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1- Introduction

1.L Review of present understanding of the atmospheric re-

sponse to extratropical SST anomalies

The problem of large scale air-sea interaction in middle latitudes frequently attracts the

attention of meteorologists and climatologists attempting to use sea surface temperature

(SST) anomalies as a significant predictor of climate on time scales of a month to a

season. Namias (1964, 1978), for example, tried to relate the activity of blocking events

in 1958-1960 over Northern Europe to an anomalously cold SST otr Newfoundland,

and SST anomalies in the North Pacific to an anomalous winter circulation over North

America.

The subject of the role of extratropical SST anomalies in atmospheric circulation

are rather controversial. Some authors have reported feedback relationships between

Atlantic SST anomalies and monthly atmospheric circulation anomalies over western

Europe. Particularly, Ratcliffe and Murray (1970) showed that cold SST anomalies in

a key area in the North Atlantic south of Newfoundland are associated with blocking

patterns over Northern and Western Europe the following month whereas a warmer

than usual ocean in the same area favours a more zonal circulation. On the other hand,

Barnett et ai. (1984) did not find statistically significant indications that SST anomalies

in North Atlantic could serve as a good predictor for seasonal surface air temperature

anomalies over Europe and Asia.

Many papers published during recent years have been devoted to the study of

observed atmospheref ocean interactions in midlatitudes on seasonal and annual time

scales. Several different techniques of statistical analysis, such as canonical correlation

analysis, singular value decomposition etc., have been used to define coupled modes

of air-sea variability (Lanzante,1984; Dymnikov and Filin, 1985a; Wallace and Jiang,

1987; Wallace et al., 1990; Wallace et al., 1992; Zotita et al., 1992, to name a few).

Summarizing the results of these studies, one might conclude that there is a large scale

nonlocal relation between the atmosphere and the ocean in midlatiiudes on these time

scales.

Leading patterns of atmospheric extratropical variability are statistically signifi-

cantly correlated with extratropical SST anomalies. Lag correlations between observed

time series of SST and different atmospheric parameters indicate that the atmosphere

mainly leads the ocean on seasonal and annual time scales (Davis, 1978; Wallace and
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Jiang, 1987; Zoita et al., 1992). Nevertheless, a possible atmospheric response to SST

anomalies is not excluded in such relationships. Since the characteristic time scale of

the atmospheric reaction to extratropical SST anomalies is of order of a few days such

a response cannot be seen in lag correlations based on monthly or seasonal data setÀ.

The analysis of the best correlated patterns between observed 500 mb geopotential

height (H500) or sea level pressure (SLP) over the Northern Hemisphere and SST in the

North Atlantic and the North Pacific in winter indicates that the air-ocean interaction

in midlatitudes has possibly a modal character. Atmospheric modes obtained by means

of a singular vector decomposition technique (Wallace et. al., 1992) or a canonical

correlation analysis (Zorita et al., 1992) are similar to well known North Atlantic and

West Atlantic teleconnection patterns ideniified by Wallace and Gutzler (1981). This

result seems to be important because it demonstrates that possible reactions of the

extratropical atmosphere to SST anomalies can be interpreted in terms of normal modes

rather than in terms of local wave-trains (see also Wallace and Jiang, 1987).

The study of observed correlation linkages alone cannot answer the question of how

strong the atmospheric response to SST anomalies actually is. Numerous publications

in the recent years have been devoted to the study of the sensitivity of the atmospheric

circulation to extratropical SST anomalies in general circulation models (GCMs) of

different complexity (e.g. Pitcher et al., 1988; Palmer and Sun, 1985; Lau and Nath,

1990, 1994; Kushnir and Lau, 1992). They have shown that the physical processes

involved in the formation of the atmospheric response are very complicated and the

model results depend on the GCM used.

The theory of stationary Rossby-wave dispersion (e.g. Hoskins and Karoly, 1981;

Webster, 1981) supplies us with a theoretical background on a possible stationary at-

mospheric response to stationary heating. According to this theory, an extratropical

near surface heating anomaly in winter has to be mainly compensated by the horizontal

advection of cold air from northern regions leading to the formation of a low pressure

system downstream of the heat source at lower levels. In the vicinity of the heat source

the atmospheric response is baroclinic with a westward tilt over the SST anomaly. Far

away from the heat source the atmospheric response resembles the equivalent barotropic

wave train propagating north- and south-eastwards from the source. Numerical sim-

ulations based on simple models linearized about the zonal flow (e.g. Held, 1983)

demonstrated that Rossby \ryaves propagating from the source of vorticity can interfere

with each other leading to a resonantly strong response at certain wavenumber if the

atmospheric diffusion is not too large.
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The relation between SST anomalies and heating in midlatitudes is not obvious.

The dependence of anomalous sensible and latent heat fluxes into the atmosphere on

SST anomalies is nonlinear and nonlocal. The heat content in the water evaporated

over a SST anomaly can be released far away from the source in the form of rainfall.

The feedback relationships between anomalous atmospheric circuiation and the heat

source complicate the assessment of the heat forcing due to SST anomalies. Moreover,

recent experimental studies (Palmer and Sun, 1985; Dymnikov and Filin, 1985a,b;

Lau and Nath, 1990) suggested that transient eddies play an substantial role in the

formation of atmospheric anomalies on monthly and seasonal time scales.The variability

of the stormtracks due to SST anomalies leads to changes of the feedback forcing of the

mean flow by synoptical scale eddies. The geographical localization of zones of high

baroclinicity due to zonal asymmetry of the basic atmospheric flow with respect to SST

anomalies seems to be important, too (Ting, 1991).

In view of the complex character of the air-sea interactions in middle latitudes, pos-

sibly the most appropriate tool for studying the reaction of the atmosphere to extrat-

ropical SST anomalies are general circulation models with a fine spatial resolution and

a complex and full parameterization of physical processes in the atmospheric boundary

layer. Most GCM studies examined only the stationary response of the model atmo-

sphere. The main difficulty involved in such studies is the high natural variability of

the atmosphere on monthly time scales in middle latitudes which hides the atmospheric

signal caused by SST anomalies. The usual way to overcome the problem is to integrate

the GCM over a long time period and to compare climatological means of the anomaly

run to those of the control run (e.g. Pitcher et al., 19SS). Other authors (e.g. Palmer

and Sun, 1935) have produced several GCM runs for a shorter time period, but still

long enough to attain the ultimate amplitude for the atmospheric signal, starting from

different initial conditions and averaging the results over all integrations.

Assuming that the atmospheric response behaves linearly with respect to the SST

anomaly sign the statistical significance of the results can be increased if a "positive

anomaly" run is compared with a "negative anomaly" run. However, the question on

the linearity of the atmospheric response to SST anomalies of 2-4 K used in the most

of GCM studies is open. Pitcher et al. (1988) showed that the model response in the

NCAR Community Climate general circualtion model to t2 K SST anomalies in the

North Pacific was not symmetric.

Palmer and Sun (1985) investigated the atmospheric response in the GCM of the

U.K. Meteorological Office to a SST anomaly in the north-west Atlantic with the am-

5



6 1 INTRODUCTION

plitude of about 3 K. They obtained a positive geopotential height anomaly over the

central North Atlantic downstream of the positive SST anomaly and a negative height

anomaly over Europe. The response appeared to be equivalent barotropic and incon-

sistent with the thermal forcing theory of Hoskins and Karoly (1981). The anomalous

baroclinic wave activity over the Atlantic was suggested to be essential as a momen-

tum forcing for the anomalous time-mean flow pattern. On the other hand, the role of

thermal forcing, provided by anomalous diabatic heating and transient eddy heat flux

convergence, may be still important for the obtained atmospheric reaction.

Bjerknes (1962) suggested that the atmospheric response on SST anomalies could

be important on these time scale. Hense et al. (1990) examined the stationary atmo-

spheric response in a GCM on large scale SST anomalies in the Atlantic Ocean derived

from SST observed in 1903-1914 ("cold event") and in 1951-1960 ("warm event"). The

SST anomalies they used covers the whole Atlantic basin. The changes in GCM surface

pressure over the Northern Hemisphere due to the SST changes were in broad agree-

ment with the observations. The atmospheric signal was found to be recurrent only

in scale-dependent hierarchy based on spherical harmonics and in that based on the

advection operator at 1000 mb, and to be not statistically significant in the hierarchy

based on the barotropic normal modes of the mean 300 mb flow. The authors con-

cluded that at low levels, local heating and advection are dominant mechanisms in the

atmospheric reaction, but at upper levels the extratropical signal is a remote response

to modifications of the tropical convetion.

Dymnikov and Filin (1985b) studied besides the stationary response of the model

atmosphere also the transient processes involved in the formation of the atmospheric

anomalies due to SST anomalies of differeni spatial configurations in the North Atlantic.

They revealed different phases of the behavior of the atmospheric response: the local

generation of vorticity anomaly and its advection downstream with the mean flow and

the propagation of Rossby waves from the heat source. The GCM they used had,

however, a coarse spatial resolution (10" in longitude, 6o in latitude and 3 levels in the

vertical)" The authors carried out only one single 60-day integration for each type of

SST anomaiy so that the statistical stability of the results is questionable.

L,2 Concept and organization of the present study

This study is aimed to examine the dynamical processes involved in the formation of

the atmospheric response to extratropical SST anomalies in the North Atlantic in a
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GCM. Both, the stationary and the transient atmospheric responses will be discussed.

Long term íntegrations of the GCM with constant SST anomalies during the whole

integration period in the perpetual January conditions were performed to study the

stationary reaction of the model atmosphere in winter. The results of such long term

integrations can be of interest for studies of atmospheric deviations due to SST changes

on decadal time scales.

On time scales shorter than a month transient effects can be of importance. The

nonstationary atmospheric behavior during the first few weeks after introducing SST

anomalies was studied in Monte-Carlo simulations. In these experiments SST anoma-

lies were "turned on" instantly ai the beginning of integrations. This can be considered

as an extreme case of a strong storm passing over the ocean and thus changing within

a short time the surface temperature via extremely high heat flux anomalies and en-

hanced mixing. The characteristic time scale of wintertime SST anomalies in the middle

latitudes is, however, much larger than the dominant time scale of a few days of the

atmospheric forcing fields, even though substantial SST changes may occur over short

periods (e.g. Frankignoul, 1985). Thus the above interpretation may be considered

only with reservations. Nevertheless, the experiments of this kind allow to study pos-

sible physical processes and mechanisms which could be relevant for the atmospheric

response in the observed air-sea interactions.

The intermediate and more realistic situation between the two extreme cases, the

stationary response in the long term experiments and instantaneous atmospheric reac-

tion in the Monte-Carlo experiments, can be achieved in GCM experiments made with

time variable SST, e.g. with observed SST. A number of such experiments have been

made and anaiyzed recently by a number of authors (e.g. Graham et al., 1994; Lau and

Nath, 1990, 1994; Kharin, 1994). The problem of the relative importance of tropical

and extratropical SST can be also concerned in the experiments forced by observed

SST. Particularly, Graham et al. (1993) and Kharin (199a) studied atmospheric vari-

ability in three GCM experiments one of which was forced by global observed 1970-1988

monthly SST (the GAGO run) and two other were made with observed SST variability

limited to tropical regions (the TOGA run) and to extratropical regions (the MOGA

run). Similar experiments but with an another GCM and for a slightly different time

period were carried out by Lau and Nath (1994). They produced for each type of SST

forcing (global, tropical and extratropical) four independent realizations, increasing the

statistical value of their results. Ail of the GCM experiments were able to reproduce

certain aspects of the observed circulation variability wiih the best agreement if the

7
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tropical SST anomalies were included. Graham et al. (1994) found some indications

of the atmospheric response to SST anomalies in the extratropical North Pacific. The

decadal shift in the mid-1970's was reproduced in each experiment with best results

over the North Pacific in the TOGA run and over the North Atlantic and Europe in

the GAGO and MOGA experiments. Lau and Nath (1994) found the response to the

midlatitude SST anomalies in the North Pacific to be weaker and less systematic than

the response to the tropical SST variability.

In the present study special attention is given to dynamical mechanisms for the at-

mospheric response in the GCM experiments. The quasigeostrophic potential vorticity

theory (e.g. Pedlosky, 1979) is applied to explain the behavior of the atmospheric re-

sponse in the first few days. On longer time scales the ideas of barotropic instability and

barotropic normal modes of zonally asymmetric flows are applied (see e.g. Branstator,

1985a,b; Dymnikov and Skiba, 1985). Normal modes in the GCM are compared with

the leading modes of the atmospheric variability and with the atmospheric response to

SST anomalies.

The work is organized as follows. First, we present in Section 2 some observational

indications of air-sea interactions in the North Atlantic region after Zoúta et al. (1992).

Section 3 gives a short description of the GCM and the design of numerical experiments

as well as the statistical methods used for the assessment of the GCM results. The

results of the Monte-Carlo and the long term experiments are discussed in Sections 4

and 5, respectively. GCM experiments made with observed SST anomalies are discussed

in Section 6 after Kharin (1994). Barotropic normal modes are described in Section

7. Conclusions and discussions follow in Section 8. Some technical aspects and tests

for the statistical assessment of the results of the canonical correlation analysis are

gathered in Appendices.
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2 Observed air-sea relationships in the North At-
lantic

To have an idea about air-sea interactions in extratropics we present in this para-

graph the results of the canonical correlation analysis (CCA) applied to observed winter

monthly means of SST and SLP in the North Atlantic region after Zoúta et al. (1992).

Data sets used in the analysis were taken from the COADS (Woodruff et al., 1987) and

covered the winter period (December, January, February) 1951-1986. Without going

into much details of the CCA (see e.g. Anderson, 1984) we note only that this method

allows to select pairs of patterns of two space-time dependent variables such that their

time coefficients are optimally correlated. Mathematically, the problem is reduced to

a coupled eigenvalue problem, the eigenvectors of which define canonical patterns and

the eigenvalues are squared correlations between the time coefficients of the canonical

patterns. Previous to the CCA the SST and SLP fields were filtered by projecting the

original data onto their empirical orthogonal functions (EOFs) and retaining only the

first 5 EOFs for each field, explaining most of the total variance (BTTo and 62To for SLP

and SST, respectively). The canonical time series are normalized to variance one so

that the canonical maps represent the "typical" strength of the signal.

The first two pairs of patterns with canonical correlations 0.56 and 0.47, respec-

tivel¡ are shown in Figure 9. The first canonical patterns of SLP (Figure 9a) and

SST (Figure 9b) explain about 20% of the total variance. The mutual configuration of

the canonical maps is consistent with the hypothesis of atmospheric anomalies causing

SST anomalies. The main features of the SLP pattern are an increase of the westerly

wind at about 50"1ú and an anomalous anticyclonic circulation centered at 30"1ú 40'W.

North of the anticyclonic, where the westerly wind is enhanced, the ocean surface is

cooler than normal. West of the anticyclone, where the southerly winds are enhanced,

the ocean is warmed substantially. Lag correlations between the canonical time series

support the leading role of the atmosphere: the 1-month lag correlation is .65 if SLP

leads SST but only .09 if SLP is lagging.

The second canonical SLP map (Figure 9c) explains 3L% of the total variance and

the corresponding SST pattern (Figure 9d) explains I5To. This second CCA pair can

be interpreted in the same manner as the first one. If SLP leads SST by 1 month, the

lag correlation is 0.48 compared to .03 if SLP lags by 1 month.

The first canonical SST pattern (Figure 9b) resembles the first EOF of SST in the
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North Atlantic in winter and the second canonical pattern (Figure 9d) is similar to the

second SST EOF. With respect to SLP, the order is, however, reversed. The second

canonicai SLP pattern (Figure 9a) is simiiar to the first SLP EOF and represents most

of the month-to-month wintertime variability (31T0). The first canonical SLP map

(Figure 9c) is like the second SLP EOF and represents only 2I% of the SLP variance.

Seemingl¡ the SST response to the first SLP EOF is weaker than the response to the

second EOF. This fact could be explained, for example, by the following hypothetical

mechanism: the atmospheric response to a SST anomaly with ihe first canonical pattern

is stronger than to a SST anomaly with the second canonical pattern and contributes

positively to the observed atmospheric canonical pattern.
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3 Design of GCM experiments

The Hamburg low resolution version of the ECMWF spectral general circulation model

ECHAM2 with triangular truncation of the spectral harmonic representation at wavenum-

ber T21 was used for numerical experiments. A detailed description of the GCM can

be found in Roeckner et al. (1992). Nonlinear terms and parameterization of diabatic

processes are evaluated on a near regular t'Gaussian" grid with spatial resolution of

about 5.6o in longitude and latitude. The vertical resolution of the GCM is 19 levels

combining a sigma-coordinate at low model levels with a constant pressure coordinate

in the stratosphere.

