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SUMMARY

It is shown that the dominant structure of the seasonal-mean mid-latitude circulation (500 hPa height) pattern
over the Pacific-North America (PacNA) region forced by tropical sea surface temerature (SST)-related diabatic
heating, is distinctly different from the seasonal-mean internal variability pattern that occurs in the absence of El
Nifio Southern Oscillation (ENSO) related SST anomalies. The separation of these two patterns is accomplished
by utilizing ensemble General Circulation Model (GCM) integrations in conjunction with re-analyses.

Ensemble simulations made with the GCM of the Center for Ocean-Land-Atmosphere Studies (COLA)
are compared to the re-analyses of the National Centers for Environmental Prediction (NCEP) for the 16
winters 1981/82-96/97. The GCM ensemble for each winter consists of 9 integrations initialized from analyses,
and utilizing the observed time-varying SST. In addition, a 39-year simulation with the same GCM using
climatological SSTs (with the observed annual cycle) is used.

The hemispheric North Atlantic/Arctic pattern is the leading seasonal-mean empirical orthogonal function
(EOF) for: (i) all GCM seasonal means in the ensemble simulations; (ii) the NCEP re-analyses; and (iii) the
climatological SST integration. This mode is removed from these datasets.

The total seasonal-mean variance of all GCM ensemble integrations is generally quite realistic in the
PacNA region. The variance of GCM seasonal-mean deviations about the ensemble mean agrees with that in
the climatological SST GCM run, but is about 20% weaker than the observed variance for 29 non-ENSO winters
from the NCEP re-analyses. The ratio of the SST-forced variance (obtained from the variance of ensemble means
but corrected for the finite sample size) to the internal variance (from the deviations about the ensemble mean)
exceeds 2.5 in the eastern Pacific and 4.5 over Mexico. It is highly significant (99% confidence level) over most
of the PacNA region.

A number of techniques are used to calculate the patterns forced by SST heating and the internal variability
patterns. The SST-forced mid-latitude circulation pattern is calculated in seven ways, namely: (1) as the leading
EOF of the ensemble-mean GCM height field for the 16 winters; (2) as the leading mode of a singular-value
decomposition (SVD) analysis of height with tropical diabatic heating from the GCM; (3) as the leading EOF
(as above) for NCEP re-analyses for the same 16 winters; (4) as the leading SVD mode (as above) for the NCEP
re-analyses for the same 16 winters; (5) as the leading EOF of height from re-analyses for the 10 winters having
the five strongest warm and five strongest cold tropical SST anomalies in the last 39 years; (6) as the leading SVD
mode (as above) from re-analyses for these same 10 extreme-SST winters; (7) as a regression of GCM-simulated
height on a tropical SST time series obtained from the first EOF mode of re-analysis tropical diabatic heating. It is
found that the results of all of these techniques agree extremely well with each other, and that the leading modes
in the EQF (SVD) analyses explain large amounts of variance (squared covariance), about 50% (90%).

The spread of projections of individual seasonal means on the leading SVD mode of the seasonal-ensemble
means, is less than the variation of the projection of the ensemble means on the SVD mode (90% significance
level).

We draw two conclusions: first, that the GCM ensemble means simulate the observed anomalies with high
accuracy; and second, that the observed and simulated anomalies are indeed forced by tropical diabatic heating.

The internal variability pattern was calculated in three different ways: (1) as the leading EOF of height of
the deviations of each seasonal mean about the corresponding ensemble mean for that winter; (2) as the leading
height EOF from the 39-year GCM integration forced by climatological (but annually varying) SST; and (3) as
the leading height EOF from re-analyses for 29 winters not associated with very warm and cold tropical SSTs.
The patterns derived from these analyses have a common structure. It is found that it is this internal variability
pattern, and not the SST-forced pattern described above, that closely resembles the ‘PNA’ pattern of Wallace and
Gutzler.

The SST-forced pattern in the GCM (characterized by the heterogeneous correlation pattern of the leading
SVD mode for the ensemble means) is significantly different (95% confidence level) from the internal variability
pattern (characterized by the homogeneous correlation pattern of the leading EOF of the GCM deviations about
the ensemble mean) over a region in western North America and the adjoining eastern Pacific, a region north-east
of the Great Lakes, and a small region in the Gulf of Alaska.
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1. INTRODUCTION

The paradigm of mid-latitude response to tropical variations of sea surface temper-
ature (SST) is a confident one from the point of view of seasonal predictability, as the
time-scale of SST variation is so long compared to that of the atmosphere. This ideal is
best realized in the case of the strong winter mid-latitude response in the Pacific/North
American region (PacNA) to tropical Pacific SST variations associated with the El Nifio
Southern Oscillation (ENSO) phenomenon (Bjerknes 1966, 1969; Horel and Wallace
1981; Hoskins and Karoly 1981; Simmons 1982; Shukla 1984). While both the na-
ture of the tropical forcing and the dynamics of the remote response have been studied
extensively, there is still a fundamental disagreement regarding the relationship of the
remote response to the internal variability which occurs independently of the tropical
SST forcing. This internal variability in the region of interest is dominated by the Pa-
cific North American pattern (PNA), defined in terms of monthly mean teleconnection
patterns (Wallace and Gutzler 1981) or in terms of leading rotated principal component
analysis (Barnston and Livezey 1987). The PNA pattern, clearly shown in Fig. 17(c)
of the former paper and Fig. 3(d) and (e) of the latter, is obtained from consideration
of all winter months in the record, regardless of the state of the tropical Pacific SST.
It is similar in some ways to the tropically forced ENSO response, as estimated (for
example) in Zhang et al. 1996 (hereafter 7). However, the subtle structural differences
between these two patterns (as emphasized by Z) are indicative of a different origin.
In their coupled analysis of Pacific SSTs (tropical and mid latitude) with mid-latitude
heights, Z show that by removing the influence of ENSO SST via linear regression,
the remaining variability is dominated by the PNA pattern (compare their Figs. 5 and 6).
The strong relationship of the PNA pattern to North Pacific extratropical SST anomalies,
and the evidence that the latter represent the oceanic response to internal atmospheric
variability, are reviewed in detail by Z.

