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Introduction
The Madden–Julian Oscillation (MJO; 
Madden and Julian,  1971) is the leading 

mode of intra-seasonal variability in the 
tropics and is characterised by an area of 
enhanced deep convection, which travels 
eastward across the Maritime Continent 
with a period of 30–60 days. This area of 
enhanced convection is associated with 
divergence in the upper troposphere and 
is followed directly by an area of suppressed 
convection associated with convergence in 
the upper troposphere.

This divergent circulation produced by 
latent heat release in the MJO’s enhanced 
convective phase excites Rossby waves, 
which interact with various extratropical 
weather regimes to create so-called telecon-
nection patterns. Through these telecon-
nections, the weather experienced around 

the globe can be linked back to the weather 
in the tropics.

The North Atlantic Oscillation (NAO; 
Walker and Bliss,  1932) is a key mode of 
winter variability in northern Europe. Thus, 
understanding the behaviour of the NAO 
is key to accurate United Kingdom (UK) 
weather prediction. The NAO is character-
ised by a positive and a negative phase, 
which bring different types of weather to 
the UK. During the winter, the NAO+ is 
associated with warmer, stormier weather, 
while the reverse relationship is observed 
for the NAO−.

Through observational studies, the NAO is 
known to be forced at least in part by the 
MJO (Cassou,  2008; Lin et al.,  2010). In this 
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article, we will assess the fidelity of these 
teleconnections in the latest global coupled 
model from the UK Met Office.

The HadGEM3-GC3.1 model
We analyse the Met Office Hadley 
Centre Global Environment Model in the 
Global Coupled configuration 3.1 with 
a medium resolution atmosphere and 
ocean (HadGEM3-GC3.1-MM). For a full 
description of the model and historical 
experiment, see Williams et al.  (2018) and 
Andrews et  al.  (2020), respectively. This 
model formed part of the sixth phase 
of the Coupled Model Intercomparison 
Project (CMIP6) – a collaboration between 
climate modelling centres from around 
the globe with the goal of standardising 
coupled model experiments. In particu-
lar, we will focus on the ‘historical’ experi-
ment runs, which used the CMIP6 defined 
forcings. This allows for an assessment of 
MJO–NAO teleconnections in contem-
porary climate conditions. The histori-
cal experiment runs from 1850 to 2014 
(inclusive), but we will focus on the final 
30 years of this period (1985–2014) to 
align with the availability of high-quality 
reanalysis data.

Methodology
In order to analyse the MJO and its effects, 
we use the index created by Wheeler and 
Hendon  (2004). This index is constructed 
from daily mean values of outgoing long-
wave radiation (OLR) and zonal wind at 
the 200 and 850hPa pressure levels (U200 
and U850, respectively). Due to the avail-
ability of model wind data in CMIP6, we 
will use 250hPa zonal wind (U250) instead 
of U200, although analysis has shown that 
this has little qualitative effect on the out-
comes. On each day, the index assigns a 
value for the MJO amplitude and phase. 
The amplitude is a positive number which 
describes the strength of the anomalous 
convection. On days when the amplitude 
is greater than one, the MJO is said to be 
active and this day will be included in our 
analysis. The phase takes an integer value 
between one and eight and describes 
the longitudinal location of the convec-
tive centres. Figure  1 shows boreal win-
ter (November–April) composites of OLR 
(which is used as an analogue for con-
vection) in each of the eight phases. For 
example, phase 1 (Figure  1a) represents 
enhanced convection over the western 
Indian Ocean and phase 8 (Figure  1h) 
represents enhanced convection over the 
mid to eastern Pacific Ocean.

The NAO can be characterised by the differ-
ence in anomalous pressure between Iceland 
and the Azores. Therefore, we define our 
index as the normalised difference between 
two area averages of 500hPa geopotential 

Figure 1. Boreal winter Madden–Julian Oscillation phase composites of outgoing longwave 
 radiation (OLR) anomaly over the period 1985–2014 in HadGEM3-GC3.1-MM. Here, a negative 
anomaly in OLR is analogous to increased anomalous convection.



