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Abstract. The efficient primitive-equation coupled 1 Introduction

atmosphere-ocean model SPEEDO V2.0 is presented.

The model includes an interactive sea-ice and land compoNumerical models of the earth system can be used for under-
nent. SPEEDO is a global earth system model of intermedistanding processes in the earth system, understanding past
ate complexity. It has a horizontal resolution of T30 (trian- climate changes and predicting future changes. Global state-
gular truncation at wave number 30) and 8 vertical layers inof-the-art earth system models are computationally expen-
the atmosphere, and a horizontal resolution of 2 degrees angive which limits their use to simulate long time scales, to
20levels in the ocean. The parameterisations in SPEEDQnake large ensembles or to cover wide parameter ranges. For
are developed in such a way that it is a fast model suitablehese scientific purposes computationally efficient earth sys-
for large ensembles or long runs (0{10%) years) on atyp- tem models of intermediate complexity (EMICEléussen

ical current workstation. The model has no flux correction. et al, 2002 have been developed. To achieve this compu-
We compare the mean state and inter-annual variability oftational efficiency, many EMICs have limited spatial resolu-
the model with observational fields of the atmosphere andion and incorporate a limited number of physical processes.
ocean. In particular the atmospheric circulation, the mid-Nevertheless, EMICs have shown to be invaluable in mod-
latitude patterns of variability and teleconnections from theern climate research. For example, they have been used to
tropics are well simulated. To show the capabilities of the explain low-frequency variability in the climate system, can
model, we performed a long control run and an ensemblecover wide value ranges in parameter space and have been
experiment with enhanced greenhouse gases. The long corsed to extend climate projections for future climate (see,
trol run shows that the model is stable. £@oubling and  e.g.,Brovkin et al, 2002 Joos et al.2001, Weaver et al.
future climate change scenario experiments show a climat@007).

sensitivity of 1.84 KW *m?, which is within the range of A host of EMICs are currently used in the literature, rang-
state-of-the-art climate models. The spatial response patternfg from energy balance models with prescribed atmospheric
are comparable to state-of-the-art, higher resolution mOde|denamics to 3-D atmosphere and ocean models with inter-
However, for very high greenhouse gas concentrations thctive physics and dynamics (e.§mith et al, 2008 Far-
parameterisations are not valid. We conclude that the modehetj and Vallis 2009. Here we report on the new global

is suitable for past, current and future climate simulationSspeEEpDO model which can be regarded as the successor of
and for exploring wide parameter ranges and mechanismge ECBILT-CLIO model Opsteegh et 31.1998 Goosse

of variability. However, as with any model, users should be anq Fichefet1999 and which fills a gap between EMICs,
careful when using the model beyond the range of physicalyith often specified simplified dynamics, and state-of-the-art
realism of the parameterisations and model setup. global climate models. ECBILT is a quasi-geostrophic atmo-
sphere model with only 3 layers and limited resolved or pa-
rameterised physics. It has been used extensively in climate
studies, for instance as part of the LOVECLIM earth system
model (e.g.Roche et al.2007). One of the drawbacks of the
ECBILT model is that the quasi-geostrophic approximation

