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Abstract. The atmospheric response to the evolution of
the global sea surface temperatures from 1979 to 1992
is studied using the Max-Planck-Institut 19 level atmos-
pheric general circulation model, ECHAM3 at T 42 re-
solution. Five separate 14-year integrations are per-
formed and results are presented for ecach individual
realization and for the ensemble-averaged response.
The results are compared to a 30-year control integra-
tion using a climate monthly mean state of the sea sur-
face temperatures and to analysis data. It is found that
the ECHAM3 model, by and large, does reproduce the
observed response pattern to El Nifio and La Nida.
During the El Niflo events, the subtropical jet streams
in both hemispheres are intensified and displaced
equatorward, and there is a tendency towards weak
upper easterlies over the equator. The Southern Oscil-
lation is a very stable feature of the integrations and is
accurately reproduced in all experiments. The inter-an-
nual variability at middle- and high-latitudes, on the
other hand, is strongly dominated by chaotic dynamics,
and the tropical SST forcing only modulates the atmos-
pheric circulation. The potential predictability of the
model is investigated for six different regions. Signal to
noise ratio is large in most parts of the tropical belt, of
medium strength in the western hemisphere and gener-
ally small over the European area. The ENSO signal is
most pronounced during the boreal spring. A particu-
larly strong signal in the precipitation field in the extra-
tropics during spring can be found over the southern
United States. Western Canada is normally warmer
during the warm ENSO phase, while northern Europe
is warmer than normal during the ENSO cold phase.
The reason is advection of warm air due to a more in-
tense Pacific Jow than normal during the warm ENSO
phase and a more intense Icelandic low than normal
during the cold ENSO phase, respectively.

Correspondence to: L. Bengtsson

1 Introduction

Knowledge of the atmospheric response to the El Nifio
phenomenon has gradually evolved during the last de-
cade or so, although the phenomenon as such, the
Southern Oscillation, was first reported as early as in
the end of the last century (Hildebrandsson 1897).
However, the Southern Oscillation has mainly been at-
tributed to Sir Gilbert Walker who studied the phe-
nomenon extensively in the 1920s and 1930s and gave
it its present name (Walker 1924, 1925, 1928). The im-
portant relationship between the Southern Oscillation
and the sea surface variations in the tropical Pacific
was not discovered until the 1960s in studies by Ichiye
and Petersen (1963), Berlage (1966) and Doberitz
(1968). For a more in-depth background, the reader is
referred to the excellent monograph by Philander
(1989).

The Southern Oscillation is normally expressed as
the correlation of the sea surface pressure between
Darwin and Tahiti, while the typical structure, as can
be seen from Fig. 1, taken from Trenberth and Shea
(1987), shows a very large-scale correlation pattern. It
suggests that the atmospheric impact of the sea surface
temperature anomalies (SSTs) in the tropical Pacific
are global in domain.

A general review of the anticipated climate impact
of ENSO can be found in Glanz et al. (1991). Ropel-
ewski and Halpert (1987) show anomalies in tempera-
ture and precipitation during the boreal winter, for epi-
sodes of warm SSTs anomalies in the tropical Pacific.
They reinforce the impression of a worldwide effect on
the weather systems.

It must be pointed out, though, that a causative rela-
tionship between a particular SST forcing and a cli-
mate response cannot be determined from empirical
alone. The observed features could be concurrent by
chance, or be due to other forcing factors. A series of
numerical experimentations, differing only in their ini-
tial conditions, and systematically compared with ex-
periments without the actual SST anomalies, can pro-
vide an important support for the empirical findings.
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Furthermore, such experiments can provide useful in-
sight into the fundamental physical processes at work,
and set an upper bound for the predictability of the
phenomena.

Several numerical response studies to evaluate the
overall effect of SST anomalies have been undertaken
over the last ten years, e.g. Lau (1985), Kang and Lau
(1987), which have demonstrated clearly the signifi-
cance of tropical SST anomalies for the atmospheric
tropical variability. The typical relationship between
the surface pressure of Darwin and Easter Island rep-
resenting the Southern Oscillation for the period 1962-
1976 was well reproduced in the study by Lau (1985).
At the same-time it was found that SST anomalies did
not contribute in any significant way to the middle-
and high-latitude variance, although a contribution to
the Pacific-North Atlantic, PNA pattern by some 20%
was noticeable.

In view of the success in predicting the SST anomal-
ies related to El Nifio in recent years (e.g. Cane 1992),
efforts are under way to develop comprehensive cou-
pled ocean-atmosphere forecasting systems. Alterna-
tively, special hybrid systems are also under evalua-
tion. Here the SST pattern is calculated independently
by a simplified coupled anomaly model. The time evo-
lution of the SST anomaly pattern produced in this
way is then added to the climatological SST pattern,
which in turn is used to drive an atmospheric GCM.
This approach has been successively tested and report-
ed by Bengtsson et al. (1993) and Barnett et al. (1994).

An obvious issue to explore in the context of an op-
erational implementation of an ENSO-type forecasting
system is to address the following basic questions:

1. What is the atmospheric response to a given SST
anomaly?

2. How does the response depend on the geographic
position of the anomaly?

3. How stable is the atmospheric response (signal/
noise) to ENSO and what is the geographical distribu-
tion of the signal/noise pattern?

