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Abstract

A new periodically synchronous coupling scheme has been applied to an atmosphere-ocean
general circulation model. Due to a temporary switching off of the atmospheric model this
scheme can considerably reduce computer resources of coupled model experiments. In order to
evaluate the new coupling scheme the model results are compared to corresponding synchro—
nously coupled integrations. Experiments with fixed present-day C02 concentration and a grad—
ual increase of CO2 show a good reproduction of the mean state and the climate change pattern,
respectively. The deviations from the synchronously coupled experiments are in the range of
the variability of the corresponding synchronously coupled runs. Due to the forcing during the
ocean-only periods the short-term fluctuations are underestimated and the long-term variability
is overestimated.
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1. Introduction

Coupled atmosphere-ocean general circulation models (AOGCMs) are characterized by a high
consumption of computer resources. One possibility to reduce the computer resources is the
simplification or reduction of the physical processes which are implemented in the coupled
model. Furthermore, one could reduce the spatial resolution of the model. Both methods could
lead to a remarkable quality reduction of the model results. Another possibility is the saving of
computer resources due to a temporary switching off of the atmospheric component during the
simulation. This method is usually very effective as the atmospheric component of most
AOGCMs consumes the main part of the computer resources. This approach is enabled by the
different characteristic timescales of both model components: the atmosphere adjusts much
faster to changes of the boundary conditions than the oceanic component does.

Coupling methods with reduced simulation periods of the atmosphere, the so-called asynchro-
nous and periodically synchronous coupling methods, have been investigated by Sausen and
Voss (1996; hereafter cited as SV) using a simple energy balance model. Previously developed
versions of these coupling methods fail if the coupled model produces high internal variability.
Since this desired feature is present in most AOGCMs, Voss and Sausen (1996; hereafter cited
as VS) developed a periodically synchronous coupling scheme which is suitable for these mod-
els. This scheme was also tested by means of SV’s simple energy balance model.

The profit of reducing computation time is most important for AOGCMs as their application is
often restricted by the considerable consumption of computer resources. Therefore, it is neces—
sary to cheque whether the new coupling scheme can also be successfully applied in the case of
these more comprehensive models. In order to test the performance of the periodically synchro—
nous coupling scheme of VS a set of experiments with the AOGCM ECHAM3/LSG has been
performed. The atmospheric component of this coupled model consists of the general circula-
tion model ECHAM3 (Roeckner et a1., 1992) with a T21 horizontal resolution. The Large Scale
Geostrophic ocean model (LSG; Maier-Reimer et al.‚ 1993) with a grid fitted to the Gaussian
grid of the atmospheric model represents the oceanic component. This coupled model has been
used in a number of synchronously and periodically synchronously coupled climate change ex-
periments (e.g. Hegerl et al.‚ 1996; Schiller et al.‚ 1996).

In order to estimate the quality of the periodically synchronous coupling scheme the results are
compared to corresponding synchronously coupled experiments. In the synchronously coupled
simulations both model components are integrated quasi—simultaneously over the full simula-
tion period. One pair of 500 year-simulations was performed with constant present—day C02
concentration. In a second case the C02 concentration gradually increases until the C02 dou-
bling is reached after 60 years. The C02 content remains constant for the following years. These
climate change simulations were integrated over 150 years. The experiments with constant C02
concentration were analysed in View of the mean states and the climate variability. The transient
behaviour and the climate change patterns were compared for the climate change simulations.

The individual model components and their coupling are presented in Section 2. In Section 3
the experiments performed with the synchronously and periodically synchronously coupled
model versions are described. The analysis of the experiments with constant C02 concentration
is given in Section 4, whereas the climate change integrations are compared in Section 5. Final—
ly, the results are summarized and conclusions are drawn in Section 6.



2. The coupled model

2.1 The atmospheric model

The atmospheric component of the coupled model consists of the general circulation model
ECHAM3 (Roeckner et al., 1992). This spectral model is based on the primitive equations. The
prognostic variables are vorticity, divergence, temperature, surface pressure, humidity, and
cloud liquid water. Radiation, cloud formation, precipitation, convection, vertical and horizon-
tal diffusion are parametrized. The spectral model is here used in a T21 horizontal resolution.
The corresponding resolution of the Gaussian grid is approx. 5.6° x 5.6°. Vertically, the model
is discretized in 19 levels. A timestep of 40 minutes is applied. The annual and daily cycles of
the solar radiation are included.

In addition to the standard version, the river run-off into the ocean is simulated (Sausen et al.,
1994). In the uncoupled mode sea surface temperatures (SSTS) and the sea-ice distribution are
prescribed as boundary conditions.

2.2 The oceanic model

The Large Scale Qeostrophic ocean general circulation model LSG (Maier-Reimer et al., 1993),
which is the oceanic component of the coupled model, is also based on the primitive equations.
The advection of momentum is neglected. Horizontally, LSG is discretized on a 5 .6° x 5.6° E—
type grid (Arakawa and Lamb, 1977) which matches the Gaussian grid of the atmospheric mod-
el. In the vertical the model is subdivided in 11 layers. A simple thermodynamic sea—ice model
is included.

The timestep of the model version used in this study is 30 days except for the thermodynamics
of the uppermost layer. In order to avoid a phase error with the atmospheric model and instabil-
ities of the sea-ice formation in the coupled mode, a timestep of one day is used for the upper-
most ocean layer. This step implies the calculation of ice thickness, temperature and salinity.

The boundary conditions of the standard version of the uncoupled LSG are given by distribu-
tions of wind stress, near surface air temperature and salinity.

