Climate Dynamics manuscript No.
(will be inserted by the editor)

Ekman Heat Transport for Slab Oceans

Francis Codron

Received: date / Accepted: Feb 2011

Abstract A series of schemes designed to include various The first one is to provide a simple model for mecha-
representation of the Ekman-driven heat fluxes in slab+oceanistic studies, that retains the physics of ocean-atmasphe
models is introduced. They work by computing an Ekmancoupling through surface heat fluxes, and is very easy to
mass flux, then deducing heat fluxes by the surface flovnterpret. Exemples of studies in realistic settings idelu
and an opposite deep return flow. The schemes differ blade (1997) or Lau and Nath (1996). The slab ocean is also
the computation of the return flow temperature: either di-useful in idealised geometries such as aquaplanets, where
agnosed from the SST or given by an active second layeit is a simple energy-conserving model of the surface. This
Both schemes conserve energy, and use as few parameté@nework can be used to study moist atmospheric dynam-
as possible. ics (Frierson et al, 2006) or to compare atmospheric physics
Simulations in an aguaplanet setting show that the schem@gproposed with fixed SSTs by Neale and Hoskins (2000).
reproduce well the structure of the meridional heat transpo Experiments with climate models requiring very long inte-
by the ocean. Compared to a diffusive slab-ocean, the sim@rations or multiple simulations with varying coefficients
lated SST is more flat in the tropics, and presents a relativehat are common for exemple in paleoclimate studies be-
minimum at the equator, shifting the ITCZ into the sum-cause of the many unknown parameters, may also require
mer hemisphere. In a realistic setting with continents, théhe use of a slab ocean because the spin-up time of a full
slab model simulates correctly the mean state in many rescean GCM would be too time consuming (e.g. Donnadieu
gions, especially in the Tropics. The lack of other dynami-et al (2006)).
cal features such as barotropic gyres, means that an optimal As the temperature of a slab ocean is forced only by
mean-state in regions such as the mid-latitudes will requirlocal surface heat fluxes, it will be very different from the
additional flux corrections. observed one without some representation of the heat trans-
port by ocean currents. The most usual way to achieve this
is to add a seasonal forcing equal to the surface fluxes from
1 Introduction an atmospheric simulation forced by observed SSTs (with
possible iterations), the idea being that there is an approx
The slab ocean model, in which the ocean is represented &gate balance in the surface mixed layer at this timescale be-
a single fixed-depth layer with a homogeneous temperaturé\l,\leen the surface fluxes and the effect of ocean dynamics.
is the simplest ocean model for studies of ocean-atmosphefdiis process allows to obtain realistic SSTs for the present
interactions after the swamp ocean (Meehl, 1992). Even no&limate, but becomes less satisfactory for different ctesa
that computational constaints are less restrictive, litlstis ~ as the hypothesis of an oceanic heat transport equal to the

a number of important uses. present one becomes less realistic. When the geometry of
continents changes, for idealised settings or remote paleo
F. Codron climates, this solution becomes impossible to use.

Laboratoire de Météorologie Dynamique, Universiterf@ieet Marie . . . .
Curie-Paris 6 / CNRS An alternative way of simulating the heat transport is to

Tel.: +33-1-44277352 add a horizontal diffusion of temperature (Donnadieu et al,
Fax: +33-1-44276272 2006). This is however not a very good way of represent-
E-mail: fcodron@Imd jussieu.fr ing heat transport in the ocean, as the meridional heat flux is



largest in the tropics where the meridional temperature gra2 Description

dient is almost flat (Trenberth and Caron, 2001). A diffusion

coefficient varying with latitude can help (DeConto and Pol-2.1 General Principle

lard, 2003) but still does not have the right dynamics and is

for example unable to simulate the relative minimum of theThe momentum balance for large-scale horizontal motions

surface temperature at the equator. in the oceanic surface mixed layer is derived starting from
the primitive equations. In the small Rossby number approx-

Observations (Levitus, 1987) show that the the largesimation, the relative acceleration term involving largeie

contributor to the meridional heat transport in the ocean invelocities, as well as the spherical terms, can be neglected

the tropics (where the transport is strongest) is the EkmariFhe turbulent momentum fluxes remain as they are impor-

driven transport. This transport is organised in mean meridtant in the mixed layer. The resulting equations are:

ional cells, with a wind-driven Ekman flow in the surface

mixed layer, and a return flow at depth (Schott et al, 2004). _

The associated vertically-integrated heat transport @an b| eu—fv=—1/podkP+ d,(UW)

understood as the product of the mass flux multiplied by the) ¢, 4 fy = —1/podyP+ 0,(VW)

temperature difference between the surface and return flows

(Held, 2001; Czaja and Marshall, 2006). In aquaplanet set-  The |ast term of each equation is the vertical divergence

tings, the meridional heat transport by the ocean as simuyf tyrbulent momentum fluxes, amdrepresents the various

lated by full GCMs (Marshall et al, 2007; Smith et al, 2006) gissipative effects (including horizontal momentum fluxes

is dominated by eddy diffusivity and, especially in the #0p here modeled as Rayleigh linear drag. In the absence of

ics, Ekman transport. In the presence of meridional barierpressure gradients, the flow is driven by the surface stsesse

