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a b s t r a c t

The vulnerability of human populations and natural systems and their ability to adapt to extreme events

and climate change vary with geographic regions and populations. Regional climate models (RCM),

composed by an atmospheric component coupled to a land surface scheme and driven over ocean areas

by prescribed sea surface temperature, have been developed to produce fine scale regional climate

change information useful for impact assessment and adaptation studies. Although RCM can be sufficient

for many applications, the Earth system is composed of the physical, chemical, biological, and social

components, processes, and interactions that together determine the state and dynamics of Earth,

including its biota and human occupants. Developing regional Earth system models has thus two primary

motivations: (1) with respect to climate science, to improve modeling capabilities and better understand

coupled processes at regional scales and (2) to support stakeholders who aim to use climate information

for regionally-specific impact assessment and adaptation planning. IPSL in collaboration with ENSTA-

ParisTech, LOPB, and CERFACS developed the MORCE (Model of the Regional Coupled Earth system)

platform for process and climate studies of the regional Earth system. The original aspects of the MORCE

platform are (1) the integration of a large number of coupled compartments and processes (physical and

biogeochemical processes in the ocean, atmosphere and continent), (2) the transferability of the

numerical platform to different locations in the world, (3) the use of a non-hydrostatic model for the

atmospheric module which allows an accurate representation of kilometric scale processes. The present

article describes the MORCE platform, detailing its various modules and their coupling and illustrating its

potential with results obtained in the Mediterranean region and over the Indian Ocean.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The Fourth IPCC Assessment Report forecasts an increase in the

Earth’s average temperature ranged between 1.4 �C and 5.8 �C over

the 21st century, accompanied by a rise in sea levels between 9 and

88 cm (IPCC, 2007). This rapid change in the global climate may
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result in the modification of the frequency and intensity of extreme

events and natural disasters (cyclones, droughts, floods, etc.) in

certain parts of the world. Among other consequences, these

changes are set to cause radical disruption to agriculture, large

population movements as people abandon disaster-struck regions

(such as flooded coastal plains and areas blighted by desertifica-

tion) for less-affected areas, and heightened political tensions.

The vulnerability of human populations and natural systems in

the face of climate change varies greatly according to geographic

regions and populations. The natural and social systems in each

region vary, resulting in differences in the ability to adapt to the

impact of current and future climate changes. Furthermore, each

regional system is affected both by large-scale climate tele-

connections and by specific local processes. As these differences

raise a number of serious concerns, it appears crucial to fully

understand the spaceetime interactions that occur at the regional

scale, with particular focus on past variability and vulnerability of

key regions to a range of constraints.

A number of regional climate model (RCM) systems have been

developed during the last two decades in order to downscale the

outputs from large-scale global climate model (GCM) simulations

andproducefinescale regional climate change informationuseful for

impact assessment and adaptation studies (e.g. Giorgi, 2006a). To

date, most RCMs have been mainly composed of an atmospheric

component coupled with a land surface scheme. Indeed, the land

surface plays a pivotal role in the Earth system through physical,

biophysical and biogeochemical interaction with the atmosphere

andoceans (Foleyet al.,1994; Prentice et al., 2000). Land-atmosphere

interactions include complex feedbacks between soil, vegetation,

and atmosphere through the exchanges of water, momentum,

energy, and greenhouse gases (Pielke et al., 1998; Arora, 2002), as

well as the emission/deposition of several compounds (e.g. Guenther

et al., 2006; Lathiere et al., 2006; Petroff et al., 2008). RCMs have also

been driven over ocean areas by prescribed sea surface temperature.

Although such a RCM can be sufficient for many applications,

there are cases in which the fine scale feedbacks associated with

airesea interactions can substantially influence the spatial and

temporal structure of regional climates. A typical example is the

Indian Ocean and its effects on the South Asiamonsoon, for which it

has been clearly shown that airesea feedbacks are essential in

regulating the development of the South Asia monsoon (e.g. Meehl,

1994). Ratnam et al. (2008) coupled the regional atmospheric

model RegCM3 (Pal et al., 2007) with the regional ocean model

POM (Mellor, 2004) over the Indian ocean and found that the

coupling considerably improved the simulation of the Indian

monsoon rain band over both the ocean and land areas. The Max-

Planck atmosphereeocean regional climate model (AORCM) has

been employed over the Indonesian region (Aldrian et al., 2005),

with a remarkable improvement in the simulation of rainfall.

Different AORCMs have also been developed for the Baltic Sea

region (Döscher et al., 2002; Lehmann et al., 2004) and for the

Arctic region (Rinke et al., 2003). Strong airesea interactions take

place as well in the Mediterranean basin, one of the most vulner-

able to global warming (Giorgi, 2006b). The morphological

complexity of the basin leads to the formation of intense weather

phenomena, such as topographically-induced strong winds (e.g.

Drobinski et al., 2001, 2005; Guénard et al., 2005, 2006; Salameh

et al., 2010), intense cyclogenesis (e.g. Alpert et al., 1995), heavy

precipitation (e.g. Ducrocq et al., 2008). Such physical processes

have two critical characteristics: first, they derive from strong

airesea coupling and, second, they occur at fine spatial scales (e.g.

Lebeaupin et al., 2006; Lebeaupin Brossier et al., 2009; Lebeaupin

Brossier and Drobinski, 2009). In order to explicitly resolve the

two-way interactions at the atmosphereeocean interface in the

Mediterranean region, Somot et al. (2008) coupled the global

atmospheric model ARPEGE with the regional ocean model

OPAMED (Somot et al., 2006). A similar development was con-

ducted by Artale et al. (2009) with the PROTHEUS system inte-

grating RegCM3 and the MITgcm (Marshall et al., 1997a,b) models

as the atmospheric and oceanic component, respectively.

Comparison of coupled and uncoupled experiments showed that in

the coupled simulations the climate change signal was generally

more intense over large areas, with wetter winters over northern

Europe and drier summers over southern and eastern Europe. The

better simulated Mediterranean SST appeared to be one of the

factors responsible for such differences, which were found to be

highly significant.

However, the Earth system is the physical, chemical, biological,

and social components, processes, and interactions that together

determine the state and dynamics of Earth, including its biota and

human occupants. Developing regional Earth system models has

two primary motivations: (i) with respect to climate science, to

improve modelling capabilities and better understand coupled

processes at regional scales and (ii) to support stakeholders who

aim to use climate information for regionally-specific impact

assessment and adaptation planning. There is thus a need to

develop what amounts to an enhanced Earth system simulator to

improve our ability to anticipate impacts of a given set of human

actions or conditions on global and regional climate and on bio-

logical, geochemical, and hydrological systems on seasonal to

decadal time scales. Most current efforts to build state-of-the-art

whole-Earth system models consist in complementing sophisti-

cated geophysical kernels (AORCMs based on exact dynamical

equations like NaviereStokes) by tools representing other parts of

the planetary makeup, as for example marine-biosphere or atmo-

spheric chemistry models. This is particularly true for the global

Earth system simulator, but not fully achieved at regional scale,

while this is needed to assess the potential impact of environ-

mental changes on regional economic conditions, food security,

water supplies, health, biodiversity, and energy security, in partic-

ular in poor and vulnerable communities.

The Institut Pierre Simon Laplace (IPSL) in collaboration with

Ecole Nationale Supérieure de Techniques Avancées-ParisTech

(ENSTA-ParisTech), Laboratoire d’Océanographie Physique et Bio-

géochimique (LOPB) and Centre Européen de Recherche et de

Formation Avancée en Calcul Scientifique (CERFACS), developed the

MORCE (Model of the Regional Coupled Earth system) platform for

process and climate studies of the Regional Earth system. The

original aspects of the MORCE platform are:

1. the integration of a large number of coupled compartments

and processes (physical and biogeochemical processes in the

ocean, atmosphere and continent),

2. the transferability of the numerical platform to different loca-

tions in the world,

3. the use of a non-hydrostatic model for the atmospheric module

which allows the representation of kilometric scale processes

for which the non-hydrostatic assumption does not stand.

4. the two-way grid nesting capability of both the atmospheric

and oceanic components which allows very high resolution of

the coupled system in a model subdomain.

This platform has been applied over two different vulnerable

regions, i.e. the Mediterranean basin and the Indian Ocean (Fig. 1).

Configurations are under development for the entire Tropical band.

