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Abstract EC-Earth is a newly developed global climate

system model. Its core components are the Integrated

Forecast System (IFS) of the European Centre for Medium

Range Weather Forecasts (ECMWF) as the atmosphere

component and the Nucleus for European Modelling of the

Ocean (NEMO) developed by Institute Pierre Simon

Laplace (IPSL) as the ocean component. Both components

are used with a horizontal resolution of roughly one degree.

In this paper we describe the performance of NEMO in the

coupled system by comparing model output with ocean

observations. We concentrate on the surface ocean and

mass transports. It appears that in general the model has a

cold and fresh bias, but a much too warm Southern Ocean.

While sea ice concentration and extent have realistic val-

ues, the ice tends to be too thick along the Siberian coast.

Transports through important straits have realistic values,

but generally are at the lower end of the range of obser-

vational estimates. Exceptions are very narrow straits

(Gibraltar, Bering) which are too wide due to the limited

resolution. Consequently the modelled transports through

them are too high. The strength of the Atlantic meridional

overturning circulation is also at the lower end of obser-

vational estimates. The interannual variability of key

variables and correlations between them are realistic in size

and pattern. This is especially true for the variability of

surface temperature in the tropical Pacific (El Niño).

Overall the ocean component of EC-Earth performs well

and helps making EC-Earth a reliable climate model.

Keywords Climate model � NEMO ocean model: general

ocean circulation � Surface fluxes � Sea ice � Ocean heat

transport

1 Introduction

Societies are dependent on, and adapted to, their local

climate for a wide range of activities, from farming prac-

tices and water availability to health and living conditions.

This also means that societies are vulnerable to climate

changes, be it caused by natural variability or anthropo-

genic activity. Information about future (changes of) cli-

mate is therefore important to take timely adaptation

measures.

Climate arises from a complex interplay between

atmosphere, ocean, ice and soil. Besides physical processes

(e.g., radiation, energy transport) also chemical (e.g., ozone

destruction) and biological (e.g., CO2 uptake by plants or
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phytoplankton) processes are involved. To study such

complex interactions, Earth System Models (ESM) are

used. In an ESM all these processes and their interactions

are modelled numerically, that is, by a computer code

which is based on a mathematical description of the rele-

vant processes.

Traditionally, a distinction between weather (short-term

variability of the atmosphere) and climate (long-term sta-

tistics of weather) is made, and modelling them has been

performed by different scientific communities. However,

many processes behind both are the same, and the use of one

‘‘seamless prediction’’ model for weather and climate on

scales from days to centuries would serve both communities

(Hazeleger et al. 2010). To achieve this, a consortium of

Earth-system scientists from 10 European countries have

started to develop EC-Earth, an ESM based on the seasonal

forecasting model of the European Centre for Medium

Range Weather Forecasts (ECMWF). Based on a state-of-

the-art weather forecast model, this modelling system is

envisaged to open the way to a ‘‘seamless predicting’’ ESM.

Currently EC-Earth consists of models describing the

physical processes in atmosphere, ocean, sea ice and the

land surface, while chemical and biological components

are under development (Hazeleger et al. 2010). In this

paper we describe the performance of the ocean component

of EC-Earth and its interaction with the atmosphere in a

long (centuries) run under present-day forcing conditions.

Where appropriate we also show results from a run per-

formed under pre-industrial forcing conditions.

2 Model description

2.1 The coupled EC-Earth system

The core of EC-Earth is formed by the Integrated Forecast

System (IFS) of the European Centre for Medium Range

Weather Forecasts (ECMWF) as the atmosphere compo-

nent (ECMWF 2006) and the Nucleus for European Mod-

elling of the Ocean (NEMO) developed by Institute Pierre

Simon Laplace (IPSL) as the ocean component (Madec

2008). Integrated into NEMO is the Louvain-la-Neuve Sea

Ice Model (LIM) that has been developed at the University

of Louvain-la-Neuve (Fichefet and Morales Maqueda 1997;

Bouillon et al. 2009). The atmosphere and ocean/sea ice

parts are coupled through the OASIS3 (Ocean, Atmosphere,

Sea Ice, Soil version 3) coupler developed at the Centre

Européen de Recherche et Formation Avancées en Calcul

Scientifique (CERFACS) (Valcke 2006). This core will be

extended to become an Earth System Model (ESM) by

adding models for other geophysical system components

like the carbon cycle, vegetation and atmospheric chemistry

(Hazeleger et al. 2010).

The experiments assessed in this paper have been per-

formed with EC-Earth v2.2. It is a close predecessor of

v2.3, which is used to perform CMIP5 runs. The following

subsections give a short description of the component

models. The reader not interested in technical details may

wish to jump directly to Sect. 3.

2.2 IFS, the atmosphere component of EC-Earth

IFS is the atmosphere model used operationally at EC-

MWF to perform medium-range (10 days) to seasonal

forecasts. It is a spectral model with triangular truncation.

The model is available with a variety of different trunca-

tions. Compared with the T1279 truncation, corresponding

to about 16 km, that is used for the operational medium-

range (10 days) forecasts, EC-Earth uses a relatively coarse

truncation of T159, which is roughly equivalent to 125 km.

In the vertical 62 levels of a terrain-following mixed r/

pressure coordinate are used. The lowest model level is at a

height of 30 m above the ground, and the highest level is at

5 hPa. The use of a semi-Lagrangian advection scheme

makes it possible to use a time step of 1 h in the T159

version of EC-Earth.

The current version of EC-Earth (v2.2) is based on cycle

31r1 of IFS (ECMWF 2006), but some improvements from

later cycles have been added. The most important ones are

a new convection scheme (Bechtold et al. 2008), the new

land surface scheme H-TESSEL (Balsamo et al. 2009), and

a new snow scheme (Dutra et al. 2010). The latter refor-

mulates the density of snow and the representation of liquid

water in the snow pack, reducing warm biases (Hazeleger

et al. 2010, their Figure 5). A description of results from

the atmospheric part of EC-Earth (i.e., IFS) can be found in

the paper of Hazeleger et al. (2011) in this issue.

2.3 NEMO, the ocean component of EC-Earth

The ocean component of EC-Earth is version 2.2 of NEMO

(Madec 2008), a primitive equation ocean general circu-

lation model with a free surface. That the several years old

version 2.2 is used results from the fact that EC-Earth

evolved from earlier work done by ECMWF’s seasonal

forecasting group (Hazeleger et al. 2010). Work on a new

EC-Earth version (v3) including an up-to-date NEMO

version is under way (see Sect. 6).

In NEMO the horizontal discretization is done on a

curvilinear C-grid (Arakawa and Lamb 1977), while in the

vertical a z-coordinate is used. The model allows for var-

ious choices for the physical parametrization as well as the

numerical algorithms. The most important choices made

for EC-Earth are for the Turbulent Kinetic Energy (TKE)

scheme for vertical mixing, a partial step implementation

for the z-coordinate (grid boxes do not continue below
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topography), a bottom boundary scheme to mix dense

water down a slope (e.g., Denmark Strait overflow water or

Mediteranean outflow), and the use of the Total Variance

Dissipation (TVD) or Flux Corrected Transport (FCT)

scheme for horizontal advection, which is positive definite

and thus cannot produce spurious negative values. Hori-

zontal tracer diffusion is described by the Gent-McWil-

liams (Gent and McWilliams 1990) parametrization of

eddy-induced turbulence. Details of these parametrization

are described in Madec (2008). Values for some key

parameters used in EC-Earth are listed in Table 1, and a

complete list can be found at http://ecearth.knmi.nl/index.

php?n=PmWiki.Pre-IndustrialControlRun under ‘‘namelists’’.

The configuration of NEMO is very flexible, allowing

for mesh refinements in areas of interest. For EC-Earth the

ORCA1 configuration (see http://www.noc.soton.ac.uk/

nemo) is used. It has a basic resolution of 1� 9 1� with a

meridional refinement to 1/3� at the equator. The singu-

larity at the North Pole is avoided by use of a tripolar grid

with poles over land (Siberia, Canada, Antarctica). The

thickness of the 42 layers increases from 10 m in the upper

100–300 m at depth. The deepest layer has its centre at

5,350 m and reaches down to 5,500 m.

Figure 1 shows the model bathymetry. Regions where

the real ocean is deeper than the maximum model depth of

5500 m are marked red. The bathymetry was derived from

the ETOPO2 data set (see http://www.ngdc.noaa.gov/mgg/

fliers/01mgg04.html) with additions from other sources

near Antarctica. Some manual adjustments had to be made

to ensure the presence of narrow sills. For details see the

ORCA1 web site at http://www.noc.soton.ac.uk/nemo. In

Fig. 1a the bathymetry is plotted on the ORCA1 model grid

together with the geographical latitudes and longitudes.