(such as continents), other heat transport components sughXJy)_ The resulting total mass transport can then be ob-

as horizontal gyres or the overturning circulation can makqgained by integrating equation (1) multiplied kpg from

a smaller global contribution (Jayne and Marotzke, 2001ihe surface, where the turbulent eddy fluxes are equal to

Enderton and Marshall, 2009) that can even be dominantif /(1 1), to a depth below the surface mixed layer where

some regions. they vanish:

1)

Anomalies of the surface branch of the Ekman heat trans-
port have been included in studies of the role and origi% EMy— fMy = T

(2)

of mid-latitude SST anomalies using a slab-ocean mod
(Alexander and Scott, 2008; Peng et al, 2006), and their rol

was shown to be significant. The method however only in- . S
. Note that the ocean was considered as homogeneous in this

cluded the Ekman heat fluxes in the surface layer far from . . s
calculation pg is constant). The zonal and meridional com-

the continents and the equator (where upwelling would be .
. onents of the mass transpbfg, My are then given b
strong). It also used only anomalies and not the total transF-) POk, My g y

port.

SMy+fo: Ty

The aim of this paper is to introduce and test a class o
schemes to represent the complete Ekman heat transport
a slab ocean context, which can thus be used in conjunction
with a parameterisation of eddy diffusion to approximateth  If €is small compared to the Coriolis factbythe classic
heat transport by ocean currents. The main goals are to r&kman drift formula is recovered. The presence afllows
produce the structure of the Ekman-driven meridional heathe computation of the mass transport even at the equator
transport, as well as the general structure of tropical SSTWheref vanishes and the Ekman drift becomes singular.
with colder waters due to upwelling at the equator and conti-  The Ekman transport schemes will use these mass fluxes
nental boundaries. The constraints will be that the scheme fo compute the total heat fluxes. The net vertically-integgta
energy-conserving and keeps low numerical costs and confreat flux across some horizontal boundary will be given by
plexity, consistent with the slab model. the sum of the heat transports by the Ekman flow at the tem-

perature of the surface mixed-layer (i.e. the slab tempera-

The rationale and implementation of two different schemtese), and by a deep return flow that is assumed to have
are presented in section 2. The impact of the schemes is themactly the opposite mass flux but takes place at a lower
tested, first in an aquaplanet setting (section 3) then ima si temperature. The schemes will essentially differ in how the
ulation of the present Earth (section 4). We then discuss theemperature of the return flow and its influence on the slab
merits of the proposed schemes and conclude. temperature are computed.

{.‘MX: (eTx+ f1y)/ (8% + 1) )

My = (e1y— f1)/(e%+ )
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Fig. 1 Heat fluxes in the 1.5-layer scheme. Both Ekman and return

flow occur in the unique slab layer of degth but at different temper-

atures. The mass fluxdd, » are computed from the wind stress, and g 5 Heat fluxes in the 2-layers scheme. The Ekman and return flow
the temperatures at the interfachg from the slab temperature at the .o opposite and occur in two distinct slab layers. The e@inass

grid-points. flux is obtained by continuity.

2.2 1.5 Layer model
In the case of a convergent Ekman mass flux, the slab

The first implementation is schematized on figure 1 alondemperature will warm, which is not so realistic: there woul
one horizontal dimension. Only one prognostic temperatur# reality be a sinking of the surface water and a deepening
for the surface (slab) layeF; is used. The temperature at of the thermocline, as observed in the subtropics, instéad o

depthTy, that will be used for the deep return flow, is then @ warming of the surface layer. This spurious warming is a
diagnosed fronTs; weakness of this 1.5 layer scheme, but it can be mitigated

using a variable coefficierd. For that purpose, values of
the net mass flux\{; — My) and of the total flux exchanged
Ta=aTs+ (1—a)Tp (4)  (IM1]|+|My|) through the boundaries of a grid point are com-
] ) _ puted. The value off then varies according to the ratio be-
WhereTo is the freezing temperature of seawater. Thisy,een the net and total values. It is equal to 1/3 when the ra-
formulation ensures that remains apove freezing and be- 4, approaches -1 (purely divergent flux wih, andM, of
low the surface temperatuie. The difference betweels o5 qsite signs) and to 1 with a ratio of 1 (purely convergent
and Ty will be largest in the Tropics, which is consistent g,y | the latter case, the deep temperature becomes equal

with the temperature of the ocean being more horizontally, ihe surface one, and the net heat flux through a boundary
uniform at depth than at the surface. Choosing a value of,.,cels out.

o = 2/3 gives a temperature of the return flow, or of the
upwelled water, about 28ooler than the surface one in the
tropics, which seems reasonable.