However, another point of view interprets the ENSO mid-latitude response pattern
as a natural mode of the atmosphere (usually taken to be represented by the PNA pattern)
which has been excited by the tropical forcing, much as beating a drum excites its normal
modes. What really distinguishes ENSO and non-ENSO winters in this view, is the
strength and consistency (or probability) of the response, not its structure. This point of
view has recently been expressed in modelling studies (Lau and Nath 1994; Lau 1997;
Saravanan 1998), and from a more theoretical approach (Palmer 1993). Lau and Nath
(1994) present the first coupled mode of the observed ‘nearly global’ SST field (40°S~—
60°N) with the northern hemisphere extratropical 500 hPa height field for 42 winters.
The leading SST pattern encompasses not only tropical Pacific ENSO-like variability
but also extensive variability in the North Pacific. The associated height pattern (their
Fig. 3(a)) is similar to observational results presented by Z.

The general circulation model (GCM) simulation results of Lau and Nath (1994)
are, however, difficult to interpret. The first coupled mode of the GCM integration using
global SST variations prescribed from observations yields a pattern similar to the PNA
pattern of Wallace and Gutzler (1981), while the first mode of the GCM integration
using observed SST variations only in the tropics yields a different pattern, one much
closer to the ENSO-related pattern diagnosed by Z and in many earlier studies (e.g.
Horel and Wallace 1981; Ferranti et al. 1994; Graham et al. 1994; Kumar et al. 1996;
and Chen and van Den Dool 1997). We note in this context, that the GCM response to
ENSO is very weak in the GCM used by Lau and Nath (1994).

Saravanan (1998) shows evidence (his Fig. 1) that the regional wintertime variability
of simulations made with either observed tropical or observed global SSTs is dominated
by the same pattern which is seen in a long integration made with climatological
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SSTs (i.e. SSTs having an annual cycle but no interannual variation). This pattern,
obtained by regional empirical orthogonal function (EOF) analysis in each case, seems
to resemble the PNA pattern more than the ENSO-response pattern seen by the studies
quoted above*. Since in the case of the climatological SST run, the mode in question
is seTen only as the second EOF, it is not clear what role sampling errors may play
here'.

The purpose of this paper is to use ensemble integrations by the atmospheric GCM
of the Center for Ocean—Land-Atmosphere Studies (COLA) to assess the mid-latitude
variability of seasonal means in the PacNA region due to ENSO-related SST variations
for 16 recent winters (1981/82-96/97), and to contrast this SST-forced variability with
chaotic internal variability both in terms of magnitude and characteristic patterns. The
GCM is a critical tool because, unless assumptions are made, it is in general not possible
from observations (analyses) alone to distinguish between the variability of seasonal
means due to forcing by SST anomalies and the internal variability; the latter is due to
the sensitivity of the nonlinear dynamics to initial conditions.

The GCM ensemble approach was designed to make this distinction possible. The
idea is to integrate a GCM a number of times utilizing the same observed SSTs for a
given season of a specific year, starting from different initial conditions. In this approach,
the signal forced by the SST anomalies for that specific season is given approximately
by the ensemble average of the individual seasonal means. This process tends to filter
out the internal variability; in the limit of a very large ensemble size, this filtering
is complete. The internal variability itself is estimated by the set of deviations of the
individual seasonal means about the ensemble average. A collection of such ensembles
for different calendar years (with distinct observed SSTs) allows for a general and robust
estimation of SST-forced signal and of internal variability, if the ensemble size is large
enough. A GCM ensemble of continuous multi-year integrations is an example of this
approach, in which the initial conditions for a given season vary widely across members
of the ensemble (see for example Lau and Nath 1994; Rowell ez al. 1995; Rowell 1998).
In this paper, the initial conditions for a given season are quite close to one another (and
to the analysed atmospheric state) by design.

The validity of the ensemble approach is critically dependent upon at least two
characteristics of the GCM: it must respond in a realistic manner to the dominant
year-to-year SST variations of interest; and the overall variability of seasonal means
in the GCM must be comparable to those in analyses. The COLA GCM satisfies
these criteria quite well. The overall accuracy of the GCM in responding to fixed
SST anomalies is assessed in a companion paper (Shukla e al. 2000; hereafter S) by
comparing the anomalies of the ensemble means with analyses. Over the PacNA region
the agreement is good, and it is outstanding during strong ENSO events. Note that while
the comparison of the ensemble mean with analyses is useful when the SST-forced
signal is large, it does ignore the role of internal fluctuations in the analyses. In terms of
overall seasonal-mean variability in this region, the COLA GCM is also comparable to
analyses, as we will show.

* Since the region used in the analysis of Saravanan does not extend to the east coast of North America, it is hard
to make a precise comparison of this pattern with those found in other studies (e.g. Wallace and Gutzler 1981;
Horel and Wallace 1981; Barnston and Livezey 1987).

T Although the difference in variance explained by the first and second EOFs in Saravanan (1998) is marginally
significant, according to the test of North et al. (1982), no information is given about the significance of the
difference between the second and third modes. Also, the constraint of orthogonality which is inherent in the
analysis is especially restrictive when the spatial domain is limited.
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The ensemble integrations of the COLA GCM (described in S) are used in con-
junction with National Centers for Environmental Prediction (NCEP) re-analyses, here-
after referred to as ‘observations’. Strictly speaking, the COLA integrations give an
unambiguous depiction of the variability due to global SST variations vis-a-vis internal
variability, as described above. We present evidence to show that during this period the
ENSO-related SST signal is dominant in terms of its importance to mid-latitude height
variations in the PacNA region. The role of the analyses in this paper is to verify the
GCM, and to provide an observational estimate of ENSO- versus non-ENSO-related
variability. The latter is obtained by contrasting a longer record of 29 winters in which
ENSO-related SST (tropical Pacific) anomalies were absent with a record of ten win-
ters in which these anomalies were strong. We show that the PacNA variability during
non-ENSO winters from observations is quite similar to the internal GCM variability
obtained from the deviations about the ensemble mean, thus suggesting that the impor-
tance of non-ENSO SST anomalies in forcing the PacNA region is quite small during
winter. Finally, the variability of seasonal means in a 39-year continuous integration of
the COLA GCM forced by climatological SSTs provides another estimate of the chaotic
noise.

The GCM integrations and re-analysis datasets used are described in section 2. The
overall magnitude of SST-forced and internal variability is discussed in section 3. Sec-
tion 4 describes in detail the dominant patterns associated with SST-forced variability,
and section 5 those associated with internal variability. Some salient points about the
differences between these two patterns are highlighted in section 6. A summary is given
in section 7, a discussion in section 8, and conclusions in section 9.