The parameterization of physical processes comprises radiation, cloud cover, large-

scale condensation and deep convection schemes, turbulent vertical diffusion and three-

layer diffusion of heat and moisture in the ground. The exchange of heat, moisture and

momentum at the surface, as well as vertical turbulent transport in the model plane-

tary layer are provided by a diffusion scheme with coefficients depending on stability

(Richardson number), vertical wind shear and mixing length. The planetary boundary

layer is resolved by about four layers. The surface drag coefficients are determined as

a function of roughness length and Richardson number via Monin-Obukhov similarity

theory. The trCHAMZlTzl model employs orography representation spectrally fitted

to the model resolution and uses no gravity wave drag. The Reynolds (1988) SST cli-

matology and the sea-ice dataset of Alexander and Mobley (1976) were used for the

lower boundary condition in the ECHAM2 model.

In the Monte-Carlo simulations and in the long term experiments the model was

integrated with climatological January conditions for the radiation scheme and for the

surface boundary distributions (deep soil temperature and deep soil wetness). The con-

trol run, hereafter denoted as the CNJLT ("CoNtrol permanent January Long Term")

run, ,vr/as performed for 30 months with the climatological January SST field.

The ECHAM?IT?L model performs quite well in the Northern Hemisphere. The

long-term mean circulation and the interannual atmospheric variability has been thor-

oughly studied by several authors (e.g. Roeckner et al., 1992). The position and the

amplitude of planetary stationary waves is well simulated. The baroclinic activity is,

however, underrepresented in the model, mainly due to low spatial resolution.

As an example, F igure 9 demonstrates the time mean of relative vorticity derived

from geopotential height at 500 hPa in the control CNJLT run (a) and observed in

winter 1970-1987 provided by NC,A.R (b). The details of the derivation of the relative
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vorticity field from the geopotential height field are presented in Appendix C. The

general structure of stationary planetary waves is correctly reproduced in the GCM.

A more careful analysis of the patterns reveals some differences in the amplitude of

the main vorticity centers. The amplitude of the vorticity dipole in the western North

Pacific in the GCM is larger than in the observations. The observed positive vorticity

center over the Mediterranean Sea is stronger than in the CNJLT run. In the North

Atlantic sector the amplitude of the vorticity centers in the observations and in the

GCM is comparable.

l35W No¡lh f3õE 136W

908 90lf

468 4õrf

Norlh t368

90w 908

45W 458

Figure 2: The time mean of relative vorticity at 500 hPa in the CNJLT run (a) and

observed in 1970-1987 (b) derived from 500 hPa geopotential height. Contour interval

is 5 x 10-6 sec-z ; labels are multiplied by 106 .

3.1 The SST anomalies

Most of results of the SST sensitivity experiments discussed in this study were obtained

for the SST anomalies derived from the first canonical pattern of observed SST described

in the previous section (Figure 9b). This pattern was shown by Zoúta et al. (1992)

to be the dominant variability mode of wintertime SST. Since we are interested in the

atmospheric response only to extratropical SST anomalies we omitted the subtropical

center of the SST variability in the upwelling zone off the African coast presented in

the original canonical pattern.

As we aiready mentioned in Introduction, numerous previous studies reported about

difficulties to detect the extratropical atmospheric signal to SST anomalies of moderate

o.r t
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amplitudes below 2 K located in the middle latitudes. Taking into account this fact,

we increased the amplitude of the SST anomaly up to about *4 K. The resulting SST

anomaly patterns are shown in Figure 9. They consist of two centers of action, one

being placed in the northern North Atlantic off Newfoundland and south of Greenland

and another one being located off the US coast.

90w 60w

60w

30w 90w

90w

60w

60w

30w

30w

0

90N

60N

30N

90N 90N

60N 60N

30N 30N

90N

60N

30N

0 00 0

90w 30w 00

Figure 3: The positive (a, PD4) and the negative (b, ND4) North Atlantic SST

anomaþ dipoles of the amplitude 4 I( used in GCM experiments. Contour interval is

.5 I(. Zerc line is omitted.

By convention, we will refer to the SST anomaly of the amplitude 4 K and of the

polarity as shown in Figure 9a with the positive SST center off the US coast and the

negative center in the north of the North Atlantic, as "The Positive SST Dipole 4 K"

(PD4). The SST anomaly of the opposite polarity will be called "The Negative SST

Dipole 4 K" (ND4).

A SST anomaly of similar amplitude but of different spatial structure was used by

Palmer and Sun (1985). In their study the SST anomaly was a monopole placed roughly

in the middle between the SST centers of the dipole anomaly which is more similar to the

second SST canonical pattern (Figure 9d). For completeness, we performed also several

GCM runs with the SST anomalies (not shown) derived from the second observed

SST canonical pattern. The amplitude of this anomaly was again chosen Io l¡e 4 I{.
Subtropical and subpolar SST centers presented in the second canonical pattern were

excluded to have a monopole-type SST anomaly. The obtained SST anomaiies will be

referred as "the lositive !¿[onopole Middle 4 K" (PMM4) and "the Negative Monopole

Middle 4 K' (NMM4).

-9.6



3.2 Monte-Cailo expeñments 15

3,2 Monte-Carlo experiments

The nonstationary adaptation period of the atmospheric response was studied in Monte-

Carlo simulations. For each polarity of the SST dipole anomal¡ added to the SST

climatology, we performed 20 independent 3-month GCM runs. Initial conditions used

to start each individual integration have been taken from the control CNJLT run.

The time interval between initial conditions was at least one month so that each 3-

month integration can be considered as a statistically independent realization. The

SST anomalies were "turned on" right at the beginning of integrations.

The corresponding fields of the control integration CNJLT were subtracted day-

by-day from the results of anomaly runs to calculate anomalies of the atmospheric

circulation. Then these anomalies were averaged over all 20 runs. As a result we had a

90-day mean evolution of the anomalous atmospheric flow for each polarity of the SST

anomaly. We abbreviate them as the PD4MC ("lositive Dipole 4 K Monte-Qarlo") and

the ND4MC ("Negative Dipole 4 K nfonte-Carlo") experiments. To prove the stability

of the results, the evolution of atmospheric anomalies was also estimated separately for

10 arbitrary selected runs and for the other 10 runs.

Another two sets of Monte-Carlo simulations were made with SST anomalies of

the same dipole structure but of the amplitude of 2 K to examine the linearity of the

atmospheric response with respect to the amplitude of the SST anomaly. We will call

these experiments the PD2MC and ND2MC runs.

3.3 Long term experiments

The stationary atmospheric response 'vvas examined in long term experiments. Two

GCM runs each 30 months long were made for both the positive and the negative SST

dipoles shown in Figure 9 added to the January climatology. We will call these runs

in the following the PD4LT ("flositive Dipole 4 K Long lerm") run and the ND4LT

("Negative Dipole 4 K long Term") run. The climatological means averaged over

30 months for each anomaly run were compared with 3O-month means of the control

CNJLT run. Two 30-month integrations (tne fnZlt and ND2LT runs) were made

with2KSSTdipoles.

Finally, we addressed the question about the relative importance of SST centers in

the SST dipoles, or in other words, how sensible the atmospheric response is to the geo-

graphical location of SST anomalies. For this purpose we performed 4 GCM runs, each

24 months long, in which only one center of the SST dipole was retained. In Figure 9 the
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positive SST monopoles placed at the US coast and the north of the North Atlantic are

shown. We will refer to these integrations as the PMS4LT ("Positive Monopole South

4 K long Term"), PMN4LT ("Positive $.onopole North 4 K long Term"), NMS4LT

("Negative !¿[onopole South 4 K long T."r-") and NMN4LT ("Negative lV[onopole

North 4 K Long T."r-") runs. The labels "North" or "South" in the abbreviations of

the experiments attribute either to the northern or to the southern center of the SST

dipole which the GCM run was made with.
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Figure 4: The positive (a, PMS4; c, PMN ) and negative (b, NMS4; d, NMN4)

SST monopoles of amplitude 4 K at the US coast (upper panels) and in the north of

the North Atlantic (lower panels) used in the long term GCM experiments. Contour

interval is .5 K. Zero line is omitted.

In addition, the stationary atmospheric response to the SST anomaly derived from

the second SST canonical pattern was examined in the PMM4LT ("Positive Monopole

Middle 4 K long Term") and NMM+IT ("NeSative Monopole Middle 4KLong Term")

24-month GCM runs.

/ ;it'

þ

4
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3,4 The GCM experiments with variable SST

There were several l9-year GCM runs made with observed SST available for the anal-

ysis. These have already been described in detail by Graham et al. (1994) and Kharin

(1994). Here we present only a brief summary of the GCM experiments. All experiments

cover the period from January 1970 through December 1988. In the first experiment

the observed sea surface temperatures from the NMC analysis were specified globally

in 1981-1988 and near-globally in 1970-1980 for each month. We will refer to this

integration as the GAGO ("Global Atmosphere - Global Ocean") run.

Another two GCM runs were driven by observed monthly mean SST prescribed

in geographically limited areas to examine the relative importance of SST anomalies

in the tropics and midlatitudes. One of these, the MOGA ("Midlatitude Ocean -

Global Atmosphere") run, was conducted in the same manner as the GAGO experiment,

except the SST anomalies u¡ere prescribed only in midlatitudes (northwards of 30o.1{ and

southwards of 30"5) whereas in the tropics the climatological values of SST were used.

In the other integration, the TOGA ("lropical Ocean - Global Atmosphere") run, the

observed SST was prescribed in the tropics (25".9 - 25" N) and the climatological SST

elsewhere. In addition, a 19-year CONTROL run with the climatological SST prescribed

everywhere for each calendar month was also available. The CONTROL integration

served as the reference run for estimating the internal atmospheric variability in the

absence of external interannual SST forcing.

Monthly means in winter (December, January, February), altogether 57 months,

were used in the analysis of the atmospheric variability. To verify the stability of the

results to sampling errors we used also a five month winter season (November - March).

The annual cycle defined as the 19-year mean for each calendar month was eliminated

from the data.

The full list of the GCM experiments is provided in Table 9.

3.5 Statistical methods for the assessment of the model re-

sponse

An univariate recurrence analysis (von Storch and Zwiers, 1988) was applied to estimate

the statistical stability of the atmospheric response in the Monte-Carlo and long-term

GCM experiments. This method compares two ensembles and establishes a measure of

the strength of their discrimination. In the case of long term experiments one ensemble

contains monthly means taken from the anomaly run and the other ensemble consists of
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Abbrev The description of the GCM experiments SST anomaiy

PD4MC

ND4MC

PD2MC

ND2MC

Positive Dipole 4 K Monte-Carlo
ECHAM2/T21 run
Negative Dipole 4 K Monte-Carlo
trCHAM2/T21 run
Positive Dipole 2 K Monte-Carlo
ECHAM2/T2l run
Negative Dipole 2 K Monte-Carlo
ECHAM2/T21 run

Figure 9a

Figure 9b

|(Figure 9a)

|(Figure 9b)

CNJLT

PD4LT

ND4LT

PD2LT

ND2LT

PMS4LT

NMS4LT

PMN4LT

NMN4LT

PMM4LT

NMM4LT

Control Permanent January Long Term
30-month ECHAM2/T21 run
Positive Dipole 4 K Long Term
3O-month ECHAM2/T21 run
Negative Dipole 4 K Long Term
3O-month ECHAM2/T21 run
Positive Dipole 2 K Long Term
3O-month ECHAM2/T21 run
Negative Dipole 2 K Long Term
30-month ECHAM2/T21 run
Positive Monopole South 4 K Long Term
24-month ECHAM2/T21 run
Negative Monopole South 4 K Long Term
24-month ECHAM2/T21 run
Positive Monopole North 4 K Long Term
24-month ECHAM2 lT21 run
Negative Monopole South 4 K Long Term
2[-month ECHAM2/T2 1 run
Positive Monopole Middle 4 K Long Term
24-month trCHAM2/T21 run
Negative Monopole Middle 4 K Long Term
24-month ECHAM2/T2l run

No SST anomalies

Figure 9a

Figure 9b

|(Figure 9a)

|(Figure eb)

Figure 9a

Figure 9b

Figure 9c

Figure 9d

not shown;
derived from Figure 9d
not shown;
derived from Figure 9d

CONTROL
GAGO

MOGA

TOGA

Control 19-year ECHAM2/T2l run
Global Atmopshere - Global Ocean
l9-year ECHAM2/T2l run
Middle Latitude Ocean - Global Atmosphere
19-year ECHAM/T21 run
Tropical Ocean - Global Atmosphere
19-year ECHAM/T21 run

Observed SST climatology
Observed SST
prescribed globally
Observed SST
in extratropics
Observed SST
in the tropics

Table 1: The list of the GCM experiments.
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monthly means of the control integration. In Monte-Carlo experiments a natural choice

of these two ensembles is the time means of 20 anomaly runs and the corresponding

time means taken from the control run.

At each grid point the distribution of the anomaly ensemble is compared with the

distribution of the control ensemble. The recurrence analysis defines the probability

that a sampie, which might belong to either the anomaly or the control ensemble,

will be classified correctly as a anomaly or control case. A formal definition of this

probability and the way it is estimated from the data follows below.

Given two random variables X and Y with expectations [rx and ¡.ty the probability

p- prob(Y> px):7-prob(Y<¡¿x) is calculated.lf p:50% thentherandom

variables are not separated from each other. A large value such as p : 95To or a small

value such as p : 5To indicates that the two random variables overlap only little. If
p : 95% then any random realization of Y will very likely be larger than the mean of

X, and only 5% of all Y-realizations will be smaller than this threshold. The opposite

interpretation applies for p: $/0.

If both random variables are Gaussian distributed with the same variance ø2 then

the probability p is given by p : Ff' (W) with the standard normal (cumulative)

distribution function f.s. In practical situations, as in the present study, the estimated

means and the estimated standard deviation are used for the computation of p.

An alternative, and more conventional statistical approach would be a t-test. A
shortcoming of ihis hypothesis testing approach is, however, the dependency of the

result on the sample size. The level of recurrence, p, does not imply any statement on

a statistical significance (like the rejection of the null hypothesis of equal means with a

controlled certainty). Instead p is an esti,mated melsure of statistical stability.

The canonical correlation analysis (CCA) with a limited number of EOFs (e.g.

Barnett and Preisendorfer, 1987; Bretherton et al., 1992) was applied to the GAGO,

MOGA and TOGA runs to obtain the best correlated patterns for two fields, one of

which \ryas a SST anomaly field and the other an atmospheric parameter. For each

field we retained the first 5 principal components. Actually, the results of the CCA

depends on the number of EOFs retained. Particularly, the canonical correlations

tend to be artificially high if the number of EOFs is too large. One has to find a

compromise between, on the one hand, the wish to retain as much explained variance

and, consequently, as much of the potential signal, as possible, and on the other hand

the requirement to eliminate the noise from the data. A number of preliminary tests

with the CCA with different numbers of EOFs suggested that the first 4-5 leading EOFs
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retained for each field could be appropriate in our case.

To estimate the level of canonical correlations that would appear in the CCA by

chance, we produced for each run 200 CCAs with data time series which were randomly

rearranged in time. The results of these simuiations are collected into Appendix A.

Canonical correlations are obtained as the eigenvalues of a matrix which is a func-

tion of the covariance and autocovariance matrices of both fields. Due to sampling

errors these matrices are estimated only approximately and that can lead to systematic

errors in canonical correlations. Glynn and Muirhead (1978) proposed a technique for

estimating such errors and deriving corrected unbiased values for canonical correlations.

Appendix B gathers the results of this test.



27

4 The transient response in the Monte-Carlo ex-

periments

This chapter considers the nonstationary transient period of the atmospheric response

to SST anomalies during the adjustment phase in the first several months. First, a

review of the response as envisaged by theoretical reasoning is offered. As an aid

to understanding the results we applied simplified equations of relative vorticity and

potential temperature including a heating term in quasi-geostrophic approximation (e.g.

Pedlosky, 1979; Held, 1983). For simplicity we consider the atmospheric circulation on

B-plane. The results can be easyly extended to spherical geometry (see e.g. Hoskins

and Karoly, 1981).

The basic assumption of quasi-geostrophic theory is the smallness of the Rossby

number Ro : {¡, *h"t" 7 and L arc typical horizontal velocity and length scales

and / is the Coriolis parameter. To lowest order f ^uy 
be replaced by "fo, so that

the horizontal velocity v is approximately equal to the geostrophic velocity v* which

is non-divergent and determined by the streamfunction ,þ : Q I fo. To a higher order

in Ro, only the vertical component of vorticity must be considered and the vertical

advection, the nonlinear stretching and the twisting terms in the vorticity equation

may be neglected, giving:

A0w
är'rþ* J(rþ,Y'rþ + þù: fo Uo, (1)

where { is the streamfunction, Y"rþ = { is the geostrophic vertical component of relative

vorticity, f : fo+ þA is the Coriolis parameter and w = dpldt is the pressure velocity.