The MORCE platform is at present used to investigate the coupling

between various processes in these regions but also for dynamical

downscaling in the Mediterranean region in the framework of the

Hydrological cycle in the Mediterranean experiment (HyMeX)

(Drobinski et al., 2009a,b, 2010) and the Coordinated Downscaling
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Experiment (CORDEX) of the World Climate Research Program

(WCRP) (Giorgi et al., 2009). In the near-future, it should be used in

the frame of the Chemistry-Aerosol Mediterranean Experiment

(ChArMeX; Dulac, 2011) and the Marine Ecosystems’ Response in

the Mediterranean Experiment (MerMeX; The MerMex Group,

2011) of the Mediterranean Integrated STudies at Regional And

Local Scales (MISTRALS) international program.

After the introduction in Section 1, Section 2 describes the

different modules of the MORCE platform. Section 3 describes the

different types of coupling techniques and the nature of the data

exchanged between the different modules. Section 4 details the

management of the MORCE platform. Section 5 illustrates with

scientific results the application of the MORCE platform over the

Mediterranean basin and the Indian Ocean. Finally, Section 6

concludes the description of version 1 of the MORCE platform

and gives some short-term perspectives of evolution and devel-

opment towards version 2 of the MORCE platform.

2. MORCE modules

The MORCE modeling platform is divided into 5 modules:

1. the atmospheric module (ATM)

2. the oceanic module (OCE)

3. the hydrological and vegetation module (LSM)

4. the atmospheric chemistry module (CHEM)

5. the marine biogeochemistry module (BIOGEOCHEM)

2.1. ATM module

The atmospheric module is based on the dynamical core of the

numerical model WRF (Weather Research and Forecasting). The

WRF model is developed by the National Center for Atmospheric

Research (NCAR) (Skamarock et al., 2008). The model solves the

non-hydrostatic equations of motion in terrain following sigma

coordinates. A complete set of physics parametrizations is available

and several sensitivity studies have been performed to quantify

uncertainties in regional climate modeling (e.g. Flaounas et al.,

2010; Cretat et al., 2011).

The motivation for the use of a non-hydrostatic atmospheric

model is twofold:

� for process studies requiring the simulation of very fine scale

processes (generally few days simulations), the hydrostatic

assumption is not verified anymore. For instance explicit

convection, mountain wave breaking, mountain wakes are

non-hydrostatic weather phenomena which thus need an

adapted physics.

� regarding regional climate applications, the trend is towards

the increase of the horizontal resolution to explicitly simulate

fine-scale processes in order to quantify their contribution to

the regional climate. At present, typical resolution of few tens

of kilometers do not require a non-hydrostatic model but with

increasing computer efficiency, horizontal resolution of few

kilometers for such applications will soon be possible.

The grid nesting capacity is a strong added value of WRF which

allows to refine the simulation from a resolution of few tens of

kilometers over a large domain, for which hydrostatic assumption

holds, down to kilometer-scale resolution over regions of interest

for which non-hydrostatic capacity is mandatory (see WRF docu-

mentation reference in Table A.2 in the appendix). In the context of

the MORCE platform, such grid nesting capacity can be used since

the OCE module NEMO also has similar grid nesting capacity (see

below).

2.2. OCE module

The ocean model is the NEMO system of IPSL (Madec, 2008) in

regional configurations over the standard horizontal grid ORCA.

Vertical stretched z-levels are used, except for the bottom layer

for which a partial-cell parameterization is used, allowing the last

free level of the model to fit the bathymetry. The filtered free

surface of Roullet and Madec (2000) is used. The solar heat flux

can penetrate the ocean surface layer (Bozec et al., 2008). As

discussed above, a key added value of NEMO is also its grid

nesting capacity (see NEMO documentation reference in Table A.2

in the appendix) which allows grid refinement to kilometer-scale

resolution which is fully compatible with the ATM module WRF.

The ocean grid resting capability is provided through the use of

the Adaptive Grid Refinement In Fortran (AGRIF) package (Debreu

et al., 2008).

At present, two configurations of the MORCE platform are

operational for theMediterranean Sea and the Indian Ocean (Fig.1).

Two configurations are under development for West Africa and the

Gulf of Guinea in the Tropical Atlantic Ocean, and for South America

and Eastern Tropical Pacific Ocean. The specificities of each ocean

regional configuration mainly lie on the boundary condition

formulation (see details in Section 5).

Fig. 1. Examples of existing MORCE platform domains. The color code indicates the height of the topography and the depth of the bathymetry. The red box in panel a is a zoom on

the domain used to illustrate the impact of vegetation/water cycle feedback on the 2003 summer heat wave in sub-section 5.1. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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2.3. LSM module

The ATM module (WRF) already includes “classical” interactive

land-surface models that compute the heat and moisture flux from

soil water content and temperature. However, these land-surface

models (LSM) have a low degree of sophistication and do not

include carbon cycle and dynamic vegetation. In addition to these

LSMs, the MORCE platform includes the land-surface model

ORCHIDEE (ORganizing Carbon and Hydrology In Dynamic

EcosystEms) developed at IPSL and Laboratoire de Glaciologie et

Géophysique de l’Environnement (LGGE). It is an LSM coupled to

a biogeochemistry and a dynamic biogeography model (Krinner

et al., 2005). ORCHIDEE simulates the fast feedback occurring

between the vegetated land surface and the atmosphere, the

terrestrial carbon cycle, and also changes in vegetation composition

and distribution in response to climate change.

ORCHIDEE is based on three different modules (Krinner et al.,

2005). The first module, called SECHIBA (Ducoudré et al., 1993;

de Rosnay and Polcher, 1998), describes the fast processes such as

exchanges of energy and water between the atmosphere and the

biosphere, and the soil water budget. Its time step is that of the

driving ATM module (DtCPL ¼ DtATM, see Table 1 and Fig. 2).

SECHIBA also includes a routingmodulewhich transports thewater

which is not infiltrated or drains at the bottom of the soil through

rivers and aquifers (d’Orgeval et al., 2008). This module runs at the

spatial resolution of ORCHIDEE but represents more than one basin

per grid box. The time step is larger than the one of SECHIBA and

depends on the horizontal resolution. The tight integration of the

routing within SECHIBA allows to re-evaporate thewater on its way

to the ocean through processes such as floodplains or irrigation (de

Rosnay et al., 2003). The phenology and carbon dynamics of the

terrestrial biosphere are simulated by the STOMATE (Saclay Tou-

louse OrsayModel for the Analysis of Terrestrial Ecosystems) model

(Krinner et al., 2005). STOMATE simulates, with a daily time step,

processes as photosynthesis, carbon allocation, litter decomposi-

tion, soil carbon dynamics, maintenance and growth respiration,

and phenology. Finally, the long-term processes (yearly time step)

include vegetation dynamics, fire, sapling establishment, light

competition, and tree mortality are simulated according to the

global vegetation model LPJ (Sitch et al., 2003).

In the ORCHIDEE model, the land surface is described as

a mosaic of twelve plant functional types (PFTs) and bare soil. The

definition of PFT is based on ecological parameters such as plant

physiognomy (tree or grass), leaves (needleleaf or broadleaf),

phenology (evergreen, summergreen or raingreen) and photosyn-

thesis type for crops and grasses (C3 or C4). Relevant biophysical

and biogeochemical parameters are prescribed for each PFT

(Krinner et al., 2005). The PFT distribution can be either prescribed

from an input inventory (static mode, LPJ deactivated), or entirely

simulated by the model depending on climate conditions (dynamic

mode, LPJ activated). The fraction of grid space covered by agri-

cultural croplands is always prescribed, so that crop extent is not

affected by dynamic vegetation change. Plant assimilation in

ORCHIDEEmodel is based on Farquharmodel (Farquhar et al., 1980)

for C3 plants and Collatz et al. (1992) for C4 plants. Maintenance

respiration is a function of each living biomass pool and tempera-

ture, while growth respiration is computed as a fraction of the

difference between assimilation inputs and maintenance respira-

tion outputs to plant biomass.