4. How does the stability of the signal depend on the
phase of ENSO?

5. How does the strength and the stability of the
ENSO signal depend on the season?

6. What modelling strategy would be reasonable to
pursue for routine ENSO prediction?

The final answer to these questions must naturally
await a proper operational evaluation, in order to be
determined adequately. However, a tentative answer
could be obtained by numerical experimentation along
similar lines as has been done previously, e.g. by Lau
(1985), more recently by Hoerling et al. (1992), and
Ponater et al. (1994). We will undertake such a study
with a present state-of-the-art model and integrated
with higher horizontal and vertical resolution than be-
fore. An ensemble of five cases will be considered.

The study was done in the following way. A 14-year
SST dataset from 1979 through 1992 was used. For the
period 19791988, the AMIP data set was used (Gates
1992), thereafter SST data from NMC/CAC (Reynolds
1988). Five 14-year climate simulation calculations
were carried out with the MPI ECHAM3 model,
Roeckner et al. (1992), all starting from different at-
mospheric initial states.

We believe that it is important to undertake evalua-
tion studies of this type from time to time, as new and
more realistic models become available. Cubasch
(1985), and Hoerling et al. (1992), have suggested that
the atmospheric response to SST anomalies is strongly
model dependent, in particular with respect to the han-
dling of the parameterization of deep convection, ra-
diation and boundary layer processes. Palmer and
Mansfield (1986), found such dependence also on the
handling of sub-grid scale orography.

The period 1979-1992 is a suitable test period, since
it incorporates three fully developed El Nifio (warm
phase) and three La Nifia (cold phase) of which the
1988/89 event was the strongest one. We will estimate
an upper bound on predictive skill in selected areas
and for different parts of the year, by evaluating the
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internal variability, expressed by the differences be-
tween the five realizations, and the mean seasonal var-
iance. We will further try to combine the three warm
and the three cold events, respectively, into a coherent
picture of a characteristic global response pattern and
its associated predictive stability. As far as possible we
try to compare the model results with observational
data. To validate the free atmosphere we use ECMWF
analysis data which consist of re-analysis data for the
period 1979-1984 and of operational analysis thereaft-
er to 1993. To validate precipitation we use monthly
mean analysis data from Schemm et al. (1992), Rudolf
et al. (1992), and Janowiak and Arkin (1991); the form-
er two are based on operational ground observations
and the latter one is based on infra-red radiation ob-
servations from satellites.

The study is organized as follows. In Sect. 2, we pro-
vide a short summary of the ECHAM3 model with the
emphasis on processes which we believe are of rele-
vance to ENSO prediction, and in Sect. 3 we describe
the design of the experiment. In Sect. 4 we discuss the
general atmosperic response pattern to SST anomalies,
and in Sect. 5 we assess the regional potential predicta-
bility for different seasons and during the different
phases of ENSO.

2 Description of the model

The present study has been undertaken with the
ECHAM3 model (Roeckner et al., 1992). ECHAMS3 is
the third generation GCM used for global climate
modelling investigations in Germany. It is a spectral
transform model with triangular truncation. It has
evolved from the medium-range forecasting model
used at ECMWEF, but significantly modified to make it
suitable for climate prediction. This investigation has
been undertaken with a medium resolution version of
the model at wave number T42. The main aspects of
ECHAM3 are summarized in Table 1.

The parametrization of sub-grid scale processes is
formulated in a simplified parametric form, partly be-
cause of insufficient detailed knowledge (e.g. the tur-
bulent transfer and cloud micro-physics), and partly
because a more accurate treatment would exceed pres-
ently available computer resources (e.g. the computa-
tion of radiative transfer). The radiation scheme uses a
broad-band formulation of the radiative transfer equa-
tions with six spectral intervals in the infrared and four
intervals in the solar part of the spectrum (Hense et al.
1982; Rockel et al. 1991). Gaseous absorption due to
water vapour, carbon dioxide and ozone are taken into
account as well as scattering and absorption due to
aerosols and clouds. The cloud optical properties are
parametrized in terms of cloud water content, which is
an explicit variable of the model.

The vertical turbulent transfer of momentum, heat,
water vapour and cloud water is based upon Monin-
Obukhov similarity theory for the surface layer and the
eddy diffusivity approach above the surface layer, as in
the original ECMWF model (Louis 1979). The drag

Table 1. The ECHAMS3 model

The ECHAM?34 model

4 D, Tw, g, In {ps), m (cloud wa-
ter)

Forecast variables

Hybrid coordinate system (o—p
with increasing height), 19 levels
(highest level 10 hPa)

Spectral, with triangular truncation
at wave number 42. Non-linear and
diabatic terms are calculated on a
Gaussian grid (2.8 lat/long)

Vertical representation

Horizontal representation

Semi-implicit. Leapfrog with time
filter (Asselin 1972)

Time integration

At=24 min
Orography mean
Radiation Two stream approximation. Absor-

bers are CO,, Os, aerosols (pre-
scribed) and water vapour, cloud
water content (predicted). 4 solar
and 6 terrestrial intervals. Annual
and daily cycle (Hense et al. 1982;
Rockel et al. 1991)

Climatological, but dependent on
snow

Surface albedo

Horizontal diffusion Scale dependent (Laursen and

Eliasen 1989)

At the surface: similarity principle
corrections for weak winds (Miller
et al. 1992)

Ekman layer and free atmosphere:
dependent on Richardson number
modified by moisture (Brinkop
1992)

Gravity wave drag (Miller et al.
1989)

Mass flux scheme (Tiedtke 1989)

Prognostic equation for cloud water
(Roeckner et al. 1991)

5-level heat diffusion scheme, one
layer infiltration/runoff scheme
(Diimenil and Todini 1992)

Climatology, averaged 1979-1988,
or 1979-1988 AMIP SST and 1989-
1992 (Reynolds 1988)

Vertical diffusion

Mountain drag

Convection

Cloud and precipitation

Surface processes

Sea surface temperature

and heat transfer coefficients depend on roughness
length and Richardson number, and the eddy diffusion
coefficients depend on wind stress, mixing length and
Richardson number, which has been reformulated in
terms of cloud-conservative variables (Brinkop 1991,
1992).