2.3 The synchronous coupling
In the coupled model the atmosphere-ocean fluxes of heat, fresh water, and momentum (wind
stress), which are calculated in the atmospheric model, serve as forcing for the oceanic model
(Figure l; the data bank is out of use in the synchronously coupled model). All three quantities
are flux corrected (Sausen et al., 1988). This method is used in order to avoid a possible strong
climate drift. Applying the flux correction technique means that both sub-models are coupled
by the anomalies of the fluxes relative to the equilibrium state of the uncoupled models. The
heat flux consists of solar radiation, thermal radiation, latent and sensible heat fluxes. The fresh
water flux is given by the balance of precipitation, evaporation, and river run-off into the ocean.
The SST (in our case the temperature of the uppermost ocean layer) and the thickness of the sea—
ice are taken as boundary conditions for the atmospheric model. Both fields are calculated in
the oceanic model component. Like the atmosphere—ocean fluxes the SST is corrected.
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Figure 1: Coupling of the atmosphere model ECHAM3 with the ocean model LSG.

In the synchronous mode the atmospheric model is integrated over one day (i.e. 36 timesteps).
The averaged atmosphere—ocean fluxes of heat and fresh water, which are calculated during this
model day, are passed over to the oceanic model in order to perform a timestep for the upper-
most ocean layer over the same time period of one day. The resulting SST and sea—ice distribu-
tions of the ocean integration are taken as boundary conditions for the following simulation of
the atmosphere over the next time period of one day. Every 30 days a timestep for all ocean lay—
ers is performed. In addition to the heat and fresh water fluxes the wind stress is taken as ocean
forcing for this timestep in order to simulate the dynamical processes.

2.4 The periodically synchronous coupling
When the periodically synchronous coupling method is applied, periods with synchronous cou-
pling alternate with periods during which only the ocean model is integrated. Due to the reduced
simulation periods of the atmosphere, a periodically synchronously coupled model consumes
less computer resources than the corresponding synchronously coupled model . The technique
which has been applied in the present study was developed by means of a non—linear zero-di—
mensional energy balance model. Since a detailed description of the technique is given in SV
and VS, we here concentrate on some special aspects and on topics which have to be different
due to the different type of models. The terminology used in this article is the same as in VS.



During the last 12 months of each synchronously coupled period the daily values of the heat and
fresh water fluxes and the monthly values of the wind stress components (fsyn) are stored in the
data bank (Figure 1). The forcing of the ocean-only periods is calculated from the ocean forcing
of the previously integrated synchronously coupled periods. The annual mean flux Z,“ of the
current ocean-only period is calculated from the annual means fly” of the just finished synchro-
nously coupled period and the annual mean 70mm) of the last ocean—only period:

face = g facenflold) + fsyn (1)
g + 1

with the weight g _>_ 0. This weighting procedure of the annual means reduces the interannual
variability of the atmosphere-ocean fluxes. We chose g = 2 for the following experiments, since
this value proved to be successful in the case of the energy balance model (see VS). In the study
performed with the energy balance model we focused on a satisfactory reproducibility of the
mean state and the transient behaviour. The daily and monthly values face of the annual cycle
for the ocean-only periods are calculated from the annual means 95,“, 7m, and from the values
fm of the last 12 months of the just finished synchronously coupled period:

foce=fsyn_-{;syn+face' (2)

An identical annual cycle of the forcing face is used for each year of the following ocean—only
period.

The synchronously coupled and ocean-only periods of the presented periodically synchronous
experiment last 15 months and 48 months, respectively. This choice of the period lengths, which
was motivated by the tests performed with the energy balance model, leads to a considerable
reduction of the computer time relative to the purely synchronously coupled model. As the at-
mospheric component ECHAM3 consumes more than 90% of the computer time of the syn-
chronously coupled model, approximately 70% of the computer time is saved in the periodically
synchronously coupled model version (see also Figure 3 in VS).



3. The experiments
The spin-up procedure of the uncoupled models is based upon the experience obtained during
the development of the AOGCMs ECHAMl/LSG (Cubasch et al., 1992) and ECHAM2/OPYC
(Lunkeit et al., 1996). Before coupling, both models were spun-up with boundary conditions
taken from observed climatological data sets. The oceanic model was integrated over 27000
years and the atmospheric component over 20 years (for details see Voss, 1996).

After the preparation of the uncoupled components the synchronously coupled model was inte-
grated over 115 years starting from the state which was reached by the uncoupled models at the
end of the spin—up procedure. During the last ten years of this coupled integration the data bank
was filled up, since the annual mean atmosphere-ocean fluxes of the ocean—only periods partly
consist of annual mean fluxes of previously calculated synchronously coupled periods (see Sec—
tion 2.4). All runs investigated in this study were started from the state of the coupled model
reached after the 115—year integration.

In order to compare both coupling techniques a set of four simulations has been performed (Fig-
ure 2). The synchronously and periodically synchronously coupled model versions were inte-
grated over 500 years with the unchanged present-day C02 concentration (denoted as SCON -
§ynchronously coupled experiment with Mstant C02 concentration and PCON - Beriodical—
ly synchronously coupled experiment with CO_Nstant C02 concentration). In addition, both

- — — - per. synchronous ‚'
synchronous r

2XC02 -

coupled
spin-up

1XC02 — /

—115 0 60 150 500
t[a]

Figure 2: Design of the numerical experiments.



model versions were integrated over 150 years applying a scenario with increasing C02 con-
centration. The C02 concentration follows the IPCC “Business as Usual” scenario A (Houghton
et al., 1990) until the C02 doubling is reached after 60 years. The C02 concentration remains
unchanged for the following years (experiments SSCE - _S_ynchronously coupled experiment
with the C02 concentration according to the SC_Enario described above and PSCE - Beriodically
synchronously coupled experiment with the C02 concentration according to the fluario). A
similar evolution of the C02 concentration was used by Manabe and Stouffer (1994) for a 500-
year simulation of a synchronously coupled AOGCM.

We particularly focus the investigation of the climate change patterns due to the increased C02
concentration on the years 141 - 150. A direct comparison of the atmospheric data sets of this
10 year—period is not meaningful, since only two full annual cycles of the atmosphere are com—
puted in the periodically synchronously coupled run PSCE. Hence, an additional synchronously
coupled integration PSCE* has been performed which was started from the state reached by the
experiment PSCE after year 140. The experiment PSCE* only simulates the period 141 - 150.

