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Abstract

The coupled system COSTRICE, which contains three component models of atmosphere, ocean and sea ice, was developed to reprodu-
ce the interactions and feedback among the atmosphere, ocean and sea ice using a two-way online coupled model system for regional
climate simulations of Baltic Sea and North Sea regions. The regional climate model CCLM is coupled with the regional ocean model
TRIMNP and the sea ice model CICE via the coupler OASIS3. In this study, CCLM is setup with a horizontal grid mesh size of 50 km

and 32 vertical atmosphere layers and is driven by the 6-h ERA-interim re-analysis data as initial and boundary conditions. TRIMNP is
constructed with a horizontal grid mesh size of 12.8 km and 50 vertical ocean levels. CICE calculates 5 categories of ice and opera-
tes with the same horizontal resolution as TRIMNP, but CICE only simulates the Baltic Sea and Kattegat, a part of the North Sea. In a
two-way online coupling process, CCLM is linked to TRIMNP by sea surface temperature (SST) as a lower boundary condition while
TRIMNP and CICE are driven by atmospheric state variables and fluxes of CCLM. The coupled system is designed to run in parallel on
the supercomputing system IBM-power 6 at the German Climate Computing Centre (DKRZ).

Keyword: coupling, OASIS3, atmosphere, ocean, sea ice, Baltic Sea, North Sea

COSTRICE - Ein gekoppeltes Modell-System fir Atmosphéare, Ozean und Meereis unter
Verwendung von OASIS3

Zusammenfassung

Das gekoppelte System COSTRICE, bestehend aus drei Modellkomponenten fiir Atmosphére, Ozean und Meereis, wurde entwickelt, um
die Wechselwirkungen und Rickkopplungen zwischen Atmosphare, Ozean und Meereis zu reproduzieren. Dieses ist ein gekoppeltes
Zwei-Wege Modellsystem, das das regionale Klima {iber den Gebieten von Ost-und Nordsee simulieren kann. Hierin ist das regionale
Klimamodell CCLM mit dem regionalen Ozeanmodell TRIMNP und dem Meereismodell CICE mittels des OASIS3-Kopplers gekoppelt. In
der vorliegenden Studie wird das CCLM mit einer horizontalen Gitterauflosung von 50 km und 32 vertikalen atmosphérischen Schichten
betrieben. Anfangsbedingungen und der laterale Antrieb am Rand des regionalen Modellgebietes werden den sechsstiindigen ERA-
Interim-Renalyse-Daten entnommen. TRIMNP nutzt eine horizontale Gitteraufldsung von 12,8 km und 50 vertikale Ozeanschichten. CICE
berechnet fiinf Eiskategorien und arbeitet mit der gleichen horizontalen Auflésung wie TRIMNP, allerdings ist die CICE-Simulation auf die
Ostsee und den Kattegat, einem Teil der Nordsee, beschrankt. In dem Zwei-Wege-Kopplungsprozess stellt TRIMNP die Meeresoberfla-
chentemperatur als untere Randbedingung fiir CCLM zur Verfiigung, wahrend TRIMNP und CICE durch in CCLM simulierte atmosphéri-
sche Zustandsvariablen und Fliisse angetrieben werden. Das gekoppelte System wurde technisch so konstruiert, dass es parallelisiert
auf dem IBM-Power 6 Supercomputer des deutschen Klimarechenzentrums (DKRZ) betrieben werden kann.

Manuscript received / Manuskripteingang in Druckerei: 21. Oktober 2013
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1 Introduction

This paper introduces the initial development of a two-way online coupled system from three
models of atmosphere, ocean and sea ice (CCLM, TRIMNP and CICE, respectively) using the
coupler OASIS version 3 (Fig. 1) for regional climate simulations. This study provides an
overview of the coupling mechanism in terms of online (i.e., all three component models run
concurrently) and two-way interactions and feedback (i.e., each pair exchanges data at every
coupling time step). Subsequent to the coupling mechanism, source codes of component

models are adapted accordingly, and libraries of the coupler OASIS3 are used to link the three

models.
COS TR ICE
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Global reanalysis FES2004, LEVITUS94 Initial OISST
Setup Setup Setup
Dynamics & Dynamics & Dynamics &
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Figure 1. Schematic of the coupled system COSTRICE. Dashed boxes describe time loops in

each component model. OASIS3 couples component models via green routes.

Air—sea interactions over the North Atlantic and Pacific Oceans are investigated by Zhang
(1996) using observed data. The study demonstrated that the dominant process of air—sea
interactions for both oceans during the winter is the atmospheric forcing of the ocean through
modulation of the latent and sensible heat fluxes. Kirtman and Vecchi (2011) also indicated

that SST anomalies can induce anomalous convection through surface evaporation and low-
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level moisture convergence. The anomalous atmospheric convection can modify the SST
through cloud-radiation and wind-evaporation effects as well as through wind-induced
oceanic mixing and upwelling. As air—sea interactions are critical in maintaining the entire
climate system in equilibrium, it is necessary to consider air—sea interactions in a climate

model or to couple different numerical component models in one model system.

Coupling is frequently applied in climate modelling research. The components of coupling
include the atmosphere, ocean, sea ice, soil, chemistry, waves, etc. Numerous studies on
coupled climate models exist on a global scale (e.g., Manabe and Bryan, 1969, 1979; Taylor
et al., 2009, 2012) or for limited areas on a regional scale (e.g., Gustafsson et al., 1998; Artale
et al., 2009; Elizalde and Jacob, 2012). Coupling in the Baltic region is presented in
Gustafsson et al. (1998), Hagedorn et al. (2000), Omstedt and Rutgersson (2000), Jacob et al.
(2001), Schrum et al. (2001, 2003), Doscher et al. (2002), Meier et al. (2002, 2003, 2004),
Lehmann et al. (2004), and Bennartz et al. (2009). These studies focused on this region as the
Baltic Sea area is subject to global influences, whereas the climate of the Baltic Sea basin
comprises a mixture of continental and maritime climates due to its geographical location,
variable orography, and land-sea contrasts (HELCOM, 2007). Gustafsson et al. (1998)
provided specific examples of “changing ice boundaries” in the winter and “changing SSTs”
in the summer for the Baltic catchment from 1993—-1995 to prove that coupling is necessary
for numerical weather predictions and climate simulations for this region, as the interactions
and feedback among climate components might produce errors in the entire system if a
component is represented unrealistically. Several studies have also focused on the North Sea
(e.g., Rodenhuis, 1978, and Pohlmann, 1996), which is often considered with the Baltic Sea
(Woth et al., 2006; Schrum et al., 2003).

