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ABSTRACT

The associated anomaly patterns of the stratospheric geopotential height field and the tropospheric geopotential
and temperature height fields of the Northern Hemisphere are determined applying the canonical correlation
analysis. With this linear multivariate technique the coupled modes of variability of time series of two fields
are isolated in the space of empirical orthogonal functions. The one dataset is the 50-hPa geopotential height
field; the other set consists of different height fields of the tropospheric pressure levels (200, 500, 700, and 850
hPa) and the temperature of the 850-hPa pressure level. For the winter months ( December, January, February)
two natural coupled modes, a barotropic and a baroclinic one, of linear relationship between stratospheric and
tropospheric circulation are found. The baroclinic mode describes a connection between the strength of the
stratospheric cyclonic winter vortex and the tropospheric circulation over the North Atlantic. The corresponding
temperature pattern for an anomalously strong stratospheric cyclonic vortex is characterized by positive tem-
perature anomalies over higher latitudes of Eurasia. These “Winter Warmings” are observed, for example, after
violent volcanic eruptions. The barotropic mode is characterized by a zonal wavenumber 1 in the lower strato-
sphere and by a PNA-like pattern in the troposphere. It was shown by van Loon and Labitzke that this mode
can be enhanced, for example, by El Nifios via the intensification of the Aleutian low.

1. Introduction forced ultralong vertically propagating planetary waves
can be reflected at higher elevations, for example, at
the PNJ, and interfere constructively or destructively
with the initial waves. Consequently, alterations of the
reflection properties of the lower-stratospheric zonal
wind field, that is, of the zonal mean wind speed, for
vertically propagating planetary waves might change
amplitudes and phases of the tropospheric planetary
waves and therefore change the tropospheric climate.
Chen and Robinson (1992), using a three-dimensional
linear time-dependent primitive equation model, found
that the vertical propagation of wave activity into the
stratosphere is fairly independent of the change of the
zonal mean wind in the upper stratosphere, but it is
turbations might cause significant alterations of the very sel}sitive to the change of the zonal wind, espl;cially
tropospheric circulation was suggested, for example, in 1ts vqrncal shear, near j[he tropopause. In addition to
Matsuno (1970) and Hines (1974). These ideas are the linear ?ﬁéCtS’ Bov1lle. (1984) and Kodera et al.
confirmed by results of two-dimensional linear models (1991), using GCMs‘dnven_by strengthened PNJ,
describing stationary wave propagation (Schmitz and spowed some substantial nonl]near effects on Fhe sta-
Grieger 1980; Geller and Alpert 1980). They showed tionary as well. as on the transient wave behavior.

that changes of the stratospheric mean zonal wind in- In observations the relationship between strato-
fluences the structure of the planetary waves and me- spheric and tropospheric circulation is investigated

ridional heat flux in the troposphere. Tropospheric- under different points of view, for instance, in con-
nection with El Nifio~Southern Oscillation (ENSO),

sudden warmings, and volcanoes. An atlas with point

Corresponding author address: Judith Perlwitz, Max-Planck-In- correlations of geoPOtentlal height and.tempe'rature at
stitut fiir Meteorologie, Bundesstrasse 55, D-20146 Hamburg, Ger- 30 hPa and between 30 and 500 hPa is PUbIIShed by
many. Shea et al. (1992). Van Loon and Labitzke (1987)

Investigations of observational data as well as general
circulation model (GCM) studies showed a possible
impact of the strength of the stratospheric winter vor-
tex, or the polar night jet (PNJ), on the structure of
tropospheric planetary waves. In context with studies
of the effect of volcanic eruptions on global climate
(Grafetal. 1993; Grafet al. 1994; Kodera 1994), with
solar-terrestrial relationships (Kodera and Yamazaki
1990; Labitzke and van Loon 1988), as well as with
GCM sensitivity studies (Boville 1984), the interre-
lationship between stratospheric and tropospheric cir-
culation was studied.