The effect of orographically excited gravity waves
on the momentum budget is parametrized on the basis
of linear theory and dimensional considerations (Palm-
er et al. 1986; Miller et al. 1989). The vertical structure
of the momentum flux induced by the gravity waves is
calculated from a local Richardson number, which de-
scribes the onset of turbulence due to convective insta-
bility and the breakdown approaching a critical level.



264 Bengtsson et al.: Climate predictability experiments with a general circulation model

The parametrization of cumulus convection is based
on the concept of mass flux and comprises the effect of
deep, shallow and mid-level convection on the budget
of heat, water vapour and momentum (Tiedtke 1989).
Cumulus clouds are represented by a bulk model in-
cluding the effect of entrainment and detrainment on
the updraft and downdraft convective mass fluxes.
Mixing due to shallow stratocumulus convection is
considered as a vertical diffusion process with the eddy
diffusion coefficients depending on the cloud water
content, cloud fraction and the gradient of relative hu-
midity at the top of the cloud.

Stratiform clouds are predicted per se in accordance
with a cloud water equation including sources and
sinks due to condensation/evaporation and precipita-
tion formation both by coalescence of cloud droplets
and sedimentation of ice crystals (Sundqvist 1978;
Roeckner et al. 1991). Sub-grid scale condensation and
cloud formation is taken into account by specifying ap-
propriate thresholds of relative humidity depending on
height and static stability.

The land surface model considers the budget of heat
and water in the soil, snow over land and the heat bud-
get of permanent land and sea ice (Diimenil and Tod-
ini 1992). The heat transfer equation is solved in a five-
layer model assuming vanishing heat flux at the bot-
tom. Vegetation effects such as interception of rain and
snow in the canopy and the stomatal control of evapo-
transpiration are grossly simplified. For a more exten-
sive report, reference is made to Roeckner et al
(1992), Arpe et al. (1994a), May and Bengtsson (1994)
and Bengtsson (1994b).

3 The design of the experiment

The purpose of the experiment was to evaluate the
long term atmospheric response to prescribed SST
anomaly patterns over the period 1979-1992 by carry-
ing out a series of simulations with the same atmos-
pheric model but starting from different atmospheric
initial states.

The ECHAM3 model was essentially finalized in
late 1992 and has since then been extensively used in
different climate experiments. Together with a large
number of other modelling groups, the ECHAM3
model has also taken part in AMIP investigations
(Gates 1992). The model has mainly been used at low
and medium horizontal resolutions, T21 and T42, in
addition shorter integrations of 5 years duration have
been done at a T106 resolution (Bengtsson et al. 1994;
Arpe et al. 1994a). In this study we only address such
aspects of the performance of the model which are of
relevance here.

Five different integrations were carried out all using
different atmospheric initial states. The initial data
were all obtained from control runs with climatological
SST starting several months beforehand. The original
archive was generated with a time resolution of 12
hours; the majority of the investigations in this study

has been using a special archive of seasonally averaged
data.

The central objective of this study is to explore the
impact and importance of SST anomalies on the low
frequency circulation of the atmosphere. For intercom-
parison, we have also undertaken a series of 30 year
control integrations, using instead a climate monthly
mean state of the sea surface temperature. The SSTs in
the control experiments are averages for the years
1979-1988.

4 The general atmospheric response pattern to SST
anomalies

It is hardly possible to identify the causes of the ob-
served variability by empirical studies only. This would
only be possible if, for example, we had a situation
where the SST patterns repeated themselves in a regu-
lar manner over a suitable period of time. However,
this is not case, and even a well-described phenomenon
like El Nifio differs quite a lot both in amplitude and in
structure from one time to another, e.g. Berlage
(1957). Furthermore, other ocean regions may have
SST anomalies which do not coincide with El Nifio and
hence every situation is a new one. A deeper under-
standing as to the possible effect of SST anomalies on
the circulation of the atmosphere and thus of climate
variations can be arrived at by means of systematic nu-
merical experimentation, incorporating the global SST
pattern.

As we will see, the problem of identifying the effect
of SST on climate fluctuations is particularly difficult at
middle- and high-latitudes, where the dynamical insta-
bility of the westerlies contributes to a very complex,
chaotic circulation. The causes of a particular flow con-
figuration are in many ways virtually meaningless to
try to identify, since a particular pattern can be gener-
ated by a multitude of different forcing mechanisms.
Our science has regrettably been beset by fruitless at-
tempts to “explain” a particular circulation pattern and
relate it to a specific and simple cause!