The main objective for our study is the evaluation of the periodically synchronous coupling
scheme by a comparison to the synchronous coupling scheme:

- In Section 4 the reproducibility of a climate state described by the mean state and the varia-
bility on timescales ranging from years to decades is investigated.

- In Section 5 the transient behaviour and the climate change pattern of both model versions
due to a transient C02 increase are compared.



4. Reproduction of a mean state

4.1 Time evolution

Both, the synchronously and the periodically synchronously coupled experiments SCON and
PCON have been integrated over a period of 500 years with constant present-day C02 concen-
tration. The time evolution of global mean values is similar for both runs. Figure 3 displays hor-
izontal averages of the temperature. Shown are the deviations from the mean of the first 10 years
of the experiment SCON. The dots in Figure 3a indicate the averages of the near surface air tem-
perature for the last 12 months of the synchronously coupled periods of the experiment PCON
and the solid curve shows the evolution of the annual mean temperatures of the run SCON. In
addition to fluctuations on different timescales, the near surface air temperature exhibits a trend.
The temperature increases approximately 0.75 K during the simulated period of 500 years. The
strongest increase (0.5 K) occurs between the years 50 and 150. Due t0 the strong coupling of
the atmospheric boundary layer to the upper ocean, the temperature of the uppermost ocean lay-
er, which serves as sea surface temperature in the coupled model, exhibits a similar time evolu—
tion with a warming of 0.6 K after 500 years (Figure 3b). The trend in the deep ocean is more
uniform during the simulation. In 2000 m depth, for instance, the temperature increases 0.09 K
per century (Figure 3c). The trend in the deep ocean may be caused by the spin-up procedure
and needs further investigations.

In order to locate the regions of climate drift the mean distributions of the near surface air tem-
perature for two different periods of the synchronously coupled experiment SCON are com-
pared in Figure 4. The average of the first 50 years (Figure 4, upper left panel) represents the
state of the initial period without a distinct trend, whereas the average of the years 451 - 500
represents the state at the end of the simulation. The differences between both distributions (Fig-
ure 4, bottom left panel) indicate a considerable warming in the southern high latitudes. The
largest differences with values of more than 10 K are located in the Vicinity of the Antarctic con-
tinent. In other regions the deviations are much smaller. Differences below 0.5 K are typical for
the tropics and mid latitudes of the Northern Hemisphere.

A reduction of the Antarctic sea—ice is the main reason for the strong warming over the Southern
Ocean. The annual maximum of the sea-ice extend decreases from 7- 106 km2 to 2- 106 km2 in the
years 50 -150. In connection with the reduction of the ice-covered area, the heat release of the
ocean increases in this region. As a consequence the near surface air temperature rises. In the
following years the sea—ice distribution of the Southern Hemisphere remains quasi-stationary
and the rise of the globally averaged near surface air temperature is considerably reduced.

As can be seen from the differences between the mean distributions of the years 451 — 500 (Fig-
ure 4, upper right panel) both model versions, SCON and PCON, show nearly the same system-
atic bias. The averages of the run PCON consist of the near surface air temperatures of the last
12 months of the synchronously coupled periods. The differences of the horizontal distributions
are small compared to the variability of the experiment SCON. As a measure for the model var-
iability the standard deviation of the annual mean values of the years 451 - 500 are used (Figure
4, bottom right panel). The comparison between differences and standard deviations shows that
the region with larger deviations are also characterized by high variability with the exception of
a small region at the sea-ice margin in the northern part of the North Atlantic.
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Figure 3: Time evolution of the anomalies of the global mean near surface air temperature (a), the global
mean ocean temperatures for the uppermost ocean layer (25 m) (b), and for the model layer centred in
2000 m depth (c). The respective means of the first decade of the experiment SCON are substracted. The
dots in (a) indicate the means of the last 12 months of the synchronously coupled periods of the experi-
ment PCON.
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4.2 Mean state of the atmosphere
As can be seen from the near surface air temperature in Figure 4, the synchronously and peri-
odically synchronously coupled model versions produce deviations in the range of the interan—
nual variability of the synchronously coupled model. In order to analyse the atmospheric states
in more detail, the model data of the years 451 - 500 have been examined for different seasons.
In the following only two characteristic examples for the seasonal means of the months Decem-
ber, January, and February (DJF) are presented. Other seasons exhibit similar characteristics.
The last 10 periods of synchronous coupling in the experiment PCON are compared to the 50-
year continuous data set of the run SCON. In order to estimate the importance of the deviations
between both experiments a measure of the variability for the experiment SCON was chosen.
For this reason the standard deviations of the seasonal means for the period 451-500 were com-
puted. The standard deviations of the seasonal means are higher than the respective values com-
puted from seasonal means averaged over 10 or 50 years which would be more appropriate for
this comparison. Due to the model drift and a small sample size the standard deviations of the
decadal or multi-decadal means show larger uncertainties. Therefore, the standard deviations of
the seasonal means are only used as a qualitative measure of the variability. In order to compare
the model results with the observed climate state, the ECMWF analysis of the years 1980-1994
are employed.

In the troposphere the zonally averaged atmospheric temperatures (Figure 5) are reasonably
well simulated. Compared to the ECMWF analysis the temperatures of the polar upper tropo-
sphere and lower stratosphere are too cold. The tropical upper troposphere of the model exhibits
a warm bias. In the lower and middle troposphere the zonal mean temperature is well repro-
duced. The comparison of both model runs shows temperature deviations up to 1 K . However,
only in the polar stratosphere of the Southern Hemisphere the values are of the same order of
magnitude than the standard deviations of the synchronously coupled run SCON.