The two poles and the grid refinement near the equator are

clearly visible. Figure 1b shows the same field in geo-

graphical latitude/longitude coordinates.

2.4 LIM, the sea-ice component of EC-Earth

The LIM sea ice model (Fichefet and Morales Maqueda

1997; Bouillon et al. 2009) is part of the NEMO

distribution. It uses the same grid as the ocean model. Of

the two versions that are available the one-layer LIM2

version is used in the current version of EC-Earth.

Mechanically, it models sea ice as a two-dimensional (i.e.,

one layer) viscous-plastic continuum that transmits stresses

between the ocean and the atmosphere. Thermodynami-

cally, it consists of two layers, an ice layer with a snow

layer on top of it. Subgrid-scale parametrizations account

for heat storage, heat conduction, snow-ice transformation,

non-uniform snow and ice distributions, and albedo. The

full model description can be found in Fichefet and Mor-

ales Maqueda (1997), and a complete list of parameter

values used in EC-Earth can be found at http://ecearth.

knmi.nl/index.php?n=PmWiki.Pre-IndustrialControlRun

under ‘‘namelist_ice’’.

2.5 The coupling strategy

The coupling software OASIS3 (Valcke 2006) is used to

couple IFS to NEMO/LIM. OASIS3 synchronizes the two

models and interpolates fields between the respective grids.

Both IFS and NEMO employ a time step of 1 h, while a time

step of 3 h is used for LIM. Therefore, coupling is also done

every 3 h, and exchanged fields are held constant for the time

steps between coupling. From NEMO/LIM sea ice concen-

tration, thickness of snow on sea ice, ice albedo and surface

temperature (sea, ice) are passed to IFS, while fluxes of heat,

freshwater and momentum are passed the other way.

In IFS eight different surface types (tiles) are distin-

guished within one grid box, and accordingly eight dif-

ferent fluxes are calculated. To conserve fluxes during

interpolation from the atmosphere to the ocean grid, not the

fluxes, but the tile-fraction weighted fluxes, together with

the tile fractions themselves, are passed to the ocean and

recombined to give fluxes on the ocean grid. Details of this

procedure are given in Appendix A.

3 Evaluation of the mean ocean state and its variability

3.1 Runs

In this section we present long-term means of some key oceanic

variables as simulated by EC-Earth and compare them with

available observations to assess the performance of the model.

The results are from a run performed under present-day (PD)

forcing, meaning greenhouse-gas (GHG) and aerosol concen-

trations representative for the year 2000. Where appropriate,

we also show differences of the PD run with results from a run

performed under pre-industrial (PI) conditions, i.e., GHG and

aerosol concentrations representative for 1850.

The ocean initial conditions for both the PD and the PI

runs were taken from a coupled spin-up run performed

Table 1 Values of some key parameters as used in EC-Earth

Parameter Value Unit

Time step 3,600 s

Horizontal eddy diffusivity 103 m2/s

Horizontal eddy induced velocity coefficient 103 m2/s

Horizontal eddy viscosity 104 m2/s

Vertical eddy diffusivity 10-5 m2/s

Vertical eddy viscosity 10-4 m2/s

Coef. of the surface input of TKE (ebb)

(TKE input = ebb |s|/q)

60 –
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under present-day conditions. During the first part of the

spin-up run the model version was not yet frozen and some

improvements in the coupling were introduced. For the PD

run the atmosphere was initialized with data from ERA-

interim of 1st January, 2000. The PD run was run for

440 years, and the PI run for 600 years. Unless otherwise

stated, we here use data from the last 100 years of the runs.

In Sect. 4 we additionally show one result from another

run performed under PI forcing, but starting from different

initial conditions. We do so because this run exhibits an

interesting cold event in the North Atlantic area that lasts

for about 100 years. This cold event will be fully described

in a paper by Gleeson et al. (in preparation).

3.2 Ocean temperature and salinity

The runs are too short to have reached stationarity. Fig-

ure 2 shows the linear trends of temperature and salinity

as calculated over the last 264 years of the PD run for

two different depth ranges as well as for the section along

30�W in the Atlantic Ocean. The upper 500 m show a

general warming with some isolated areas of cooling (Fig.

2a) and a strong freshening (Fig. 2b). The deeper layers

(Fig. 2c, d) exhibit a general warming and salinification,

which is largest around Antarctica. In the Atlantic Ocean

the trends are different. Cool and fresh water enters the

deep Atlantic between 40�N and 60�N and flows south-

ward (Fig. 2e, f). Below &4,000 m, Antarctic Bottom

Water spreads northward, but it is too warm and too

saline.

Figure 3 shows the long-term annual means of sea sur-

face temperature and salinity (SST and SSS, respectively)

from present-day run PD, along with their deviation from

observations (World Ocean Atlas 2009: Antonov et al.

2010; Locarnini et al. 2010) and from the pre-industrial run

PI. While both SST and SSS look realistic (upper row), a

(a)

(b)

Fig. 1 Model ocean depth (in

m) on a the model grid (T

points) and b in geographical

coordinates. In the red areas the

actual ocean depth is deeper

than the maximum model depth

of 5,500 m. In a the

geographical latitude/longitude

grid is overlayed in black, and

in b black contours are added

every km for reference
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comparison with observations (middle row) reveals sys-

tematic biases.

Most areas equatorward of 40� are too cold, with the

exception of the upwelling areas at the eastern boundaries.

Both features are common to current climate models (e.g.,

Randall et al. 2007, their Fig. 8.2). The warm bias at the

eastern boundaries is caused by too much solar radiation

(see Sect. 3.4.1). With a cold bias of much less than 1 K,

EC-Earth is among the warmest climate models. Poleward

of 40�, SST is mainly too warm, with the bias reaching 5 K

in the Southern Ocean (SO). While a warm bias in the SO

is also a common feature in climate models (Randall et al.

2007, their Fig. 8.8), the magnitude found in EC-Earth is

clearly exceptional. We investigate this bias in more detail

in Sect. 3.3. The SST biases in the Kuroshio and Gulf

Stream (GS) regions indicate a wrong position of these

currents. They leave the coast too far to the north and are

oriented too zonally (see Figure 14 in Sect. 3.6 below).

Furthermore, they are too broad, smearing out their warm

waters meridionally. This behaviour is characteristic for

non-eddy resolving models.

The distribution of SSS bias shows a different pattern. In

most regions the surface ocean is too fresh, while the

Arctic Ocean is much too salty. The latter is probably a

sampling effect: SSS measurements are only done during

summer, when the Arctic is covered by a thin layer of fresh

melt water. The banded structure of the SSS bias suggests a

meridional shift of the main climate zones, but no direct

(a) (b)

(c) (d)

(e) (f)

Fig. 2 Linear trends of temperature (left) and salinity (right),
averaged over the upper 500 m (upper row), averaged over depths

below 500 m (middle row), and along 30�W ind the Atlantic Ocean

(lower row). The trends are calculated over the last 264 years of the

PD run and expressed in K/century (temperature) and psu/century

(salinity). Ocean areas shallower than 500 m are left white in c and d
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correspondence with shifts in wind or wind stress curl is

evident (not shown).

Under pre-industrial forcing conditions (Fig. 3, lower

row) SST drops more or less uniformly by &0.8 K, and

SSS increases. In both difference fields a banded structure

in the SO suggests a meridional shift of the subpolar front.

Again this shift cannot be directly linked to a corre-

sponding shift of the belt of westerlies as neither zonal

wind stress nor wind stress curl exhibit a clear meridional

shift (not shown).

Figure 4 shows temperature and salinity along the

section 30�W in the Atlantic Ocean. Temperature and

salinity look realistic again (upper row), with warm and

salty water entering the interior ocean in the north and a

tongue of fresh Antarctic Intermediate Water (AAIW)

entering in the south. However, the comparison with

WOA09 (middle row) suggests that the region in which

the warm and salty water enters the interior in the north is

positioned too far to the south, leading to a zone of too

warm and salty water extending from the surface at

&40�N to a depth of 1,500 m at 40�S, the southern end

of the Atlantic Ocean. To the north of and below this

warm and salty water we see a tongue of too cold and

fresh water, and even further to the north again too warm

(f)(e)

(c) (d)

(b)(a)

Fig. 3 SST (left; K) and SSS (right; psu). Upper row long-term

annual mean (model years 2326–2425) from the PD run. Middle row
difference with the WOA09 climatology. This climatology contains

annual values, meaning that in the Arctic it is biased towards summer,

when measurements are made. This may explain the large SSS bias in

the Arctic. Bottom row difference between PI (years 1680–1779) and

PD (years 2,326–2,425)
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and salty water. Comparison with the differences at the

surface (Figure 3, middle row) reveals that the subsurface

structure is the downward extension of a meridional shift

of surface SST/SSS. Too warm and too salty water

around 60�N and too cold and fresh water at 45�N indi-

cate a southward shift of the main convection sites (see

below). The comparison with the pre-industrial run (Fig.