Figure 2 shows the interannual variability of season-
al mean 500 hPa geopotential heighs during the boreal
winter for the simulations using climatological SST and
observed SST, respectively, as well as for analysis data.
The variance at middle- and high-latitudes is essential-
ly the same in all three panels, while in the tropics the
variance for the simulations using climatological SST is
essentially halved. The variance of other basic parame-
ters, such as surface pressure and vorticity and temper-
ature throughout the troposphere, show a similar pic-
ture.

The difference in the response to boundary forcing
at Jow and high latitudes can effectively be illustrated
by Fig. 3, which shows the variation of the 700 hPa
temperature (anomalies) with longitude for two latitu-
dinal belts, 40°~50°N and 10°S—-10°N for the five simu-
lations for the winter 1982/83 at the peak of the ex-
traordinary 1982/83 El Nifio. As can be seen, there are
considerable variations between the different members
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of the ensemble in the extra-tropics, representing quite
different weather conditions, in particular over western
Europe. Over the western United States all realiza-
tions show a trend towards positive anomalies. For the
tropics only very small deviations from the ensemble
means at all longitude are found. An increase of mid-
tropospheric temperatures during El Nifio in the trop-
ics is obvious, especially over the Pacific as might be
expected but also over Africa. This demonstrates the
quasi-linear response to the boundary conditions in the
tropics as well a complex chaotic behaviour in middle-
and higher latitudes.

Figure 4 depicts the variation of the zonal wind in a
latitude-time diagram averaged for the band 125°-
100°W during MAM (March — April - May). We have
chosen the season MAM because it gives the clearest
signal as already found by Brankovic et al. (1994). The
mean of the five simulations is compared with the anal-
ysis data. The single simulations are very similar to
their mean which is demonstrated in Fig. 5 for 1983

Fig. 2. RMS variability of the
boreal winter mean 500 hPa
geopotential. Upper panel
shows the simulation based on
climatological SST, middle pan-
el the simulation based on ob-
served SST and the lower panel
the analysis data. Units in deca-
metres

and 1988, so this response is apparently a stable feature
of the model as well as of the real atmosphere. During
the El Nifio events, the subtropical jet stream in the
Northern Hemisphere is intensified, and the westerlies
over the equator are weakened, even turning to easter-
lies. Simulations and analyses show similar anomalies.
A strengthening of the Hadley circulation can be infer-
red. A similar tendency occurs also during the boreal
winter but then the effect is mainly confined to the
Northern Hemisphere. According to Philander (1989),
and in agreement with our findings here, this is actually
what is observed in a mature El Nifio event. During La
Nifia events there is a weakening of the subtropical jet
stream in the Northern Hemisphere and a strengthen-
ing of the westerlies at the equator. The simulations
show also an unrealistic northward shift of the subtro-
pical jet. During La Nifia events the simulations agree
less well with observations than during El Nifio events.
The Southern Hemisphere jet shows a strong change in
position between cold and warm events, which is very
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Fig. 3. Five different realizations of the anomalies of the 700 hPa
temperature between 40° and 50°N (upper panel) and between
10°S and 10°N (lower panel) for DJF 1982/83. All simulations are
based on observed SST data, but from different atmospheric ini-
tial states

clear in the simulation and indicated as well in the
analysis.

We next address the questions whether certain as-
pects of the circulation, such as the frequency of block-
ing, may be more common under certain SST patterns
than in others, whether there will be certain changes in
the storm tracks, or whether certain Grosswetterlagen
will dominate under one set of SST pattern and not in
another. A detailed evaluation of the experiments with
ECHAM3, e.g. May and Bengtsson (1994), shows that
it is very difficult indeed to find any such simple re-
sponse pattern, and that the frequency of blocking is

100-125W model

T T T T T T T T

U 200m/s
- N W
? 1.1

Latitude

Fig. 5. The 200 hPa zonal wind between 125°W and 100°W dur-
ing the boreal spring. 7op, individual simulations for the 1983
warm event (solid lines) and for the 1988 cold event (dashed
lines); bottom, the same but for analysis data
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Fig. 4. The 200 hPa zonal wind averaged in the band 125° to
100°W during the boreal spring. upper panel, mean of five simu-

lations; lower panel, analysis. Westerly winds stronger than

30 m s ~! are heavily shaded and winds weaker than 5ms™" are

lightly shaded. The peaks of the El Nifio events are marked

virtually the same in two sets of runs (climate SST or
observed SST), suggesting that atmospheric blocking is
independent of SST anomalies.

We study this question by comparing two sets of
one point correlation maps for the mean sea level pres-
sure using the reference “point” (40°—-45°N; 165°-
175°W) to represent the Aleutian centre of action, and
the “point” (55°-60°N; 35°-45°W) for the Icelandic
centre of action. Figure 6 shows the correlation pat-
terns for these two centres of action for DJF (Decem-
ber — January — February) in the analysis data and in
the experiment with observed SST (5-14 years) and cli-
mate SST (30 years) respectively. The patterns for the
same centre of action are remarkably similar. The
characteristic negative correlation between the two
centres of action is also easily seen, confirming the em-
pirical finding of the alternating intensity between the
Icelandic and Aleutian low.
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Fig. 6. Correlation of mean sea
level pressure during winter be-
tween the North Pacific centre
of action (40° to 45°N; 165° to
175°W) and the North Atlantic
centre of action (55° to 60°N;
35° to 45°W). Upper panels,
analysis; middle panels, simula-
tions based on observed SST;
and lower panels, based on cli-
matological SST

We have also calculated the corresponding correla-
tion maps for precipitation and for surface tempera-
ture. They are consistent with the pressure anomaly,
showing for example a negative correlation between
the Icelandic pressure and the temperature over West-
ern Europe. From these correlation maps we conclude
that these patterns represent an atmospheric mode
which is not dependent on variable SST.