The geopotential height field at 500 hPa (Figure 6) of the Northern Hemisphere is realistically
simulated by the model. The most striking difference to the observations is the overestimation
of the height of the Atlantic trough. The differences between the model runs show in the run
PCON a slight westward shift of the trough axes. Nevertheless, the deviations of the geopoten—
tial height field are smaller than the standard deviations of the experiment SCON.

The examples of the vertical temperature structure and the general circulation of the atmosphere
show a good agreement between both model runs. That is, the discrepancies which occur be-
tween both runs are smaller or of the same order of magnitude than the interseasonal standard
deviations of the synchronously coupled run SCON. The systematic model errors of both cou-
pled model versions are close to the discrepancies of the uncoupled atmospheric model
ECHAM3 with the same horizontal resolution of T21 (Roeckner et al., 1992). These systematic
errors of the uncoupled ECHAM3 are larger than the discrepancies between both coupled model
versions. The presented results are also transferable to other seasons and other important climate
variables (e.g. wind or precipitation). In other words, the atmospheric mean state is satisfactory
reproduced by the periodically synchronously coupled model compared to the uncoupled
AGCM and the synchronously coupled AOGCM.

10
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Figure 6: Distributions of the geopotential height field in 500 hPa [gpdam] of DJF for the period 451 -
500 of the experiment SCON (left upper panel), the analysis of the ECWMF (left bottom panel), the dif-
ferences between the period 451 - 500 of the experiments PCON and SCON (right upper panel), and the
standard deviations of the seasonal mean values of the experiment SCON (right bottom panel).

4.3 Mean state of the ocean

The averages of the zonal mean oceanic temperature for the period 451 - 500 are chosen as an
example for the mean states of the ocean in the experiments SCON and PCON. The mean states
are compared to the observational data from Levitus (1982) which have been adapted to a 5° E-
type grid (Figure 7). The structure is well reproduced, but the amplitude shows some remarkable
discrepancies. In the upper layers of the tropical ocean the temperature is approximately 2 K too
cold. In the deep ocean and in the entire Southern Ocean the temperatures are overestimated by
both model versions. The differences between the distributions of the experiments SCON and
PCON are much smaller than the model bias.
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As an example for the circulation of the ocean the meridional overturning circulation of the At-
lantic is shown in Figure 8. The circulation of the Atlantic, especially the deep-water formation
of the North Atlantic, is an important part of the so-called conveyor belt circulation (e.g. Gor-
don, 1986; Broecker 1991). The model results show a strong inflow from the Southern Ocean
in the upper layers of the Atlantic. In the North Atlantic the water sinks and flows in deeper lay—
ers back into the Southern Ocean. An additional inflow from the south into the Atlantic, the so-
called Antarctic bottomwater, can be observed at large depths. The simulated meridional circu-
lation of both model versions show the same characteristics than the uncoupled standard version
of the LSG (Maier—Reimer et al., 1993). Both the outflow from the Atlantic into the Southern
Ocean (about 18 SV) and the overtuming in the North Atlantic (maximum of 28 Sv), are stronger
than estimated from observations (6.g. Gordon, 1986; Schmitz, 1995). Small differences be-
tween both model versions may be caused by interdecadal variability of the North Atlantic ther—
mohaline circulation with a period length of approximately 35 years (Timmermann et al., 1996).
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Figure 8: Meridional stream function of the Atlantic [SV] for the experiments SCON (upper panel) and
PCON (bottom panel). Displayed are the means for the period 451 - 500. Positive values indicate a
clockwise rotation.
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4.4 The variability
In addition to the mean state, which has been described in the two previous subsections, the var-
iability characterizes a climate state. In this subsection we examine the variability from interan-
nual to interdecadal timescales. The investigations are based on the time series of the annual
mean values of the experiments SCON and PCON.

In tests performed with a simple zero-dimensional energy balance model (see VS) the periodi-
cally synchronously coupled integrations were characterized by a higher standard deviation of
the time series than the corresponding synchronously coupled integrations. The overestimation
of the fluctuations depends on the value of the weight g (see Eq. (1)) and on the length of the
ocean—only periods. With increasing weight g the damping of the variability increases and the
standard deviations converge to the corresponding value of the synchronously coupled integra—
tion. A large weight, on the other hand, causes a time-lag of the response to perturbations of the
coupled model. The longer the ocean-only periods the more computer resources are saved. On
the other hand, with increasing length of the ocean-only periods, the overestimation of the var-
iability also increases. This is mainly due to the missing thermal damping feedback of the at-
mosphere during the ocean-only periods, which could cause a small drift of the ocean during
this periods.

The period length and the weighting factor g of the present experiments were chosen according
to the results achieved with the simple model of VS. The weight g = 2 and the period lengths
reflect a point in the parameter space where the simple model produces suitable results concem-
ing the mean state and the transient behaviour. As the experiments of the periodically synchro-
nously coupled AOGCM are still expensive our experiments have been restricted to this single
choice of the parameters.

The overestimated standard deviations of the periodically synchronously coupled model can
also be observed in the case of the atmosphere—ocean general circulation model. In order to com-
pare the amplitude of the fluctuations, the annual mean values of oceanic temperature and sa-
linity for the period 451 — 500 have been chosen. In Table 1 the horizontally averaged standard
deviations of the run SCON GSCON are listed for each ocean layer. The values of both variables
decrease more than one order of magnitude from upper to deep ocean. The ratios of the standard
deviations between the periodically synchronously and the synchronously coupled runs ÖPCON/
(SSCON cover a range from 0.93 to 1.45 . Except for the salinity of the uppermost ocean layer all
values are greater than one. That is, in agreement with the results of the simple model the peri-
odically synchronously coupled model produces on average a higher standard deviation than the
synchronously coupled AOGCM does.

