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ABSTRACT
Seasonal forecasting based on coupled general circulation models suffers from important errors. In order to provide
insight into the causes of these errorsin relation to ocean and atmosphere models, we carried out a comparison using a
set of 10-yr ensemble hindcasts of four coupled climate models of the DEMETER project. The four models are based
on two different atmosphere models and three different ocean models. This allows us to analyse the relative weight of
the ocean and atmosphere componentsin the error of a coupled model. Using the hindcast climatol ogies over the years
1991 to 2000, we looked specificaly at the sea surface and soil level temperature over the tropics with respect to the
hindcast start date. Our results indicate that the monthly evolution of large mean deviations from the observations (>
+1 °C after 6 months) can be decomposed into two terms. One is the first month error, which results from the errors
in theinitial conditions plus the error introduced by the first month of coupling. It corresponds to the slowly varying
component of the error, comparableto aninitial shift that persists during the entire coupled experiment. The other term
is the remaining time-evolving error, which is fast varying. We show that whereas the slowly varying term is strongly
dependent upon the ocean and atmosphere component chosen for the coupling, the atmosphere generally controls the
rapidly varying term to first order. The partition appears to be more balanced over some fractions of the Pacific warm
pool and the east-equatoria coastal upwelling at certain seasons. These results, specific to seasonal forecasting and
probably model dependent, can hardly be interpreted in terms of coupling mechanisms. The weak sensitivity of the
mean error to the ocean component could in particular be related to the current limitations of state-of-the-art climate

models.

1. Introduction

The improvement of seasonal weather forecasting is a current
scientific challenge. Comprehensive climate models, which are
generally accepted as the most promising tool for perform-
ing seasonal forecasting, are capable of reproducing important
characteristics of the dominant variability modes (e.g. Latif et
al., 1993; Ji et d., 1994; Rosati et a., 1997; Kirtman, 1997;
Vintzileos et a., 1999a;99b; Guilyardi et al., 2004). The differ-
ences and similarities of simulated tropical mean climate and
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variability have been described in various intercomparison stud-
iesof coupled general circulation models (CGCMs) (Mechoso et
al., 1995; Delecluseet al., 1998; L atif etal ., 2001; AchutaRaoand
Sperber, 2002; Davey et al., 2002; Schneider et a., 2003). Many
of thesegroupsreported that simul ated mean climatesweredrift-
ing, reaching steady states after many years. Unrealistic features
of simulated interannual modes, e.g. quasi-bienniality in the pe-
riodicity of the El Nifio-Southern Oscillation (ENSO) cycle, are
most likely related to such climate biases. In spite of theseerrors,
Stockdale (1997) showed that after removing this climate drift a
posteriori it was possible to obtain good ENSO forecasts at |ead
times of up to 6 months (more sophisticated methodol ogies for
taking into account this climate drift have also been presented,
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e.g. Yang and Anderson, 2000). However, it is expected that
better models, i.e. with no drifting mean state, should allow bet-
ter seasonal forecasting. A major task therefore is to achieve a
better understanding of how the state-of-the-art CGCMs work,
and particularly the nature and causes of the accompanying
errors.

The DEMETER project provides a new opportunity to com-
pare retrospective seasonal forecasts, or hindcasts, for several
CGCMs over the entire globe. Of particular interest is the fact
that of the seven CGCMs, four form two pairs, where each of
the pairsis made of a specific atmosphere model coupled to two
different ocean models (hereafter, these pairs are called atmo-
sphere model pairs). The atmosphere GCMs (AGCMs) are IFS
and ARPEGE, and theocean GCMs(OGCMs) are ORCA, OPA8
and HOPE (see the DEMETER project description in Palmer
et a., 2004). It is therefore possible to use a given atmosphere
model pair to examine the impact on the coupled GCM errors of
switching the ocean component while keeping the same atmo-
sphere. Such a switch can reveal the weak or strong sensitivity
of given errors to the coupling and to the ocean model, possibly
leading to more precise interpretations of their causes.

Using this method, we derive and test the robustness of afor-
mulation of the error in the sea surface temperature and surface
air temperature (hereafter indistinctively called surface temper-
ature), asalinear function of afast-varying component, whichis
atmospheredependent, and aslowly varying component whichis
sensitive to the ocean and atmosphere component of the CGCM.
We concentrated our study over the tropics where surface tem-
peratures are expected to influence the most seasonal climate
variations. Itisimportant to realize that our analysisisnot aimed
at deciphering the coupling mechanisms at play in CGCMs or
in the real world. It is solely intended to provide information on
the causes of certain systematic errors that alter state-of-the-art
numerical climate forecasts in the tropics.

