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Abstract

Keywords: Climate forcing, radiative forcing, fixed SST forcing, ENSEMBLES EU-project

The motivation behind this work is to improve the understanding of differences between the general
20th century global warming simulated with five different ENSEMBLES global climate models.

The document describes estimations of climate forcings in the 20th century actually ”seen” by
five different European models which are all being used and further developed in the EU-project
ENSEMBLES. The fixed sea surface temperature (SST) forcing approach has been used for all the
models to enable intercomparisons of the results and - for some models - to allow for estimation
of the second indirect aerosol forcing.

The estimated forcings are compared with the simulated evolution in global mean temperature
over the 20th Century for the different models. It is found that there is a resonable relationship
between the simulated climate evolution and the underlying forcing. This relationship is, however,
less obvious when the known differences in transient climate sensitivity of the individual models
is considered.

For one of the models the fixed SST forcing has been calculated independently for well mixed
greenhouse gases, for the effects of sulphate aerosols, and for the combined case. The quasi
linearity or additivity in different types of forcing found in some earlier studies is not as evident
in the simulations reported here.

1 Introduction

Climate variability can be due to processes internal to the climate system or due to external
climate (radiative) forcing. Typical examples of external climate forcing is variations in solar
activity, volcanic activity, anthropogenic increases of various greenhouse gas and aerosol concen-
trations, and anthropogenic changes of the land-surface characteristics. External climate forcing
is measured in W/m2 and represents the imposed change of the planetary energy balance.

The purpose of defining a radiative forcing related to an imposed change in the climate system is
to obtain a reasonable proxy for the long term climate change that will develop as a consequence
of the change. Different methods have been used to estimate the climate forcing due to e.g.
changing concentration of greenhouse gases. A direct calculation of the radiative imbalance at
the tropopause due to a given change in e.g. atmospheric composition gives a pure forcing,
the so-called instantanous radiative forcing, Fi. The most commonly used definition of climate
forcing is, however, the adjusted radiative forcing, Fa, (IPCC [2001]) which is the radiative
imbalance at the tropopause level after the stratospheric temperature has been allowed to adjust
(i.e. respond) to the imposed change, while the troposphere-surface system is kept fixed. It has
been found that Fa provides a good proxy of the long term global mean temperature change
(e.g. Hansen et al. [2005]). When the climate system has responded fully, the net energy flux
at any level in the atmosphere (or the ocean) will approximate zero. The reason for letting the
stratosphere adjust in the Fa approach is that the stratospheric temperature adjusts quickly,
and once this has happended the influence of the imposed change on the high thermal inertia
troposphere-surface system will be Fa. Fa is not a pure forcing in the sense that it includes
- in addition to the pure forcing - the effect of the feedbacks related to the adjustment of the
stratosphere.
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It is well known that many aerosols can act as cloud condensation nuclei (CCN). Therefore a
number of indirect forcing mechanisms involving cloud micro physical processes are associated
with anthropogenic emissions of aerosols and of chemical compounds forming aerosols. The
direct radiative effect of the aerosols themselves will generally be included in Fa. This is also the
case with the so-called first indirect aerosol forcing (the Twomey effect (Twomey [1977])) which
is the microphysically induced effect of the aerosols on the cloud droplet number concentration
and hence the cloud droplet size, with the liquid water content held fixed. Not all indirect or
semi-direct aerosol effects can, however, be captured by Fa. The most important example is
probably the second indirect aerosol forcing (the Albrecht effect (Albrecht [1989])). This is the
microphysically induced effect of CCN’s on the liquid water content, cloud height, and lifetime of
clouds. The reason is that estimating this indirect forcing requires the tropospheric to respond
over some (short) time. To allow for the inclusion of fast feedbacks such as the second indirect
aerosol forcing new definitions of climate forcings have been introduced.