A possible mechanism by which stratospheric per-
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showed that in northern winter with warm (cold)
ENSO events a weak (strong) stratospheric polar vortex
and an enhanced (a weakened) Aleutian high were ob-
served, except the winters after strong volcanic erup-
tions 1963/64 and 1982/83. Quiroz (1986) found a
strong association of stratospheric warmings with tro-
pospheric blockings, where blocks led by an average of
3.5 days. Case studies for strong and weak PNJ winter
months (Graf et al. 1993; Kodera 1993) showed a good
agreement between the results of linear models
(Schmitz and Grieger 1980) and observations for the
midtropospheric circulation. A considerable part of the
effects therefore seems to result from the linear part of
the stratosphere-troposphere interaction. The obser-
vations based on monthly data do not allow one to
judge whether the troposphere or the stratosphere is
the leading element in the interaction. But the above-
mentioned model experiments all started out from a
changed stratospheric circulation influencing the tro-
pospheric climate.

The model studies allowed an explanation of the
unexpected “winter warming” in higher latitudes of
Eurasia found after strong tropical volcanic eruptions
by, for example, Robock and Mao (1992) and Grois-
man (1992). This winter warming is the result of the
enhancement of a natural circulation mode by differ-
ential heating of the tropical and polar stratosphere
due to the absorption of longwave radiation at the vol-
canic aerosol (Graf et al. 1994).

In our study, the canonical correlation analysis
(CCA) is used to isolate the important coupled modes
of variability between the time series of the fields of
stratospheric circulation and tropospheric circulation
and temperature. The CCA is a multivariate statistical
analysis technique exploring the linear association be-
tween two sets of variables. We use the CCA in the
phase space of the empirical orthogonal functions
(EOFs) (Barnett and Preisendorfer 1987) in order to
improve the signal to noise ratio. For geophysical ap-
plications Bretherton et al. (1992 ) showed that besides
this kind of the CCA the singular-value decomposition
method (SVD) is also well able to detect the coupled
modes of two data fields. Whereas the singular-value
decomposition of the cross-covariance matrix from two
fields determines the pairs of spatial patterns that ex-
plain as much of the mean-squared temporal covari-
ance between the two fields as possible, the CCA is a
technique that maximizes the correlations of time series
of two spatial patterns. This leading pair of time series
is more strongly correlated than the expansion coeffi-
cients of the leading pair of patterns determined by
SVD but possibly explains a smaller fraction of the
covariance between the two fields (Bretherton et al.
1992). The total covariance, however, is not the best
parameter to describe the relationship between two cli-
matological fields if more processes of only a regional
character are important.
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The used datasets are described in section 2, and the
CCA is briefly outlined in section 3. A representation
and discussion of the results follows in section 4, and
conclusions are given in section 5.

2. Data

Monthly averaged geopotential height and temper-
ature data for different tropospheric pressure levels are
used for the Northern Hemispheric region covering
20°N to the pole on a regular 5° X 5° grid. The tro-
pospheric height fields of the 850-, 700-, 500-, and 200-
hPa levels and the 850-hPa temperature data are based
on the analysis of the National Meteorological Centre
(NMC). The 500-hPa time series covers winter months
from 1957 through 1993, while the other series were
available from 1962 to 1989.

The 50-hPa height data were provided by the Strato-
spheric Research Group, Free University of Berlin.
These data are produced from daily hemispheric anal-
yses, mainly using radiosondes. The meridional reso-
lution of the stratospheric grid is 10°. The grid interval
is 10° longitude from 20° to 70°N and 20° longitude
at 80°N. The pole point completes this grid, consisting
of 235 grid points altogether. These data are used for
the time period 1957-1993. Figure 1 (from Oort 1983)
gives an impression of the spatial distribution of ra-
diosonde stations, which were available in January
1971. Clearly, the concentration of stations on the
Northern Hemisphere is seen, but there are only few
stations in the polar areas.

In this paper the time series of the sea surface tem-
perature index of the Southern Oscillation, as deter-
mined from tropical eastern Pacific (Wright 1989), is
used for the time period 1957-1989. This time series
is completed until 1993 with the NINO 3 sea surface
temperature anomalies, published in the monthly Cli-
mate Diagnostics Bulletin. Here the time series of this
index is abbreviated to SSTSO.

3. Canonical correlation analysis

The theory of CCA was developed by Hotelling
(1936). Since the 1960s this technique has become a
preferred analysis method in empirical social science.
In meteorology the CCA was introduced by Glahn
(1968). Since the end of the 1980s there have been a
large number of applications, mostly in the field of
climate diagnostics. Therefore, in this section only a
short verbal description of the CCA follows. An exact
derivation of the CCA is found, for example, in An-
derson (1984).