4, lower row) shows a cooling and freshening along the

same pathway where the present-day run is too warm and

salty. The cooler and fresher surface water at &40�N

(Fig. 3, lower row) in PI is entering the interior along

more or less the same pathway as does the warm and

salty water in PD. Thus to a first approximation this

pathway is independent of the background climate. The

difference pattern also suggests a too shallow return

branch of the meridional overturning circulation (MOC)

in the model (see Sect. 3.7).

Figures 5 and 6 give some more insight into the vertical

structure of the model ocean. A tongue of too warm and too

saline water is seen to move southward and gain depth in

the Atlantic Ocean. This water apparently originates from

the outflow of the Mediterranean Sea and produces the

large southward-descending structure that we saw in the

middle panels of Fig. 4. This suggests Mediterranean out-

flow water to be the source of the bias. It may be too warm

and salty, not mix enough with the surrounding water in the

Atlantic, or the outflow may be too strong. In Sect. 3.6 we

show that the latter is the case.

At all levels the water close to Antarctica is too warm

and too saline. Below 1,000 m the temperature bias (Fig. 5)

(a) (b)

(d)(c)

(e) (f)

Fig. 4 As Fig. 3, but for a vertical section along 30�W in the Atlantic Ocean
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becomes smaller away from Antarctica and changes sign to

become negative in the interior of the basins. This negative

bias is largest in the Pacific. The salinity bias (Fig. 6) has a

different pattern. At greater depths it is nearly everywhere

positive and has a maximum roughly along the northern

edge of the ACC. The pattern at 1,500 m depth even

suggests that the too salty Mediterranean outflow finds its

way into the Southern Ocean. At this depth it reaches the

northern edge of the ACC near 40�S (Fig. 6), from where

the area of maximum bias extends eastward into the Indian

Ocean, closely following the path of the model ACC (not

shown).

A good indicator for the strength of convection is the

mixed layer depth (MLD) (Fig. 7a). EC-Earth simulates the

deepest mixed layer (ML) south of Greenland and south of

Svalbard in the Greenland Sea. In both areas, mean mod-

elled MLD exceeds 1 km, with individual years reaching

2 km (not shown). This compares well with existing

observations (e.g., Lavender et al. 2002, Wadhams et al.

2004, Morawitz et al. 1996). However, compared to

observations the deep convection regions in the model are

slightly shifted to the southeast in the Labrador Sea, and to

the north in the Greenland Sea. The shift in the Labrador

Sea may be related to the sea ice, which extends too far

south (see Sect. 3.5). As Fig. 7a shows, a deep ML cor-

responds to a positive SST error. This correspondence is

confirmed by Fig. 7b, which shows that deeper MLs in the

PI run tend to correspond with warmer SSTs.

Fig. 5 Difference (in K) between modelled temperature (PD run) and the WOA09 climatology at different depths as indicated on the plots.

Model values have been averaged over 100 years (2326–2425)
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3.3 SST bias in the Southern Ocean

As shown in Fig. 3c, modelled SST in the SO is much too

high. Inspection of the atmospheric circulation (not shown)

does not reveal large errors in the atmosphere, suggesting

an oceanic origin of the error. This suspicion is backed by

the fact that during the stand-alone spin-up of the ocean

model the diagnosed heat flux is anomalously cooling this

area (not shown). On the other hand solar heat flux into the

SO is consistently too high (see Fig. 10h below). This

excess heating is largely, but not completely, compensated

by too large a cooling by the SST-dependent fluxes of

latent and sensible heat and longwave radiation (see Figs. 9

and 10b, d, f, j). In a way the coupled model recognizes the

fact that SST is too high and tries to compensate by

excessive cooling.

Fig. 4c shows that in the SO the largest temperature

error is confined to an area close to the surface. This sug-

gests incoming heat from the atmosphere not penetrating

deep enough, or, in other words, a too shallow mixed layer.

This is confirmed by Fig. 8, which shows a comparison

between MLD derived by Dong et al. (2008) from 5 years

of Argo float data, and model data. While the geographical

pattern of MLD is well captured by the model, its magni-

tude is severely underestimated. This is true for both sea-

sons. The underestimation of MLD occurs despite the fact

that the wind stress is overestimated in the SO (see Fig. 10l,

n below). Excess wind stress should favour a deep ML.

Fig. 6 As Fig. 5, but for salinity (in psu). Note the change in plotted range at the two lowest levels
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Recently, Huang et al. (2011) identified wave-turbulence

interaction (Langmuir circulation inducing turbulence) as a

main mechanism lacking in TKE-type ML models. This

mechanism and some other improvements in the TKE

scheme have been introduced into NEMO version 3, which

will be used in the next EC-Earth version (v3, see Sect. 6).

First results, both from ocean-only and from coupled

integrations, show an improvement in modelled SSTs (not

shown).

The comparison in Fig. 8 needs one word of caution.

Dong et al. (2008) provide four different estimates of

MLD. The one displayed in Fig. 8 is based on a 0.03 kg/m2

density difference, while the model uses a difference of

only 0.01 kg/m2 to diagnose MLD. However, the model

also provides for a measure of MLD directly obtained from

the TKE scheme, and both measures do not differ by more

than a few tens of metres. On the other hand, the other

three estimates obtained by Dong et al. (2008), although

different, are all much deeper than any of the two model-

based estimates. So while the actual numbers in Fig. 8

might not be directly comparable, modelled MLD is cer-

tainly too small.

3.4 Surface heat fluxes

In this section we focus on air-sea fluxes of heat and

momentum (i.e., wind stress). All components of these

(a)

(b)

Fig. 7 a Climatological March MLD (m) in PD (colors), with March

SST error (model—ERA-40; CI = 0.5 K, negative dashed) superim-

posed. b Difference in climatological March MLD (m) between PI

and PD. Superimposed is the corresponding SST difference

(CI = 0.5 K)

Fig. 8 MLD (in m) in the SO in March (upper row) and September (lower row) from the climatology of Dong et al. (2008) (left) and from PD

run (right). Note the different color bars for March and September
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fluxes are computed by IFS using NEMO prognostic SST

and transmitted back to NEMO, which uses them as surface

boundary conditions for the vertical continuity of

momentum, heat, and salt. To asses the ‘‘realism’’ of these

surface fluxes, we compare heat fluxes and evaporation to

their counterparts from the so-called NOC1.1a adjusted

climatology (Grist and Josey 2003). Wind stress is com-

pared to both the Scatterometer Climatology of Ocean

Winds (SCOW; Risien and Chelton 2008) and the ERA-

interim reanalysis (Simmons et al. 2007). We use the

convention that positive fluxes are directed downward, i.e.,

entering the ocean.

3.4.1 Net heat flux and evaporation

The solar radiation (shortwave) differs from the other three

components of the net heat flux in that it is penetrative and

does not depend on the SST. On a zonal average basis,

when compared to NOC1.1a (Fig. 9), EC-Earth signifi-

cantly overestimates the input of solar radiation, especially

at extra-tropical latitudes of both hemispheres (about

?25 W/m2 for SH and ?20 W/m2 for NH) and at the

equator (?20 W/m2).

The excess of solar radiation in the southern hemisphere

(SH) is uniformly ‘‘spread’’ south of 40�S (Fig. 10h). This

contributes to the excess of net heat flux input under these

latitudes as shown by Fig. 9 (black curve), which, in turn, is

likely contributing to the warm southern bias discussed in

Sect. 3.3.

Between 15� and 45� in both hemispheres, the excess of

solar radiation is particularly pronounced over eastern

boundary regions with values locally exceeding 70 W/m2.

This last feature is due to a poor representation of low-level

stratus and stratocumulus clouds in the regions of

subsidence of the Walker cell. This is a general feature of

atmosphere models and has been described for IFS by

Gibson et al. (1997). Interestingly, these regions also cor-

respond to regions of pronounced warm biases as seen in

Fig. 3c.

Globally, heat loss linked to the thermal (longwave)

radiation is slightly overestimated by EC-Earth (Fig. 9).