An obvious choice is to introduce a fixed lower boundary temperature forcing, Fg, as in Shine
et al. [2003]. In this case the entire atmosphere - not only the stratosphere - is allowed to adjust
to the forcing. It was reported, however, by Hansen et al. [2005] that it was not possible to
introduce Fg as a good proxy for the long term climate change of their model (GISS model E).
They argued that this was probably due to the specific formulation of the land-surface scheme
in the GISS model. It is likely that such problems may also be seen with at least some of the
five models we consider in the present article. To circumvent the problems Hansen et al. [2005]
introduced a new so-called fixed SST forcing,

Fs = Fo +
δTo

λ
, (1)

by running the climate model with fixed SST and SI. In (1) Fo is the long term global mean flux
change at the top of the atmosphere (TOA) (and in principle troughout the atmosphere due to
the relatively small heat capacity of the atmosphere), δTo is the long term change in surface air
temperature, and λ is the model’s equilibrium climate sensitivity, i.e. the long term global mean
temperature change in ◦C per W/m2, evaluated from in a long term simulation with doubled
[CO2]). Obviously since the SST is held fixed one will expect δTo to be close to zero over the
oceans. Due to the relatively small heat capacity of the land-surfaces the net energy (radiative,
latent and sensible) surface fluxes over land should be close to zero. The last term in (1) is a
crude correction introduced to account for the fact that the surface temperature over land has
not been held fixed as it ideally should be.

It should be mentioned that other approaches for estimating a fixed surface temperature based
forcing have been attempted. Sokolov [2006] diagnosed the zero-surface-temperature change forc-
ing by computing surface-only and atmospheric-only components of climate feedbacks separately
in a slab model and then modifying Fa by the atmospheric-only feedback component.

Shine et al. [2003], Hansen et al. [2005] and Sokolov [2006] found that Fs was a better predictor,
i.e. proxy, of the equilibrium global mean surface temperature response than Fa

In the present paper we present estimates of Fs according to (1) for five European models
listed in table 1. The estimates represent the difference between the climate forcing in year
2000 relative to year 1860, i.e. the early industrial period when anthropogenic forcings were
small. The motivation behind the study is that all the models have been used to simulate the
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transient climate evolution from 1860 to 2000. These simulations have been part of the so-called
”stream one” simulations in the Integrated EU-project ENSEMBLES. Due to different model
formulations and model complexities the models have been forced differently. Thus, one of the
models (the FUB model), only includes the forcing associated with the well mixid greenhouse
gases (WMG’s), while another (the HADLEY model) includes a full interactive aerosol chemistry
module and a coupling to the cloud microphysical parameterization via the role of some aerosols
as cloud condensation nuclei. No natural forcings are considered in the paper. More details
about models, the simulations and the forcings included can be found on the ENSEMBLES
home page (http://www.ensembles-eu.org). For the CNRM, IPSL and MPI models the aerosols
were sulphate aerosols. These were prescribed according to simulations with the IPSL (LMD)
GCM (Boucher and Pham [2002]) using the 1850 to 1990 historical reconstructions of sulfur
emission fields by Lefohn et al. [1999]. The concentration fields were rescaled to the 1990 IPCC
SRES simulation level in order to avoid any discontinuity with SRES scenario in 1990. For details
about the HADLEY model please see Stott et al. [2006]. Note that in this model several types
of aerosols were included. This also regards black carbon which generally act as a heating.

The paper also intercompares the magnitude of the global mean temperature evolution in tran-
sient climate simulations covering the 20th Century where the same forcings - although with
there transient evolution - as in the present paper have been used. An attempt is made to ex-
plain the differences in view of the actual Fs values and the known transient climate sensitivity
for each of the models.

It should be mentioned that the forcings presented here do not emcompas the full set of different
climate forcings in the ENSEMBLES stream 1 simulations of the climate evolution in the 20th
century. Most models have also been run with natural forcing and one model has been run with
a much more complex aerosol chemistry module, than actually considered here.

Section 2 describes the simulations needed to estimate the quasi forcing Fo and the main results
of these simulations in terms of Fo values, and the spatial variations in the quasi climate forcing
at the TOA and at the Earth’s surface.