2. Methodology

For the purpose of improving techniques of seasonal forecasting,
the DEMETER experiment gathered seven CGCMsand their re-
spective 6-month ensemble hindcasts repeated every 4 months
over several decades ranging from the 1960s to the present. We

sel ected four of thesemodel simulation setsover the samedecade
(1991-2000), sharing either the ocean or the atmosphere com-
ponent. The experimentsare CERFACS, LODY C, ECMWF and
CNRM laboratory simulations (see Palmer et al., 2004). Asseen
in Table 1, the use of two AGCMs and three OGCMs allows
us to describe the four ssmulations as two atmosphere model
pairs. Thefirst pair is made of the ECMWF atmosphere model,
IFS, coupled to the most recent version of the LODY C ocean
model ORCA, version 8.2, (hereafter IFS/'ORCA) and to the
Hamburg Ocean Primitive Equation model HOPE-E (hereafter
IFS/HOPE). These two ocean models, albeit both z-coordinate
models, were independently developed, their differences are
hence rather representative of differences among models of this
type (here in particular the vertical resolution, the turbulent
mixing schemes, the mixed layer parametrization, etc.). The
second pair is made of the Mé&téo-France atmosphere model
ARPEGE, coupled to the same | ast version of the ORCA model
and to an older version of this model, named OPA8.0, (here-
after ARPEGE/ORCA and ARPEGE/OPAS). The differences
between these two versions are in fact also large since they
use different lateral mixing parametrizations, namely isopycnal
diffusion and eddy-induced velocities (Gent and McWilliams,
1990) in ORCA versusjust horizontal diffusionin OPA8.0. Var-
ious studies have highlighted the major impact of such differ-
ences for thetropicsin forced (Lengaigne et al., 2003) and cou-
pled modes (Raynaud et al., 2000). Thisimpact can be seen, for
example, asone of the consequences of modification of the equa-
torial stratification related to changesin the mixing formulation.

It isimportant to note that none of the GCMs uses data assim-
ilation or flux correction and they are consequently comparable
in this respect. The models have been initialized as explained in
Palmer et al. (2004). Specifically, atmospheric and land-surface
initial conditions are the same for all atmosphere components
and are taken directly from ERA-40. The ocean initial state was
taken from ocean-only simulations forced by ERA-40 fluxes,
with a strong relaxation to observed sea surface temperatures
(SSTs). However, apart from the use of different rel axation coef-
ficients, the ensembles were created following almost the same
strategies. ECMWF and CNRM applied wind stress perturba-
tions to create three (two perturbed and one unperturbed) con-
tinuoussdlightly different ocean-only simulations, fromwhichthe

Table1. Description of the simulationsin terms of atmosphere and ocean components

Météo-France CERFACS LODYC ECMWF
(ARPEGE/OPAS8) (ARPEGE/ORCA) (IFS/ORCA) (IFS/HOPE)
Atmosphere component ARPEGE ARPEGE IFS IFS
Resolution T63 T63 T95 T95
31levels 31levels 40 levels 40 levels
Ocean component OPA 8 ORCA ORCA HOPE-E
Resolution 2.0° x (0.5°-2.0°) 2.0° x (0.5°-2.0°) 2.0° x (0.5°-2.0°) 14° x (0.3°-1.4°)
31levels 31levels 31 levels 29 levels
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nine-member ensemble was constructed by instantaneously ap-
plying (at the starting time) a set of four SST perturbations.
LODY C and CERFACS used exactly the same set of oceaninitial
conditions. Theseinitial conditions were taken from an ensem-
ble of three ocean-only simulations initialized every 3 months
(right after the previous start date) from the previousunperturbed
ocean simulation, two of them perturbed by wind stress anoma-
lies. The SST perturbations were applied a few days before the
start date. Asaresult, initial ocean conditionsshall be considered
aspotential causesof differencesamong CGCM surfacetemper-
ature climatologies. We therefore consider in the following that
an ocean or atmosphere “component” corresponds to the circu-
lation model per seplusitsinitial conditions. Finally, differences
arising from the land surface parametrizations, ice-related pro-
cesses and detailed coupling procedures can also generate vari-
ations among hindcasts. They also need to be considered, even
though the parametrizations of the land surface processes are
likely to have a much greater impact than the two other sources
of differences. Consequently, the imperfect nature of the present
intercomparison leads us to emphasize the similarities among
hindcasts instead of the differences. Indeed, when some simi-
larities are observed amongst surface temperature behaviour for
two different CGCMs, it indicates that the differences in the
experimental configurations have a negligible impact compared
with the similarities in the configurations.

It is necessary to say that various key climate variables and
indices have been compared and presented on the DEMETER
website (http://www.ecmwf .int/research/demeter/verification).
Though verification underlines differences between models, it
also indicates that all four models perform at roughly the same
level of skill for hindcasting tropical seasonal climate variations
on aseasonal scale. Thisallows usto consider the four CGCMs
as appropriate tools of analysis of the quality of state-of-the-
art numerical climate prediction models. Prior to the following
analysis, al the surface temperature fields are averaged over the
nine ensemble members, and the resulting ensemble mean fore-
casts are averaged over the 10-yr period with respect to the four
hindcast start dates (1 February, 1 May, 1 August, 1 November,
hereafter SD1, SD2, SD3, SD4 respectively). Asan example, the
climatology of SD1 corresponds to the ensemble mean of the
6-monthly averages centred on the 15th of each month, starting
in February and ending in July.

