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Stream 1 and Stream 2 simulations of the 20th century
Abstract
The present report provides a technical overview of the "Stream 1 and Stream 2" 20th century
simulations in the ENSEMBLES project. The report includes the following components:
• The experimental setups.
• Description of the models that have been used.
• The forcing and driving input data used in the different simulations.
• A few key results from stream 1 and stream 2
• A brief note on how the data can be accessed.
The report complements, and partly builds upon, the ENSEMBLES deliverable D2A.0.4, which
describes the Stream 2 experimental design, and the major milestone report MM2A.2 on the
provision of updated climate hindcasts of the 20th century for Stream 2.

1 Introduction
Historical simulations covering the 20th century are crucial for evaluating the ability of climate
models to reproduce the general observed climate evolution, optionally also including the global
carbon cycle in some simulations. In order to provide this type of model validation one of the main
objectives in the ENSEMBLES project has been to produce multi-model sets of climate hindcasts
(Work package WP2A.2).
The model simulations have been performed in two streams. The first set of simulations (Stream 1),
has been performed using the existing atmosphere-ocean-sea ice models available at the start of the
project. These can be considered state-of-the-art (approximately anno 2005) benchmark multimodel simulations, which have been used for the IPCC AR4 simulations (Solomon et al, 2007).
The second set of simulations (Stream 2) has been performed using more comprehensive Earth
System Models (ESMs). For this, all model versions have been improved compared to the Stream 1
simulations. The model updates and forcings relative to Stream 1 differ from model to model and
cover improvements of aerosol treatment, inclusion of or the improvement of carbon cycle models,
inclusion of changing ozone concentrations, and inclusion of variable land use cover. This means
that a multi-model ensemble of simulations with further developed ESMs of different complexity
has been performed with the atmospheric concentrations/emissions of chemical compounds and
land-use changes as forcings.
In addition to the coupled climate model/ESM simulations, a set of off-line simulations have been
performed with a global atmospheric chemistry transport model at University of Oslo (UiO), Oslo,
Norway. In this way estimates of the varying ozone concentrations have been obtained.
The present report includes a brief description of the model versions used, of the Stream 1 and
Stream 2 simulations, and of some results from these simulations.

The modelling centres that have contributed to the WP2A.2 simulations are:
•
•
•
•
•
•
•
•

Met Office, Hadley Centre for Climate Prediction and Research (METO-HC), Exeter, UK
Météo-France, Centre National de Recherches Meteorologiques, (CNRM), Toulouse,
France
Centre National de la Recherche Scientifique, Institut Pierre-Simon Laplace (IPSL), Paris,
France
Danish Meteorological Institute (DMI), Copenhagen, Denmark
Istituto Nazionale di Geofisica e Vulcanologia (INGV), Centro Euro-Mediterraneo per i
Cambiamenti Climatici, Bologna, Italy
Max-Planck Institut für Meteorologie (MPI), Hamburg, Germany
Freie Universität Berlin, (FUB), Berlin, Germany
Nansen Environmental and Remote Sensing Center, (NERSC), Bergen, Norway

The acronyms marked with bold text will also be used in following to refer to model simulations
although the individual model names are different.

2 Experimental setup
The design of the experiments was made in such a way as to avoid the so called “cold start”
problem which may arise when the coupled models start from an initial condition in which the
atmosphere and ocean are not satisfactorily balanced (Hasselmann et al 1993). The resulting drift
period has to be removed from the actual climate simulations as it can interfere with the climate
change one wants to simulate. In order to minimize this problem a careful methodology has been
devised for the ENSEMBLES global simulations.
For each model, the 20th century simulations were initiated from a balanced condition taken from a
long control integration with constant atmospheric concentrations for greenhouse gases
corresponding to the estimated forcing conditions for a preindustrial state (year 1860 conditions) for
which a climate equilibrium can be assumed. For Stream 1 and Stream 2 two sets of simulations
have been performed by the GCM-modelling centres:
1) A historical simulation with observed anthropogenic forcings only (greenhouse gases,
aerosols and ozone concentrations) over the period 1860-2000.
2) A second historical simulation similar to the previous simulation but including, in addition,
the estimated natural forcings (solar and volcanic).
For Stream 2 the first set of simulations was mandatory while the second set was optional and has,
therefore, not been performed for all models.
Although all simulations were initialised from an initial state supposed to be balanced for forcing
conditions at 1860 some models show a significant climate drift, i.e. the control run global mean
temperature is not quasi-constant. Therefore, when analysing and using the 20th century simulations
that are performed with such models it can be recommended to remove this drift. For a given model
the drift can be derived by the continuing the control simulation into the 20th century. Note that the
models are different in Stream 1 and 2. Therefore any estimates of model control climate and
related drifts must be evaluated individually for the two streams.

3 Climate models used
3.1 Summary presentation of the models
The coupled climate models/ESMs used for the 20th century simulations are listed in Table 1
(Stream 1) and Table 2 (Stream 2). The first column gives the name of the model, and a few
fundamental characteristics of the different models are given in the other columns.

Model name

Modelling Atmosphere Atmos.
Atm. Ocean
resolution. O.
centres
AGCM
Resol.
levels OGCM
levels
20
HadCM3
METO-HC
HadAM3
2.5x3.75°
19
HadOM3 1.25x1.25
0.33-1°
40
HadGEM1
HadGAM1 1.25x1.875°
38 HadGOM1
IPSL-CM4
IPSL
LMDZ-4
ORCA
+UCL2.5x3.75°
19
0.5-2°
31
ASTR
ECHAM5/MPI MPI
ECHAM5
MPI-OM
T63
31
1.5°
40
-OM
+DMI
EGMAM
FUB
ECHAM4
T30
19/39 HOPE-G
0.5-2.8°
20
INGV-SX
INGVECHAM4.6
OPA8.2
T106
19
0.5-2°
31
CMCC
CNRM-CM3
CNRM
ARPEGEOPA8.1
T63
45
0.5-2°
31
Climat v3
BCCRNERSC
ARPEGEMICOM
BCM2.0
Climat v3
T63
31
2.8
0.5-2°
35
(modified)
Table 1: Models used in the ENSEMBLES Stream 1 simulations

Model
HadGEM2-AO
HadCM3C
IPSLCM4_v2
IPSL-LOOP
ECHAM5-C
EGMAM2
INGV-CE
CNRM-CM3.3
BCM2
BCM2-C

Modelling
Atmos.
centre
Resolution
METO-HC
1.25x1.875°
METO-HC
2.50x3.75°
IPSL (+ UCL2.50x3.75°
ASTR)
2.50x3.75°
MPI (+ DMI)
T31
FUB
T30
INGV-CMCC
T31
CNRM (+DMI)
T63
NERSC
T63

Atmos. levels
38
38
19
19
19
39
19
31
31

Table 2: Models used in the ENSEMBLES Stream 2 simulations

Ocean resolution Ocean
levels
0.33-1°
40
0.4-1.5°
20
0.5-2°
31
0.5-2°
31
3°
40
T42
20
0.5-2°
31
0.5-2°
31
1.5°

31

All the climate models have a similar structure, where an atmospheric GCM is coupled to an ocean
GCM, inclusing a sea-ice model. The atmospheric GCMs can be grouped in two families according
to the numerical method used in their dynamical core: the grid-point models based on finitedifference methods for the horizontal solution of the dynamical equations (HadGEM1, HadGEM2AO, HadCM3, HadCM3C, IPSL-CM4, IPSL-LOOP), and the spectral models using a spherical
harmonics representation of the horizontal fields (ECHAM5, EGMAM+, CNRM-CM3, BCM2). In
the spectral models the resolution is expressed by the maximum wavenumber represented in a
triangular truncation in spectral space. The truncations used here are either low resolution (T30 or
T31) or medium resolution (T63, or T106). The spectral models used can be grouped in two
families: those derived from different versions of the ECHAM model (ECHAM5, ECHAM5-C,
EGMAM+, INVG-SX, INVG-CE), and those from the ARPEGE-Climat model (CNRM-CM3,
BCM2, BCM2-C).
3.2 Detailed Model descriptions
Detailed descriptions of the models that have contributed to the ENSEMBLES Stream 1 (ES1)
simulations can be found in the CMIP3 presentation on the PCMDI site (http://wwwpcmdi.llnl.gov/ipcc/model_documentation/ipcc_model_documentation.php). For convenience the
links to the specific models descriptions are provided in Table 3.