Correspondence taC. A. Severijns breaks down in the tropics. Also, the prescribed clouds and
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the model. Here we report on the SPEEDO (Speedy-Oceamjarying CQ concentration is parameterised by changing the
model that has a primitive equation dynamical core in thelong wave absorption coefficient of the @®and. For both
atmosphere and fully interactive physics. Therefore, it doeghe short and long wave parameterisation, the transmission
not have the limitations of ECBILT. However, its parameter- of each model layer depends on its mass, specific humidity
isations are simplifiedMolteni, 2003 and the resolution is and cloud cover. Aerosols, volcanoes, tropospheric ozone
coarse to allow for long runs. and other greenhouse gases are currently not represented in
The atmospheric model used in SPEEDO forced by ob-the model but can be implemented by varying the transmis-
served surface conditions and coupled to a global slab oceasion of the layers. The tropopause is represented in SPEEDO
model and to a basin-scale ocean model has been used by keeping the specific humidity and the air temperature gra-
many studies already (e.gMolteni, 2003 Hazeleger and dient in the two upper model levels equal to zero. This en-
Haarsma2005 Hazeleger et al2005 Bracco et al.2005 sures that the stability increases in the upper two levels of
Kucharski et al.2006 Breugem et a).2007. In SPEEDO the model. We refer tdolteni (2003 andHazeleger et al.
V1.0 a basin-scale ocean model was used. In this paper w2009 for the details on the numerics and parameterisations.
describe the fully global SPEEDO V2.0 model and presenta The spectral triangular truncation in SPEEDO is at total
number of integrations of pre-industrial climate, current cli- wave number 30 (T30) and there are 8layers in the ver-
mate and projected future climate changes in order to validatéical. The advection scheme used in the original Speedy
the model, to compare it with state-of-the-art climate modelsmodel does not conserve energy, tracers and dry air mass.
and to demonstrate potential applications. In a coupled model these losses can result in a climate drift.
Therefore a correction was added to the advection scheme
of SPEEDO that compensates the loss of tracers and dry air
2 Model description mass. Furthermore, the model was tuned such that the energy
loss only affects the energy budget at the top of the atmo-
The SPEEDO model consists of a global atmosphere modekphere and does not cause drift in the ocean and land models.
Speedy, a global ocean and sea-ice model, CLIO, and a sinFor estimating the parameters the methodeferijns and
ple land-surface model. The current version does not includédazelegef2005 has been applied to the atmosphere model.
biogeochemical modules. Both the atmosphere and oceaBuring the tuning the CLIO ocean model was replaced by
components are based on the primitive equations. The paa sea surface temperature (SST) climatology for the present
rameterisations in Speedy are simplified and described bylay climate. To keep the surface heat flux budget closed, a
Molteni (2003, with some modifications as described by term was added to the cost function that increases rapidly
Hazeleger et al(2005. The parameterisation package has when this budget deviates from zero.
been specially designed to work in models with just a few The ocean model used in SPEEDO is the CLIO model.
vertical levels, and is based on the same physical principle§Ve refer toGoosse and Fichefé¢l999 for details on this
adopted in the schemes of state-of-the art GCMs. model. The CLIO model has 20 layers, uses a z-vertical co-
The parameterised atmospheric processes include larg@rdinate and has a horizontal resolution of about 200 km. The
scale condensation, convection, clouds, short and long wavelM sea ice model is incorporated in CLIO. For the isopy-
radiation, surface fluxes and vertical diffusion. The large-cnal mixing the parameterisation l8yent and McWilliams
scale condensation is implemented as a relaxation of specifit1990 is used with a diapycnal diffusivity of 200481, The
humidity to a reference profile. The convection scheme isparameterisation for vertical mixing in CLIO is derived from
a simplified version of the mass-flux scheme developed bythe Mellor and Yamada 2.5 level mod#l¢llor and Yamada
Tiedke (1993. The scheme is applied at grid points where 1982. Strong convection is parameterised in a manner sim-
saturation moist static energy decreases between the planéar to Marotzke(1991) by increasing the vertical diffusivity
tary boundary layer (PBL) and the upper troposphere and thevhenever the density profile is unstable. In the initial coupled
relative humidity in the PBL exceeds a threshold. Entrain-experiments with SPEEDO, the model was not able to main-
ment in the convective updrafts occurs in the lower half of tain an Atlantic meridional overturning circulation (AMOC).
the troposphere above the PBL and detrainment occurs onlyo improve this, the background vertical diffusivity was in-
at the cloud-top level. The properties of clouds are definedcreased in the upper nine model levels which correspond to
diagnostically from values of relative and specific humid- the upper 150 m of the ocean. The coefficient of vertical dif-
ity in the tropospheric air column above the PBL. The shortfusivity varies between a background value of 3@n?s1
wave radiation parameterisation uses a visible and a neato 10-*m?s-1 in the upper 30 m and below 2500 m. A pa-
infrared band and includes absorption by ozone in the stratorameterisation for down-sloping currents along continental
sphere and reflection at the top of clouds and the surface. Thieoundaries is included in CLIO.
long wave radiation parameterisation uses four bands: one The land model consists of a bucket model with three soil
for the infrared window, for the strong absorption by £0 layers and up to two snow layers. It includes a simplified
for the weak and moderate absorption by water vapour, andhydrology in which the run off is collected in river basins
for the strong absorption by water vapour. The effect of aand drained into the ocean at specific locations of major river
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outflows. The freezing and melting of soil moisture is taken

107

. . . . . 1200 year
into account. Each bucket has a fixed maximum soil mois- scengﬂo
ture capacity. The land surface albedo is prescribed using a v
monthly climatology. 2000 year 200 year
. pre-industrial 5 member

The atmosphere, land, and ocean/sea-ice components of 4000 year test run spinup,_ ensemble
SPEEDO run each on a single CPU and exchange data via & e
coupler. In order to use more than three CPUs one or more . gggégar
of the component models needs to be parallellised. The cou- |
pler is implemented as a library that is linked to each com- 1000 year control
ponent model. This ensures that the coupling workload is 1800