The thermodynamical equation is modified by allowing the vertical advection act only

on a standard potential temperature distribution O which is a function of p only:

H* r,r,E: -#, * i(i)^ n, (z)

Here, d is the potential temperature and é ir th" diabatic heat rate per unit mass. ,R

is the gas constant, po is standard pressure on the surface and rc : RlCp, Co is specific

heat content of dry air at constant pressure. The potential temperature can be excluded

from (2) by means of the hydrostatic equation

Aa _ , ôlb R ( p\"
6=r"ú:-;{\^J d (3)



22 4 THE TRA¡\¡STE¡\IT RESPONSE IN THE MONTE-CARLO EXPERIMENTS

resulting in

where

*(#) + r('þ,ffi: -#* - hô,

H* trr,n): -K

X-uff*þ,': t"H,

# * uffi * r#: -#. * # (#). n',

(4)

o, : ___8!_. (5)
n@lpo)^#'

Eliminating ihe vertical velocity ur from (1) and (4) results in the equation of quasi-

geostrophic potential vorticity

(6)

where

o: o'4Q. (7)
PJo

The (quasi-)potential vorticity q in (6) is

q: ro* þv +Y',þ + &(rH) (8)

The eltiptic equatio" (S) can be solved if the distribution of q is given by (6) and

boundary conditions are specified. The latter can be obtained from the thermodynam-

ical equation (a) assuming in the absence of the orography w : 0 and, Q : Qro at the

surface layer p: ps:

*W),o*'('þ'ffi'":-hno"' (e)

At the top of the atmosphere the right side term in (9) is assumed to be zero.

Since the atmospheric circulation in mid-latitudes is dominated by the zonal flow,

we linearize equations (t)-(Z) about the zonal basic state U:

(10)

or, in terms of the potential vorticity g

(1 1)



.)e

4*u%-+u,*: -Y 0z)Qi''&'"&- ôP'
I II rtt

In (11) d is related to [/ through the thermal wind relation

aa 
=@íru\^ y. (13)aa:E\p) ôp

If the basic state [/ does not depend on p then ïQlðA : 0 and the term (111) in

(12) is just the B-term. A scaling analysis provides the following ratios of the terms on

the left side of

(t2)
ðq' ,,ðq' ^, r v 1

=ùtuar:Bu':it rt lr' (14)

Here / and r are spatial and time scales of the vorticity disturbances, V is typical

horizontal velocity (- 20 m f sec),,L is the spatial scale of the Coriolis parameter merid-

ional gradient (- L}a km) and 7 is the time scale of the Earth rotation (= I day),

respectively.

Equation (12) demonstrates clearly the dynamical mechanisms involved into the

formation of the atmospheric response:

o On the first stage (first several days), all processes can be considered to be local.

The spatial scale of vorticity anomalies is comparable to the spatial scale of SST

anomalies (/ - 1000 lem) and is much smaller than the planetary scale (/ < L).

For r - I day (14) results in

(I): (II): (III):1.0: 1.7:0.1 (15)

i.e. the B-tetm III may be neglected. Thus, equation (12) describes local gen-

eration of potential vorticity by external heat forcing over SST anomalies and

advection of anomalous vorticity downstream with the mean flow U (terms 1 and

I I).

¡ With a time, the amplitude and the horizontal scale of vorticity anomalies /

becomes larger. The p-term (III) in (12) cannot be more neglected. Indeed,

taking i::4000 lem and r - 3 days one obtains

I: II: III:0.8:1.1 :1.0 (16)
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i.e. all terms are of the same order. For a large-scale atmospheric motion of

equivalent-barotropic structure (i.". ,þ: A@)$@,y)) there are no phase tilts in
the vertical and the thermal advection is zero. Integrating (10), in vertical results

in the linear equation of free planetary Rossby waves on B-plane:

(17)

where ,þ: ï1" A(p)pdp.

r Finally, the atmosphere reaches the stationary equilibrium state in which the

terms on the left side of (12), except of the temporal derivative of vorticity, plus

diffusion and friction terms which are for simplicity omitted in (12) are balanced

by thermal forcing on the right side.

The results of the Monte-Carlo simulations followed by the long term experiments in

the next section will be presented according to the dynamical scheme of the atmospheric

response behavior suggested above.

4.L Generation and advection of potential vorticity

According to (14), in the very first moment (r < 1 day) all terms in (12), except ôq'f 0t,

may be to first order neglected:

H*-K (18)

Integrating (18) in vertical and substituting the boundary conditions derived from (9)

we obtain 
ftvrrE,r 

x o (19)

where lrþ'l : fi I rÞ'aA. Thus, the vertically integrated streamfunction anomaly [ú'] i"
the vicinity of the thermal forcing over the SST anomaly remains constant in time at

the first moment.

The anomalous heat flux from the ocean to the atmosphere over the warm SST

anomaly is positive so that the overlaying air becomes warmer. The maximal ampiitude

of air temperature anomalies is expected to be at the surface. The hydrostatic equation

(3) written for disturbances impiies the negative pressure gradient W a 0. Together

with (19), this results in a negative height anomaly at the surface and a positive anomaly

at higher levels.

# -r# * Btt'| :0.
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Figure 9 illustrates 850 hPa temperature anomaly fields in the Northern Hemisphere

and longitude-pressure temperature sections over the two SST anomaly centers after

the first integration day in the Monte-Carlo simulations with the t4 K dipole SST

anomalies. Left panels show temperature anomalies in the PD4MC run and right panels

in the ND4MC run. Stipling indicates areas with estimated local ievel of recurrence

p < l0% or p ) 90%. The signal in the temperature fields in the vicinity of the SST

anomalies after one day is very stable. The maximum of air temperature anomalies

exceeds 1.5 K and is located at the surface over the SST anomalies.

The corresponding anomalies of 300 hPa geopotential height together with longitude-

pressure sections after one day are depicted in Figure 9. The anomaly structure is

consistent with the theoretical predictions outlined above. Negative (positive) height

anomalies of 4-5 gpm are located directly over the ','yarm (cold) SST anomaly near the

surface. In the middle troposphere at 300-500 hPa the height anomalies are of opposite

sign. The near surface geopotential height anomalies over the south-western counter-

parts of the SST dipoles (longitude-pressure section at 36'1/ in Figure 9b,e) penetrate

deeper into the troposphere than those over the north-eastern SST anomalies (section

at 53'l/ in Figure 9c,e). This structure is consistent with air temperature anomalies

shown in Figure 9. The air temperature anomalies over the SST anomaiies at the US

coast (Figure 9b,e) have larger vertical scale than the air temperature anomalies over

the SST anomalies in the north of the North Atlantic (Figure 9c,f).

In the following few days the amplitude of atmospheric anomalies is growing and

disturbances of vorticity are being transported by the mean flow eastwards according

to (12) where only terms 1 are retained on the left side. Figure 9 demonstrates the

atmospheric response averaged over the third day. Given a zonal wind of 20 mf sec

and a time period of 2 days, simple estimations imply an advection of the signal to

the distance of about 3.500 km. This corresponds approximately to the transport of

atmospheric anomalies shown in Figure 9.

Since the mean zonal circulation at higher levels (- 300 hPa) is stronger than at

lower levels, the upper anomalies are advected farther to the east than the surface

anomalies. This can be clearly seen in the longitude-pressure sections of geopotential

height anomalies which reveals noticeable eastward tilt with height. The amplitude of

the signal has doubled within two days attaining 10 gpm near the surface and at the

300 hPa ievel.

The meridional size of the height anomalies after 3 days is of the order of 3,000 &rn.

Downstream of the main anomaly centers at 300 hPa one can already recognize the first
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Figure 5: 850 hPa temperature anomaly fre\ds in the Northern Hemisphere (a, d) and

Iongitude-pressure sections of anomalous temperaturc over the SST anomaly centerc at

36'¡f þ, ") and at 53'¡tr (c, f) after the fr.rst integtation day in the PD4MC experiment

(left panels) and in the ND4MC experiment (right panels). Contour interval is 0.2 K.

Zerc line is omitted. Stipling rcprcsents the arcas with estimated local level of recurrence

'p < L0% or p ) 90%. Anows at the bottom of the section diagrams indicate the position

of the SST anomalies.
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Figure 6: 300 hPa geopotential height anomaly frelds in the Northern Hemisphere
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weak indications of the wave patteïn propagating the signal eastwards. Particularly,

small but relatively stable geopotential height anomalies of 2-3 gpm at 300 hPa with

near equivalent-barotropic structure can be seen in the region over the Black Sea. The

atmospheric signal is still symmetric with respect to the sign of the SST anomalies.

4.2 Rossby 'wave propagation

After a couple of days the horizontal scale of atmospheric anomalies becomes large

enough so that the meridional changes of mean potential vorticity, or in terms of (12)

the B-term III, cannot be more neglected. As indicated by (16), all 3 terms in (12)

are needed to describe the dynamics of vorticity disturbances. Large-scale equivalent

barotropic waves on B-plane are described by equaiion (17). On the sphere, the lin-

earized equation of free barotropic Rossby waves in the Mercator projection (r : aÀ

and y: øln[(l +sinS)lcosl], where À and þ arc geographical longitude and latitude,

respectively, and ø is the Earth radius) has the same form as (17) (e.g. Hoskins and

Karoly, 1981):

whereUu:Ufcosland

ðwa
us- ðk k

,o d r d.
þm ::: cos2 ö - Tfufrk"r' 6ur) (2r)

is the meridional gradient of the absolute vorticity on the sphere times cos /.
The dispersion relation for plane \¡/aves with zonal u/ave number k and meridional

wave number / is

(22)

The group velocity ce: (us,,un) of Rossby waves is

2ßmk2 lc2 - 12

+ ffi - Uu _l 
[Jr,t 

ç¡rz ¡ tzy,
(23)

. 7mkw:UMk- kr+t,

0w ^ zkl
un = ã : 0M 

@+ I2y' (24)

The wave energy propagates along a ray defined by the vector of the group velocity c*

with speed equal to cn: lc*1. The dispersion relation (22) does not depend on r and f
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Figure 7: 300 hPa geopotential height anomaly fr.elds in the Northern Hemisphere

(u, d) and longitude-pressure sections of anomalous geopotential height over the SST

anomaly centers at 36o N (b, 
") 

and at 53"¡ú (c, f) averaged over the third integration

day in the PD4MC experiment (left panels) and in the ND4MC experiment (right

panels). Contour interval is 2 gpm. Zerc line is omitted. Stipling rcpresents the arcas
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of the SST anomalies.
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so that the zonal wave number k and u.r must be constant along a ray. The meridional

wave number k varies along the ray such that (22) is satisfied everywhere.

For the particular case of stationary Rossby waves (tl : 0) the group velocity is

"n 
: zftur, (25)

where ttstationary wavenumbertt is

K, : (k? + t?)'t, : (þ* lU*)t/'. (26)

Thus on the sphere, the energy propagates along a ray at a speed double that of the

component of the basic flow in the direction of the ray. A propagation ray is given by

(27)

and along a ray lc : constant.

Wave amplitude and phase on the sphere can be estimated by WKB theory (see

e.g. Hoskins and Karoly, 1931). Assuming that the meridional length scale /-1 is slowly

varying, the WKB approximate form for the solution ty' is

,þ - F't'"*oltçt * + I' tay - rÐ]. (2s)

For stationary solutions (u.' : 0), assuming that K" is a decreasing function of latitude,

/ decreases according to (26) if the wave propagates northwards. The ray path becomes

more zonally oriented and the streamfunction amplitude increases. For equatorwards

propagating waves the WKB solution is again valid. At the critical latitude y" at which

IJm:0 the ray tends to become meridional and the group velocity tends to zero. The

WKB solution is not valid close to the criticai line but a local analysis can be performed.

For a constant anguiar velocity flow Utø : au the ray path is a great circle. Given

the speed at the equator - 20 mlsec the fastest possible Rossby wave of zero frequency

would propagate around the sphere in the absent of friction within : 10 days and

return to the vorticity source. The atmospheric friction, which is neglected in equation

(12), decreases the amplitude of waves away from the source. Held (1983) demonstrated

that for small values of the linear drag coefficient with a damping time scale of r-2 :
20 days the results of a linear barotropic model show a clear resonance structure and

the atmospheric signal to the topographic forcing is near global. In opposite case of

high friciion (r-' :5 days the response is located near the vorticity source and little

of the resonant structure remains.

da 
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Figure 9 shows the atmospheric response in the second week averaged over days

8-15 after introducing the SST anomalies. The amplitude of 300 hPa geopotential

hight anomalies in the North Atlantic region exceeds 20 gpm. The signal have already

reached the North Pacific region although the height anomalies here are weaker than

in the North Atlantic and are less stable. The amplitude of the anomalies over the

East Europe, first evidences of which could be already seen after 3 days in Figure 9, is

significantly increased and is comparable with the amplitude of anomalies in the North

Atlantic sector.

The atmospheric pattern of the atmospheric signals in Figure 9 resemble poleward

and eastward wavetrain whose trajectory starts in the subtropical region of the North

Atlanitc and goes through the northern North Atlantic to the european part of Russia.

The amplitude of the geopotential height anomalies in moderate latitudes is larger than

in subtropics of the North Atlantic, as expected from the theoretical considirations.

The atmospheric signal at this stage behaves near linearly with respect to the sign

of SST anomalies. Particularly, over the northern part of the North Atlantic negative

(positive) height anomalies are situated in the PD4MC (ND4MC) experiments. South

of them in the subtropical North Atlantic at about 30'¡/ the sign of anomalies is

opposite. The same is roughly valid for anomalies located over the european part of

Russia. However, the signal in the PD4MC experiment is slightly stronger and more

stable, with local values of recurrence p 110% and p ) 90%, than in the ND4MC run

where p-values are ( 20% or > 80% only in few small areas. The equivalent-barotropic

part dominates already in the vertical structure of anomali.

4.3 The establishment of the stationary response

After all nonstationary processes have been disappeared due to internal diffusion and

atmospheric friction in the boundary layer the system reaches the stationary state. The

linearized form of the equations

(1)-(2) for the stationary response is

uy * o,' : ro*, Qs)or op

uY+u,4- do^,.,rc(P\"
ör ðv 

: -fiu - E (^/ Q'' (30)

The full linear stationary solution consists of a partial solution tÞ'o and a homogeneous

solution {t¡ obtained for the zero heat rate Q : 0, the sum of which satisfies the

boundary conditions at the surface (ø : 0 at p : 'po).
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4.3 The establishment of the stationary rcsponse 33

Whatever the relative importance of tþ'o aú rþ'¡ in the vicinity of the heat source,

the magnitude of the partial solution will decrease and the homogeneous solution will

eventually dominate far away from the source. For localized heating source, the remote

atmospheric response will be dominated by large scale equivalent barotropic Rossby

\ryaves with the appropriate local stationary wavelength and with maximum amplitude

near the tropopause. Stationary barotropic solutions will be considered in more details

in Section 7. Here we address only the properties of the partial solution t/f .

The structure of the forced atmospheric response depends decisively on whether the

heating is balanced by horizontal advection, either zonal or meridional, or mainly by

adiabatic cooling. Scale considerations (e.g. Hoskins and Karoly, i981) suggest that

in the middle latitudes the limit in which horizontal advection dominates in the heat

balance is more relevant.

Suppose that horizontal advection balances the diabatic heating. Expressing d/ and

u/ in terms of rþ'and replacing the meridional gradient of mean potential temperature

by ihe vertical gradient of mean flow by means of the thermal wind relation, the the

particular solution can be found in this case from

A Arþ' A1þ'AU K
Q'U

or

ðn ôp ôr 0p fop

iU

(31)

(32)

(33)

,'*&(#):-fiQ',=n'

The solution for the Fourier amplitud"t f' hut the form:

,þ' l"'k
dr

l¿t

u,
From the linearized vorticity equation

ikU(K? - K')rþ' : f"# (34)

where K3 : Bf U,, one obtains for vertical velocity:

,; : -'* l,' ,(o: - N\$'dr. (s5)

The consistency of this solution can be checked by noting whether or not uffi, with w

defined by (35), is indeed negligible in (30). If U can be taken as uniform within the

source region (i.e. the second term in (31) is dropped out) and if Q can be assumed
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to have simple vertical scale, Hq x PlHl where ": Htn(?) that is smaller than or

comparable to the scale height of the atmosphere, then from (33)

$'oR'Hq¡ku, (36)

and

ö x R'f;L HA@: - K').

We have consistency if and only if

(37)

ffr;'"arK: - K') <r. (38)

In the extratropical lower troposphere, K2 < I< for the planetary scale waves of

interest. Taking into account this approximation, one finds for typical N2: gl@#:
1. x 10-asec-2 that (38) reduces approximately to (Hql6 km)2 <I.

If U cannot be taken as constant with height this consistency condition will be

altered. In particular, if the second rather the first term in (31) dominates, that is if
Hu x lU I Hl < He within the region of diabatic heating, then $' x RtHr f kU , and.

H¡¡ replaces Hq in (38). For the not untypical parameters 5 m/sec at the surface and

linearly increasing to 20 m/sec at 10 krrr, H¡¡ - 3 lem in the lower troposphere, so we

still expect the consistency condition to be reasonably well satisfied for extratropical

lower tropospherical heating.

The partial solution always possesses a low pressure center placed a quarter wave-

length downstream of the heating maximum. (W" assume for simplicity that Q hut tto

phase variation with height). Whether it is cold or \/arm low depends on the vertical

scale of the heat source. If Ha 4 Hut so that zonal temperature advection is domi-

nant, then air in the low pressure system downstream is warm. If meridional advection

is dominant, Hu K Hq, then the low is \.varm (cold) if I decreases (increases) with

height.