However, when looking into time series of seasonal

averaged surface pressure of the Aleutian centre of ac-
tion (40°-45°N; 165°-175°W) in Fig. 7, there is a strong
signal from the ENSO events in the simulations with
observed SST as well as in the analysis data. There are
low Pacific values in the warm cases and high values
during the cold cases. The variation in the Atlantic
(Fig. 8) is reversed. We have inspected other seasons
as well; the spring signal is very marked in the Pacific
with hardly any variability for the warm events, while
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Fig. 7. Variation of mean sea level pressure over the North Pa-
cific centre of action for the period 1979-1992. Top: Spring. Bot-
tom: Winter. Note the modulation of the mean sea level pressure
caused by the ENSO signal
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5 Assessment of regional predictability

There is an indication that the SST anomaly has a typ-
ical eastward progression, and a periodic response of
about 4 years could in fact be analyzed (M. Giorgetta,
personal communication). Of particular interest is a
study by Delecluse et al. (1994), whereby a mechanism
for the propagation of the Pacific SST anomaly into
the tropical Atlantic Ocean by means of a coupled
ocean-atmosphere mode was suggested. A propagation
into the Indian Ocean can in principle take place by
means of a similar, ENSO induced, mechanism (Vill-
wock 1994).

Figure 9 shows the composite El Nifio and La Nifla
pattern during the period 1979-1992, as well as the
temperature variability in the NINO 3 area during
MAM of that period. Three warm and three cold
events took place during the period, making it one of
the most pronounced and regular series of events this
century.

The usual way of presenting its atmospheric compo-
nent, the Southern Oscillation, is to calculate the corre-
lation of the annual mean sea level pressure with the
pressure at Darwin. This has been done in Fig. 10,
where we have brought together results using ECMWF
analysis and simulations with observed and climatolog-
ical SST. The empirical result from Trenberth and
Shea (1987) shown in Fig. 1 agree very well with both

N.Atlantic — mean —5exp ---~ANA
1016 — e —
F10121 i
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— - L
21004+ -
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Fig. 8. The same as Fig. 7, but for the North Atlantic

in the Atlantic the variability is quite high. The ampli-
tude of the ENSO signal is about twice as high in the
Pacific centre of action as in the Atlantic one.

Similar time series from the simulations using clima-
tological SST show variations of similar amplitudes as
in Fig. 7 and 8. The variability of the mean sea level
pressure in the extra-tropics is therefore barely af-
fected by SST anomalies in its amplitude, the SST be-
ing important only for the timing of anomalies.

1
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Fig. 9. The composite El Nifio and La Nifia anomaly patterns
(°C) and the associated temperature changes in the NINO3 area
during MAM for the period 1979-1992
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Fig. 10a—c. Southern Oscillation
as calculated from a analysis; b
simulated from the observed
SST run and ¢ simulated by the
climate SST run. Correlations
exceed 0.4 in the lightly shaded
regions and are less than —0.4
in the heavily shaded regions

the maps using analysis and using simulations with ob-
served SST. In fact the map by Trenberth and Shea
(1987) agrees more with the model results than with
the map from ECMWEF analyses, suggesting that a 15-
year ensemble may be too short for gaining a stable
result. The calculations from the 30-year control ex-
periment with climatological SST gives a completely
different pattern, suggesting that the Southern Oscilla-
tion is forced by the SST. We have also explored the
stability of the Southern Oscillation signal by compar-
ing the Southern Oscillation correlation pattern from
cach of the five 14-year integrations. Although there
are some minor differences at high latitudes, the pat-
terns are virtually identical in the tropics. These results
reinforce previous results (e.g. Lau 1985) and stresses
the high reproducibility of the Southern Oscillation.
For each specific season we have correlated the
SST, averaged for the NINO3 area, with different pri-
mary meteorological parameters such as mean sea lev-
el pressure, 500 hPa geopotential, 850 hPa tempera-
ture, precipitation and where available, snow depth. In
addition we have also calculated the global SST corre-

lation (not shown). We present here the correlation
maps for the boreal winter and spring respectively.

Figure 11a shows the correlation field with mean
sea level pressure for the boreal winter. A negative
correfation pattern with values below —0.5 covers the
major part of the eastern Pacific with one branch
stretching into the Gulf of Mexico, while a positive cor-
relation pattern with values higher than +0.5 covers
the remaining part of the tropics almost completely.
The highest positive correlation occurs over Indonesia
and the south Atlantic Ocean west of Namibia. At
high-latitudes the correlation is weaker, but values
above +0.5 occur over the Labrador Sea. In many re-
spects Fig. 11a resembles Fig.10b, stressing again the
linkage between the Southern Oscillation and tropical
Pacific SST.

The 500 hPa geopotential pattern (Fig. 11b) extends
over the whole tropical belt, with positive values above
+0.7 essentially everywhere between 25°S and 15°N.
High negative correlations occur in a band poleward,
with values below —0.5 over parts of the western hem-
isphere. Further northwards there is another band of
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Fig. 11a-d. Correlation of the
NINO3 SST with different me-
teorological parameters during
boreal winter. a mean sea level
pressure; b 500 hPa geopoten-
tial; ¢ 850 hPa temperature and
d precipitation

high positive correlation. Values above +0.5 occur
over parts of central and eastern Canada. During El
Nifio, a pattern like this is expected to strengthen the
subtropical jet, particularly over the western hemis-
phere, and give it a more equatorward position. The
opposite will happen during a La Nifia event. This has
been shown already in Fig. 4.