2.4. CHEM module

The pollutants concentrations are calculated by the CHIMERE

chemistry-transport model (CTM) (Bessagnet et al., 2010). This

model is developed by IPSL and Institut National de l’Environne-

ment Industriel et des Risques (INERIS). This CTM is an off-line

model and needs to be driven by an atmospheric dynamical

model, i.e. WRF in the MORCE platform (ATM module). CHIMERE

Table 1

Meaning of variable names of Fig. 2 with the corresponding unit and data transfer. The data exchange time step DtCPL is indicated in the right column: DtATM is the ATM

integration time step, DtOCE is the OCE integration time step and DtATM/OCE is the ATM/OCE coupling time step. The ATM/OCE coupling time step DtATM/OCE is for example 1 h for

the Indian Ocean configuration and 3 h for the Mediterranean configuration (see Section 5).

Variable name Variable Unit Variable transfer Coupling interval DtCPL

t2m 2-m temperature K ATM/ LSM DtATM
qsfc Surface moisture kg kg�1 ATM/ LSM DtATM
u1, v1 First model level wind components m s�1 ATM/ LSM DtATM
psfc Surface pressure hPa ATM/ LSM DtATM
SWN Net surface short wave radiation W m�2 ATM/ LSM DtATM
SWD Downward surface short wave radiation W m�2 ATM/ LSM DtATM
LWD Downward surface long wave radiation W m�2 ATM/ LSM DtATM
Cdrag Drag coefficient e ATM/ LSM DtATM
P Precipitation mm ATM/ LSM DtATM
SH Surface sensible heat flux W m�2 LSM/ ATM DtATM
LH Surface latent heat flux W m�2 LSM/ ATM DtATM
a Albedo e LSM/ ATM DtATM
3 Surface emissivity W m�2 LSM/ ATM DtATM
TSK Skin temperature K LSM/ ATM DtATM
ET Evapo-transpiration mm LSM/ ATM DtATM
runoff Runoff (river flow and coastal flow) m3 s�1 LSM/ ATM DtATM
LAI Leaf Area Index m2 m�2 LSM/ ATM DtATM
LAI Leaf Area Index m2 m�2 LSM/ CHEM 1 day

Cp Canopy conductance cm s�1 LSM/ CHEM 1 h

O3 Ozone concentration ppb CHEM/ LSM 1 h

SWN Net surface short wave radiation W m�2 ATM/ OCE DtATM/OCE

LWNeLHeSH Non-solar heat flux (net long wave

radiation � latent heat � sensible heat)

W m�2 ATM/ OCE DtATM/OCE

E � P Net fresh water ¼ Evaporation � Precipitation kg m�2 s�1 ATM/ OCE DtATM/OCE

sx, sy Wind stress components N m�2 ATM/ OCE DtATM/OCE

SST Sea Surface Temperature K OCE/ ATM DtATM/OCE

T Ocean temperature K OCE/ BIOGEOCHEM DtOCE
PAR Downward Photosynthetically Active Radiation W m�2 OCE/ BIOGEOCHEM DtOCE
Cb Biogeochemical concentrations mmol m�3 OCE/ BIOGEOCHEM DtOCE
So � Si Sources less Sinks (tendencies) mmol m�3 s�1 BIOGEOCHEM/ OCE DtOCE
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has similar grid nesting capacity as the ATMmoduleWRF. CHIMERE

calculates, given a set of nitrogen oxide (NOx), sulphur oxide (SOx),

ammonia (NH3), particulate matter (PM), volatile organic

compounds (VOCs) and carbon monoxide (CO) emissions, the

concentrations of 44 gas-phase and aerosol species. It has been

operated over many regions with horizontal grid-resolution from

a few kilometers (Vautard et al., 2003; Valari and Menut, 2010) to

one degree (Bessagnet et al., 2008; Menut and Bessagnet, 2010).

The dynamics and gas-phase parts of the model are described in

Schmidt et al. (2001), and improvements have successively been

brought (Vautard et al., 2005; Bessagnet et al., 2008). For both

ozone (O3) and PM10 (particles of 10 mm or less), the model has

undergone extensive modeled aerosols intercomparisons at Euro-

pean and city scales (Vautard et al., 2007; Van Loon et al., 2007;

Schaap et al., 2007). The aerosols model species are sulfates,

nitrates, ammonium, secondary organic aerosols, sea-salt (consid-

ered as inert here) and dust. The particle size distribution ranges

from about 40 nm to 10 mm and are distributed into 8 bins (from

0.04 to 10 mm). The gas-particle partitioning of the ensemble

Sulfate/Nitrate/Ammonium is treated by the code ISORROPIA

(Nenes et al., 1998) implemented in CHIMERE. The surface emis-

sions are constituted of anthropogenic and biogenic emissions. The

anthropogenic emissions are taken from the Co-operative Pro-

gramme for Monitoring and Evaluation of the Long-range Trans-

mission of Air pollutants in Europe e EMEP e (Vestreng, 2003).

Aerosol emissions feed the model species denoted as “primary

particle material” (PPM), which contains several compounds (such

as black and organic carbon) coming from various anthropogenic

sources. The biogenic emissions are diagnosed using the MEGAN

model (Guenther et al., 2006). MEGAN parameterizes the bulk

effect of changing environmental conditions using three time-

dependent input variables specified at the top of the canopy:

temperature (T, K), radiation (PPFD, mmol m2 s), and foliage density

(leaf area index LAI, m2 m�2) (Bessagnet et al., 2009). Therefore, for

any given species, the emissions rate (ER, mg m2 h) is calculated as

a function of an emission factor at canopy standard conditions EF

(mg m2 h) and an emission activity factor g (unitless) that accounts

for deviations from canopy standard conditions (Anav et al., 2011).

2.5. BIOGEOCHEM module

Two biogeochemical models have been included in the MORCE

platform: the Eco3M (Baklouti et al., 2006a,b) and PISCES (Aumont

et al., 2003) models. The integration of these two models is moti-

vated by the fact that PISCES is a widely used global model that can

be implemented easily in various regions of the world while Eco3M

integrates the Mediterranean specificities of the Mediterranean

ecosystems among which the non-Redfieldian composition of

inorganic and organic matter (the Redfield ratio is the molecular

ratio of carbon (C), nitrogen (N) and phosphorus (P) in plankton).

The comparison and/or combination of the two models will allow

global coupled studies with regional focus.

2.5.1. Eco3M model

The Eco3M modeling tool (Baklouti et al., 2006a), developed at

LOPB, is a modular tool that handles multi-element multi-func-

tional group biogeochemical models. The mathematical functions

for the biogeochemical processes are gathered in a numerical

library which is continuously enriched by new functions. These

formulations are, for most of them, based on mechanistic consid-

erations. A stage-structured population model of copepods has also

been introduced in Eco3M (Eisenhauer et al., 2009).

Eco3M turned out to be particularly suitable for the represen-

tation of the pelagic ecosystem of the Mediterranean Sea since it

allows to model the planktonic growth submitted to multiple

nutrient limitations, the process of diazotrophy and the seasonal

planktonic successions. In addition, the implication of the major

biogenic elements in the model (C, N, P) and the variable

Fig. 2. MORCE platform version 1 flow chart.
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stoichiometry of the modeled organisms renders possible the

reproduction by themodel of some specific Mediterranean features

such as the high observed N/P ratios or the accumulation of dis-

solved organic carbon in the surface layer during the stratification

period (Auger, 2011). The model will also be used to provide some

explanation to the origin of such features, as this has been initiated

in Mauriac et al. (2011).

The biogeochemical model used for the MORCE platform

encompasses original and mechanistic formulations for the main

biogeochemical processes, namely (i) photosynthesis, respiration,

chlorophyll synthesis and dissolved organic matter exudation for

phytoplankton (Baklouti et al., 2006a), (ii) dissolved organic matter

mineralization by bacteria and ammonium and phosphate excre-

tion by zooplankton (Baklouti et al., 2001), (iii) bacterial respiration

related to intracellular quotas (Mauriac et al., 2011). In addition to

their description in terms of biogenic elements or molecules (C, N,

P, Chl, Si) (Chl being Chlorophyll and Si Silicon), organisms are also

represented through a cellular (or individual for metazoans)

concentration (Mauriac et al., 2011), with the resultant benefits that

for each organism, growth and carbon production can be differ-

entiated, that grazing can be better represented (ingestion rate are

indeed generally provided in terms of number of preys caught per

unit time per unit predator) and that advection of biogeochemical

organisms can be easily represented.