2. COLA GCM INTEGRATIONS AND DATA

(a) DSP GCM integrations

The Dynamical Seasonal Prediction (DSP) framework and the COLA GCM are
described in detail in S. Briefly, the GCM is a global spectral model with horizontal
rhomboidal 40 (R40) resolution, and 18 vertical levels. The prognostic variables are
vorticity, divergence, virtual temperature, specific humidity, and logarithm of surface
pressure. Prognostic cloud cover is used for the radiative transfer calculations. A
realistic land surface model, realistic orography and a full, updated suite of physical
parametrizations are included. In particular, the adoption of the relaxed Arakawa—
Schubert convection scheme has greatly improved the simulation of the response to
tropical SST variations (DeWitt 1996; DeWitt and Schneider 1999).

The GCM integrations consist of 16 ensembles, corresponding to the 16 winters
of 1981/82 through 1996/97. The weekly observed Optimal Interpolation SST dataset
for each winter was utilized (Reynolds and Smith 1994). Each ensemble consists of
nine integrations started from the twice-daily sequence of analysed initial conditions
from 0000 UTC 13 December through 0000 UTC 17 December. Each integration was
continued until the end of March. Climatological soil moisture was used as an initial
condition for the land surface model in each case, with the subsequent evolution of soil
moisture being predicted. Unless otherwise stated, the definition of winter in this paper
is the 100-day period starting at 0000 UTC 20 December.

(b) Climatological SST integration

The climatological integration, which used the same GCM as in the DSP integra-
tions, was initialized from the National Meteorological Center (NMC) analysis valid for
0000 utc 1 January 1977, with climatological soil moisture, and was integrated for 39



VARIABILITY IN MID LATITUDES 2327

years. The prescribed SSTs used as boundary conditions possess the annual cycle seen
in observations, but have no interannual variability; each month’s SST was obtained as
a climatological average from Reynolds (1988).

(c) NCEP re-analyses (observations) and GCM data

The re-analyses of the NCEP (Kalnay et al. 1996) were obtained from the archive
at the National Center for Atmospheric Research, for the 39 winters 1958/59 through
1996/97. The 500 hPa height field was interpolated from the original 2.5° x 2.5° grid to
a4° x 5° (latitude x longitude) grid, and was further interpolated to an equal-area grid
(Molteni et al. 1988) extending over the PacNA region (defined to be 150°E~-30°W, 20—
80°N) for the EOF and singular-value decomposition (SVD) analyses in sections 4—6.
The total diabatic heating rates used in the SVD analysis were obtained on the grid of
the re-analysis forecast model T62 horizontal Gaussian grid (192 x 94 grid points). The
original 28 levels of diabatic heating were vertically integrated (not averaged) into six
layers, with mid points approximately equally spaced between 1000 hPa and 100 hPa.
For the SVD analysis, the 6-layer heating was interpolated to a 5° x 5° grid extending
over the Pacific tropical region (120°E-80°W, 20°S-20°N). Throughout this paper, the
height, wind and heating data from the re-analyses are referred to (for convenience) as
observations.

The GCM data are all originally on the R40 Gaussian grid (128 x 102 grid points)
with 18 levels in the vertical. For the EOF and other analyses in sections 4-6, the 500 hPa
height fields are interpolated first to a 4° x 5° (latitude x longitude) grid and further
interpolated to an equal-area grid over the PacNA region in the same manner as the
observations. The diabatic heating fields are first vertically integrated over six layers (as
with the observations), and then interpolated to a 5° x 5° grid extending over the Pacific
tropical region.

(d) SST datasets

In order to have a definition of strong warm and cold ENSO events, which we
collectively refer to as strong ENSO events, the Nifio-3 SST anomaly index*, averaged
for the three-month period of January to March, was computed from the first version
(1.1) of the global sea ice and SST (GISST) dataset (Parker et al. 1995) for the 39 winters
1958/59 through 1996/97. The five strongest warm events (positive Nifio-3 anomaly)
are the winters of 1965/66, 1972/73, 1982/83, 1986/87 and 1991/92. The five strongest
cold events (negative Nifio-3 anomaly) are the winters of 1970/71, 1973/74, 1975/76,
1984/85 and 1988/89. The 29 winters which exclude these 10 winters are referred to as
normal, or non-ENSO winters.

(e) Nomenclature

In order to distinguish the many datasets, from observations and from the GCM,
that are used in this paper, it is useful to define the following nomenclature for seasonal
means:

e OBS 16 refers to the seasonal means for the 16 winters of 1981/82 through
1996/97 from the observations (NCEP re-analyses) which correspond to the DSP period.

¢ OBS 39 refers to the seasonal means for all 39 winters 1958/59 through 1996/97
from the observations (NCEP re-analyses).

* The Nifio3 index is defined as the average SST anomaly in the region 30-90°W, 5°S-5°N.
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e OBS 10 refers to the seasonal means for the subset of 10 winters from OBS 39
that include all strong ENSO events (see previous subsection).

e OBS 29 refers to the seasonal means for the subset of 29 winters from OBS 39
that exclude all strong ENSO events (see previous subsection). These are the non-ENSO
winters.

e GCM 16 refers to the ensemble average of GCM seasonal means for the 16
winters of 1981/82 through 1996/97.

e GCM 16 x9 refers to all 144 GCM seasonal means, that is nine seasonal means
for each of the 16 winters of 1981/82 through 1996/97.

e GCM D 16 x9 refers to the deviations of GCM seasonal means about the ensem-
ble average for the nine ensemble members for each of 16 winters of 1981/82 through
1996/97.

o GCM CIli-SST refers to the 39 seasonal means from the GCM integration using
climatological SSTs.

3. SST-FORCED AND INTERNAL VARIABILITY: OVERALL MAGNITUDE

In this section the overall variability of seasonal means in the GCM and the
corresponding observations are compared, as well as the variability that can be ascribed
to ENSO SST forcing and that due to internal variability. The total GCM variance
and the GCM variance due to SST forcing are calculated in a manner which takes
into account the finite size of the ensemble (Rowell et al. 1995), as detailed in the
appendix. The variance of observed seasonal means for the 16 winters 1982/83-96/97
(dataset OBS 16) is compared with the total GCM variance from the GCM-16x9
dataset in Fig. 1. The GCM variance here is defined as Vror = Vsst + Ve, where
VssT = Vem — (1/n) Ve, with Vgy the variance of the ensemble mean, V. the variance
of deviations about the ensemble mean, and n the number of members in the ensemble
for each year; (see the appendix). The strong Pacific maximum near 160°W and 45°N is
well simulated in Fig. 1, as is the broad band of high variance over Canada. The major
difference occurs just over the western coast of Canada, where the model over-predicts
the variance.