The 850 hPa temperature (Fig. 11¢) is dominated by
the large positive correlation pattern over the major

part of the tropical Pacific. A positive correlation can
be found over western Canada and a weak negative
correlation over northern Europe. We return to these
areas in more detail later when we deal with the condi-
tions during fully developed warm and cold events.
Precipitation is a key meteorological parameter, and
changes in precipitation patterns during ENSO events
are of principal concern to society, in particular since
many dry and semi-dry areas are affected. The ENSO
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Fig. 12a~d. The same as Fig. 15,
but for the boreal spring

events affect in a major way the large-scale circulation
both in the equatorial plane and in the meridional
plane. Over the tropical Pacific there is a direct and
pronounced positive correlation of the SST anomaly,
while a negative correlation occurs essentially over the
major part of the tropical land areas, northern Brazil,
Southern Africa and parts of Indonesia and Australia.
The comparatively strong correlation over the south-
ern United States is particularly interesting and in

agreement with observational studies by Ropelewski
and Halpert (1987); the main cause is probably the
changes in the position and intensity of the tropical jet
in the area and hence increased cyclone activity in the
warm events, and decreased cyclonic activity in the
cold events.

Figure 12 shows the same results as Fig. 11, but for
the conditions during the boreal spring. The correla-
tion patterns are very similar and in fact even more
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Table 2. Areas where the simulations are specifically evaluated.
For further information see text

Area Latitude Longitude Land/
Ocean

NINO3 4N-4S 149W-90W O

NE. Brazil 10N-4S SOW-30W L

Indian Peninsula 21IN-10N 65E-90E L

N. Australia 21S8-158 115E-155E L

S. United States 41N-30N 104W-97W L

W. Canada 6IN-46N 135W-110W L

pronounced than for the boreal winter, in agreement
with findings by Brankovic et al. (1994). Also typical of
the spring pattern is the area of positive correlation for
precipitation over southwestern Asia with a centre
over Iran and Iraq and another area of high correlation
over Morocco and northern Algeria. Thus, indications
are strong that it is during the boreal spring that we
can expect to obtain the strongest ENSO signal. The
reason for this is probably a combination of high SST
amplitude during the boreal spring and a simulta-
neously existing meridional vorticity gradient which is
essential for the poleward propagation of the ENSO
signal.

A prerequisite for preditive skill is the ability to re-
produce a signal. We study this by systematically inves-
tigating the five individual experiments. Instead of go-
ing through a standard statistical calculation, we have
decided to evaluate the experiments in a more user-
oriented way. Furthermore, we will generally ignore
areas where the correlation is very small and simply
conclude that ENSO prediction is of limited value in
such regions. However, we will return to this issue lat-
er, when we study the potential predictability in situa-
tions of extreme SST conditions.

For a more in-depth discussion we have selected 6
different areas defined in Table 2 and shown in Fig. 13.
An example of an area with very high predictability of
the meteorological conditions is the NINO3 area itself.

180" W

Figure 14 shows the simulation of precipitation for
each season and for each of the five individual integra-
tions. The heavy line is the mean value. It is clearly
demonstrated that precipitation is directly coupled to
the SST anomaly. The huge SST anomaly in 1982/83
generates excessive precipitation in the area, while pre-
cipitation during the 1986/87 and the 1991/92 warm
events, for most seasons, is significantly smaller. The
remarkably high reproducibility of the precipitation
over the area is nevertheless reassuring and an indica-
tion of the very highly predictability of the atmospheric
parameters during the event. Also the great similarity
with analytical data give confidence that the precipita-
tion in this area is predictable.

We next discuss the ENSO response and predicta-
bility for three tropical regions: northeast Brazil, the
Indian subcontinent and northern Australia. For these
areas we concentrate on the predictability of precipita-
tion. Mean sea level pressure is an uninteresting pa-
rameter in the tropics and surface temperature varies
essentially in an opposite way to precipitation, since
low precipitation is associated with high temperatures
and vice versa. Over northeast Brazil (Fig. 15) the pre-
cipitation varies in the opposite way to that of the
NINOS3 area, and reaches a minimum during the warm
events and a maximum during the cold events. The sig-
nal is well reproduced for all seasoms, although the
model tends to underpredict the amounts of precipita-
tion in all seasons except winter. During the spring the
variations are small, in agreement with observations. A
minimum in MAM 1990 in all experiments and in the
analysis suggests that SST anomalies other than those
in the tropical Pacific are important as well for this
area.