3. Analysisof theerrorsof the CGCM surface
temperature climatologies

3.1. Error in equatorial basin averages: the rapid drift
and the near-steady components

Figure 1 displays the time evolution of the error of the surface
temperature climatologies for the four starting times, averaged
over each of the three equatorial basins between 5 °N and 5 °S.
A striking pattern for al the basins consists of errors of the same

Tellus 57A (2005), 3

} |FS/ORCA} )‘ARPEGE/ORCA
PR ‘777:7_77_TTFS7H'0F’ET 777777 %‘RPEGEWAB. T
O I I I I
<o 4 L
S 1
5]
S
o-1 |
1S I

L

l l EQIND |
2 T 4% T T Tl T T %‘ T T + T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Calendar month
Fig. 1. The mean drift of the equatorial sea surface temperature asa
function of time. Geographical averages computed between 5 °N and 5
°Sfor the Pacific (L30E-80W), Atlantic (70W-30E) and Indian
(40E-120E) basins.

atmosphere model (same shading) evolving in close parallel as
pairs, separated by arelatively constant gap within a given sea
son. The monthly time derivatives of the error are very similar
between two coupled models with the same atmosphere model,
regardless of the ocean model. Conversely, the monthly time
derivative changes significantly when the atmosphere mode! is
switched to another one. Thusthe two hindcasts of the ARPEGE
atmosphere model pair tend systematically to drift in parallel to-
wards warmer than observed temperaturesin the Pacific, and the
two hindcasts of the IFS atmosphere model pair tend in parallel
towards colder than observed temperatures. In the Atlantic and
the Indian basins, the differences between the two types of time
evolution of the two atmosphere model pairs are less dramatic.
They differ clearly anyway, and for a given atmosphere model
pair the two CGCMs are evolving almost perfectly in parallel.
Thisresult indicatesthat the shape of the error curveisextremely
sensitive to the atmosphere component, and much less affected
by an ocean component switch, which tends more simply to shift
the curve without changing its shape. |n other words, the choice
of the atmosphere model of agiven CGCM appearsto condition
to first order the temporal variations of the error in equatorial
surface temperature.
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The offset that appears to separate the two climatologies of
a model pair with a specific atmosphere is also an important
characteristic of the error. It is often settled by the first month
and evolves weskly. It is generally of the same sign for the cli-
matologies of a given atmosphere model pair and a given basin,
regardless of the season. For the pair associated with the IFS
atmosphere model, the offset has an average value of about
0.1 °C and a constant sign. For the ARPEGE model pair, the
Pacific basin has an opposite offset to those of the Indian and
Atlanticbasins. Theseoffsetsareonly dueto changesin the ocean
component (same atmosphere model and atmosphereinitial con-
ditions). More precisely, two ocean factors can be considered:
the differences in the physics of the ocean models or some sys-
tematic differencesin the ocean initial conditions introduced by
the way in which perturbed ocean initia conditions have been
constructed. Hence, the choice of the ocean component (i.e. the
ocean model and ocean initial conditions) of agiven CGCM ap-
pears to first order to change an almost constant component of
the mean error in the surface temperature.

In order to summarize the results suggested by Fig. 1, it is
convenient to decompose the equatorial average of the mean
error in surface temperature (ME) asfollows:

ME(t, atm, oce) = Drift(t, atm) + MEgowni(0Ce, am) (N}

where t indicates the time dependency and atm and oce indi-
cate upon which component of the coupled model, ocean or
atmosphere, a given term is mostly dependent. The first term
on theright-hand side represents the time-varying component of
the mean error and is computed as the difference between the
mean error at timet and its value for the first month (Drift(t) =
ME(t) — MEmontna)- The second term is the mean error for the
first month. Asan example, let us consider the Pacific climatol o-
gies for SD1. The deviations relative to month 1 reach about
—1 °C &fter 6 months for the two IFS-based CGCMs, and
about +1 °C for the two ARPEGE-based CGCMs. They are
hence essentially dependent on the atmosphere model. On the
other hand the month 1 mean error, MEmonni, takes values of
about —0.1 °C and —0.3 °C for the IFS/ORCA and IFS/THOPE
models respectively, and values of —0.2 °C and —0.1 °C for
the ARPEGE/ORCA and ARPEGE/OPA8 models, respectively.
These values indicate that the term M Eqonny 10 €0. (1) depends
on the ocean component, and al so on the atmosphere model since
it varies between the two CGCMs with the same ORCA ocean
component.