Model
HadCM3
HadGEM1
IPSL-CM4
ECHAM5/MPI-OM
ECHAM4 – HOPE-G
INGV-SXG
CNRM-CM3
BCCR-BCM2.0

Link to model documentation (in html format)
http://www-pcmdi.llnl.gov/ipcc/model_documentation/HadCM3.htm
http://www-pcmdi.llnl.gov/ipcc/model_documentation/HadGEM1.htm
http://www-pcmdi.llnl.gov/ipcc/model_documentation/IPSL-CM4.htm
http://www-pcmdi.llnl.gov/ipcc/model_documentation/ECHAM5_MPI-OM.htm
(not in CMIP3)
http://www-pcmdi.llnl.gov/ipcc/model_documentation/INGV-SXG.htm
http://www-pcmdi.llnl.gov/ipcc/model_documentation/CNRM-CM3.htm
http://www-pcmdi.llnl.gov/ipcc/model_documentation/BCCR_BCM2.0.htm

Table 3: Links to Stream 1 model documentation on the CMIP3 website at PCMDI
The models participating in stream 2 (ES2) are generally improved or extended versions of models
that contributed to CMIP3 (through improvements to core physical schemes, inclusion or
improvement of aerosol, the carbon cycle and variable land vegetation cover components). In
addition to the key features listed in Table 2, a more detailed presentation of the Stream 2 models is
given in the following descriptions provided by the different modelling teams, focussing
particularly on the differences to the respective Stream 1 versions.

METOHC: HadGEM2-AO model
The HadGEM2-AO model is based on the HadGEM1 model used in IPCC AR4, described by Johns
et al. (2006), but contains several improvements and modifications as described in Collins at el.
(2008). The representation of aerosols and aerosol processes is notably improved (Bellouin et al.
2007) and both secondary organic aerosol and mineral dust are now included; both the deep and
shallow convection schemes are modified leading to significant improvements in diabatic heating

profiles and moist processes; boundary layer and land surface process parametrizations are refined;
the ocean Laplacian viscosity function is revised, leading to lower viscosity in the tropics; the ocean
background vertical diffusivity is lower in the upper 1000m leading to reduced mixing with cooler
water at depth and raising SSTs; and a number of bug corrections are also included relative to
HadGEM1.
METOHC: HadCM3C model
The HadCM3C model (Booth et al. 2009) is a modified configuration of the HadCM3 model
(Gordon et al. 2000; Pope et al. 2000) used in IPCC AR4. Unlike HadCM3, it is flux adjusted
(using an updated algorithm based on that described in Collins et al. (2008) and includes interactive
terrestrial vegetation and an ocean carbon cycle. Externally imposed (anthropogenic) land use
change cannot currently be included. The model differs from HadCM3LC (Cox et al. 2000) and the
coupled carbon cycle climate model submitted to C4MIP (Friedlingstein et al. 2006), as it is
configured to run with the standard (higher) HadCM3 resolution ocean (1.25°x1.25°) and also
includes interactive atmospheric sulphur cycle chemistry and sulphate aerosol scheme with direct
and indirect aerosol effects
IPSL: IPSL-CM4 model
The IPSL-CM4 model has been used in IPCC AR4 and its main components are the following:
LMDZ4 atmosphere (Hourdin et al. 2006); ORCHIDEE land and vegetation (Krinner et al. 2005);
OPA8.2 ocean (Madec et al. 1999); LIM sea ice (Timmermann et al. 2005); OASIS3 coupler
(Valcke 2006). The version used for stream 2 contains some improvements: the horizontal
resolution has been increased (Marti et al., 2009) and land use change may be externally imposed.
As in Dufresne et al. (2005), sulphate aerosols concentration are externally imposed, the direct and
indirect aerosols are considered. The ozone concentration is not modified and the effect of
volcanoes is considered via a change of the solar constant.
IPSL: IPSL-LOOP model
IPSL-CM4-LOOP (Cadule et al. 2009) results of the coupling between the IPSL-CM4 coupled
ocean-atmosphere general circulation model (Marti et al. 2009) and the two carbon cycle models:
PISCES (Pelagic Interactions Scheme for Carbon and Ecosystems Studies) biogeochemical model
(Aumont et al., 2003) for the ocean part and ORCHIDEE (ORganizing Carbon and Hydrology in
Dynamic EcosytEms) model for the terrestrial part (Krinner et al. 2005). PISCES includes 3
nutrients, 2 phytoplanktons, 2 zooplanktons, one detritus and semi-labile dissolved organic matter.
It explicitly represents the collimation of phytoplankton growth by light and three
nutrients:phosphate, iron and silicate. The phytoplankton reservoir is split in two sizes fractions
corresponding to nano-phytoplankton and diatoms. Two sizes of zooplankton (micro-plankton and
mesozooplankton) are also explicitly considered. ORCHIDEE is a dynamic global vegetation model
(DGVM) which calculates energy and hydrology budgets, carbon assimilation, allocation and
decomposition and vegetation competition. ORCHIDEE distinguishes 13PFTs amongst which the
natural and agricultural vegetation distributions are prescribed. In every grid point different PFTs
can coexist.