Coupling may be accomplished in two different strategies, offline and online. A simple offline
coupling involves running the atmospheric model for a month and using the output as the
input for the ocean model. The ocean model provides the SST to run the atmospheric model
again for that month. However, this method consumes a substantial amount of computing time
and only demonstrates how well the ocean model reproduces SST and how the SST influences
the results of the atmospheric model. Another similar coupling involves running the

atmospheric model for one day and transferring the output to the ocean model, which runs and
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returns the SST to the atmospheric model at the end of the day to simulate the next day (Tian
et al., 2013). In this case, two models do not run concurrently, the SST is updated once per
day in the atmospheric model. The online coupling is defined as a process in which two or
more models run concurrently and exchange data to take interactions and feedback into

account. Our study focuses on this process.

The online coupling may operate by source code combination or by an alternate method of
data transfer. The former method requires software interfaces (e.g., Gustafsson et al., 1998).
The latter method only requires an exchange of the data; thus, it is more flexible and source
code changes are not required. However, prior to the popularity of coupler programs, data
were transferred via files (e.g., Schrum et al., 2003). This process typically requires a vast
amount of storage and substantial computing time. By using a coupler such as OASIS, the
complex technical problems produced by an all-in-one code are prevented (Ddscher et al.,
2002). The coupler facilitates the direct exchange of data directly among component models
and performs the required interpolation among different model grids. If component models
possess the same grid, data are passed directly from the source grid to the target grid. The
advantage of using a coupler is evident when more than two models are coupled together. In
our case, sea ice is created in the Baltic Sea during winter; however, the chosen ocean model
does not consider sea ice calculations. Hence, a sea ice model has to be coupled to the RCM
system in addition to the atmosphere and ocean models. Additionally, an individual sea ice
model coupled in the system might reproduce ice formation, retreat and shifting more
adequately than a simple sea ice parameterisation scheme, which is often employed in ocean

models.

Sect. 2 describes invidually three model components of COSTRICE. Sect. 3 demonstrates
how the model components coupled together via OASIS3. Experiment settings for a case
study and intial simulation results are discussed in Sect. 4. Some conclusions and suggestions

are presented in Sect. 5.

2 Components of COSTRICE

+ Atmosphere model:
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The atmospheric model used in the current study is the non-hydrostatic regional climate
model CCLM (Consortium for Small-scale Modeling in CLimate Mode, Rockel et al., 2008)

version cosmo 4.8 clml1, which was developed by COSMO (http://www.cosmo-model.org)

and the CLM-community (http://www.clm-community.eu). CCLM is based on the primitive
thermo-hydrodynamical equations that describe compressible flow in a moist atmosphere. The
model equations are formulated in rotated geographical coordinates and a generalised terrain
following height coordinate. A variety of physical processes (e.g., vertical radiation fluxes,
vertical turbulent mixing, and moisture convection) are considered by parameterisation
schemes. In a case study using COSTRICE, CCLM is driven by lateral boundary conditions
from 6-h ERA-interim reanalysis data (Dee et al., 2011) using the Davies relaxation scheme
(Davies, 1976). However, in an uncoupled simulation for 1948-2010, CCLM is driven by 6-h
NCEP reanalysis data (Kalnay et al., 1996). Source code of CCLM is written in FORTRAN90
and employs a standard MPI library for parallel runs. A list of published papers using CCLM

is available on the web page of the CLM-community.
+ Ocean model:

The ocean model TRIMNP used for the coupled system is the “nested and parallel” version of
the non-hydrostatic regional ocean model which was developed at Helmholtz-Zentrum
Geesthacht, Germany. It is based on the Tidal Residual and Intertidal Mudflat Simulations in
3 Dimensions (TRIM3D) model of the University of Trento, Italy (Casulli and Cattani, 1994).
TRIMNP is based on the 3-D Navier-Stokes equations with switchable baroclinic terms and
non-hydrostatic terms. TRIMNP is formulated on a Cartesian Arakawa-C grid using vertical
z-coordinates without constraints on top layer thickness. A domain decomposition with
explicit message passing is considered using the MPI-Library. The vertical turbulent mixing is
parameterised on the basis of the General Ocean Turbulence Model (GOTM)
(http://www.gotm.net). More details on TRIMNP can be found in Kapitza (2008) and Kapitza

and Eppel (2000). In this study, the surface boundary conditions (e.g., pressure, wind, and
temperature) are obtained from a CCLM simulation every hour. The boundary conditions of
water temperature, salinity, currents, etc. for ocean layers are obtained from the results of
FES2004, which is the latest version of the finite element solution (FES) global tide model

that utilises tidal hydrodynamic equations and data assimilation (Lyard et al, 2006; Lefevre et
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al., 2002), and from the LEVITUS9%4 Ocean Climatology data
(http://iridl.Ideo.columbia.edu/SOURCES/.LEVITUS94). The lateral boundary treatment for
TRIMNP is based on the nudging technique by Davies (1973).

+ Sea ice model:

CICE is the Los Alamos sea ice model version 4.1 from Los Alamos National Laboratory in

the USA (http://oceans]1.lanl.gov/trac/CICE). Although CICE is designed as the sea ice

component of global climate models, it can also be employed for regional sea ice simulations
in standalone mode. It is a thermodynamic model that computes local growth rates of snow
and ice, due to vertical conductive, radiative, and turbulent fluxes, along with snowfall. It also
includes a model of ice dynamics, which predicts the velocity field of the ice pack based on a
model of the material strength of the ice, a transport model, which describes advection of the
areal concentration, ice volumes and other state variables, and a ridging parameterisation that
transfers ice among thickness categories based on energetic balances and rates of strain

(Hunke and Lipscomb, 2008).

In this study, CICE is designed for sea ice simulations of the North Sea and the Baltic Sea.
However, the current version of CICE does not consider leap years and only considers years
with 360 or 365 days. When CICE was initially coupled to CCLM and TRIMNP in
COSTRICE, an inconsistency in model time among the three models was produced: for a leap
year simulation, the model time of CICE is shifted one day at the end of the year. Therefore,
CICE could not restart correctly on the first day of the next year as CCLM and TRIMNP. To

resolve this problem, a modified code was supplemented with a routine of CICE4.1.

+ Coupler:

The three models are coupled through the coupler OASIS3 model (The Ocean Atmosphere

Sea Ice Soil model version 3) of CERFACS in France (http://oasis.enes.org), which is

currently used by approximately 30 climate modelling groups in Europe, the USA, Canada,
Australia, India and Brazil. OASIS3 is a portable set of Fortran 77, Fortran 90 and C routines
and only supports 2-D coupling fields (Valcke, 2006, 2013). In our study, OASIS3 is
compiled and run on IBM Power6 at DKRZ. The main task of OASIS3 is to interpolate the
fields from a source grid to a target grid, which usually exhibit different resolutions and

provides a mechanism for data transfer between models while they are running concurrently.