Regarding the implications of eg. (1) for the improvement of
seasonal predictions in terms of improvement in seasonal fore-
casting, this decomposition of the error highlightsthe difference
between fast-varying, mainly atmospheric, processes (first term
ontheright-hand side), and slowly varying, oceanic and possibly
atmospheric, mechanisms (second term on the right-hand side).
Thisisof courseawell-known decompositionin climate physics,
and this set of experiments has the advantage of providing new
evidence that it is aso valid for interpreting climatological er-

rorsin seasona climate forecasts. Hence, let us consider first the
example of the equatorial Pacific time-series for the two IFS-
based CGCMs in Fig. 1. Using the terminology of eg. (1), it is
clearly a case of arapidly growing drift term but a small mean
error for thefirst month. To improve the forecastsin thisregion,
therefore, theamplitude of thedrift must bereduced asapriority.
Equation (1) then suggests that one should test some modifica
tions of the physics of the atmosphere model, upon which the
term Drift(t, atm) depends, rather than some changesin the ocean
component. According to the figure, modifications of the ocean
component would in fact only shift the mean error not stabilize
it. Conversely, the equatorial Atlantic climatologies of the two
ARPEGE-based CGCMs for the SD3 and SD4 start dates come
into the category of arather steady mean error dueto alargeini-
tial error. An improvement would then require a mere positive
shift of the mean error. The strategy suggested by eg. (1) con-
sists of modifying the ocean component, which would change
the error for the first month and not the (valuable) steadiness
of the error (which is controlled by the atmosphere model). For
the ARPEGE/ORCA case, the figure shows that the alternative
strategy (a modification of the atmosphere model) would also
have worked out for SD3 because the IFSYORCA climatology is
overall better than the ARPEGE/ORCA one. However, it would
have been a fruitless choice for SD4 because strong growth is
introduced when substituting the IFS model for the ARPEGE
model.

Itisimportant to state herethat theinfluence of the atmosphere
model on the fast-varying component of the error Drift(t, atm)
does not mean that coupled processes are not involved. We be-
lieveinstead that coupling can bevery activein equatorial basins,
particularly in the eastern part of the Atlantic and the Pacific
basins. In our opinion, the weak sensitivity of Drift(t, atm) to
the ocean component would in fact only imply that whatever
the fast-varying processes acting on Drift(t, atm) at the equa-
tor, coupled and non-coupled, their numerical simulation at in-
traseasonal frequency is little affected by changes in the ocean
component. This could be explained by the current differences
between state-of-the-art OGCMsin representing physical mech-
anisms relevant to these timescales and regions. These differ-
encescould either betoo small compared with the differencesbe-
tween current AGCMSs, or have alarge impact at lower frequen-
cies (e.g. parametrization of slow diffusive processes) and be
negligible relative to fast-evolving atmospheric processes (e.g.
parametrization of convection that iscrucial to numeroustropical
climate mechanisms).

3.2. Large-scale patterns of the drift term and their
dependence upon the atmosphere model

It is likely that the average equatoria results discussed above
are dominated by alimited number of small areas with stronger
than average error. It is therefore necessary to examine hori-
zontal maps of the drift, and we chose to limit our study to its
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Fig. 2. The mean drift of the tropical surface temperatures as a function of the hindcast starting date, represented by the drift term (month 6 minus
month 1, see text for details) computed, for each starting date, for IFSY'ORCA and IFS/HOPE (respectively upper and lower subpanel, left column);
and for ARPEGE/ORCA and ARPEGE/OPAS8 (respectively upper and lower panel, right column). Shading for absolute valueslarger than 1 °C, dark
shading corresponds to positive values, light shading to negative values, contour interval 0.5°Cupto5°C.

patterns after 6 months, computed by subtracting the mean er-
ror for the first month from that for the sixth month. In the rest
of this paper, “drift term” always refers to the error drift com-
puted thisway—it istheterm Drift(t = 6 months, atm) in eg. (1).
Figure 2 presents a geographical comparison of this drift term,
with respect to hindcast start date.

Drift term amplitudes greater than 1 °C are shaded in
Fig. 2 since moderate drift values are of less concern in this
paper, which seeks a means to refine strategies for improving
weather climate forecasting. From a global point of view, it is
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first striking to realize how well the patterns over the whole trop-
ics appear to match the results discussed in the previous section:
climatologies, for a given start date, have a very comparable
drift term when sharing the same atmosphere model, and avery
different one otherwise. Note also that the comparison of the
two atmosphere model pairs indicates that the drift signs and
patterns are different, but the amplitudes are comparable. Re-
garding the two CGCMs using the IFS atmosphere model, the
equatorial oceanic regionsof most rapid cold driftsarethewhole
central Pacific (—1to —2°C), eastern Indian (about —2°C during
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hindcast 2) and the eastern Atlantic (—1 to —2 °C during hind-
casts 3 and 4). Large warm drifts occur during the upwelling
season in the eastern Pacific and Atlantic (up to +3 °C during
hindcasts 1 and 2). Within therest of the tropics, both the central
Pacific and Atlantic drift strongly negatively. The largest sig-
nals (over 5 °C) occur over each of the main monsoon regions
during their respective rainy seasons. tropical South America
and Australia, India, southwestern Chinaand West Africa (SD2
and SD3). Regarding the ARPEGE/OPA8 and ARPEGE/ORCA
models (Fig. 2, right column), large positive equatorial drifts
arevisible over the central—eastern Pacific (above +2 °C, corre-
sponding to the spatial average), eastern Atlantic (up to +3 °C)
and western Indian basin, mainly during seasons (spring-
summer) and places of upwelling. Within the tropics, a large
positive drift also occurs over off-equatorial upwelling regions,
like the eastern Pacific and Atlantic and the northwestern In-
dian basins. Over continents, as for the IFS pair, the principal
monsoon regions experience massive drifts (larger than +5 °C)
during their rainy season. Comparison of the above patterns
demonstrates that the large drifts respond much more weskly
to a change of the ocean component than to a change of the
atmosphere model. This therefore supports the generaization
of eg. (1) to the large-scale structure of rapidly growing errors,
over most of the whole tropical band, including both oceans and
continents.

