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Abstract

A 700-year pre-industrial control run with the MPI-ESM-LR model is used to

investigate the link between the summer East Atlantic (SEA) pattern and the

Pacific-Caribbean rainfall dipole (PCD), a link that has previously been shown

using ERA-Interim reanalysis data. In the model, it is found that the link

between the SEA and PCD is present in some multidecadal epochs but not in

others. A simple statistical model reproduces this behaviour. In the statistical

model, the SEA is represented by a white noise process plus a weak influence

from the PCD based on the full 700 years of the model run. The statistical

model is relevant to other extratropical modes of variability, for example, the

winter North Atlantic Oscillation (NAO), that are weakly influenced by the

Tropics. It follows that the link between the Tropics and the winter NAO is

likely to undergo modulation on multidecadal time scales, as found in some

previous studies. The results suggest that any predictability of the SEA, and by

implication the NAO, based on tropical rainfall may not be robust and may, in

fact, be modulated on multidecadal time scales, with implications for seasonal

and decadal prediction systems.
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1 | INTRODUCTION

The dominant mode of variability in the boreal winter
monthly mean atmospheric circulation over the North
Atlantic/European sector (NAE) is the North Atlantic
Oscillation (NAO) (Greatbatch, 2000; Hurrell et al.,
2003), and the second most important mode of variability
is typically the East Atlantic pattern (Barnston and
Livezey, 1987). The East Atlantic pattern is characterized
by a pressure anomaly to the west of the British Isles and,

in combination with the NAO, can either enhance or mit-
igate the anomalous winter weather associated with the
NAO over Europe (Moore and Renfrew, 2012). Recent
years have seen considerable progress towards reliable
prediction of the winter NAO (Scaife et al., 2014). Particu-
larly important is the influence from the Tropics on the
NAO and the accurate prediction of tropical rainfall
(Scaife et al., 2017; 2019). Nevertheless, some authors
have argued that the link between the Tropics and the
extratropics may not be stationary and may be weaker,
implying less predictability, in some decades than in
others (Greatbatch et al., 2004; Greatbatch and Jung,This work is based on Ole Rieke's Bachelor thesis.
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2007; O'Reilly et al., 2017; Weisheimer et al., 2018;
O'Reilly et al., 2019).

In contrast to boreal winter, prediction of the NAE cir-
culation in boreal summer several months ahead remains a
challenge (Dunstone et al., 2018). Ossó et al. (2018) suggest
a link between North Atlantic sea surface temperature
(SST) anomalies in boreal spring and a pattern they associ-
ated with the East Atlantic pattern in summer (see also
Duchez et al., 2016). On the other hand, Wulff et al. (2017)
identify what they call the summer East Atlantic (SEA) pat-
tern with the second empirical orthogonal function (EOF)
of summer (June/July/August) mean 500-hPa geopotential
height variability over the NAE; the first EOF is the sum-
mer NAO (Greatbatch and Rong, 2006; Folland et al.,
2009). Viewed hemispherically, the SEA, as identified by
Wulff et al. (2017), has the character of a wave train with a
centre of action west of the British Isles. When in its posi-
tive phase, with low pressure west of the British Isles and
high pressure to the east, the weather is unusually warm
over Europe and can be associated with European heat
waves, as in 2015. Wulff et al. (2017) identify a link between
the SEA and an anomalous precipitation dipole, with one
centre of action over the Caribbean and another over the
tropical, eastern North Pacific. They further argue that the
presence of the dipole is related to the developing phase of
El Niño Southern Oscillation (ENSO), with a developing
El Niño being linked to warm summers over Europe.
O'Reilly et al. (2018) identify a very similar link between
the tropical Pacific and the NAE in boreal summer and
argue that Rossby wave propagation establishes the link.

In the present paper, we investigate the stationarity of
the link between tropical rainfall and the SEA in a long
run of a coupled atmosphere/ocean earth system model.
We find that the link is present in some 51-year windows
and not in others. We use a simple statistical model to
illustrate this behaviour. It follows that whereas the SEA
is linked to tropical rainfall during the time period stud-
ied by Wulff et al. (2017), that is, 1979–2016, the SEA
may not always be linked to tropical rainfall in the future
and, likewise, may not always have been linked to tropi-
cal rainfall in the past.

The structure of this paper is as follows. Section 2
briefly describes the pre-industrial model simulation
that is used for analysis. Section 3 presents the results
focusing on the pre-industrial run. Section 4 then intro-
duces the statistical model and section 5 provides a
summary and conclusions. Results from a historical run
using the same model and an analysis applied to the
ERA20C reanalysis (Poli et al., 2016) are given in the
Data S1, Supporting Information. There, we present evi-
dence for a breakdown in the link between the SEA
and the Pacific-Caribbean rainfall dipole during the
mid-20th century.