In section 3 the near surface temperature changes in the fixed SST/sea ice simulations are
presented. Combining this with the results of section 2 gives the final Fs values.

The intercomparison of the 20th century climate change simulated in each of the models with
the estimated Fs values is finally dealt with in section 4.

CNRM FUB HADLEY IPSL MPI
Atmospheric model ARPEGE V3 ECHAM4-MA HadGEM1 LMDZ-4 ECHAM5
Horisontal res. T63 T30 1.25◦ x 1.875◦ 2.5◦ x 3.75◦ T63
Prognostic aerosol scheme No No Yes No No
Direct aerosol forcing Yes No Yes Yes Yes
1st indir. aero. forc. No No Yes Yes Yes
2st indir. aero. forc. No No Yes No Yes
No. of vertical layers 45 39 38 19 31
Sampling in RUN1 (1860) 10 years 20 years 10 years 20 years 10 years
Sampling in RUN2 (2000) 10 years 20 years 10 years 20 years 10 years

Table 1: Information about the models and the simulations. The first row shows the individual modelling
centres. It is noted that for the Hadley centre model also specified anthropogenic changes in land-use were
included.
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2 Estimates of quasi forcing

The quasi-forcing, Fo, used to calculate the fixed SST forcing, Fs, in year 2000 relative to 1860
has been estimated for five different European models influenced in different ways by different
types of anthropogenic forcings. The atmospheric components of these models and their spatial
resolution are listed in table 1.

To estimate Fo a set of atmosphere/land surface only climate simulations have been performed,
i.e. SST and sea ice were held fixed while the atmosphere and the land-surfaces were allowed to
repond fully. Two simulations have been performed for all five models:

RUN1: An early industrial run forced with anthropogenic well mixed greenhouse gas concentra-
tions and anthrophogenic aerosols/emissions in year 1860.

RUN2: A present day run forced with anthropogenic well mixed greenhouse gas concentrations
and anthropogenic aerosols/emissions in year 2000.

For each of the five models the SSTs and the sea-ice conditions were taken from a coupled control
climate simulation where the atmospheric model in table 1 was coupled to a specific ocean model
(not listed in table t1. These prescribed ocean fields corresponds to pre-industrial conditions.

Fo is obtained as the difference in long term total energy fluxes at the TOA (or in principle at
any level in the atmosphere) between RUN2 and RUN1. To ensure stable results in terms of
fluxes - in particular global mean fluxes - each model has been run for 10-20 years. The number of
simulated years for the individual models are listed in table 1. It was reported by most modelling
groups that this was enough to ensure stable fluxes. However, for the MPI model it was found
that there is a quite large inter-annual variation in the TOA flux of about 0.5 W/m2 which means
that 10 years is probably a lower sampling limit for this model.

Figure 1 shows the net total radiative flux difference at the TOA between RUN2 and RUN1
for each of the models. It can be seen that there are large differences in the spatial patterns of
radiative forcing. This is largely due to the different types of forcing included in the different
models. The FUB model has positive forcing, almost everywhere, because the only forcing
imposed is WMG’s, which is heating everywhere with slightly higher amplitude in the tropics
than in the extratropics. The small areas of radiative cooling in the FUB model are due changes
in the atmospheric flow (i.e. atmospheric transport) in RUN2 relative to RUN1. In the CNRM
model the direct sulphate aerosol forcing is included. This gives rise to certain areas of more
maked cooling, e.g. over China. For the IPSL model the cloud scheme permits, in addition,
inclusion of the first indirect aerosol effect. For this model one can also see areas of cooling
which are slightly more marked over China. Note, however, that since CNRM and IPSL are two
different models one can not directly infer the magnitude of the first indirect aerosol forcing from
the two results. In the MPI model there are areas of quite strong cooling assocated with the
combined direct and the two indirect effects of sulphate aerosols. Finally in the HADLEY model
where all types of aerosol forcings are included and where the aerosol concentrations are simulated
with an interactive aerosol module the cooling areas associated with sulphate emisssion are even
more marked. At the same also areas of rather strong heating due to black carbon emissions are
emerging.