3.3. Role of the ocean component on the error: effect of
slow coupled processes

The previous qualitative analyses suggested a largely dominant
role of the atmosphere relative to the ocean in the time evolution
of rapidly growing error. At this stage of the study, it is thus
appropriate to characterize this indication spatialy. With our
DEMETER subset of models, there is one case of ocean compo-
nent change for each atmosphere model, while thereisonly one
case of atmosphere component change to study (IFS/ORCA to
ARPEGE/ORCA). Since one case would not be demonstrative
enough, we are therefore constrained to direct the analysisto the
two cases of ocean component change. If eqg. (1) is valid, the
drift relative to month 1 should not change significantly follow-
ing aswitch of the ocean component. Conversely, if animportant
modification of this time evolution occurs, it indicates that the
climatological error cannot be described asin eg. (1) (the ocean
component in the coupling has a rapid effect on the error). As
in the previous part, we limited the analysis to the drift between
month 6 and 1. A suitable drift changeindex (hereafter DCI) for
agiven AGCM coupled to two different ocean models, and for a
given start date, is then provided by the point-by-point absolute
difference between the two drift terms (one per ocean compo-
nent), relative to the local mean absolute drift term (the average
of the two absolute drift terms):

DClp = |DriftOGCM1 — DriftOGCle X 2
/ (IDriftogema| + [Driftocemzl)s @

where, again, each of the Drift terms is the difference between
the sixth and first month of aCGCM error, for agiven start date
and a given atmosphere component. If the DCl g is small, one
can conclude that the drift term has little sensitivity to changes
in the ocean component, and consequently that the coupling has
no, or dow, effects, in agreement with eq. (1). If the DClo is
large, itislessappropriate to draw firm conclusions since the set
of experiment is not perfectly adapted to the intercomparison.
Asamatter of fact, for agiven atmosphere pair, the detail s of the
coupling procedure (i.e. the SST and flux passing methods) are
not necessarily the same, and one cannot rule out the possibility
that it generates a large DClo. The interpretation of this diag-
nostic then should be limited to the cases of small drift change,
and we shall not consider the patterns of large DCl 5.

A preliminary inspection of the DCl ¢ distribution indicates
that areas of high value are circumscribed to regions of relatively
small drift term (not necessary matching them). An approximate
threshold absolute valueis 1 °C for the latter (see the unshaded
areas on Fig. 2). Such large differences among moderate drift
terms can beinterpreted as resulting from amore balanced com-
petition between atmospheric and oceanic processes, both with
timescales that are locally comparatively slow. For regions of
small to moderate drift term, we conclude therefore that it is not
possibleto deduceasimplepartition of the ocean and atmosphere
components in terms of their influence on the time evolution of
the mean error. In terms of the strategy to improve forecasts,
the choice of the ocean component (recall that it includes ocean
initial conditions) influences the mean error as much as that of
the atmosphere model. However, such regions are lessimportant
than regionsof rapidly growing errorsfor the purpose of improv-
ing weather forecasts. Consequently, for the sake of clarity of the
figure, we chose to limit the presentation of the DCl ; to regions
of drift term with amplitudes larger than 1 °C. In order to do so,
Fig. 3 displaysthe DCl o when at least one of the two drift terms
in eg. (2) has an absolute value larger than 1 °C. Corresponding
regions still occupy very large fractions of the tropics (shaded
areas on Fig. 2 and Fig. 3). For both the IFS and the ARPEGE
pair, it appears that the larger coherent patterns of high DClo
(let ussay equal to or greater than 0.5, i.e. 50 per cent) arefound
mainly within the subtropics, probably associated with thelarge
ensemble spread characteristic of these latitudes (e.g. Viaard
et a., 2004). Within the tropics, more localized signals are sea-
sonally associated with somefractions of the equatorial and east-
ern off-equatorial upwellings and, in particular for the IFS pair,
some of the monsoon continental areas detailed above. In or-
der to better understand the behaviour of the mean error within
the regions of high DCl o, we chose some locations to examine
later in more detail (see arrows). Two others will supplement
this selection of six sites later in the analysis. We limited it to
the equatorial ocean (neglecting continental and tropical areas)
since this is probably where the question of the respective in-
fluences of the ocean and the atmosphere on the growth of the
error isthemorecritical for climateforecasting. Overall, tropical
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COUPLED OCEAN-ATMOSPHERE GENERAL CIRCULATION MODELS 393

IFS/ORCA - IFS/HOPE

LATITUDE

R B (] LA SRR
TR R

LaTITulE

LATITUDE

LONGITUDE

Fig. 3. Madification of the drift term after a change in the ocean component, relative to the average absol ute drift term (see text), for each start date.
Values are plotted only when one of the two absolute drift termsislarger than 1 °C. Left column: DCl o(IFS'ORCA, IFS'HOPE). Right column:
DClo(ARPEGE/ORCA, ARPEGE/OPAS8), contour interval 0.25. Arrows 1 to 6 indicate selected |locations representative of the principal tropical

aress of strong DCl o.