Figure 10j suggests that the disagreement with observa-

tions is more pronounced in the same eastern boundary

regions that are affected by the excessive solar input. As

these regions are too warm, they emit too much longwave

radiation. At the same time the cloud cover is too low,

reducing the downwelling longwave radiation. Both

mechanisms work in the same direction and lead to an

overestimation of the heat loss due to the longwave

radiation.

Evaporation/latent heat flux is of primary importance

since it stands as the major heat loss contributor (Fig. 9) for

the ocean and impacts both the heat and freshwater budget

of the ocean. Figure 9 shows that the zonally-averaged

latent heat flux in EC-Earth is in a rather good agreement

with NOCS1.1a estimates except at the equator and in the

northern tropical band (0 to 20�N), where the associated

heat loss is underestimated by about 10 W/m2. Differences

to the climatology shown in Fig. 10d suggest that this lack

of evaporation, while affecting all three main oceans, is

more pronounced in the central and eastern Pacific. In the

North Atlantic, evaporation is underestimated along the

whole path of the North Atlantic Current (NAC), where it

corresponds to an excess of heat input in the order of

?80 W/m2. Interestingly, the opposite feature is observed

in the northern Pacific in the Kuroshio region, where an

excess of evaporation locally induces a heat loss anomaly

of about -80 W/m2. The same Kuroshio region is also

subject to a remarkably high anomaly of sensible heat loss

of about -50 W/m2 (Fig. 10f). The biases in heat flux

reflect the SST biases found in the same areas (Fig. 3c) and,

like those, have their origin in a wrong position of the

Kuroshio and GS (Sect. 3.6). Note that these two ‘‘western

boundary particularities’’ have a direct impact on net heat

flux (Fig. 10b), but cancel each other in the zonal average

(Fig. 9).

The zonal averages of each heat flux component (Fig. 9)

reveal that the excess of solar radiation is partly balanced

by the excess of both thermal radiation and sensible heat

flux. The whole SO suffers from an excessive input of heat

directly attributable to the excessive solar radiation.

Another problematic region is the eastern equatorial Pacific

where both excessive solar radiation and insufficient

evaporation yield an excess heat flux of the order of 50 W/

m2 (Fig. 10b). This is even visible in the zonally averaged

net heat flux, which shows an anomaly of roughly ?20 W/

m2 at the equator. The most problematic region of the
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northern hemisphere (NH) in terms of net heat flux is the

mid-latitude central Atlantic Ocean, where heat and

freshwater losses are significantly underestimated along the

whole path of the NAC. This is a direct consequence of the

wrong position of this current.

3.4.2 Wind stress

Globally, the wind stress from EC-Earth is in rather good

agreement with both the SCOW and the ERA-interim cli-

matologies. Large differences only occur in the ACC

(Antarctic Circumpolar Current) region, where the model

significantly overestimates the zonal stress with respect to

SCOW (see Figs. 10l, n, 11), but underestimates it com-

pared to ERA-interim (Fig. 11). Both SCOW and ERA-

interim are modern, state of the art products. That they

bracket the values simulated by EC-Earth shows that the

model is compatible with our present knowledge about the

wind stress in the SO. Fig. 10l shows that the regions of

excessive wind stress are mainly located in the southern

Atlantic and Pacific. They are particularly pronounced

south-east of both South America and Australia. This

suggests that the intensity of the wind stress cannot be

blamed for the weak ACC strength (see Sect. 3.6).

To a smaller extent, mid-to-high latitudes of the NH also

suffer from an overestimation of the zonal wind-stress,

particularly in the northern Pacific. The stronger wind-
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Fig. 12 Sea ice thickness (in

m) averaged over 100 years of

PD run. a, b Arctic ice thickness

in March and September, c,

d Antarctic ice thickness in

March and September. Note that

the size of the intervals changes

at 1 m

Fig. 10 Left time average (1980–2005) of each surface flux compo-

nent as computed by EC-Earth (PD run). Right corresponding

differences to the relevant climatology (EC-Earth—climatology).

Positive fluxes are directed downward into the ocean

b
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driven circulation in the northern Pacific could lead to the

enhancement of the Kuroshio current which could partly

explain the excessive turbulent heat loss found on the

Kuroshio path (see 10d, f).

3.5 Sea ice

As an interface between ocean and atmosphere, sea ice

controls most of the heat, momentum and fresh water

transfers in sea ice covered regions, The ice effectively

reflects the incoming solar radiation, but acts almost as a

perfect black body radiator for the outgoing terrestrial

radiation. Melting and freezing processes of sea ice and its

export through Fram Strait affect the freshwater balance of

the Arctic Ocean. The large and strongly varying export of

sea ice through Fram Strait has an important impact on the

deep water formation in the North Atlantic Ocean (e.g.,

Dickson et al. 1988; Haak et al. 2003; Koenigk et al.

2006). As shown in Sect. 3.7, EC-Earth shows a similar

impact of Fram Strait sea ice export on convection and thus

deep water formation.

Figure 12 shows the mean sea ice thickness in the Arctic

and Antarctic in March and September in PD. The ice

thickness distribution in the Arctic fits well to available

observations and estimates but is overestimated at the

Siberian coast. Due to missing comprehensive data, we rely

here on the established view of recent climate ice thick-

ness, based on various observations and analysis methods

(e.g., Belchansky et al. 2008; Rothrock et al. 2003). The

ice in EC-Earth is thickest north of Greenland and the

Canadian Archipelago with up to 5 m in late winter. In

the Central Arctic, ice thickness varies between 2 and 3 m.

The seasonal cycle of ice thickness in the Central Arctic

and the Beaufort Gyre is relatively small. The ice in late

summer/early autumn is less than a meter thinner than in

late winter/early spring.

The ice extent is comparably well simulated with for

instance a partly ice-free Barents Sea during winter. In

winter the ice extends slightly too far south and east along

the east coast of Greenland and too far south in the Lab-

rador Sea. The summer sea ice extent in the European

Arctic sector fits well to satellite observations, but too

much ice is left at the Siberian coast. Here, the ice is too

thick both in summer and winter, which is a common

problem of coupled climate models (e.g., DeWeaver and

Bitz 2006; Goosse et al. 2002; Koenigk et al. 2006).

In the Antarctic, sea ice thickness seems to be generally

slightly underestimated, and ice extent is underestimated in

the SH summer. This is probably mainly due to the warm

bias in the ocean around Antarctica (Sect. 3.2).

The annual cycles of ice extent and ice volume in both

hemispheres are shown in Fig. 13a, b. The annual cycle of

the Arctic ice extent is well simulated in EC-Earth

compared to satellite observations (Cavalieri et al. 2008).

The ice extent is slightly overestimated during summer due

to too much ice at the Siberian coast (Table 2).

Sea ice extent in the Antarctic in EC-Earth fits well to

observations at the end of the SH winter, but underesti-

mates the sea ice minimum in February by almost 2 million

km2. Minimum and maximum occur in the same months as

in observations, but the annual cycle is too pronounced.
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1e+13

2e+13

ice extent NH
ice extent SH
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Fig. 13 Sea ice characteristics obtained from 100 years of the PD

run. Northern and Southern Hemisphere mean annual cycles of a ice

extent (m2) and b ice volume (m3). c Time series of Northern

Hemisphere ice extent (m2) in March and September, and d annual

mean Fram Strait ice export (m3/s)

Table 2 Arctic Sea ice extent and standard deviation (in 106 km2) in

EC-Earth PD and satellite observations (Cavalieri et al. 2008)

PD model Observations

2340–2439 1995–2005 1978–2009

Extent

(min/

max)

March 15.1 (14.4/15.8) 15.0 (14.8/15.3) 15.2 (14.5/15.9)

September 6.7 (5.3/7.9) 6.3 (5.6/7.7) 6.5 (4.3/7.7)

SD March 0.29 0.18 0.32

September 0.57 0.37 0.82

2644 A. Sterl et al.: A look at the ocean in the EC-Earth climate model

123



The maximum of Arctic sea ice volume peaks 1–2

months later than the ice extent. While sea ice already

melts at the ice edges, it still grows in the Central Arctic.

Between June and August, ice volume rapidly decreases,

and its minimum occurs simultaneously with that of the

extent in September. Thereafter, ice volume grows almost

linearly until April. Average maximum and minimum

Arctic ice volumes are 25,600 and 12,500 km3, respec-

tively. This compares well with estimates of Belchansky

et al. (2008) of about 22,000 and 12,000 km3.