As is mentioned in the introduction, with this tech-
nique it is possible to study the linear statistical asso-
ciation between two sets of variables in an optimized
way. A coordinate transformation is performed in each
phase space spanned by the two sets of variables, such
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FIG. 1. Spatial distribution of radiosonde stations for January 1971 as used by Oort (1983) for their climatology.
The 0000 UTC and 1200 UTC reporting stations are counted twice (figure is from Oort 1983).

that the correlation between the transformed sets of
variables is maximized in pairs. The new transformed
variables are called canonical variables, and the cor-
relation coefficient of a pair of canonical variables is
the canonical correlation coeflicient. The pairs of ca-
nonical variables are ordered according to their ca-
nonical correlation coefficient. The pair with the max-
imum correlation is called the “first mode,” the pair
with the second highest value of the correlation coef-
ficient is the “second mode,” etc. The covariance be-
tween the original variables and their corresponding
canonical variables is calculated to determine the
structure of the canonical relationships.

This multivariate approach is especially useful when
the interrelation between complex phenomena, which
are not describable with only few variables, is to be
investigated. A calculation of a multitude of bivariate
and multiple correlations leads to results that may un-
derestimate the whole interrelation. In meteorological
applications, the CCA is often used to study the con-
nection between two space-time dependent variables
(Barnett and Preisendorfer 1987; Graham et al. 1987;
Déqué and Servain 1989; Metz 1989; Wallace et al.
1992; Zorita et al. 1992; Barnston and Ropelewski
1992). Then the associated spatial patterns of the two
datasets (often called canonical correlation patterns),
determined by the calculation of the covariance be-
tween the original and the canonical variables of the

sets, describes the spatial structure of the relationship.
Because the canonical variables are normalized to
unity, the canonical correlation patterns represent the
typical strength of the signal (Zorita et al. 1992). The
canonical variables are time series of weights for the
associated patterns describing the strength and the sign
of the patterns for each realization in time. The cor-
responding canonical correlation coefficient is an
expression for the degree of the connection between
the two sets represented by the respective canonical
variables and the associated patterns. Together the ca-
nonical variables and canonical correlation patterns
belonging to a canonical correlation coefficient define
a coupled mode of the variability between the time
series of the two data fields under consideration
(Bretherton et al. 1992).

For meteorological applications, the number of
gridpoint variables is often less than the number of
realizations in time, and /or the spatial correlation be-
tween the variables of a data field is very high. This
problem is mathematically soluble if each data field is
orthogonalized by principal component analysis
(PCA). If then only those principal components (PCs)
explaining a considerable fraction of the total variance
are used for the CCA, the number of variables is re-
duced and a filtering of the data eliminating noise is
achieved. The mathematical description of the CCA
on the basis of PCs is found in Barnett and Preisen-
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dorfer (1987). In Bretherton et al. (1992) and Barnston
and Ropelewski (1992) vivid graphical representations
about the technique are given. Since the number of
meaningful EOFs, and with it the explained fraction
of the total variance of the original variables, has to be
chosen, this method is influenced by a subjective factor.
If the number of temporal realizations is relatively small
compared to the spatial degrees of freedom, the esti-
mation of the EOFs is uncertain, and therefore the
results of the CCA are influenced by this subjectivity.
Using a too large fraction of variance (near to 100%,
1.€., poor filtering of the original time series) is asso-
ciated with a large random error due to sampling errors.
If too little variance is taken into account, it is possible
that important information about the link of the two
fields will be lost. Bretherton et al. (1992) suggested
that a considered variance of about 70% to 80% is a
good compromise between these two errors.

The significance of the canonical correlation coef-
ficients can be tested in dependence on the number of
used variables (EOFs) and the number of realizations
in time. We applied the Bartlett-Lawley test (Glynn
and Muirhead 1987; Kendall and Stuart 1983) of the
null hypothesis that the canonical correlation coefhi-
cients py4y = =+ = p, = 0. Here p and g are the
numbers of the used variables of the two datasets, re-
spectively, and it is assumed that p < ¢. If the first &
correlation coeflicients have been accepted as nonzero,
the criterion for testing the hypothesis is

k
1 _
—[N— I—k=s(+q+t 1)+ zl r,-z]
=
p
XInIT (1=r}, (1)
Jek+1
which is approximately a X ? distribution with (p — k)
X (g — k) degrees of freedom. In Eq. (1) N is the num-
ber of realisations, and ry, . .., r, are the sample ca-
nonical correlation coefficients.