2.5.2. PISCES model

The PISCES model (Aumont et al., 2003), developed at Labo-

ratoire de Physique de l’Océan (LPO) and IPSL, is an ecosystem

model allowing the simulation of the oceanic carbon cycle. It

represents the cycles of dissolved organic carbon, oxygen alkalinity

and of five nutritive elements (nitrate, ammonium, phosphate,

silicate and iron Fe) which may limit phytoplankton growth

(Aumont and Bopp, 2006). Four living compartments are repre-

sented: two groups of phytoplankton (diatoms and nano-

phytoplankton) and two groups of zooplankton (microzooplankton

and mesozooplankton). For all species, constant redfield ratios (C/

N/P) are imposed, but the C/Si/Fe ratios are variable for phyto-

plankton. Three compartments are represented nonliving things:

dissolved organic carbon semi-labile, small (organic carbon) and

coarse particles (calcite, biogenic silica, organic carbon). The two

classes of particles are distinguished by their settling velocities and

their content is controlled bymortality, grazing andmineralization.

The two classes of particulate carbon interact through processes of

aggregation and disaggregation (Gehlen et al., 2006). The process of

denitrification and nitrogen fixation are also represented. This

model has less flexibility than the model Eco3M in terms of

diversity of plankton, but can respond to problems on ocean acid-

ification in the event of increased atmospheric carbon dioxide.

3. Coupling

In MORCE platform version 1, the different modules are coupled

to each other using two different techniques:

� the OCE and ATM modules are coupled through the OASIS

coupler version 3 since complex source grid interpolation and

multi-processors computation management are required.

� the LSM is called as subroutines of the ATM and CHEM

modules, and the BIOGEOCHEMmodule is called as subroutine

of the OCE module allowing the sharing of the relevant vari-

ables on identical numerical grids.

In version 1, the nesting capacity of the MORCE platform to

kilometer-scale resolution has not been tested and the runoff does

not yet go to the ocean. This latter point requires a coupling

between the LSM and OCE modules and is short-term perspective.

The MORCE platform version 1 flow chart is detailed in Fig. 2. The

meaning of the names of the variables exchanged between the

different modules of the platform in Fig. 2 are given in Table 1.

3.1. ATM/OCE coupling

The coupling between NEMO (OCE) and WRF (ATM) is done

with the OASIS version 3 coupler (Valcke, 2006). The coupling

frequency, that is the time frequency of the exchanges between

ATM and OCE modules, and the interpolation methods are chosen

by the user in OASIS (DtCPL ¼ DtATM/OCE, see Table 1 and Fig. 2). The

coupling frequency tATM/OCE is, at least, the largest time step

between the OCE and ATMmodules. The 6 exchanged variables are

the two wind stress components, solar heat flux, non-solar heat

flux (net long wave radiation, sensible and latent heat fluxes) and

fresh water flux (evaporation minus precipitation) for ATM to OCE,

and sea surface temperature (SST) for OCE to ATM. In MORCE

platform version 1, the ATM/OCE coupled system is limited to the

ocean and the atmosphere compartments, the river runoffs being

from climatology.

The ATM/OCE coupling is done with the inclusion of the OASIS

version 3 subroutines in each compartment model code source and

of its libraries in the makefiles. The OASIS subroutines are split into

4 steps: initialization (opening and reading), definition of partition

(mpp computation), exchange (reception and sending) and final-

ization (restart writing and closing). The heart of the coupling takes

place in the surface modules of NEMO and WRF. The reception/

sending routines are called at each time-step in the source module

(ATM or OCE) but the interpolation by OASIS and the transfer of the

“new” fields from the “source” to the “target”module (ATM or OCE)

effectively occurs only at the coupling frequency chosen by the user

(DtCPL ¼ DtATM/OCE). For NEMO, this inclusion of the OASIS

subroutines already exists: the compilation before coupling should

only include the key_coupled and key_oasis3 and the OASIS libraries.

For WRF, subroutines (module_first_rk_step_ part1.F, module_dm.F,

module_io_quilt.F, module_wrf_top.F, module_surface_driver.F) have

been modified and subroutine module_cpl_ oasis3.F which acts as

an interface with the OASIS coupler, has been added. The makefiles

have also been modified. A patch for compiling WRF with OASIS is

available on demand to the main author (philippe.drobinski@lmd.

polytechnique.fr) until the openeaccess interface for the full

MORCE platform is finalized. Before running the coupled system,

the user should finally prepare carefully the OASIS coupling restart

files, namelist (namcouple) and coupling grid definition (masks,

grids, areas).

3.2. ATM/LSM coupling

The ORCHIDEE (LSM) land surface scheme has already been

implemented in the LMDZ, the atmospheric module of the IPSL

global Earth system IPSL-CM (Polcher et al., 1998; Li, 1999; Hourdin

et al., 2006). In MORCE, it has also been implemented in the same

way as the others land surface model already present in WRF

(ATM). The surface atmosphere coupling frequency is theWRF time

step DtCPL ¼ DtATM. The variables between models are exchanged at

high frequency compared to a GCM coupling, compatible with the

turbulent processes in the atmospheric model. Indeed, in WRF,

DtATMw3�6Dx where DtATM is the time integration in seconds and

Dx is WRF horizontal resolution in kilometers. So for Dxw10 km,

Dtw30�60 s.

In addition to wind, air potential enthalpy, pressure and

temperature and air humidity at the lowest level, the ATM module

provides the drag coefficient for heat and moisture, as well as the

short wave and long wave incoming radiation flux at the surface
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(Table 1 and Fig. 2). Precipitation is decomposed into rain and

snowfall rate per seconds. Global atmospheric carbon concentra-

tion is held constant during the year but can vary from one year to

the other.

The ATM module receives in return the albedo, surface rough-

ness, emissivity and sensible heat flux, latent heat flux, evaporation,

and runoff split into river runoff and coastal outlet runoff. The heat

flux is calculated using bulk aerodynamic formulas. Latent heat is

a weighted average between snow sublimation, soil evaporation,

canopy transpiration and interception loss. Their variables depend

mainly of aerodynamic, canopy, architectural and soil resistance.

Albedo and surface roughness are average values over each type of

PFT and bare soil. Surface roughness depends on tree height.

Constant albedo values are prescribed for each PFT and for bare soil,

the albedo depends on soil color and moisture (Wilson and

Henderson-Sellers, 1985).

As ORCHIDEE has been designed for a coupling with LMDZ and

an off-line usage, the coupling has been straightforward. Inspired

by the general surface atmosphere interface prospect in Polcher

et al. (1998), the subroutine intersurf.f90 of ORCHIDEE and mod-

ule_surface_ driver.F of WRF contained the information needed and

so the technical implementation was simple. However in contrast

to LMDZ, coupling is in an explicit method owing to the shorter

time step. Because the two models use different methods to

determine the precision of real and integer variables, some adap-

tation of the makefiles is needed before compilation.

3.3. CHEM/LSM coupling

CHIMERE and ORCHIDEE are coupled via canopy conductance,

LAI (Leaf Area Index), and surface ozone concentration, as described

in Fig. 2. In order to compute the impact of ozone on photosynthesis

and the consequent change in dry deposition, the canopy conduc-

tance and surface ozone concentration are exchanged by the

models at hourly time step (DtCPL ¼ 1 h, see Table 1 and Fig. 2),

while the LAI is used at daily time step to compute biogenic

emissions (DtCPL ¼ 1 day, see Table 1 and Fig. 2). In the coupled

version, instead of using the multiplicative algorithm developed by

Jarvis (1976) to account for canopy conductance, CHIMERE uses the

canopy conductance directly computed by ORCHIDEE.

In ORCHIDEE the stomatal conductance parameterization

follows the semi-mechanistic model of Ball et al. (1987). This

algorithm has become increasingly popular in combination with

photosynthesis models (e.g. Farquhar et al., 1980) for plant growth

simulations. Since it offers the opportunity tomodel ozone-induced

changes of the photosynthetic rate, it is of interest for ozone impact

assessment (e.g. Weinstein et al., 1998). Therefore, this algorithm is

well suited to study the feedback between ozone-photosynthesis/

canopy conductance-atmospheric chemistry. According to the

Ball’ et al. (1987) parameterization, the stomatal conductance gsto is

directly dependent on the CO2 concentration (Cs) ant the relative

humidity (hs) at the leaf surface, and indirectly dependent on

temperature and radiation, via net photosynthesis (An):

gsto ¼ g0 þ
kAnhs
Cs

(1)

where g0 is the residual stomatal conductance when An approaches

zero, k is the slope of the relationship between gsto and the Ball

index Anhs/Cs. For a plant under well-watered conditions k is

constant; thus the Ball model is a simple linear relationship

between gsto and Anhs/Cs (Gutschick and Simonneau, 2002).