The scaling arguments (see e.g. Held, 1933) suggest that within the source region

lrþnlrþrl x el(mmin(ãq,Hu)), where rr¿ is the local verticalwavenumber of $'. If.ço

does dominate in the source region, then one should see a gradual transition from ,þo to

tþ¡ with height. One can show that for the long propagating waves this implies a rapid

westward phase shift with height i.e. the total solution is baroclinic in the vicinity of

the heating.

e
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The atmospheric response averaged over two weeks in days 31-45 is depicted in

Figure 9. The atmospheric response in the PD4MC experiment has a well developed

structure in the North Atlantic/European sector. The atmospheric signal in this region

is quite stable with recurrence values 'p < 10% and p > 90%. A strong negative height

anomaly of the amplitude over 140 gpm is placed in the northern part of the North

Atlantic with the center south of lceland. Two positive centers are situated south and

south-east of the negative anomaly. Moderate and less stable anomalies are found over

the North America and over the North Pacific.

The longitude-pressure cross-sections (Figure 9b,c) display the equivalent barotropic

structure of the response downstream of the SST anomalies. Moderate negative height

anomalies at lower levels and statistically stable positive anomalies at higher levels are

found east of the warm SST anomaly in the PD4MC experiment (Figure 9b). Thus,

the structure of the response in the vicinity of the positive SST anomaly is roughly

consistent with the structure of the baroclinic partial stationary solution predicted

from the quasi-geostrophic theory.

The atmospheric response in the ND4MC run after one month (Figure 9d-f) is much

weaker than in the PD4MC experiment. The nonlinear effects become to be substantial

making the signal nonsymmetric in the PD4MC and ND4MC experiments. The well

developed positive height center over the northern part of the North Atlantic found in

days 8-15 (Figure 9d-f) which was even more stronger in the following two weeks (not

shown) practically disappeared. A negative height anomaly placed previously over the

Black Sea is situated now over the West Europe with the center over the North Sea.

The signal in the ND4MC experiment after one month is substantially less stable than

in the PD4MC run, though the negative anomaly over Europe is still moderately stable

with recurrence level p < 20.

Finally, we demonstrate in Figure 9 the eventual response averaged over the last two

months of the integration (days 31-90). The spatial structure of the anomalous patterns

remains near the same as in days 3L-45 shown in Figure 9, though the amplitude of the

signal is smaller. The response in the PD4MC experiment is still statistically stable

with local recurrence leveis 'p < 7A% and p > 90% in the North Atlantic / European

sector. The stationary signal in the ND4MC run is weak and not statistically stable.

The asymmetrical behavior of the stationary atmospheric signal with respect to the

sign of the SST anomalies has been also confirmed by the long term experiments which

will be discussed in Section 5.
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Figure 9: 300 hPa geopotential height anomaly frelds in the Notthern Hemisphere

(", d) and longitude-pressure sections of anomalous geopotential height over the SST
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4.4 Monte-Carlo simulations with 2 K SST anomalies

The atmospheric response obtained in Monte-Carlo simulations with t2I< SST anoma-

lies is almost at all stages about half of that obtained from the experiments with +4 I(
SST anomalies. Especially good linearity of the results was found in the first month.

Particularly, we show in Figure 9 the transient height response in days 8-15 days in

the PD2MC and ND2MC experiments. Compared to the PD4MC/ND4MC runs the

anomalies in the North Atlantic and over Europe are approximately of the same struc-

ture but roughly of the half amplitude. Over and eastwards of the warm (cold) SST

anomalies the positive (negative) 300 hPa geopotential height anomalies are found. The

atmospheric signal to t2 K SST anomalies is hidden to much extent by high natural

variability and is statistically not very stable.

The established response to L2 K SST anomalies in the last two months differs from

the stationary response in Monte-Carlo experiments made with *4 K SST anomalies.

Since the stationary atmospheric reaction in the Monte-Carlo simulations appeared to

be very similar to the response obtained in the long term experiments, SST amplitudes,

we will discuss the differences between the stationary responses to the SST anomalies

of the both amplitudes in the following section.
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5 The atmospheric response in the long term ex-

periments

In this section the stationary atmospheric response in the GCM to different SST anoma-

lies in the North Atlantic is described. Two aspects of the response are examined. First,

the results of the long term experiments made with dipole SST anomalies of different

amplitudes are presented and the linearity of the signal with respect to the sign and

the amplitude of SST anomalies is discussed. Then, the dependence of the atmospheric

ïesponse on the geographical location of the heat source is examined. This question has

been addressed by several authors who studied the atmospheric response to adiabatic

anomalous heating in different regions in the tropics (e.g. Simmons, 1982; Simmons et

al., 1983) and in middle latitudes as well (Navarra, 1990). They demonstrated that the

amplitude of the atmospheric response and partly its spatial structure depends on the

location of the heat source.

The theoretical backgrounds of the model stationary response have been already con-

sidered in the previous section on the example of the quasi-geostrophic model linearized

about the zonal flow . The full stationary solution in the linear model is composed of

the partial solution, which influences mainly the structure of the response in the vicin-

ity of the heat source, and the homogeneous solution which dominates far away from

the heating. The partial solution is of baroclinic structure and is rather insensitive to

fine details of the basic flow. The properties of the large scale equivalent-barotropic

homogeneous solution depend, on the contrary, crucially on the global structure of the

basic flow. The detailed analysis of stationary barotropic solutions will be presented in

Section 7.

5.1 The stationary response to 4 K dipole SST anomalies

Figure 9 shows 30-month mean anomaly fields of 300 hPa geopotential height over the

Northern Hemisphere and two longitude-pressure sections made over the SST anomaly

centers in the PD4LT and ND4LT runs. A relatively strong atmospheric signal is found

only in the PD4LT run. As expected, the atmospheric response in this experiment is

comparable with the stationary atmospheric response averaged over the last one or two

months in the Monte-Carlo experiments (cg. Figure 9). Anomalies of large amplitudes

are located in the North Atlantic / Southern Europe sector. A negative geopotential

height anomaly is placed in the northern part of the North Atiantic with amplitude
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over 70 gpm in the center south of lceland. Positive height anomalies are located over

the central subtropical North Atlantic and over Southern Europe. The anomalies in

these three centers are moderately stable with local levels of recurrence p < 20% and

'p > 80%. Another not very stable positive height anomaly is placed over the North

American continent. In the north-western part of the North Pacific and in the polar

regions moderate and slightly stable negative anomalies with p < 30% are found.

The atmospheric response in the ND4LT experiment is, opposite to the PD4LT run,

weak and statistically not very stable. Local recurrence values p < 30To or p > 70%

are found only in a few small areas. The positive geopotential height anomaly with

maximal values of 40 gpm at 300 hPa in the northern part of the North Atlantic is

located approximately in the same region as the negative anomaly in the PD4LT run.

It is however not statistically stable. Obviously, nonlinear effects play a significant role

for the atmospheric response in the GCM on SST anomalies of order 4 K.

The longitude-pressure geopotential height sections indicate that the atmospheric

response is to high extent equivalent barotropic in the main body of the troposphere

in the both runs. In the vicinity of the SST anomalies, however, baroclinic features

such as westward tilts with height are noticeable. A low pressure system is found over

and downstream of the positive SST anomaly in the PD4LT run (Figure 9b) whereas

at higher levels positive height anomalies are is located. The same but with opposite

sign is valid for the response in the vicinity of the negative SST anomaly in the ND4LT

run (Figure 9b). This corresponds exactly to the structure of the partial solution

expected from the linear quasi-geostrophic model under the condition that near surface

anomalous heating is compensated by horizontal advection.

The same theoretical arguments can be applied also to the local atmospheric re-

sponse on SST anomalies placed east of Newfoundland. However the barotropic part

of the full stationary solution, which is basically due to a remote response to the SST

anomalies placed at the US coast, is in this region so large that the height anomalies

have the same sign throughout the whole atmosphere. But the westward tilt of anoma-

lies with height is still evident over the northern counterparts of the SST anomaly

dipoles.

To have an idea about the stability of the stationary response in the long term

experiments we computed the anomalies of 300 hPa geopotential height in the PD4LT

and ND4LT runs averaged separately for the first and for the second 15 months (Fig-

ure 9). One can see that the l5-months means still reveals relatively high variability.

The response is extremely strong and very stable in the frrst 15 months of the PD4LT
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run and is weaker in the second 15 months. In the ND4LT run the atmospheric signal is

relatively weak in both subperiods. Positive geopotential height anomalies are located

predominantly in the northern North Atlantic (Figure 9c,d). In the first l5-month

period a positive height anomaly is found also over the North american continent. Neg-

ative anomalies are placed in subtropical regions and over the east and south of Europe.

The main features of the atmospheric response remain near the same in both halves

of ihe integration period. Particularly, negative height anomalies are found over the

northern parts of the both oceans in both subperiods in the PD4LT run, except a small

area over Greenland with positive values in the second l5-month period (Figure 9a,b).

Positive anomalies are located over the subtropical North Atlantic and in the latitude

band 30'1ú - 60'¡/ over Eurasia.

The surface atmospheric 30-month mean response in the PD4LT and ND4LT exper-

iments is depicted in Figure 9. The anomaly fields of SLP (Figure 9a,d), total (sensible

f latent) heat flux through the air/sea surface (Figure 9b,e) and precipitation (Fig-

ure 9c,f) are shown. The surface anomalous circulation in the PD4LT run transports

cold air from the northern regions over the positive SST anomaly placed at the US

coast. In this region the largest anomalies of heat flux (over I40 W lm2) and of rainfall

(over 2 cm/day) are located. The low in the North Atlantic sector is over 5 mb strong

and is shifted slightly to the east of the with respect to the negative center at 300 hPa.

Negative SLP anomalies in the PD4LT run are found, similarly to 300 hPa geopotential

height anomalies, also over the northern North Pacific and in the polar regions around

the North Pole.

In the ND4LT run small positive SLP anomalies of 1-2 mb are placed in the latitude

band 40'lf - 60'¡ú over the North Atlantic sector with centers over the north-east of

the North American continent and over the northern Great Britain. Negative SLP

anomalies are found over the North Pacific and over the northern regions of Russia.

All extratropical SLP anomalies in the ND4LT run are not very stable. Anomalous

heat fluxes are located predominantly over the SST centers. The anomaly fields of total

precipitation (Figure 9c,f) indicate that most of anomalous latent heat flux is released

over the SST anomalies.

Some authors (e.g. Palmer and Sun, 1985; Lau and Nath, 1990) suggested that

transient eddy forcing of the mean flow plays a substantial role in the atmospheric

response to SST anomalies. Lau (1988) showed on the base of observational data that

the barotropic forcing by synopticai scale disturbances are positively correlated with the

monthly averaged flow pattern. A diagnostic technique which has proven to be useful for
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delineating the quantitative aspects of local eddy-mean interactions is the geopotential

tendency approach outlined in Lau and Holopainen (1984). By examining climatological

eddy statistics they showed that the geopotential tendency in the upper troposhere is

mostly determined by eddy vorticity fluxes. These authors further reported that the

vertical variation of the geopotential height tendency associated with vorticity fluxes

is characterized by an equivalent barotropic structure, with strongest amplitude in the

upper troposphere.

To estimate the effect of baroclinic eddies (2.5-6 days) in the GCM experiments

we computed tendencies of geopotential height at 300 hPa due to barotropic transient

eddy forcing according to Lau (1983). This is a simplified two-dimensional form of the

three-dimensional formulation of Lau and Holopainen (198a):

(3e)

where

" = * h&*& cos2 þ ury - rhf*. --

11a2iuo"z ó a¡oócos s(utz - ''') (40)

is the convergence of the transient eddy vorticity fluxes.

The resulting anomalies of 300 hPa geopotential height tendencies in the PD4LT

and ND4LT runs are shown in Figure 9. Main anomaly centers of geopotential height

tendency correspond to the geopotential height anomalies implying the positive feed-

back from the transient eddies which supports anomalies of the mean flow. Given

a geopotential height anomaly of about 70 gpm and a geopotential height tendency

anomaly of 7 gpmlday such as in the northern North Atlantic in the PD4LT run, the

characteristic eddy forcing time scale i" - f##ft*: 10 days. This value supports the

hypothesis that the transient forcing is substantial on monthly time scales and exerts a

considerable influence on the seasonal and interannual circulation. The SST anomalies

placed in the west North Atlantic are, in turn, related to the variability of the storm

tracks, where the most significant transports of vorticity and heat in the extratropics

are known to take place.

5.2 The stationary response to 2 K dipole SST anomalies

The stationary atmospheric response Lo t2 K SST dipoles in the PD2LT and ND2LT

runs is shown in Figure 9. The signal is, as expected, weaker and is statistically less

02"¿¿a f --dts
2
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Figure 15: 7}-month mean anomaly frelds of 300 hPa geopotential height tendency

due to barotrcpic tmnsient eddy (2.5-6 days) forcing in the Northern Hemisphere in

the PD4LT run (a) and in the ND4LT (b) experiments. Contour interval is 1 gpm/day.

Stipling represents areas with estimated local level of tecurrence p < 30% or p ) 70%

Qight),'p < 20% or p > 80To (moderate), p < 10% or p ) 90% (heavy)'

stable. The spatial structure of 300 hPa geopotential anomalies in the PD2LT run differs

significantly from that in the PD4LT experiment. The zero line between negative and

positive geopotential height anomalies in the North Atlantic is shifted in the PD2LT

run by about 15o northwards compared to the PD4LT run. The positive geopotential

height center placed in the PD4LT run over southern Europe is moved to the east at

55o¡/ 90'.8 in the PD2LT experiment.

The 300 hPa geopotential height anomaly field in the ND2LT run is basically the

same as in the ND4LT. Positive height anomaly is found in the northern North Atlanitc

and over the North America continent. The local statistical stability of the patterns in

the ND2LT run is not very high.

The amplitude of the atmospheric response in the experiments with the halfed SST

anomalies, although being slightly smaller, is not twice less than in the PD4LT and

ND4LT runs. The spatial structure of anomaly patterns is different in the GCM ex-

periemtns with *4 1l and +2 K SST anomalies. Thus, the atmospheric response in the

GCM depends non-linearly on SST anomalies of amplitudes over 2 K. Let us assume

that the stationary response is a solution of the following nonlinear system:
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Figure 16: \}-month mean anomaly frelds of geopotential height at 300 hPa in the

PD2LT run (a,b,c) and in the ND2LT (d,e,f) expeñments in the Noúhern Hemisphere

comparcd to the control run. Contour interval is 10 gpm. Stipling represents arcas with

estimated local level of recunence p I 30To or p > 70% (light),'p < 20% or p 2 80%

(moderate).

A(ó,Ó',...) : F(67,Ó,Ó', "')' (41)

Here A is the nonlinear operator depending on the mean atmospheric state $, the

stationary solution þ' etc. F is the external forcing which depends in addition on SST

anomalies á7. According to (a1) at least two kinds of factors may be responsible for

the nonlinear behavior of the atmospheric signal. First, the nonlinear dependence of

the forcing term I' on the SST anomalies ó7. Secondly, if the deviations // from the

mean flow f are not small then the nonlinear effects may be caused by the nonlinear

operator A.

We examined the influence of some model parameters on the linearity of model

response. Particularly, the turbulent heat flux at the surface in the model boundary

layer is parameterized as follows

Jn - -pCø(Ri)lul6r (42)

where Jn is the surface heat flux, p is the specific mass of the air, Cu is the heat

transfer coefficient and lul is the absolute value of the horizontal velocity at the lowest
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model level. The transfer coefficient C¡¡ depends strongly nonlinearly on the Richardson

number which is in turn proportional to ó7 (DKRZ, 1992; Roeckner et al., 1992). For

unstable cases with large positive SST anomalies ó? (negative values of Ãi) the transfer

coefficient is much larger than for near neutral or stable cases (negative ó7).

We performed a number of GCM experiments with the fixed Richardson number at

the surface to exclude at least this nonlinear factor. The atmospheric response on X4 K
dipole SST anomalies in these experiments (not shown) remained asymmetric with

respect to the sign of SST anomalies. Thus, the nonlinear behavior of the atmospheric

signal cannot be explained only in terms of local nonlinear dependence of heat fluxes

on the SST anomalies.

5.3 The stationary response to monopol-type SST anomalies

In the previous subsection the dependence of the atmospheric response on the amplitude

of SST anomalies is demonstrated. Another question of interest is the dependence of

the atmospheric signal on the geographical location of the heat forcing. Figure 9 shows

the stationary signal at 300 hPa in the long term experiments made with monopole

SST anomalies of +4 K in different parts of the North Atlantic.

Only in one case the atmosperic response is relatively strong, namely, if the positive

SST anomaly is placed at the US coast between Newfoundland and Peninsula Florida

(the PMS4LT run in Figure 9a). The spatial structure and the amplitude of the 300 hPa

geopotential height anomaly in this run is comparable to the those in the PD4LT run

with the dipole SST anomaly. It seems that the atmospheric response to the positive

SST dipole is mainly due to the positive SST anomaly at the US coast. The extratropical

response in all other GCM runs with monopole SST anomalies is weak and statistically

not stable.