4. Results and discussion
a. Approach and preprocessing

To investigate the interaction of stratospheric and
tropospheric circulation, the canonical correlation of
observed data of Northern Hemispheric geopotential
heights are studied. With the CCA in the EOF space,
the mean associated anomaly patterns of stratospheric
and tropospheric height fields are determined in a fil-
tered phase space. One basis set is the 50-hPa geopo-
tential field, the other sets are different height fields of
tropospheric pressure levels (200, 500, 700, and 850
hPa). The results of a further analysis is given, where
the same stratospheric set is used together with the
temperature of the 850-hPa layer. Later in section 4¢
the results of those analyses, based on the leading EOFs,
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which describe about 70%~75% of total variance in
each field, are discussed. This in our case corresponds
to three EOFs for the 50-hPa geopotential height field
and eight to nine EOFs for the tropospheric fields. The
canonical correlation coeflicient of the discussed ca-
nonical modes are significant at least at the 99% sig-
nificance level. (The test is given in section 3.) The
canonical modes found are stable also if more variance
is taken into account (for instance, 90% of the total
variance for both the tropospheric and stratospheric
fields).

The investigation is concentrated on the winter
months, December, January, February, because for
these months theoretical results from the literature (e.g.,
Charney and Drazin 1961; Matsuno 1970) allow us to
expect the strongest coupling between the circulation
of stratosphere and troposphere. The number of real-
izations is different for the individual analyses. It de-
pends on the common available time period of the two
sets of variables considered for a CCA. In each case as
many realizations as possible are used. The long-term
means for each of the winter months and the corre-
sponding anomalies are calculated at each grid point.
Before executing the PCA, the anomalies are weighted
with the square root of the cosine of the geographic
latitude to consider the area represented by the grid
points. In the figures, however, this latitude weighting
was not applied. ‘

Using daily data for the analysis, the signal to noise
ratio becomes so small that the analysis does not show
the results as clear as with monthly means. The coupled
modes do not remain stable by increasing the fraction
of total variance taken into account in the CCA. The
regarded region covers 20° to 90°N. A reduction of
the spatial domain to, for example, 30° to 90°N does
not influence the results.

b. EOFs of the 50-hPa geopotential height field

In this subsection a short description of the most

" important EOFs of the anomalies of the Northern

Hemisphere 50-hPa field is given. These EOFs explain
a large fraction of the variability of the data field, and
the stratospheric part of the canonical patterns resulting
from all the CCAs essentially follows these EOFs.
The first EOF and the corresponding standardized
PC are shown in Fig. 2a and Fig. 3, respectively. The
first EOF, explaining 53% of the total variance, de-
scribes the intensity of the cyclonic stratospheric vortex
in winter. This can be proved by calculation of the
correlation coefficient between the PC of the first EOF
and the zonally averaged zonal component of the geo-
strophic wind. The mean of the geostrophic zonal wind
component at 65°N, 500 hPa is very highly correlated
with the first PC (r = 0.96). Thus, the time coefficients
of the first EOF determine whether the stratospheric
vortex is anomalously strong (positive coefficient) or
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b)

anomalously weak (negative coefficient). Because the
vortex is not really zonally symmetric, the first EOF
and its PC contain some more information than does
the zonal wind component alone. In Fig. 3 the first PC
is shown together with the time series of the SSTSO.
The connection between the SSTSO and the strength
of the polar night vortex was already suggested by van
Loon and Labitzke (1987). For a comparison of the
first PC (PC1 50 hPa) with the SSTSO, a fourfold table
is given (Table 1). Provided that only the anomalies
of those monthly values exceeding 0.5 standard devia-
tion (stv) are included in the analyses (physically
meaningful anomalies), the X2-test does not show a
relationship between the SSTSO and the PC1. How-
ever, an exclusion of the volcanically disturbed years

FI1G. 2. First (a), second (b), and third (c) EOF of the monthly
mean 50-hPa geopotential height calculated for the winter
months (DJF). They explain 53%, 14%, and 8% of the total
variance, respectively.