The relationship between the ENSO and the Indian
Monsoon has been a key scientific issue since the early
papers by Walker (see also Rasmussen and Carpenter
1983 and Shukla and Mooley 1987). The general find-
ing is that there is a weak negative correlation between
a warm ENSO event and a strong monsoon and vice
versa in the case of a cold event. Figure 16 summarizes

90° N

90" N

30°S 120" E 180° W 120°W 60" W
@ =NINO3 € - N. Australia
= NE. Brazil @ = S. United States Fig. 13. Specially investigated
® = Indian Peninsula ® =W. Canada areas as described in Table 2
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Fig. 14. Variation of precipitation in the NINO3 area separately
for all four seasons. The thin curves indicate the individual ex-
periments and the heavy line the average. GPI estimates shown
by dotted lines are from Janowiak and Arkin (1991). El Nifo
events are marked

the precipitation for two seasons. During JJA the sig-
nal is rather weak and considerable variations exist be-
tween the five different cases. In this season the rela-
tion between the ENSO events and monsoon precipi-
tation is particularily weak in the simulations as well as
in the analyses. During SON the coherence between
the different simulations is much larger and also the
strong difference between 1987 and 1988 is realistically
simulated. Arpe et al. (1994b) have analyzed the In-
dian precipitation variations and their possible causes,
and have concluded that there are considerable chaotic
variations in the area, presumably caused by instability
features such as monsoon depressions. Other paramet-
ers like the mean surface pressure give a steadier signal
with maxima during warm events and minima during
cold events. From Fig. 16 an underprediction of preci-
pitation during JJA, can be recognized and the argu-
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Fig. 15. The same as Fig. 14, but for northeast Brazil. GPCP is
analysis by Rudolf et al. (1992) and Sche is analysis by Schemm et
al. (1992)

ment by Palmer et al. (1993) that a realistic mean pre-
cipitation amount is a requisite for simulating the right
interannual variability may be valid.

Precipitation over a large part of Australia reaches
a minimum during the warm events and a maximum
during the cold events (Ropelewski and Halpert 1987).
Figure 17 shows the precipitation over northern Aus-
tralia. Temperature and sea level pressure vary oppo-
sitely to precipitation. A clear signal like that found by
Ropelewski and Halpert (1987) can be found during
the austral autumn, at least in the simulations. During
the austral summer the simulations show great coher-
ence but the interannual variability is barely correlated
with ENSO events. The analysis are neither correlated
with the simulations nor with ENSO events.

At mid-latitudes we have selected the area “south-
ern United States”. The signal in this area is well pro-
nounced during winter and spring while during sum-
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Fig. 17. The same as Fig. 15, but for northern Australia for DJF
and MAM

mer and autumn only a very weak signal can be found.
Figure 18 shows precipitation and temperature for
winter and spring for southern United States. As indi-
cated, the spring signal is particularly strong with a
markedly higher precipitation during the warm events.
Temperature variations during spring are opposite to
the variations in precipitation, while in winter the var-
iations are less clear and the internal variability is very
high. There is a weak indication that the warm events
are associated with colder winters. It is interesting to
note that all five simulations indicate a very warm sum-
mer of 1988 (not shown).

At high-latitudes, the ENSO signal is generally
weak, particularly in the eastern hemisphere, but in
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Fig. 18. Variation of precipitation and temperature for winter and
spring for the southern United States. For further details see Fig.
15

some parameters, such as snow depth and probably sea
ice, there is a significant signal (e.g. Koslowski and
Loewe 1994) with respect to Baltic sea ice. We have
selected western Canada and the Scandinavian area for
evaluation.

Over western Canada a signal can be detected in all
basic parameters, indicating during winter spring mild-
er and dryer conditions during the warm events, and
the opposite during the cold events. However the most
distinct signal can be found in the snow depth as can be
seen in Fig. 19. The snow depth is less during the warm
events. The snow variability accumulates the variabili-
ties of precipitation and surface temperature.

In the Scandinavian region the climate conditions
are generally colder in winter and spring during the
warm events. However, the variability in the Scandi-
navian sector is larger than over western Canada. To
gain a clearer signal than with time series of area
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Fig. 19. Simulation of temperature ( °C) and snow depth (mm) for
western Canada for winter and spring. For further information
see Fig. 14

means, we show in Fig. 20 composite maps for Europe
of three warm and three cold events respectively, for
all five runs.

The effect on the circulation at higher latitudes is
less pronounced, but follows a general pattern which
we will discuss in terms of mean sea level pressure for
the Northern Hemisphere. During the warm events,
the Aleutian low is deeper than normal, leading to
generally warmer than normal conditions over north-
western United States and southwestern Canada dur-
ing the winter. The Icelandic low, on the other hand, is
weaker than normal and with a tendency for lower
than normal pressure over eastern Europe. Such a flow
pattern weakens the advection of mild Atlantic air-
masses over northern Europe during the winter, thus
favouring cold winters. The precipitation in winter
over central Europe is higher than normal, indicating
that stormtracks take a more southerly route as indi-

cated by the lower mean sea level pressure over Eu-
rope. It is interesting to note that the model results
(Fig. 20) are in good agreement with the empirical re-
sults analyzed by Fraedrich and Miiller (1992), al-
though their results are based upon ENSO events for
the last 100 years. Even if the results from the simula-
tions are statistically significant, this signal has a lim-
ited predictive value because of the small amplitude
compared to the interannual variability. We also can-
not reproduce this signal when using the 15 years of
ECMWEF analysis data, suggesting that a 15-year peri-
od is too short to give a stable signal.

We have also reviewed the relative importance of
the SST in the tropical Pacific versus SST in other
ocean basins. It has not been possible to undertake
control integrations covering the same length of time.
Only studies addressing this issue for shorter experi-
ments of 90 days have been reported by Diimenil et al.
(1994), Graham et al. (1994) and Lau and Nath (1994).
The relative effect from SST anomalies in the three
tropical oceans as well as the extra-tropical areas, sepa-
rately evaluated with respect to the differences in the
200 hPa velocity potential between 1987 and 1988, de-
monstrates convincingly that the SST anomalies in the
tropical Pacific almost completely dominate the atmos-
pheric response.