Estimates of the internal variability are given in Fig. 2 which shows the variance
of the GCM from (a) the GCM-D16x9 and (b) GCM-C1i-SST datasets. These purely
internal variances are compared to (c) the OBS-29 variance. The two GCM estimates of
internal variability are very similar. However there are differences with the observed
non-ENSO variance: the distinct observed North Pacific maximum is weaker (but
broader) in the GCM. This difference is due both to unrealistic behaviour in the GCM
and to SST variations not related to ENSO, which contribute to the observed variance.
We cannot separate these effects.

The variances shown in Figs. 1 and 2, as well as all further results to be shown in
this paper, were calculated after removing the North Atlantic/Arctic oscillation in the
500 hPa height field from both the observational and model datasets. This oscillation is
hemispheric and is fairly similar in its manifestations in the GCM and the observations.
It is also strongly related to the annular mode discussed by Thompson and Wallace
(2000). Details relating to the North Atlantic/Arctic oscillation and its removal from the
various datasets are given in the appendix.

The ratio of the SST-forced variance to internal variance can be tested for statistical
significance according to standard analysis-of-variance methods (Scheffé 1959; Rowell
1998). The ratio, shown in Fig. 3(a), exceeds 3.0 in the eastern Pacific and is even larger
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Figure 1. Variance of winter mean 500 hPa height in the region 150°E-30°W, 20-85°N. The North

Atlantic/Arctic oscillation has been removed. (a) From OBS 16 (re-analyses for 16 winters 1981/82-96/97),

(b) from GCM 16 x 9 (all GCM integrations). (c) Difference (b) minus (a). The contour intervals are 1000 m? in
(a) and (b), and 500 m? in (c¢) where dashed lines are negative. See text for details.

©

over Mexico. The corresponding F statistic* (Fig. 3(b)) is given basically by the ratio of
the SST-forced variance to its uncertainty due to the presence of internal noise. Values
of F greater than 2.19 (which corresponds to 99% statistical significance) in Fig. 3(b)

* The F statistic is defined here as F = (1 + nVsst/ Ve), where n is the ensemble size (n =9), Vsst the SST
forced variance and V, the internal variance (see Scheffé 1959, p. 226).
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Figure 2. Variance of winter mean 500 hPa height for: (a) GCM D16x9 (seasonal mean deviations about the
ensemble mean; (b) GCM Cli-SST (39 winters from the GCM integration using climatological SST); (c) OBS 29
(re-analyses for the 29 non-ENSO winters). The North Atlantic/Arctic oscillation has been removed. The contour

intervals are 1000 m2. See text for details.

indicate rejection of the null hypothesis that the SST-forced and internal variances are
equal, at a 99% confidence level. Clearly the null hypothesis is rejected over almost the
entire region, with the SST-forced variance exceeding the internal variance.
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Figure 3. (a) Ratio of the SST-forced variance, Vssr, to the internal variance, V., (variance of GCM D 16x9,

the seasonal-mean deviations about the ensemble mean). The North Atlantic/Arctic oscillation has been removed.

(b) The corresponding F statistic defined as F = (1 + nVsst/ V:), where n is the enserble size (n = 9), (Scheffé
1959, p. 226). F = 2.19 corresponds to 99% statistical significance. See text for details.

4. SST-FORCED VARIABILITY: DOMINANT PATTERN

(@) GCM ensemble mean results

In order to determine the dominant patterns associated with the SST forcing, we
employ EOF analysis of the 500 hPa height of GCM 16 restricted to the PacNA region.
The grid utilized is discussed in section 2. Since the leading hemispheric EOF has been
removed (see section 2 and the appendix), there is no need to rotate these regional EOF
modes in order to achieve stable, localized patterns. In fact, Table 1 gives the explained
variance and associated uncertainty (North ef al. 1982) of the first two regional EOF
modes for the GCM-16 dataset. It is clear that the first mode, explaining 59% of the
spatially integrated variance, dominates the spectrum. The uncertainty in the percentage
of explained variance (North et al. 1982) gives an indication of the sampling error. Since
this uncertainty is less than the difference in explained variance between the first two
modes (see Table 1), the distinction between them is statistically significant.

The homogeneous correlation height pattern associated with the first mode, EOF-1,
is given in Fig. 4(a). This is defined as the temporal correlation of the variation of the
height field at each grid point with the variation of the time series (principle component)
assaciated with the first mode (Bretherton et al. 1992). The pattern consists of broad
centres in the mid-latitude (45°N) Pacific between 140°W and 160°E, between (and
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TABLE 1. ENSO-FORCED VARIABILITY
Dataset EOF-1% var EOF-lexpvar SVD-1% sgcov  SVD-1 exp cov

EOF-2% var SVD-2% sqcov
OBS 10 57 (25) 657 90 207
14 (6) 5
OBS 16 51(18) 534 88 135
15 (5) 5
GCM 16 59 (20) 325 86 182
15 (5) 8

Datasets are defined in subsection 2(e).

% var is the percentage variance explained by the given EOF; numbers in parentheses
give the uncertainty, as in North ez al. (1982).

exp var is the actual explained variance (m?®) averaged over PacNA.

% sqcov gives the percentage of squared covariance, P, explained by the given SVD;

where the total squared covariance is given by 3, > (hn Z.)2. Here hy, refers to
the heating anomaly at point m, Z, to the height anomaly at point #, and the angular
brackets a time/sample mean.

exp cov gives the actual explained covariance (W m~!) averaged over PacNA, given
by {P Y, Y, (hmZ,)?/(MN)}/2 where M and N are total numbers of points.

just west of) the Great Lakes and Hudson bay, and over the Gulf of Mexico (near 30°N)
extending across Florida eastward into the Atlantic. It strongly resembles the correlation
of SST with 700 hPa height presented by Horel and Wallace (1981, their Fig. 9(a)), and
the ENSO warm-event composites of Kumar ez al. (1996, their Fig. 5(a)), and Chen and
van Den Dool (1997, their Fig. 3).

In order to establish a connection between major fluctuations of the GCM-16
tropical Pacific diabatic heating field and the 500 hPa height field for the PacNA region,
we have also carried out an SVD analysis of these two fields (see section 2 for details
of the regions and grids). The SVD technique identifies modes in a pair of fields which
maximize the (squared) covariance between the fields (Bretherton et al. 1992). We have
chosen to use the three-dimensional tropical diabatic heating, rather than the (more
conventional) SST anomaly field in the SVD analysis for two reasons. Firstly, it is
the diabatic heating and the associated changes in tropical circulation that are directly
responsible for the Rossby wave-train response into mid latitudes (Hoskins and Karoly
1981; Sardeshmukh and Hoskins 1988); the SST anomaly will only be effective if it
can create a suitable diabatic heating anomaly. Secondly, we wish to diagnose the three-
dimensional structure of the diabatic heating anomaly that is associated with ENSO. The
price that we pay for this choice is that, in the case of the ‘observations’, the diabatic
heating does not in fact come from observations, but directly from the numerical forecast
model.