(i.e., 1963 /64 after Agung; 1982/83 after El Chichon;
1991/92 after Pinatubo ) reduces the scatter (see num-
bers in bracket in Table 1) and the hypothesis of the
independence of the SSTSO and the PC1 of the 50-
hPa geopotential height field is refused at a confidence
level of 95%.

The second and third EOFs (Figs. 2b-c), explaining
14% and 8% of the total variance, respectively, are very
similar to a planetary wave of the zonal wavenumber
one, but the second EOF is superimposed by a wave-
number 2. With these three EOFs, which by definition
are orthogonal, it is possible to explain a large fraction
(75%) of the observed variability of the monthly av-
eraged stratospheric height field in the Northern
Hemisphere winter. These EOFs characterize the
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F1G. 3. First normalized principal component of the 50-hPa geo-
potential height field (solid lines) for the winter months DJF (cor-
responding to EOF in Fig. 2a) and the tropical SST-index of the SO
(open squares). Year is indicated for JF.

strength of the vortex and its disturbance by waves of
wavenumbers | and 2.

The tropospheric EOFs will not be discussed here
in detail because these can be estimated only roughly.
The smaller-scale phenomena occurring in the tropo-
sphere lead to a smoother distribution of explained
variance over the EOFs than was found in the strato-
sphere. Estimations of EOFs of tropospheric Northern
Hemispheric geopotential height fields can be found
in Wallace and Gutzler (1981) and Barnston and Liv-
ezey (1987).

¢. Results of the CCA
1) TROPOSPHERIC GEOPOTENTIAL HEIGHT

The study was performed for the geopotential heights
of the 850-, 700-, 500-, and 200-hPa layers. We shall
concentrate here on the 500-hPa layer results since the
time series are longest for this layer. For this analysis
the months of the winters 1957/58 to 1992/93 (108
realizations) are used. The canonical correlation pat-
terns of the three modes of the 50-hPa heights essen-
tially follow the first three EOFs. The canonical cor-
relation coeflicient of the fifst canonical mode is equal
to 0.70. The pair of associated patterns of this mode
(Figs. 4a and 4c) explain 42% (16%) of the total vari-
ance of the 50-hPa (500-hPa) geopotential height field.
Figures 4b and 4d show the local variance at the in-
dividual grid points explained by the corresponding
first canonical variables in our time interval. For the
sake of clarity, in Figs. 4b and 4d the isolines of ex-
plained local variance of less than 20% are omitted.

VOLUME §

Whereas the first canonical correlation pattern of the
stratospheric field describes a global-scale signal, the
tropospheric signal has a more regional character. The
stratospheric pattern clearly is a measure of the strength
of the polar stratospheric vortex, with more than 80%
of the total variance being explained right over the
North Pole. However, there are only some regions over
the Northern Hemisphere where more than 20% of the
local variance of the 500-hPa field is explained. These

" regions are concentrated over the North Atlantic. The

strongest signal appears over the North American ar-
chipelago, the Davis Strait, and Greenland, where up
to 70% of the total variance is explained. Smaller spots
with up to 30% of explained variance occur over the
midlatitudes in the western North Atlantic, over West-
ern Europe, and in far eastern Asia.

The first pair of associated canonical patterns de-
scribes a relationship between the stratospheric and the
tropospheric circulation that was already found with
simple linear model studies (e.g., Grieger and Schmitz
1984). The associated patterns are very similar to the
leading mode of the SVD analysis between 50- and
500-hPa geopotential heights, found by Baldwin et al.
(1994). An anomalously intensive cyclonic vortex in
the lower stratosphere is connected with a change of
the tropospheric circulation over the whole North At-
lantic (positive time coeflicients of the canonical vari-
ables). The trough normally occurring downwind of
the Rocky Mountains is strengthened and shifted
somewhat to the east. Thus, over the western North
Atlantic a more zonal circulation develops, and over
the eastern North Atlantic a southwesterly component
of the tropospheric circulation is enhanced. In general
the associated patterns of the first canonical mode of
geopotential anomalies are similar throughout the tro-
posphere. In Fig. 5 the tropospheric part of the asso-
ciated patterns and its pattern of explained local vari-
ances of the first canonical mode of the CCA of the
50- and 850-hPa geopotential fields are shown. The
Greenland trough is associated with some baroclinic
effects, leading to a westward shift of the trough axis
with the height. While the trough is centered over East
Greenland in the lower troposphere, it lies over the
Davis Strait in the upper troposphere. This circulation
anomaly is then connected with temperature anomalies
as described in Graf'et al. (1994). The baroclinic char-

TaBLE 1. Fourfold table for the first PC of the 50-hPa layer (PC1
50 hPa) versus the SSTSO, as defined in text. [Only values exceeding
+0.5 standard deviations (stv) are counted.]