The evolution of the slab temperature at a given grid
point is then given by the convergence of the total (surfac@.3 2-Layers model
plus deep) heat flux through the boundaries:

It As its name suggests, the 2-layers model uses two surface
PHS—> = My (Tg — Tg1) — Ma(Teo — Te2) (5) anddeep slab layers with prognostic temperatures. The deep
ot layer is generally taken with a larger thickness, typically

Using figure 1 notations, witSthe area of the grid point. between 150 and 350m. All the surface heat fluxes are ex-
The temperatures at the interfacBsT, can be estimated changed with the surface layer. The horizontal temperature
from Ts and Ty at neighbouring grid points using any advec-advection is computed as in the 1.5-layer case, but using the
tion scheme: upstream, centered or more complex ones. THg&man mass fluxes in the surface layer, and the opposite re-
heat transport scheme will conserve energy as long as titarn fluxes in the bottom layer (figure 2). In addition, there
same interface temperature is used for the evolution of this an upwelling or downwelling mass flux between the sur-
temperatures of the grid points on both sides. face and deep layers, which is equal to the divergence of the

With Ts > Ty, the net heat flux through a grid bound- horizontal Ekman mass flux. The resulting vertical heat flux
ary has the sign of the surface Ekman mass flux. There is computed using an upstream scheme, to ensure no conver-
thus a poleward heat transport under the trade winds, whichence of heat in the surface layer in the case of a convergent
becomes equatorwards in regions of surface westerlies. ass flux (downwelling). Finally, we use a simple convec-
divergent Ekman mass flux will lead to a local cooling, re-tive adjustment to ensure that the deep temperature remains
producing the effect of the upwelling of deep water evenlower then the surface one. Itis active in the winter mid- and
though there is no explicit upwelling in this scheme. high-latitudes.



2.4 Implementation 40

The slab ocean is used as the surface model coupled to the 30
LMDZ atmospheric GCM (Hourdin et al, 2006), a model us-
ing finite-difference schemes on a regular latitude-lcunggt
grid. The simulations use a relatively low resolution of 48x
grid points on the horizontal, or 7.5 degrees in longitude by
3.75 in latitude. This allows to do extensive testing , and
is consistent with potential uses of the slab ocean for long . , . . . . . , .
simulations. We performed some tests where the resolution -80 -60 -40 20 0 20 40 60 80

has been uniformly doubled to 96 by 96 points, but the re- latitude

sults were very similar apart from the impact of the reso-

lution on the atmospheric mean-state. Both configuration§!9- 3 Annual and zonal-mean Slab-ocean temperature, for no heat
. . . transport (black), diffusive transport (blue), and diffiesplus 1.5 layer
use 19 sigma-levels on the vertical. The timestep used Bxman transport (red)

6 mn for the atmospheric dynamics, and 30 mn for the phys-

ical parameterisations (including the slab ocean). Ovet,la

the ORCHIDEE land surface model is used (Krinner et al, \wnhereF, , andF_, are the heat fluxes from the at-

2005). mosphere and the sea ice, respectivBlys the horizontal
The slab ocean shares the horizontal grid of the atmodiffusion coefficient, and diy is the horizontal divergence

spheric GCM. A simple one-layer thermodynamic sea-iceoperator. The values of the Ekman mass fiiXfrom equa-

model is added, whose complexity is comparable to the ocetian 3), and of the surface and deep temperatiligesd Ty

model; it is described in more details in the appendix. Theused to compute the divergence are evaluated on the grid-

ocean temperatures at the interfaces are computed using point interfaces.

upstream advection scheme, except in the meridional direc- | the case of the 2-layer model, the evolution equation

tion for the 2-layers version where a centered scheme ifr the surface layer becomes:

used. With the upstream scheme, the temperature of the ad-

vected deep water could become higher than the surface one

in the case of a strong surface temperature gradient and a

20}

mean SST

10t

weak vertical gradient, as happens in the winter mid-ldéar  0Ts 1 1.
When continents are present, the mass flux - and thus head ~ pCHs (Fao+Fi-otFo)~DATs pH [dives (MT5) ~WTg/a]
flux - is set to zero at ocean-continent boundaries. (7)