The spatial distribution of the ratio GPCON/(SSCON for the temperature of the uppermost ocean
layer (25 m) is displayed in Figure 9. The values for the permanently ice-covered grid points are
set to zero, as the temperature for these points is assumed to be the constant freezing point tem-
perature. In large regions of the ocean, especially in the Southern Ocean and the tropical Pacific,
the ratio is below 1, i.e. the standard deviation of the periodically synchronously coupled exper-
iment PCON is smaller than in the reference run SCON. Nevertheless, regions with a larger
standard deviation predominate. In the northern part of the Indic Ocean and at the Chilean coast

15



Table 1: Global averages of the standard deviations 0' for the experiment SCON and the corresponding
ratios of the standard deviations between the experiments PCON and SCON. The computation is based
on annual means for the period 451 — 500.

Temperature Salinity

Depth Gscozv [Kl ÖPCON/O'SCON ÖSCON [10'3 %Ol CPCON/O'SCON
25 m 0.37 1.27 7.34 0.93

75 m 0.25 1.09 4.49 1.13

150 m 0.18 1.03 2.79 1.20

250 m 0.13 1.08 1.56 1.31

450 m 0.07 1.08 0.78 1.45

700 m 0.04 1.02 0.41 1.41

1000 m 0.02 1.11 0.19 1.12

2000 m 0.01 1.25 0.14 1.13

3000 m 0.01 1.23 0.13 1.07

4000 m 0.01 1.21 0.14 1.14

5000 m 0.01 1.13 0.12 1.06

_ 2.0

I I I E I_ I -| ‘-

IbSW 953W 35W 2525E 85E 145E E

Figure 9: Ratio of the standard deviations (PCON : SCON) of the annual mean temperatures of the up-
permost ocean layer for the period 451 - 500.
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the ratio exceeds 2 . The pattern shown for the period 451-500 is not a stable feature. The anal-
ysis of different 50-year periods shows change of the regions with ratios bellow and above one
with time. Only the general tendencies of the global averaged values with a higher standard de—
viation in the periodically synchronously coupled integration appears to be a stable feature.

The different characteristics of the variability also show up in the spectral properties. In order
to investigate the variability of both coupled model versions an analysis of the uppermost ocean
layer temperature by means of empirical orthogonal functions (EOFs) has been performed. In
order to compare the time series of the principle components (PCs), the fields of the run PCON
have been projected onto the EOFs of the run SCON. The projection is justified by a large sim-
ilarity of the leading EOFs, when computed separately for both experiments. The pattern corre-
lation for the first and second EOFs, which are analysed in the following, are 0.95 and 0.75,
respectively.

The first EOF of the experiment SCON (Figure 10, upper panel) explains more than 41% of the
variance of SCON and 31% of PCON. This pattern reflects mainly the temperature change
caused by the model drift (c.f. Figure 3). In accordance the corresponding time series of the PCs
(Figure lla) describe a similar evolution than the globally averaged temperature of the upper-
most ocean layer (Figure 3b). The pattern of the second EOF with maxima in the North Atlantic
and North Pacific explains 6% of the variance of SCON and 3% of PCON (Figure 10, bottom
panel). The time series of the PCs of this EOF show fluctuations on different timescales without
a significant trend (Figure 11b). The power spectra of these time series (Figure llc) illustrate
an underestimation of the short—term variability and an overestimation of the long-term varia-
bility in the experiment PCON. This feature is also common to the PCs of the following EOFs.

The different spectral properties of the oceanic time series are caused by the forcing during the
ocean-only periods of the periodically synchronously coupled run. A time series with white
noise characteristics changes to an almost red noise time series due to the weighting procedure
of the annual means (Eq. (1)) and the unchanged annual mean fluxes during the ocean-only pe-
riods. A minimum of the variance shows up at a period length of 63 months which is the sum
of the lengths of the ocean—only (48 months) and the synchronously coupled periods (15
months). A second minimum occurs at 31.5 months, which is the half of the above mentioned
period. The transition between the underestimation of the short-term variability to the overesti-
mation of the long-term variability occurs at a period of about 35 years.

This theoretical consideration of the spectral properties of a periodically synchronously coupled
model shows a good agreement with the atmosphere-ocean fresh water flux of the ECHAM3/
LSG. The atmosphere-ocean heat flux, however, shows a slightly different behaviour. This is
illustrated by time series of the North Atlantic area means (north of 30° N). In both runs the heat
flux is characterized by a high variability (Figure 12a; negative values indicate a flux out of the
ocean). The power spectra of these time series show the expected underestimation of shorter pe-
riods in the periodically synchronously coupled experiment PCON (Figure 13a). The transition
from an underestimation of the shorter periods to an overestimation of the longer periods is at
a period of about 20 years. In opposite to the fresh water flux the heat flux is influenced by a
direct feedback of the ocean due to changes in SST. This feature may influence the spectral
properties of the heat flux forcing.
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Figure 10: Pattern of the first (upper panel) and the second EOF (bottom panel) of the annual mean tem—
peratures of the uppermost ocean layer for the experiment SCON.

The corresponding time series of the uppermost ocean layer temperatures are displayed in Fig-
ure 12b. The spectra of both time series (Figure 13b) show for the run SCON an almost red noise
response to the ocean forcing with its almost white noise characteristics. This behaviour of the
upper ocean was stated by Hasselmann (1976) by means of theoretical considerations. The
range of the under— and overestimations of the variability shows a good agreement with the
changes in the spectral characteristics of the heat flux (Figure 13a). A similar close connection
exists between atmosphere-ocean fresh water flux and salinity (not shown).
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Beside the salinity and the oceanic temperature, which both mainly determine the oceanic strat—
ification, the wind stress field with its changed spectral properties influences the circulation of
the ocean. Hence, we can also expect differences in the interannual variability of the convection.
This should be especially the case in the North Atlantic, since this is in the model and in the real
ocean a region of strong convective activity. The time series of the loss of potential energy due
to convection are characterized by high variability (Figure 120). This variable, which is a meas-
ure of the deep-water formation, also shows the characteristic changes of the spectral properties
of the periodically synchronously coupled run (Figure 13c).