PC1 50 hPa
SSTSO < —0.5 stv >0.5 stv
>0.5 stv 14 94)
< —0.5 stv 7 10
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FIG. 4. Lefi panels: Associated patterns of the first canonical mode of the 50-hPa geopotential height field (a) contour
interval: 40 gpm, and the 500-hPa geopotential height field (c) contour interval: 10 gpm. Right panels: Patterns of percent
of local variance (contour interval: 10%, starting at 20%) explained by the pair of the canonical variables of the first
canonical mode in their corresponding original data fields (b) 50-hPa geopotential height field, (d) 500-hPa geopotential

height field.

acter of the mode also becomes evident from the tem-
perature analysis in section 4¢(2).

With a strong stratospheric vortex, a positive geo-
potential anomaly over East Asia is also observed.
An anomalously weak stratospheric vortex on the
other hand is connected with an anomalously weak
North American trough, diminished westerly winds
over the North Atlantic, and a negative tropospheric
geopotential height anomaly over East Asia (negative
time coefficients of the canonical variables). In Fig.
6 these time series of the canonical variables giving
the weights of the above described anomaly patterns

for the individual winter months are shown. The
good correlation of the canonical variables (r = 0.70)
is seen, and the relationship described above is not
dominated by few single (high loaded) realizations.
The benefit of the CCA is that it depicts linear re-
lationships independent on its causes. Therefore, it
is not necessary to know in advance which processes
(e.g., QBO, solar activity, volcanoes, etc.) are re-
sponsible for the relation like for the calculation of
composites. The canonical variables depending on
time can be compared with well-defined single
events.
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F1G. 5. (a) Tropospheric part of the associated patterns of the first canonical mode of the CCA of the 50-hPa geopotential
field and the 850-hPa geopotential height field (contour interval: 5 gpm), and (b) corresponding pattern of percent of
local variance (contour interval: 10%, starting at 20%) explained by their canonical variable.
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The associated patterns and the explained local vari-
ances of the second canonical mode, characterized by
essentially the same value of the canonical correlation
coeflicient (r = 0.68) as the first mode, are shown in
Fig. 7. The stratospheric canonical correlation pattern
is characterized by a zonal wavenumber one, much
like the second EOF (Fig. 2b) with extremes over North
America and West Siberia. At these places also the
highest values of explained local variance appear (Fig.
7a). The tropospheric part of the associated patterns
(Fig. 7c¢) depicts a Pacific-North America Oscillation
(Wallace and Gutzler 1981). These patterns do not
show any horizontal shift throughout the troposphere.
Obviously they depict a barotropic mode (see also the
temperature analysis below). In the troposphere, there

a)
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are no significant anomalies found over Eurasia. The
tropospheric explained local variance in Fig. 7d has
the highest value in the Aleutian low area (>50%), the
other two centers of suggestive values being over the
central North Pacific and over the Great Plains.

Positive (negative) values of the canonical variable
(Fig. 8) of the second mode mean that in the midtro-
posphere a weak (strong) Aleutian low is flanked by
negative (positive ) geopotential height anomalies over
the central North Pacific and over large parts of North
America.

For the second mode there exist correlations, which
are significantly different from zero at the 95% confi-
dence level, between the SSTSO and both the strato-
spheric (r = —0.35) and the tropospheric (r = —0.44)

b)

FIG. 7. As Fig. 4 but for the second canonical mode.
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FIG. 8. Pair of canonical variables of the second canonical mode of the CCA of the 50-hPa
geopotential height field (solid lines) and the 500-hPa geopotential height field (dashed lines) and
the tropical SST-index of the SO (open squares). The CCA is applied only on the winter months

DIJF (year is indicated for JF).

