resembles the 2.5-D dynamics, but with
the appearance of wave like disturbances on the gravity cur-
rent that favour the downslope movement. When the temper-
ature in the 3-D cases is averaged in the along slope direction
the picture qualitatively resembles the 2.5-D results as can be
seen by comparing Fig. to Fig. 2. The wave length of the
instability is a little over 5km in all experiments, which is : : : ; g
very close to predicted value @f=./g’h/f. As in the 2.5- i i i i i w
D experiments, the downslope dynamics in the first phase is

strongly dependent on the resolution in the PBL, with an in'Fig. 9. Along-slope transport of the gravity current in the 3-D ex-
creased down-slope movement with a better resolution (se@eriments during the first 7.5 days of the experiments.

Fig. 8). The three dimensionality increases the downslope

movement, in this early phase, by about 30% when compared

to GO1 and by 70% when compared to G11. The down-slopexperiments some of the gravity current water reached the
movement with a sufficient resolution (G11) of the PBL is boundary on the lower side of the domain after only a little
found to be about 8-times larger than that of the case withmore than five days and the dynamics of the downslope and
a classical resolution (G13). The along slope movement inalong slope dynamics is altered. Furthermore, our resolution
this early phase is very similar to the 2.5-D experiments asin the zone Z3 is too sparse in all experiments to allow for a
can be verified in Fig9. An increased resolution leads to a detailed evaluation of the eddy dynamics. These two reasons
smaller along slope transport. The dynamics similar to theprevent an analysis of the eddying regime.

corresponding 2.5-D experiments is followed, after a little

more than 5 to 7 days (depending on the experiment), by a

generation of strong eddies leading to a fully 3-D dynamics6é Discussion

with an over three fold increase (not shown) of the downs-

lope movement in the reference experiment (G11). The gen©ur results demonstrate, that a better grid resolution in the
eration of eddies in gravity currents is a conspicuous featurd®BL is key to the representation of the dynamics of oceanic
and is explored in observations (Jungclaus et al., 2001), labgravity currents in numerical models. Our study shows, that
oratory experiments (Whitehead et al., 1990) and numericabnly a few &5) additionalo -levels are necessary to obtain
simulations (Legg et al., 2006). The cross over from one dy-a large improvement in the representation of the PBL dy-
namics to the other is conspicuous in all the variables. In thenamics. Such increase represents a raise of only 10% of
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calculation time in a typical state-of-the-art ocean model.the world’s oceans determined by gravity current dynamics.
The research presented here concentrates on the laminar digxamples are gravity currents all along the coast of Antarc-
namics of gravity currents and the development of its insta-tica. Getting the gravity current dynamics wrong means get-
bility. The early phase, before the generation of large scalding the geostrophic large scale dynamics wrong, that means
eddies after more than 5 days, is important as it represents thgetting it wrong to leading order.

initial downslope movement and influences the subsequent
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The finding, that convective adjustment procedure de-
stroys gravity current dynamics, blocking the downslope
movement, is key to the representation of gravity currents
and numerical simulations of ocean dynamics in high lati-
tudes in general, which is strongly influenced by the descen
of dense water.
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