The plots in Fig. 2 show the long term difference between RUN2 and RUN1 in net downward
total energy flux at the surface, i.e. solar and terrestrial radiation, latent heat and sensible heat.

5



Figure 1: Long term annual mean TOA net downward radiative flux anomaly [W/m2] in year 2000 relative to
pre-industrial (i.e. 1860). The individual modelling centres are indicated in each panel: CNRM, FUB, HADLEY,
IPSL (LMD) and MPI.
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Figure 2: Long term annual mean net downward energy flux anomaly [W/m2] at the Earth’s surface in year
2000 relative to pre-industrial (i.e. 1860). The individual modelling centres are indicated in each panel: CNRM,
FUB, HADLEY, IPSL (LMD) and MPI.

Note that these should be close to zero over the continents due to the small heat capacity of
the land surfaces. There are surprisingly large differences in the patterns between the different
models. This is due to flow changes in the different RUN2-simulations as compared to the
corresponding RUN1-simulations.

Table 2 lists the long term annual mean differences in global mean fluxes in the fixed SST
simulations at the TOA and at the surface. Due to the small heat capacity of the atmosphere
the net TOA and surface forcings should be very similar. It is seen that this is indeed the case.
For one model, Arpege, there seem to be a rather large difference. It has not been investigated
why this is the case.

Difference CNRM FUB HADLEY LMD MPI
Net SW rad. at TOA 0.969 0.468 -0.922 -0.001 -0.663
IR rad. at TOA 1.519 1.680 2.357 1.611 2.026
Net radiation at TOA 2.487 2.148 1.436 1.610 1.363

Surface latent heat 1.792 0.961 1.807 0.864 0.705
Surface sens. heat 0.682 0.289 0.725 0.220 0.461
Net surface SW rad -0.610 0.010 -2.905 -0.740 -0.892
Net surface IR rad 0.768 0.900 1.804 1.262 1.096
Net radiation at surface 2.632 2.161 1.430 1.606 1.370

Table 2: Long term annual mean differences in global mean fluxes in fixed SST simulations. Units: W/m2.
Note the sign convention: all downward fluxes have positve sign.
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Figure 3: Long term annual mean temperature anomaly [K] in year 2000 relative to pre-industrial (i.e. 1860).
The individual modelling centres are indicated in each panel: CNRM, FUB, HADLEY, IPSL (LMD) and MPI
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Difference CNRM FUB HADLEY LMD MPI
Ts 0.075 0.110 0.076 0.095 0.047
SAT 0.099 0.127 0.103 0.120 0.068
Precip -7.2e-07 -3.8e-07 -7.2e-07 -3.4e-07 -2.8e-07

Table 3: Long term annual mean changes in global mean surface temperature [K], 2m temperature [K] and
precipitation [kg/m2/s]

CNRM FUB HADLEY LMD MPI
Fs 2.61 2.30 1.56 1.76 1.45
∆Tsat 1.38 1.06 0.68 0.71 0.47
∆Tsat/Fs 0.53 0.46 0.44 0.40 0.32
λt 1.6 1.5 1.9 2.1 2.2

Table 4: Estimated ”fixed SST-forcing” Fs in W/m2 in year 2000 relative to year 1860 for the different models.
The result is based on the same assumed equilibrium climate sensitivity of λ= 0.825 for all the models. ∆Tsat lists
the simulated temperature change [◦C] in the years 1990-1999 relative to years 1860-1869 in the ENSEMBLES
coupled atmosphere-ocean simulations. λt lists the transient climate sensitivy for each of the models.

3 Fixed SST forcing

To calculate the fixed SST forcing Fs in (1) one needs an estimate of the change in the global
mean surface air temperature. Before presenting this number it is, however, interesting to have
a look at the spatial pattern of temperature change for the individual models.