However, under soil water deficits k has been shown to vary, and

the relationship between gsto and the Ball index becomes curvi-

linear (Sala and Tenhunen, 1996).

ORCHIDEE has been modified to include the effects of ozone on

photosynthesis (Anav et al., 2011). The parameterization of ozone

impact on thegross primaryproduction (GPP) is basedonFelzer et al.

(2004). In this formulation ozone is supposed to impact photosyn-

thesis through its concentration in chloroplasts. In the original

formulation this concentration is supposed to be dependent on

atmospheric concentration and moisture conditions. This latter

factor was calculated from the ratio of evapotranspiration to

potential evapotranspiration. Since in ORCHIDEE we explicitly

compute the stomatal conductance, we modified the original

formulation to estimate the ozone impact from stomatal conduc-

tance. Then, we assume that chloroplast concentration is propor-

tional to atmospheric concentration and stomatal conductance.

Therefore, the instantaneous impact on assimilation (IO3;inst repre-

sents the ratio of ozone-exposed to control photosynthesis

expressedas adimensionless valuebetween0and1) is estimatedby:

IO3;inst ¼ a gstoAOT40 (2)

where gsto is the stomatal conductance (mm s�1), AOT40 (Accu-

mulated exposure Over a Threshold of 40 ppb, expressed as ppb h)

is the hourly atmospheric ozone concentration over the 40 ppb

threshold, and a is an empirically-derived ozone response coeffi-

cient (Felzer et al., 2004). In order to account for some persistent

damage from past ozone exposure during the lifespan of a leaf, for

each month we compute a mean monthly ozone impact (IO3 ;month).

This monthly impact is computed from instantaneous ozone

impact using the linear relaxation method used in ORCHIDEE to

approximate long-term variables (Krinner et al., 2005):

IO3;inst ¼
IO3;monthdtmonth þ IO3;inst

dtmonthþ1
(3)

where dtmonth is the number of ORCHIDEE time steps within

a month. Therefore, the actual impact of ozone on photosynthesis

(IO3
) is defined as:

IO3
¼

3IO3;month þ IO3;inst

4
(4)

This relative proportion between monthly and instantaneous

effect has been empirically computed to fit observed long-term

impact of ozone during high exposure levels. Finally we compute

the gross primary production as:

GPPO3
¼ GPP

�

1� IO3

�

(5)

where GPPO3
is the ozone impacted GPP, and GPP is the original

photosynthesis calculated by ORCHIDEE.

Technically speaking, few subroutines have been changed in

ORCHIDEE and CHIMERE to allow their coupling with CHIMERE. In

the appendix, Table 1 summarizes the modifications implemented

in the two modules.

3.4. OCE/BIOGEOCHEM coupling

The two ocean biogeochemical modules are coupled with the

NEMO system through different ways accounting for the fact that

PISCES is part of the NEMO system and that the Eco3M tool is not. In

addition, since the biogeochemical model is included in the Eco3M

modular platform through a text file, a preliminary compilation is

required in order to include the biogeochemical equations in the

source files. Both PISCES and Eco3M use the NEMO standard

transport equation of passive tracers. In practice, the transport

equation for heat and salinity solved by the NEMOnumerical model

has been extended to the biogeochemical tracers. Different

numerical schemes are available for the advection of the passive
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tracers. Since Eco3M is a multi-element model (each organism or

organic material is represented through several concentrations),

these schemes have been adapted in order to handle the advection

of non-independent concentrations. These adaptations allow to

insure the consistency between the advection of the chemical

elements and the advection of the individuals. In addition, the

source and sink terms of the biogeochemical tracers (and exclu-

sively due to biogeochemical processes) are provided by the

biogeochemical models PISCES or Eco3M.

4. MORCE platform management

Such a unique regional Earth system is a very complex numer-

ical system. Each module of MORCE requires a strong expertise

which is ensured in the MORCE development group by the

respective module developers. Most of the modules are freely

accessible, but only few provide full user support which consists in

a detailed documentation, on-line support, user meeting or/and

training sessions. In the appendix of the revised article, Table A.2

compiles the references and on-line documentation for the

various modules of the MORCE platform.

The MORCE platform is composed of modules, each module is

managed independently by its own developers with a separate

control version system including documentation. This organization

guaranties a sustainable development of each module. The MORCE

system has to be easily deployed to the user community and the

evolution of the code must be shared between the different

developers. The coupling of MORCE modules have shared modifi-

cations with patches managed through the same control version

system installed in a forge server of IPSL. This is the first step of the

management of the MORCE platform version 1.

However, giving public access to the MORCE platform and

associated user support is a task requiring significant manpower

which is not available for all MORCE modules. As a consequence,

the MORCE platform version 1 can not offer a broad public access,

so the MORCE control version system repository is not available to

public at present. However, mid-term solution for versions higher

than version 1 is to produce a detailed documentation and give

access to simulations (and if possible the associated code source)

performed with already tested and published configurations. This

solution should evolve towards full public access at longer-term.

5. MORCE applications: modeling the climate and

environment in the Mediterranean and Indian Ocean regions

5.1. Simulations in the Mediterranean region

The Mediterranean region is a particularly vulnerable region

featuring an almost-enclosed basin with pronounced orography

around its perimeter, a sharply-contrasted climate and heavy

urbanization. Interactions and feedback effects between the various

domains in this basin play a decisive role in the geophysical and

biological dynamics. Forecasting extreme events in the region (such

as intense rainfall and flooding in autumn, strong winds and rough

seas - whether related or unrelated to the Mediterranean cyclo-

genesis, droughts and forest fires) is difficult, owing to a lack of

information about their preconditioning, which involves a whole

range of hierarchically-interlocking coupled processes that act in

a non-linear manner at smallest scales. It also the region displaying

very large atmospheric aerosol load of natural (mineral dust

storms) and human (urban and industrial pollution) origins, as well

as high gaseous pollutant concentrations cause by photochemical

transformation produced by large solar insolation. The MORCE

platform is thus required for a better understanding of the role of

this hierarchy in the generation of extreme events in the

Mediterranean region, in order to better assess their predictability

and improve forecasting performance, and more generally for

identifying the mechanisms underpinning the Mediterranean

region’s climate in the context of global warming.

Series of simulations have been performed with the different

modules of the MORCE platform. For the Mediterranean domain,

the ATM module was run with a horizontal resolution of 20 and

30 km for the whole basin, and of 15 km in the zoom (see Fig. 1).

Initial and lateral conditions were taken from the European Center

for Medium-range Weather Forecast (ECMWF) ERA-interim rean-

alysis (Simons et al., 2007) and from the National Center for Envi-

ronmental Predictions (NCEP) reanalysis (Kanamitsu et al., 2002)

provided every 6 h with a 0.75� and 2.5� horizontal resolution,

respectively. A complete set of physics parameterizations is used

which description can be found in Lebeaupin Brossier et al. (2011)

and Anav et al. (2011). The CHEM module uses the same grid-

resolution as the ATM module and is forced very hour by the ATM

module. The initial and boundary conditions are provided by LMDz-

INCA2 chemistry-transport model (Hauglustaine et al., 2004) and

the hourly emissions for the main anthropogenic gas and aerosol

species are provided by EMEP (Vestreng, 2003). The ocean model

OCE module has a 1/12� horizontal resolution (about 7 km). The

initial conditions for the 3D potential temperature and salinity

fields of the OCE module are provided by the MODB4 climatology

(Brankart and Brasseur, 1998) except in the Atlantic zone between

11�W and 5.5�W where the Levitus et al. (2005) climatology is

applied. In this area, a 3D relaxation to this monthly climatology is

applied during simulations. The runoffs and the Black Sea water

input are prescribed from a climatology as localized precipitation

(Beuvier et al., 2010).