7
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Various interpolation methods are available in OASIS3, which are offered by the Los Alamos
National Laboratory SCRIP 1.4 library (http://gcmd.nasa.gov/records/LANL-SCRIP.html).

3 Coupling of three component models via OASIS3

This section details the technical coupling of the three component models via the coupler
OASIS3. The advantages of the coupler OASIS is that the three component models maintain
their own executables and OASIS3 acts as an additional executable and as a communication
library, the PSMILe, that is linked to the models. Using OASIS, the complex technical
problems generated from an all-in-one code are prevented (Doscher et al., 2002). Previous
research has applied OASIS for coupling an atmospheric model to an ocean model that
already includes already a sea ice scheme. In this study, we introduce a detailed technique and

provide some useful tips for coupling three components in one system.

First, OASIS3 has to be downloaded and compiled on a computer system to link to the
PSMILe library. Second, a few specific PSMILe calls need to be included in all component
models to enable communications between a model component with OASIS3 or directly with
other models. To accomplish this step, several changes are made in the source code of
component models (example in Table B1). In this example, which shows a subset of exchange
variables, the sending fields of CCLM are the mean sea level pressure (PMSLCCLM), the
total precipitation (PRECCCLM), the rain rate (RAINCCLM) and the snow rate
(SNOWCCLM), whereas the received field consists of only the surface temperature
(T_S_CCLM). Note the following details: (i) in this initial study, CCLM is linked to TRIMNP
by SST as a lower boundary condition for ice-free conditions, and is linked to CICE by the
sea ice skin temperature. Where sea ice exists, the albedo parameterisation in CCLM switches
from ocean to sea ice. However, partial sea ice cover, snow on sea ice and water on sea ice are
not currently considered in CCLM, they, however, are items for future refinement of the
model system; (ii) both individual models, TRIMNP and CICE, are driven by the atmospheric
state variables (near-surface pressure, wind, temperature, humidity, air density, and cloud
fraction), the lowest atmospheric level height, and fluxes (precipitation, snow, short and long
wave radiation, and heat) of the CCLM; and (iii) CICE requires the SST, salinity, currents,

ocean surface slope, and freezing/melting potential energy from TRIMNP and returns to

8
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TRIMNP the water and ice temperature, ice concentration, fresh water flux, ice to ocean heat
flux, short wave flux through ice to ocean, and ice stress components. A schematic diagram
showing the data exchange is displayed in Fig. 3. In this study, the output of CCLM is passed
to TRIMNP every hour and other exchange processes operate with an interval of 3 h

(TRIMNP to CCLM, CCLM exchanges with CICE, and TRIMNP exchanges with CICE).

The names of variables defined in the source codes of the component models should
correspond to the name list file of OASIS3, which is named “namcouple”. Figure 4 shows an
example of the variable names that are defined and then announced by the “prism def var
proto” call of OASIS3 in the source code of the three models (see Table B1). Another routine
of OASIS3, “prism def partition proto”, is used by each process to describe the partition
corresponding to the coupling field that will be sent or received by the process. In our
construction of COSTRICE, only the master process will send/receive the field; thus, only the

master process calls “prism def partition proto” to describe a partition covering the entire grid.

6_h0ur|y ERA-interim =======*CCLM -Atmosphel’e
1 hourly 3 hourly
Near surface The lowest atmosphere level
pressure,  wind, height, wind, temperature,
fluxes  (radiation, humidity, air density, cloud, fluxes
heat, precipitation) (radiation, heat, precipitation, snow)

3 hourly
Ice skin temperatue
*CICE

Initial SST: OISST_NOAA ::--- :
Sea ice

3 hourly
. Water temperature, ice skin temperature,

K ] 4 ¢ icearea, fluxes (water, heat), ice stre

V LI |
3 hourly SST L

. . 3 hourly
gllmatologgcal FES2004 TRIMNP Surface temperature (SST),
LEVITUS94 7 Ocean salinity, ocean currents, ocean

Initial SST: OISST_NOAA . :
= surface slope, freezing/melting

potential energy

Figure 3. A schematic diagram for two-way regional model coupling.
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CCLM CICE TRIMNP
pTToem e H -T----==
| PMSLCCLM f--=-==-===-====-=->1 PMSITRIM |  mean sea level pressure (Pa)
. m-==-===
i__fBEQQ_C__L_M__f """"""""""" >!_ _RAINTRIM | total precipiration (mm/s)
_RANCCLM > RAINCICE ainrate g/
_SNOWCCLM |- SNOWCICE | snow rate (kg/m2s)
| TS COLM igeommmommeemeeeee i SSTTRICE !  skintemperature (K)

.............................

Fommmmmmmm oo —— - ——

0 1
i SST CICE <"1 SST_TRIM !  surface water temperature (K)

P mmmm e —— - ——

| ] 1 . .
i TSF.CICE i —>1 TSF_TRIM !  seaice skin temperature (K)

s mmm e e ]

AIC_CICE :-- > AIC_TRIM '  seaice area (%)

______________________________

Figure 4: An example of name of variables defined in the three models. Arrows display the

direction of sending.

CCLM dtai LAG§ LAG§ LAGi
JEE RN }HHHHH }HHHHH?{

CICE dtgi \?"LAG‘
1111111111111111111111111111111111111111111;L
Fesssssrissnshasitssstissssirrarssnsssfy

TRIMNPE“”“””'? ...... |
o th 2N .

Figure 5. A schematic diagram for the online coupling process among the three component
models, where dta, dti, and dto are running time steps of CCLM, CICE and TRIMNP,
respectively. The coupling time step of CCLM to TRIMNP is 1 h. Other coupling time steps
are 3 h. LAG is the lagged time prior to each coupling time step.

The next step is to choose the coupling parameters, such as source and target grids, coupling

frequency, and field interpolation that are described in the file “namcouple” of OASIS3.

10
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Examples of the file “namcouple” are shown in Tables C1 and C2 and by Valcke (2006,
2013). The interpolation method employed in this study is the N-nearest-neighbour distance-
weighted interpolation (DISTWGT), which is required for the local multiple rotated
coordinates of TRIMNP.