In addition to the heat transport by Ekman currents, hor-
izontal temperature diffusion is used in the ocean with a con )
stant diffusivity coefficient. We use a coefficient of 25000 sn'for Where a new convective heat flux comporfestietween

a single 50m-deep slab layer. This value was chosen so thifté two slab layers was added. The vertical mass\Win

the diffusive meridional heat transport would peak abovekd-m 2.s ™, is defined a® = 1/H diviy M. The vertically-

1 PW in the aquaplanet setting, similar to the one simulate@dvected temperature & or Ty depending on the sign of

by full GCMs (Marshall et al, 2007). The diffusivity coef- W- The evolution of the deep temperatitgs similar, only

ficient is thus large, as all the heat transport takes place iWithout the surface fluxes.

the 50-m surface layer. When the depths of the oceanic lay-

ers change, the diffusion coefficient varies in inverse prep

tion to the total depth. The vertically-integrated heahsra

port thus remains approximately the same with different to3 Aquaplanet results

tal depths or formulations (1.5 or 2 layers), provided that t

horizontal temperature gradient does not vary too much. We first test the schemes in the idealised setup of an ocean-
The complete equation of evolution of the temperaturecovered planet. In the absence of meridional continentahde

of the slab oceatfls is then, for the 1.5-layer case: aries, the heat transport will be accomplished by Ekman cur-

rents and eddy diffusion. To check the impact of different

representations of the heat transport, we use a series of ex-

periments with an inert ocean (no transport), a purely dif-

fusive transport, and finally both diffusive and Ekman trans

ports. Starting from an idealised SST distribution, the slod

(6) reaches a steady state in about 20 years.

aT. 1 1
73 = och (Fao+F_o)—DATs— o divy [M (Ts — Tg)]



3.1 Mean meridional structure

The zonal-mean ocean temperature for the three experiment 2t
is shown on figure 3. The associated integrated meridional
heat transports are given on figure 4. In the inert ocean case,
the slab temperature has a sharp peak at the equator, the
drops regularly towards the ice-edge at aboutl&tude.
When diffusion is added, the temperature rises by 5 to 10
degrees, but the general shape remains similar. The palewar -2t
heat transport, peaking around 1PW in the mid-latitudes (fig
ure 4, top), causes a reduction of the sea-ice extent. The . . . . . . . . .
effect on the albedo, added to other feedbacks such as in- -80 -60 -40 -20 0 20 40 60 80
creased water vapor, explains the general warming observed
The structure of the SST and meridional transport change
when the 1.5-layer Ekman transport is added. The Ekman
transport is strongest in the tropics, where it peaks dight
under 3PW (figure 4, middle), because of the large tem-
perature difference between the surface and the return flow
(Czaja and Marshall, 2006). It then changes sign to become
equatorward under the westerly-wind belt of the mid-|atés.
The strongly divergent heat transport at the equator leads t
alocal SST minimum there and to a much flatter meridional
structure in the tropics (figure 3). . . . . . . . . .
The structure of the SST and total heat transport ressem- -80 -60 -40 -20 O 20 40 60 80
ble the observed ones (Trenberth and Caron, 2001), with a ,
maximum in the tropics decreasing to a lower transport in 3t
the mid-latitudes. The amplitude also agrees well with aqua
planet results using full ocean GCMs (Marshall et al, 2007;
Smith et al, 2006). Going into details, the diffusive trans-
portis directed equatorward only very close to the equator i
our results, compared to throughout the tropics (and with a
larger magnitude) in the GCMs. This is a consequence of the
deep thermocline in the subtropics, that is not represented
a slab ocean. This error is compensated by a weaker Ekmar

Northward flux (PetaWatts)

transport in the tropics for the slab model. -3t
The temperature of the two slab-layers for the 2-layers T80 60 —40 —20 0 20 40 60 80
model is shown on figure 5. The surface layer has an inter- latitude

mediate structure between the diffusive and 1.5-layer mod-

els: the equatorial minimum is present and the tropical ttmrgjg. 4 Oceanic meridional heat transport (in PW): diffusive (Blue
perature is flattened, but not as much as with 1.5 layers. Thikman (black) and total (red). Simulations with (top) difion only,
reason is a reduced magnitude of the tropical Ekman he4fiddle) 1.5-layer Ekman, (bottom) 2-layer Ekman.

transport (figure 4) due to a smaller temperature difference

with the subsurface. Figure 5 indeed shows that the deepne annual-mean precipitation has a sharp maximum on the
layer temperature is only about 5 degrees cooler than th@quator.