2 | MODEL AND METHODS

For the analysis presented here, we use 700 years of out-
put from a long pre-industrial control run using the MPI-
ESM-LR model. The atmospheric component is the
ECHAM6 model (Stevens et al., 2013) configured at
T63L47 resolution coupled to the MPI Ocean Model
(Jungclaus et al., 2013) with roughly 1.5� horizontal reso-
lution and 47 levels in the vertical. As described below,
the SEA index is defined using the full 700 years of the
model run and the stationarity of the SEA/tropical pre-
cipitation link is examined by dividing the 700 years into
running 51-year windows (the results are not sensitive to
the choice of window length, e.g., 31 or 71 years). We also
make use of a historical run using the same model cover-
ing the years 1850–2005, as well as the ERA5 (Hersbach
et al., 2020) and ERA20C (Poli et al., 2016) reanalysis
products for the years 1979–2020 and 1900–2010, respec-
tively. In the following, when referring to “the model” we
mean the pre-industrial control run, unless otherwise
stated.

To identify the SEA in the model, an EOF analysis is
carried out on summer (June/July/August; hereafter JJA)
mean anomalies of 500-hPa geopotential height over the
region (90�W–30�E, 40�N–70�N), the same domain as
used by Wulff et al. (2017). Differing from Wulff et al.
(2017), where the SEA appears as the second EOF, here
the SEA appears as the third EOF. We also note that the
first three EOFs are all distinct from the neighbouring
eigenvalues following the criterion of North et al. (1982)
and that the first EOF corresponds to the summer NAO
(Greatbatch and Rong, 2006; Folland et al., 2009). The
SEA index is here defined as the principal component
time series (nondimensional) of the third EOF, normal-
ized so that the SD is 1. As the third EOF, the SEA
accounts for 14.2% of the explained variance in the analy-
sis region. This compares with 18% as found by Wulff
et al. (2017). Applying the same EOF analysis to the
ERA5 data for the years 1979–2020, the SEA appears as
the second EOF, as in Wulff et al. (2017), and accounts
for 16% of the variance.

To measure statistical significance, a two-sided Stu-
dent's t test is applied, assuming all years are indepen-
dent. It should also be noted that all correlations,
regressions and EOF analyses, both in the main text and
the Data S1, are computed using detrended time series.

3 | RESULTS

Figure 1a shows the spatial pattern obtained by
regressing JJA mean 500-hPa geopotential height anoma-
lies against the SEA index from the model (a similar
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pattern results if sea level pressure is used, not shown).
The SEA pattern shown here has many similarities to
that shown by Wulff et al. (2017), who used ERA-Interim
reanalysis (Dee et al., 2011), and also to that shown in
Figure 1b from ERA-5. The pattern is suggestive of a
wave train with centres of action of one sign near New-
foundland and over Europe and of the opposite sign to
the west of the British Isles and again further east,
although there are some differences in detail, notably
over North America. The regression of JJA mean precipi-
tation anomalies on the SEA index (Figure 1c,d) shows
drier conditions than normal over Europe in the positive
phase of the SEA and also the dipole in precipitation in
the Tropics between the tropical North Pacific and the
Caribbean that was noted by Wulff et al. (2017) (note the
different scales used for the figures reflecting the weaker,
be it more significant, signal in the model). The dipole in
precipitation is found in both the model and the
reanalysis despite the much coarser resolution of the
model (roughly 1.5� horizontal resolution and 47 levels
in the vertical) compared to the reanalysis (30-km hori-
zontal resolution and 137 levels in the vertical). Regres-
sion on JJA surface air temperature (see Rieke, 2018,
fig. 4) shows warmer than usual seasonal mean tempera-
tures over Europe associated with the positive phase of
the SEA, very similar to what was found by Wulff et al.
(2017). The link between the positive phase of the SEA
and surface air temperature is expected given the
corresponding air flow from the south between the two

centres of action either side of the British Isles, and the
association between higher temperatures in summer and
the clearer skies associated with the positive geopotential
height anomaly over Europe (Folland et al., 2009; Pfahl
and Wernli, 2012).