Not only the upper ocean with its strong coupling to the atmosphere-ocean fluxes but also the
deeper ocean layers are affected by the different properties of the ocean forcing. One link be-
tween the upper and deep ocean is the convection which also shows the underestimated short—
term variability, as already stated above. Therefore, it is not astonishing that, for example, the
outflow of Atlantic deepwater into the Southern Ocean is also affected by the different variabil-
ity of the ocean forcing in the periodically synchronously coupled model (not shown).

The underestimation of the variability for shorter periods is a common feature for different var-
iables and different depths in the ocean model. Tests with the simple energy balance model of
VS show that the period length of the variability which are underestimated depend on the choice
of the weighting parameter g of Eq. (1) and the length of the ocean-only periods (Section 2.4;
for details see Voss, 1996). The quasi-equilibrium state of the coupled model is affected by the
different determination of the oceanic forcing of the periodically synchronously and the purely
synchronously coupled model (see VS). As confirmed by the comparison of the mean states in
Section 4.2 and 4.3, the possible deviations of these mean states due to the changed variability
appear to be of minor importance.
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5. Reproduction of climate changes

5.1 Transient behaviour

In this section the response of both model versions to an increase of the atmospheric C02 con—
centration is analysed. The C02 content of the atmosphere follows the first 60 years IPCC
“Business as Usual” scenario A (Houghton et al., 1990) until the C02 doubling is reached. In
the following years the C02 concentration remains constant (see also Section 3, Figure 2). The
synchronously (SSCE) and the periodically synchronously (PSCE) coupled integrations are
compared to the averages of the first decade of the synchronously coupled simulation with con-
stant C02 concentration SCON.

In both climate change simulations the globally averaged near surface air temperature rises ap—
proximately 1.5 K until the C02 doubling is reached after 60 years (Figure 14a). The averages
over the last 12 months of the synchronously coupled periods are considered for the experiment
PSCE. Particularly in the experiment PSCE the model response of the first decades is weaker
than in the “best estimate” published by the IPCC (Houghton et al., 1990) which was computed
by means of a box-diffusion-upwelling model. Two reasons account for this: the cold start effect
(Hasselmann et al., 1993) and the delay due to the phase error of the periodically synchronous
coupling technique (VS). The latter reason also explains, why the response of PSCE is initially
weaker than the response of SSCE. In order to calculate the fluxes only information of previ-
ously computed synchronously coupled periods are used. Developments of atmosphere—ocean
fluxes during the ocean-only periods using, for instance, temporal derivatives of the atmos-
phere—ocean fluxes are not taken into account (see Section 2.4). At the time of the C02 doubling
the response of both integrations, PSCE and SSCE, is stronger than in the corresponding sce-
nario A integration performed with the previous version of the coupled model (ECHAMl/LSG;
Cubasch et al., 1992).

Cubasch et a1. (1994) performed a set of scenario A integrations with the ECHAMl/LSG model.
The objective of this study was to estimate the spread of the global warming simulations by
means of four 50 year integrations (one realisation consists of the first 50 years of the
ECHAMl/LSG integration displayed in Figure 14a). The four synchronously coupled model
runs differ from each other only by the different initial conditions. The time series of this set of
simulations show a spread of 0.4 K during the last decade (41 - 50). Assuming that the spread
of such experiments performed with the present model version (ECHAM3/LSG) is of a similar
magnitude, the differences in the response between the experiments SSCE and PSCE are small.
The largest differences of about 0.3 K are reached during the initial period of the experiments.
During the period 41 - 50, for instance, the differences are smaller than 0.1 K.

In spite of the constant C02 concentration after year 60 the near surface air temperature increas-
es further by 0.9 K up to 2.4 K after 150 years. This warming is stronger than the expected cli-
mate drift. The corresponding runs with constant C02 concentration SCON and PCON exhibit
a warming of 0.4 K during the first 150 years (Figure 3a). Assuming that the climate change
integrations underlie a similar trend, the warming of approximately 0.9 K between year 60 and
year 150 can only partly (by less than 30%) caused by the model drift. One reason of the further
increase are adjustment processes in the ocean which last decades to centuries.
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The temperature of the ocean shows a distinct reduction of the warming with increasing depth.
In the uppermost ocean layer (25 m), for instance, both climate change experiments exhibit an
increase of 1.7 K (Figure 14b). In 2000 m depth the increase is 0.035 K which is only about 20%
of the rate for the uppermost ocean layer (Figure 14c). A part of this warming may be due to the
model drift. The temperatures of the simulations SCON and PCON increase 0.3 K in 25 m and
0.18 K in 2000 m during the first 150 years (Figure 3b+c).

5.2 The pattern
In the following the spatial pattern of the climate change is investigated. The results of the cli—
mate change experiments are compared to the average of the first 10 years of the experiment
with constant present-day C02 concentration SCON (see also Figure 4). During the decade just
before the C02 doubling (51 - 60) as well as during the period 141 - 150, the strongest increase
of the near surface air temperature occurs over the continents of the Northern Hemisphere and
over the polar regions of both hemispheres. As an example the respective patterns of the exper—
iment SSCE are shown in the left column of Figure 15. The temperature rise near the coast of
the Antarctic continent can only partly be attributed to the C02 increase, since a warming also
occurs in the experiments with constant C02 concentration (see Figure 4). This additional
warming due to the climate drift of the model is more distinct in the decade 141 - 150, since the
melting of the Antarctic sea-ice, which is the main source of the trend, starts after approximately
50 years (Section 4.1). The dominant features of the climate change pattern for the near surface
air temperature are already established at the time of the C02 doubling (in Figure 15 represented
by the pattern of the decade 51 - 60). During the following years mainly the amplitude of this
pattern increases.