5.1.1. Impact of tropospheric ozone on vegetation and consequent

changes in biogenic emissions and dry deposition

The MORCE platform has been used in order to improve our

knowledge on the regional impact of tropospheric ozone on Euro-

Mediterranean vegetation and the consequent changes in biogenic

emission and ozone dry deposition owing to modifications in

canopy conductance and LAI. Several air pollutants provide an

unfavourable condition for vegetation growth and may affect

plant’s metabolism, ecosystem structure and functions in different

ways (Heagle, 1989; Heagle et al., 1999; Ashmore, 2005;

Muntifering et al., 2006). Among common air pollutants, O3 is

probably the most damaging to forest vegetation (Ollinger et al.,

1997) and frequently it reaches high concentrations over large

regions of the world (Akimoto, 2003; Vingarzan, 2004; Oltmans

et al., 2006). The faster response of plants to O3 exposure involves

essentially changes in stomatal behaviour resulting in a photosyn-

thesis reduction (Reich, 1987; Wittig et al., 2007) that in turn may

lead on longer times to a leaf area index reduction (LAI) (Anav et al.,

2011) that affects both emission (Guenther et al., 2006) and

deposition processes (Wesely, 1989). Air pollutants may also affect

photosynthesis modifying the amount of incident radiation

reaching the top of the vegetation canopies (Bergin et al., 2001).

Despite several studies performed to assess the impacts of pollu-

tion on vegetation models (e.g. Adams et al., 1989; Ollinger et al.,

1997; Martin et al., 2001; Felzer et al., 2004; Ren et al., 2007;

Karnosky et al., 2001, 2007; Nunn et al., 2002, 2005; Werner and

Fabian, 2002; Matyssek et al., 2007, 2010a,b), the vegetation-

atmosphere feedbacks are still to be investigated.

Anav et al. (2011) used the MORCE platform, without interactive

OCE module and using the original Jarvis formulation to estimate

the canopy conductance, in order to analyze these feedbacks.

Compared to field data, the coupling allows a better estimation of

both total and stomatal ozone fluxes of different vegetation types,

taking into account both plant phenology and environmental
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conditions. The results are shown for year 2002. Fig. 3 a displays the

simulated inhibitory effect of O3 on GPP, cumulated over the whole

year 2002. This impact has been assessed by performing 2 different

simulations with the LSM module (ORCHIDEE): in the first one

(control simulation, henceforth CTL), the impact of ozone on the

vegetation is not account for, while in the coupled simulation

(henceforth MORCE) the impact of ozone on GPP is computed as

described in Section 3 and in Anav et al. (2011). The GPP reduction

is computed as the difference between the CTL and MORCE simu-

lations. The ozone/vegetation feedbacks induce a significant

reduction in GPP, except in North Africa, where the vegetation is

absent. The mean reduction is about 200e300 gC m�2 yr�1 which

roughly corresponds to 20e25% of the annual value.

In order to quantify the effect of the coupling on model results,

a one-way coupled simulation (henceforth CPL0) has also been

performed. It consists in using the ozone data from the CHEM

module (CHIMERE) in the LSM module (ORCHIDEE) without

accounting for any feedback between the models. In such case, the

impact of coupling on model results is computed as the difference

between the MORCE and CPL0 simulations (Fig. 3b). The GPP

reduction is much more evident in CLP0 experiment than in the

MORCE simulation (Fig. 3b). Specifically, in Central-Western Europe

the maximum GPP reduction in CPL0 is about 200 gC m�2 yr�1

larger than in MORCE. This behavior is strictly related to the LAI

used in the two different CHIMERE simulations that lead to

differences in biogenic emissions and hence in the O3 concentra-

tion. The reduction in carbon assimilation also results in a smaller

amount of biomass stored and hence to a decrease of LAI. The

pattern of LAI decrease matches the location of the maximum GPP

decrease (Fig. 3c). It is also noteworthy that the decrease in LAI is

much more evident in the CPL0 simulation than in the MORCE

simulation (Fig. 3d), since the effect of O3 on GPP is higher in the

CPL0 simulation.

Fig. 4 shows an LAI comparison between the simulations (CTL,

CPL0 and MORCE) and the MODIS observations. The monthly LAI

time series spatially have been averaged on the PRUDENCE sub-

domains which are the British Isles (BI), Iberian Peninsula (IP),

France (FR), ME (Mid-Europe), Scandinavia (SC), the Alps (AL), the

Mediterranean (MD) and East-Europe (EE) (Christensen and

Christensen, 2007). Generally the ORCHIDEE results agree with

the MODIS observations, without much difference between the

CPL0 and MORCE runs. The largest differences occur in the

Scandinavian subdomain (SC), where, during winter, snows cover

the canopy mainly composed of evergreen needleleaf forests,

leading to an underestimation of LAI measurements with MODIS.

5.1.2. Impact of vegetation on regional water cycle, droughts and

heat waves

The 2003 European heat wave was by far the warmest summer

on record in Europe, especially in France. The heat wave led to

health crises in several countries and combined with drought to

create a crop shortfall in Southern Europe. More than 40,000

Europeans died as a result of the heat wave (Robine et al., 2008).

Several studies have been carried out on the 2003 summer heat

wave, all focusing on the contribution of the various component of

the Earth system. Synoptic weather conditions that have been

associated to it are the summer atmospheric blocking and the

“Atlantic low” regime (Cassou et al., 2005; Beniston and Diaz,

2004; Colacino and Conte, 1995; Fink et al., 2004; Stéfanon et al.,

in press). SST effects have been explored in several sensitivity

studies. It has been established that they can explain half of the

observed anomaly and is essential to reproduce all its main

features (Feudale and Shukla, 2010; Black et al., 2004; Nakamura

et al., 2005). Nevertheless, land as well as boundary conditions

are also fundamental. Soil moisture deficit enhances temperature

through surface heat and latent fluxes and other indirect local

effects (Ferranti and Viterbo, 2006; Fischer et al., 2007; Zampieri

et al., 2009).

A comparatively less investigated process is the role of the

vegetation on the amplitude of the 2003 summer temperature

anomaly. The MORCE platform has been used for this purpose with

two different configurations: one control run (CTL) was performed

with prescribed leaf area index (LAI) of year 2002, thus limiting the

effect of vegetation feedback to stomatal resistance only, and one

fully coupled run with freely evolving LAI (MORCE). The results are

shown over France (red box in Fig. 1). Fig. 5 exhibits the spatial

differences between the MORCE and CTL simulations over the heat

wave period (1e15 August 2003). MORCE simulation shows higher

temperature (up to 1.5 �C) over most of the domain except over the

mountainous region (Massif Central) where it is 1 �C cooler with

respect to the CTL simulation (Fig. 5a). The regions of higher (resp.

lower) temperature in the MORCE simulation correspond to the

regions where latent heat (i.e. evaporation) is smaller (resp. larger)

in the MORCE simulation (Fig. 5b). Due to energy partitioning

Fig. 3. Upper row: GPP difference between the CTL and MORCE simulations (a) and between the MORCE and CPL0 simulations (in gC m�2 yr�1); Lower raw (panels c and d) is

similar to upper row (panels a and b) for LAI (in m2 m�2).
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between latent and sensible heat, all areas where latent flux

decreases implies increasing temperature due to dry convection. As

latent heat flux in ORCHIDEE is the weighted average of snow

sublimation, soil evaporation, evaporation of foliage water and

canopy transpiration, it strongly depends on vegetation processes

(Ducoudré et al., 1993). Fig. 5 (panels c and d) show LAI and gross

primary production (GPP) anomalies (MORCE-CTL). LAI and GPP are

representative of vegetation state. LAI reflects vegetation build-up

and growing throughout the year. The amount of vegetation is

a partial indicator of the ability to evaporate water from the soil.

The areas showing the most significant LAI deficit in the MORCE

simulation with respect to the CTL simulation, display the largest

positive temperature anomalies and decrease of latent heat flux.

Conversely, GPP is an indicator of the instantaneous plant activity,

positively correlated to stomatal opening. We find for most of the

domain a decrease in GPP in MORCE simulation with respect to the

CTL simulation, associated with larger canopy resistance. Thus, the

combination in some areas of a decrease of LAI and GPP is one key

factor for sensible heat flux enhancement (or conversely latent heat

decrease) and temperature increase.