DCl values are much more frequently below 0.25, indicating
that the drift term isin general not strongly affected by change
in the ocean component, as initialy indicated by the equatorial
domain averages.

Nonetheless this diagnostic only indirectly supports the idea,
represented by eq. (1), that largeincreasein error dependsmainly
on the atmosphere component. One can indeed conceive that
some of the error increasesin Fig. 2 are weakly dependent upon
a change of ocean component (low DCl ), but are as weakly
dependent upon a change of atmosphere component, simply be-
causethemajor physical processesat play intherea world could
beincorrectly simulated in all current CGCMs. Itis particularly
interesting to consider one of the less accurately simulated areas
of the tropical oceans, namely the Atlantic (Davey et al. 2002,
and Fig. 2, SD1)). We acknowledge the possihility that the error
growth there, characterized by low DCl g in both pairs (see in
particular Fig. 3, SD1), ismainly sensitive to the land processes
and therefore not very sensitiveto the ocean or atmosphere com-
ponents of the CGCM. To address this remaining ambiguity we
computed the following DCI, comparing the impact of achange
in the ocean component to a change in the atmosphere compo-
nent:

DClo/a = |(Driftogemy — Driftogem2)/
(Driftiesjorca — Driftarpece/orea)l ©)

Note that the numerator is the same as for DCl, but it is
normalized by the only drift modification associated with an
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available change of atmosphere component. Indeed, in this set
of experiments only ORCA is coupled to two AGCMs (IFS and
ARPEGE). Hence, if the DCl,a is close to or greater than 1,
it suggests that changing the ocean component has as much, or
more, impact on the error than changing the atmosphere com-
ponent. The opposite applies when DCl g, islessthan 1. Inthe
latter case, one must also consider that this could be a result of
large impacts due to changes in the parametrization of land pro-
cesses, which differs between the ARPEGE-based CGCMs and
thelFS-based CGCMs. Consequently, in order to usethis second
DCI diagnostic to complement the interpretation of low DCl o
patterns, we shall consider the impact of the atmosphere/land
component versus the ocean component on the error. Note once
again that differences in the coupling procedure could poten-
tially lead to changesin the drift term. Since at this stage we are
focusing on areas with low values of the numerator (low DCl ),
it is the numerator that could be enlarged by these differences.
Regions of low DCl o, should consequently not be considered.
This is a limitation that does not impair our analysis since we
areinterested in detecting cases of DCl o, greater than or equal
to 1 with alow DClo. These cases correspond to a change in
the atmosphere or an ocean component which weakly modifies
the 5-month error growth. In such cases, eq. (1) is less likely
to be representative of the mean error behaviour. DCl o, values
close to or greater than 1 in Fig. 4 point to a large number of
locations, but when areas with high DCl o are ruled out only a



394 A. LAZAR ET AL.

(IFS/ORCA - IFS/HOPE) / (IFS/ORCA - ARPEGE/ORCA)  (ARPEGE/ORCA - ARPEGE/OPAS) / (IFS/ORCA - ARPEGE/ORCA]
a] 30N - - » - e) e -

Fig. 4. Modification of the drift term after a change in the ocean component, relative to the change in drift term after a change in the atmosphere
component (see text), for each start date. Values are plotted only when the absolute drift term is larger than 1 °C. Left column: DClo/a (IFS/ORCA,

IFS/HOPE). Right column: DClo/a (ARPEGE/ORCA, ARPEGE/OPAS), contour interval 0.25. Same arrows as Fig. 4, plus arrows 1b and 6b

indicating representative remaining locations of strong DClo/a.

few regions remain. Within the tropical band, these regions are
principally located over portions of the eastern equatorial Pa-
cific (Fig. 4e, arrow 1) and Atlantic (Figs 4a and e, arrow 1b)
oceansfor SD1, partsof the central Pacific (Fig. 4b, arrow 3) and
south-tropical Atlantic oceans for SD2, and a small area of the
equatoria Indian Ocean (Figs 4d and h, arrow 6b) for SD4. In
order to further understand the mean error responseto ocean and
atmosphere components, these areaswill also beexamined inthe
following.