Among the three component models, the temporal coupling algorithm controlled by OASIS3
is displayed in Fig. 5. The running time steps of CCLM (dta), CICE (dti) and TRIMNP (dto)
are 300 s, 240 s, and 240 s, respectively, and the coupling time step of CCLM to TRIMNP is
1 h whereas other coupling time steps are 3 h. At every running time step, each model sends
the required exchange variables to OASIS3. However, OASIS only sends data to the
respective receiving model at the coupling timestep of each model. If LAG is set to 0, data are
derived exactly at the coupling time step. To prevent deadlock situations, the sequence index
must be defined for each of the coupled fields corresponding to the given order. For example,
first, the state variables and fluxes from CCLM were sent to TRIMNP (SEQ = 1); next, the
SST and the salinity of TRIMNP were passed to CICE (SEQ = 2); and, last, sea ice skin and
water temperature of CICE were passed to TRIMNP (SEQ = 3). Unfortunately, this initial set-
up of our coupled system created deadlocks after running 3 h as all three models
simultaneously sent and required data, which resulted in a loop of waiting. To prevent this
deadlock, the three models are set to run simultaneously (SEQ = 1 for all exchanged fields)
and LAG is set to the running time step (in seconds) of the component model that sends the
data. Consequently, the sending time is one running time step earlier than the receiving time
step, and no model has to wait in the loop as it already receives data from the previous step
from the sending model to calculate the current step. However, due to the LAG, OASIS reads

data from the restart files at the first running step and sends data to all three models.

Data sent at the coupling time consist of instantaneous, averaged or accumulated values since
the last coupling time is dependent on the status of the variables. For example, rain and snow
rates or heat fluxes are averaged for the period between the last and the current coupling time
as they alter significantly over timesteps, total precipitation is passed instantaneously as it is
already accumulated hourly in CCLM, and wind components are passed instantaneously as

alternating changes in wind direction during one coupling time step might obscure actual

11
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wind speed values if wind components are averaged. At the end of each month, data are

written in the restart file to initiate the coupling for the next month.

At the beginning of the coupling process (January 1, 1997 in this case study), the atmospheric
forcings are passed from CCLM to TRIMNP and CICE, but the SST of TRIMNP is initialised
from the uncoupled TRIMNP simulation. For this reason, the SST is too cold due to the direct
influence of the cold air temperature above (due to the lack of a sea ice scheme in TRIMNP);
thus, the sea ice concentration that formed based on the surface temperature of Bothnian Bay
of TRIMNP is overestimated. Additionally, the skin temperature in CICE is set to —1.8 = C
everywhere over the sea ice. To prevent incorrect feedback to the atmospheric model, these
unrealistic phenomena should not be considered. For this reason, the first simulation month
(January 1997) is considered as an adjustment time for the upper ocean conditions in the
ocean model prior to the beginning of the two-way coupling. From the second month onward,
CCLM receives SST from TRIMNP. In principle, the ocean model requires a longer spin-up
time as it is initialised with climatological data. As the Baltic Sea has a response time scale of
30 yrs (Meier et al., 2006), we will analyse the spin-up behaviour in further detail for the

longer runs and select the spin-up time accordingly.

Instead of only SST (as in TRIMNP without sea ice), the feedback mechanism from ocean
and sea ice to atmosphere is transferred by the combination of the sea water temperature Toce
from TRIMNP and the sea ice skin temperature Ty from CICE, which is weighted by the sea

ice area Ay . The basic equation employed here is the Stefan- Boltzmann Law
HFL = &oTS* (1)

where TS is the skin temperature sent to CCLM at a grid point, and HFL is the heat flux from

surface to atmosphere in the grid box. TS can be formulated from Eq. (1) as follows:

TS = 4/ HFL @)
Eo

As in winter, both ice and sea water exist in the grid box, and the heat flux is calculated as:

HFL = go-Tlge X Alce + go-Tgce x(1- Alce) )

12
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where Ty is the sea ice skin temperature, Ay is the sea ice area, and Toc. 1s the sea water
temperature. Note that the existence of sea ice in the grid box also affects the surface albedo,
which is important for the calculation of surface radiation fluxes in the atmospheric model.
Presently, the CCLM does not include a tile approach and does not consider partial sea ice in
an atmospheric grid box. Additionally, when the COSTRICE was designed, CCLM only
included a constant albedo of 70 % for sea ice. In the new CCLM version, a temperature-
dependent sea ice albedo is implemented, which should be considered for long-term

simulations of COSTRICE.

4 Experiment settings and initial simulations

The coupled system is applied in a technical test case study for climate simulations of the
Baltic Sea and North Sea regions for 1997-2002. Table 1 presents the specifications of the

three models. The considered domain is presented in Fig. 2.

Table 1. The configuration of the three component models

CCLM TRIMNP CICE

Horizontal resolution ~ 0.44° x 0.44° 12.8 km 12.8 km
Vertical resolution 32 layers 50 layers 5 ice-categories
Domain (grid points) 126 x 123 200 x 230 120 x 120
Running time step 300 s 240 s 240's
Computing resource 9 x 9 =8l tasks 7 x 14 =98 tasks 6 x 2 =12 tasks
Boundary conditions  + 6 hourly ERA-interim; + 1 hourly data from + 3 hourly data

+ 3 hourly SST from CCLM; from CCLM and

TRIMNP (ERA-interim  + 3 hourly data from CICE; TRIMNP;

for none matching areas + climatological data from ~ + open lateral

between the two domains);  FES2004 and LEVITUS94; boundary

+ 3 hourly sea ice skin + initial SST from NOAA T initial SST

temperature from CICE from NOAA

13
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Figure 2. Domains for the atmosphere (CCLM), ocean (TRIMNP) and sea ice (CICE) models.

The atmospheric model CCLM has a horizontal grid mesh size of 50 km and 32 vertical
hybrid levels and is driven by the 6-h ERA-interim re-analysis data as initial and lateral
boundary conditions using the Davies relaxation scheme (Davies, 1976). The running time
step of CCLM 1is 300 s and the domain of CCLM encompasses all of Europe. The ocean
model TRIMNP is designed with a horizontal grid mesh size of 12.8 km and 50 vertical layers
to simulate the Baltic Sea and the North Sea. The sea ice model CICE operates with the same
horizontal resolution as TRIMNP but covers only Baltic Sea and Kattegat, which is part of the
North Sea. Therefore, CICE is applied only to areas that may be covered by sea ice in winter.
A time step of 240 s is employed for TRIMNP and CICE. For none matching areas between
the two domains of CCLM and TRIMNP, the ERA-interim reanalysis SST is used.