MPI+DMI: ECHAM5-C model
The model used for the stream2 simulations is a low-resolution version of the Max Planck Institute
for Meteorology Earth System Model (MPI-ESM), consisting of submodels for the atmosphere
including the land surface, the ocean including sea ice, and the marine and terrestrial carbon cycle.
In the atmosphere model (ECHAM5; Roeckner et al. 2006), vorticity, divergence, temperature, and
the logarithm of surface pressure are represented by truncated series of spherical harmonics at a
horizontal resolution of T31 (corresponding to a latitude-longitude grid of 3.75°). The advection of
water vapor, cloud liquid water, and cloud ice are treated by a flux-form semi-Lagrangian scheme.
A hybrid sigma/pressure system is used in the vertical direction (19 layers with the top model level
at 10 hPa). ECHAM5 includes detailed parameterizations for shortwave and longwave radiation,
stratiform clouds, cumulus convection, turbulent diffusion, land surface processes, and gravity wave
drag.
The ocean model (MPI-OM; Marsland et al. 2003) uses the primitive equations for a hydrostatic
Boussinesq fluid with a free surface. The vertical discretization is on 40 z-levels, and the bottom
topography is resolved by means of partial grid cells. The ocean has a nominal resolution of 3° and
the poles of the curvilinear grid are shifted to land areas over Greenland and Antarctica,
respectively. The parameterizations of physical processes include along-isopycnal diffusion,
horizontal tracer mixing by advection with unresolved eddies, vertical eddy mixing, near-surface
wind stirring, convective overturning, and slope convection. Concentration and thickness of sea ice
are calculated by means of a dynamic and thermodynamic sea ice model.
In the coupled atmosphere-ocean model (Jungclaus et al. 2006), the ocean passes to the atmosphere
the sea surface temperature (SST), sea ice concentration, sea ice thickness, snow depth on ice, and
the ocean surface velocities. Then the atmosphere runs with these boundary values for one coupling
time step (one day), accumulates heat and fresh water fluxes (including river runoff and glacier
calving), separately for ice-covered and open water partitions of the grid cells, and transfers this
information to the ocean. Additionally, the 10m wind speed is passed to the ocean for the
calculation of the turbulent wind mixing. The model does not employ flux adjustments.
The carbon cycle model coupled to the climate model comprises the ocean biogeochemistry model
HAMOCC5 (Maier-Reimer et al. 2005) and the modular land surface scheme JSBACH (Raddatz et
al. 2007). HAMOCC5 simulates photosynthesis and zooplankton grazing in the euphotic layer,
depending on the nutrients nitrate, phosphate, silicate and iron. Furthermore, denitrification, nitrate
fixation, and the formation of calcium carbonate and opaline shells are included. The export of
detritus out of the euphotic zone results from the death of phyto- and zooplankton as well as fecal
pellets.
JSBACH includes a photosynthesis module for C3 and C4 plants. Besides the photosynthetic
pathway, 12 plant functional types (PFT) are distinguished by maximum carboxylation rate,
maximum electron transport rate, specific leaf area carbon content, and phenotype. The biomass is
allocated to a wood pool, a pool representing active plant tissue (leaves, fine roots etc.) and a pool
representing sugar and starch buffering periods with negative net primary productivity. Soil carbon
is partitioned into a pool with a short (about 1 year) and one with a long turnover time (about 100
years). It is released to the atmosphere by heterotrophic respiration, which is depending linearly on
soil moisture and exponentially on soil temperature. Vegetation phenology is differentiated
according to five phenotypes: evergreen, summergreen, raingreen forest or shrubland, grassland,
and managed (non-forest) areas.

The geographic vegetation distribution is prescribed annually from maps indicating the fractional
coverage of each PFT in a grid cell. For the historical period, the changes in natural land cover are
based on the reconstruction of agricultural areas such as cropland and pasture (Pongratz et al. 2008).
For the future scenarios, changes in agricultural extent according to the IMAGE scenario maps
(http://www.mnp.nl/image/image_products/) are superimposed upon the present-day map. For both
periods the geographic distribution of natural vegetation is altered by agricultural activity only and
does not change with climate. The anthropogenic land cover change leads to a relocation of carbon
between the pools, with part of the vegetation carbon directly released to the atmosphere, and part
being transferred to the two soil pools. This scheme describes consistently the temporal evolution of
land carbon storage for agricultural expansion as well as abandonment with subsequent regrowth of
natural vegetation (Pongratz et al. 2009).
Owing to the long spinup required for the carbon cycle, the stream2 model had to be run at lower
resolution in both the atmosphere (T31L19) and the ocean (3°L40) than the atmosphere-ocean
model applied for the stream1 simulations (T63L31/1.5°L40).
FUB: EGMAM+ model
The experiments of the Free University of Berlin were run with the modified coupled atmosphereocean GCM ECHO-G with Middle Atmosphere Model (EGMAM) (Huebener et al. 2007).
EGMAM is based on ECHO-G (Legutke and Voss 1999), which couples the ECHAM4 (Roeckner
et al. 1996) in a horizontal resolution of T30 via OASIS with the HOPE-G (Hamburg Ocean
Primitive Equation-Global Model) (Wolff et al. 1997) in a horizontal resolution of 0.5-2.8°
(refinement near equator) and 20 vertical layers. It includes a dynamic-thermodynamic sea ice
model and time constant flux correction for heat and freshwater exchange. With the extension to
middle atmosphere up to 0.01 hpa (ca. 80 km) the model has 39 vertical layers and a gravity wave
parameterisation (Manzini and McFarlane 1998). The model was used with an interactive aerosol
transport scheme (Feichter et al. 1996), changing land use (crop, pasture) and a time varying 3d
ozone field.
INGV: ECHAM5-OPA-C model
The INGV-CMCC Earth System Model (INGVCE) consists of an atmosphere-ocean-sea ice
physical core coupled to a land-and-ocean carbon cycle model. The technical detail of the physical
atmosphere ocean coupling and of the implementations of the vegetation and biogeochemistry (i.e.,
the carbon cycle part) models into the physical core model are described in Fogli et al. (2009). The
role of the ocean carbon cycle in the regulation of anthropogenic carbon emission as simulated by
the INGVCE model is discussed in Vichi et al. (2009). The ESM components are: ECHAM5
atmosphere (Roeckner et al. 2006); SILVA land and vegetation (Alessandri, 2006); OPA8.2 ocean
(Madec et al. 1999); LIM sea ice (Timmermann et al., 2005), and PELAGOS biogeochemistry
(Vichi et al. 2007). The software used to couple the atmosphere (including the land-vegetation
model) model and the ocean (including the biogeochemistry) model is OASIS3 (Valcke 2006).
CNRM+DMI: CNRM-CM3 model
The CNRM-CM3 coupled general circulation model is the updated version of CNRM-CM2 (Royer
et al. 2002). It consists of four main components: ARPEGE-Climat 3, which is the Atmospheric
General Circulation Model (developed at CNRM), OPA8.1 ocean model (IPSL/LOCEAN, Paris,