The squared covariance explained by the first two SVD modes for the GCM-16
data is given in Table 1. Again, the first mode (explaining 86%) dominates the second
(explaining 8%). The normalized explained squared covariance (which tends to be more
robust statistically, see Wallace et al. 1993) is also given for the first mode in Table 2.
The spatial structure of the 500 hPa height component of the first SVD is given by the
heterogeneous correlation, which is defined as the temporal correlation of the height-
field variation at each grid point with the leading SVD tropical heating time series
(SVD1). The heterogeneous correlation, shown in Fig. 4(b), is nearly identical to the
pattern associated with the first EOF (Fig. 4(a)). Fig. 4(c) is discussed later.

The three-dimensional GCM-16 tropical Pacific diabatic heating pattern which is
associated with SVD-1 is shown in Fig. 5, which has been scaled so that the time
coefficient associated with this mode is 1.0 for the winter of 1982/83. Vertically
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Figure 4. Correlations of 500 hPa height from GCM 16 (ensemble seasonal means for 16 winters): (a) homoge-

neous correlation of EOF-1; (b) heterogeneous correlation of SVD-1 coupling the height field with tropical Pacific

diabatic heating field; (c) external correlation with tropical Pacific diabatic heating time series derived from a 39-

winter SVD analysis of OBS 39 (NCEP re-analyses). All correlations have been multiplied by 10. The contour

interval is 2, with the zero contour omitted, and an added contour inserted at the value of 9.0. See text for further
details.

integrated, it consists of equatorial heating centred at the date-line, with cooling in a
surrounding horse-shoe shaped region.

The heating indicates an enhancement of precipitation in both the intertropical
Pacific convergence zone and the South Pacific convergence zone, in agreement with the
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TABLE2. SVD CALCULATIONS (LEADING MODES)

Dataset Total SqCov  Expl. Sq Cov.  Norm Sq Cov  Norm Ex SqCov

OBS10 248 x 1010 223 x 1010 0.53 0.51
OBS16  1.08x 10 095 x 100 0.43 0.40
GCM 16 201 x 10 173 x 1010 0.43 0.40

Total SqCov is the total squared covariance summed over all grid points (W m™)
givenby 3, 3 (hnm Z,)?, where h,, is the heating anomaly at grid point m, Z,
the height anomaly at point n, and the angular brackets denote a time/sample mean.
Expl. SqCovisP )" 3" (hnZ,)?, where P is the percentage of explained squared
covariance given in Table 1.

Norm. Sq Cov is given by (3, 3", (hn Z,)%/ Va V)12, where V, = 3
and Vz =3, (Z,Z,) (see Wallace et al. 1993).

Norm. Ex. Sq Cov is given by (P }",, > (hyn Z)2/ Va V)12 (see Wallace et al.
1993).

Bmbm)

m

ENSO-related variations of precipitation estimated from outgoing long-wave radiation,
and from the microwave sounding unit satellite data (Yualeve and Wallace 1994; Straus
and Shukla 1997). The maximum cooling at about 15°N, 150°E lies somewhat to the
east of the observed suppression of precipitation in the above studies. The vertical
structure of the GCM heating, with a maximum at 500 hPa, is distinct from that shown
in the GCM study of Straus and Shukla (1997), who found a maximum at 300 hPa.
In that study, the GCM utilized a very different parametrization scheme for cumulus
convection,

This three-dimensional structure is the same as that of the first EOF of GCM-16
tropical diabatic heating alone, also shown in Fig. 5 and scaled in the same manner as
above. The first mode, which explains 42% of the total variance, dominates all other
modes; the second EOF explains only 20% of the variance.

Clearly the dominant SVD patterns of tropical heating and mid-latitude height
capture the dominant patterns present in each field separately, putting to rest any concern
that the relatively small number of independent maps in the GCM-16 dataset leads
to severe sampling problems. That these dominant patterns are related specifically to
ENSO is demonstrated in Fig. 6(a), which gives the time series associated with both
EOF-1 (solid curve) and SVD-1 (dashed curve) modes for the GCM. These time series
are standardized to have zero mean and unit variance. Very sharp maxima of both time
series occur for the winters of 1982/83, 1986/87, and 1991/92, corresponding to warm
winters as defined from the GISST (see section 2). The cold events of 1984/85 and
1988/89 lie in (separate) minima of the time series which, however, also encompasses
the non-ENSO winters of 1983/84 and 1989/90. After 1991/92, the fluctuations are
weaker. (We defer until later a discussion of the differences between the GCM time
series and the dotted and dash-dot curves in Fig. 6(a), derived from observations.) The
diabatic heating time series for the GCM ensemble-mean EOF and SVD modes, shown
in Fig. 6(b), behave in a similar manner. Here the warm events are marked by larger
amplitudes than the cold events, which are not well distinguished from other winters.

We have chosen to utilize tropical diabatic heating as opposed to SST anomalies
in the SVD analysis. However, a comparison of the results in Figs. 4-6 with the
corresponding SVD results for height and SST anomalies given in S indicates nearly
identical height patterns. The maximum in the SST pattern associated with the first SVD
mode in S is shifted considerably to the east compared to the corresponding diabatic
heating maximum shown here. This is a reflection of the fact that it is the total SST
field, and not its anomaly, that influences convection and diabatic heating so that, while
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Figure 6. (a) Time series (principal components) of 500 hPa height associated with EOF-1 (SVD-1) of GCM 16,

given by the solid (short-dashed) lines. Also shown are the time series of 500 hPa height associated with EOF-1

(SVD-1) of OBS 16, given by the dot-dashed (dotted) lines. All time series are standardized to have zero mean

and a standard deviation of 1.0. (b) As (a) but for time series of tropical Pacific diabatic heating. See text for
details.
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the largest ENSO SST anomalies lie in the eastern tropical Pacific, the warmest water
extends eastwards only to the central Pacific (Desser and Wallace 1990).

In order to demonstrate that the leading height pattern in the PacNA region shown
in Fig. 4(a) and (b) is not very sensitive to the particular 16 winters chosen, we
have carried out an EOF analysis of tropical Pacific diabatic heating from the longer
OBS 39 (re-analysis) dataset. The time coefficients of the leading EOF mode provided
an independent extended time series, with the last 16 winters corresponding to those of
the GCM 16 dataset. The temporal correlation of the GCM 16 height at each grid point
with the corresponding portion of this extended time series is shown in Fig. 4(c). The
pattern closely resembles that shown in Fig. 4(a) and (b).