To see impacts of coupling on simulated climate of the Baltic and North Sea regions, two
experiments are set up: CPERAI is a coupled run of COSTRICE and STERAI is a standalone
run of TRIMNP. In STERAI, atmosphere state variables and fluxes are obtained from a
simulation, in which CCLM was forced by ERA-interim SST, and are subsequently provided
to TRIMNP. In turn, TRIMNP calculates SSTs without a sea ice scheme and does not pass
them to CCLM. CPERAI is a coupled run in which all fluxes, including heat fluxes, are passed
from CCLM to TRIMNP and CICE via OASIS3. Exceptionally, longwave upward radiation
flux is calculated by TRIMNP based on SSTs. This method was applied in Doscher et al.
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(2002) in which the fluxes are calculated within the atmosphere on an atmospheric grid (44
km), which is coarser than the ocean grid (11.1 km), to neglect the sub-atmosphere-grid scale
variability of the sea surface. This method is necessary for COSTRICE as the ocean model
TRIMNP does not consider sea ice, therefore if fluxes are calculated in TRIMNP instead of
passed from CCLM to CICE, they will be incorrect, especially for surface short wave
radiation and downward long wave radiation in winter due to the sea ice albedo. In CPERAI,
the SST provided to CCLM for the coupled area is a combination of surface water

temperatures from TRIMNP and sea ice skin temperatures from CICE.

COSTRICE is designed to operate in parallel on the supercomputing system IBM-power 6 at
DKRZ. In this study, we used 3 nodes with 64 tasks per node to run the entire system, in
which CCLM, TRIMNP, CICE and OASIS run on 81, 98, 12 and 1 tasks, respectively (see
Table 1). The distribution of tasks will vary when CCLM runs with a higher resolution. For an
initial evaluation of the capability of COSTRICE, simulations of the case study are compared
with the SST and sea ice concentration data sets from the daily high-resolution (1/4° x1/4¢)
data from the NOAA Optimum Interpolation Sea Sur face Temperature (OISST) version
(http://iridl.I1deo.columbia.edu/SOURCES/.NOAA/.NCDC/.OISST/.version2/. AVHRR/).

As an example of the proficiency of the coupled system, Fig. 6 presents the daily area
averaged SST of NOAA OISST data and of TRIMNP in the uncoupled STERAI run (using
ERA-interim data) and in the coupled CPERAi run from 1998 to 2002. In general,
COSTRICE has capability to reproduce SST and sea-ice over the North- and Baltic. In this
example, over the Baltic Proper, a sea ice free area, the uncoupled version of TRIMNP tends
to overestimate OISST in the summer months and to underestimate in the remaining months
of the year, while the SST of CPERAI approximates better the OISST of NOAA data. Over
the Bothnian Bay, where is often covered by sea ice in winter, sea ice concentration of NOAA
data is reproduced better in CPERAI than in STERAI. Note that TRIMNP doesn’t have a sea
ice module, sea ice concentration is defined based on the SSTs and freezing threshold

temperature of -1°C.
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Figure 6. The daily SST (K) of OISST, STERAi1 and CPERAI for the time period of 1998-
2002, averaged over the Baltic Proper (a) and the Bothnian Bay (b).
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Figure 7. Differences of MSLP [Pa] from ERA-interim (contours) and precipitation
[mm/month] from WATCH data (shaded) of STERAI (a) and CPERAI (b) for JJA 1998-2002.

Similar to the standalone run of CCLM (STERA1), COSTRICE captures well the NAO-like
pattern when comparing the simulated mean sea level pressure (MSLP) to ERA-interim data
(not shown here). However, STERAI has negative MSLP biases over North Atlantic Ocean,
the North- and Baltic Seas (Fig. 7a), which may causes strong wet biases over Scandinavia,
due to the relationship between NAO and rainfall over Europe. Figure 7 presents difference of

MSLP from ERA-interim and the difference of precipitation from WATCH data (Weedon et
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al, 2011) for JJA 1998-2002 of STERA1 and CPERAI. The negative MSLP biases of the
uncoupled CCLM are reduced by COSTRICE (Fig. 7b). Consequently, COSTRICE has
reduced precipitation biases over Baltic catchment areas. However, a robust conclusion may

be attained after a long-term run of CPERA1 is conducted in the future.

5 Conclusions and outlook

This paper introduces the two-way online coupled system COSTRICE, which comprises three
model components: the atmospheric RCM CCLM, the ocean model TRIMNP and the sea ice
model CICE. COSTRICE is designed to run in parallel on the supercomputing system IBM-
power 6 of DKRZ. Using the coupler OASIS3, minor changes to the original source code of
the component models were primarily limited to a few additional calls regarding the library of
OASIS3. The coupled system was designed to run an experiment (CPERA1) for a test case
study for 1997-2002. In general, compared to the standalone version of TRIMNP, CPERAI
improves the SST of the ice-free area and sea ice concentrations over sea ice areas. Due to the
interactions and feedback of atmosphere, ocean and sea ice represented in the coupled system,
CPERAI reduces the negative MSLP bias over North Atlantic Ocean, the North- and Baltic
Seas of the standalone run of CCLM, therefore, reduces the precipitation biases over Baltic
catchment areas. A more robust conclusion might be attained after results from future long-

term runs of CPERAI are available.

Additional sensitivity tests need to be conducted are the tests of coupling time steps and the
spin-up time for the ocean model, and the adjustment time for the coupled system. Moreover,
in our study, the feedback of the ocean to the atmosphere is taken into account via SST but the
exchange of momentum between the atmosphere and the ocean is critical in determining
climate (e.g., Gill, 1982). The wind-dependent roughness of the surface directly influences the
air—sea fluxes of all other quantities (e.g., sensible and latent heat, water, and gases) (Rothrock

et al., 1999). In the future, the momentum exchange should be included in the system.

Another component currently missing is a hydrological discharge (HD) model. In this study,
TRIMNP uses measured freshwater inflows. However, for climate projections in future
studies, a HD model is required to provide freshwater information to TRIMNP. As reported in
HELCOM (2007), the external water budget of the Baltic Sea is dominated by water imports
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from riverine discharges, inflowing North Sea water, and net precipitation (precipitation
minus evaporation) and export by Baltic Sea water outflows into the North Sea. Regionally,
the Nordic part of the Baltic drainage basin has exhibited an increasing trend in runoff during
winter (December—February) and spring (March—May) from 1921-2004; thus, variable runoff
conditions should be considered in climate simulations, especially as the large amount of
freshwater inflow into the Baltic Sea controls the low salinity of the Baltic Sea surface water,
which strongly effects the freezing potential capacity of water in this region. Therefore, it is
strongly recommended that a HD model is included in the future versions of the coupled
system COSTRICE. It is planned that COSTRICE will be upgraded to the next generation
using the new released version of the coupler OASIS3-MCT.

