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Multi-model study of tropical Atlantic variability and change
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Interannual variability associated with the zonal and the
meridional mode in the tropical Atlantic is studied in nine
coupled ocean—atmosphere models for current climate con-
ditions and the SRES-A1B scenario for future greenhouse
gas concentrations. For current climate conditions, the sub-
tropical part of the meridional mode is reasonably well simu-
lated, in contrast to the deep tropical part of the meridional
mode and the zonal mode. A common model bias is that the
onset of the meridional mode is preceded by the presence of
a zonal mode in boreal fall that extends towards the western
boundary of the Atlantic basin and which initiates a Wind-
Evaporation-SST (WES) feedback. As a result of this, there
is a spuriously strong interaction between the zonal and the
meridional mode. The models that best represent the merid-
ional mode show a weakening for future climate conditions.
Biases in the zonal mode are too strong to assess changes.

1. Introduction

Interannual climate variability of the tropical Atlantic
is dominated by a meridional and a zonal mode ([Ruiz-
Barradas et al., 2000], [Xie and Carton, 2004] and references
therein). The meridional mode is characterized by an SST
anomaly confined to the Northern Tropical Atlantic (NTA)
and a C-shaped cross—equatorial surface wind anomaly pat-
tern. The zonal mode is characterized by an SST anomaly
over the eastern equatorial Atlantic and zonal wind anoma-
lies along the equator. Associated with both modes are
shifts in tropical convection that affect rainfall over north-
east Brazil [Moura and Shukla, 1981] and the African Sahel
[Folland et al., 1986] for the meridional mode and the Guinea
coast [Hirst and Hastenrath, 1983] for the zonal mode. The
meridional mode develops in boreal winter and peaks in
spring as a result of anomalies in the trade winds and the
associated wind-induced latent cooling over the NTA [Car-
ton et al., 1996], along with a positive Wind-Evaporation-
SST (WES) feedback [Chang et al., 1997] acting in the deep
western NTA [Chang et al., 2000]. The zonal mode peaks
in summer as a result of anomalies in surface zonal winds,
upwelling and thermocline depth, which mutually reinforce
each other [Zebiak, 1993].

In a previous study changes in the meridional mode for
future climate conditions were investigated by means of an
atmospheric General Circulation Model (GCM) coupled to a
slab mixed layer ocean model [Breugem et al., 2006]. It was
found that the WES feedback is phase—locked with the sea-
sonal cycle of the Inter Tropical Convergence Zone (ITCZ),
and that changes in the position of the I'TCZ may affect
the strength and duration of a positive WES feedback and
hence the characteristics of the meridional mode. In the
present study we investigate the effect of increasing con-
centrations of atmospheric greenhouse gases on both the
meridional and the zonal mode in nine fully coupled ocean—
atmosphere GCM’s.
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2. Models and simulations

The nine models considered in this study are listed in
table 1. They have been selected from the set of coupled
ocean—atmosphere models used for the fourth assessment
report of the Intergovernmental Panel on Climate Change
(IPCC). Two different sets of simulations have been ana-
lyzed. The first set is a simulation of the climate of the
twentieth century (20C3M, hereafter CC), covering the pe-
riod of ~1850 till 2000. The second set is a simulation with
the IPCC SRES-A1B emission scenario for a future climate
(hereafter FC), starting from 2000 till 2200 (or 2300) and
with the atmospheric composition fixed after 2100. In this
scenario the atmospheric CO2 concentration almost doubles
over the twenty-first century up to a value of 717 ppmv. For
the data analysis monthly means are used. The first 100
years is considered of CC and the last 100 years of FC. Lin-
ear trends over these periods have been removed from the
data.

3. Results

The present paper presents only the main results
from this multi-model study; the reader is referred to
www.knmi.nl/samenw/tameet/ipcc_ard_comp for a more
detailed model comparison. For the analysis of the merid-
ional and the zonal mode we make use of respectively the
NTA SST index, defined as the SST anomaly averaged over
55°W-20°W and 5°N-25°N, and the ATL3 SST index, de-
fined as the SST anomaly averaged over 20°W-0°W and 3°S-
3°N. These indices have been chosen such that each captures
the center of the SST anomaly associated with the respective
mode.

3.1.