In order to demonstrate further that the leading SVD mode of the ensemble mean
captures the SST-forced signal, we have projected each of the 144 GCM integrations
(GCM 16x9) onto this mode. For each of the 16 years, the individual ensemble
members’ projection coefficients (principal components) are shown in Fig. 7(a) as
open circles, and their mean (which is the same as the projection coefficient of the
ensemble-mean height) as the solid curve (identical except for scaling to the solid curve
of Fig. 6(a)). The spread of the ensemble is measured by the variance of the projections
about the mean for each year. This intra-ensemble variance is plotted as the heavy solid
curve in Fig. 7(b), and the average of that variance over the 16 years is given by the light
dashed line. The ratio of the variance of the ensemble-mean projections (given by the
light solid line in Fig. 7(b)) to the average intra-ensemble variance, is a measure of the
dominance of the SST-forced signal over the noise due to initial-condition dependency.
The value of 2.48 obtained for this ratio is significant at the 90% level using a one-
sided F test. Thus the dominance of SST signal to internal variability seen in the
total field (Fig. 3) is preserved by this dominant SVD mode. (We have repeated this
calculation using projections onto the leading EOF; the variance ratio is 2.18, which is
not significant at the 90% level.)

(b) Observations

We have carried out similar EOF and SVD calculations for the observed seasonal
means for both the corresponding 16-winter period (OBS-16 dataset), and for the 10
winters deemed strong ENSO events in section 2 (OBS-10 dataset). The single record of
16 winters contains a number of strong ENSO events, but non-ENSO SST fluctuations
are also present. By repeating the analysis using only the 10 strong events we try to
gauge their effect. For the 16-winter period, the EOF-1 explained 51% of the variance
(see Table 1), and dominates that explained by EOF-2 (15%); the explained squared
covariance of 88% is also much larger than the 5% explained by the second mode.
These statistics are quite similar to those for the GCM 16 and the OBS-10 datasets.

The actual (area-averaged) height variance explained by EOF-1 for the GCM 16
results (3.25 x 102 m?2, see Table 1) is only 61% of the height variance explained in
the observations (5.34 x 10?> m?). This is a reflection of the greater total variance of the
observed seasonal means compared to that of the ensemble-mean GCM seasonal means.
The observed variance contains contributions due both to internal (non SST-related)
variability and to non-ENSO SST-forced variability, while the internal variations have
been partially filtered out in the GCM-ensemble seasonal means.

The mid-latitude height EOF-1 homogeneous correlation patterns and SVD-1 het-
erogeneous correlations patterns are presented in Fig. 8 for OBS-16 and OBS-10
datasets, while the corresponding (vertically integrated) diabatic heating maps are given
in Fig. 9. The agreement between the two (overlapping) observed datasets, and between
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Figure 7. (a) Projection of 16 GCM ensemble means on SVD-1 (solid line), and projections of each individual

GCM seasonal mean on the same leading SVD mode (given by the open circles). (b) The thick curve gives the

variance of the individual projections (open circles in (a)) about the ensemble mean, as a function of winter.

The thin horizontal solid line gives the overall variance of seasonal-ensemble means (curve in (a)), and the thin

horizontal dashed line the variance of the individual projections averaged over winters. The ratio of the former to
the latter (F value) is 2.48, significant at the 90% confidence level. See text for further details.

observations and the GCM 16 (Figs. 4 and 5) is quite remarkable. A subtle shift in
the positive height maximum over Canada some 5°~10° west is noted in the observa-
tions compared to the GCM-ensemble mean, as is the presence of a separate maximum
over the north-western Atlantic. Not only do the height patterns for both EOF and SVD
modes, and for both OBS and GCM datasets, resemble those found by Horel and Wal-
lace (1981), Kumar et al. (1996), and Chen and van Den Dool (1997) as mentioned
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TABLE 3. INTERNAL VARIABILITY

Dataset EOF-1% var  EOF-1 exp var
EOF-2% var

OBS 29 35(9) 326
18 (5)

GCM D 16x9 28 (3) 417
14 (2)

GCM CLI-SST 33(7) 208
20(5)

See Table 1 for explanation of column headings.

above, but they are also in substantial agreement with the leading canonical mode be-
tween observed tropical SSTs and northern hemisphere 700 hPa heights presented in
Fig. 1(d) of Graham, et al. (1994), and with the GCM response to ENSO SST forcing
simulated by Ferranti et al. 1994 (their Fig. 12).

The (normalized) height time series associated with the leading EOF and SVD
modes in the OBS 16 are given by the dot-dash and dotted lines in Fig. 6(a), while the
corresponding heating time series are given in Fig. 6(b). In all cases the three warm
ENSO winters of 1982/83, 1986/87 and 1991/92 are marked by sharp maxima, but
the cold events are not always marked by sharp minima, e.g. 1984/85 (1988/89) in
the heating (height) time series. In addition, a large negative value of the height time
series is seen in 1981/82, and to a certain extent in 1990/91, both non-ENSO winters.
Differences between the observed and GCM time series in Fig. 6(a) are smallest during
warm events, but are not small at other times (1981/82, 1989/90, 1993/94). Although this
record of leading modes obtained from the observations is dominated by ENSO-related
variations, evidence of variability not related to ENSO is also seen.

5. INTERNAL VARIABILITY

In this section we estimate the dominant patterns associated with variability not
forced by SST variations, by examining deviations from the ensemble mean in the GCM
experiments (GCM D16x9) and 39 years of the climatological-SST GCM run (GCM
Cli-SST). In addition, the observed 29 winters not considered to be ENSO events (OBS
29) are analysed, although this record also includes variability forced by non ENSO-
related SST fluctuations.

The homogeneous correlation patterns for the first EOF of the three datasets are
shown in Fig. 10. The percentage of explained variance of the first two EOFs are given
for each dataset in Table 3. Even though the leading EOF explains a modest fraction
of the variance (28% to 35%), it is significantly different from the second EOF in
each dataset. These patterns are fairly close to the classic ‘PNA’ pattern obtained by
Wallace and Gutzler (1981, hereafter WG) on the basis of teleconnection analysis,
as shown in their Figs. 16(a)-(d) and 17(c). The results of a teleconnection analysis
carried out on the three datasets discussed above, yields patterns which are similar to
the homogeneous correlation patterns of Fig. 10. Our internal variability patterns also
resemble the EOF composite presented by Lau (1997) for his control run, in which SSTs
varied climatologically (his Fig. 5).