Sea ice volume in the SH varies between 870 km3 in

February and 8500 km3 in September in EC-Earth. Sea ice

volume estimates based on observations for the Antarctic

are even more uncertain than for the Arctic. However, we

can estimate sea ice volume based on ice thickness and ice

concentration observations by Worby et al. (2008) to about

1,600 km3 and 11,000 km3 in summer and winter,

respectively.

Figure 13c and Table 2 show interannual variations of

Arctic sea ice extent. Modelled variability appears to be

within the range of observational estimates.

The Fram Strait sea ice export shows a high interannual

variability (Fig. 13d) with annual mean values between

20,000 m3/s and 130,000 m3/s. The mean value is

75,500 m3/s. This is in very good agreement with obser-

vational estimates of for instance Vinje (2001) and Kwok

et al. (2004), who found values of 92,000 m3/s and

70,000 m3/s, respectively.

3.6 Major ocean current systems and transports

through straits

We assess the ability of EC-Earth to reproduce the major

ocean circulation patterns. Figure 14 shows the mean

current pattern at 25 m depth (model level 3) for January

and July. Generally, the highest values are found in the

(a)

(b)

Fig. 14 Climatology of

modelled ocean currents (in

m/s) at 25 m depth for January

and July. Colors denote the

magnitude as derived from

monthly-mean u and v

components. Note the break in

the color scale at 0.1 m/s. The

arrows have unit length and

denote the direction only
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equatorial regions. The equatorial Atlantic is dominated by

the westward flowing Southern Equatorial Current and its

continuation, the North Brazil Current. This current system

is present throughout the year, but strongest during boreal

summer. North of this, we find the weaker Equatorial

Counter Current, which is present in boreal summer only.

These two currents reach down to about 100 m. The North

Equatorial Current is hardly present in EC-Earth.

In the Equatorial Pacific we have a more cleancut

equatorial current system, with westward flowing North-

ern and Southern Equatorial currents (the southern being

the strongest) and in between them the east flowing

Equatorial Counter Current. The whole current system is

persistent throughout the year, but modified during El

Niño/La Niña events (see Sect. 3.9). Also the Indian

Ocean has an equatorial current system, which is modified

by monsoon-driven currents due to the proximity of the

Asian continent.

In all three ocean basins the equatorial current systems

display a clear annual cycle. For instance, the currents

reverse direction in the area of the North Brazil Current and

along the Somalian coast and around the Indian subconti-

nent between January and July, and the convergence areas

between the equatorial currents and the subtropical gyres

move northward during the same time.

Poleward of the equatorial current systems, EC-Earth

reproduces the subtropical gyre circulations in the Northern

and Southern Atlantic, the Northern and Southern Pacific

and in the Indian Ocean. We see westward intensification,

which causes well-known currents like the GS and Kuro-

shio currents reaching down to a depth of a few 100 m, and

we see the broader and slower return flows. The positions

of the GS and Kuroshio are not correct, as already men-

tioned in Sect. 3.2. They follow the coast northward and do

not leave it near Cape Hatteras (GS) or west of Kyushu

island (Kuroshio). In the Atlantic this causes the southward

flowing Labrador Current to deflect eastward at the latitude

of Newfoundland instead of following the coast southward,

leading to the cold SST bias around 40�W, 45�N (Fig. 3c).

The Kuroshio only turns eastward as far north as Hokkaido

island, leading to too warm SST in the northern North

Pacific (Fig. 3c).

The subtropical gyre circulations are persistent

throughout the year without much seasonal variation. In the

Atlantic, we find further north the Subpolar and Polar gy-

res, respectively south and east of Greenland. The Subpolar

Gyre does not reach far enough south (see above). In the

SO we have the ACC at &60�S, representing a connection

between the world oceans and therefore an important part

of the global thermohaline circulation.

Having shown that the EC-Earth model is able to

reproduce the main features of the global circulation in a

qualitative sense, we now turn to a more quantitative

evaluation by comparing observation-based and modelled

estimates of the mass transports at selected cross sections.

In Table 3 we compare mean values from the PD and PI

runs with observational estimates.

Drake Passage, between the southern tip of South

America and Antarctica, is the best monitored section of

the ACC. The modelled volume transport is slightly above

100 Sv in PI and nearly 110 Sv in PD. The annual cycle

has an amplitude of &5 Sv, with higher values in austral

winter than during summer. Estimates based on observa-

tions are around 134 Sv, but with a large uncertainty of up

to 27 Sv (Cunningham et al. 2003). Thus the modelled

estimate is quite low, but not necessarily unrealistic.

This underestimation is surprising as a relatively coarse-

resolution model like our present ORCA1 configuration

(1� 9 1�) should overestimate the ACC strength due to a

too weak form drag (eddies induced by bathymetry, Gna-

nadesikan and Hallberg 2000) when driven with realistic

wind stress. As we saw in Sect. 3.4.2, the modelled wind

stress in the SO is compatible with our current knowledge

and even is too high when we compare with the SCOW

Table 3 Estimated volume

transports (in Sv) for runs PI,

PD, and from observations.

NAC denotes a section through

the North Atlantic Current at

35�W, meridionally extending

from 37�N to 53�N. The PI and

PD values are averages over the

last 100 years, except for

AMOC, which is averaged over

the last 250 years of the

respective run

Section PI PD Observation Reference

Drake Passage Annual 103 109 134 Cunningham et al. (2003)

Indonesian Jan 7.2 7

Throughflow Jul 20.2 16

Annual 13.3 12.6 15 Sprintall et al. (2009)

Florida Strait Annual 19.4 19.5 25 Hamilton et al. (2005)

Bering Strait Annual 1.3 1.5 0.8-1 Woodgate et al. (2006)

Strait of Gibraltar Inflow 1.77 1.78 0.78 Tsimplis and Bryden (2000)

Outflow 1.73 1.74 0.67

NAC Annual 40.8 44.5 51 Yaremchuk et al. (2001)

AMOC (30�N) March 14.2 11.8 &14 Kanzow et al. (2010)

Jul 19.4 16.3 &21

Annual 16.5 14.5 18.7 ± 2.1
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climatology. Too high a wind stress would lead to an even

higher ACC strength.

Barnier et al. (2007) performed a series of ocean-only

integrations using NEMO in the high-resolution (1/4�)

ORCA025 configuration. They find Drake Passage trans-

ports varying between 115 and 155 Sv. However, the last

value was obtained from a run in which the density

structure (T and S) in the polar areas was restored to

observations. This points to the density structure in the SO

having an important impact on Drake Passage transport,

and Figs. 4, 5 and 6 confirm that NEMO has problems in

maintaining a realistic density structure there.

The Indonesian Throughflow between Australia and

Java is well-monitored and also an important part of the

global thermohaline circulation. The modelled estimate is

around 13 Sv with a large annual cycle of around 7 Sv in

January and around 19 Sv in August. A recent observation-

based estimate is around 15 Sv (Sprintall et al. 2009) with

a very asymmetric annual cycle (maximum in July, mini-

mum in October) of ±3 Sv and an uncertainty of ±4 Sv.

Another important strait is Bering Strait, through which

relative fresh water from the North Pacific enters the Arctic

and ultimately the North Atlantic. This fresh water transport

partly compensates the loss of fresh water from the Atlantic

through atmospheric transport into the Pacific. The obser-

vation-based estimate for Bering Strait transport is

0.8–1.0 Sv, which is much lower than the modeled 1.5 Sv.

The reason for this overestimation probably is the coarse

resolution. In the model Bering Strait is two grid boxes or

113 km wide, while the true width is only 85 km. Further-

more, it is not possible to resolve the topography with only

two grid boxes. This suggests that the model Bering Strait is

simply too large. However, this may not be the whole story.

Also at higher resolutions NEMO is known to produce too

high Bering Strait transports. For instance, an ocean-only run

using the ORCA025 configuration performed at KNMI (run

KNM01 of Barnier et al. 2007) gives a northward transport

of 1.33 Sv. This is less than in the EC-Earth runs discussed

here, but still much larger than observed.

The same problem occurs at another narrow strait,

namely the Strait of Gibraltar. Although only one grid

point wide, it has a width of 90 km in the model, compared

to only 15 km in reality. As a result modelled in and out-

flow (1.78 and 1.74 Sv, respectively) are both more than

twice as large as the observation-based estimates of

respectively 0.78 and 0.67 Sv (Tsimplis, Bryden 2000). As

a result too much saline water is flowing from the Medi-

terranean Sea into the Atlantic, resulting in a positive

salinity anomaly that is visible throughout the whole

Atlantic Ocean (see Sect. 3.2, Figs. 4, 6). For this strait the

high-resolution KNM01 run gives in- and outflows of about

1 Sv, which is much closer to the observed values, but still

too high.