Compared to the ERA-40 reanalysis [Uppala et al., 2005],
the averaged SST over the NTA region is generally too low
by 1-3 °C throughout the seasons. The location of the ITCZ,
as computed from the condition of zero meridional wind
stress, is offset towards the south in most models (see also
Biasutti et al. [2006]). The offset is particularly large for
ECHAM5/MPI-OM and CNRM-CM3 in boreal winter and
spring, while it is small for UKMO-HadCM3 (cf. white lines
in figures 2.a~d). In all models the SST over the ATL3 region
in the eastern equatorial Atlantic appears too high in JJA,
while over the western equatorial Atlantic (west of 30°W)
the SST is too low in this season. As a result of this, in most
models the equatorial zonal SST gradient in JJA is directed
west-east instead of east-west [Davey et al., 2002]. These
model biases in the mean state affect the development and
structure of the meridional and the zonal mode [Xie and
Carton, 2004].

Mean state in current climate

3.2. SST variability in current climate

All models simulate a meridional and a zonal mode in
the tropical Atlantic. However, characteristics such as sea-
sonality and amplitude, deviate from observations. Figure
1.a shows the variances of the NTA SST and ATL3 SST in-
dices for respectively MAM and JJA (CC). The variance of
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Table 1. Coupled ocean-atmosphere models considered in this study. Ocean resolution is given along the equator.

Model Run nr. (CC,FC) Resolution atmosphere Resolution ocean Reference

CCSM3 6,5 T85L26 1.125° x 0.27° L40 Collins et al. [2005]
CNRM-CM3 1,1 T63L45 2° x 0.5° L31 Salas-Mélia et al. [2005]
CSIRO-Mk3.0 2,1 T63L18 1.875° x 0.84° L31 Gordon et al. [2002]
ECHAMS5/MPI-OM 1,1 T63L31 1.5° x 1.5° L40 Jungclaus et al. [2005]
GFDL-CM2.0 1,1 2.5° x 2° L24 1° x 1/3° L50 Delworth et al. [2006]
GFDL-CM2.1 1,1 2.5° x 2° L24 1° x 1/3° L50 Delworth et al. [2006]
MIROC3.2(medres) 2,1 T42L20 1.4° x 0.5° L43 Hasumi and Emori [2004]
UKMO-HadCM3 2,1 3.75° x 2.5° L19 1.25° x 1.25° L20 Gordon et al. [2000]
UKMO-HadGEM1 1,1 1.875° x 1.25° L38 1° x 1/3° L40 Johns et al. [2006]

the MAM NTA SST index is underpredicted by most mod-
els. Large differences among the models are found for the
variance of the ATL3 SST index. For many models it dis-
plays a wrong seasonal cycle, with the maximum value in
DJF (CNRM-CM3) or SON (ECHAM5-MPI/OM, CCSM3,
UKMO-HadCM3) instead of JJA. Of the models that do
have a maximum in JJA, the GFDL models strongly over-
predict the variance, while it is strongly underpredicted by
MIROC3.2(medres). Because the zonal mode is poorly sim-
ulated by all models, we restrict ourselves to analysis of the
meridional mode in the rest of this paper.

The structure of the meridional mode in April is depicted
in figure 2 for ERA-40 and for three characteristic models.
Compared to ERA-40, the positive SST anomaly over the
NTA region extends typically too far towards the equatorial
and south Atlantic. A majority of the models shows too
strong wind anomalies north of ~10°N in April, the result
of a too long persistence of wintertime trade wind anoma-
lies. The models with a wrong location of the climatological
ITCZ, such as CNRM-CM3 and ECHAM5-MPI/OM (figure
2.d), typically underpredict the strength of the C-shaped
surface wind pattern in the western equatorial Atlantic.
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Figure 1. Variances of the NTA SST index for MAM
(left bars) and the ATL3 SST index for JJA (right bars).
Errorbars depict the standard deviation of the variance
estimator [Von Storch and Zwiers, 2001, p. 84]. (a) CC.
Dashed lines represent the values for ERA-40. (b) Dif-
ference FC - CC. Letters 'Y’ and 'N’ indicate whether
changes are significant or not, based on a two-tailed F-
test at the 10 % significance level [ Von Storch and Zwiers,
2001, p. 119].

Figure 2. Regressions of anomalous SST (gray colors
and black contours, in °C) and wind stress (vectors, in
N/m?) in April onto the MAM NTA SST index, along
with the location of the climatological ITCZ (white line).