surface. When Ekman transport is added (1.5-layer, figure 7), the

equatorial upwelling prevents precipitation there. ThEZT
instead jumps from one hemisphere to another between sea-
3.2 Seasonal cycle sons, and the annual-mean shows two distinct maxima on
both sides of the equator. There is in this simulation a gfron
The seasonal cycles of the SST and precipitation for the difmeridional coupling between the SST, meridional wind and
fusive slab ocean are shown on figure 6. The maxima ofTCZ in the vicinity of the equator: with a non-zegco-
SST and the ITCZ wander a short distance around the equafficient, mass fluxes are in the direction of the wind stress
tor, following the sun’s movement with a few months delay.close to the equator. When the warm SSTs and the ITCZ
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Fig. 5 Annual and zonal-mean Slab-ocean temperature, with the
2-layers Ekman transport. Surface layer (cont) and botteyerl

(dashed). . ) )
Fig. 7 Same as figure 6 for the 1.5-layer experiment.
60 o — N
tion is applied in the ocean, so the slab temperature ismrive
40 only by the surface heat fluxes and the parameterised Ek-
o 20 man and diffusive heat transports. Starting from an idedlis
RN zonal-mean SST, the simulated mean state converges in ten
8 to thirty years.

The annual-mean temperature of the surface slab layer is
shown on figure 8 for the different heat transport schemes,
together with the areas of minimal and maximal seasonal
JEMAMIJJASOND O 5 10 15 sea-ice extent. As in the aquaplanet experiments, both sim-
precip (mm/day ulations including a representation of the Ekman transport

are globally warmer, and have a tropical belt of warm SSTs

with a more flat latitudinal shape. In addition, there is a
Fig. 6 Diffusive ocean experiment: left, seasonal cycle of theaaoce marked cooling by the upwelling at the eastern ocean bound-
temperature (colour) and precipitation (contours every d/day).  aries and in the central Pacific, that is more pronounced in
Right, annual-mean precipitation. the 1.5-layer simulation. There is also a hint of a spurious
upwelling-induced cooling in the eastern Indian Ocean.

are in the north, the southerly cross-equatorial winds then "€ minimum sea-ice extentis similarin the three cases:
induce an upwelling to the south and a downwelling to thdhick sea ice occupies the Arctic Ocean year-round because

north, reinforcing the SST gradients and the ITCZ position.Of the lack of drift and export out of the Arctic in the model;
The position of the mid-latitude storm tracks, as indi-in the Antarctic almost all the ice melts in summer. The max-
cated by secondary precipitation extrema, are located fafMum extentis too large with diffusion only; it is better es-
ther poleward in the simulation with Ekman transport. Thistimated with the addition of Ekman transport. The 1.5-layer
is consistent with a tropical SST distribution more flat andMde!l has a larger maximum extent in both hemispheres
extended in latitude. than the 2-layer model, possibly due to the larger amplitude
The results with the 2-layers Ekman transport are sim-°f the seasonal cycle in the mid-latitudes, as discussed lat

ilar to the 1.5-layer ones, except that the meridional SSPN- The ice extentis in any case strongly dependent on pa-

gradients are less strong. The precipitation structuminst 'ameters of the model such as the snow and ice albedos.

its double peak. The changes in the mean tropical precipitation brought
by the inclusion of Ekman transport are shown on figure 9.
For the diffusive ocean, the precipitation belt is centeyad

4 Present Climate the equator. When the 2-layer Ekman transport is added,
precipitation amounts decrease strongly at the equator and

We now test the impact of the Ekman transport schemes imcrease on both sides, giving a structure much closer to

the actual Earth configuration, using present-day insmtati the observed one. In particular, the eastern-Pacific ITCZ re

and greenhouse gas concentrations. A land-surface and vegains to the north of the equator. There is a also a small

etation scheme is used over the continents. No flux corregacrease in monsoonal rains over East Asia and South Amer-
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Fig. 9 Annual-mean precipitation (mm/day) for simulations of the
(c) Ekman transport 2-layer min ice present climate: (a) diffusive ocean, (b) 2-layer Ekmangpmrt, (c)
the (b)-(a) difference.

, L The largest effect in the surface layer (figure 10a) is thé-coo
ing around the equator, especially in the Pacific and at east-
ern boundaries, where the surface Ekman currents are diver-
gent. The cooling comes here from the upwelling of cold

deep water compensating the surface divergence. At depth
(figure 10b), the flat horizontal temperature structure nsean
there is only a small warming at the equator (an upstream
advection scheme is used on the vertical).