We finally present two estimates for the strength of the

GS–North Atlantic Current. The first is for a N–S section

from the Florida Keys to Cuba, for which the modelled

value is around 19 Sv without any seasonal variation, while

a recent estimate based on cable measurements (Hamilton

et al. 2005) yields 25 Sv. The second is for a N–S section

through the North Atlantic Current at 35�W and between

37�N and 53�N. This averages to 40 Sv with a small annual

cycle, substantially lower than the observational-based

estimates given in Yaremchuk et al. (2001) of 51 Sv with

quite large an annual cycle.

Modelled and observed transport values are summarized

in Table 3. The general impression from this table is that

EC-Earth produces realistic values, although they are at the

lower end of the observed range. However, transports

through very narrow straits (Bering and Gibraltar) are

overestimated due to the limited resolution.

3.7 Atlantic overturning

An important part of the climate system is the meridional

overturning circulation in the Atlantic (AMOC) and its

associated heat transport. Figure 15a shows the simulated

overturning cell in PD. Most of the northern sinking takes

place south of 60�N. Observations point to maximum

sinking in the Labrador and Irminger Seas as well as north

of Iceland. It thus appears that sinking occurs too far to the

(a)

(b)

Fig. 15 a Atlantic overturning stream function (in Sv) from PD run.

b Its strength at 30�N (black April, red December, thick blue annual)
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south. The maximum of the overturning cell is at a depth of

about 800 m, which is too shallow when compared with the

observations of Kanzow et al. (2010), who find the maxi-

mum at &1,100 m. Both results corroborate findings dis-

cussed in Sect. 3.2, especially in conjunction with Fig. 4.

We evaluate the strength of the AMOC as the maximum

near 30�N of the vertical stream function zonally integrated

over the Atlantic (Fig. 15b). The latitude 30�N has been

chosen because this is the latitude where the AMOC has it

largest strength. The AMOC appears to fluctuate around a

mean value of &15 Sv with no long-term trend. This is

significantly lower than the estimate of 18.7 Sv of Kanzow

et al. (2010), based on four years of observations at 26.5�N,

but in agreement with both the northward transport of

thermocline water and the rate of deep water formation in

the North Atlantic. Based on the WOCE dataset both are

estimated to be between 14 and 16 Sv (Ganachaud,

Wunsch 2000). Kanzow et al. (2010) find quite a large

seasonal cycle in the strength of the AMOC with a peak-to-

peak amplitude of almost 7 Sv between spring and autumn.

The modelled variation is comparable with lowest values in

April of &11 Sv and maxima in December of &17 Sv.

Note that there is a large interannual variation in the

monthly values (see Fig. 15b).

Ocean-only versions of the NEMO model produce

AMOC strengths of a comparable size. Smith et al. (2010a,

b), using the ORCA1 configuration, report AMOC

strengths of 13–14 Sv and 12 Sv, respectively. While the

latter value is for 1 year only, the same value is reported by

Biastoch et al. (2008) for a longer period, also for the

ORCA1 configuration. For the ORCA025 configuration

Barnier et al. (2007) find between 12 and 17 Sv, depending

on the applied forcing. So EC-Earth produces a stronger

AMOC than comparable ocean-only runs. In the light of

the forcing dependency found by Barnier et al. (2007), this

might indicate that the forcing provided by the coupled

model is realistic.

From Table 3 we see that both the strength of the NAC

and that of the AMOC is stronger in PI than in PD, while

the transport through Florida Strait is the same. We can

only speculate about the reasons, but it might be that the

larger cooling in PI north-east of Iceland (see Fig. 3e)

creates more sinking, leading to a stronger MOC, while the

wind-driven flow through Florida Strait is not affected.

SST in the North Atlantic is known to vary on long

(multi-decadal) time scales (Atlantic Multidecadal Oscil-

lation, AMO). Model results show that these variations are

connected to changes in the strength of the Atlantic

Meridional Overturning Circulation (AMOC) (Vellinga

and Wu 2004; Cheng et al. 2004; Delworth and Greatbatch

2000; Jungclaus et al. 2005, and others). We investigate

whether similar variability is present in EC-Earth. From

Fig. 15b we see that the overturning strength exhibits

decadal variations with an amplitude of about 2 Sv, and

Fig. 16 shows that these variations are related to temper-

ature variations in large parts of northern Eurasia. A

stronger AMOC carries more heat to high latitudes where it

is released, heating the atmosphere. In the Southern

Hemisphere the signal is weak and predominantly negative

with some small peaks near the coast of Antarctica. This is

the characteristic signature of the AMO found in the model

studies cited above.

The AMOC also influences, and is influenced by, dec-

adal variations of sea ice conditions in parts of the Arctic.

Figure 17 shows that the correlation between 10-year

running mean values of the AMOC and sea ice thickness at

lag 0 is negative. This pattern of correlations is charac-

teristic for a range of lags, but the correlations peak at

different lags in different parts of the region. In the Barents

and Kara Seas the peak (highest negative correlation)

occurs when AMOC leads by about 2 years. The larger

than normal northward ocean heat transport during anom-

alously strong AMOC events leads to less sea ice. Along

the East Greenland Current and in the Labrador Sea the

Fig. 16 Correlation between

10-year running mean AMOC

strength and 2 m air

temperature in PD. Correlations

are only shown where they are

significant at the 95% level
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correlations peak when AMOC lags by a few years, indi-

cating a suppression of the AMOC following years of large

ice amounts in those regions.

A mechanism behind this relationship is suggested by

Fig. 18. It shows the difference in averaged mixed layer

depth between years following respectively high and low

ice export through Fram Strait. The correlations between

10-year running mean values of Fram Strait ice export and

MLD in the Labrador Sea peak at lag 2 with values

reaching up to -0.6. Another 5 years later, at lag 7, 10-year

running mean values of the AMOC are correlated with the

Fram Strait ice export at -0.5. Enhanced ice export

through Fram Strait leads to a freshening of the surface

layers, which inhibits deep convection, and reduced deep

convection reduces the strength of the AMOC. Model

simulations by Haak et al. (2003) and Häkkinen (1999)

strongly suggest that the so-called Great Salinity Anomaly

(GSA) in the early 1970s (Dickson et al. 1988) was a result

of extremely high Fram Strait ice exports during preceding

years. From a number of observations taken in the sub-

polar gyre during the GSA, Dickson et al. (1988) con-

cluded that it is very likely that the GSA had a substantial

impact on the deep water formation in the North Atlantic.

While 10-year running mean values of ice export and

AMOC and MLD are highly correlated, correlations of

annual mean Fram Strait ice export with MLD and AMOC

are much weaker, although still significant (not shown).

This indicates that only the low-frequency variability of

Fram Strait ice export has an effect on AMOC strength. It

needs several years of anomalous export to influence the

AMOC.

A more detailed investigation of the AMOC and its

variability can be found in the paper by Wouters et al.

(Clim. Dyn., submitted).

3.8 Meridional heat transport

For the climate system the ocean heat transport is very

important. The average meridional heat transport (MHT)

for the different ocean basins as a function of latitude for

the last 100 years of PD is shown in Fig. 19. The MHT for

each basin is compared with three observation-based esti-

mates in Table 4. Ganachaud and Wunsch (2000) (GW in

the following) obtained consistent estimates of volume and

heat transports at a number of WOCE-sections using

hydrographic inverse box models. Trenberth and Caron

(2001) (TC in the following) apply an alternative method.

They calculate the ocean heat convergence as the residual

Fig. 17 Correlation between 10-year running mean AMOC and sea

ice thickness in PD run

Fig. 18 Composite difference

map of the 10-year averaged

mixed layer depth field (in m)

for high Fram Strait sea ice

exports ([1 r) minus low ice

exports (\-1 r) in PD. The ice

export is leading by 2 years
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from combining the atmospheric heat convergence

obtained from reanalyses and the top-of-atmosphere radi-

ative balance from ERBE. The ocean heat convergence is

then integrated to get an estimate of the MHT. This inte-

gration requires a semi-enclosed basin and therefore works

for the Atlantic, but not for the Pacific and Indian Oceans

separately as they are connected by the non-negligible

Indonesian Throughflow. In the table we therefore give

only values for the combination of the two basins. As TC

use both the NCEP/NCAR and the ERA-40 reanalysis, they

obtain two estimates of the MHT.