The extratropical response to the negative SST anomaly at the US coast (the

NMS4LT run, Figure 9b) is much smaller than the signal to the positive SST anomaly

at this place. Negative height anomalies are found in subtropical region at the African

coast, in polar regions and northeast of the Black Sea. In the PMN4LT run with

the positive SST anomaly east of Newfoundland (Figure 9c) a small negative height

anomaly is located over and east of the SST center and a relatively strong positive

height anomaly placed north and west of the negative anomaly. In the case of the

negative SST anomaly east of Newfoundland (the NMN4LT run, Figure 9d) negative

heighi anomalies are found over the northern parts of the North Atlantic and in polar
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regions. However, all these anomalies are only weak stable.

There are some indications that the response to the negative SST anomaly located

east of Newfoundland (Figure 9d) supports the North Atlantic response to the positive

SST anomaly at the US coast (Figure 9a) resulting together in near the same pattern

as the North Atlantic response to the SST dipole (Figure 9a). Thus, the atmospheric

response to the dipole SST anomalies in this case is to some extent the sum of the

signals to the individual SST centers.

The response to the positive SST anomaly which was derived from the second SST

canonicai pattern in the PMM4LT run (not shown) was appeared to be very weak and

not statistically stable. For the negative SST anomaly in the NMM4LT run the signal

is slightly stronger but still statistically nor very stable.

The obtained results demonstrate clearly that the stationary atmospheric response

depends crucially on the local position of SST anomalies. Seemingly, only the SST

anomalies located in the region with strongest near surface temperature gradients leads

to the strongest response. In Section 7 we will show that exactly in this region the

adjoint modes of the barotropic operator, which represent the patterns of the forcing

exciting the internal variability modes of the barotropic atmosphere most efficiently,

have the largest amplitudes.
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6 The atmospheric response to time-variable SST

In this section the results of the CCA and EOF analysis for the GCM experiments made

with the observed SST (GAGO, MOGA and TOGA runs) are presented. First, the

atmospheric response in the North Atlantic region is examined. Then the atmospheric

variability in the Northern Hemisphere in the GCMs in terms of the leading EOFs is

compared to the observed variability modes. After that the atmospheric response in

the Northern Hemisphere in the GAGO, MOGA and TOGA runs as found by the CCA

is compared to each other.

6.L The atmospheric response in the North Atlantic region

To compare the model results with the observational ones discussed in Section 2 lhe

CCA was applied to SLP and SST in the near same geographical region. The SST field

covers the area 14'N - 64o¡/ 90'W - \oW. The oceanic grid points with sea surface

temperature below -1.8o were assumed to be covered with ice and were excluded from

the analysis. The SLP field covers the area 700"W - I0o E 0"¡ú - 90"¡ú.

Since there is no interannual SST variability almost in the whole region in study in

the TOGA run, we consider in this subsection only the GAGO and MOGA experiments.

The results of the CCA applied to SST in the tropical Atlantic (25'S - 25"¡/) and SLP

in the North Atlantic region in the TOGA run appeared to be statistically insignificant.

The first canonical correlation in this case is 0.49 which is statistically significant only at

the level below 70% (see Appendix A). Thus, in the TOGA run there is no statistically

stable relationship between North Atlantic SLP and tropical Atlantic SST.

The first 5 EOFs explain about 87% of the total SLP variability and 72To of. the total

SST variability in the GAGO run in the region in study. In the MOGA run the amount

of the variance explained by the first 5 EOFs is 85% for SLP and 78To for SST. The

obtained first pairs of canonical patterns of SLP and SST in the GAGO and MOGA

experiments are shown in Figure 9. The canonical patterns appeared to be stable with

respect to the number of the EOFs retained in the analysis. The pattern correlations

between the first canonical maps of SLP and SST obtained in the CCA with 5 EOFs

retained for each field and the canonical maps obtained in the CCA with the number

of retained EOFs in the range 4-7 exceed in all cases the value of 0.99. The pattern

correlations are still high (> 0.92) if the results of the CCA for the 3-month winter

season (December-February) and 5 EOFs retained for each field are compared to the
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corresponding results of the CCA for the 5-month winter season (November-March)
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Figure 18: The SLP and SST frrst canonical patterns in the lúortå Atlantic area in

the GAGO run (a, b; canonical correlation 0.66) and in the MOGA run (c, d; canonical

correlation 0,54). They explain 32% (a; SLP) and 21% (b; SST) of the total vañance in

the GAGO run and 15% (c; SLP) and 25% (d; SST) of the total variance in the MOGA

run. Contour interval is 1 mb for SLP and 0.1 I( for SST.

The SLP and SST patterns in the GAGO run are very similar to the first pair

of canonical patterns calculated for the observed data. The SLP pattern (Figure ga)

explains 32% of the total variance and is essentially the first EOF in this region. It
is characterized by a large scale north-south dipole with one center with amplitude of

about 8 mb over the south of Greenland and another one of opposite sign and weaker

amplitude of 1 mb in the central North Atlantic at 30o1ú. There is another positive SLP

anomaly of 3 mb over Europe. The SLP pattern represents basically the intensification

of zonal circulation over the North Atlantic in the latitude band 50".1/ - 60"¡/. The

SST canonical pattern (Figure 9b) explains2I% of the total variance and contains three

regions with SST anomalies of high amplitude. Negative SST anomalies are placed south

of Greenland at 55"^/ 40'W and west of North of dfrica at 15oIü. A positive center is

U9" -èÞ-
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situated at the American coast between Newfoundland and the Florida peninsula.

The canonical correlation is 0.66. The statistical significance of this value defined

by Monte-Carlo simulations is gg.5% (Appendix A). The atmospheric signal was found

to be equivalent-barotropic. Particularly, the structure of the linear regression map of

500 hPa geopotential height (H500) in the North Atlantic obtained on the base of the

first canonical time component of SST (not shown) is very simiiar to the structure of

the SLP pattern with a pattern correlation above 0.8.

The linear relationship between SLP and SST in the North Atlantic in the MOGA

run is weaker than in the GAGO run. The canonical correlation for the first pair of

SLP and SST patterns in the MOGA run is 0.54 which is statistically significant only

at the 80% levet. The SLP pattern (Figure 9c) explains LSTo of the total variance and

differs significantly from the SLP pattern in the GAGO run. A positive large scale SLP

anomaly of 5 mb is located over the central North Atlantic with ihe center at 45o/{

30"W. A negative SLP anomaly of 3 mb is found over Northern Europe. The first

canonical pattern of SST (Figure 9d) is responsible for about 25% of the total SST

variability in the North Atlantic northwards of 25ol/. This pattern resembles the first

canonical SST map in the GAGO run in the corresponding region. A positive SST

anomaly is placed at the US coast at 30"1ú - 45" N. A negative SST anomaly is located

at 40oIú 30"W.

The corresponding time components of the SLP and SST patterns in the GAGO

and MOGA runs are shown in Figure 9. The high correlation between the two time

series in the GAGO experiment (Figure 9a) is not due only to some single events. On

both time scales, monthly and interannual, the time series behave coherently. In the

MOGA run (Figure 9b) there are periods of coherent behavior (e.g. years 1981-1983)

as well as several events which are out of phase (e.g. years 1972-1973).

Although the differences between the first canonical SST patterns in the GAGO and

MOGA runs are not very large (the pattern correlation is 0.65 in the region northwards

of 25"1/ and the correlation between canonical SST time series is 0.67) the atmospheric

signals look very different. Since the first canonical correlation in the MOGA run is

relatively weak, one might think that only in the GAGO run we deal with a statistically

stable linkage between SLP and SST anomalies in the North Atlantic. The near surface

atmospheric response in the North Atlantic in the GAGO run is nearly consistent with

the stationary SLP signal to the positive SST dipole which is very similar to the SST

canonical pattern (Figure 9). In the both patterns a negative SLP anomaly is found in

the northern part of the North Atlantic and a positive SLP anomaly over the subtropical
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North Atlantic. However, the negative center in the long term run PD4LT is placed

further to the east compared to the negative center in the GAGO run.

6.2 The leading modes of atmospheric variability in the GCM

runs

Before the results of the CCA wilt be presented we examine first the leading modes of

the wintertime atmospheric variability in the Northern Hemisphere in the GCM runs

in terms of EOFs and compare them with the observed variability modes. The EOFs

were calculated as the eigenvectors of the covariance matrix. Before the EOF analysis

the H500 anomalies were weighted by the square root of the latitude cosine to take into

account the spherical geometry of the fields. In the following, presenting the results,

the area weightings have been removed from the data. The principal components have

been normalized by unity so that the EOF maps represent the "typical" strength of the

atmospheric variability.

The first EOFs of Northern Hemisphere H500 in the GAGO, MOGA, TOGA and

CONTROL runs are depicted in Figure 9. The general structure of the all EOFs is

similar, having negative geopotential height anomalies over the northern parts of the

oceans and in the polar regions and positive eight anomalies roughly southwards of the

negative anomalies. Anomalies of maximal amplitude are located in the North Atlantic

sector. The pattern correlation between the first EOF in the CONTROL run and

other first EOFs exceeds in all cases the value of 0.9 indicating the general similarity of

the model first EOFs in the Northern Hemisphere. A more thorough analysis reveals,

however, some differences in the structure of the EOFs. In the GAGO run the zero

line between positive and negative anomalies in the North Atlantic is piaced slightly

further south than in the other runs. The first EOF of the MOGA run has a more

zonally symmetric structure. In the TOGA run the positive height anomaly in the

North Pacific has the largest amplitude over 40 gpm.

The explained variances of the first 10 EOFs in absolute values gprn2 and the relative

explained variances in % in the GCM experiments are shown in Figure 9. In the GAGO

run the first EOF has the largest amplitude and explains the largest portion of the total

variance in relative units (26%) as well as in absolute values (452 gpm2). The second

EOF in the GAGO run explained almost twice less the variance (L4%). The EOFs 3-6

explain each about 6-8T0. The EOF spectra in the MOGA and TOGA runs are flatter.

The amplitude of the first EOF in the MOGA run is the smallest among all the GCM
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experiments (302 gprn2). It explains L9% of the total variance. The EOFs 2-4 explain

a roughly equal amount of the variance (lI-12%). The first EOF of the TOGA run

is of iarger amplitude than in the MOGA run but is weaker than in the GAGO and

CONTROL experiments and is responsible for 22Yo of the total variability. The ratio

of the variance explained by the first EOF to the variance explained the second EOF in

the MOGA and TOGA runs is about 1.5 so that the leading EOF is less dominant in

these experiments than in the GAGO run. In the CONTROL run the first EOF (25To

of the total variance) is again well separated from the second EOF (14% of the total

variance). The shape of the EOF spectra for the EOF numbers larger than 5 is nearly

the same in the all GCM runs. In all GCM experiments the first 5 EOFs explain about

60% of the total variability.
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Figure 21: The explained vañances of the frrst 10 EOFs of Northern Hemisphere H500

in winter in absolute values gprnz (bars) and in relative units % (lines) in the GAGO,

MOGA, TOGA and CONTROL runs.

The second EOFs in the GAGO, TOGA and MOGA runs (not shown) have the

strongest anomalies in the North Pacific / North America sector. They are to some

extent similar to the PNA pattern described by Wallace and Gutzler (1981). They

possess positive height anomalies in the tropical North Pacific and over the northern

part of the North American continent, and negative height anomalies over the northern
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part of the North Pacific and over the south-east of North America. Such a pattern is

missing in the CONTROL run. The second EOF in the CONTROL experiment has a

wavetrain structure with anomalies spreading from the western North Pacific over the

North Poie to the central North Atlantic,

For comparison the first two EOFs calculated for observed monthly means of H500

in the region north of 20"Iú in 1970-1987 in winter (provided by NCAR) are shown in

Figure 9. The first EOF of the observed atmospheric variability has the main center

over the North Pacific and differs significantly from the leading EOFs in the GCM

runs. The amplitude of the positive anomaly in the North Pacific is over 90 gpm which

exceeds substantially the amplitude of the height anomalies in this region in the GCM

runs. The negative anomaly in the northern part of the North Atlantic is, on the

contrary, of much smaller amplitude than in the GCM experiments. Only the second

observed EOF has some similarity with the model first EOFs in the North Atlantic

region. The pattern correlation between the observed second EOF and the first EOF

in the CONTROL run is 0.68 in the Northern Hemisphere north of 20"Iú. The first

EOF is less dominant compared to the GCM experiments. The explained variances are

2I% and 16%, respectively. The ratio of the variance explained by the first EOF to the

variance of the second EOFs (1.3) is smaller than in the GCM runs.
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Figure 22: The frrst and the second EOFs of Noúhern Hemisphere H500 vaúability in

winter in the observed in 1970-1987 data provided by NCAR. They explain 21% and

16% of the total variance, respectively.

Thus, the leading modes of atmospheric variability in the GCM differ significantly

from that in the observations. In some sense the order of the first two EOFs in the
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GCM experiments is inverse compared to the observed EOFs. A variability mode like

PNA is the first EOF in the observations and the second EOF in the GAGO, MOGA

and TOGA runs. A variability mode with the strongest anomalies in the North Atlantic

is the first EOF in the GCMs and only the second EOF in the observations. In view of

this fact the spatial structure atmospheric response in the GCM experiments might be

improperly reproduced compared to the observed atmosphere. Therefore the results of

the GCM experiments might be of poor relevance if compared directly with the observed

atmospheric anomalies. Nevertheless, it still might be interesting to know the potential

effect of the SST forcing in different geographical regions on the atmospheric variability

in the GCM and to understand the dynamical mechanisms which could be important

for the atmospheric response in the observed atmosphere/ocean coupled system.

From the results of the EOF analysis which manifest the overall impact of the SST

variability on the model atmospheric circulation one could suggest that the global SST

forcing in the GAGO run substantially increases the variability associated with the first

EOF. The relative variance of the second EOFs in the GAGO and TOGA run, which

is similar to the PNA pattern and presumably related to the tropical SST anomalies

in the Pacific, is slightly larger than in the CONTROL and in the MOGA runs. In

the following subsections we try to identify by means of the CCA the SST anomaly

distributions which are responsible for the changes in the atmospheric variability in the

GCM runs.

6.3 The Northern Hemisphere atmospheric response in the

GAGO run

First, we show that in the GAGO run both the North Atlantic and the extratropical

North Facific SST anomalies contribute to the atmospheric response found in the North

Atlantic sector. We applied the CCA to H500 over the whole Northern Hemisphere

northwards of the Equator and SST in the North Atlantic and the North Pacific. The

North Atlantic region for SST was the same as in the previous section. The SST

anomalies in the North Pacific were taken northwards of 25"Iú to avoid the influence of

the prominent anomalies in the Equatorial Pacific.

The best correlated H500 and SST patterns are shown in Figure 9. Both atmospheric

patterns (Figure 9a,c) explain about I5% of. the total variability and are of near the

same structure in the North Atlantic sector as the SLP pattern shown in Figure 9a. The

pattern correlation between the H500 rnaps in the North ,A.tlantic region (100"I4l- 10",8
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14"¡/-85"/ú) is about 0.8. The spatial correlation over the whole Northern Hemisphere

is, however, weaker (- 0.5) which is explained by the map differences in the North

Pacific sector. The North Atlantic SST canonical pattern (Figure 9b) remains nearly

the same as in the case of the CCA applied to North Atlantic SST and SLP. It explains

somewhat less variance $a%). In the North Pacific the SST canonical map (Figure gd)

explains about 76% of the total variance and consists basically of two centers, a negative

anomaly in the West Pacific off the Japan coast and a positive anomaly centered at
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Figure 23: The pattetns of the frrst canonical pairs of Northern Hemisphere H500 (a)

and North Atlantic SST (b) and of Northern Hemisphere H500 (c) and North Pacifr.c

SSf G) in the GAGO run, The H500 patterns (u, d; contour interval 10 gpm) explain

15% of the total va,riance. The SST patterns (b, d; contour interval0,l I{) explain 14%
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The first canonical correlations are 0.61 and 0.64 for the North Atlantic and North
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Pacific regions, respectively, which are statistically significant at the 97% level (Ap-

pendix A). The canonical patterns are relatively stable and do not change significantly

if the number of EOfs retained in the CCA analysis is varied in the range of 3-7.

The results of the CCA for the 5-month winter season are also essentially the same as

described above.

To answer the question whether the atmospheric signal in the GAGO experiment

found in the previous analyses is affected by the tropical SST anomalies in the Pacific

we applied the CCA to Northern Hemisphere II500 and near global SST north of 25".9.

In this region the observed SST was prescribed in the GAGO run during the whole

l9-year period. The first two pairs of canonical patterns are shown in Figure 9.
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Figure 24: The patterns of the frrst two canonical pairs of Noú,hern Hemisphete H500

(u, ,; contour interval 10 gpm) and SST north of 25'S (b, ci contour interval 0.1 K)

in the GAGO run. The frrst canonical patterns explain 21% (H500) and g% (SSf) of

the total vañance. The second canonical patterns explain 9% (H500) and 40% (SSf)

of the total vañance.
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The first H500 pattern (Figure 9a), which explains 27To of the total variance, has a

similar global structure as in F igure 9a,c. In the SST pattern (Figure 9b) one can still

recognize three centers of action in the North Atlantic and a similar SST dipole in the

middle latitudes of the North Pacific which have been already found in the previous

SST patterns. Another SST maximum of 0.5 K is located in the eastern tropical Pacific.