) _ o _ In addition to forcing in the tropics, there is a slight sur-
Fig. 8 Annual-mean SST IC (colors), and minimum (white) and ¢, -e \varming in the subtropics, and another belt of surface
maximum (light blue) seasonal sea-ice extent, for diffesemulations

of the present climate: (a) diffusive slab ocean, and amtuiti(b) 1.5-  €00ling in the mid-latitudes, under the westerlies. It i2du
layer (c) 2-layer Ekman transport. not to upwelling, but to equatorwards advection of cold wa-

ter. This surface advective cooling is largely compensated

average by the poleward return flow in the deeper layer, as
ica. Using the 1.5-layer Ekman scheme brings similar changgan be seen on the vertically-integrated heating (figuré.10c
only stronger. In particular, the dry equatorial band in theThere is however a significant impact on the seasonal cycle
Pacific extends all the way to the west. The model withof SST (not shown): in summer, the Ekman flow cools the
the 1.5-layer scheme also tends to simulate unrealisticallsyrface layer and warms the deeper layer; the heat stored at
strong precipitation above some hot points where there is gepth is then restored to the surface in winter through the
convergence of surface Ekman currents. vertical convective adjustment. Compared to the 1.5-layer

In order to better understand what the Ekman transporscheme, in which the compensation between surface and re-

scheme accomplishes, figure 10 shows maps of the heatitigrn flows is instantaneous, the SST is then colder in fall and
of the slab layers due to the divergence of heat fluxes, in th&armer in spring. The surface cooling or warming induced
2-layer case. The heating is shown in W4for easier com- by changes in Ekman transport can also be a factor in the
parison with the typical magnitude of surface heat fluxeslow-frequency variability of the mid-latitudes.



(a) Ekman surface layer (b) Ekman deep layer

-80 -60 -40 -20 0 20 40 60 80

Fig. 10 Annual-mean heating of the slab ocean by the parameterisggohtal heat transports in the 2-layer model, units in WAnEkman
transport in (a) the surface layer, (b) the deep layer, apdgtically integrated; (d) sum of the integrated Ekman diffiisive transports.

The impact of the diffusive transport is apparent by com-5 Discussion
paring figures 10c and 10d, which show the total heating
by the ocean gurrents. The horizontal diffusion is cooli.ng,\__)_1 Role of epsilon
the whole tropics, cancelling the Ekman-induced warming
in the subtropics. The heating in mid and high latitudes is
particularly strong in two areas. The first one, particylarl The schemes presented rely on only a few parameters, so
apparent in the Southern Hemisphere, is the sea-ice edg8at they can be used in a variety of settings. The value of
because of the null temperature gradient under the ice. Th® the inverse damping timescale of oceanic currents, turned
second one is close to the east coasts of continents in tiflt to have the most influence. Far from the equatds
northern hemisphere. There are no boundary currents in thignall compared to the Coriolis factérand its exact value
model, but the SST is strongly cooled in winter through sur-does not matter. Closer to the equator, the surface currents
face heat fluxes forced by the cold air blowing off the con-become aligned with the wind stress. The transition lagtud

tinent, and this is partially compensated by the horizontawheree = f, is at #for £ = 10~° s *(used in the simula-
diffusion. tions throughout the paper), and &f@ ¢ = 5.10°6 s,

The latter value means that the equatorial region where the
Coriolis force is weak is less wide than the model’s resolu-
tion. It leads to strongly divergent Ekman currents and an