6. COMPARISON BETWEEN SST-FORCED AND INTERNAL VARIABILITY PATTERNS

In this section we focus on the significance of the differences between the two dis-
tinct patterns that have emerged from the analysis of this paper. The heterogeneous
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Figure 10. Homogeneous correlation patterns of 500 hPa height for EOF-1: (a) from GCM D 16x9 (deviations

from the ensemble means for 16 winters); (b) from GCM Cli-SST (39 winters taken from GCM climatological

SST integration); (c) from OBS 29 (re-analyses for 29 non-ENSO winters). The correlation has been multiplied
by 10, with a contour interval corresponding to 0.2. See text for details.

correlation function associated with SVD-1 for the GCM 16 dataset (Fig. 4(b)) repre-
sents the SST-forced pattern, while the homogeneous correlation function associated
with EOF-1 for the GCM D 16x9 dataset (Fig. 10(a)) is representative of the internal
variability pattern. They are reproduced in Fig. 11(a) and (b) (with a different contour
interval, and not multiplied by 10). The difference between these two patterns can be
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Figure 11. (a) Heterogeneous correlation pattern associated with SVD-1 for the GCM 16 (ensemble-mean

dataset). (b) Homogeneous correlation pattern associated with EOF-1 for the GCM D 16x9 (deviations about

ensemble mean). (¢) Difference (a) minus (b). Shading indicates statistical significance at the 95% confidence
level. The contour intervals are 0.2 in (a) and (b). See text for further details.
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assessed by considering the difference between the correlations at each grid point sepa-
rately. Using the Fisher transform, which yields an (approximately) normally distributed
statistic (Thiébaux 1994), it is straightforward to test the statistical significance of the
difference between two correlation values. The resulting statistic is shown in Fig. 11(c),
where the 95% confidence level is indicated by shading. The differences between the
patterns are seen to be significant over two broad areas. One extends westward from
western continental North America over the Pacific Ocean to about 120°W, while the
other (smaller) region is centred north-east of the Great Lakes. If the calculation is re-
peated using the external correlation map of Fig. 4(c) in place of the heterogeneous
correlation map, the results are nearly identical. If, on the other hand, the heterogeneous
correlation map is compared to the homogeneous correlation map associated with EOF-
1 of the GCM CIi-SST dataset (Fig. 10(b)), the significant areas are expanded, covering
most of the continental USA (not shown).

7. SUMMARY

In this paper we use the full GCM ensemble to separate clearly the dominant
regional pattern of internal variability due only to sensitivity to initial conditions from
the SST-forced response. The COLA GCM has demonstrated the realism necessary to
be considered a reliable tool in making this distinction. Once the North Atlantic/Arctic-
related variability in the observations and the GCM have been accounted for, the
remaining GCM variability of seasonal means in the PacNA region (variance of GCM
16x9) compares very well with the remaining observed variability. The ratio of SST-
forced variance to the GCM internal variance (GCM D16x9 or GCM Cli-SST) is
statistically significant, particularly in the eastern Pacific, over Mexico, and over north-
eastern North America.

Examination of this variability with regional EOF/SVD techniques leads to the
identification of a very robust pattern, associated with the response to ENSO-related
diabatic heating during the 16-year period. This pattern is seen in both the ensemble-
mean record of GCM integrations (in which non-SST related variability has been
approximately averaged out) and in the single record from observations. It arises as the
leading (and dominant) EOF pattern, the leading (and dominant) mode in SVD analysis
of the regional height field with tropical Pacific diabatic heating, and from regression
of the height field on a time series (OBS 39) derived from NCEP re-analysis tropical
heating for a long (39-year) record. Furthermore, this ENSO pattern is the same as that
which arises from consideration of 10 strong ENSO winters obtained from observations
solely on the basis of tropical Pacific SST data. It also agrees well with previous studies
(e.g. Horel and Wallace 1981).

This pattern explains about 50% to 60% of the regional variance for both (ensemble-
averaged) GCM and observations, and between 80% and 90% of the squared covariance
with tropical diabatic heating. Because the observations include internal as well as SST-
forced variability, the total observed regional variability is somewhat greater than in the
simulated ensemble mean; hence the actual area-averaged explained variance for the
ensemble-averaged GCM is only about 60% that of the observations. The area-averaged
covariance of height with diabatic heating (see Table 1) in the GCM, in contrast, is 35%
larger than in the observations, indicating a stronger degree of coupling between heating
and response in the model.

The projection coefficients of all GCM seasonal means on the leading SVD mode
of GCM ensemble means tend to cluster about their ensemble means. The ratio of the
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variance of the ensemble-mean coefficients to the scatter of the projection coefficients
about the ensemble mean is significant.

Deviations of GCM seasonal means about the ensemble mean are used to identify
internal variability due only to sensitivity to initial conditions. Again, the hemispheric
North Atlantic/Arctic hemispheric modes are excluded. The homogeneous correlation
functions of the leading EOF (significantly distinct from the other EQOFs) are calculated
for: (i) the deviations of the nine GCM ensemble members about the ensemble mean
for 16 winters (GCM D16x9); (ii) the 39 winters of the climatological SST GCM
integration (GCM Cli-SST); and (iii) the 29 non-ENSO winters from observations.
There is consistent agreement among all three datasets: the dominant pattern is closely
related to the classical PNA pattern of WG. While there has been a suggestion (see
Z) that this pattern is associated with extratropical North Pacific SST anomalies in the
observations, the notion that the extratropical SST anomalies do not cause (but are rather
a response to) atmospheric variations is consistent with the occurrence of the PNA in
the GCM-D16x9 and GCM-CIi-SST datasets.

The SST-forced pattern is significantly different from the internal variability pattern
over western North America and the adjoining eastern Pacific Ocean, and also over a
region just north-east of the Great Lakes. This map of significance is computed by (for
example) comparing the heterogeneous correlation pattern associated with the leading
SVD of GCM ensemble means with the homogeneous correlation pattern of the leading
EOF of GCM ensemble deviations, but the resulting map is robust to other appropriate
choices for the correlation patterns.

8. DISCUSSION

The distinction between ENSO-forced and internal variability presented here finds
support from the observational results of Livezey and Mo (1987). They found that
the simultaneous correlations of winter tropical SST with their PNA pattern (see
Barnston and Livezey 1987) are not as high as the corresponding correlations with their
tropical/northern hemisphere pattern, which strongly resembles our ENSO pattern of
Figs. 4 and 8.