France), GELATO2 dynamic and thermodynamic sea ice model (CNRM; Salas-Mélia 2002) and
TRIP river routing scheme (University of Tokyo, Japan). These models are coupled together with
OASIS2.2 (CERFACS). The version used in Stream 1 (CNRM-CM3.1) was based on the
ARPEGE-Climat model version 3 described in Déqué et al (1994) and Gibelin and Déqué (2003).
The model is based on the spectral method, the truncation used was a triangular T63 truncation with
transformations to an associated linear Gaussian grid of 64x128 points (about 2.8° resolution) to
compute the nonlinear terms and the physics. The vertical levels are defined with a progressive
hybrid sigma-pressure vertical coordinate including 45 layers, 15 of them describing the
stratosphere. The advection scheme is semi-Lagrangian, and the time integration is semi-implicit,
with a 30 minute timestep, except for the radiative transfer (3 hour timestep). The physical
parameterizations are similar to those used in previous versions of the ARPEGE-Climat model.
OPA and Gelato share the same bipolar grid. This grid has a resolution of 2° in longitude and about
1° in latitude. The hydrological network of TRIP has a resolution of 1°. A detailed description of
CNRM-CM3 model and simulations is given in Salas-Mélia et al (2005).
The standard GHG forcings defined for stream 1 where used, except the ozone concentration which
is computed and transported by the ARPEGE-Climat model as a prognostic variable with a
simplified parameterization of sources and sinks (Cariolle et al. 1990). For the sulphate aerosols
only the direct radiative effect was taken into account. In the simulation including the natural
forcings the effect of volcanic eruptions has to be taken into account indirectly by using the
modified solar luminosity series adjusted to represent the absorption by volcanic aerosols. The land
surface properties were kept fixed in all the simulations with values specified from the
ECOCLIMAP land surface database (Champeaux et al. 2005).
For the stream 2 simulations an improved and updated version (CNRM-CM3.3) was used. In this
version a new dynamical core based on ARPEGE-Climat version 4 has been used, and the whole
system has been ported on a NEC-SX8 computer. The horizontal resolution is the same as in the
stream 1 version, but it has been necessary because of computational constraints to reduce the
vertical resolution from 45 to 31 levels. The coupling through OASIS has been revised in order to
insure a better conservation of the energy fluxes through the interpolations between the atmospheric
and oceanic grids. The ocean and sea-ice models have been checked carefully, and minor
corrections have been made to improve the energy conservation. Improvements in the
conservativity of the coupled system have allowed for reducing the drift in ocean volumetric and
surface temperature and atmosphere 2m temperature. The global mean negative temperature bias
has been much reduced between stream 1 and stream 2 (from 0.7°C to 0.1°C), but regional biases
are slightly enhanced. The forcings defined for stream 2 have been taken into account except ozone
that is computed and transported by the model. The linear system for ozone has been also modified
to improve the simulation of the effects of chlorine on the ozone destruction. The indirect effect of
sulphate aerosols has been introduced based on the parameterization of Boucher and Lohman
(1995) with a calibration from POLDER satellite data given by Quaas and Boucher (2005). Finally
the effect of stratospheric volcanic aerosols has been taken explicitly into account by introducing a
new category of stratospheric aerosols. The changes in land use have been introduced through a
modification of the fractions of crop and pasture types in the land-surface classification, and the
resulting surface properties have been computed with an updated version (ECOCLIMAP-2) of the
vegetation map.)

NERSC: BCM2 and BCM2-C model
The BCM2 coupled general circulation model is an updated version of the original BCM described
in Furevik et al. (2003), which was used for IPCC AR4. The atmospheric part is ARPEGE-Climat3,
which is based on the atmospheric GCM developed at METEO-FRANCE (Deque et al. 1994). In
the version used for the ENSEMBLES project ARPEGE is run with a truncation at wave number 63
(TL63), and a time step of 1800 s. All the physics and the treatment of model nonlinear terms
require spectral transforms to a Gaussian grid. This grid (about 2.8 deg resolution in longitude and
latitude) is reduced near the poles to give an approximately uniform horizontal resolution (on the
target sphere) and to save computational time. The vertical hybrid coordinate follows the
topography in the lower troposphere, but becomes gradually parallel to pressure surfaces with
increasing height. A total of 31 vertical levels are employed, ranging from the surface to 0.01 hPa.
The physical parameterizations are similar to those used in previous versions of the model (Furevik
et al. 2003). One exception is the vertical diffusion scheme, which has been updated to that of
ARPEGE4. In the original version of the scheme a feedback could be activated in the case of a very
cold surface. A cooling surface involved an increase in the stability, which in turn would prevent
any heating by the atmosphere. This would accelerate the cooling until reaching a radiative balance,
which could be very cold in the polar night. This phenomenon led to a significant cold bias in the
global temperature in the IPCC version of BCM. To avoid the phenomenon a limitation has been
added to the Richardson number in the new scheme.
The oceanic part is MICOM (Bleck and Smith 1990; Bleck et al. 1992), an isopycnic ocean GCM
heavily modified at NERSC. Several important aspects deviate from earlier versions of the model
(Furevik et al. 2003). Firstly, MICOM now uses a reference pressure of 2000 db whereas previous
versions used a reference pressure of 0 db. This will reduce the non-neutrality of the isopycnals in
the world ocean compared to having the reference pressure at the surface (McDougall and Jackett
2005). Secondly, the conservation properties of tracers (i.e. salinity, potential temperature and
passive tracers) have been greatly improved compared to earlier versions. The use of incremental
remapping (Dukowicz and Baumgardner 2000) for the advection of tracers has contributed to this.
As a result of this model drift is greatly reduced, and the model can be run without flux
adjustments. Thirdly, shear instability and gravity current mixing have been incorporated by adding
a Richardson number dependent diffusivity to the background diffusivity. This has greatly
improved the water mass characteristics downstream of overflow regions. Finally, the pressure
gradient formulation used in the new version of MICOM is based on the formulation of Janic
(1977), where the pressure gradient is expressed as a gradient of the geopotential on a pressure
surface. This allows a more accurate representation of density in the pressure gradient formulation
compare to earlier versions of MICOM. With the exception of the equatorial region, the ocean grid
is almost regular with horizontal grid spacing approximately 2.4 deg × 2.4 deg. In order to better
resolve the dynamics near the equator, the horizontal spacing in the meridional direction is
gradually decreased to 0.8 deg along the equator. The model has a stack of 34 isopycnic layers in
the vertical, with potential densities ranging from 1029.514 to 1037.800 kg m-3, and a nonisopycnic surface mixed layer on top providing the linkage between the atmospheric forcing and the
ocean interior.
There are currently two dynamic and thermodynamic sea-ice modules available for BCM2, both of
which are handled as subroutine calls from MICOM. The first option is the sea-ice model
developed at Nansen Environmental and Remote Sensing Center (NERSC). This model consists of
one ice and one snow layer assuming a linear temperature profile in each layer, and the
thermodynamics follows Drange and Simonsen (1996). The dynamic part of the model is based on
the viscous-plastic rheology of Hibler (1979) with the modifications and implementation of Harder
(1996). In addition, a multi-category sea-ice model, GELATO (Salas-Melia 2002), can also be

selected as the sea-ice component. GELATO uses an Arakawa B-grid, which shares its grid points
with the C-grid of the ocean model. The sea-ice model performs a linear interpolation between the
two grids internally. The different components are coupled together using OASIS2.2 (Terray and
Thual 1995; Terray et al. 1995).
Recently, the Bergen earth system model (BCM-C) has been developed by coupling terrestrial and
oceanic carbon cycle models into BCM2. The BCM-C adopts the Hamburg Ocean Carbon Cycle
(HAMOCC5.1) model, which is based on the original work by Maier-Reimer (1993) with the
extensions of Maier-Raimer et al. (2005). The model contains over 30 biogeochemical tracers,
which include dissolved inorganic carbon, total alkalinity, oxygen, nitrate, phosphate, silicate, iron,
phytoplankton, and zooplankton. For the terrestrial part BCM-C uses the Lund-Postdam-Jena
Model (LPJ; Sitch et al. 2003), a large-scale terrestrial carbon cycle model, which includes global
dynamical vegetation.
For the Stream 2 simulations two different versions of BCM have been used:
• The first version (BCM2) uses the GELATO sea ice model and has no carbon cycle
included. A description and validation of a multi-century simulation for pre-industrial using
BCM2 is given in Otterå et al. (2009a).
• The BCM-C version uses the original NERSC sea ice model and includes a full carbon
cycle. The implementation of the vegetation and biogeochemistry into BCM2, and an
assessment of regional climate-carbon-cycle feedbacks in this model have been made by
Tjiputra et al. (2009).
The standard GHG forcings defined for stream 1 have been used for the historical and scenario
simulations. The tropospheric sulphate aerosol forcing fields are based on the data set prepared for
the stream2 (Boucher and Pham, 2002). Only the direct effect is currently taken into account in
BCM. Unfortunately, the ozone and land-use forcings have not yet been implemented into BCM2
and BCM-C. The historical simulation of the BCM2 version also includes natural forcing due to
solar and volcanic aerosol variations (Otterå et al. 2009b). This solar forcing differs somewhat from
the default Stream2 data set, and is based on the Crowley et al. (2003) data set. The volcanic aerosol
forcing time series (Crowley et al. 2003) include the monthly optical depths at 0.55 microns in the
middle of the visible spectrum in four equal-area bands (90N-30N, 30N-equator, equator-30S and
30S-90S). The aerosol loading was distributed in each model level in the stratosphere, and the
volcanic mass of the stratospheric aerosols were then calculated at each grid-point and model level
in the stratosphere by dividing the total aerosol concentration by the total air mass of all
stratospheric levels at that grid point. The model is able to successfully simulate many observed
features after large tropical eruptions, such as the characteristic NH winter warming response
(Otterå 2008).