intense, narrow upwelling centered on the equator. With thequator, thus with warmer water. The lack of any represen-
higher value ofe, the equatorial upwelling is broader and tation of the role of salinity in the ocean model could also
less intense. The total upwelled flux should not change: thkead to an underestimation of convective exchanges in the
integrated vertical mass flux between, forexampléSlénd  high-latitudes and of the cooling of the deep layer.
10°N must compensate the poleward mass fluxes at these Finally, there is a constraint coming from the model for-
latitudes, which are proportional to the zonal wind strass amulation. In the real ocean, the temperature below the sur-
10°S and 10N but do not depend oa. Given that the deep face mixed layer is warmer in the subtropics than closer to
slab temperature is almost flat around the equator, the totéthe equator, due to a much deeper thermocline. The 2-layer
cooling of the surface layer is also nearly constant. model cannot however sustain a local temperature minimum
Even though the meridional heat transport away fromat depth at the equator, because both heat transport mecha-
the equator is not much affected, the structure of the uprisms (diffusion and Ekman) would then act to reduce it. A
welling has large impacts on the tropical SST and precipmore complex vertical structure of the model would be nec-
itation. With the higher value of, a meridional current is essary to represent these variations of the thermoclirhdet
forced at the equator by cross-equatorial winds. This cause Inthe mid-latitudes, the impact of Ekman transport comes
an additional upwelling on the upwind side of the equatormore from advection of the mean temperature gradient and
and downwelling on the downwind side. The cold tongue ofless from the convergence or divergence of the currents. For
SST thus tends to be centered off the equator (as in the Eagixample, increased westerlies normally have a short-term
ern Pacific in figure 8). The meridional coupling between thecooling impact on the SST through the induced equatorward
SST, wind and upwelling is also strong and tends to keejpnass transport at the surface. In the 1.5-layer schemasthis
the ITCZ on one side of the equator. For the lower valuedalanced instantaneously by a return flow at a close tem-
of g, the coldest SSTs remain centered on the equator, armkrature (in the mid-latitudes). In the 2-layer scheme, the
there is a tendency for meridionally-symmetric climatethwi temperature evolves independently in the two layers until
a zonally-extended cold tongue and a double ITCZ. they are connected by the convective adjustment. Inspectio
of the temperature tendency due to the horizontal Ekman
heat transport in the different simulations indeed shows th
while the variance of the vertically-integrated tendengy i
We have tested two different versions of an Ekman heatthe mid-latitudes is larger in the 1.5-I_ayer case (becatﬂge 0
a larger surface-deep temperature difference), the vegian

transport scheme. In the 1.5-layer scheme, the temperature : )
P y P in the surface layer alone is much larger with the 2-layer

of the return flow is diagnosed from the surface one. This .
. . .gcheme. The 2-layer scheme thus seems more able to sim-
scheme does a very good job of reproducing the mean merid-

) . . . ulate the impact of anomalous Ekman transports on mid-
ional heat transport, but misses some physics associatied wi_ . -
. . atitude SST variability, although an anomaly-based s@em
the independent evolutions of the surface and deep tempera- Lo
o : . might be even more appropriate in that case (see below).
ture. In addition, this scheme can create some spurious sur-
face hot spots where there is a convergence of surface cur-
rents (as can happen close to continents), a problem that c&8 Improvements using observed climatologies
be partially remedied using a variakdecoefficient (section
2). The heat transport schemes presented use only a small num-
The 2-layer scheme brings a bit more complexity, withber of constant parameters, so that they can be directly used
a second interactive layer and convective adjusment but has any setting. To obtain a more realistic simulation of the
more transparent physics. Its main weakness might be goresent-day climate, a number of improvements could be
underestimation of the equatorial cooling through upwelli made using climatologies derived from the observations. A
and of the meridional heat flux in the tropics, because thérst possibility is the use of prescribed instead of simediat
temperature of the deep water is too warm in the tropics. sea-ice extent. The depth of the slab layer could also be
Part of the problem may come from the atmospheridaken to vary spatially according to observed seasonaldnixe
model: it is known to produce westerlies too close to thdayer depths, instead of being a uniform 50-m. The impact
equator, and a temperature gradient too steep between tbéthe horizontal heat transport (and of surface heat fluxes)
subtropics and midlatitudes, especially at lower resohgi would be larger in regions of shallow surface mixed layer,
(Marti et al, 2010). The global heat balance in the lowersuch as the eastern Pacific, and lower in regions of deeper
ocean layer requires that the temperature of the upwelledhixed layer such as the Indian Ocean, thereby increasing
water is given by the temperature of the water sinking inthe SST signature of upwelling in the former and reducing
the subtropics, minus cooling through the convective ddjusit in the latter.
ment at higher latitudes. The biases of the simulated atmo- A more radical correction would be to add heat flux cor-
sphere mean that the sinking will happen too close to theections to bring the seasonal simulated SST in line with the

5.2 Comparison of the schemes
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observed one, as is classically done in inert slab ocean modell reproduced. There are some regional problems, such
els. The flux corrections can then replace the missing dyas a tendency for upwelling in the Indian ocean and a Gulf
namics, including the horizontal diffusion, and only the- Ek of Guinea that is too warm; but most of the main biases are
man heat flux variability or sensitivity is retained. Foragtu also present in simulations with the same model coupled to
ies restricted to the mid-latitudes, some authors (Alexand a full ocean GCM.
and Scott, 2008; Peng et al, 2006) developped an anomaly- The main limitation of the schemes (which is not an
based Ekman scheme in their slab ocean, in which only anoiggue for aquaplanets) is the lack of heat transport by the
lous Ekman heat fluxes in the surface layer are added to theorizontal gyres: their contribution is significant in thédm
SST evolution equation together with the required correctatitudes and can further change the mean state through ice-
tions. This has the advantage of eliminating the compensaibedo feedbacks (Enderton and Marshall, 2009). If the sim-
tion by the return flow (1.5-layer scheme) or the convectiveulated climate needs to be the closest possible to observed,
mixing with the deep layer (2-layer), and thus can work betthis and other weaknesses can be corrected with the usual
ter for this specific use. Anomaly-based schemes are howtux correction added to slab models; the sensitivity of the
ever unable to represent anomalous upwelling motions thajcean temperature to the surface wind through Ekman trans-
are important in the Tropics or near continent boundaries. port will be retained.