(a) ERA-40. (b) UKMO-HadCM3 (CC). (c) GFDL-
CM2.0 (CC). (d) ECHAM5-MPI/OM (CC).

3.3. Mechanisms of meridional mode

To investigate the mechanisms of the meridional mode in
current climate in more detail, we examine its development
in figure 3. In ERA-40 (figure 3.a), trade wind anomalies
emerge north of ~10°N in January and last till April. As a
result of reduction in wind-induced latent cooling, positive
SST anomalies start to grow. These SST anomalies trigger a
positive WES feedback further to the south. Consequently,
SST anomalies also develop in the deep tropics (south of
~10°N), accompanied by predominantly northward wind
anomalies. In boreal summer and fall the anomalies vanish
again, because the trade wind anomalies have vanished and
the WES feedback has become negative due to migration of
the ITCZ towards the north of the deep tropics [Breugem et
al., 2006].

In agreement with ERA-40, also in UKMO-HadGEM1
the SST anomalies north of ~10°N originate from a reduc-
tion in wind-induced latent cooling in boreal winter till mid-
dle of spring (figure 3.b). This behavior for the subtropical
part of the meridional mode is seen for all models, although
with differences in strength and persistence of the trade
wind anomalies. However, different from ERA-40, UKMO-
HadGEM1 shows negative SST anomalies at the equator in
both the fall preceding and the fall following the appear-
ance of trade wind anomalies in winter. These negative SST
anomalies are caused by anomalous upwelling related to the
divergence of the anomalous wind stress field. It is associ-
ated with a zonal mode that extends all the way towards



BREUGEM ET AL.:

Figure 3. Time-latitude map of lagged regressions of
monthly SST (gray colors and black contours, in °C) and
wind stress (vectors, in N/m?) anomalies onto the nor-
malized MAM NTA SST index (dashed rectangle), along
with the position of the climatological ITCZ (white line).
The anomalies have been zonally averaged over the At-
lantic from 55-20°W prior to regression. (a) ERA-40. (b)
UKMO-HadGEM1, CC.

the western boundary of the equatorial Atlantic. This trig-
gers a positive WES feedback, which maintains or may even
reinforce the equatorial wind divergence and which causes
growth of positive SST anomalies in the deep tropics north
of the ITCZ. We will refer to this as the Tropically excited
WES (TWES) feedback, to distinguish it from the Subtrop-
ically excited WES (SWES) feedback in ERA-40, which is
triggered by the appearance of positive SST anomalies north
of ~10°N and therefore does not become active earlier than
January. The difference between the TWES and the SWES
feedback may explain why the largest SST anomaly is lo-
cated at ~5°N instead of ~15°N for ERA-40.

The interaction between the meridional mode and the
fall zonal mode seen for UKMO-HadGEM1 is character-
istic for many other models, although usually less strong.
Many models show upwelling in the western equatorial At-
lantic in fall preceding and/or following the presence of a
meridional mode in boreal spring. This triggers a TWES
feedback in fall, which causes growth of SST anomalies in
the deep tropics independent from the SWES feedback ini-
tiated in winter. Furthermore, it is responsible for a de-
coupling between deep and subtropical SST anomalies and
a too weak SWES feedback. This is quantified in figure 4,
which depicts the strength of the interaction between the
zonal and the meridional mode against the strength of the
SWES feedback. ERA-40 exhibits no mode interaction and
a strong SWES feedback, while the majority of the mod-
els show mode interaction and a too weak SWES feedback.
Furthermore, ERA-40 has a negligible TWES feedback (-
0.1), as computed from the zero lag correlation between
SST and meridional wind stress anomalies averaged over
55-20°W and respectively 3°S-3°N and 0-10°N. Contrary to
this, all models overpredict the strength of the TWES feed-
back, notably UKMO-HadGEM1 and CNRM-CM3 (both
-0.46).

MULTI-MODEL STUDY OF TAV AND CHANGE

3.4. Changes for future climate

Relative to CC, in FC the multi-model annual mean SST
over the NTA region has increased by 3.1 °C till a value of
27.4 + 1.2 °C. Over the same region the magnitude of the
annual mean total wind stress decreases in almost all mod-
els. The multi-model mean of the total wind stress drops by
4-1073 till a value of 7.5:1072 4 4-107% N/m?.