Successive inspection of the two DCI diagnostics indicated
that most of the large growth in 5-month mean error visible in
Fig. 2isnot strongly dependent on achange of ocean component.
Locationswhere, onthecontrary, thisdrift seemsto be dependent
on a change of ocean component, and others where this drift is
similarly weakly dependent on achangein atmosphereand ocean
component, are also apparent. The time evolution of the mean
error for representative points of these areasiis presented in Fig.
5. The existence of two types of time-seriesisimmediately evi-
dent. One is made of time-series with asmall spread among the
four CGCMs. They correspond to the eastern Pacific and Central
Atlantic locations for SD1, which corresponds to the season of
development of upwelling (e.g. Li and Philander, 1996), and the
West Indian location, for SD4, (Figs5a, eand d). A second group
is made of time-series which display a large spread, and more
often for the IFS-based models: the Central Indian and western
Pecific locations for SD2, and the western Pecific location for
SD3 (Figs5b, cand f).

The first group corresponds to time-series where the atmo-
sphere appears to determine the details of the time evolution,
but the ocean component takes 1 to 2 months for its impact on
the error to settle, eventually becoming a constant shift. Equa-
tion (1) can still represent this type of behaviour rather well if
one substitutes the mean error for the second month for that for
the first month in the equation (i.e. the MEgonn term would
become MEonihz). However, as indicated by the high DClg/a
values, the growth in the error after 6 months relative to month
1, for a given location, is very similar regardless of the ocean
and atmosphere component. This suggests that some important
physical processesaremissinginthe CGCMs, duefor exampleto
parametrizations of ocean (e.g. upwelling mixing), atmosphere
(e.g. stratocumulus cloud cover) or land processes. In the second
group, the large spread of the errors for the IFS pair of models
shows that the mean error at these locations and start dates does
not follow eq. (1), as pointed out by the two DCI diagnostics.
The switch in the ocean component is able to modify the growth
in the error, and by as much as the change of atmosphere com-
ponent. Although the drift term is not as large for the ARPEGE
pair, the choice of ocean component is asimportant in the west-
ern Pacific (not visible on Fig. 3 due to the 1 °C threshold).
The two remaining cases are the central and eastern Pacific for
SD3 and SD4, respectively. The large DCl o values (except for
the ARPEGE pair at location 5) come from DCI computation at
month 6, which cannot account for time-series with a sinusoidal
character. Thisresultsin asmall denominator overestimating the

Tellus 57A (2005), 3



COUPLED OCEAN-ATMOSPHERE GENERAL CIRCULATION MODELS 395

East, Pac, (loc, 1) e)

00

mean error (°C)
‘1‘7
|
' |
|
|
‘O
\ 1
|
|
i |
"o
|
\ |
\ |
|
|
S|
\L
‘\
|
wn
. .0
T
|
|
|
|
|
|
|
|
|
MY
3 \1{
\J
A
\
|
\V
1 A
~ 1
—

b) . Cent.ind.(loc.2) ., . . f) ,West Pac. (loc.3)., |

‘g)g

120 -

mean error (°C
.

Cent. Pac

8
(loc. 5)

_mean error (°C)

$ "1 11 a2
West. Ind. (loc, 6b) | h)

e T~

8

OCZ a

r(
T
1
1
V4
i
T
]
I
|
1
I
I
i
I
I
I
I
I
|
I
I
I
I
»
1
i)
T 1

|
1
T

/

mean errof
\?R%
|
Wi
-l
|
|
|
|
|
|
|
|
D
|
/ot
14
/.
n
L aU
?\OP\
T T
hal
|
!
1
/
y)
1
L3
\
T T

i1 12 13 12 15 18 i1 1% 13 14 18 16
Calendar month Calendar month
IFS/ORCA ARPEGE/ORCA
-~ T IFS/HOPE ARPEGE/OPAS8.0

Fig. 5. Hindcast ensemble mean error and the two drift change indices
for locations corresponding to the arrows on Fig. 4. Underscore stands
for 5-month drifts smaller than £1°C.

effect of a changein the ocean component in the time evolution
of the error. The visual examination showsin fact that it is prin-
cipaly the atmosphere component that controls the error, and
a change in the ocean component modulates it to second order
after 1 to 2 months. In such a case however, eg. (1) istoo simple
to represent thiseffect. A detailed examination of thelocal mean
error shows that these eight locations are representative of the
corresponding eight areas that were highlighted by the two DCI
analyses. We can therefore conclude that the strongest equato-
rial deviations to the behaviour represented by eg. (1) for the
IFS-based CGCMs occur in the central Indian ocean for SD2
and over two limited areas in the Western Pecific, one for SD2
and onefor SD3, visiblein Fig. 3. The other areas, for which the
error behaviour isrepresented by locations 1, 1b, 5, 6 and 7, are
dominated by the atmosphere component with some influence
from the ocean component. The latter is comparable in certain
cases to a shift that is established in about 2 months, instead of
oneasinitialy proposed in eg. (1). Not surprisingly, the central
and eastern equatorial Atlantic, the eastern Pacific and the west-
ern Indian oceans, experience a seasonal large drift that seems
to be partly driven by common flaws in the physics of each of
the models used.
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4. Summary and discussion

The DEMETER project provides a multi-model ensemble of
coupled simulations of the global climate for the past 30 yr.
We analysed a subset of the hindcasts in terms of the sensi-
tivity of the hindcast error to the atmosphere and the ocean
components of the models, a component meaning the model
itself and its initial conditions. The study, which focused on
the tropical latitudes, was dedicated to the error in surface
temperature averaged over ensemble hindcasts for the last
decade. The important dependence of this mean error on the
four hindcast start dates was aso taken into account. Four
CGCMs, forming two distinct atmosphere model pairs, were
compared: the |[FS AGCM was coupled to the ORCA and HOPE
OGCMs, and the ARPEGE AGCM to the ORCA and the OPA8
OGCMs.