These various improvements all rely on existing clima-
to!ogles of the simulated climate, whether of sea-ice, $8T, Acknowledgements The numerical simulations were carried on using
mixed-layer depth. They can thus be used only for mechaspc resources from the Institut du Développement et desdRieses
nistic studies or for sensitivity tests with small anomaty-a en Informatique Scientifique (GENCI-IDRIS). The author \eblike
plitudes. For climates very different from the present,isuc to thanl_< the anonymous referees for their constructive cenimthat
as in the distant past or with idealised - or no - continentst‘e'IOecj improve the paper.
there is no reason for climatologies derived from present ob
servations to hold. The schemes presented and tested in this
paper were thus developped to be used without them. A Sea-ice model

. The simple thermodynamic sea-ice model used throughoupdper
6 Conclusion was built to provide an interactive representation of the-ise, of a
complexity comparable to the one of a slab ocean. Changée iseia-
We have introduced in this paper two implementations of d@ce model, or in parameters such as the snow albedo, can Haugea
simple numerical scheme to simulate the oceanic heat tran§Pact on the simulated climate, changing the ice extentlamdlobal
t by the Ekman surface currents and the compensatin rte_mperature through the ice-albedo feedback. This effetibivever
portby - . ) P g ?argely independent of the heat transport schemes thahar®tus of
turn flow, in a slab-ocean setting covering the whole oceanhis paper.
They both rely on computing a mass flux from the surface
wind stress, and using it to advect heat. The difference some
from the temperature of the return flow, which can be di- _ _
agnosed or given by a second interactive slab layer. Th8-1 Representation of the ice
schemes conserve energy, and allow for a fast spin-up of the

. . Over each grid point, the sea ice is represented by a unifayer lof
ocean. They have been tested together with a simple horél'epthH and fractional ared. It may be covered by a layer of snow

zontal diffusion representing the action of eddies as a COmnat has a zero heat capacity. The temperature at the bottdtreo
plete representation of heat transport by currents. ice layer is always equal to the freezing temperature of sat@ny,

The structure of the meridional heat transport simulatedhile the surface temperatui, seen by the atmosphere, can vary.
. . . The temperature profile within the ice layer is assumed tarteat, so
in an aquaplanet setting agrees well with the one from fullhat the mean ice temperaturg g+ To) /2. The evolution offs is then

GCMs (Smith et al, 2006; Marshall et al, 2007), with a max-given by:
imum in the tropics and a drop before the mid-latitudes.
The amplitude also agrees well, especially for the 1.5+ayedTs _ L( i —F o) ®)
scheme. In comparison with diffusive-only heat transport, 9t PCGiH
bOth schemes prodgc_e aflat SST in the tropics, with a relaV-Vherepi andC; are the volumic mass and specific heat capacity of
tive annual-mean minimum at the equator. The ITCZ altertg jce, andr, ; andF_, are the heat fluxes from the atmosphere to
nates between the hemispheres, and is coupled in the merigle ice, and from the ice to the ocean. The latter is computed the
ional direction with the meridional wind and SST gradients.temperature gradient within the ice layer:

A simulation of the present-day climate with realistic
continents and vegetation yields a climate that is reasorf_, = ﬁ(TS—TO) 9)
able given the resolution used. In particular, the equalori
cold tongue and eastern boundary upwelling systems argith A the conductivity of the ice.



11

A.2 Ice formation and melting

As soon as the temperature of the surface slab ocean lajebé&bw
freezing, the temperature is set bacKigpand the resulting energy dif-
ference is used to build ice mass and, if ice is already ptesehbring
it to the same mean temperature. A set of rules is used tondieter
how the new mass is divided between an extension of the drzadti
area and a thickening. If the ocean temperature becomesvposgie
is melted and the ocean temperature brought back to a reverse
process.

If the surface temperature of the idgbecomes positive, through
surface heat fluxes, it is similarly brought back to freeziexel, and
the energy difference in the ice layer is used to first melstim@v mass,
if present, then part of the ice mass. Any energy left aftethal ice is
melted is used to warm the ocean, ensuring energy consamvati
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