The explained variance of the global SST pattern is less lhangTo. This map is certainly

not a typical Et Niño pattern which is the dominant mode of the global interannual

SST variability.

In the following we will refer to this coupled H500-SST mode as the GAGOI mode.

The first canonical correlation between the two fields is over 0.66 which is statistically

significant at the 98% level. The corrected unbiased estimate of this value, according

to Glynn and Muirhead's test (Appendix B), is 0.54 with 95% significance interval

0.33-0.70 (Table 9).

Since the first canonical pattern of H500 in the GAGO experiment is very similar to

the leading EOF in this run (the patiern correlation is 0.89) one might think thai this

pattern is an artificial result of linear projections on the dominant mode of the GCM.

To estimate the probability of the fact that the CCA results in the canonical patterns

which are similar to the dominant variability modes, even if there is no linear relation

between two fields, \/e computed in Monte-Carlo simulations described in Appendix A

the pattern correlations between the first canonical pattern of H500 as obtained in the

CCA of randomly rearranged time series and the first EOF of H500. In more than g7%

of all cases the obtained spatial correlation was smaller than 0.89 indicating that a good

resemblance of the first canonical pattern of H500 in the GAGO run to the first EOF is

caused with high probability not only by chance. The probability to have high spatial

correlation between the first canonical pattern and the first EOF and high canonical

correlation in Monte-Carlo simulations was even lower. Particularly, none of 200 CCA

cases exhibited a first canonical correlation higher than 0.60 and a spatial correlation

higher than 0.75.

The typical El Niño pattern in the SST field appeared to be the second canonical

pattern (Figure 9d) which explains more than 40% of the total SST variance. There is

a strong positive SST anomaiy up to 1 K over the central and eastern tropical Pacific

and a negative SST anomaly in central midlaiitudes of the North Pacific Ocean. These

anomalies are usually observed as the leading trOF of SST variability in this region.

The atmospheric signal related to this SST pattern with the canonical correlation 0.60

is shown in Figure 9c. The second canonical H500 pattern explains about 9% of the
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total variance and consists of negative anomalies of 40 gpm in the North Pacific area

and over the Barents Sea and weaker positive anomalies over the North Atlantic and

over the East Siberian Sea. In the North Pacific / North America sector the second

canonical pattern remains the PNA pattern with the positive height anomalies in the

tropical North Pacific and over northern North America and negative anomalies in the

extratropical North Pacific and in the subtropical area of North America. Hereafter we

will refer to this mode as the GAGO2 mode.

The GAGO1 mode is not related to the prominent SST anomalies in the tropical

Pacific. To verify this fact that we calculated the correlation between the index defined

as SST averaged each month over the region I50"W - 90"W 5".9 - 5"1/ (the trNSO3

region) and the corresponding canonical time series of SST and H500. For both the

H500 and the SST time components of the first canonical pair the correlation with the

SST index is only about 0.2-0.3. The second canonical time component of SST is, on

the contrary' veïy well correlated with the SST index (- 0'9)' The correlation of the

second canonical time series of H500 with the SST index is, however, somewhat weaker

(- 0.5) but still higher than for the first canonical mode.

To be sure that the SST anomalies associated with the El Niño phenomenon do

not influence the GAGO1 signal we eliminated from the original SST and H500 fields

the variability which is linearly related to the SST index defined as above and then

repeated the CCA with these new fields. The first canonical patterns obtained in this

case (not shown) were practically not changed. The only difference in the new SST

canonical pattern was that the relatively small positive SST anomalies in the eastern

part of the tropical Pacific, which were presented in the original SST canonical pattern,

disappeared. The first canonical correlation was even higher (0.68) than for the original

fields. Thus we can conclude that the strongest atmospheric signal of the CCA analysis

in the GAGO experiment is not related to the strong SST variability associated with

El Niño.

The GAGO1 signal is related to the extratropical SST anomalies in the eastern parts

of the both basins which have a longitudinal structure. These regions are known for the

most significant transport of vorticity and heat into the extratropics. The variations of

the SST meridional gradients associated with the SST anomalies in these regions are

presumably related to the variability of the storm tracks which are expected to exert a

considerable influence on the seasonal and interannual circulation. The GAGO1 pattern

is very similar to the stationary atmospheric response in the long term experiment

PD4LT (Figure 9) which again indicates a physical meaning of the GAGO1 mode.
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6,4 The Northern Hemisphere atmospheric response in the

MOGA and TOGA runs

Before we present the results of the MOGA and the TOGA experiments, we discuss

shortly the atmospheric signal which can be expected in these runs compared to the

coupled modes found in the GAGO experiment. Basically we are interested in the

question of whether the MOGA run or the TOGA run is able to reproduce the strongest

atmospheric signal found in the GAGO integration. If we assume that the GAGOl mode

is a physically meaningful and statistically significant signal and is not just an artificial

product of the CCA (a small probability of the latter still exists, as was demonstrated

by Monte-Carlo simulations in Appendix A) then there are several possibilities for the

atmospheric response behavior in the MOGA and the TOGA runs:

o If only extratropical SST anomalies are essential for exciting the global dominant

GAGO1 mode then we would expect the same signal in the MOGA run'

o If, on the contrary, tropical SST anomalies play the most important role for the

GAGO1 mode, then the TOGA run should reproduce this signal.

e Finally, it could happen that none of the runs reproduces the GAGO1 mode. That

would mean that both tropical and extratropical SST anomalies contribute to the

atmospheric response like the GAGO1 mode. If SST anomalies in midlatitudes

and tropics act on the atmosphere in a linear way then the atmospheric response in

the GAGO experiment would be just the sum of the responses in the MOGA and

TOGA runs. Then one would expect that the linear combination of atmospheric

anomalies in the MOGA and TOGA runs would result in the same signal as in

the GAGO experiment.

r If the last possibility still fails to explain the GAGO1 mode then the problem

becomes more complicated, since nonlinear interactions between midlatitudes and

tropics are important for the atmospheric response.

o A wrong representation of the SST gradient at 25o - 30"¡ú in the MOGA and

TOGA runs could also influence the atmospheric response in these experiments.

The first canonical patterns of Northern Hemisphere H500 and of extratropical and

tropical SST in the MOGA and TOGA runs, respectively, are shown in Figure 9. The

canonical correlation between the corresponding time series in the MOGA run is 0.61.
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This is weaker than in the GAGO run but still statistically significant at the 95% level.

The corrected unbiased correlation (Table 9 in Appendix B) is 0.49 which is also lower

than in the GAGO run. The H500 pattern depicted in Figure 9a (we will call it hereafter

the MOGA1 mode) has strong anomalies in the North Atlantic sector and explains less

variance (L3%) than the first canonical pattern in the GAGO experiment. In the North

Atlantic region the structure of the H500 pattern is similar to the structure of the first

canonical SLP pattern shown in Figure 9c. The pattern correlation of the first canonical

pattern of H500 with the first EOF in the MOGA run is 0.66 so that the resemblance

between the leading variability mode and the first canonical mode in this experiment

is substantially weaker than in the GAGO run.
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The distribution of SST anomalies in the first canonical pattern in the MOGA run

(Figure 9b) is similar in the extratropics to that in the first SST canonical pattern

obtained in the GAGO run. More thorough analysis reveals some differences in the

structure of the SST maps. The SST anomalies in the first canonical pattern in the

MOGA run are more zonally orientated compared to the extratropical SST anomalies

in the first canonicat SST map in the GAGO run. The positive SST anomaly in the

western North Pacific is stronger in the MOGA run than in the GAGO experiment.

The zero line between positive and negative SST anomalies in the western North Pacific

in the MOGA run is situated slightly north of its position in the GAGO experiment"

The meridional SST gradients associated with the SST anomalies in the GAGO1 and

MOGA1 SST patterns are substantially different, especially in the 25o N -30"1ú latitude

band.

The strongest atmospheric response in the MOGA run has a quite different struc-

ture from that in the GAGO experiment. It seems that the heat and vorticity forcing

associated with a slightly different SST anomaly distribution in the MOGA run ex-

cites completely different type of atmospheric mode than in the GAGO run. The SST

anomalies in the MOGA run are only weakly, if at all, related to the like GAGOl mode

of atmospheric variability. Correlation coefficients between SST anomalies at each grid

point and the time series associated with the GAGOl mode obtained by projecting

anomalies of H500 taken from the MOGA run onto the GAGO1 H500 pattern are less

than 0.2 in the MOGA experiment.

The strongest signal in the TOGA run is again not the same as the GAGO1 mode.

The first canonical H500 pattern in the TOGA run (Figure 9c) is similar to the second

canonical pattern in the GAGO experiment (the GAGO2 mode in Figure 9c) which

is supposed to be associated with the El Niño phenomenon. This mode will be called

the TOGAl mode. The negative atmospheric anomaly over the North Pacific in the

TOGA run is stronger than in the GAGO experiment and its center is shifted slightly

northwards compared to the GAGO2 mode. The positive atmospheric anomaly over

North America is more strongly developed than in the GAGO2 mode, increasing the

resemblance of this mode to the PNA pattern of Wallace and Gutzler (1981). The

structure of atmospheric anomalies over the North Atlantic sector in both experiments

is also different. The first canonical SST pattern in the TOGA run (Figure 9d) looks like

the second SST canonical pattern in the GAGO experiment. Both patterns have strong

positive SST anomalies in the central and eastern tropical Pacific. The correlations of

the time series of the TOGA1 mode with the ENSO3 SST index defined above are 0.51
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for H500 and 0.78 for SST.

To verify again that the atmospheric variability associated with the GAGO1 mode in

the TOGA run is not related to the tropical SST anomalies we calculated the correlation

coefficients between the first canonical time series of SST in the GAGO experiment and

anomalies of H500 in the TOGA run at each grid point. The correlations (not shown)

are small with maximal values of about 0.3 over the North American continent. On the

other hand, the time series of H500 associated with the GAGOl mode calculated for

the TOGA run is also weakly correlated with the tropical SST anomalies. Thus, similar

to the MOGA run, the GAGOl mode is not a good descriptor of the SST anomalies in

the TOGA run.

6.5 The linear combination of the TOGA and the MOGA
runs

The MOGA and TOGA runs do not reproduce the atmospheric signal found in the

GAGO run as the first canonical pair of patterns. Some similarity was found between

the first canonical SST patterns in extratropical regions in the GAGO and MOGA runs.

However, the atmospheric signals in the Northern Hemisphere are significantly different

in these experiments. Assuming that the influence of SST on the atmosphere is linear,

i.e. the atmospheric response to the SST anomalies in the GAGO run is the sum of

the responses to SST anomalies in the middle latitudes and in the tropics, one might

expect the same results as in the GAGO run if the CCA is applied to the sum of the

geopotential height anomalies from the MOGA and the TOGA runs and to the global

SST field.

However, the first canonical pattern of the linearly combined H500 fields (not shown)

appeared to be quite different from the GAGOl mode. It is rather similar to the GAGO2

mode or to the TOGA1 mode. The corresponding SST pattern resembles the El Niño

mode. Therefore the atmospheric response in the linearly combined data is different

from the GAGO1 mode and it seems that nonlinear interactions between midlatitudes

and tropics play an important role in the atmospheric circulation and its response to

SST anomalies.
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6.6 Atmospheric circulation and SST gradient

Palmer and Sun (1935) assumed that the transient eddies could be of decisive impor-

tance for the extratropical atmospheric response. Since the baroclinic activity depends

partly on the SST gradients, another possible reason why neither the MOGA nor the

TOGA run is able to reproduce the strongest atmospheric response found in the GAGO

experiment could be a wrong representation of the meridional SST gradient near 30o/y'

in the MOGA and the TOGA runs. At this latitude the observed and climatologi-

cal SST values come together in these runs so that artificial meridional SST gradients

in this region arise. If the correct values of the SST gradient are important for the

atmospheric response, then the results of the MOGA and the TOGA runs could be

inconsistent with those of the GAGO run.

To have an idea about the relationship between atmospheric anomalous circulation

and the SST gradient, we computed the linear regression coefficients between the time

series of the first canonical patterns of H500 in the GAGO and MOGA runs and the

meridional SST gradient at each grid point in the Northern Hemisphere. The obtained

distributions of the regression coefficients are shown in Figure 9. The GAGO run reveals

a relatively strong relation between ihe GAGO1 atmospheric mode and SST gradients

in the North Atlantic at 20o1/ - 30"¡/ and at about 45" N off Newfoundland as well

as in the central and western North Pacific at 15o1ú and at 30"¡ú (Figure 9a). The

MOGA1 mode is related to a relatively strong SST gradient anomaly in the western

North Atlantic and the central North Pacific north of 30o/ú.

The main anomalies of the SST gradient which are related to the MOGA1 mode are

placed slightly further northwards of their position in the GAGO run. Particularly, the

negative SST gradient anomaly in the western and central North Pacific in the MOGA

is located fully north of 30"1/ whereas in the GAGO run it is spreading from about

20'N to 45"1/. A strong positive SST gradient anomaly in the MOGA run is located

in the North Atlantic at the US coast and in the central North Pacific at 25'N - 30o¡tr,

i.e. exactly in the regions where the observed SST anomalies occur together with the

climatological SST values. In the GAGO run the subtropical SST gradient anomaly

in the North Atlantic is of more moderate amplitude than in the MOGA run and

covers the whole area between the North American coast and the African continent at

150¡ú - 300¡\r.
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Figure 26: The distribution of linear regression coeffi.cients between the time compo-

nent of the fr.rst canonical pattern of Northern Hemisphete H500 and meridional SST

gradient in the GAGO run (a) and between the time component of the fr.rst canonical

pattern of Northern Hemisphere 500 hPa geopotential height and meridional SST gra-

dient in the MOGA run (b), Contour interval is 0.5 .70-76{lrn. Labels are scaled by

10-7.

6.7 Summary of GCM results

To obtain an overview over all the experiments (GAGO, MOGA, TOGA and CON-

TROL) we reduced some of the results of the CCA into Table 9. For each GCM

run (GAGO, MOGA, TOGA and CONTROL) we calculated time series associated

with the atmospheric canonical mode described above (GAGOI, GAGO2, MOGA1

and TOGAI). Table 9 presents the variance of these time series in each run normal-

ized by the corresponding variance in the CONTROL run. This value characterizes the

relative strength of canonical modes in each GCM run compared to the CONTROL

run. The correlation between time series associated with atmospheric modes in each

run and the corresponding to these modes canonical time series of SST are also shown

to demonstrate the relationship of atmospheric modes to SST anomalies.

From Table 9 one can see thai the variance of the GAGOl mode in the GAGO run

is almost twice as large as in the MOGA and TOGA runs. The variance of the GAGO2

mode is largest in the TOGA run (more than twice as iarge as in the CONTROL run)

and is relatively large in the GAGO run. The MOGA1 mode has nearly the same

variance in all GCM experiments. The variance of this mode in the MOGA run does

ùl

c

þ

s

MOGA



6.7 Summary of GCM rcsuLts 7L

GAGO run MOGA run TOGA run CONTROL run

GAGOl

MODE

var:1.60

cor:0.66

var:0.85

cor:-0.14

var:0.89

cor:-0.01

var:1.00

cor:0.16

GAGO2

MODE

var:1.98

cor:0.61

vat:L,26

cor:-0.06

var:1.98

cot:0.42

var:1.00

cor:0.18

MOGAl

MODE

var:0.89

cor:0.31

var:1.05

cor:0.61

var:0.86

cor:-0.06

var:1.00

cor:-0.16

TOGAl
MODE

var:1.64

cor:0,24

var:0.91

cor:-0.07

var:2,L4

cor:0.65

var:1.00

cor:-0.07

Table 2: The variance of the time seües associated with the canonical modes in each

GCM run normalized by that in the CONTROL run together with the conelation

coefficients between these time series and the conesponding canonical time señes of

ssr.

not significantly exceed that of the CONTROL run. The TOGA1 mode is strongly

presented in the TOGA and in the GAGO runs whereas the variance of this mode in

the MOGA run is nearly the same as in the CONTROL run.