canonical variables (Fig. 8). In the case of El Nifios
(excluding those accompanied by strong explosive vol-
canic eruptions) 12 (13) out of the 18 winter months
have negative weights of the stratospheric (tropo-
spheric) canonical variable; that is, they are associated
with positive height anomalies over central North
America and negative anomalies over the North Pacific.
Additionally, for a comparison of the SSTSO with the
canonical variables of the second mode (CV2), two
fourfold tables are given (Table 2), one for each time
series (left table for the CV2 of the 50-hPa layer; right
table for the CV2 of the 500-hPa layer). Again, pro-
vided that only the anomalies of those monthly values
exceeding 0.5 stv are included in the analyses, the X %
tests for both fourfold tables show that the hypothesis
of independence of the SSTSO and the canonical vari-
ables is refused at a confidence level of 99%. This re-
lationship between the phase of the PNA and the SST
in the eastern tropical Pacific was shown in Horel and
Wallace (1981).

As can easily be determined from the time series
(Fig. 6 and Fig. 8), both canonical modes can have
high loading even without any known external forcing
(e.g., El Nifio or volcanic eruptions of Agung in 1963,

El Chichén in 1982, and Pinatubo in 1991). Therefore
we call them natural associated modes.

2) TEMPERATURE OF 850-hPa LAYER

In terms of climate variability, the temperature of

- the lower troposphere is the most interesting parameter

to the public. Thus, we also performed an analysis of
the canonical correlation between the stratospheric
geopotential heights and temperatures of the 850-hPa
layer.

The first canonical mode (canonical correlation
coefficient: 0.71) of the associated patterns of the 50-
hPa geopotential height anomalies (Fig. 9a) and the
850-hPa temperature (Fig. 9¢) corresponds to the sec-
ond mode of the geopotential CCA, discussed in section
4c¢(1). The stratospheric canonical correlation pattern
(Fig. 9a) is again very similar to the second EOF (Fig.
2b). The difference from the result of CCA with tro-
pospheric height fields is a deeper North American low.
As can be seen from Fig. 9d, the area with substantially
explained variance of the tropospheric temperature is
mainly the central part of North America north of
40°N, where up to 50% of local variance is explained.
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TABLE 2. Two fourfold tables for the two variables of the second canonical mode (CV2 50 hPa and CV2 500 hPa) versus the SSTSO,
respectively, as defined in text. {Only values exceeding +0.5 standard deviations (stv) are counted.]

CV2 50 hPa CV2 500 hPa
SSTSO < —0.5 stv >0.5 stv SSTSO < —0.5 stv >0.5 stv
>0.5 stv 14 3 >0.5 stv 20 3
< —0.5 stv 4 13 < —0.5 stv 5 16

Two further areas with suggestive values of explained
variance are situated in the Northeast Pacific and over
East Siberia. The main feature of the association of

stratospheric geopotential and lower-tropospheric
temperature is the North America anomaly. This fea-
ture obviously is a barotropic phenomenon. It can be

FIG. 9. Left panels: Associated patterns of the first canonical mode of the 50-hPa geopotential height field (a), contour
interval: 40 gpm, and 850-hPa temperature field (c), contour interval: 0.5 K. Right panels: Patterns of percent of local
variance (contour interval: 10%, starting at 20%) explained by the pair of the canonical variables of the first canonical
mode in their corresponding original data fields (b) 50-hPa geopotential height field, (d) 850-hPa temperature field.
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FiG. 10. As Fig. 9 but for the second canonical mode.

traced throughout the whole troposphere (not shown
here) without any local shifts between temperature and
geopotential anomaly patterns.

The tropospheric temperature anomaly pattern
(Fig. 10c) of the second canonical mode is similar
to the patterns Grafet al. (1994 ) found with a simple
selection of strong and weak polar winter vortexes.
The canonical correlation coefficient of this mode is
equal to 0.64, and 44% (12%) of the total variance
is explained by the stratospheric (tropospheric) part
of associated patterns. The stratospheric canonical
correlation pattern (Fig. 10a) corresponds to the first
EOF. In the tropospheric temperature field, most of
the local variance can be explained over the North
Atlantic and adjacent continental areas. The highest

values (50%) are found over the Davis Strait and
over the North Sea and western Scandinavia (Fig.
10b). The associated patterns suggest positive ( neg-
ative) lower-tropospheric temperature anomalies in
case of a strong (weak) polar winter vortex over
northern Eurasia and cold (warm) conditions over
Northwest America to Greenland. As was outlined
previously (Graf et al. 1994), these temperature
anomalies are mainly due to advective processes. The
baroclinicity associated with these processes can be
seen from a comparison of Fig. 5a (geopotential
anomalies) and Fig. 10c¢ (temperature anomalies).
Clearly, a different horizontal structure appears for
the 850-hPa layer over the North Atlantic, with the
geopotential centers over Greenland and Northwest
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Europe and the temperature anomaly centers over
Davis Strait and North Europe.