The plots in Fig. 3 show the long term difference between RUN2 and RUN1 in surface (skin)
temperature which is slightly different from the surface air temperature. Since SST is held
fixed no temperature changes are seen over the oceans. Over sea ice the surface temperature is
responding, due to the isolating effect of the ice. Depending on the model formulation this polar
response varies. The areas of cooling are related to changing flow in RUN2 relative to RUN1.

Table 3 lists the long term differences in surface air temperature, surface temperature and in
precipitation. The changes in precipitation are due to stabilisation of the air over ocean: the
troposphere is heated slightly due to the small warming over the land masses which gives a sligtly
more stable temperature profile and thereby a smaller evaporation.

4 Response versus forcing

Table 4 shows Fs as estimated from (1) for the different models. There is a quite resonable
relationship between the magnitude of Fs and the forcing included in the different models (table
1) with largest forcing in the greenhouse gas only FUB model and smallest for the ECHAM5
which include all indirect cooling sulphate effects but not the heating due to black carbon.

It is of particular interest to understand why some of the ENSEMBELS coupled atmosphere
ocean climate models simulate larger warming than others during the 20th century, and thereby
tend to warm up more than observations suggest. In table 1 we have also listed ∆Tsat, which
is the simulated surface air temperature change [◦C] in the years 1990-1999 relative to years
1860-1869 in the ENSEMBLES coupled atmosphere-ocean simulations (using the same ocean
model components as used to estimate the transient sensitity). It can be seen that the fraction
∆Tsat/Fs varies somewhat between the models. The overall impression is, however, that Fs
provides a resonable predictor of ∆Tsat
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The simulated ∆Tsat/Fs values are formed as a combination of the coupled models’ overall sensi-
tivity and the models’ transient ocean heat uptake. One may therefore speculate if the variation
in ∆Tsat/Fs between the models is somehow related to the differences in the coupled models’
transient climate sensitivity λt (which is the increase in SAT in a given coupled atmosphere-ocean
climate model at the time of [CO2] doubling in a run with an annual 1% increase in [CO2]), since
this quantity also is formed as the combined effects of ocean heat uptake and long term sensitiv-
ity (i.e. effect of feedbacks), plus a possible but presumably quite small variation in the actual
forcing in the different models due to the increasing [CO2]. We have listed λt in table 1 for each
of the five models.

It can be seen that if anything the λt and ∆Tsat/Fs values are anti-correlated. This rather
peculiar finding needs to be analysed further in a future study.

References

B. Albrecht. Aerosols, cloud microphysics, and frational cloudiness. Science, 245:1227–1230,
1989.

O. Boucher and M. Pham. History of sulfate aerosol radiative forcings. Geophys. Res. Lett.,
29(9):22–25, 2002.

J. Hansen et al. Efficacy of climate forcings. J. Geoph. Res., 110:1–45, 2005.

IPCC. Climate Change 2001: The Scientific Basis. i Intergovernmental Panel on Climate Change
(IPCC). Edited by J.T. Houghton et al. Univ. Press, New York, 2001.

A. A. Lefohn, J. D. Husar, and R. B. Husar. Estimating historical anthropogenic global sulfur
emission patterns for the period 1850-1990. Atmos. Env., 33:3435–3444, 1999.

K. Shine, J. Cook, E. Highwood, and M. Joshi. An alternative to radiative forcing for estimat-
ing the relative importance of climate change mechanisms. Geophys. Res. Lett., 30(20)(2047
doi:10.1029/2003GL018141), 2003.

A. P. Sokolov. Does model sensitivity to changes in CO2 provide a measure of sensitivity to
other forcings? J. Clim., 19:3294–3306, 2006.

P. A. Stott, G. S. Jones, J. A. Lowe, P. W. Thorne, C. F. Durman, T. C. Johns, and J.-C.
Thelen. Transient simulations with the HadGEM1 climate model: causes of past warming and
future climate change. J. Clim., 19:2763–2782, 2006.

S. Twomey. The influence of pollution on the shortwave albedo of clouds. J. Atmos. Sci., 34:
1149–1152, 1977.

10