Over the ATL3 region the multi-model annual mean SST
has increased by 3.2 °C till a value of 30.0 + 0.7 °C. Over
the same region, the magnitude of the annual mean total
wind stress decreases for most models.

The position of the climatological ITCZ changes little for
most models. Biggest changes are found for the CSIRO-
Mk3.0 and UKMO-HadCM3, which display a northward
shift of the ITCZ by a few degrees in boreal winter and
spring. Qualitatively similar changes were found in an ear-
lier study [Breugem et al., 2006], where we suggested that
this shift causes a weakening of the SWES feedback. The
latter is, however, only found for UKMO-HadCM3, not
for CSIRO-MKk3.0, possibly because in CSIRO-Mk3.0 ocean
heat transport plays a too dominant role in the deep tropical
Atlantic.

Changes in the variances of the MAM NTA SST and JJA
ATL3 SST indices are shown in figure 1.b for each model.
For both indices roughly half of the models shows significant
changes, but there is no consistency between the models and
changes in the multi-model mean variances appear also neg-
ligible. Taking into account that for current climate condi-
tions UKMO-HadCM3 and GFDL-CM2.0 seem to simulate
the meridional mode best of all models (see e.g. figures 1.a,
2 and 4), we speculate that the meridional mode tends to
weaken in future (figure 1.b). Because the zonal mode is
poorly simulated by all models, changes in the strength of
the zonal mode are difficult to assess.

4. Conclusions

Compared to ERA-40, the models analyzed in this study
suffer from a number of biases in simulating the current trop-
ical Atlantic climate and climate variability. In general, the
ITCZ is located too far to the south, the NTA SST is too

'—

»n 0.8 :

n lag=-1 @
2 N lag= 0 [
< 04f 57 ]
2 23 ©

o s OS¢ = g
< L ? mv o 8@ 3 Q Té ]
= 0 — s — o [§) s = (1T}
z % o o hY I3 Q

c s®L 3 = o of

il = n:wl (e} [a) EI o
T 04}t =T z%¥3 & £ = LS
° 5 6 o 9 © 2 Q06
5 i c ° 5 O3
o DI
o ‘ ‘ ‘ ‘ ‘
808 01 02 03 04 05 06

correlation Ty and SST

Figure 4. Mode interaction and SWES feedback in CC.
Along vertical: lag correlations between MAM NTA SST
index and SON ATL3 SST index with SON preceding
MAM for lag = -1 and following MAM for lag = 0. Along
horizontal: zero lag correlation between meridional wind
stress and SST anomalies, which prior to the correlation
were averaged over the Atlantic from 55-20°W and re-
spectively 3°S-3°N and 5-15°N.
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low all year round, and the ATL3 SST is too high in JJA,
the upwelling season for the eastern equatorial Atlantic. It
is no surprise that also large model biases are found for
the climate variability modes, because the development and
structure of these modes depend on the mean state and they
are generated by mechanisms that also determine the mean
state.

The zonal mode is poorly simulated by all models. The
majority of the models strongly underpredict its strength,
while the GFDL models strongly overpredict it. For a num-
ber of models it peaks in boreal fall or winter instead of
summer. Almost all models exhibit also a zonal mode in
boreal fall, in agreement with ERA-40, but in this season
the SST anomaly pattern extends erroneously towards the
western boundary of the Atlantic basin. The presence of
SST anomalies in the western equatorial Atlantic initiates a
positive TWES feedback, which in some models appears to
trigger the development of a meridional mode in the next
seasons.

The subtropical part of the meridional mode is reason-
ably well simulated by the models, and, in agreement with
ERA-40, is forced by anomalies in wind-induced latent cool-
ing. The simulation of the deep tropical part of the merid-
ional mode, however, suffers from the interaction with the
fall zonal mode and the associated TWES feedback. This
decouples the SST anomalies in the deep tropics from the
subtropics. The strength of the meridional mode in boreal
spring is underpredicted by most models.

No model consistency is found for changes in the strength
of the zonal and the meridional mode in future. The two
models that seem to simulate the meridional mode best of all
models, UKMO-HadCM3 and GFDL-CM2.0, show a weak-
ening of this mode. Further model development is needed
to improve the simulation of the equatorial Atlantic before
credible statements can be made on changes in the zonal
mode.
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