evenly distributed between the CPUs and that the coupler’s
performance scales well. The atmosphere and land modelgid. 1. Schematic overview of the SPEEDO runs.
use the same Gaussian latitude-longitude grid. The ocean
and sea-ice model uses a curvilinear grid that is designed to
avoid small grid cell dimensions near the North pole. Thisiment was done with an enhanced prescribed time-varying
enhances the numerical stability of the model which makesCOz concentration to determine the model's transient climate
it possible to use a much larger time step and increases its2sponse. In the following sections we present the results of
computational efficiency. A first order conservative methodthese experiments.
is used to regrid data between the grids of the atmosphere and
ocean models. The outflow of each river in the land model, 3.1 Control simulation
is transferred to the ocean model where it is distributed over
ocean grid points close to the river's outlet. The coupledTo verify that the model was in equilibrium after the spin up,
model runs without any flux correction. we performed a 1000-year long control simulation in which
Although the resolution of the SPEEDO model is rela- the equivalent C@ concentration was set to 261 parts per
tively coarse, we will show that it is sufficient to resolve million (ppm) and the solar forcing was kept constant. We
the main phenomena of the general circulation in the atmofocus on the energy budget and the total heat and fresh water
sphere and ocean except for the ERdliSouthern Oscilla- content in the ocean. In the case of a climate in equilibrium
tion (ENSO). The model is sufficiently fast to perform runs these should be constant. The global mean value, standard
of 0(10% years on desktop computers. For example, it takegdeviation and drift — the mean over the last 100 years mi-
less than 20 min to simulate one year on an Intel Core 2 Dudus the mean over the first 100 years — was computed for the
E6850 CPU at 3GHz. All runs discussed in this paper havefollowing annual mean quantities: the top-of-the-atmosphere
been obtained from runs performed on a single workstation.(TOA) energy budget, the surface energy budget, the two me-
ter air temperaturelpm), the ocean heat content and salinity
and the sea ice volume. The results are shown in Thifter
3 Results all quantities the drift is smaller than the standard deviation.
The difference between the TOA and surface energy budgets
Several simulations were performed with the SPEEDOis caused by the energy loss of 1.5 W#in the atmosphere
model to compare it with observed climate data and resultanodel. Since the parameterisations for vertical processes in
from state-of-the-art climate models. An overview of the SPEEDO conserve energy, the advection scheme, the correc-
runs is given in Figl. The model was spun up for a pe- tion for the loss of dry air and tracer mass, or other compo-
riod of 2000 years under pre-industrial conditions. This runnents cause this energy loss. Despite this loss of energy the
was started from the final state of a 4000-year long test rurmodel is stable. The net surface energy budget is positive in-
under present day conditions in which some of the model pastead of zero because the latent heat difference between snow
rameters were being varied. The final state of the spin upand rain is not taken into account in the model. As a result,
run was used as the initial condition in the year 1800 forthe heat that is extracted from the land surface to melt snow
the experiments presented in this paper. First, a 1000-yeas not compensated by a latent heat difference when snow
control run was done also under pre-industrial conditions toinstead of rain falls on the land surface. The energy bud-
assess the stability of the model. Second, a five member erget of the model is closed because this latent heat is released
semble of 300-year long experiments with perturbed initialin the atmosphere when snow is formed. The lack of drift
condition was done with 19th and 20th century conditionsin the 7>, and the small changes in the ocean temperature
and a scenario for the 21st century. The results of this enand salinity show that the underlying land and ocean/sea-ice
semble are compared to observed climate data and CMIP&odels are in equilibrium and no flux correction is needed.
model results Meehl et al, 2007). Hereafter, a 200-year The time series of the global mean ocean temperature and
COy doubling experiment was done to determine the climatesalinity shown in Fig2 confirm this. Note that the salinity
sensitivity of SPEEDO. Finally, a 1200-year scenario exper-varies by a small amount because CLIO is a constant volume
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Fig. 2. The global annual mean ocean temperature in K (left) and salinity in PSU (right) in the SPEEDO control run. An offset of 34 PSU
has been subtracted from the salinity data for this plot.

Table 1. The time mean value, the standard deviation and the drift of the TOA and surface energy budgets, the global mean two meter
temperature, the global mean ocean temperature and salinity and the total sea ice volume. The drift is defined as the mean over the las
100 years minus the mean over the first 100 years.

Quantity Mean value Standard deviation  Drift Unit
TOA budget 2491 1839101 1.052102 wWm2
Surface budget 053 1841101 1.352102 wWm2
Tom 2853 25261071 —6.342 1072 K
Ocean temperature 2737 1092 10°2 —7.09210°3 K
Salinity 3470 1856 107 1.14410°  PSU
Sea ice volume 187 1436 1.018 162m3

ocean model that is forced by a global mean fresh water fluxslight deviations from the A2 scenario occur. The model’'s
which can deviate from zero on small time scales. On timeclimatology and budgets were computed for the 41-year time
scales of centuries and longer the fresh water budget is closeperiod from 1960 to 2000 in order to validate the 20th cen-
in SPEEDO. The data on the total sea ice volume shows thatiury model climate.

the sea ice model is also in equilibrium. The global mean TOA and surface radiation and heat

fluxes and budgets in the ensemble mean from 1960 to 2000

3.2 20th and 21st century ensemble simulations are compared to data froiiehl and Trenbert{1997 and
Trenberth et al(2009 in Table2. Both the TOA short and
3.2.1 Mean state long wave radiation fluxes in SPEEDO are lower than in es-

timates from observations. This implies that the planetary
In order to compare SPEEDO with 20th century climate dataalbedo in SPEEDO is higher than implied by observations.
(using primarily atmospheric reanalysis datalnay et al, This is compensated by an increased trapping of long wave
1996 and data from CMIP3 models, a five member ensem-radiation. The surface short wave radiation flux is high and in
ble with perturbed initial condition was run for the period combination with the low TOA short wave radiation budget
1800-2100. The initial condition of each member was per-we conclude that the absorption of short wave radiation by
turbed by adding a Gaussian noise term with a standard devihe atmosphere in the model is too low. Most of the excess
ation of 0.1 K to the air temperature. The €€bncentration  surface short wave radiation is compensated by the surface
follows the observed historical G@oncentration from 1800 long wave radiation. The surface latent heat flux in SPEEDO
to 2000. From 2000 until 2100 it follows approximately the is in good agreement with the data. The sensible heat flux
SRES A2 scenarioNakicenovic et al.2000. These CQ is in agreement with the 1997 data but higher than the 2009
concentrations are obtained from the UVic modédbtene-  data. The net TOA budget is 2.5-3.4 Wnlarger than the
gro et al, 2007 which contains a carbon cycle such that observations. A large part of this difference corresponds to
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Table 2. The ensemble mean global mean radiation and heat flux budgets at the top of the atmosphere and the surface in the SPEEDO mode
compared to the results publishediighl and Trenbertlf1997) andTrenberth et al(2009. Positive values indicate downward fluxes.