Local minima of the warming occur over the North Atlantic and North Pacific. In a study of this
phenomenon which was similar simulated by the older model version ECHAMl/LSG, Mikola—
jewicz et a1. (1994) mentioned that the anomalous weak warming over the North Atlantic is con-
nected to a weakening of the thermohaline circulation. In the upper ocean of the middle and
northern parts of the North Atlantic the temperature increases whereas the salinity decreases due
to an increase of precipitation. As a result the stratification of the ocean becomes more stable,
the convection in this part of the ocean decreases, and the mixed layer becomes shallower es-
pecially in winter. In addition the salinity of the subtropical upwelling region increases due to
stronger evaporation. Caused by the weakening of the thermohaline circulation a smaller
amount of heat is transported northward.

In the following the atmospheric mean state at the end of the climate change experiments is an-
alysed. In order to examine an atmospheric data set of the periodically synchronously coupled
model, which is reliable in the statistical sense, a period of several decades has to be considered.
Since in the integrations SSCE and PSCE the climate changes throughout the full simulation
period (see Figure 14) we chose another way. The synchronously coupled integration PSCE*
starts from the state which is reached by the periodically synchronously coupled run PSCE at
the end of year 140 and simulates the period 141 - 150. Therefore, two atmospheric data sets of
the same size are available. This makes the comparison more reliable, whereas in the experi—
ment PSCE only two synchronously coupled periods (i.e. two full annual cycles of atmospheric
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data) have been computed during the period 141-150. The experiments PSCE and PSCE* pro—
duce a nearly identical state of the ocean during this period. Deviations, which occur, for exam—
ple, in the simulations with constant C02 concentration SCON and PCON at the Antarctic sea-
ice edge do not take effect in the short synchronously coupled integration PSCE*. The devia-
tions between the runs SSCE and PSCE* are compared to the standard deviations which were
computed from the annual or seasonal means of the experiment SSCE for the period 141 - 150.

The largest differences of the near surface air temperature between the runs SSCE and PSCE*
occur in high latitudes (Figure 15, right column). At the Antarctic continent a maximum with
an overestimation of 2 K in the experiment PSCE* is obtained. Except for two locations in the
vicinity of the Antarctic continent the deviations are smaller or in the same range as the standard
deviations. The satisfactory agreement is also reflected by a high pattern correlation of 0.95 be-
tween both response patterns.

In the free atmosphere the familiar climate change signal with a warming of the troposphere and
a cooling of the stratosphere can be observed. The zonal mean temperature for the season De-
cember, January, and February (DJF; Figure 16, left column), for example, exhibits the maxima
of warming in the upper tropical troposphere (4.9 K) and in the lower layers of the high latitudes
of the winter hemisphere (6.4 K). The differences between the runs SSCE and PSCE* reach val—
ues up to 2.6 K in the polar stratosphere and —1 .1 K in the tropical stratosphere (Figure 16, right
column). The regions of large differences are characterized by high variability: the standard de-
viations of the run SSCE are of the same order of magnitude than the differences.

The changes of the temperature distribution result in changes of the atmospheric circulation and
the hydrological cycle. The atmospheric circulation described by variables like mean sea level
pressure, zonal wind, and meridional mass stream function show a similar good agreement of
both simulations as shown for the atmospheric temperature.

A evaluation of the changes in the hydrological cycle is adversely affected by high variability
of the concerned variables. Therefore, the response of precipitation and evaporation is investi-
gated using decadal means of the zonal averages (Figure 17). The changes are related to the av—
erages of the first decade of the run SCON. In order to estimate the variability the range within
two standard deviations of the linearly detrended decadal means of the first 150 years of the run
SCON is shaded.

The difference precipitation minus evaporation mainly determines the fresh water flux into the
ocean and the soil. In the zonal mean evaporation exceeds precipitation only in the subtropics,
and especially, over the oceanic parts of these latitude belts a large amount of water vapour is
transferred into the atmosphere (Figure 17a). This feature can be seen in the synchronously cou—
pled simulation with fixed present—day C02 concentration SCON as well as in both climate
change experiments SSCE and PSCE*. Nevertheless, the differences between the last decade of
the climate change experiments and the first decade of the experiment SCON show an enhanced
amplitude due to the increase of the C02 concentration (Figure 17b).

With the exception of the subtropical high pressure belts the zonally averaged precipitation of
the years 141-150 increases compared to the first decade of the run SCON and exceeds the two
standard deviation range of the run SCON (Figure 170). The evaporation increases in nearly all
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Figure 17: Zonal mean distributions for precipitation minus evaporation (a). The anomalies of precipi-
tation and evaporation (b), precipitation (c), and evaporation (d) are related to the means of the first dec-
ade of the experiment SCON. The range, which is smaller than two standard deviations of the linear de—
trended decadal means of the first 150 years of the run SCON, is shaded.
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latitudes (Figure 17d). Only at a latitude belt around 60°S the evaporation is reduced. The zonal
means of the run SCON for the years 141 - 150 show a similar tendency in this region. There-
fore, this behaviour can mainly be attributed to the model trend and not to the increase of the
C02 concentration.

Due to the increased C02 concentration the subtropical parts of the atmosphere take up more
water vapour as indicated by the difference of precipitation minus evaporation in Figure 17b. In
the intertropical convergence zone (ITCZ), on the other hand, the increase of precipitation is
larger than the increase of evaporation. In the mid latitudes the increase of the difference pre-
cipitation minus evaporation exceeds the two standard deviation limit and reaches values of
more than 0.2 mm/d. The differences between both climate change experiments for precipita-
tion, evaporation as well as the difference both is considerably smaller than the climate change
signal.