It may be relevant in this context to comment on
the importance of SST anomalies in the North Atlantic
and their influence on climate variations over Europe.
Empirical studies (e.g. Kushnir, 1993) have shown that
for interannual anomalies of a few years duration, the
atmospheric anomalies in the North Atlantic region
preceed the ocean anomalies. This can also be seen
from the fact that the heat flux in the North Atlantic in
winter is negatively correlated with the SST anomalies,
demonstrating that the atmosphere is cooling the
ocean. This is taking place through a combination of
strong surface winds and advection of cold Arctic air
masses. This mechanism was originally pointed out by
Bjerknes (1962) and has been high-lighted in recent
years by Pedersen et al. (1990).

The following sequence of events may be suggested.
A warm event intensifies the Aleutian low, which in
turn enhances the advection of mild maritime air over
western United States and Canada. An intense Aleu-
tian low acts as a stable attractor and is enhanced by
advection of cold polar air masses. A corresponding
weakening takes place for the Icelandic low, at least
partly due to the fact that the polar air masses required
for an active cyclone development are finding their
way to the Aleutian centre of action more often. Such
a configuration reduces the air-sea interaction in the
western North Atlantic, resulting in higher than nor-
mal SST. The reverse sequence of events happens in
case of a cold ENSO event, leading to an intense Ice-
landic low and colder than normal ocean temperatures
in the northwest Atlantic. This means that we may ex-
pect a positive correlation between low SST in the
western Atlantic and warmer than normal conditions
in Western Europe, both patterns being forced by a
stronger than normal Icelandic low.
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Fig. 20. Simulated temperature
at 850 hPa (left) and observed
surface temperature (right) for
the ENSO signal for the Euro-
pean area. Observations ac-

cording to Fraedrich and Miill-

Simulated

6 Conclusions

We have examined the ability of the ECHAM3 model
to simulate the atmospheric response to the SST forc-
ing in the 14-year period 1979-1992, that contains
three Fl Nifio and La Nifia events. The reproducibility
of the SST signal has been investigated by carrying out
five separate experiments, starting from different at-
mospheric initial states.

The low frequency tropical circulation is strongly
determined by the SST anomaly pattern, which contri-
butes to a major part of the tropical variance. The
model reproduces a Southern Oscillation pattern,
strongly resembling the observed one. During an El
Nifio event, the suptropical jet streams in both hemis-
pheres are intensified and weak upper tropospheric
casterlies appear over the equator. The strengthening
of the subtropical jets can be noticed all around the
globe as well as the associated tropical warming pat-
tern. A reverse response pattern can be seen in the
cold La Nifia events, with upper equatorial westerlies
in the eastern Pacific and a poleward movement and
weakening of the subtropical jets.

While the tropical circulation is strongly coupled to
the SST patterns, the atmospheric circulation at mid-
dle- and high-latituldes is mostly dominated by the
large-scale dynamical circulation, and the patterns in
the observed SST run are very similar to the patterns
obtained in the climate SST run. The tropospheric cor-
relation pattern associated with the North Pacific cen-
tre of action and the North Atlantic centre of action
are remarkedly similar in the two cases, and thus quite

er (1992). Unit °C

Observed

insensitive to the actual SST pattern. It is strongly sug-
gested that atmospheric dynamics on their own can
generate persistent extreme circulation patterns, domi-
nating a whole season.

However, the ENSO events do modulate the atmos-
pheric circulation patterns at middle- and high-lati-
tudes thus providing a predictability signal also here. It
is suggested from the model runs that northwestern
United States and western Canada are normally warm-
er during the warm ENSO phase while northern Eu-
rope is warmer than normal during the ENSO cold
phase. The reason is advection of warm air due to a
more intense Pacific low than normal during the warm
ENSO phase and a more intense Icelandic low than
normal during the cold ENSO phase.

We have assessed the regional predictability by
specifically examining seven different regions: NINO3,
northeast Brazil, the Indian Peninsula, northern Aus-
tralia, southern United States, western Canada and
Scandinavia. The tropical regions, with the exception
of India, have a very pronounced ENSO response in
the precipitation pattern, particularly during the boreal
winter and spring. The pattern is also highly reproduci-
ble, suggesting high potential predictability. Over
southern United States as well as over Morocco, north-
ern Algeria (not shown) and southwestern Asia, there
is a very strong signal for spring precipitation, with sig-
nificantly higher precipitation during the warm ENSO
events. The high latitude response is generally weaker,
in particular for the Scandinavian area, but a weak sig-
nal is noticed in the winter temperature.

Successful ENSO predictions will require accurate
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predictions of the sea surface temperature. To concen-
trate the development of realistic coupled models on
the tropical Pacific will be the most important task for
modellers in the years to come. Prior to reliable fully
coupled models, hybrid models, a combination of an
SST anomaly model and an atmospheric GCM
(Bengtsson et al. 1993; Barnett et al. 1994) are a useful
starting point.

Ensemble prediction, using different atmospheric
initial states, appears to be the most rational approach
to operational ENSO prediction. The size of such an
ensemble, in view of the high internal atmospheric var-
iability at higher latitudes, may have to be larger than
the five cases we have investigated here.
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