Flux or budget in w2 SPEEDO Kiehl and Trenberttf1997  Trenberth et al(2009

TOA short wave radiation 223 235 23
TOA long wave radiation —2239 —-235 —2385
Surface short wave radiation 183 168 1612
Surface long wave radiation —69.0 —66 —63
Surface latent heat -783 -78 -80.0
Surface sensible heat —-245 —-24 -17
TOA budget A 0 09
Surface budget .9 0 09

the energy that is required to compensate for the energy loss
in the atmosphere model (see Sekxtl). The net surface
budget in the control run is slightly larger than the values 200
given by Kiehl and Trenberth(1997) and Trenberth et al.
(2009.
The vertical global annual mean air temperatutg,pro-
file is shown in Fig.3. Comparing this profile with that for
the reanalysis data oK@lnay et al, 1996, we see thafl,
in SPEEDO is in good agreement with the reanalysis data in
the lower troposphere, is too low in the middle troposphere
with a maximum deviation of 1 K at 500 hPa, and is upto 5K
too high in the upper troposphere. Note that in SPEEDO
T, is constant above 100 hPa due to the way in which the 1000
tropopause is represented in the model (see 3gct.
To illustrate the general atmospheric circulation in
SPEEDO we compare the ensemble mean of the zonal wind
at 925 hPa with reanalysis data in F#. The spatial struc- Fig. 3. The global annual mean air temperature profile in K from
ture of the zonal wind field resembles the reanalysis data>" EEPO (black) and from the reanalysis data fideinay et al.
fairly well. The annual zonal mean zonal wind in the south- (1996 (red).
ern storm track in SPEEDO is 8.7 m'swhich is less than
the value of 10.6 nTs! in the reanalysis data and the storm
track is located about 2(too far to the north. The Indian data. Over sea this is not the case. The cloud cover is too
monsoon occurs at the correct location in the model but thdow in the Tropics and the storm track areas and there are too
maximum zonal wind speed of 11 msis too low compared  many clouds in the subsidence areas in the northern Tropical
to the value of 17 mist in the reanalysis data. Pacific and the North and South Atlantic. A part of the cloud
As a further illustration, the zonal eddy component at cover problems in the Tropics is due to the fact that the cloud
500 hPa is shown in Fig.for December—February (DJF) and cover is diagnosed from the precipitation. However, these
June—August (JJA). In DJF, when the atmospheric dynamicdiases do not strongly affect the surface energy budget, as
dominate the circulation characteristics, the zonal eddy comshown in the previous section.
ponent of SPEEDO shows the same spatial structure as the The precipitation in SPEEDO is shown in Figj.The cold
reanalysis data but the extreme values are too low. In JJA théongue in the sea surface temperature (SST) along the equa-
resemblance is not as good but in this period the zonal eddyor in the Pacific causes a double Intertropical Convergence
component is weak and local feedbacks tend to affect the cirZone in the boreal winter and at the same time causes the er-
culation. It is noteworthy that these circulation componentsrors in the tropical cloud cover. The figure also shows that
are comparable and in many aspects improved compared tdhe model has too much precipitation in tropical Africa and
an earlier atmosphere only version of the modéblteni, the Amazon and too little rain over tropical Atlantic and the
2003. warm pool. These are typical features of coarse resolution
Figure6 compares the cloud cover in SPEEDO with data climate models (see, e.ddai et al, 2003, Schmidt et al.
from ISCCP Rossow and Schiffe1991). The cloud cover 2006 Johns et a).2008.
over sea ice and land is generally in good agreement with the

400

600

Pressure (hPa)

800

T T T
200. 220. 240. 260. 280. 300.
Temperature (Kelvin)

www.geosci-model-dev.net/3/105/2010/ Geosci. Model Dev., 3, 1252010



110 C. A. Severijns and W. Hazeleger: The climate model SPEEDO V2.0

90°N +

BO°N |Gt
30°N

o
30°S f

60°S

80°S

90°N | 1 1 1 1 20

B0°N -G ="

30°N 4

0°

] 3
(TN AT T T T T T T T T MM T T T T
| | | |

N - - w
(@] a (@]

e

0° 90°E 180° 90°W 0° 0° 90°E 180° 90°W 0°

Fig. 4. The zonal wind at 925 hPa in m$ in DJF (left) and JJA (right) of the mean of the SPEEDO ensemble (top) and the reanalysis data
from Kalnay et al.(1996), (bottom).

SPEEDO is a coupled atmosphere-ocean model and th6(° N suggests that exchange between the Arctic and North
ocean can evolve freely. The difference between the ensemAtlantic oceans is insufficient. The global meridional over-
ble mean of the annual mean SST in SPEEDO and observaurning circulation (GMOC) is shown in the right panel of
tions Stephens et al200]) is shown in Fig.8. The SSTs Fig.9. The GMOC is dominated by Ekmann-driven cells in
in the Tropics, in the Arctic and near Antarctica are slightly the upper ocean, an Antarctic Bottom Water (AABW) cell
too high. The boundary current areas and the subtropicahnd a North Atlantic Deep Water cell. Note that the over-
stratocumulus areas near the coast are also too warm. In thierning does not display a strong, spurious Daecon cell in the
remaining area the SST is too low, especially in the SouthSouthern ocean because the isopycal transport formulation
Atlantic. These biases are within the spread of the CMIP3by Gent and McWilliamg1990 is used in CLIO Danaba-
multi-model ensembld\eehl et al, 2007). soglu and McWilliams1995. The maximum strength of the

For the ocean, the meridional overturning circulation is AABW cell of 12 Sv is in good agreement with observational

important as it transports heat, fresh water and tracers withiflata of the production of Antarctic Bottom Water found by
the earth system. The ensemble mean Atlantic meridionaPrsi et al.(1999.