Table Al: List of acronyms

Acronyms Full name
BALTEX The Baltic Sea Experiment
CCLM Consortium for Small-scale Modeling model in CLimate Mode

CERFACS  Centre Européen de Recherche et de Formation Avancée en Calcul Scientifique, France
CICE Los Alamos sea ice model
COSTRICE CCLM + TRIMNP + CICE

DKRZ The German Climate Computing Center

ECMWF European Centre for Medium-Range Weather Forecasts
ERA ECMWEF reanalysis data

GCM Global climate model / General cirlation model

HAMSOM  The regional ‘Hamburg Shelf Ocean Model’ of University of Hamburg, Germany
HELCOM The Baltic Marine Environment Protection Commission or ‘Helsinki Commission’

HD Hydrological Discharge (model)
HIRLAM The high resolution limited area model of Sweden's Meteorological and Hydrological
Institute

MITgem The general cirlation model of Massachusetts Institute of Technology, US
OASIS3 The Ocean Amosphere Sea Ice Soil model version 3 of CERFACS, France

OISST NOAA Optimum Interpolation Sea Surface Temperature (OISST) version 2

RCM Regional climate model

RegCM3 Regional climate model version 3 of International Centre for Theoretical Physics
(ICTP), Italy

REMO Regional model of Max-Planck Institute for Meteorology, Germany

SST Sea surface temperature

TRIMNP The “Nested and Paralle]” mode of the Tidal Residual and Intertidal Mudflat
Simulations in 3 Dimensions model
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Table B1: An example of the source code changes of CCLM using specific
PSMiLe calls of OASIS3

Source code changes

Stand-alone CCLM

Coupled CCLM

+ Initialization: I aeeee start ------ I eeeee start ------
(sub. init_environtmentin | Call MPI_INIT Call MPI_INIT
“environtment.fa0") Call prism_init_comp_proto (...)
Call prism_get_localcomm_proto (...) ! -> kl_comm
icomm_world = icomm_world =
MPI_COMM_WORLD kl_comm
+ Local partition definition X paral ( clim_strategy ) = clim_serial
paral ( clim_length ) = ie_tot *je_tot
paral ( clim_offset) =0
Call prism_def partition_proto (id_part, paral, ierror)
inodims(1)= 1! rank of coupling field
inodims(2)= 1
ishape(1) = 1 ! min index for the coupling field local dimension
ishape(2) = ie_tot *je_tot ! max index
+ Coupling field ssnd(1)%cIname = ‘PMSLCCLM’ ! sending
declaration ssnd(2)%clname = ‘PRECCCLM’ ! sending
ssnd(3)%cIname = ‘RAINCCLM’' ! sending
X ssnd(4)%clname = ‘SNOWCCLM’ ! sending
DOi=1,4 I'4 vars are sent
Call prism_def_var_proto (ssnd(i)%id,ssnd(i)%clname,
id_part,inodims,PRISM_Out,ishape,PRISM_REAL, ierror )
ENDDO
srcv(1)%clname = ‘T_S_CCLM’ !'receive
Call prism_def_var_proto (srcv(1)%id,srcv(1)%cIname,
id_part,inodims, PRISM_In, ishape, PRISM_REAL, ierror )
+ End of definition phase X Call prism_enddef proto (...)

+ Main program, time
stepping loop:
- to get fields from OASIS

- to send fields to OASIS

DO istep = nstart, nstop

- pms| (ibije,jbije)=....
I--- rain_total(ib:je jbje)=...
I--- rain (ib:je,jozje)= ...

I--- snow (ib:je,jbije)= ...

DO istep = nstart, nstop

Call prism_get_proto (..., istep, T_S_CCLM, ...)

Call distribute_filed (T_S_CCLM, ie_tot, je_tot, SST, ie,je)
I....= SST(ibje,jbije) * .....

I--- pmsl (ib:je,jb:je)=....

I--- rain_total (ib:je,jb:je)= prr_con+prr_grp+ prs_con+prs_grp
I--- rain (ib:je,jo:je)= prr_con+prr_grp

I--- snow (ib:je,jb:je)= prs_con+prs_grp

Call gather_filed (PMSL,ie,je,PMSLCCLM,ie_tot,je_tot)
Call gather _filed (rain_total,ie,je,PRECCCLM,ie_tot,je_tot)
Call gather_filed (rain,ie,je, RAINCCLM,ie_tot,je_tot)

Call gather_filed (snow,ie,je, SNOWCCLM,ie_tot,je_tot)
Call prism_put_proto (..., istep, PMSLCCLM, ...)

Call prism_put_proto (..., istep, PRECCCLM, ...)

Call prism_put_proto (..., istep, RAINCCLM, ...)

Call prism_put_proto (..., istep, SNOWCCLM, ...)

+ Termination:
(sub. final_environtment
in “environtment.f90")

S —
Call MPI_FINALIZE

[oeeee finish ------
Call prism_terminate_proto (...)
Call MPI_FINALIZE
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Table C1: Passing SSTTRICE on the grid ocng of TRIMNP (after combined SST of
TRIMNP with the sea ice temperature of CICE) to the grid atmg of CCLM. The Lines are in

the “namcouple” file. An explanation of each Line is provided in the shaded box below..

Line 1 SSTTRICE | T_S_CCLM 1 10800 2 sstoc.nc EXPORTED
Var.namein | Var.name | Index offieldin | Coupling time | Number of | Input/restart | Exchanged
TRIMNP in CCLM cf_name_table (=3 hours) analysisin | file's name via OASIS
Line 4
Line2 | ocng atmg LAG=+240 SEQ-=1
Souce grid Target grid | Lagged time (S) | Runin
= timestep of parallel
TRIMNP
Line3 | R 0 R 0
Regional No overlap | Regional No overlap
Line4 | LOCTRANS | SCRIPR
Analysis 1 Analysis 2
Line5 | INSTANT
Field status
Line6 | DISTWGT LR SCALAR LATLON 10 4
Interpolation | Source grid | Field type Search Number of | Number of
method type restriction restriction neighbour
type bins points used

Table C2: Passing PMSL on the grid atmg of CCLM to the grid ocng of TRIMNP. Others

detail are similar to Table C1.