Examination of the equatoria basin averages of each coupled
model suggested that the time evolution of the error, starting
at month 1, is very similar between CGCMs sharing the same
atmosphere component. Generally, the change of the ocean com-
ponent appearsto merely result in ashift of the error curve by an
almost constant value. Changing of atmosphere component, on
the contrary, generally resultsin very different error behaviour.
These results suggested a schematic representation of the error
behaviour asthe sum of aconstant term and atime-evolving term.
The former corresponds to the value of the error after the first
month of coupling, and therefore includes the error in the ini-
tial condition. Thisterm, corresponding to the apparent shift, is
sensitive to both ocean and atmosphere components. The latter
term, a time-dependent drift, is the remaining time-dependent
error, which depends mainly upon the atmosphere component
chosen and not the ocean one. Of course this is a simplified
mathematical representati on of the behaviour of theerror. Infact,
one can more precisely describe the latter as being formed of a
rapidly evolving term depending essentially on the atmosphere
component chosen and a slowly evolving term associated with
climate processes with a larger timescale, associated naturally
with the ocean and, probably also, with the slower atmospheric
processes.

This decomposition of the mean error into two terms was
then tested with two point-to-point drift changeindices. Onewas
evaluating the 5-month change of the drift term consecutiveto a
switch in the ocean component, the other the change consecutive
toaswitchintheatmosphere component. Theseanalyses, carried
out over the whole tropical band, showed first that the proposed
decomposition does not hold for small errors, which are equally
sensitiveto achangein ocean or atmosphere component. In most
cases, the drift term for large errors (of absolute valuelarger than
about 1 °C) instead displays a weak sensitivity to a change in
ocean component. A small fraction of these areas of rapidly
growing error would not follow this rule though, depending on
the season. An additional test of the drift term indicated that in
several regions it was neither sensitive to the ocean nor to the
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atmosphere. Thisrecallstheknown existence of missing physical
processes (inthe ocean, the atmosphereor thecontinent) inall the
current models. The examination of local error time-series, for a
sampleof locationsand start datescharacterized by largechanges
in one or both drift change indices, allowed usto better describe
themain exceptionsto the decompositioninitially proposed. The
cases where the choice of the ocean component controlsthe rate
of growth of the error as much as the atmosphere component
occur over limited fractions of the Pacific warm pool and happen
during the warming season (September to December) for all
models, although the growth rate is smaller for the ARPEGE-
based models. They also occur for al models in the eastern
Pacific, over small areas and seasonally. In the west, one can
speculate that the choice of the ocean component can affect the
rate of growth of the error dueto the sensitivity of the atmosphere
to the high temperature of thethick mixed layer. Thismechanism
seemsto beactivein all modelsandisprobably robust. Itislikely
that the large horizontal gradients associated with the upwelling
are able to influence the time evolution of the error in the east.
Thisisalso arobust phenomenon. Finaly, thedrift in the central
Indian Ocean for the IFS-based CGCMs is also sensitive to the
ocean component, although it is very specific to the IFS-based
models.

It is natural to wonder whether it is possible to anticipate the
large error growth controlled by the atmosphere component as
a function of the atmosphere model biases in forced mode. It
is also possible that these large error growth rates only appear
when the AGCM is coupled to an ocean model. In thefirst case,
the improvement in the forecast drift would depend mainly on
correcting the errors of the AGCM in forced mode. In the sec-
ond case the task is more difficult, since the consequences of a
change in a given atmospheric parametrization are much more
difficult to anticipate and understand in the coupled system. In
particular, the cold drift of the IFS-based models is consistent
with the known cold biases of the AGCM that were attributed
to atmospheric physics independently of the coupling with the
ocean (Anderson et al., 2002). This supports the idea that large
driftsin the coupled forecasts can be anticipated in most of the
oceanic tropical areas. It is essential though to recall that our re-
sults are specific to the framework of seasonal forecasting, and
they are probably model dependent. For example, one would
like to look at the sensitivity of the error to the ocean compo-
nent with an ocean model using isopycnic coordinates. Also,
considering alonger timescale or higher latitudes would proba-
bly increase the impact of the ocean component. Further inter-
pretation of the results of this paper in terms of the physics of
ocean—atmosphere interactions is tempting but problematic. For
example, the control of the error growth rate by the atmosphere
could be considered to be asign of aminor role for the ocean in
the coupled system at this seasonal timescale in the tropics. But
it is important to realize that it could also be interpreted as the
mere consequence of the existence of much larger differencesin

the parametrizations among state of the art AGCMs than among
state of the art OCGMs.
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