overturning circulation (AMOC) averaged from 1960 to The time mean atmospheric, global ocean, Atlantic and
2000 is shown in the left panel of Fi§. The upper cell Indo-Pacific heat transports of all ensemble members are
is slightly stronger than 8 Sv (1 Sv=4M3s~1). Thisis ap-  shown in Fig.11. Inferences of observations of these quan-
proximately 3 Sv weaker than under pre-industrial conditionstities depends on inverse modelling. Also, surface fluxes
in the control run and about 8 Sv too weak compared to estifrom atmospheric reanalysis can be used. The atmospheric
mates of e.gCunningham et a2007). This is most likely  heat transport in SPEEDO was computed from the TOA and
associated with a low production of North Atlantic Deep Wa- surface fluxes after removing the global mean energy loss
ter (NADW) due to the lack of convection in the Labrador in the atmosphere from the TOA fluxes. The atmospheric
Sea. This is illustrated by FidlO which shows the max- heat transport in SPEEDO is close to the reanalysis data
imum of the ensemble mean of the monthly mean mixedfrom Trenberth and Carof2001). The global ocean heat
layer depth in SPEEDO. In addition, the weak AMOC above transport in the Northern Hemisphere is too small but in the
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Fig. 5. The zonal eddy component of the geopotential height at 50 hPa in m in DJF (left) and JJA (right) of the mean of the SPEEDO
ensemble (top) and the reanalysis data fiéamnay et al (1996, (bottom).
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Fig. 6. The annual mean cloud cover fraction for the mean of the SPEEDO ensemble (left) and accoRlisgdw and Schiffef1997),
(right).

Southern Hemisphere falls within the uncertainty in the re- The monthly ensemble mean sea ice cover in the Arctic
analysis data. The Atlantic heat transport is too low as carand Antarctic for March and September is compared to the
be expected from the weak AMOC. The heat transport in thesea ice cover data frol@osimo(2008 in Fig. 12. It is evi-
Indo-Pacific shows that the model performs well outside thedent that in both hemispheres the sea ice cover at the end of
Atlantic. The model’s internal variability causes the Atlantic the summer is too low. The winter sea ice cover is slightly
heat transport to vary by 0.05 PW. too large. Experiments with an increased sea ice surface

www.geosci-model-dev.net/3/105/2010/ Geosci. Model Dev., 3, 1252010



112 C. A. Severijns and W. Hazeleger: The climate model SPEEDO V2.0

30°S

60°S

90°S

30°S

60°S

90°S T T T T T T
0° 90°E 180° 90°W Q°

60°N

30°N

30°S

60°S

90°S

90°N

60°N

30°N

30°S

60°S

90°S T T T T T

90°N . . 25

25

T
0° 90°E 180° 90°W 0°
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albedo and increased cloud albedo in the Arctic and Antarctic
showed no improvements. Note that in SPEEDO the south-
ern part of the Labrador Sea is covered by sea ice in the win-
ter season. This prevents that deep convection occurs in this
area and is an additional cause of the weak AMOC in the
model. The reason for the large seasonal cycle in the sea ice
cover seems to be the fast growth in the winter season. We
note that the seasonal cycleZipy, over land is also too large

in SPEEDO which suggests the main cause is in the atmo-
sphere model.

3.2.2 Variability

The main patterns of inter-annual variability in the North-
ern Hemisphere are the Pacific North American (PNAGI-
lace and Gutzler1981) and the North Atlantic Oscillation
(NAO) (Hurrell, 1995 patterns. The regression coefficient of

Fig. 8. The difference between the ensemble mean of the annual® PNA index with the Z500 anomalies and of the NAQO in-

mean SST in SPEEDO and the SST accordinGtephens et al.
(2001) in K.

Geosci. Model Dev., 3, 10322 2010

dex with the mean sea-level pressure (MSLP) anomalies for
SPEEDO and for the NCEP-NCAR Reanalysialhay et
al,, 1996 data from 1960 to 2001 are shown in Figg The
NAO index is computed here as the difference of the MSLP
anomalies in the area 70V to 10 W and 55 Nto 77 N and
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Fig. 9. The ensemble mean Atlantic (left) and global (right) meridional overturning circulation in Sv in SPEEDO.

son | ‘ — ‘ gl B At multidecadal time scales, an interhemispheric dipole
pattern is found in observations in the Atlantic: the Atlantic
1 oo Multidecadal Oscillation (AMO)$utton and Hodsqr2005.
0o 1200 The pattern of the AMO in SPEEDO is shown in the upper
| P panel of Fig.14. The pattern was computed using the SST
T anomalies of individual members with respect to the ensem-
1 o ble mean SST. In this manner the global mean warming trend
. o in the SST as the result of the increasing LCédncentra-
ovs | = tion was removed. We regressed the SST anomalies onto an
= AMO index that is defined as the mean SST anomaly from
150 25°N to 60° N and from 73 W to 7 W. Only statistically
‘:5 significant data with?>0.1 is shown. The AMO pattern for