Linel | PMSLCCLM | PMSLTRIM 33 3600 2 atmin.nc EXPORTED
Var.namein | Var.name | Index offieldin | Coupling time | Number of | Input/restart | Exchanged
CCLM in TRIMNP | cf_name_table | (=1 hours) analysisin | file's name via OASIS
Line 4
Line2 | atmg ocng LAG=+300 SEQ=1
Souce grid Target grid | Lagged time (s) | Runin
= timestep of parallel
CCLM
Line3 | R 0 R 0
Regional No overlap | Regional No overlap
Line4 | LOCTRANS | SCRIPR
Analysis 1 Analysis 2
Line5 | INSTANT
Field status
Line6 | DISTWGT LR SCALAR LATLON 10 4
Interpolation | Source grid | Field type Search Number of | Number of
method type restriction restriction neighbour
type bins points used

20




HZG Report Ho-Hagemann et al. 2013 Helmholtz-Zentrum Geesthacht

Acknowledgements

This study has been funded by the project REKLIM. The authors are grateful to the following
entities: CERFACS (France), especially S. Valcke, for their valuable support of the coupling
technique; the German Climate Computing Centre (DKRZ), especially J. Behrens for the high
computing performance; the IRI/LDEO Climate Data Library (http://iridl.1deo.columbia.edu)
for providing the LEVITUS94 Ocean Climatology data and NOAA high-resolution data;
Laurent Roblou from LEGOS in Toulouse, France, for providing the software FES2004 for
generating initial and boundary values for water levels; the ECMWF for providing ERA-
Interim data; and the Los Alamos National Laboratory (US), especially E. C. Hunke, for the

sea ice model source code and useful discussions.

References

Artale, V., Calmanti, S., Carillo, A., Dell’Aquila, A., Hermann, M., Pisacane, G., Ruti, P. M.,
Sannino, G., Striglia, M. V., Giorgi, F., Bi, X., Pal, J. S., and Rauscher, S.: An atmosphere-
ocean regional climate model for the mediterranean area: assessment of a present climate
simulation, Clim. Dynam., 35, 721-740, 2009.

Bennartz, R., Lorenz, P., and Jacob, D.: Validation of the regional coupled climate model BALTIMOS
using passive microwave satellite data (AMSR-E), Theor. Appl. Climatol., doi:http:
//dx.doi.org/10.1007/s00704-009-0178-x, 2009.

Casulli, V. and Cattani, E.: Stability, accuracy and efficiency of a semi-implicit method for three
dimensional shallow water flow, Comput. Math. Applic., 27, 99—112, 1994.

Davies, H. C.: On the lateral boundary conditions for the primitive equations, J. Atmos. Sci., 30, 147—
150, 1973.

Davies, H. C.: A lateral boundary formulation for multi-level prediction models, Q. J. Roy. Meteor.
Soc., 102, 405418, 1976.

Dee, D. P., Uppala, S. M., Simmons, a. J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U.,
Balmaseda, M. a., Balsamo, G., Bauer, P., Bechtold, P., Beljaars, a. C. M., van de Berg, L.,
Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer, a. J., Haimberger, L.,
Healy, S. B., Hersbach, H., Holm, E. V., Isaksen, L., Kallberg, P., Kohler, M., Matricardi, M.,
McNally, a. P., Monge-Sanz, B. M., Morcrette, J. -J., Park, B. -K., Peubey, C., de Rosnay, P.,
Tavolato, C., Thepaut, J. -N., and Vitart, F.: The era-interim re-analysis: Configuration and
performance of the data assimilation system, Quarterly Journal of the Royal Meteorological
Society, 137, 553-597, doi:http://dx.doi.org/10.1002/q;.828, 2011.

Doscher, R., Willen, U., Jones, C., Rutgersson, A., Meier, H. E. M., and Hansson, U.: The
development of the coupled ocean atmosphere model RCAO, Boreal Env. Res., 7, 183-192,
2002.

21



HZG Report Ho-Hagemann et al. 2013 Helmholtz-Zentrum Geesthacht

Elizalde, A. and Jacob, D.: Water vapor transport and precipitation over the Mediterranean region as
simulated by a regional atmosphere-ocean coupled model, Clim. Dynam., submitted, 2012.

Gill, A. E.: Atmosphere-Ocean Dynamics, Academic Press, Inc., San Diego, 662 pp., 1982.

Gustafsson, N., Nyberg, L., and Omstedt, A.: Coupling high-resolution atmosphere and ocean models
for the Baltic Sea, Mon. Weather Rev., 126, 2822-2846, 1998.

Hagedorn, R., Lehmann, A., and Jacob, D.: A coupled high-resolution atmosphere-ocean model for the
Baltic region, Meteorol. Z., 9, 7-20, 2000.

HELCOM: Climate change in the Baltic Sea area — HELCOM thematic assessment in 2007, Baltic Sea
Environmental Proceedings No. 111, 2007.

Hunke, E. C. and Lipscomb, W. H.: CICE: The Los Alamos Sea Ice Model. Documentation and
Software User’s Manual. Version 4.0, T-3 Fluid Dynamics Group, Los Alamos National
Laboratory, Tech. Rep., LA-CC-06-012, 2008.

Jacob, D., Andrae, U., Elgered, G., Fortelius, C., Graham, L. P., Jackson, S. D., Karstens, U.,
Koepken, Chr., Lindau, R., Podzun, R., Rockel, B., Rubel, F., Sass, H. B., Smith, R. N. D.,
Van den Hurk, B. J. J. M., and Yang, X.: A comprehensive model intercomparison study
investigating the water budget during the BALTEX-PIDCAP period, Meteorol. Atmos. Phys.,
77,1943, 2001.

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., Iredell, M., Saha, S.,
White, G., Woollen, J., Zhu, Y., Chelliah, M., Ebisuzaki, W., Higgins, W., Janowiak, J., Mo,
K. C., Ropelewski, C., Leetmaa, A., Reynolds, R., and Jenne, R.: The NCEP/NCAR re-
analysis Project. Bull. Amer. Meteor. Soc., 77, 437471, 1996.

Kapitza, H.: MOPS — a morphodynamical prediction system on cluster computers, in: High
Performance Computing for Computational Science, VECPAR 2008. Vol. 5336 Toulouse (F),
doi:http://dx.doi.org/10.1007/978-3-540-92859-1, 63—68, 2008.

Kapitza, H. and Eppel, D.: Simulating morphodynamical processes on a parallel system, in: 6th
International Conference on Estuarine and Coastal Modeling, Reston, VA (USA), 1182-1191,
2000.

Kirtman, B. and Vecchi, G. A.: Why Climate Modelers Should Worry About Atmospheric and
Oceanic Weather. The Global Monsoon System: Research and Forecast, 2nd Edn., edited by:
Chang, C.-P., Ding, Y., Lau, N.-C., Johnson, R. H., Wang, B., and Yasunari, T., World
Scientific Series on Asia-Pacific Weather and Climate, vol. 5, World Scientific Publication
Company, 608 pp., 511-524, 2011.