4 The forcing and driving inputs
4.1 Stream 1
The Stream 1 and Stream 2 simulations make use of the methodology and the forcings that were
defined for the CMIP3 (coupled Climate Model Intercomparison Project 3) simulations contributing
to the IPCC AR4 assessment (http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php).
Efforts have been made to implement the forcings in a similar way across the various models. In
particular all the models used the same concentrations of the well-mixed greenhouse gases, even the
models with carbon cycle are driven with the concentration of CO2, following the experimental
design of Hibbard et al. (2007), which has been applied in stream 2 both to the pre-industrial control
and to the historical 20C3M simulation. A first milestone (M2A.2) was to select a common set of
anthropogenic and natural forcings, consistent with the forcings recommended in the CMIP3
project, and to use these forcings to drive a first set (Stream 1) of 20th Century ensemble
simulations using existing coupled ocean-atmosphere climate models. The chosen natural forcings
were the time series of solar irradiance of Solanki and Krivova (2003), and for the volcanic forcing
an updated version of Sato et al. (1993). Some partners prefer to use the volcanic forcing as a
simple modification of the solar constant (CNRM-CM3, IPSL-CM4).
For ozone and aerosol concentrations (as opposed to precursor emissions) some additional off-line
chemical-transport modelling work has been required to generate the forcing datasets, via the
University of Oslo-CTM2 troposphere-stratosphere GCM (Sovde et al. 2008) to derive ozone
concentrations, and O. Boucher’s transport model to derive the aerosol concentrations, both being
driven by the necessary emissions (and climate) for given time slices, with interpolation between
the time slices. The global land use/land cover change dataset (for crops and pasture) with 0.5°x0.5°
resolution from 1700 to 2100 has been constructed and extrapolated for the scenarios taking into
account historical reconstruction sources and the IMAGE model outputs. However, some extra
model-specific processing has been required to blend this with the assumed undisturbed vegetation
map, which differs between models.
However, due to specific limitations and constraints in certain models some differences in the
implementations of the forcings still remain. The ozone 3-D concentration has been specified in the
scenarios from the simulation provided by the UiO database, except IPSL-CM4 that used a fixed
ozone concentration throughout all its simulations, INGV which used the data of Kiel et al. (1999),
and CNRM-CM3.3 in which the ozone is a prognostic variable. For aerosols all models use the
concentrations provided by O. Boucher, except HadGEM2-AO, HadCM3-C and EGMAM+ that
have their own aerosol transport schemes.
Land-use changes were taken into account for stream 2 simulations in most models according to the
specified land-use fractions, except in HadCM3-C, INGV, and BCM2-C in which land-use changes
were not implemented. The volcanic forcing was represented in one of the 20CM3 simulations
either by introducing a stratospheric aerosol layer, or by a change of the solar constant representing
the radiative effect on the sulphate layer (IPSL-CM4, CNRM-CM3)

4.2 Stream 2
These are the same forcing fields as used in the Stream 1 IPCC simulations. For the core “Stream 2”
simulations only anthropogenic forcings, i.e. without the solar and volcanic forcings, have been
used. The difference from Stream 1 is the inclusion of the land-use changes. The dataset for the land
use has been produced by Nathalie de Noblet over the period 1740-1992 for the LUCID project,
based on crop dataset of Ramankutty and Foley (1999), and pasture from the HYDE dataset (Klein
Goldewijk 2001) combined to give a fraction of grid-cell covered by crop and pasture on a 0.5x0.5°
global grid for each year. The recommended methodology followed by the modelling groups was
that each model keeps its standard vegetation map as used in Stream 1 simulations, and change only
the crop and pasture fraction as provided in this dataset.
In the INGV model the ozone distribution from 1860 to 2100 is based on Kiehl et al. (1999). No
land use changes were prescribed and/or considered.
A key part of the experimental design is that the subset of models that include the carbon cycle will
diagnose the net flux of carbon into the atmosphere needed to achieve the prescribed (observed)
concentration evolution, following the proposal of Hibbard et al. (2007), applied also to the preindustrial control and to the historical 20C3M simulation. In turn, this will yield carbon emissions,
with an ensemble spread as the results from any given model will depend on its carbon cycle
formulation plus the feedback processes that govern the regional transient climate change for a
given applied climate forcing.
The historical simulations (20C) use starting conditions from pre-industrial equilibrium runs
(representing 1860 conditions) and are subsequently forced by the 20th century anthropogenic green
house gas concentrations. All partners have run at least one realization of the simulation with
greenhouse and aerosol (GA) forcings as in stream one, but with the improved model versions.

5 Key results from Stream 1
5.1: Runs completed and data availability

The different number of simulations are summarized in Table 4
Multimodel composition
Partners
METO-HC
METO-HC
IPSL
MPIMET +DMI
INGV
FUB
CNRM
NERSC

Model
HadGEM1
HadCM3
IPSL-CM4
ECHAM5-MPI-OM
SINTEX-G
EGMAM
CMRM-CM3
BCCR-BCM2.0

Added
components
LU CC AT
●
●

1860-2000 simulations
GA
3 [3]

GASV
3 [3]

Other
2

1 [1]
4 [4]
1 [1]
3 [3]
1 [1]
1 [1]

1
3

1
3

1
1 [1]
1

1

Table 4: Multimodel simulations performed in ENSEMBLES Stream 1. The figures in the columns represent
the number of simulations performed. The bold figures in the square brackets the number from these
simulations that are available form the CERA database. GA represents the simulation with only
anthropogenic forcings (Greenhouse gases and Aerosols) and GASV the simulations with anthropogenic and
natural forcings (Solar and Volcanic).