o JoneE 160w 0w the NCEP-NCAR reanalysiKélnay et al, 1996 for the pe-
riod from 1960 to 2000 after detrending is shown in the cen-
Fig. 10. The maximum of the ensemble mean of the monthly meanter panel of Figl4. The maximum amplitude of the AMO
mixed-layer depth in SPEEDO in m. pattern in SPEEDO is located betweer? 86and 60 N and
between 30N and 60 N in the reanalysis data. It can be
seen in the lower panel of Fid4 that the AMO index in
the area 70W to 10° W and 35 N to 43’ N. The anomalies  SpEEDO has a red noise spectrum except at centennial time
of each ensemble member were computed by subtracting thgcales. The variability at this time scale is most likely re-
ensemble mean in order to remove the global warming sig{ated to the variability in the Arctic sea ice volume because
nal. The regression was computed for the data of all ensemiyy winter the Arctic sea ice near Canada extends south of
ble members. The PNA pattern displays a well-known wavegee N. The similarity of the AMO power spectrum with the
train, indicating that the response to tropical convection iSpower spectrum of the Arctic sea ice volume in Fig.con-
good. The NAO pattern shows the familiar dipole pattern. fiyms this. Unlike some other model&iight et al, 2005,
The pattern is slightly shifted to the west compared to obserthe AMO index is only weakly correlated to the anomalies in
vations. the AMOC with a maximum correlation of about 0.5.
The variability in the tropical Pacific is far too weak com-  The time series of the maximum strength of the AMOC
pared to ObservationMCPhaden et 3,'1998 and therefore and its power Spectrum are shown in Fjg An AR(]_) spec-
we do not show the El Nio Southern Oscillation (ENSO)  tral analysis of the AMOC time series shows that the AMOC
index. For example, the standard deviation of the monthlyhas a red noise spectrum (with more than 95% confidence).
mean NINO3.4 index is 0.23 K which is much smaller than The Antarctic sea ice volume in SPEEDO varies Strong]y
the standard deviation of 0.91K in the data.RﬂynOldS et at centennial time scales (See F]@) To Study this vari-
al. (2009 and the power spectrum of the NINO3.4 index apility, we analysed the data from the 1000-year control run
has no peak at the time scales corresponding to the ENS@ecause the variability remains present during the complete
phenomenon. This is most likely the result of the coarsecontrol run while in the ensembile it disappears when the sea
resolution of the modelvan Oldenborgh et al2003. In jce melts due to global warming. The total sea ice volume

experiments with Speedy coupled to a linear ENSO modeljn the Arctic (see Figl6) varies only slightly on centennial
variability did occur in the tropical Pacific.
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Fig. 11. The global atmospheric (upper left), global ocean (upper right), Atlantic ocean (lower left), and Indo-Pacific ocean (lower right) heat
transport in PW for each member of the SPEEDO ensemble (solid lines). Positive values indicate northward transport. The reanalysis data
by Trenberth and Carof2001) for the NCEP-NCAR (red) and ERA15 (blue) are shown with crosses. The ocean heat transports are derived
using an inverse modelling method. For these data the one standard deviation uncertainty in the inverse modelling results are indicated by
error bars.

time scales. The power spectrum of the annual mean Antarc- Finally, we show the long-term trend in SPEEDO,
tic sea ice volume has a peak at time scales of 100-200 yeafsrced by the growing greenhouse gas concentrations in the
(see Fig.17). An AR(1) spectral analysis shows that this 20th century. The global mean two meter air temperature in
peak is significant with more than 95% confidence in boththe SPEEDO ensemble is compared to those from the CMIP3
hemispheres. Note that a similar peak is not present in th&RES A2 multi-model ensemble for the period 2000-2100
power spectrum of the AMOC. (Fig. 19). SPEEDO starts close to the mean of the CMIP3
The regression coefficient of the Antarctic sea ice volumeensemble but warms slightly faster. However, SPEEDO re-
with the strength of the GMOC is shown in Fi@§8. This mains within one standard deviation from the mean of the
regression suggests that the oscillations in the sea ice volEMIP3 ensemble. Note that SPEEDO follows the observed
ume are caused by a local interaction of the sea ice with thevarming in the mid-20th century, the reduced warming af-
ocean. This is confirmed by regressions of the Antarctic sederward and steep warming from the late 20th century on.
ice volume with the sea water temperature at various levels in
the ocean model (not shown). The regression coefficient o
the sea ice volume with the AMOC is nowhere statistically
significant. The mechanism of this variability is associated
with interaction between sea ice, ocean convection, and vertn order to study the models climate sensitivity a Oddu-
tical mixing. In short, while ice volume grows, heat is stored Pling simulation was performed. In this experiment the
in the deeper layers. This heat is released when the watdpodel was restarted from the same conditions as the con-
column becomes unstable and causes the sea ice to retreH©! experiment at a COconcentration of 261 ppm and was

A detailed analysis of this variability is beyond the scope of 'un for 200 years with a Cfconcentration of 522 ppm. The
this paper. spatial patterns shown in this section are the differences be-

tween the climatologies computed from the second 100 years
of the CQ doubling run and the control run. Our results are
compared to the responses of state-of-the-art climate models
collected by CMIP3 N eehl et al, 2007).

5.3 CO, doubling experiment

Geosci. Model Dev., 3, 10322, 2010 www.geosci-model-dev.net/3/105/2010/



C. A. Severijns and W. Hazeleger: The climate model SPEEDO V2.0 115

o
o

o
@

o
~

o & -
o ™

o
.

[TTTTITTITT T I T T T T T T T T
e o
L%

= =]
LS

Fig. 12. The sea ice cover fraction in March in the Arctic (left) and the Antarctic (right). The top row shows the SPEEDO ensemble mean
and bottom row the data fro@0simo(2009.
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Fig. 12. Continued. The sea ice cover fraction in September in the Arctic (left) and the Antarctic (right). The top row shows the SPEEDO
ensemble mean and bottom row the data f@osimo(2008).
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Fig. 13. The regression coefficient of the geopotential height anomalies at 500 hPa with the PNA index (left) and the regression of the mean
sea-level pressure anomalies with the NAO index (right). The top row shows the results for the SPEEDO model and the bottom row for the
NCEP-NCAR ReanalysiK@lnay et al, 1996.

The mean TOA radiation budget in the g@oubling ex-  with a maximum at the surface in the tropics, consistent with
periment is 1.74 Wm? larger than in the control run. The the Clausius Clapeyron relation. These features are consis-
increase in the global mean surface temperature of 3.20 K ient with results from the CMIP3 models.