As can be seen from Table 4 the meridional heat

transports as obtained from the PD run are generally

compatible with the observation-based estimates. It should

be noted that the latter display a large range between the

different estimates. In the North Atlantic simulated values

are at the lower end of the range of observation-based

estimates, while in the North Pacific they are at the higher

end. In the SH simulated values are in good agreement with

GW, but substantially lower than TC.

In agreement with GW a northward heat transport is

simulated in the South Pacific. A large part of this transport

is lost to the Indian Ocean via the Indonesian Throughflow,

for which GW give a value of 1.4 PW. This is in good

agreement with the simulated value which can be deduced

from the height of the spike near 5�S in the green (Pacific)

curve of Fig. 19 and the accompanying jump in the blue

(Indian) curve. The definition of the Pacific and Indian

basins is such that they are connected at 5�S across the

Indonesian Archipelago.

EC-Earth simulates a northward heat transport south of

40�S (Fig. 19) as a direct consequence of the positive air-

sea heat flux simulated in this region (Fig. 9). It is not

supported by TC, while GW do not have sections south of

30�S.

3.9 ENSO

EC-Earth exhibits the coupled atmosphere-ocean El Niño-

Southern Oscillation (ENSO) phenomenon. This is illus-

trated in Fig. 20 by the NINO-3.4 index (SST anomaly

averaged over 170�W–120�W, 5�S–5�N) calculated from

observations (Kaplan et al. 1998) over the recent ca.

150 years and from a 150 year segment from the late part

of the PD run.

Although the two records look qualitatively similar,

there are important differences. Defining an El Niño event

as an average winter anomaly of the NINO-3.4 index above

0.5�C (Trenberth 1997), there is an average time span of

5 years between El Niño events in the model, while it is

3.8 years in the observational record. For La Niña events

the time span is 3.9 years in the model and 3.7 years in

observations. Thus both El Niño and La Niña events of a

certain strength are less frequent in the model than in

observations. In other words, the modelled ENSO-episodes

are weaker than in observations. The modelled and

observed annual cycles of ENSO compare well (not

shown). Both have their maximum in January.

To assess the realism of the modelled SST-pattern for

ENSO, we compare modelled and observed SST compos-

ites (Fig. 21). Obviously the SST imprint of El Niño events

is qualitatively similar in observations and in EC-Earth.

However, the model signal is too much confined around the

equator and it is weaker than in the observations. This is in

agreement with our previous results. A similar conclusion

holds for the La Niña events (not shown).

The development of ENSO is illustrated in Fig. 22. It

shows how temperature anomalies are generated in the

warm pool region of the western equatorial Pacific and

travel along the thermocline to the east, where they surface

and can generate an ENSO (either El Niño or La Niña)

Fig. 19 Meridional ocean heat transport (in PW) as a function of

latitude (run PD) for different ocean basins as indicated in the plot.
The Pacific and Indian basins are connected via the Indonesian

Throughflow at 5�S. The accompanied heat transport is reflected by

the large negative spike in the Pacific transport and the associated

jump in the Indian transport at that latitude

Table 4 Estimated meridional heat transports (in PW, positive

northward) for run PD and from observation-based estimates

Basin PD GW TC-N TC-E

NAtl 1.0 20�N 1.3 25�N 1.2 20�N 0.9 20�N

SAtl 0.4 0.3-1 0.7 0.4

NPac 0.9 10�N 0.5 20�N 0.9 10�N 0.7 10�N

SPac 0.4 0.2-0.6

SInd -1.6 10�S -1.6

SInd?SPac -1.2 10�S -1.4 to

-1.0

-1.9 10�S -1.7 10�S

GW Ganachaud and Wunsch 2000, TC-N and TC-E Trenberth and Caron

(2001), based on NCEP/NCAR and ERA-40 reanalysis, respectively. Note that

the TC estimates are only meaningful for a semi-enclosed basin. Therefore,

only a combined value for the Pacific and Indian Oceans is given. If a clear

maximum exists we give the heat transport at the maximum, together with the

latitude. Otherwise, we give an approximate value valid for a range of latitudes
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event. However, not every anomaly arriving in the eastern

Pacific generates an event. Take for example the devel-

opment during year 2277. A warm anomaly starts in Jan-

uary and reaches the East in April. As it is not spreading

westward at the surface, it only raises the NINO3.4 index

to 0 (first panel of Fig. 22). The following cold anomaly

does spread at the surface (July and October) and drives the

NINO3.4 index back to -0.8. The following warm

anomaly is much stronger. It reaches the surface in April

2278 and drives the NINO3.4 index to ?0.4. About 1 year

later the index reaches a maximum of about 1.2, but this

large El Niño ends abruptly when the next cold anomaly

arrives by the end of 2279.

4 The cold event

Besides the two runs (PD and PI) discussed in this paper,

several other runs with EC-Earth have been performed.

They start from different initial conditions and employ

different forcings. In one of them, conducted by Met

Éireann, an interesting cold event occurred, which will

shortly be presented here. The run was initialized with

observed T and S fields (WOA 2001; Conkright et al.

2002) for the ocean and ERA-40 data from the 1st of

January, 1979 for the atmosphere and performed with pre-

industrial (1850) GHG and aerosol concentrations. Other

parameters were as in PI and PD. The simulation was run

for 1,125 years and the cold event begins to appear after

approximately 450 years. It evolves smoothly, albeit rap-

idly, suggesting that it is not an artifact caused by an

external error during the run. Its occurrence could not be

reproduced after a computer upgrade. It has to be regarded

as an example of the chaotic nature of the climate system.

The cold anomaly is most evident across an area from

the Barents Sea to the Greenland and Iceland Seas as far as

Baffin Bay. The sudden cooling is clearly evident in the

10 year running mean time series of the AMO index (SST

anomaly over the area 60�W to 5�W and 0�N to 60�N) as

shown in Fig. 23a as well as in the AMOC (Fig. 23b). Note

that the AMOC strength in this run gradually converges

from very high initial values to about 15 Sv, a value

comparable to those found for the PD and PI runs.

Remember that the initial conditions were taken from

observations rather than from a long spin-up run as for PD

and PI. The model needs some time to adjust to its apparent

intrinsic overturning strength of about 15 Sv. The cold

event is superimposed on this slow adjustment.

Fig. 20 NINO-3.4 index (average of SST anomalies over the region

170�E–120�E, 5�S–5�N) calculated from the PD run of EC-Earth

(upper) and from observations (lower)

Fig. 21 SST-composite map of El Niño events in EC-Earth run PD

(upper) and in observations (lower)
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A study of 50 year periods before (years 41–90), during

(years 461–510) and after (651–700) the cold event shows

that during the event the mean sea level pressure is lower

over western Europe, but higher over an area around

southern Greenland. This results in a stronger westerly

component of the 10m wind over western Europe (not

shown), a stronger northerly airflow over an area stretching

from Svalbard to Iceland and south Greenland, and more

southerly flow to the west of Greenland (Fig. 24).

The enhanced northerly airflow causes temperatures to

drop by up to 12 K and sea ice to grow (Fig. 25) south of

Greenland. Both effects probably reinforce each other. Due

to the enhanced sea ice cover, the anomalous southerly

winds west of Greenland (Fig. 24) do not lead to a warming

in this region. In all cases, the difference between the cold

event period and pre-cold event period are similar to those

for the cold event period and post-cold event period.

It should be noted that the temperature patterns shown in

the Fig. 25b and in Fig. 16 are similar, while their ampli-

tude is much larger (and of course negative) in the cold-

event case. This indicates that a stronger AMOC anomaly

Fig. 22 Evolution of ENSO events. The upper left panel shows

4 years of the NINO3.4 index (in K). The other panels are longitude-

depth sections at the equator in the Pacific, showing in steps of 3

months the evolution of temperature anomalies (color, in K) as they

travel from west to east along the thermocline (isolines climatological

temperature) across the equatorial Pacific. The labels denote month

and year

b

(b)

(a)

Fig. 23 Time series of a 10 year running mean of a the AMO index (SST anomaly over the area 60�W to 5�W and 0�N to 60�N, in K), and b the

AMOC strength (in Sv) at 30�N in the Met Éireann run

Fig. 24 Mean difference (in

m/s) between the v-component

of 10m wind for the cold event

period and pre-cold event

period. The months of

November to March were

included in the calculation
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leads to a stronger response in the atmosphere, but that this

response is confined to approximately the same region.

A full analysis of the cold event will be given in a paper

by Gleeson et al. (in preparation).