Comparison of the CTL and MORCE simulations with the Euro-

pean Climate Assessment and Data (ECA&D) gridded dataset (Klein

Tank et al., 2002) has been carried out for surface temperature

(Fig. 6). The temperature averaged over the simulation domain is

35.49 �C for the CTL run, 35.89 �C for the MORCE run and 35.46 �C

for ECA&D. The spatial pattern is fairly similar between the two

simulations. The MORCE simulation overestimates the surface

temperature by about 2 �C in the SouthWestern part of the domain

but is very close to the gridded data in the Northern part of the

domain. The CTL simulation is too cold by about 2 �C in the
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Fig. 4. Monthly LAI time series spatially averaged over the PRUDENCE sub-domains which are AL (a), BI (b), EA (c), FR (d), IP (e), MD (f), ME (g) and SC (h). The circles represent the

LAI retrieved from MODIS observations. The thin solid line, the crosses and the thick solid line represent the simulated LAI for the CTL, CPL0 and MORCE simulations, respectively.
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Northern part of the domain and close to the observations in the

South Western part of the domain.

5.1.3. Role of ocean/atmosphere interactions and feedbacks on

thermohaline circulation and meteorological extremes

TheMediterraneanSeawaterbudget (evaporationeprecipitation)

is a relevant integrated proxy to investigate the regional water cycle

at the various time scales with the integration of the contribution

of all Earth compartments. It is also suited to evaluate the

contribution of mesoscale coupled processes on the regional

climate. Lebeaupin Brossier et al. (2011) already showed WRF

model’s ability to well represent the fresh water budget.

To quantify the effect of coupled processes, 20-year simulations

(1989e2008) using the atmosphere-only module (i.e. WRF at

20 km resolution being forced by ERA-interim reanalyzed SST;

hereafter referred as the CTL simulation) and the MORCE platform

(i.e. coupledwith NEMO at 6e8 km resolutione Lebeaupin Brossier

et al., 2011; Beuvier et al., submitted for publication; hereafter

referred as the MORCE simulation) have been performed in the

context of the HyMeX program (Drobinski et al., 2009a,b; 2010) and

the CORDEX program (Giorgi et al., 2009). In HyMeX and CORDEX,

only the coupling between the ATM and OCE modules has been

considered. We analyze precipitation (P) and evaporation (E)

budgets (runoff is not considered in our experiments). E is strongly

related to SST and wind speed via bulk formulae and is

consequently directly modified by the coupling. P is indirectly

related to the surface and ismore a signature of the coupling impact

on the atmospheric model physics.

The differences between the CTL and MORCE simulations are

analyzed in terms of evaporation (E), precipitation (P) and budget

(E-P) (Fig. 7). The difference between the two simulations are

expressed as relative anomaly with respect to CTL run (in %).

Compared to CTL, the MORCE SST of the Mediterranean Sea is more

accurately predicted (not shown). The MORCE platform produces

mesoscale patterns ofx40 km diameter in SST and turbulent fluxes

fields that are not present in CTL. The wind speed is weaker in the

MORCE simulation over the whole domain (�1.7% on average),

except over some SST hot-spots (not shown). Weaker winds in

ocean-atmosphere coupled simulations have already been evi-

denced by Pullen et al. (2006) over the Adriatic Sea due to SST

stabilizing effect. In the ATM module, the SST modifications induce

strong feedbacks on P and E fields. The P anomaly is locally

significant with values between �750%/þ50% (Fig. 7a), and the E

anomaly is between �50%/þ60% (Fig. 7c). We found a significant

spatial correspondence between the SST anomaly and the P and E

anomalies: correlation coefficients calculated over the Mediterra-

nean Sea are 0.76 for P and 0.97 for E. Over the rest of the domain,

the decrease in E is linked to the weaker winds. The P anomaly

displays very small patterns which extend over the coastal area.

However, the extension seems to be limited to the strong

Fig. 7. Left panels: Relative difference between MORCE and CTL simulations with respect to the CTL simulation for (a) precipitation P and (c) evaporation E over 1989e2008 period.

Right panels: Composites over 1989-2008 of the annual cycle for (b) precipitation P and (d) evaporation E over the whole Mediterranean Sea in the CTL (black) and MORCE (red)

simulations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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surrounding topography. Finally, the spatial average of these

anomalies are small (�1% for P and �1.5% for E over the whole

domain; �3% for P and �5% for E over the Mediterranean Sea).

Looking at the annual variability over the sea (Fig. 7b,d), small

differences are found for both P and E. P and E are slightly larger in

Winter in MORCE than in CTL simulation, and are smaller in Fall.

The Mediterranean Sea budgets (EeP) are finally 1.05 m yr�1 in CTL

and 0.97 myr�1 in MORCE. Table 2 gives for comparison the P and E

estimates derived from observations (in-situ measurements and

satellite products) over the Mediterranean Sea with the associated

article references. The E estimates range between 1121 and

1570 mm yr�1 (40% variability), whereas the P estimates range

between 292 and 700 mm yr�1 (140% variability). The E and P

estimates with CTL and MORCE outputs are within the range of the

observed estimates. These large ranges of variability evidences the

difficulty to produce accurate estimates of evaporation and

precipitation over the Mediterranean Sea, due both to the coarse

spatial and temporal resolutions of the measurements and the

“small” size of the Mediterranean Sea which prevents reliable

satellite products over the coastal regions and the Adriatic Sea (e.g.

Romanou et al., 2010). These data thus highlight the main challenge

of the coming years, i.e. the production of E and P estimates with

improved accuracy to quantify the contribution of the coupled

processes in the Mediterranean Sea water budget, and to evaluate

ocean-atmosphere coupled models. This is one central objective of

the HyMeX program (Drobinski et al., 2009a,b, 2010).

Finally, this comparison highlights that ocean-atmosphere

coupled processes play major role in redistributing “water” at

mesoscale over the Mediterranean Sea with key spots.

5.2. Simulations in the Indian Ocean

The MORCE platform is also deployed over the tropical and sub-

tropical Indian Ocean region. Its main objective is to provide awell-

adapted tool to study the link between oceanic variability and

cyclonic activity in this region. Indeed, one third of the world

population lives in the coastal regions surrounding the Indian

Ocean. These regions are highly vulnerable to the extreme events

such as heavy flooding and strong winds associated with tropical

cyclones and monsoon depressions. This cyclonic activity repre-

sents about 27% of the global cyclonic activity with an average of 22

tropical storms (wind >17.5 m s�1, i.e. 34 knots) and 10 tropical

cyclones (wind >32.9 m s�1, i.e. 64 knots) per year. Unfortunately,

the strong variability of these meteorological phenomena is still

poorly understood in the Indian Ocean for different reasons. First,

tropical storms are synoptic-scale phenomena needing relatively

high spatial resolution to be well represented in numerical models.

The physical processes associated with these tropical systems cover

a broad range of temporal and spatial atmospheric scales, which are

difficult to fully assess. Second, the evolution of individual storms

(track and intensity) depends on large-scale environment charac-

teristics such as wind shear, and on the sea surface temperature and

heat content of the Indian Ocean.

Given these constrains, the MORCE platform has been used to

realistically represent tropical systems structure and mesoscale

oceanic features. The configuration set-up has a uniform spatial

resolution of 1/4� for both ATM and OCE modules. The initial and

lateral conditions of the ATM module are provided by the ERA-

Interim reanalysis. The OCE module uses a climatological initial

state with no current provided by Levitus et al. (2005). Boundaries

conditions are provided by a global forced oceanic run named

ORCA025-G70. It covers the entire period with a spatial resolution

of 1/4�. This global simulationwas drivenwithout data assimilation

by the hybrid interannual forcing DFS3 described in Brodeau et al.

(2010). The influence of air-sea coupling on tropical cyclones

characteristics is assessed by performing a sensitivity experiment

where a control simulation (hereafter referred as CTL simulation)

using the ATM module is forced by the sea surface temperature

produced by the MORCE simulation over the 1990e2009 period.

Comparing the CTL and MORCE simulations allows us identifying

how the air-sea coupling under tropical cyclones modulates the

statistics of the simulated cyclonic activity in each region. Differ-

ences in number and spatial distribution of cyclogenesis between

the CTL and MORCE simulations are presented in Fig. 8. Regarding

the location of the cyclogenesis in the South Indian Ocean, a clear

meridional shift appeared when comparing the 2 simulations. In

the CTL simulation, the main formation zone is located close to the

equator, while the main development region extends more pole-

ward in the MORCE simulation. The number and the annual cycle of

the cyclogenesis is also strongly affected by the coupling with the

ocean (Fig. 8b). In the CTL simulation, the annual mean number of

cyclogenesis is 70% higher than in the MORCE simulation. The

analysis of the climatological seasonal cycle reveals that this

difference comes mainly from the JanuaryeMarch season which is

the main development period in the southern hemisphere. When

compared to observations (IBTrACS database; Knapp et al., 2010),

the cyclogenesis seasonal cycle is reasonably well reproduced by

both simulations. But the MORCE simulation shows a better

agreement with observations in terms of number of tropical

cyclones per year due to the coupling with the ocean (Fig. 8b).