SPEEDO agrees well with the equilibrium climate sensitiv- The AMOC weakens significantly undei@0, conditions
ity of 2.7-4.4 K in CMIP3 models. The climate sensitivity of as can be seen in Fig2. The maximum overturning strength
SPEEDO is thus 1.84 KW, reduces by 8 Sv during the first 75years and after that re-

The time series of the global medBmm is shown in mains stable at a value of about 3 Sv. The weakening is pri-
Fig. 20. The Ty, has a residual drift of approximately 1K marily associated with a reduction of North Atlantic Deep
per century. The deep ocean still warms as well (not shown)Water production.

The main characteristics of the spatial structure of the mod- The differences in the sea ice cover in March and
els To, response is similar to that of mean of the CMIP3 September for both hemispheres are shown in £3y.The
multi-model ensemble with the largest warming of 6-8 K in sea ice cover in the Arctic is lower than in the control run
the Arctic due to the reduction of the snow cover and the seavhich is to be expected. However the sea ice cover in the
ice extent. In addition, th&r, increases more over land than Southern Ocean in September increases. A comparison of
over the ocean. The cooling in the Southern Ocean is due tehe time series of the Antarctic sea ice volume in both runs
the fact that the oscillations in the Antarctic sea ice volumeshows that the control runs has two heat release events from
described in SecB3.2.2do not occur in the C®doubling between 1800 and 2000 while theC®» run has none. As
experiment. The result is that the time mean sea ice volume result, the time mean sea ice cover in the control run is
is larger and thd>n, is lower in this experiment than in the |ower in the areas where the heat stored in the deep ocean is
control experiment. released (see Se&.2.2.

The differences of the zonal averaged air temperature and
specific humidity between the-QO, experiment and the 3.4 Application: transient climate response
control run are shown in Figl. The response shows the
well-known tropospheric warming and stratospheric cooling.Earth system models of intermediate complexity, such as
The highest warming is found in the upper troposphere iInSPEEDO, can be used to explore a wide parameter range
the tropics and near the surface in the Arctic region. The in-or to study long-term variability. Here we demonstrate an
creased greenhouse trapping causes the humidity to increasapplication of a long term climate projection and a large

Geosci. Model Dev., 3, 10322, 2010 www.geosci-model-dev.net/3/105/2010/



C. A. Severijns and W. Hazeleger: The climate model SPEEDO V2.0 117

2.5
15.0
1.5 14.0 B
0.5 13.0 -
b I
o5 12.0 =
11.0 =
-15 B L
10.0 =
—-2.5 - L
9.0 T T T T
2.5 1800 2000 2200 2400 2600 2800
0.08 ] ]
1.5 B L
o5 0.06 - =
w00 0.04 =
-15 | B
0.02 =
-25 ] |
0.00 e Co ey Co
L 109 10 102 103
L Period (Years)
L Fig. 15. The annual mean of the monthly maximum strength of
+ the AMOC in the North Atlantic in Sv in the control run (top) and
- the power spectrum of this time series in’Sbottom). The sim-
+ ulated AR(1) spectrum (red), and the minimum (green) and max-
+ imum (blue) of the 95% confidence interval are also shown in the
- bottom panel.
’ 1
LS e — 12.0 -
100 10" 102 10° . A ’ ‘ H‘ { I
Period (Years) 10.0 V ‘\’ M ]M‘ \‘ \J U\ “ Jf ‘\ t ’\f” ‘J‘hi .UU w‘l‘ L ‘Jl Iy IM L\t“,
| n
Fig. 14. The regression coefficient of the SST with the AMO index | B
in 10~ Ksm~3 in SPEEDO (top) and the NCEP-NCAR reanalysis 1 i
(Kalnay et al, 1996 for the period from 1960 to 2000 (center), and
the power spectrum of the AMO index time series fiK SPEEDO 6.0 B
(bottom). The simulated AR(1) spectrum (red), and the minimum ’ |
(green) and maximum (blue) of the 95% confidence interval are also  *-© | B
shown in the bottom panel. 7 r
2.0 1 -
0.0

perturbation in greenhouse gas concentrations. We per-
formed a simulation of 1200years with transient varying
CO; concentration (see Fig4). From 1800 to 2100 the Fig. 16. The annual mean Arctic (red) and Antarctic (blue) sea ice
same CQ concentrations are used as in the ensemble exper; i ime in 162m3 during the 1000-year control run.

iment. From the year 2100 onward the £€bncentration

\ \ \ \
1800 2000 2200 2400 2600 2800

www.geosci-model-dev.net/3/105/2010/ Geosci. Model Dev., 3, 1252010



118 C. A. Severijns and W. Hazeleger: The climate model SPEEDO V2.0

0.04 0+ =4
4 L ] =
1000 A =
0.03 - 4 L I2
i B 2000 A =k
_ L ’ r Eo
0.02 2000 4 =
, L i L -1
001 4 | 4000 A - B
7 B 5000 LB
0.00 P R R \ \ \ \ \ —4
100 10! 102 103 80°S 40°S 0° 40°N 8O°N
Period (Years)
‘ ‘ Fig. 18. The regression coefficient of the Antarctic sea ice volume
0.80 with the strength of the global meridional overturning circulation.
B L The regression coefficient is given in 1% Svm 3. The contour
indicates the area where the regression coefficient is statistically sig-
0.60 r nificant.
292.0
0.40 - -
290.0
0.20 -
288.0
0.00 ——— —_— — :
10° 10! 102 10°
Period (Years)
286.0 \ Ny
Fig. 17. The power spectra of the Arctic (top) and Antarctic (bot- i L
tom) sea ice volume in Zm® in the control run. The simulated