Due to the complex behaviour of the coupled atmosphere-ocean system one cannot expect climate
models to reproduce all observed features, particularly at regional scales. As discussed in the IPCC
report and elsewhere it does not make much sense to compare the detailed temporal evolution on
regional or local scales of the surface temperature.
In order to synthesize the result we will show only the time evolution of global mean quantities.
Figure 1 illustrate the evolution of the annual global mean temperature at 2 m height in the different
models. For model with multiple runs only a single simulation has been shown in order not to
overburden the figure.
For comparison with the observed climate the global mean temperature computed in ERA40
reanalyses has also been shown. It can be seen that compared to ERA40 only the INGV-SX model
has a warm bias, ECHAM5 and EGMAM have nearly no bias, while the other models have
increasingly cold biases (HadCM3, CNRM-CM3, IPSL-CM4, HadGEM1 and BCM2). The
interannual variability in the models is comparable to the interannual variability in the ERA40
reanalyses. All models display a warming trend over the 20th century, which tends to accelerate in
the last 2 or 3 decades. The magnitude of the trend is in rather good agreement with the ERA40 data
in the last decades, but varies more markedly between the models in the previous decades.
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Figure 1: Global annual mean temperature series in Stream 1 anthropogenic (GA) simulations.
(For models with multiple runs only the first simulation has been plotted). The temperature from
ERA-40 reanalysis has been plotted for comparison over the last 4 decades.

The global mean precipitation (Fig. 2) vary rather strongly between the models, from about 2.6
mm/day for IPSL-CM4 to 3.2 mm/day in CNRM-CM3, with 3 models with similar precipitation of
about 2.9 mm/day (ECHAM5, HadCM3, EGMAM). The ERA40 precipitation increases from about
2.9 mm/day in 1960 to more than 3.4 mm/day in 2000 with very large interannual fluctuations. In
comparison the global annual precipitation series show in most models only a small and gradual
increase of precipitation toward the end of the 20th century with some interannual variability. When
compared to other global observed precipitation series such as CAMSOPI and GPCP, the
interannual variability and trends in the ERA40 precipitation appear excessive. Since actually
ERA40 is only an indirect diagnostic in the reanalysis the ERA40 rainfall cannot be used as a
reliable source of information. The CAMSOPI and GPCP series are of too short duration (only 20
years) to allow a robust estimation of observed trends in global precipitation. The increase in
precipitation in the models seems more or less parallel to the temperature increase, except for
HadGEM1 and BCM2 which show rather constant values of precipitation throughout the 20th
century.
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Figure 2: Global annual mean precipitation series in Stream 1 anthropogenic (GA) simulations.
(For models with multiple runs only the first simulation has been plotted). Precipitation estimates
originating from ERA-40 reanalysis, CASOPI and GPCP have been plotted for comparison.

The increase of precipitation seems for most models linearly correlated to the temperature
increase.linearly related to temperature increase as can be seem from a scatter diagram of
precipitation versus temperature anomaly (figure 3). Exception to this relationship are the
HadGEM1, HadGEM2, and BCM2 simulations in which the global precipitation remain rather
stable throughout the 20th century, while other models have a similar linear
precipitation/temperature relationship.

6 Key results from Stream 2
As explained in paragraph 3 the models used for ES2 simulations are improved and extended
versions of those used in Stream 1. Table 5 provides a summary view of the models used and
simulations performed with them. Land use forcing has been introduced into 5 models (HadGEM2AO, IPSL-CM4, ECHAM5, EGMAM+, CNRM-CM3), carbon cycle components into 5 models
(HadCM3C, IPSL-LOOP, ECHAM5, C-ESM, BCM-C), and aerosol transport into 3 models
(HadGEM2-AO, HadCM3C, EGMAM+). All the models have performed the simulation with
anthropic forcings only (greenhouse gases and aerosols, and land use for those that include this
forcing). The simulation with forcings (solar and volcanic) has been performed with 4 different
models (together with anthropic forcings for IPSL-CM4, EGMAM+, CMRM-CM3, and without it
for BCM2). A few complementary simulations with different combinations of the forcings have
been performed by some models and are entered in column “other”. Some of the models where able
to perform small ensembles of simulations (IPSL-CM4, ECHAM5 and CNRM-CM3 with the help
from DMI) so has to enlarge the number of available simulations (the figure in the columns indicate
the number of simulations). The identifiers that have been used to designate the different models in
the legend of subsequent figures are provided in the last column of table 5.

Multimodel composition

Identifier

Partners

N° used
in figures
1a
1b
2a

METO-HC
METO-HC
IPSL
MPIMET
+DMI
FUB
INGV
CNRM
+ DMI
NERSC

Added
1860-2000 simulations
components
Model name
LU CC AT GA
GA+SV Other
(+LU) (+LU)
HadGEM2-AO
1
●
●
HadCM3C
1
●
●
IPSL-CM4
3
3
1: GA+SV
●
IPSL-LOOP
1
●
ECHAM5-C
3
●
●
3
EGMAM+
2
2
1: SV+LU
●
●
C-ESM
1
●
CMRM-CM3.3
1
1
●
2
BCM2 S1
1
1
1: SV
BCM2
S2
BCM-C
1
●

3
4
5
6
7
8
9a
9b
9c

Table 5: Multimodel Stream 2 global simulations (number of simulations). ENSEMBLES Stream 2
multi-model summary (CC = carbon cycle component; AT = aerosol transport/chemistry
component; LU = transient land use forcing), and simulations performed with results included in
this paper (GA = historical forcing by GHGs and aerosols, plus land use change if represented; +SV
= plus solar and volcanic forcing. ● = model component included/simulations (or ensemble of N)
completed. The identifiers in the last column are used for model identification in the legend of the
following figures

In order to illustrate at a glance the changes between the versions of the models used in stream 1
and stream 2 annual mean global precipitation and temperature series have been displayed in a
scatter diagram (Figure 3).
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Figure 3: Global annual mean precipitation versus temperature distribution in the Stream 1
(hollow symbols) and Stream 2 simulations (filled symbols).

Detailed examination of this scatter diagram shows that generally the model biases are different in
the stream 2 and stream 1 versions. For comparison with observations we have used ERA40 for
global temperature and GPCP for global precipitation. For several models the biases have been
somewhat improved in stream 2. For example the cold biases in HadGEM1, CNRM-CM3 and
BCM2-S1 have been reduced in HadGEM2, CNRM-CM3.3 and BCM-C. The excessive
precipitation in CMRM-CM3 have been reduced, and those of ECHAM5-C have become closer to
GPCP observations. However there are models for which the introduction of supplementary
components have resulted in a strengthening of the biases (increase of the cold bias in IPSLCM4v2, replacement of a warm bias in INGV-SX by a cold bias in INGV-CE, positive bias in BCM2).

Further analysis of the annual time-series in stream 2 has been made to compare the simulations
first without natural forcings. Fig. 4 shows time-series of the globally averaged annual mean nearsurface temperature over the period 1861-2000 based on the 12 hindcasts in GA and GA+LU. In
those cases, where ensembles of simulations, are available the ensemble mean values are shown.
This figure shows that the models generally fall into three categories, with one model showing a

marked positive temperature bias and three models marked negative biases. Most models show
temperatures between 13 and 14 ºC at the beginning of the period considered. All models show a
warming over the second half of the 20th century, in agreement with stream one simulations.

Figure 4: Time series of the globally averaged annual mean near-surface temperature over the
period 1861-2000 for the 12 hindcasts in GA and GA+LU. The numbers indicating the
different models/simulations are taken from the preceding table. Units are [ºC].
In order to highlight more clearly the warming trend in the simulations, it is useful to remove the
model biases from the time series. This can be done quite easily by computing for each model the
anomalies with respect to a chosen reference period. We have chosen to use the average over 18611890 as reference period in the following figures, in order to show clearly the changes over the 20th
century. We have also computed a multi-model average of the annual anomalies in order to
highlight the common features appearing in the simulations.
When the potential biases are removed, most models show a marked warming over the last 30 years
of the 20th century (Fig. 5). In only one of the hindcasts, on the other hand, the marked warming
does not start before the mid-eighties. Though the individual models show some large differences at
the end of the 20th century due to both there interannual variability and different trends, the multimodel ensemble mean is in rather good agreement with observations as concerns the overall trend
over the period, though some transient decadal variability in the observations (cold decades between
1890-1920, warm decade around 1940) cannot obviously be reproduced by the models with only
the anthropogenic forcings.