The first canonical time series of SST in the GAGO run is well related to the

GAGO1 mode only in the GAGO experiment. The correlation is in this case 0.63. Since

there is no SST variability in the CONTROL run, except the annual cycle, correlation

values presented in the corresponding column characterize the level of correlations which

could occur just by chance even if the atmospheric circulation is independent of SST

anomalies. One can see that correlations less than 0.2-0.3 should be considered as

statisticaliy insignificant. The second canonical time series of SST in the GAGO run

is relatively well correlated with the GAGO2 mode in the GAGO run itself and in the

TOGA experiment. The canonical SST time series of the MOGA1 and the TOGA1

modes are well related to the corresponding time series of H500 only in the MOGA and

the TOGA runs, respectively.
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7 Normal mode analysis of the barotropic opera-

tor

As it has been mentioned in the previous sections, the atmospheric anomalies produced

in the GAGO, MOGA and TOGA runs and in the long term GCM experiments are

of large scale and equivalent-barotropic. Thus we might expect that the main dynami-

cal features of the atmospheric response can be captured by a nondivergent barotropic

vorticity equation model. Such a simplified model cannot reproduce the whole chain of

physical mechanisms involved in the formation of an atmospheric anomaly as a response

io SST anomalies. However it still describes processes important for atmospheric vari-

ability on intra- and interannual time scales, such as Rossby wave propagation and the

development of barotropic instability in a zonally asymmetric flow.

The use of linear barotropic models is not new in studies on internal atmospheric

variability and atmospheric response to SST anomalies. Branstator (1985 a,b), for

example, applied such a model to reproduce a midlatitude atmospheric response of

NCAR's Community Climate Model to central tropical Pacific SST anomalies. He

found that much of the structure of the pattern can be reproduced by the linear model

if it is forced by a vorticity source/sink in approximately the same geographical location

as the SST anomaly. The problem of the atmospheric response to extratropical SST

anomalies is more complicated since there is no obvious relationship between the forcing

term and the SST anomalies. A linear model can only supply us with general ideas

about possible reactions of the atmosphere and about processes which can play an

important role in this subject.

In a recent paper of Metz (1994) a linearized barotropic model was used to compute

singular modes (Schmidt modes) of a linear operator which under certain conditions

represent the EOFs of a linear stationary noise-forced model (Dymnikov, 1988; Navarra,

1993). He showed that the leading EOF of the linear stationary barotropic model lin-

eaúzedabout the 300 hPa basic state and driven by the forcing evaluated from the GCM

run is very similar to the leading singular mode of the linear operator. On the other

hand, he demonstrated that the leading singular mode associated with the equivalent-

barotropic level basic state matches quite well the GCM low frequency variability mode

of the atmosphere.

There are several strong assumptions and caveats in using iinear barotropic mod-

els. The first problem is the treatment of the nonlinear terms. Since deviations of
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the atmospheric flow from the basic state are not generally small, nonlinear terms can

significantly influence the dynamics of the atmosphere. Another open problem in linear

barotropic models is the choice of the basic state. Some authors (Branstator, 1985a,b)

recommended the use of ihe 300 hPa level. Metz (1994) found, however, that the

equivalent-barotropic basic state produced more realistic planetary lvaves. Finally, the

formulation of linear drag in such models is not obvious. A constant linear drag coeffi-

cient has no influence on the spatial structure of normal modes. But the growth rates

of unstable normal modes and the amplitude of the eigenvalues depends crucially on

this parameter.

Let us consider now the nondivergent barotropic vorticity equation on the sphere

ry+ J(rþ,V'rþ+ Ð+ov2',þ* p,V6$: P. (43)

Here,ry' is the stream function, / is the Coriolis parameter, o is the linear drag coefficient

and ¡t is the horizontal diffusion coefficient. f' on the right hand side stands for external

forcing.

Equation (43) can be rewritten in terms of disturbances of the streamfunction ty'l

from the time-independent basic state ty' as follows

av,rþ'
at + J(rþ',Y'Ú + Ð + J(Ú,v'rþ') -l J(rþ',v'rþ') + dv21þ' * p,v6tþ' : p' (44)

where F, : F - F and F : J(ú,Y'ú + Ð + oV'Ú -f pYuÚ. For small enough

perturbati ons tþ' the nonlinear term J (',þ' ,V'rþ' ) in (aa) can be neglected. In the absence

of external forcing (F' :0) we have an equation describing the internal dynamics of

the linear barotropic model

Y- * A'þ' :o (45)
dt

with the linear operator Arþ' :V-'(J(rþ',Y"6 + Ð + J(Ú,V'rþ') + aY'rþ' * pYur/).

In deriving (a5) we supposed that all functions in the equation (44) are orthogonal to

a constant so that we are allowed to apply the inverse Laplacian operator V-2 to both

sides of (44).

Searching for solutions of (45) in the form t/'(À, ö;t): rþ(\,ö)"-'r we obtain the

following eigenvalue problem

Atþ : atþ (46)
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Eigenvectors {ú¡} of the operator ,4 barotropic normal modes. Since the operator ,4, is

not Hermitian its eigenvalues and eigenvectors are complex in general. Normal modes

with a negative real part u| of the corresponding eigenvalue are unstable with e-folding

time ?" : tlaî. The nonzero imaginary part øj defines the time period T¿:2rla'¡
of travelling normal modes. The imaginary part of complex normal modes represents

the structure of the atmospheric anomalies a quarter of the time period after the real

part of the mode. Normal modes with purely real eigenvalues are stationary planetary

waves.

In the case of very low frequency variability, or for stationary solutions, we can

make further simplifications. Averaging the equation (a4) over a long time period and

supposing that all normal modes of the operator A are stable (or, at least that growth

times of all unstable modes are much larger than the characteristic time scale of low

frequency variability), we can neglect in the first approximation the time derivative in

equation (44):

t(t,v'ú + /) + J(Ú,v't) + JþþÑ'rþ') + ov't + pvut - î', $7)

or, in terms of the operator ,4

At + v-'J þþÑzr¡,r¡ : F' . (48)

Hereîstands for timeaveraging and. F'-l-2frr. To simplify (aS) the nonlinear term

is parameterized by a linear diffusion scheme like

JþþÑ'rþ') = p,ooYut (49)

with a constant coefficient ¡.lo¿¿. Such a parameterization means that the total time av-

eraged effect of nonlinear dynamical processes is equivaient to an additional diffusivity.

I.üevertheless, we accepted this hypothesis as a first order approximation to get a linear

equation. Finally we obtain the following linear problem

A't : F'. (50)

Here the operator .4' has the same form as in equation (a6) but with the diffusion

coefficient ltrøt: 11* lto¿¿. In the following we will omit for simplicity a prime / for the

operator ,4t.

Suppose that the set of the normalized eigenvectors ,þ¡ of the operator "4 builds a

full basis. In the real situation we always deal with a phase space of finite dimension
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ly', and therefore we replace the linear operator A by a matrix of size 1ú x I/ and the

functions Q "nd 
F' by vectors of dimension 1ú. If the eigenvalues of the matrix are all

different, then its eigenvectors build a full basis in /ú-dimensional space. Thus we can

write the forcing term Ft as an expansion in terms of the eigenvectors of the operator

A

g,:\óiúi. (51)
J

The scalar coefficients /¡ of the forcing term can be found from the relation

ój : (F,,rþir. $2)

Here (., .) denotes a scalar product on the sphere and $j is the eigenvector of the adjoint

operator ,4* which corresponds to the eigenvalue ø]. The solution of (50) can be then

found in the form

t:Ðo¡rþ¡ (53)
j

with scalar coefficients ø; defined as

ó¡
"i 

: r (54)

Thus the magnitude of the coefficient ø¡ of the solution of (50) is proportional to the

amplitude of the projection of forcing T' onto the adjoint eigenvector tþi and is inversely

proportional to the amplitude of the corresponding eigenvalue.

The basic state t/ was derived from the winter model climate at 500 hPa. All fields

were represented in spectral form and truncated at wave number 21 analogously to the

ECHAM?IT2l model. Assuming that the basic state in the Southern Hemisphere does

not influence the barotropic normal modes in the Northern Hemisphere, the basic state

was antisymmetrically extrapolated into the Southern Hemisphere and only antisym-

metric spherical harmonics were retained in the spectral presentation of all fields. By

doing so we reduced the size of the complex nonsymmetric matrix which approximates

the operator A'in (50) to 231 x 231. The eigenvalue problem (46) was solved using

a standard procedure from the NAG-library. The details of the basic state derivation

from the H500 field are presented in Appendix C.

A constant linear drag coefficient a only shifts the eigenvalues of the operator

"4 along the real axis and does not influence the spatiai structure of the eigenvec-
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tors. The eigenvalue problem was solved for the horizontal diffusion coefficient pror

which corresponds to damping times for the shortest model scales of 0.65 days. In the

ECHAM2/T21 model the diffusion coefficient is smaller and corresponds to damping

times for the shortest model scales of 7.I2 days. Additional numerical tests indicated

that the general structure of the normal modes is rather insensitive to the vaiue of the

horizontal diffusion.

The normal modes presented in the following subsections are ordered according to

the amplitude of the corresponding eigenvalues. So, the first normal mode has the

smallest eigenvalue, the second mode has the second smallest eigenvalue etc. Accord-

ing to (54), normal modes with smallest eigenvalues would mainly contribute into the

solution of (50) under the condition that the magnitude of projections of forcing onto

the adjoint eigenvectorc þ¡ is of the same order for all j.

7.L Normal modes of the operator "4

The first two normal modes of the linear operator "4 computed for the winter climate

in the GAGO experiment and the first normal mode of the observed climate are shown

in Figure 9. For better comparison with the results of previous sections the stream

function of normal modes was transformed to geopotential height by means of the

balance equation V2O : V.fVrþ. ,{11 normal modes appeared to be stable even for

zero linear drag coefficient. Thus, at least in this formulation the internal instability of

barotropic flow on monthly time scales in the absence of external forcing can play only

a limited role in atmospheric variability.

The first mode is nearly stationary with a time period T - 300 days. The real

part of the first mode (Figure 9a) resembles very much the stationary response in the

long term experiment PD4LT (Figure 9a) as well as the first canonical patterns of H500

found in the GAGO run and the first trOF of H500 in the GAGO run and in other GCM

runs. Negative anomalies are located over the northern parts of the North Atlantic and

North Pacific Oceans. Positive anomalies are placed south of the negative anomalies

as well as over the North American continent, South Europe and over the Japan Sea.

These aspects are common to the leading variability modes found in the GCM runs.

The imaginary part (Figure 9b) has a positive anomaly around the North Pole and

negative anomalies over North America, the North Sea and East Siberia.

The second normal mode (Figure 9c) is stationary. It is located mainly in the North

Atlantic sector. Except a rather strong feature around the North Pole, the structure of
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the second normal mode is similar to the structure of the real part of the first normal

mode in the North Atlantic. The second mode in moderate latitudes is also similar to

the stationary signal in the ND4LT run (Figure 9d) and to the first canonical mode

found in the MOGA run. It seems that the first two normal modes contribute mainly

to the monthly atmospheric variability in the GCMs and to the atmospheric response

to the SST anomalies.

The first two normal modes computed for the other GCM runs are very similar to

the normal modes described above. The first normal modes in the MOGA and in the

TOGA runs are again nearly stationary with a time period of 480 days. The second

normal modes are stationary in these runs. The pattern correlations between the first

two normal modes in the GAGO run and the corresponding modes in the MOGA and

TOGA run exceed 0.9. In the CONTROL run the resemblance is somewhat weaker.

The first normal mode in the CONTROL run has time period of more than 10 years with

very similar real and imaginary parts. The second mode is stationary and resembles

the first normal mode. The pattern correlation of the first two normal modes in the

CONTROL run with the real part of ihe first mode in the GAGO run is of the order

of 0.7.

The first normal mode computed for the observed climate is shown in F igure 9d.

There is no obvious correspondence between this mode and the observed leading EOFs

in Figure 9 as it is the case for the GCM climate. The main anomalies in the first normal

mode are, however, located in the North Pacific sector. Some similarity with the PNA-

type pattern can be found in the east Pacific / North America sector. Particularly,

negative anomalies are placed in the subtropical North Pacific and over the north of

North America. Positive anomalies are found in the north-east of the North Pacific

and in the south-west of the North Atlantic. However, the negative center over the

east of Russia has a much stronger amplitude and is placed further south and east as

it is the case in the first observed EOF. The second normal mode (not shown) is nearly

stationary with a time period over 400 days and is similar to the first normal mode in

the GAGO run.

It can be hardly expected that the normal modes of a simple linear barotropic modei

would have strong resemblance to the leading modes of the atmospheric variability.

Remarkably, however, that at least the very crude structure of the first two normal

modes is common to the structure of the leading EOFs. Especially in the GCMs, where

the variability mode associated with the first EOF is very dominant and well separated

from the second EOF, the correspondence is relatively good. For the observed climate
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the results are less satisfactory. Note, however, that the observed basic state in the

tropical area south of 20o1ú was derived from the CONTROL climate (see Appendix C)

so that the details of the basic flow in this area can influence the results of the normal

mode analysis.

7.2 Eigenvectors of the adjoint operator A+

According to (52) the scalar coefficients ó¡ in the expansion of the external forcing

F' in terms of the eigenvectors of the operator A' arc the projections of the forcing

onto the adjoint eigenvectorr rþ;. Thus, the spatial structure of the adjoint eigenvectors

represents an anomalous vorticity forcing which excites the corresponding normal modes

most efficiently.

The eigenvectors of the operator "4* which correspond to the normai modes pre-

sented above are shown in Figure 9. The real part of the first eigenvector (Figure ga)

has anomalies with large amplitudes over the western North Pacific. The anomalies

have the form of zonally oriented belts. In the imaginary part of the first adjoini mode

(Figure 9b), in the second adjoint eigenvector (Figure 9c) in the GAGO run and in

the first adjoint mode of the observed climate (Figure 9d) anomalies of large ampli-

tude are found over the western parts of the both basins. The centers of action in the

adjoint eigenvectors are in the vicinity of zones of strong baroclinic activity over both

oceans. Shifting of the storm tracks in the north-south direction, anð.f or, intensifica-

tion/weakening of transient eddy activity in these regions due to SST anomalies leads to

variability of the high-frequency forcing of the time mean circulation. Recent studies of

the atmospheric response to SST anomalies in the midlatitudes (Palmer and Sun, 1985;

Lau and Nath, 1990; Fraedrich et al., 1993) also support the idea that transient eddy

forcing can play an important role in the formation of large scale circulation anomalies.

Metz (1989) investigated the relation between low-frequency atmospheric variability

and transient forcing on the base of six winters of ECMWF analysis. He applied the

canonical correlation analysis to the low-pass filtered streamfunction and the pattern

that results from the effects of cyclone-scale eddies on the mean circulation. Low fre-

quency counterparts of the first two canonical modes were of planetary scale. Canonical

patterns, which represented the eddy effects, \ryere locally concentrated over the North

Pacific and North Atlantic. The canonical patterns of eddy forcing had a similar elon-

gated structure as the adjoint eigenvectors described above.

Since the variability of the storm tracks is at least partly related to the extratropical
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SST gradients it is interesting to compare the adjoint barotropic modes with the SST

gradient patterns associated with the canonical modes shown in Figure 9. For the

GAGO1 mode the SST gradients anomalies are generally larger in the North Pacific

than in the North Atlantic. In the adjoint eigenvector which corresponds to the normal

mode like GAGO1 mode (the real part of the first normal mode in the GCMs) the main

anomalies are located also in the North Pacific. In the MOGA run a relatively strong

and presumably artificial SST gradient anomaly is located also in the North Atlantic.

The second adjoint vector which is associated with the normal mode like the MOGA1

canonical mode has large anomalies over the both oceans.
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I Summary and conclusions

.1 SST sensitivity GCM experiments with constant SST

anomalies

The extratropical atmospheric response to SST anomalies in the North Atlantic in win-

ter was studied by means of the Hamburg version of the ECMWF general circulation

model ECHAM2/T21. Several kinds of GCM experiments have been done. The staiion-

ary atmospheric response was examined in the long term GCM integrations. In these

experiments the GCM was integrated over the time period of, 24 to 30 months. The

atmospheric system \Mas assumed to be in a new equilibrium state which was compared

with the climate state of the undisturbed control run. The nonstationary transient pe-

riod and the dynamical processes involved in the formation of the atmospheric response

during the first several weeks were studied my means of Monte-Carlo simulations. This

set of GCM experiments was made for the time period of 3 months, starting from

different statistically independent initial conditions.

The main goal of this GCM experiments with constant SST anomalies was to de-

termine the dynamical mechanisms which are relevant for the development of the ex-

tratropical atmospheric response to SST anomalies in the midlatitudes of the North

Atlantic. The linearity and the dependence of the atmospheric response on the geo-

graphical localization of SST anomalies was also examined.

The formation of the atmospheric response can be subdivided into three stages: 1)

generation of anomalous potential vorticity over SST anomalies and its advection by

the mean flow, 2) propagation of planetary Rossby waves and 3) the establishment of

the stationary response. Of course, such a classification of the mechanisms involved in

the development of the atmospheric response is only formal. All ihe processes occur at

the same time and one may say only on a relative importance of this or that process at

the certain stage.

Right after the beginning of the integrations with introduced SST anomalies the

response is localized over the SST anomalies. All processes related to the planetary

spatial scale may be neglected at this stage. The response is baroclinic in the vicinity

of the heat source with negative (positive) height anomalies right over the warm (cold)

SST anomalies and height anomalies of the opposite sign in the middle and upper

troposphere. Since the amplitude of the signal is small at this stage compared to the

amplitude of the natural atmospheric disturbances, the response behaves linearly with
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respect to the sign of SST anomalies. The structure of the atmospheric response is

rather insensitive to the details of the basic flow and depends mainly on the structure

of the SST anomaly pattern.