AR(1) spectrum (red), and the minimum (green) and maximum 284.0 \ \ \ \ \
(blue) of the 95% confidence interval are also shown. 1800 1850 1900 1950 2000 2050 2100

Fig. 19. The annual global mean two meter temperature in K from

increases at a decreasing rate until a maximum concentratiof800 to 2100 in each of the SPEEDO ensemble members (thin red,
of 1967 ppm is reached in the year 2282. Hereafter, the CO green, light plue, blue and purple lines) and _the ensemble mean
concentration decreases slowly due to uptake in the oceaﬁh'Ck black line). Also shown are the reanalysis data from 1950 to
and sedimentation of calcium carbonate. After the year 200 008 (red crosses) and the multi-model ensemble mean two meter
emperature of all SRES A2 CMIP3 simulations (thin black line).
an extra freshwater fluxfs, was a_dded FO the mnOﬁ of The one standard deviation spread in the CMIP3 ensemble is shown
Greenland to account for the melting of its land ice sheet,, gray.
The melting rate of the ice sheet is prescribed as
Fo=a.max(< Tom > — < Tam2000>.0) @) The time series of the annual global mean TOA and sur-
where <T>n> is the ten year running mean of the annual face energy budgets in Fig@5 show that the ocean/sea-ice
global mean two meter air temperatureT>m 2000> is the model takes up heat during most of the period. The maxi-
value of this quantity in the year 2000, and the fresh watermum heat uptake occurs in the first half of the 22nd century.
flux coefficienta=10* m3s~1K 1 (Marsh et al, 2007). This is roughly 150years earlier than the maximum in the
The time series of the annual global meBn, is shown  CO, concentration. At the end of the run, the TOA budget
in Fig. 24. The model shows a large warming. At very high has returned to its initial value. However, the final value of
CO, concentrations, the model response is too strong. Théhe surface budget is abouBOVm—2 smaller than its start-
T>m increases by 16 K while one would expect an increaseing value. This is in agreement with the slight increase of the
of 8-9K based on the climate sensitivity determined in theglobal mear¥>», which indicates that the ocean is still taking
2.CO, experiment. up heat.
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" Fig. 21. The difference of the zonal mean air temperature in K (top)
> and zonal mean specific humidity in 1@kgkg—1(bottom) of the
2.CO, experiment and the control run.

E heats up much more at high G@oncentrations than is ex-

- pected from it's climate sensitivity computed from th€@,

- experiment. There are a number of limitations associated
- with the parameterisations used in the model because they
are simplified to make the model fast. One of the problems is
that only the absorptivity parameter in the £kand changes
with the CQ concentration. For this experiment with high

Fig. 20. The time series of the annual mean two meter temperatureco2 levels, the Pa"dW'dth probably needs to be_change%d'as
in SPEEDO (top), the difference in the 100-year mean two meterwell. Also, there is large dependence on the relative humidity
temperature of the-20, experiment and the control run in the sec- Profile in a number of parameterisations, which go beyond
ond 100 years in SPEEDO (centre), and the mean change in the twihe range of application. It shows that when wide parame-
meter air temperature to a doubling of the £€ncentration inthe  ter ranges are explored, the models physics should always be
CMIP3 multi-model ensemble (bottom). The contours in the lower checked for physical realism.

panel indicate the standard deviation of the CMIP3 ensemble. All

quantities are in K.

1, 0° 90°E 180° S0°W 0°

4 Conclusions

This experiment shows that the model can be used to mak&he coupled model of intermediate complexity SPEEDO
long simulations and explore wide parameter ranges. It alsavas presented in this paper. This model is fast due to its
shows that there are limits to the use of the model. This issimplified physics parameterisations and relatively coarse
the main reason why we present this experiment. The modelesolution. However, the model is a full 3-D model of
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Fig. 22. The difference of the Atlantic meridional overturning Fig. 23. The change in the sea ice cover in March (top) and
stream function between the@D, experiment and the control run  September (bottom) of theQO, experiment and the control run.
(top) and the time series of the maximum AMOC strength in the

2.COy experiment (bottom), both in Sv.

2000.
>
the atmosphere and the ocean, using primitive equations’ 1600. =
and a realistic configuration of continents, orography ando S
bathymetry. Important new features with respect to its pre—g 1200, E
decessor ECBILT-CLIO are the use of primitive equations, 3 5
the lack of flux correction and fully interactive clouds and é <
radiation. Only land surface albedo (monthly climatology), = 800. ¢
maximum soil moisture capacity (fixed), solar forcing and E N
atmospheric composition are prescribed. Earlier coupled 400. O
SPEEDO versions contained only basin-scale ocean modg B e |
els and have been extensively used in climate variability™ ad
0.

studies (e.g.Molteni, 2003 Hazeleger and Haarsm2005 28401800 000 9900 2400 800 A0 son0
Hazeleger et al2005 Bracco et al.2005 Kucharski et al. :

2006 Breugem et a).2007). Here, we reported on a globally iy 24, The annual global mean two meter air temperature in K

coupled SPEEDO model, without flux corrections. (red) and prescribed GOconcentration in ppm (blue) in the sce-
The validation of the model shows that it performs well in nario run.

a recent climate setting. The mean state of the atmosphere,

especially the stationary waves in the mid-latitudes are well

simulated given the coarse resolution. Also, the mid-latitudeis within the range of state-of-the-art models and the main

inter-annual variability and the long-term trends forced by features of spatial variability, such as Arctic amplification,

rising greenhouse gas concentrations compare well to obreducing AMOC, and tropospheric heating, are well simu-

servations and to CMIP3 models. The climate sensitivity lated.
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