Lefevre, F., Lyard, F. H., Le Provost, C., and Schrama, E. J. O.: FES99: a global tide finite element
solution assimilating tide gauge and altimetric information, J. Atmos. Ocean. Technol., 19,
1345-1356, 2002.

Lehmann, A., Lorenz, P., and Jacob, D.: Modelling the exceptional Baltic Sea inflow events in 2002—
2003, Geophys. Res. Lett., 31, 0094-8276, doi:http://dx.doi.org/10.1029/2004GL020830,
2004.

Lyard, F., Lefevre, F., Letellier, T., and Francis, O.: Modelling the global ocean tides: modern insights
from FES2004, Ocean Dynamics, 56, 394-415, 2006.

Manabe, S. and Bryan, K.: Climate calculations with a combined ocean-atmosphere model, J. Atmos.
Sci., 26, 786—89, 1969.

22



HZG Report Ho-Hagemann et al. 2013 Helmholtz-Zentrum Geesthacht

Manabe, S., Bryan, K., and Spelman, M. J.: A global ocean-atmosphere climate model with seasonal
variation for future studies of climate sensitivity, Dynam. Atmos. Oceans, 3, 393426, 1979.

Meier, H. E. M. and Doéscher, R.: Simulated water and heat cycles of the Baltic Sea using a 3-D
coupled atmosphere-ice-ocean model, Boreal Env. Res., 7, 327-334, 2002.

Meier, H. E. M., Déscher, R., and Faxen, T.: A multiprocessor coupled ice-ocean model for the Baltic
Sea: application  to salt inflow, J. Geophys. Res., 108, 3273,
doi:http://dx.doi.org/10.1029/2000JC000521, 2003.

Meier, H. E. M., Doscher, R., and Halkka, A.: Simulated distributions of Baltic Sea-ice in warming
climate and consequences for the winter habitat of the Baltic ringed seal, Ambio, 33, 249-256,
2004.

Meier, H. E. M., Feistel, R., Piechura, J., Arneborg, L., Burchard, H., Fiekas, V., Golenko, N.,
Kuzmina, N., Mohrholz, V., Nohr, C., Paka, V. T., Sellschopp, J., Stips, A., Zhurbas, V.:
Ventilation of the Baltic Sea deep water: A brief review of present knowledge from
observations and models, Oceanologia, 48(S), 133-164, 2006.

Omstedt, A. and Rutgersson, A.: Closing the water and heat cycles of the Baltic Sea, Meteorol. Z., 9,
57-64, 2000.

Pohlmann, T.: Calculating the annual cycle of the vertical eddy viscosity in the North Sea with a three-
dimensional baroclinic shelf sea circulation model, Cont. Shelf Res., 16, 147-161, 1996.

Rockel, B., Will, A., and Hense, A. (Eds.): Special issue: Regional climate modelling with COSMO-
CLM (CCLM), Meteorol. Z., 17, 347-348, 2008.

Rodenhuis, G. S., Brink-Kjaer, O., and Bertelsen, J. A.: A North Sea model for Detailed Current and
Water-Level Predictions, J. Petroleum Technol., 30, 1369-1376, 1978.

Rothrock, D. A., Abbott, M. R., Alley, R., Brewer , P. G., Brown , O., Busalacchi, A. J., Esaias, W. E.,
Esbensen, S. K., Freilich, M. H., Frew, J., Glover , D. M., Godfrey, J. S., Goyet, C., Holland,
M. R., Matsunaga, T., Maynard, N. G., Muller-Karger, F., Niiler, P. P., Parslow, J., Peltzer, E.
T., Schutz, B. E., Shum, C. K., Srokosz, M., Stewart, R., Strub, T., Walstad, L. J., Yoder, J.
A., and Zlotnicki, V.: Ocean Circulation, Productivity, and Exchange with the Atmosphere,
The State of Science in the EOS Program, NASA/Goddard Space Flight Center, Maryland,
115-162, 1999, available at: http://eospso.gsfc.nasa.gov/scienceplan/Ch3.pdf, 2012.

Schrum, C.: Regionalization of climate change for the North Sea and the Baltic Sea, Clim. Res., 18,
31-37, 2001.

Schrum, C., Hubner, U., Jacob, D., and Podzun, R.: A coupled atmosphere/ice/ocean model for the
North Sea and the Baltic Sea, Clim, Dynam., 21, 131-151,
doi:http://dx.doi.org/10.1007/s00382-003-0322-8, 2003.

Taylor, K. E., Stouffer, R. J., and Meehl, G. A.: A summary of the CMIP5 experimental design,
available at: http://cmip-pcmdi.llnl.gov/cmip5/docs/Taylor CMIP5 design.pdf, 2012.

Taylor, K. E., Stouffer, R. J., and Meehl, G. A.: The CMIP5 Experiment Design, Bull. Amer.
Meteorol. Soc., 93, 485498, doi:http://dx.doi.org/10.1175/BAMS-D-11-00094.1, 2012.

Tian, T., Boberg, F., Christensen, O., Christensen, J., She, J., Vihma, T.: Resolved complex coastlines
and land-sea contrasts in a high-resolution regional climate model: a comparative study using
prescribed and modelled SSTs. Tellus A, 65, 19951, doi:10.3402/tellusa.v6510.19951, 2013.

Valcke, S.: OASIS3 User Guide (oasis3 prism 2-5), PRISM Support Initiative Report No 3.
CERFACS, Toulouse, France, 64 pp., 2006.

23



HZG Report Ho-Hagemann et al. 2013 Helmholtz-Zentrum Geesthacht

Valcke, S.: The OASIS3 coupler: a European climate modelling community software, Geosci. Model
Dev., 6, 1-16, doi:10.5194/gmd-6-1-2013, 2013.

Weedon, G.P., Gomes, S., Viterbo, P., Shuttleworth, W.J., Blyth, E., Osterle, H., Adam, J.C., Bellouin,
N., Boucher, O., Best, M.: Creation of the WATCH Forcing Data and its use to assess global
and regional reference crop evaporation over land during the twentieth century. J.
Hydrometeorology, 12: 823-848, 2011.

Woth, K., Weisse, R., and von Storch, H.: Climate change and North Sea storm surge extremes: an
ensemble study of storm surge extremes expected in a changed climate projected by four
different regional climate models, Ocean Dynam., 56, 3-15,
doi:http://dx.doi.org/10.1007/s10236-005-0024-3, 2006.

Zhang, Y.: An observational study of atmosphere-ocean interaction in the northern oceans on
interannual and interdecadal time-scales, Ph.D. Dissertation, Univ. of Washington, Seattle,
WA, 162 pp., 1996.

24