In order to investigate the tropical–extratropical tele-
connection, the Pacific Caribbean Dipole (PCD) index is
defined as the normalized (so that the SD is 1) difference
in JJA mean precipitation anomalies averaged over the
North Pacific region (180�W–110�W, 10�N–20�N) minus
the Caribbean region (85�W–65�W, 10�N–25�N) shown
by the two boxes in Figure 1c,d. Over the 700 years of the
model run, the PCD index has a correlation with the SEA
index of only 0.15 which, despite the small value, is statis-
tically significant at the 95% level according to a Student's
t test (even if the number of degrees of freedom is
reduced from 700 to 200). By contrast, Wulff et al. (2017)
obtained a correlation of 0.56 using the ERA-Interim
reanalysis data for the period 1980–2014. The much
smaller correlation found here is an indication that the
link between the PCD and SEA is much weaker when
considering the full 700 years of the model run than it is
in the reanalysis.

Figure 2 shows the time series obtained by correlating
the SEA and PCD indices in 51-year sliding windows
taken from the 700-year model run. It is clear that the
link between the SEA and the PCD is highly variable,
with the correlation sometimes exceeding 0.5, as reported
by Wulff et al. (2017), but also sometimes being close to

FIGURE 1 Regression of summer (JJA) mean (a, b) 500-hPa geopotential height and (c, d) precipitation anomalies against the SEA

index using (a, c) the full 700-year model output and (b, d) the ERA-5 reanalysis for the years 1979–2020. The solid lines indicate regions

that are statistically significant at the 95% level using a Student's t test assuming all years are independent. The boxes used to define the PCD

index are shown in red (the Caribbean) and blue (the Pacific)
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FIGURE 2 The blue line

shows the running cross-

correlation in 51-year windows

between the SEA and the PCD

indices. The value for a certain

year represents the value for the

51 years centred on that year.

The dashed blue line shows the

95% significance level obtained

using a Student's t test assuming

all years are independent. The

green filling indicates years with

coefficients higher than given by

the dashed blue line, grey filling

the years with correlation lower

than 0.05. The threshold of 0.05

is chosen so that there are

roughly the same number of

years marked grey as are

marked green

FIGURE 3 Regression of summer (JJA) mean anomalies of (a, c, e) 500-hPa geopotential height and (b, d, f) surface air temperature

against the PCD index using (a, b) the full 700 years of model output and (c, d) the years indicated by the green and (e, f) the grey shading in

Figure 2, corresponding to 51-year windows with significant (green) or no (grey) correlation between the SEA and the PCD indices

respectively. The solid lines highlight the regions of statistical significance at the 95% level based on a Student's t test, assuming all years are

independent
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0. It follows that the link between the PCD and the SEA
is highly nonstationary in the model, sometimes being
significant, as between years 300 and 400 in the model
run, and sometimes being weak or nonexistent. This sug-
gests that the predictive potential for the SEA based on
the link to the PCD is also highly variable, being present
in some decadal epochs but not in others. It is an interest-
ing point, nonetheless, that the correlation between the
PCD and SEA indices is never significantly negative, indi-
cating some robustness in the sign of the teleconnection,
a point we return to in section 4.

To understand the nonstationary behaviour, we begin
by investigating the extratropical teleconnection associated
with the PCD in the model. Figure 3a shows the spatial pat-
tern obtained by regressing the summer mean 500-hPa geo-
potential height anomalies against the PCD index using all
700 years from the model. This shows a wave train emanat-
ing from the Tropics that clearly resembles the SEA over
the NAE region (Figure 1a), although there are also differ-
ences from the SEA. In particular, the anomaly centres in
Figure 3a are shifted to the south compared to the SEA pat-
tern and there are differences over Greenland and over the
Eurasian continent. We now compare years centred in
51-year windows of significant correlation between the
SEA and PCD indices, marked with green shading in
Figure 2, with years centred in 51-year windows of no cor-
relation between the SEA and PCD indices, marked with
grey shading in Figure 2. Figure 3c,e shows the regression
of JJA mean 500-hPa geopotential height anomalies against
the PCD index for each set of years. This shows that in both

sets of years, the tropical precipitation anomalies associated
with the PCD index excite a wave train that propagates into
the extratropics, although this is weaker in epochs of no
correlation (Figure 3e) than in epochs with significant cor-
relation (Figure 3c), apart from the appearance of an anom-
aly over Greenland in epochs of no correlation. An
important difference between the two plots is the lack of
the significant positive geopotential anomaly over Scandi-
navia in the years when the PCD and the SEA are not con-
nected (Figure 3e). An immediate consequence of this is
that the connection between the PCD and summer temper-
ature in Scandinavia is lost in these years, as can be seen by
comparing Figures 3d,f.