Figure 5: Anomalies of the globally averaged annual mean near-surface temperature over the
period 1861-2000 with respect to the period 1861-1890 for the 12 hindcasts in GA and
GA+LU. The solid black curve indicates the multi-model mean values (giving equal
weight to the different models) and the dashed black curve the observational values
(HadCRUT3). The numbers indicating the different models/simulations are taken from the
preceding table. Units are [ºC].
In order to investigate the potential role of the natural forcings in explaining the observed variability
we have produce a figure similar to figure 5 with all the simulations in which the solar and volcanic
(SV) forcings were taken into account (figure 6)

Figure 6: As for Fig. 5 but for the 5 hindcasts in GA+SV and GA+LU+SV.

Considering the historical forcing by solar variability and volcanoes in the model simulations
generally increases the variability of the globally averaged temperatures. Particularly in the 1880’s
and in the last 40 years of the 20th century these forcing factors lead to a marked cooling of the
global mean temperatures after major volcanic eruptions, which brings them in better agreement
with observations than the simulations with only anthropogenic forcings shown in figure 5.
Examination of the two simulations without greenhouse gas and aerosol forcings (figure 7)
confirms that the greenhouse and aerosol forcing is absolutely necessary to reproduce the warming
trend of the last 3 decades of the 20th century.

Figure 7: As for Fig. 5 but for the 2 hindcasts in SV and LU+SV.
In addition to the aforementioned abrupt cooling of the global mean temperatures, these hindcasts
also reveal a general cooling trend over the last 40 years of the 20th century, masking the marked
warming caused by the well-mixed greenhouse gases in this period.

The analysis is continued by examining the precipitation changes in the stream 2 simulations.
As in stream 1 simulations, for the globally averaged annual mean precipitation, the different
models show large variations, ranging from about 2.6 mm/d for the driest to about 3.2 mm/d for the
wettest model (Fig. 8). The driest and the wettest model are those with the strongest cold and warm
temperature bias, respectively (see Fig.3 and fig. 4).
Applying the same methodology as for temperature a series of precipitation anomalies with
reference to the 1861-1890 has been constructed to highlight the precipitation trends (Figure 9).
However for precipitation there are no reliable observed time-series of sufficient duration to
validate the model trends.
Most models show a marked increase in precipitation only over the last 20 years of the 20th century.
But in contrast to the near-surface temperature, two of the hindcasts, are characterized by rather
negative or weak precipitation trend during the second half of the 20th century. One of the models is
also characterized by cooling in the 1960’s and 1970’s and a relatively weak warming during the
last 20 years of the 20th century (see Fig. 5).

Figure 8: As for Fig. 4 but for precipitation intensity. Units are [mm/d].

Figure 9: As for Fig. 5 but for precipitation intensity (no observational data are available). Units
are [mm/day].

Figure 10: As for Fig. 6 but for precipitation intensity (without observed data). Units are
[mm/day].
In correspondence with the near-surface temperature (see Fig. 6), the globally averaged
precipitation is characterized by large variations in the 1880’s and over the last 40 years of the 20th
century (Fig. 10). In particular one model (7=CNRM-CM3.3) shows an excessively strong response
to the SV natural forcing. Further analysis of this simulation has shown that the stratospheric
absorption of volcanic aerosols was incorrectly specified in CNRM-3.3 and that this lead to
unrealistic effect on precipitation response. The other model show more agreement in simulating a
transient reduction in global precipitation following major volcanic events.
This can also be seen in Fig. 11, where the hindcasts not considering changes in the well-mixed
greenhouse gases and in the sulphate aerosols are shown. In addition to the aforementioned abrupt
reductions in the global mean precipitation, these hindcasts also reveal a general drying trend over
the last 40 years of the 20th century, consistent with a corresponding cooling trend in these
simulations (see Fig. 7)
The previous analysis has allowed to indentify the impact of the natural forcings, particularly the
effect of major volcanic eruptions, on the interannual variability in the simulations. We will
continue a more systematic analysis of the impact of volcanic forcing in the following paragraph.

Figure 11: As for Fig. 7 but for precipitation intensity and without considering any observational
data. Units are [mm/d].

7 Analysis of the role of the natural forcings
In this paragraph we will combine the stream 1 and stream 2 simulations with natural forcings (SV:
solar and volcanic) in order to increase the sample available for an analysis of the impact of these
forcings on the variability of the 20C3M simulations.
As a first analysis we have attempted to isolate the effect of the natural forcing by computing the
difference between the simulations with the SV forcing and the simulations without SV forcing, for
each model in which the two kinds of simulations have been performed. The simulations for stream
1 are those with HadGEM1, ECHAM5, CNRM-CM3, and those for stream 2 with IPSL-CM4,
EGMAM2 (The CNRM-CM3.3 stream 2 simulation has not been taken into account due to the
erroneous volcanic effect pointed out in the previous paragraph). To increase the size of the sample
we have also added the stream 2 simulations which have been run without the greenhouse aerosol
forcings from EGMAM2 (LU+SV simulation) and from BCM2 (SV simulation). For model with
multiple runs (ECHAM5, IPSL-CM4) an average over the available simulations has been
performed (in order to reduce the sampling fluctuations), before computing the difference between
the simulations with and without the SV forcing.
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Figure 12: Annual mean global temperature difference between the runs with and without natural
forcing for the different models. The average over the models is represented as the thick black line
and squares. The year of the major volcanic eruptions are indicated by a red triangle centred on
the year of the eruption.

The resulting time series from the different model and the multi-model average are shown in figure
12 for 2m temperature and figure 13 for precipitation. Though the model present large interannual
variability (enhanced by taking the difference between the two series with and without SV forcing)
it can be seen that there are several periods where strong transient negative anomalies appear, in
particular in the years following major volcanic eruptions. The multi-model average shows that the
magnitude of the temperature drop can reach of the order of 0.2 to 0.4 K.
Precipitation response to SV forcing
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Figure 13: Annual mean global precipitation difference between the runs with and without natural
forcing for the different models. The average over the models is represented as the thick black line
and squares. The year of the major tropical volcanic eruptions are indicated by a red triangle
centred on the year of the eruption. The name of the eruption, date and latitude can be found in
table 6.
The precipitation response (figure 13) is more noisy than the temperature response, but a systematic
decrease of the order of 0.1 to 0.2 mm/day can be noticed in the years following the major volcanic
explosions.

Using two time series to remove the effect of the long term trends due to increasing greenhouse
aerosols forcings has the unfortunate effect of increasing the noise level by taking differences
between the time series. We have therefore continued the analysis of the impact of volcanic
eruption by applying a method based on the composite analysis on the series with SV forcings.