The methods of analysis used in this study to relate tropical Pacific diabatic heating
with mid-latitude dynamics capture only the linear part of the relationship. Some
evidence of the real asymmetries between the response to warm and cold events
(Hoerling et al. 1997) is seen in the disparity between the amplitudes of these events
in the EOF and SVD time series of Fig. 6. Since the methodology tries to fit one pattern
for both cold and warm responses, it does not distinguish between them adequately. The
present approach was necessitated by the modest number of calendar winters (16) for
which ensemble GCM integrations have been made—only two cold events and three
warm events are included. Future plans for carrying out ensemble integrations for a
much larger number of calendar winters will enable better resolution of the asymmetries
between warm and cold events.

While the structure of the diabatic heating fields in the dominant ensemble-mean
SVD correlation patterns presented here (as well as the corresponding SST structure
explored in S) makes it clear that this mode is related to ENSO forcing, the simulations
were carried out with globally realistic SST boundary conditions. The role of non-ENSO
SST, and in particular North Pacific SST-forcing on the hei ght variations over the PacNA
region is not resolved. Many studies have addressed this question, and it is not even clear
that specifying SSTs in the North Pacific improves model simulations (see for example



2346 D. M. STRAUS and J. SHUKLA

Ferranti et al. 1994; Graham et al. 1994; Zhang et al. 1996). Resolution of this issue
awaits the future.

9. CONCLUSIONS

The results presented here call into question a set of fairly fundamental tenets
previously held. One is that the temporal variability of the mid-latitude atmosphere is not
noticeably enhanced in the presence of SST fluctuations (Lau 1985, 1997); this assertion
is contradicted by the current simulations using the COLA GCM, in which the presence
of varying SSTs makes a large difference regionally in the mid-latitude variance of
seasonal means. Another is the belief that the ENSO mid-latitude response pattern is
dominated by an internal mode of the atmosphere (the PNA pattern), which would exist
even in the absence of external (SST) forcing. We have demonstrated unambiguously in
the context of the COLA GCM that the response forced by global SSTs, and strongly
linked to ENSO-related diabatic heating, is quite distinct in the PacNA region from the
internal variability pattern that dominates regionally. The applicability of these GCM
results to the real atmosphere is supported by the fact that the COLA GCM has a realistic
response to ENSO both in terms of the strength and the pattern of the anomalies, and
also possesses realistic variability on the seasonal-mean time-scale. These findings are
also strongly supported by consideration of the observed winters not considered to be
strong ENSO events.
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APPENDIX
The North Atlantic/Arctic oscillation

(1) The North Atlantic/Arctic pattern. A hemispheric EOF analysis of the seasonal
mean 500 hPa height for the northern hemisphere (20-80°N) was carried out for the
following datasets: (a) GCM 16x9, (b) GCM Cli-SST, (c) OBS 39, and (d) GCM 16
(see section 2(e) for definitions). Table A.1 shows the percentage variance explained for
the first three modes, and the associated uncertainty (according to North et al. 1982). In
the GCM Cli-SST datasets the separation between the first and second modes is large
compared to the uncertainty; for the other datasets the separation is less significant.
The homogeneous correlation patterns (multiplied by 10) associated with the first
mode for each dataset are shown in Fig. A.1, plotted so that each contour corresponds to
a correlation of 0.20. The leading EOF of the datasets GCM 16x9 (all seasonal means)
and GCM Cli-SST, shown in Figs. A.1(a) and (b), is dominated by a large Arctic centre,
with less intense features over North America, the North Atlantic, Asia and the Pacific.
The patterns indicate a significant zonal-mean ‘see-saw’ between high and mid latitudes.
They resemble the first EOF of the OBS 39 dataset (Fig. A.1(c)) which, however, has a
stronger emphasis on the Atlantic region. For convenience we refer collectively to the
patterns seen in Figs. A.1(a)~(c) as the North Atlantic/Arctic (NAA) pattern. The GCM
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TABLE A.1. PERCENTAGE OF VARIANCE EXPLAINED BY EACH
OF THE FIRST THREE HEMISPHERIC EOFS OF 500 hPa

Mode GCM16 GCM16x9 GCMCli-SST OBS 39

1 35(12) 23 (2) 38(9) 27 (6)
2 24 (8) 21(2) 15(3) 19 (4)
3 16 (6) 91 10 (2) 9(2)

The numbers in parentheses indicate the uncertainty according to
North et al. 1982.

Figure A.1. Homogeneous correlation functions associated with EOF-1 for seasonal-mean hemispheric 500 hPa
heights (20-90°N), with percentages of explained variance in parentheses: (a) from GCM 16x9 (all GCM
integrations); (b) from GCM Cli-SST (39 winters of GCM climatological SST integration); (c) from OBS-39
winters (39 winters from re-analyses); (d) from GCM 16 (GCM ensemble means). All correlations have been
multiplied by 10. The contour interval is 2, with the zero contour omitted. See text for further details.
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16 pattern (Fig. A.1(d)), however, is basically a hemispheric version of the SST-forced
pattern described in the paper, with a westward extension over the Pacific. Since in the
GCM, the NAA pattern does not appear as the leading EOF when the ensemble-mean
dataset is used, it is fair to conclude that this pattern is not related to the dominant
ENSO SST variations over the 16-winter record. However, a relationship between the
NAA pattern and mid-latitude SST variations is neither precluded in the GCM nor in
the observations (Rodwell et al. 1999).

Removal of this mode from all the OBS datasets considered in this paper, is achieved
by subtracting the EOF spatial pattern scaled by the coefficient (principle component)
for all years, leading to a 39-winter filtered dataset. All subsequent analysis on any OBS
dataset started from this filtered data. Similarly, all GCM integrations had the NAA
pattern filtered out, by removal of the leading EOF of the GCM 16x9 dataset, and all
GCM analyses used the filtered dataset.

(i) Definitions of SST-forced and total variance. Following Rowell et al. (1995) and
Scheffé (1959, p. 225), the SST-forced variance Vsgr is related to the ensemble-mean
variance Vgym and internal variance V. as follows:

1
VEm = Vsst + ;Ve

where Vgy is the variance of the 16-winter ensemble means calculated in the standard
manner, V, is the variance of the ensemble members about the ensemble mean, averaged
over all winters. Vsst is deduced from the above equation. The ‘total’ variance, Vror,
is not given by the sum of Vgy and Ve, but is instead:

Vror = VssT + Ve.
Figure 1(b) shows Vror, Fig. 2(a) shows V¢, and Vsgr is used in Fig. 3.
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