To investigate further, Figure 4 shows the regression
of JJA mean 500-hPa geopotential height and precipita-
tion anomalies on the SEA index for the years indicated
by green and grey shading in Figure 2, separately. The pat-
tern associated with the SEA in 500-hPa geopotential
height shows only minor differences between the two sets
of years. On the other hand, when looking at precipitation
(Figure 4b,d), it is only in epochs when the correlation
between the PCD and SEA is significant that the rainfall
anomalies associated with the PCD can be seen, despite
the presence of a link between the SEA and the PCD
when looking at the full 700-year time series (Figure 1c).

Wulff et al. (2017) noticed that the relationship
between the PCD and the SEA in the ERA-Interim
reanalysis is related to ENSO, with the positive phase of
the SEA being linked to the development of an El Nino.
The same behaviour is found in the model. This is

FIGURE 4 Regression of summer (JJA) mean anomalies of (a, c) 500-hPa geopotential height and (b, d) precipitation against the SEA

index using (a, b) the years indicated by green and (c, d) by grey shading in Figure 2, corresponding to 51-year windows with significant

(green) or no (grey) correlation between the SEA and the PCD indices, respectively. The solid lines highlight the regions of statistical

significance at the 95% level based on a Student's t test, assuming all years are independent. The boxes used to define the PCD index are

shown in red (the Caribbean) and blue (the Pacific)
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illustrated by the correlation of the PCD index and the
following winter (November–March; NDJFM) mean SST
anomalies in the Niño3.4 region, a measure for ENSO
(Trenberth and Stepaniak, 2001). For the 700 years of the
model run this is 0.41 compared to 0.52 in the ERA5
reanalysis for the years 1979–2020, both significantly dif-
ferent from 0 at the 95% level. Further information on
the performance of ENSO in the model can be found in
Data S1, where the relationship between the PCD and
following winter Niño3.4 indices in both the historical
run and the ERA20C reanalysis is also presented.

Concerning the underlying reason for the breakdown
in the relationship between the SEA and the PCD in
some multidecadal epochs, we note that there does not
seem to be any significant difference in the mean atmo-
spheric circulation between the green and the grey years
in Figure 2 (see Rieke, 2018), suggesting that the explana-
tion for the nonstationarity does not reside in different
wave propagation characteristics between the two sets of
years. To find an explanation, we turn now to the statisti-
cal model.

4 | A SIMPLE STATISTICAL
MODEL

Figure S1a shows power spectra for the SEA and PCD
indices from the model simulation. The SEA index

cannot be distinguished from white noise, whereas the
PCD index exhibits a red spectrum with more/less power
than the SEA index at low/high frequencies. Given that
the PCD is associated with ENSO, this difference is not
surprising. We also know that the PCD influences the
SEA given that the correlation between the two indices
over the full 700 years of the model run at 0.15 is signifi-
cantly different from 0 at the 95% level and given the sim-
ilarity of their teleconnection patterns, as shown in
Figures 1a and 3a. This motivates us to model the SEA
index, which we denote si, as a white noise process, ϵi,
plus an influence from the PCD represented by αpi,
where α is a multiplying factor that measures the
strength of the PCD influence on the SEA and is indepen-
dent of time. pi is the PCD index and the index i numbers
the years from 1 to 700. We therefore have

si = ϵi + αpi: ð1Þ

Here, ϵi is generated using a random number genera-
tor with 700 independent realizations in such a way that
the SD of the time series ϵi is 1, the same as that of the
SEA index from the model, and pi is the PCD index from
the model (whose SD is also 1). For a given value of α, we
now have a 700 year time series of our constructed SEA
index, si plus the 700 years of the PCD time series from
the model. Figure 5 shows the results from a running
cross-correlation analysis between si and pi in 51-year

FIGURE 5 The running

cross-correlation in 51-year

windows between the SEA and

the PCD indices from the

statistical model for α = 0 (red

line) and α = 0.2 (blue line). The

value for a certain year

represents the value for the

51 years centred on that year.

The dashed blue line shows the

95% significance level obtained

using a Student's t test assuming

all years are independent. The

green filling indicates years in

the case with α = 0.2 with

coefficients higher than given by

the dashed blue line, grey filling

the years with correlation lower

than 0.1. The threshold of 0.1 is

chosen so that there are roughly

the same number of years

marked grey as are marked

green
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windows, following exactly the procedure used to pro-
duce Figure 2. Two cases are shown, one with α = 0,
implying no influence from the PCD, and one with α =
0.2 for which the correlation between si and pi is 0.17 and
hence close to that between the SEA and PCD indices
using the full 700 years of model output. Both cases use
the same realization for the random time series ϵi. In the
case with α = 0, the cross-correlation fluctuates about 0,
as one would expect, but for the case with α = 0.2, the
whole cross-correlation time series is shifted upwards so
that negative correlations become rare and there are now
episodes of significant correlation. Indeed, the cross-
correlation time series for the case with α = 0.2 has very
similar behaviour to the cross-correlation time series
from the model run shown in Figure 2. Further analysis
of the statistical model is given in Data S1.