First we have selected the years with major low latitude volcanic eruptions as indicated in Table 6,
based on the analysis of Stenchikov et al. (2006).
Figure 15 compares the resulting radiative effect of the major volcanic explosions listed in table 6
by showing the annual mean global radiative forcing anomalies according to Sato et al () in the 3
years before and the seven years after the eruption year (noted as year 0). This figure shows that the
radiative impact is maximum in the year following the eruption and relaxes gradually towards zero
in the 4 years following the eruption. Exceptions to this pattern are seen for the eruption of 1886
Tarawera in 1886 which is masked by the strong eruption of Krakatau 3 years before, and for the
eruption of Bandai in 1888, where the influence of both former eruption is still prominent. The
eruption of Quizapu in 1932 has only a very week influence probably due to the higher latitude of
the eruption. As the patterns of the radiative forcing for these 3 eruptions are week and ill defined
they have been removed from the following composite analysis.

Volcano name
Krakatau
Tarawera
Bandai
Santa Maria
Quizapu
Agung
Fuego
El Chichon
Pinatubo

Eruption date (JJ/MM/YYYY)
27/08/1883
10/06/1886
15/07/1888
24/10/1902
10/04/1932
17/03/1963
10/10/1974
04/04/1982
15/06/1991

Latitude
6.10 °S
38.23 °S
37.60 °N
14.76 °N
35.65 °S
8.34 °S
14.47 °N
17.36 °N
15.13 °N

Table 6: Main characteristics of the major low-latitude volcanic eruptions used in Stenchikov et al
(2006). The 3 eruptions overlayed in grey are not used in the compositing for the current study.

The compositing has been done for the 8 model runs with a simulation with SV forcing, for each of
the 6 selected years with well separated major volcanic eruptions (1883, 1902, 1963, 1974, 1982,
1991) using the eruption year as year 0. In order to remove the long term trends due to GA forcing
in the simulations, and isolate the immediate impact of the eruption the compositing has been done
with the model anomalies with respect to the year before the eruption (year –1). Other attempts
where made for defining the anomaly with respect to a model average over a larger number of years
around the eruption but the results were qualitatively very similar, and so the simpler method of
using as a reference the single year before the eruption was preferred for producing the following
illustrations.
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Figure 14: Composite of the volcanic radiative forcing anomaly (W/m2) computed from Sato data
with respect to the eruption year (year 0) for the major volcanic eruptions in the period 1860-2000.
The dotted black line represents the composite averaged over all the eruptions. The thick black line
represents an average over the 6 selected eruption years (continuous lines) after discarding the non
representative eruptions (dotted lines).

In order to filter the interannual fluctuation two averaging methods were applied:
- averaging over the 6 eruptions in order to show the differences between the models
- averaging over the 8 model runs in order to show the differences between the
eruptions
The average composites, applied to global mean 2m temperature and global mean precipitation, are
presented in the following figures.
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Figure 15: Composite with respect of the eruption year (year 0) of the global annual mean
temperature response for the different models and observations as averaged over the selected
eruptions. The response is computed as a difference from the value in the year preceding the
eruption (year –1). The results for the different models are shown as continuous colour lines. The
black continuous line represents the average over the models. For comparison composites from two
observed time series (CRUTM3-HADSST2 and GISS) are shown as dashed lines.

The temperature response averaged over the 6 eruptions (figure 15) shows that the models have a
similar pattern of response, but with different amplitudes. By construction the anomalies have a
zero value in the year preceding the eruption (year –1). A negative anomaly starts to appear in the
year of the eruption and reaches its peak value generally in year +1 after the eruption (HadGEM1,
IPSL-CM4, ECHAM5, BCM2 ) or at year +2 (EGMAM, CNRM-CM3). Then the negative anomaly
tends to return slowly to zero in the next few years. Most model have a very similar amplitude
response (-0.2 to -0.25 K) in year +1, except BCM2 which has a stronger response (-0.35 to -0.4 K),
and CNRM-CM3 for which the response (-0.1 K) intensifies further at year 2 (about –0.2 K). The
pattern of the model responses is qualitatively in agreement with observations based on the GISS
and CRUTM3-HADSST2 global mean temperature series, though the amplitude of the observed
response is slightly weaker than the average model response.
Comparison of the mean model response (averaged over the 8 simulations) for the different
eruptions (figure 16) shows that the amplitude of the temperature response is generally in agreement
with the magnitude of the radiative forcings associated with the eruptions (figure 14).
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Figure 16: Composite with respect of the eruption year (year 0) of the global annual mean
temperature response averaged over the different models. The response is computed as a difference
from the value in the year preceding the eruption (year –1). The results for the different eruptions
are shown as continuous colour lines labelled with the year of the eruption. The black continuous
line represents the average over all the eruptions.
The stronger responses (more than –0.3 K cooling) are found for the two stronger eruptions
(Kratkatau 1883, and Pinatubo 1991), and the weakest (barely –0.1 K) for the weakest eruption
(Fuego 1974). The other 3 eruptions produce rather similar temperature responses with maxima
between –0.2 and –0.3 K.
The composite of the global annual mean precipitation (figure 17) shows much larger differences in
model responses than for the 2m temperature.
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Figure 17: Composite with respect of the eruption year (year 0) of the global annual mean
precipitation response for the different models averaged over the selected eruptions. The response
is computed as a difference from the value in the year preceding the eruption (year –1). The results
for the different models are shown as continuous colour lines, the average over the models as a
black continuous line.
For most model the amplitude of the precipitation response corresponds to the temperature response
(higher response for BCM2 and lower response for CNRM-CM3), except for HadGEM1 which has
a very strong precipitation response at year 0 and +1. On average the maximum precipitation
response seems to be delayed by about one year compared to the temperature response, and the
maximum response occurs around year +2 and +3 with an average amplitude of about –0.015
mm/day.
The differences in the mean model response for the different eruptions (figure 18) are in good
agreement with the temperature response to the strength of the volcanic forcing (figure 16). The
precipitation response is very weak for the Fuego (1974) eruption, and very strong for the Krakatau
(1883) eruption (reaching more than - 0.03 mm/day). For the other 4 eruptions the precipitation
response is very similar with minima between –0.01 and –0.02 mm/day.
Conclusions of the analysis:
The use of 8 different simulations and 6 different volcanic eruptions allows to highly a coherent and
robust response in global annual mean near surface temperature and precipitation to the radiative
forcing perturbations caused by the volcanic aerosols. The transient response to volcanic eruption
can reach a magnitude that is of the same order as the trends observed in the last decades of the 20th
century. Thus it appears that volcanic forcing is an important factor to take into account in
simulations aimed at explaining the interannual variability of the climate in the 20th century and for
detection studies of the impact of anthropogenic perturbations.
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Figure 18: As in figure 16 for the composite with respect of the eruption year (year 0) of the global
annual mean precipitation response averaged over the different models.

8 Data Accessibility
All Stream 1 and Stream 2 data are available from the CERA data base (http://cerawww.dkrz.de/CERA/) in Hamburg.
Data from the RT2A simulations for the historical period (20C3M) are archived in CF-compliant
netcdf format. The data included cover monthly mean values, daily values (daily mean, max and
min, or instantaneous, depending on the variable), and also several instantaneous variables at 6- and
12-hourly resolution at the surface and on vertical pressure levels. The multi-model dataset and
associated metadata is accessible through the CERA portal (http://cera-www.dkrz.de) subject to
user registration. Additional variables other than those archived at CERA may be available on
request direct from the associated ENSEMBLES partners or from other data centres (contact details
are given in the metadata).
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