As can be observed in Figure 14, the warming of the upper ocean due to the increased C02 con-
centration penetrates into the deep ocean. The heat transport into the deeper layers is strongest
in regions with strong convection, i.e. in the North Atlantic and in the Southern Ocean. As an
example the zonal mean temperature response of the Atlantic is shown in Figure 18. The strong-
est warming occurs in the upper ocean. Local maxima of the warming occur in the subtropics
which are anyway characterized by high temperatures. In the polar regions the increase of the
temperature is partly caused by the reduction of sea-ice coverage. In the upper layers of the
North Atlantic a relatively small increase of the temperature can be seen which is caused by the
strong heat transport into the deep ocean and the reduced internal heat transport from lower lat-
itudes (see discussion of near surface air temperature response above). In the deep ocean the
warming of the Atlantic sector of the Arctic is with 1.4 K higher than in the other regions of the
Atlantic. The penetration of warmer water into deeper layers, but with a smaller amplitude,
takes also place in the Atlantic sector of the Southern Ocean. In this region the experiment
SSCE exhibits slightly higher temperatures, but in general the agreement of the temperature pat—
tern of the Atlantic between both model version is satisfactory.

The climate change patterns of the experiments SSCE and PSCE are in good agreement with
corresponding greenhouse gas experiments performed with other AOGCMs (e.g. Washington
and Meehl, 1989; Cubasch et al., 1992; Houghton et al., 1992; Murphy and Mitchell, 1995).
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6. Conclusions
The periodically synchronous coupling scheme has been applied to the AOGCM ECHAM3/
LSG. Due to a temporary switching off of the atmospheric component this scheme saves com—
puter resources compared to the synchronous coupling where both model components are inte—
grated over the full simulation period. Since most AOGCMs of the present—day generation are
coupled synchronously and the computer resources are a limiting factor of many experiments,
the reduction of computer resources is of importance. The applied scheme was developed by
means of a simple model (see SV and VS) and has been tested in a more comprehensive model.
The length of the ocean-only periods is chosen in a way that 70% of the computer time is saved
in the periodically synchronously coupled model version of ECHAM3/LSG. When starting our
integrations with ECHAM3/LSG, we have been rather careful in the choice of the length of the
ocean—only periods. In View of our results, we also might have chosen somewhat longer ocean-
only periods.

To test the new coupling scheme two pairs of synchronously and periodically synchronously
coupled integrations have been performed. In one set of experiments the atmospheric C02 con—
centration has been fixed at the present—day value and in the other case the C02 content gradu-
ally increases until the C02 doubling is reached after 60 years and remains fixed for the
following years.

The examination of these two cases shows:

¢ a good agreement of the mean states, i.e. in general the deviations of the periodically syn-
chronously coupled experiments are of smaller or the same order of magnitude than the
standard deviations of the respective annual or seasonal means of the synchronously cou-
pled reference runs. Only in small areas at the vicinity of the sea—ice margin the differences
are larger.

. changes in the spectral properties, since in the periodically synchronously coupled model
the annual means and annual cycles of the ocean forcing remain constant during the ocean-
only periods. This feature of the scheme causes an underestimation of the short-term varia—
bility. On the other hand, the weighting procedure of the annual mean atmosphere—ocean
fluxes results in an overestimation of the long—term fluctuations. Due to the weighting a
memory in implemented. Perturbations which are strong enough to get into this memory are
preserved for a long period (see also Figure 5 of VS).

0 a slightly delayed response of the periodically synchronously coupled model which is due to
the weigthing procedure for the atmosphere-ocean fluxes. The climate change patterns of
ocean and atmosphere exhibit in both model versions the same features.

With the chosen length of the synchronously coupled and ocean—only periods, phenomena on
short timescales, i.e of the order of the period length of the ocean-only periods, like the El Nifio —
Southern Oscillation phenomenon are not adequately resolved. Signals with a strong amplitude

as in the described experiments with increasing C02 concentration are sufficiently reproduced.
The deviations to the corresponding synchronously coupled experiments are of same order of
magnitude as many other uncertainties. For example, changes of the vegetation or the ice sheets
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which both influence the water budget and the albedo are not considered in the model.

The largest differences occur in the vicinity of the Antarctic sea-ice. Due to the non-linearities
like ice—albedo feedback and ocean convection, which are important physical processes in this
region, small changes in the sea—ice coverage could lead to large differences, for example, in the
near surface air temperature, heat flux or evaporation. As the Antarctic sea—ice in the ECHAM3/
LSG model is characterised by high variability and a strong drift, problems like these could be
expected in this region.

The climate drift exhibits in both model versions nearly the same amount which points out a
possible application of the periodically synchronous coupling technique, as this undesirable
drift is also present in other AOGCMs (e.g. Murphy, 1995; Manabe and Stouffer, 1996; von
Storch et al., 1996). With this relatively “cheap” coupling method it is possible to perform some
tests in order to investigate the drift and its causes which would be a rather expensive investi-
gation for synchronously coupled models.

Hitherto no experience with periodically synchronously coupled AOGCMs exist. The presented
model integrations are an important step in the development of this coupling strategy. The sim-
ple formulation of the calculation of the atmosphere-ocean fluxes during the ocean-only periods
is independent of time and space and needs only a relatively small data bank. As shown in our
study the formulation leads to reliable results for the simulation of a climate state as well as for
the climate change. The latter is confirmed by a study of Schiller et a1. (1996) who investigated
the response of the climate system to an additional fresh water input into the North Atlantic.
They used the periodically synchronously coupled ECHAM3/LSG and performed some tests
with the synchronously coupled version for comparison.

A further development for simulations with an expected slowly changing climate or without cli-
mate change seems to be possible. In order to extend the ocean—only periods a feedback term
for the atmosphere during the ocean-only periods should be introduced. This could be done by
a relaxation to the just obtained climate state. With this approach the possible drift of the ocean
during long ocean—only periods due to the missing feedback of the atmospheric model could be
reduced. With longer ocean—only periods the reduction of computer time increases. The varia-
bility of the model could also be improved. This could be realized by an extension of the syn-
chronously coupled periods in slowly changing systems. Due to the longer simulation of the
atmosphere an improved statistical description of the variability of the atmosphere-ocean fluxes
could be obtained. This leads to a better estimate of the forcing during the ocean—only periods.
However, one should keep in mind that a longer synchronously coupled period also means a
much longer ocean-only period, if the saving of the computer time should be the same.
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