5 | SUMMARY AND
CONCLUSIONS

Wulff et al. (2017) identified a link between a tropical
precipitation dipole, the Pacific-Caribbean Dipole (PCD),
and what they identify as the summer East Atlantic
(SEA) pattern. The SEA influences European summer
weather and, in its positive phase, can be associated with
European summer heatwaves.

By analysing a 700-year pre-industrial run using the
MPI-ESM-LR model (see section 2), we found that the
link between the PCD and SEA is nonstationary, being
present in some 51-year windows and not in others. We
used a simple statistical model to illustrate this behaviour.
In the simple model, the SEA index is modelled as a white
noise process with an additional weak influence from the
PCD that is set by the correlation of 0.15 between the SEA
and the PCD indices over the full 700 years of the model
run. A cross-correlation analysis between the SEA and
PCD indices using 51-year running windows then shows
very similar behaviour to that seen in the model, with
some 51-year windows showing a correlation exceeding
the 95% significance level, and some showing little or no
correlation. The results imply that when an extratropical
mode of variability, such as the SEA, is weakly influenced
by another (potentially predictable) mode of variability,
for example, the PCD, we should expect decades when
the link between the two modes is relatively strong, and
hence useful for prediction, and decades when the link is
missing and not useful for prediction.

Although our analysis has been applied to the link
between the SEA and the PCD, the same statistical model
can be applied to the winter NAO. As pointed out by
Scaife et al. (2017), the success at predicting the winter
NAO index demonstrated by Scaife et al. (2014) depends

heavily on the ability to predict tropical rainfall anoma-
lies, especially associated with ENSO, and simulating their
subsequent link to the NAO. We note that the winter
NAO has a weakly red (almost white) spectrum (Wunsch,
1999) and that the correlation between the winter (here
December/January/February; DJF) NAO and DJF mean
Niño3.4 SST indices is −0.13 for the years 1900–2020 (see
Data S1 for the data sources), and so is similar to that
between the SEA and the PCD indices over the 700 years
of the model run. The statistical model therefore suggests
there will be decades when the link between the NAO
and ENSO-related tropical rainfall anomalies is signifi-
cant, and useful for prediction, and decades when that
link is weak and hence not useful for prediction. It is nota-
ble that other authors have argued that skill at predicting
the winter NAO, for example, Weisheimer et al. (2018),
and even the Pacific North American pattern (O'Reilly,
2018) varies on multidecadal time scales, similar to what
we are finding here. Furthermore, Greatbatch and Jung
(2007), who studied the epochs 1982–2001 and 1962–1981,
found a link between the winter NAO and tropical Pacific
diabatic heating during 1982–2001 but not during
1962–1981, a difference that could not be explained by a
difference in the extratropical flow regime.

In Data S1, we briefly analyse the link between the
SEA and the PCD in the 20th century reanalysis ERA20C
(Poli et al., 2016) and in a historical run using the MPI-
ESM-LR model. In the reanalysis, the link between the
SEA and the PCD is present only in recent decades,
although there is the suggestion that it was also present
early in the 20th century. In the historical run, there is
the suggestion of a link between the SEA and the PCD
emerging during the 20th century part of the model run
but this is a weaker signal than in the pre-industrial run.

In conclusion, our results show that the potential for
predictive skill at mid-latitudes based on tropical rainfall
may be subject to multidecadal modulation. Of course, a
limitation of our study is that we have used a relatively
coarse resolution climate model, the MPI-ESM-LR, to
demonstrate the nonstationarity, certainly coarser than
models typically used for seasonal and multiyear predic-
tion (e.g., Scaife et al., 2014; Dunstone et al., 2018). Nev-
ertheless, the simple, statistical model can reproduce the
nonstationary behaviour we have reported.

Finally, O'Reilly et al. (2019) note a shift in the tele-
connection from the tropical Pacific during boreal sum-
mer, the season we have been concerned with in this
paper, which they claim is related to the warming trend
in tropical SST that is being driven by increasing green-
house gas concentrations in the atmosphere. In our case,
the model run we have used uses pre-industrial forcing,
thereby excluding the effect of increasing greenhouse gas
concentrations, emphasising that even without
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anthropogenic climate change, teleconnections from the
Tropics to the extratropics need not be robust on inter-
decadal time scales.
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