5 Summary and conclusion

EC-Earth is an Earth System Model developed by a con-

sortium of several European institutes. Using a numerical

weather prediction model (the Integrated Forecast System

of ECMWF) as its atmospheric component it tries to bridge

the gap between weather prediction and climate modelling

and make ‘‘seamless prediction’’ feasible. This paper

focuses on the evaluation of the ocean part of EC-Earth,

which is formed by the NEMO/LIM ice-ocean model. Both

the atmosphere and the ocean component have a horizontal

resolution of about 1�.

The mean state (temperature, salinity circulation, sea

ice) of the ocean is generally captured well in the coupled

model. At the surface the ocean is generally too fresh, and

SST biases vary between slightly too cold equatorward of

40� and too warm outside of this region. The warm bias can

be traced back to too much warming and too little mixing

in the Southern Ocean and too broad and wrongly posi-

tioned currents (Kuroshio and GS) in the Northern Hemi-

sphere. Additionally a warm bias is found in the upwelling

areas along the eastern margins of the ocean basins, where

too little cloud cover leads to excessive solar warming.

With the exception of the large positive SST bias in the SO

all biases are within the range experienced by climate

models of comparable complexity.

In the interior ocean the largest deviations from clima-

tological values occur in the Atlantic, which is too warm

and salty at depths between about 800 m at around 40�N

and up to 2,000 m in its southern part. The origin of this

anomaly is a Mediterranean outflow which, while having

realistic T and S values, is more than a factor of two too

strong. This is a direct effect of the limited model resolu-

tion, due to which the Strait of Gibraltar is 90 km wide as

compared to only 15 km in reality. The same resolution

problem leads to too high a transport through Bering Strait.

While transports through small straits are over-esti-

mated, the strength of the general circulation as for

instance measured by the transport through Drake Passage

or the strength of the Atlantic Meridional Overturning

Circulation (AMOC) appears to be at the lower end of

observational estimates. Despite this the simulated meri-

dional heat transports have realistic values.

While turbulent surface fluxes of heat and momentum

are in good agreement with climatologies, the solar flux

(shortwave radiation) is generally overestimated. This is

mainly due to cloud-related flaws in the atmosphere model,

particularly in the mid-latitude eastern boundary regions. In

general, this excess of heat input is rather well balanced by

an increase of non-solar heat losses.

In the Arctic, sea ice conditions are well simulated in

EC-Earth as compared to other global climate models.

Around Antarctica the amount of sea ice is underestimated

due to the too warm surrounding water masses.

While the Arctic sea ice extent is well simulated, the ice

thickness tends to be somewhat overestimated, particularly

at the Siberian coast. This is a typical feature of coupled

climate models. The Fram Strait sea ice export shows

realistic values both regarding the mean and inter-annual

variations. High sea ice exports cause reduced convection

particularly in the Labrador Sea and are thus potentially

affecting the AMOC. On the other hand, decadal AMOC

Fig. 25 Mean difference of a the sea ice cover (fraction) and b 2m-temperature (in K) between the cold event period and pre-cold event period.

The months of November to March were included in the calculation
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variations are strongly affecting the air temperature in the

North Atlantic area and the surrounding land masses and

induce sea ice variations in the Atlantic sector of the Arctic.

ENSO variability in the tropical Pacific, the largest

inter-annual climate signal, is well simulated by EC-Earth.

Its amplitude is slightly weaker than seen in observations,

and its pattern is too much confined to the Equator. These

are typical properties of current coupled climate models.

Overall the performance of the ocean part of EC-Earth is

comparable to that of other climate models with a similar

complexity. Work to improve the model is underway and

will lead to the next version of the model (see below). First

results indicate that identified weaknesses will be improved

upon in that version.

6 Outlook

Within the EC-Earth consortium, the development of EC-

Earth will be continued. Development of a new version 3 is

ongoing. Thereby we take advantage of the improvements

made in the components of EC-Earth.

For the atmosphere, an upgrade from IFS cycle 31r1 to

cycle 36r4 is planned for the coming EC-Earth version 3.

The two most distinct changes from version 2 to 3 are

the new shortwave radiation scheme (RRTM-SW) with

McICA cloud radiation interaction, and a new cloud

microphysics scheme with 5 prognostic species.

The new NEMO 3.3 version is used as the ocean com-

ponent. A number of physical and technical changes and

improvements have been made compared to the NEMO-

version used in EC-Earth v2.2 (based on NEMO2). These

include for instance a new improved TKE scheme, an

improved diurnal cycle, lateral mixing, a new way to

handle the atmospheric pressure and a new river input

scheme.

Atmospheric forced ocean stand-alone simulations show

that the new NEMO-version leads to an improvement in

the SST bias in the SO.

Another very important improvement is the use of the

new sea ice model LIM3 (Vancoppenolle et al. 2008)

instead of LIM2. Major changes in LIM3 are the use of

multi-category sea ice classes, the explicit treatment of the

salinity cycle and the use of a C-grid elastic-viscous plastic

rheology instead of a B-grid plastic-viscous rheology.

Simulations with a stand-alone ocean-sea ice model

(Vancoppenolle et al. 2008) have shown that the

improvements lead to a better annual sea ice cycle with

more realistic summer sea ice melt and a reduction of the

positive sea ice bias at the Siberian coast.

Acknowledgments We thank ECMWF (Reading, UK), IPSL (Paris,

France) and CERFACS (Toulouse, France) for providing us with the

IFS, NEMO and OASIS codes, respectively. Simona Ştefǎnescu
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A Flux coupling in EC-Earth

Global conservative regridding of a flux F requires that

F ¼ F�; ð1Þ

where the asterisk indicates the flux after regridding. The

fluxes can be written as the sum over all grid cells in the

source and target grids, respectively,

F ¼
X

i

fiAi; ð2Þ

F� ¼
X

j

f �j A�j : ð3Þ

where f is the grid cell mean flux and A is the grid cell area.

Each grid cell can consist of a number of tiles (surface

types) with fractional area at (at
*), so that

F ¼
X

i

X

t

ai;tfi;tAi; ð4Þ

F� ¼
X

j

X

t

a�j;tf
�
j;tA
�
j : ð5Þ

Since both summations have a finite range, they can be

swapped

F ¼
X

t

X

i

ai;tfi;tAi; ð6Þ

F� ¼
X

t

X

j

a�j;tf
�
j;tA
�
j : ð7Þ

In the coupling, flux conservation should be guaranteed for

each tile type,
X

i

ai;tfi;tAi ¼
X

j

a�j;tf
�
j;tA
�
j : ð8Þ

The atmosphere model computes the fluxes fi,t for each tile

and each grid cell of the atmospheric grid. The tile frac-

tions for land are prescribed and those of the open ocean

and sea ice are received from NEMO. The latter are given

for the binary ocean mask used by NEMO. The fractions
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are adjusted to match the land distribution so that the total

of land, ocean and sea ice is everywhere equal to one in

IFS.

IFS sends the tile fractions ai,t and the tile fraction

weighted fluxes ai,t fi,t to NEMO using the first order

conservative regridding method of OASIS. This regridding

method takes care of the area weights and is locally con-

servative. This latter property implies that the last equation

above is also valid for a single grid cell in the target grid

and can be simplified to

X

i

ai;tfi;tAiwi;j ¼ a�j;tf
�
j;tA
�
j ; ð9Þ

where wi,j is the overlap of the grid cell i in the source grid

and the grid cell j in the target grid.

The coupling now works as follows: IFS computes the

fluxes for each grid cell and tile type and sends the fields

ai,t and ai,t fi,t to NEMO,

ai;t ! a�j;t; ð10Þ

ai;tfi;t ! ðaj;tfj;tÞ� � a�j;tf
�
j;t; ð11Þ

and NEMO computes the flux for each grid cell and tile

type as

f �j;t ¼ ðaj;tfj;tÞ�=a�j;t: ð12Þ
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Gibson JK, Kållberg P, Uppala S, Hernandez A, Nomura A, Serrano E

(1997) ERA description. ECMWF reanalysis project report 1,

ECMWF, Reading, UK, 72 pp

Gnanadesikan A, Hallberg RW (2000) On the relationship of the

circumpolar current to southern hemisphere winds in coarse-

resolution ocean models. J Phys Oceanogr 30:2013–2034

Goosse H, Selten F, Haarsma R, Opstegh J (2002) A mechanism of

decadal variability of the sea-ice volume in the Northern

Hemisphere. Clim Dyn 19:61–83

Grist JP, Josey SA (2003) Inverse analysis adjustment of the SOC air-

sea flux climatology using ocean heat transport constraints.

J. Clim 20:3274–3295

Haak H, Jungclaus J, Mikolajewicz U, Latif M (2003) Formation and

propagation of great salinity anomalies. Geophys Res Lett
30(9):26/1–126/4
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