These preliminary results based on the MORCE platform shows

a promising potential to achieve a better understanding of the air-

sea coupling influence on the Indian cyclonic activity.

6. Perspectives

Version 1 of the MORCE platform has already proved its

usefulness for a deep insight in coupled processes and their

contribution to regional climate variability. In particular, the

MORCE platform is used within the CORDEX program of WCRP

regional downscaling experiment (Giorgi et al., 2009), with

a special focus over the Mediterranean in the framework of the

HyMeX (e.g. Drobinski et al., 2009a,b, 2010) and MED-CORDEX

(Ruti et al., submitted for publication). In this context, the MORCE

platform has been used to downscale ERA-interim reanalysis

(1989e2008) as part of phase 1 of the CORDEX program, and

thorough evaluation of the MORCE platform is on-going. The first

Table 2

Comparison to published previous estimates from observations (in-situ measure-

ments and satellite products) of precipitation (P) and evaporation (E) over the

Mediterranean Sea.

Reference Method E (mm/yr) P (mm/yr)

Carter (1956) Measurements of

Mertz (1918)

1160 410

Tixeront (1970) Observations from

coastal stations

1200 350

Bunker (1972) SSMO data 1570

Ovchinnikov (1974) Measurements 1250 400

Jaeger (1976) Measurements 1210 550

Béthoux (1979) Marine advection

and meteorological survey

1540 310

Gilman and

Garrett (1994)

Derived from in-situ

observations

1121e1430 550e700

Castellari et al. (1998) Derived from in-situ

observations

1320e1570 550e700

Béthoux and

Gentili (1999)

Derived from in-situ

observations

1360e1540 310

Mehta and Yang (2008) TRMM products 360e700

Romanou et al. (2010) HOAPS3 products 1037 292

This study CTL simulation 1533 499

MORCE simulation 1442 482
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studies conducted with the MORCE platform has focused on ocean/

atmosphere coupled processes on the Mediterranean Sea water

budget and on the extreme events (intense winds and precipita-

tion) in the Mediterranean (not shown in this paper) and over the

Indian Ocean. It has also been used to investigate the impact of

vegetation/chemistry/hydrology coupling on vegetation evolution

and associated impact onwater cycle (and droughts and heat waves

in particular) and the impact of the water cycle in the Mediterra-

nean region.

As a follow-up of phase 1 of the CORDEX program, the down-

scaling of simulations performed in the frame of the CoupledModel

Intercomparison Project No. 5 (CMIP5) simulations for emission

scenario RCP4.5 and RCP8.5 (RCP standing for Representative

Concentration Pathways) has just started in the frame of CORDEX

phase 2 to investigate the evolution (variability and trend) of the

Mediterranean regional climate.

The perspectives for version 2 of the MORCE platform are to

couple:

1. the ATM and CHEM modules to include the interactions

between atmospheric composition, radiative budget and

nucleation processes

2. the LSM and OCEmodules to include river runoff into the ocean

(which is a key issue for the Mediterranean area)

3. the CHEM module to the BIOGEOCHEM module, to include the

role of aerosols deposition on the sea surface as nutrients for

marine pelagic ecosystems.

and to integrate in WRF the physical parameterization of the IPSL

global circulation model LMDZ (Hourdin et al., 2006) to improve

the physics consistency when using the MORCE platform for

downscaling the IPSL global Earth Simulator IPSL-CM (all other

modules of MORCE platform are common with IPSL-CM). The grid

nesting capacity in all comprtments which is a key added value of

such a regional modeling platformwill be tested in the near-future.

Acknowledgments

This work has mainly been conducted in the IPSL group for

regional climate and environment studies. It received support was

funded by GIS (Groupement d’Intérêt Scientifique) “Climat, Envi-

ronnement et Société”. It also received support from ANR CHAM-

PION (Vagues de CHAleur d’été: Mécanismes, Prévisibilité, Impacts)

project, FP7 CIRCE (Climate Change and Impact Research: the

Mediterranean Environment) and IS-ENES (InfraStructure for the

European Network for the Earth System Modelling) projects. This

work also contributes to the HyMeX program (HYdrological cycle in

The Mediterranean EXperiment) through INSU-MISTRALS support

and the CORDEX program (A COordinated Regional climate

Downscaling EXperiment). This work was granted access to the

HPC resources of IDRIS (Institut du Développement et des

Ressources en Informatique Scientifique) of the Centre National de

la Recherche Scientifique (CNRS) under allocation 2009

(i2009010227) and 2011 (i2011010227) made by the Grand Equi-

pement National de Calcul Intensif (GENCI). The authors are

grateful to SiMED and GLORYS projects funded by Mercator, and in

particular to Charles Deltel from LOCEAN/IPSL, Florent Lyard from

LEGOS, Wolfgang Ludwig from CEFREM, Nicolas Ferry and Yann

Drillet from Mercator Ocean and Bernard Barnier from LEGI, for

their help for developing the Mediterranean Sea configuration of

the NEMO model.

Appendix A

Table A.1: Summarizes the modifications implemented in the

CHEM and LSM modules for their coupling.

b

a

Fig. 8. Differences in the spatial distribution of cyclogenesis (a) and the number of cyclones (b) between the CTL (blue bars) and MORCE (red bars) simulations, and IBTrACS

observations (black bars). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table A.2: Compiles the references, the web site address

where the codes of the various modules of theMORCE platform can

be downloaded and the on-line documentation can be found.
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Table A.1. List of modified routines in CHIMERE and ORCHIDEE for their coupling.

List of modified subroutines in ORCHIDEE Function

dim2_driver.f90 (main) Allow the synchronization with CHIMERE

readdim2.f90 Read the ozone data provided by CHIMERE

intersurf.f90 Pass the O3 array to ORCHIDEE (SECHIBA) subroutines

diffuco.f90 Compute the ozone stress

constantes_co2.f90 Contains the ozone sensitivity parameters for the different vegetation types

List of modified subroutines in CHIMERE Function

chimere.sh (main script) Add flags to enable/disable the coupling

chimere-emis.sh Write a namelist used by CHIMERE for biogenic emissions

chimere-init.sh Contains all the model initializations

chimere-run.sh Write a namelist used by CHIMERE for the coupling

diagbio.f90, diagbio_megan.f90 Use the ORCHIDEE LAI to compute biogenic emissions

diagbio_common.f90

chimere.f90 (main) Used for model synchronization

worker_common.f90, worker_message_subs.f90 Contain variables declarations and MPI calls

chimere_common.f90, master_message_subs.f90

message_defs.f90

iniparam.f90 Adds the original CHIMERE canopy conductance in the outputs

outprint.f90 Saves the original CHIMERE canopy conductance in the outputs

iniread.f90 Retrieves the netcdf id code of ORCHIDEE canopy conductance

readhour.f90 Reads the hourly ORCHIDEE canopy conductance

depvel.f90 Compute dry deposition using the ORCHIDEE canopy conductance

integrun.f90 Hourly synchronization with ORCHIDEE

List of added subroutines in CHIMERE Function

start_orchidee.f90, chimere_orchidee.f90 Used to generate a script to submit and run ORCHIDEE and read the data

get_orchidee_canopy.f90

Table A.2: Documentation of the various MORCE modules.

Module Model On-line documentation Main references

ATM WRF http://www.wrf-model.org/ Skamarock et al. (2008)

CHEM CHIMERE http://www/lmd.polytechnique.fr/chimere Bessagnet et al. (2009)

OCE NEMO http://www.nemo-ocean.eu/ Madec (2008)

BIOGEOCHEM PISCES http://www.lodyc.jussieu.fr/aumont/pisces.html Aumont et al. (2003)

BIOGEOCHEM Eco3M http://www.com.univ-mrs.fr/LOB/spip.php?article208 Baklouti et al., 2006a

LSM ORCHIDEE http://orchidee.ipsl.jussieu.fr/ Krinner et al. (2005)

Coupler OASIS https://verc.enes.org/models/software-tools/oasis/ Valcke (2006)
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