5. Conclusions

Applying the canonical correlation analysis tech-
nique to stratospheric geopotential and tropospheric
geopotential fields and the 850-hPa temperature field
of the Northern Hemisphere for a 36-yr (1957/58-
1992/93; 500-hPa geopotential height) or 27-yr (1962/
63-1988/89; 200-, 700-, 850-hPa geopotential height,
850-hPa temperature) period of winter months, two
natural modes were found. These modes associate geo-
potential height anomalies in the Northern Hemisphere
winter stratosphere with circulation and temperature
anomalies in the troposphere. The method applied does
not allow any statements about cause and effect. The
order of the modes is determined by the canonical cor-
relation coeflicient. Both modes have comparable ca-
nonical correlation coefficients. A more distinct differ-
ence was found in the vertical structure of the tropo-
spheric part of the mode. Here we found one mode
that is more baroclinically influenced in the tropo-
sphere. This mode is associated with the strength of
the polar winter vortex in the stratosphere. The mode
describing a zonal wavenumber one in the stratosphere
is associated with barotropic features in the tropo-
sphere. In the troposphere this barotropic mode shows
a pattern much like the PNA. The investigation of the
canonical variables shows a connection between the
strength of the barotropic mode and El Nifio events.
During El Nifios a strengthened Aleutian low and pos-
itive geopotential height anomalies over North America
(positive PNA-Index) are connected with a zonal
wavenumber one structure in the stratosphere with a
ridge over North America and a trough over East Asia.
Model experiments with prescribed sea surface tem-
perature anomalies of the El Nifio type (Kirchner and
Graf 1993) showed that this natural mode may be
driven by the tropospheric anomalies. The baroclinic
mode, however, was enhanced in model studies (Bo-
ville 1984; Kodera et al. 1991; Graf et al. 1994) from
the stratosphere. This mode is determined by a strong
polar night vortex in the stratosphere, which besides
natural variability can be forced by low-latitude vol-
canic aerosols. The strongest tropospheric effects in this
case are found over the North Atlantic in the geopo-
tential field with strengthened westerlies leading to
positive temperature anomalies over northern Eurasia.
The strong negative temperature anomalies in the east
of North America are due to the advection of polar air
at the windward side of the Greenland trough.

Labitzke and van Loon (1991) showed that there
exists a negative trend in the area-weighted annual
mean 50-hPa temperature of the Northern Hemisphere
(10°N-90°N). They also found a positive trend in the
annual mean area-weighted height of the pressure sur-
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face layers of the lower stratosphere (Labitzke and van
Loon 1994). This is consistent with the influence of,
for example, greenhouse gas effects of tropospheric
variations on the lower-stratospheric pressure layers.
We calculated the trends of the zonal mean height of
the 50-hPa geopotential layer for different latitudes.
And we find in winter the trends are positive only south
of 60°N. In Figs. 11a and 11b for selected latitudes
(30°, 70°N) the time series are given together with the
linear trend function (note that the scale of the ordinate
is larger north of the polar circle because of the in-
creased variability in this area). The ¢ test value for the
linear regression coefficient describing the trend is given
as well. With 36 degrees of freedom, a ¢ test value of
2.03 determines the 95% significance threshold. The
term trend here means a change of the mean value of
the data with time, tested against the noise. Thus, a
significant trend may also be part of a long-term os-
cillation of the climate, which because of the shortness
of the time series cannot be tested. This means that
the positive trends between 20° and 40°N are statis-
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FI1G. 11. (a) Winter mean (DJF) time series (1957/58-1992/93) of
the zonally averaged 50-hPa geopotential height together with the
linear trend function for 30°N. (b) Same as in (a) but for 70°N. (c)
Time series of the difference of the winter mean (DJF) zonally av-
eraged 50-hPa geopotential height between 50° and 60°N together
with the linear trend function (t: ¢ test value for the linear regression
coefficient).
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