The produced vorticity anomalies are advected downstream by the mean circula-

tion. The amplitude of vorticity anomalies is steadily growing and their spatial scale

becomes larger. The meridional variations of the mean potential vorticity cannot be

more neglected for large scale waves. Planetary Rossby \/aves of equivalent-barotropic

structure propagate away from the source. The trajectories of Rossby wave propagation

deviate only little from the great circles on the sphere.

Due to internal diffusion and friction in the planetary boundary layer ail non-

stationary \ryaves disappear after about two weeks. The stationary atmospheric response

is dominated by the equivalent-barotropic component. Barotropic mode analysis pre-

sented in the last section of this study indicates that the structure of the stationary

signal depends decisively on the details of the zonally asymmetric mean flow and on the

structure of the external forcing. Normal modes of the barotropic operator linearized

about the model climate were computed and compared to the atmospheric response in

the GCM experiments. The spatial structure of the stationary response to the dipole

SST anomaly in the North Atlantic appeared to be similar in many aspects to the

structure of the most unstable and near resonant normal mode.

The corresponding eigenvectors of the adjoint operator, which represent an external

forcing optimal for exciting normal modes, have a longitudinal structure with maxima in

regions characterized by enhanced high-frequency baroclinic activity over both oceans.

Such a structure suggests that small meridional variations of the vorticity forcing in

these regions would lead to a large variability of the corresponding normal modes. The

barortopic transient eddy forcing tends to support the atmospheric response.

The GCM experiments with SST anomalies in different geographical regions indicate

that the atmospheric reaction is very sensitive to the position of the SST anomaly.

Especially strong atmospheric response in this particular GCM was found only in the

case of the positive SST anomalies placed of the US coast. The response to SST

anomalies east of Newfoundland was significantly weaker.

The amplitude of the stationary response to f4 K SST anomalies is comparable

with that of the internal variability of the extratropical atmosphere. The response is

not symmetric with respect to the sign of SST anomalies. The nonlinear behavior of

the atmospheric signal cannot be exciusively attributed to the nonlinear dependence

of Richardson number, which controls the turbulent heat exchange coefficient in the
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parameterization of heat fluxes in the boundary layer, on SST

8.2 GCM experiments Ì,\¡ith observed SST anomalies

The atmospheric wintertime interannual variability in several 19-year GCM runs with

different types of SST forcing was examined by means of the EOF analysis. The leading

modes of atmospheric variability in GCMs were found to be substantially different from

the observed ones. Particularly, the first model EOF of H500 has a global structure

with negative anomalies over the northern parts of the North Atlantic and North Pacific

and in polar regions and positive anomalies roughly south of the negative ones. The

first observed EOF, on the contrary, has main anomalies over the North Pacific. The

first two EOFs in the GCM are stronger separated than in the observations.

The results of the EOF analysis indicate that the atmospheric variability in the

GCMs is dominated by an internal mode which is not quite common for the observed

circulation. This circumstance compiicates the direct comparison of the atmospheric

anomalies in the GCM experiments with the observed ones. The details of the atmo-

spheric response in the extratropics are probably not correctly reproduced compared

to the observations. Thus, the GCM results in this study can be considered with care.

They demonstrate only the potential effect of the SST forcing in different geographical

regions on the atmospheric circulation and reveal the dynamical mechanisms which can

be relevant for the observed air-sea interactions.

The CCA was used to find the best correlated pair of patterns of SST in the North

Atlantic and Pacific and atmospheric circulation in the Northern Hemisphere. In the

GAGO and MOGA experiments the atmospheric response over the North Atlantic area

was found to be a part of global patterns. The best correlated pattern of Northern

Hemisphere geopotential height at 500 hPa in the GAGO run is global and is related

to SST anomalies in the North Atlantic and the North Pacific. It resembles the leading

variability mode in the GAGO run. The statistical significance of the canonical corre-

lation for the GAGO1 mode is very high. The variance explained by the first canonical

pattern of H500 is much higher than for the other experiments (1.6 times as large as in

the CONTROL run and almost twice as large as in the MOGA and the TOGA runs).

This mode is quite robust and insensitive to the number of the EOFs and the choice of

geographical regions or SST anomalies used in the CCA.

In the MOGA experiment the atmospheric signal in the Northern Hemisphere is

weaker than in the GAGO run. The first canonical pattern of H500 differs from the
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GAGO1 mode, despite the fact that the corresponding canonical pattern of SST is sim-

ilar in midlatitudes to the first canonical SST pattern in the GAGO run. The variance

expiained by the MOGA mode is approximately the same in all GCM integrations,

including the CONTROL run. It seems that in the MOGA run another type of atmo-

spheric variability mode is excited by extratropical SST anomalies. However the signal

is weak and probably not very stable.

The El Niño type mode was found as the first canonical pair of patterns in the TOGA

run and as the second canonical mode in the GAGO run. The variances explained by

the GAGO2 and the TOGAl atmospheric modes in both runs are about twice as large

as the magnitude of those in the CONTROL integration and the MOGA run. It seems

that for the trl Niño mode, tropical SST anomalies are of essential importance which

is consistent with the previous results (e.g. Graham et al., 1994). The tropicai SST

anomalies in the Pacific associated with the El Niño phenomenon have, on the contrary,

no influence on the GAGO1 mode in the GAGO experiment.

Neither the MOGA and the TOGA runs alone, nor their linear combination is able

to reproduce the signal found in the GAGO run as the first canonical mode. The

nonlinear effects and the interactions between midiatitudes and tropics seem to be

important. Artificial meridional SST gradients at 25o N - 30o¡/ in the MOGA and the

TOGA runs probably influence the atmospheric response in these GCM experiments.

The last effect represents a real problem in the experimenis like GAGO-MOGA-TOGA

by means of which the relative importance of the SST forcing in the middle latitudes

and in the tropics is intended to be investigated. Particularly, in the MOGA run the

first canonical pattern of H500 seems to be related to the artificial SST meridional

gradients in the North Atlantic and North Pacific at 25o N - 30o¡\r.

A normal mode analysis was performed in order to explain the discrepancies between

the leading atmospheric variability modes in the GCM and in the observations. The

leading normal modes of the barotropic operator linearized about the winter climate at

500 hPa in the GCMs \¡/ere compared with the canonical modes and the EOFs. The first

two normal modes in the GCM runs were found to have some similarity to the leading

variability modes in the GCMs. Particularly, the spatial structure of the real part of

first nearly stationary mode is very similar to the structure of the GAGO1 mode. The

second normal mode is, at least qualitatively, similar to the MOGA1 canonical mode.

The first normal mode for the observed winter climate differs significantly from the

first two normal modes in the GCMs. The resemblance of the observed first normal

mode to the leading mode of the observed variability is, however, relatively weak. The
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largest anomalies in the observed first normal mode are located in the North Facific.

Some similarity to the observed first EOF is found in the eastern North Pacific / North

America sector.

Eigenvectors of the adjoint operator display the structure of the forcing which excites

the normal mode most efficiently. Leading adjoint vectors have strong zonally elongated

anomalies over the eastern parts of the North Pacific and the North Atlantic oceans

in the extratropics i.e. in the regions where the strongest transport of the heat and

momentum occur in the troposphere. The variability of the storm tracks which is

partly related to the SST variability in the extratropics can significantly influence the

variability of nearly resonant barotropic normal modes.

Observational studier (".g. Zoúta et al., 1992) indicate that the atmospheric dis-

turbances usually lead the extratropical SST anomalies on monthly time scales. The

atmospheric response in the GCM experiments with prescribed SST anomalies occur,

on the contrary, at best simultaneousiy with SST variations or lag them. Thus, they

demonstrate possible feedbacks from the SST on the atmospheric circulation. As a

result of such feedbacks, the amplitude or/and the persistence of the atmospheric and

oceanic anomalies could increase (decrease) if the feedback is positive (negative). Par-

ticularly if we assume that the atmospheric response found in the North Atlantic in

the GAGO run as the first canonical pair of patterns or in the GCM experiment with

the positive SST dipole in the North Atlantic is correctly represented (it might be not

the case as discussed above), then such a response would positively contribute into the

atmospheric anomalies which are known to be responsibie for the appearence of the

same SST anomalies in the North Atlantic.
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Appendices

A Significance tests for canonical correlations

To define the statistical significance of canonical correlations we produced, for each

GCM run, 200 CCAs under exactly the same conditions as described in Sections 6

(December-February, S EOFs for each variable) and with the same data except that the

data fields were randomly rearranged in time so that the correlations between two fields

were caused by chance. The purpose of this is to determine what values of correlation

coefficients are significant in the CCA. The r% significance value was defined as the

canonical correlation value for which the percentage of all 200 CCA cases with smaller

canonical correlations was nTo. Paúicularly, in the CCAs for North Atlantic SST vs.

North Atlantic SLP there were 198 cases (99%) with the first canonical correlations

less than 0.646. Thus, the first canonical correlation higher than 0.646 is considered as

99% significant in this particular case. The same procedure is applied to the second

canonical correlation.

Other statistical tests were performed to examine the expectation of the fact that the

leading mode of atmospheric variability would appear as the first canonical pattern in

the CCA. For this purpose we calculated the pattern correlations between the first EOF

of atmospheric variability and the first canonical patterns appeared in the Monte-Carlo

simulations of the CCA described above. The statistical significance of the pattern

correlation was defined in the same way as the statistical significance of the canonical

correlations. Particularly, in the CCAs for North Atlantic SST vs. North Atlantic SLP

there were 198 cases (99%) with the pattern correlation between the first EOF of SLP

in the North Atlantic and the first canonical pattern less than 0.646 (95%)

Table 9 summarizes the results of Monte-Carlo simulations.

B Glynn and Muirhead's test

Since the data sets are limited in time, covariance matrices involved in the calculation

of canonical correlations are estimated only approximately. For example, if the time

series are not long enough, leading eigenvalues of the covariance matrix tend to be

overestimated and eigenvalues with higher numbers are underestimated. Thus, the
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(Continued)

CCA

GAGO:

Hsoo(NH)

vs.

ssr(NP)

GAGO:

H500(NH)

vs.

ssr(GL)

MOGA:

Hsoo(NH)

vs.

ssr(ML)

TOGA:

H5o0(NH)

vs.

ssr(rR)
Level 1.C 2.C P.C 1.C 2,C P.C. l.C 2.C P.C 1.C 2.C P.C

70% 518 .382 .706 .513 .378 .743 516 .386 .675 .5r7 .375 .628

80% 539 .400 .76r .529 .405 .797 543 .406 .738 .537 .402 .690

90To 575 .437 .838 .559 .43r .847 .582 .421 .797 .565 .452 .778

e5% .596 .460 .869 601 .450 .876 .6A2 .456 .817 599 .452 .794

e7% .62r .476 .880 610 .460 .886 .617 .455 .842 614 .468 .815

98% 642 .485 .881 637 .469 .904 630 .469 .854 631 .470 .826

ee% 655 .487 .897 677 .495 .9r2 632 .505 .869 67L .481 .844

e9.5To 677 .493 .902 703 .496 .931 643 .520 .871 680 .5r4 .852

Table 3: The values of the fr.rst and the second canonica] coruelations (LC and2.C ) and

of the pattern correlation (P.C.) between the frrst atmospheric canonical pattern and

the frrst EOF statisticaþ signifrcant at different leveLs, as obtained from Monte-Ca,rlo

simulations. NA, NP, GL, ML andTR are the abbreviations for "North Atlantic",

"North Pacifrc", "Global", "Middle Latitudes", "Tropics", rcspectively.

CCA

GAGO:

sLP(NA)

VS.

ssr(NA)

N{OGA:

sLP(NA)

VS.

ssr(NA)

TOGA:

sLP(NA)

vs.

ssr(rR)

GAGO:

H500(NH)

vs.

ssr(NA)
Level l.C 2.C P.C. l.C 2.C P.C l.C 2.C P.C. l.C 2.C P.C.

70% 5L4 .378 .825 515 .387 .720 522 .384 .727 500 .378 .618

80% 536 .406 .867 540 .4rr .775 537 .405 .777 .52r .393 .696

e0% 562 .430 .913 567 .432 .850 .57r .435 .830 553 .42t .785

95% 589 .447 .936 590 .465 .879 592 .45t .877 582 .434 .816

97To 600 .464 .937 .610 .470 .896 608 .459 .879 .599 .456 .853

98% .627 .475 .940 .620 .483 .902 628 .465 .881 .606 .459 .883

ee% .641 .489 .94r 631 .487 .910 644 .486 .887 638 .489 .894

99.5T0 .650 .508 .949 664 .492 .9r7 665 .490 .896 652 .4t6 .894
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canonical correlations obtained as eigenvalues of a matrix which is the product of the

covariance and inverse autocovariance matrices are estimated with errors.

Glynn and Muirhead (1978) proposed a technique which enabies one to get corrected

unbiased estimates of canonical correlations and their significance intervals. Input pa-

rameters for this approach are the iength of time series, the number of EOFs retained

in the CCA and the values of all canonical correlations. In Table 9 we present corrected

values and their 95% significance intervals for the first and the second canonical cor-

relations between the Northern Hemisphere H500 and the global SST in winter in the

GAGO, MOGA and TOGA runs. Particularly, the unbiased vaiue of the first canonical

correlation in the GAGO run is 0.57 compared to 0.66 for its original value" In the

MOGA run the corrected first correlation (0.49) differs significantly from the original

first canonical correlation 0.61 and is 0.08 smaller than the unbiased first correlation in

the GAGO run.

C The derivation of the basic state V

The stream function of the basic state is derived from the winter ciimate mean of

H500 in the Northern Hemisphere, both for the model and observed climates. First the

geostrophi c zonal and meridional winds are calculated from the H500 field

1ôO 1ôÕt/ _

'n - ¡or"tS 0À
us

fa oó'

After that the relative vorticity field is computed as follows

1 ( ïVn â{n cos /\v"þ:;*;6(tr --iî)
The stream function is obtained by applying the inverse Laplacian operator to relative

vorticity. Since the observed data were available only north of 20o the geostrophic

velocities Un and I/n south of this latitude for the observed climate were estimated from

the H500 field taken from the CONTROL run.

The obtained stream function in the Northern Hemisphere is antisymmetrically ex-

trapolated into the Southern Hemisphere. Such an extrapolation may cause problems

in the vicinity of the Equator. The stream function used for the basic state is defined

uniquely except a constant and is not necessarily zero at the Equator. Thus, discon-

tinuities of the stream function and related to them artificial zonal winds can appear
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(Continued)

CCA

GAGO:

H5o0(NH)

vs.

ssr(GL)

MOGA:

Hsoo(NH)

vs.

ssr(ML)

TOGA:

H50o(NH)

vs.

ssr(rR)

1.C

.70 (+e5%)

66 .54 (unbias.)

.33 (-e5%)

.67 (+s5%)

61 .50 (unbias.)

.27 (-e5%)

.73 (+e5%)

.66 .58 (unbias.)

.27 (-e5%)

2.c

.64 (+e5%)

61 .46 (unbias.)

.23 (-e5%)

.68 (+e5%)

.47 .50 (unbias.)

.2e (-e5%)

.4e (+e5%)

.40 .27 (unbias.)

.01 (-e5%)

Table 4: The frrst and second canonical correlations in the GCM tuns and their

corrected unbias. values. The 95% signifr.cance interval is depicted above and below

the unbiased correlations. N A, N P, GL, M L and T R arc the abbreviations for "North

Atlantic", "North Pacifr"c", "Globa|", "Middle Latitudes", "Tropics", rcspectively.

CCA

GAGO:

sLP(NA)

vs.

ssr(NA)

MOGA:

sLP(NA)

vs.

ssr(NA)

GAGO:

Hsoo(NH)

vs.

ssr(NA)

GAGO:

Hsoo(NH)

vs.

ssr(NP)

1.c

.73 (+e5%)

.66 .58 (unbias.)

.38 (-e5%)

.5e (+e5%)

54 .39 (unbias.)

.15 (-e5%)

.6s (+e5%)

.61 .51 (unbias.)

.2e (-e5%)

.71 (+e5%)

64 .55 (unbias.)

.34 (-e5%)

2,C

.45 (+e\To)

38 .21 (unbias.)

-.05 (-e5%)

.41 (+s5%)

44 .17 (unbias.)

-.10 (-e5%)

.5e (+e5%)

.45 .40 (unbias.)

.15 (-e5%)

.57 (+ebTo)

55 .36 (unbias.)

.11 (-e5%)
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at the Equator if the stream function is extrapolated into the Southern Hemisphere

antisymmetrically. Atmospheric waves propagating to the Equator can reflect from the

zero wind line (e.g. Held, 1983). Therefore, tropical easterlies can play an important

role for the resonant behavior of the atmospheric circulation. In the model 500 hPa

winter climate there is a narrow area with easterlies almost everywhere in the vicinity

of the equator. We added to the stream function of the basic state such a constant

that after the extrapolation the smallest possible easterlies occur everywhere in the

equatorial region.
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