203

W
eather – June 2022, Vol. 77, No. 6

NAO response to the M
JO in a coupled clim

ate m
odel

height (Z500) anomaly.1 The two areas are 
chosen to suitably encompass the centres of 
the pressure variation (50–70°N, 10–50°W and 
30–45°N, 5–55°W). This method of calculating 
the NAO index is similar to that of Cropper 
et al.  (2015). However, we average the geo-
potential height anomaly over a larger area to 
account for the fact that the centres of action 
can be shifted in models. Our index is a time 
series, in which each day is either defined 
to be ‘NAO+’, ‘NAO−’ or ‘inactive’ depending 
on whether the index exceeds one standard 
deviation in magnitude and whether its sign 
is positive or negative. As for the MJO, we 
can create boreal winter composites to visu-
alise the positive and negative NAO regimes 
(Figure 2). Note that this index is slightly dif-
ferent to that used by Cassou  (2008) as we 
are focussing solely on the NAO.

With time series for both the MJO phase 
and the state of the NAO, the link between 
the two may then be analysed. Following 
Cassou  (2008), we calculate the frequency 
of days in which an NAO state is active for 
each MJO phase in turn. We then obtain 
a percentage change in the probability of 
observing each state from the climatologi-
cal mean probability when a given MJO 
phase is active. This is then repeated with 
a lag (MJO leading) of 1–20 days to ascer-
tain how the NAO responds in the days and 
weeks following each MJO phase.

To test for statistical significance in the 
frequency of an NAO state’s occurrence, 
we employ a Student’s t-test at the 95% 
confidence level. The population dataset 
is taken to be the value of the normalised 
NAO index over the whole time domain, 
while the  sample dataset consists of only 
the days that fall within the given MJO 
phase (with some given lag). The relative 
frequency of each NAO state is then com-
pared between the population and sample. 
This is equivalent to the second of the two 
significance tests used by Cassou (2008). We 
have not used the first significance test from 
Cassou (2008) due to differences in method-
ology, as we do not assign every day in our 
analysis to either NAO+ or NAO−.

The model is compared with observed/
reanalysis data taken from the ERA-Interim 
reanalysis product (U250, U850 and Z500) 
and the NOAA-interpolated OLR dataset. 
Hereafter, this will be referred to simply as 
the observational data. The above analysis 
is applied to both the model and observa-
tional data so that differences between the 
two may be assessed.

Results
The results of our analysis into the NAO 
response to each MJO phase for both the 

model and observational data are presented 
in Figure  3. We note that both the magni-
tude and rate of change of the response 
are of interest, as the magnitude indicates 
the strength of the NAO response, while a 
steep gradient indicates a more direct link 
between the given MJO phase and NAO 
state. There are strong responses (over 30% 
change in probability of observing either 
NAO+ or NAO−) to a number of MJO phases 
in the model, which are statistically signifi-
cant compared to the climatological mean. 
In general, the NAO response to the MJO 
in the HadGEM3-GC3.1-MM model is often 
of the same sign as the NAO response to 
the MJO in the observations (Figure 3). The 
model replicates the observed response 
particularly well in a small number of cases 
(phases 1 and 8).

However, there are other MJO phases 
in which the NAO response is either sup-
pressed or even of the wrong sign, par-
ticularly at lags of more than one week. 
Two key teleconnection patterns identified 
by Cassou  (2008), which are visible in the 
observational data, are the responses of 
NAO+ and NAO− to MJO phases 3 and 6, 
respectively. Both of these teleconnections 
act as useful predictors for the NAO state 
and so are the focus of our investigation.

In the observational data, the lag 0 NAO+ 
response to MJO phase 3 is zero (i.e. clima-
tological probability of observing NAO+). 
After approximately one week, the prob-
ability of occurrence of NAO+ rises by more 
30%, implying predictability of entering an 
NAO+ regime. However, in the model, the 
chances of experiencing an NAO+ event are 
approximately constant from lag 0 onwards, 
at 20% higher than the climatological mean. 
It is encouraging that the model at least 
predicts the correct sign for the response; 
however, the time dependence of this link 

is not well reproduced by the HadGEM3 
model or the CMIP6 model mean.

There is a strong NAO− response to MJO 
phase 6 in the observational data. In this 
case, the response peaks approximately 
two weeks after phase 6 and exhibits a 47% 
increase in NAO− occurrence, suggesting 
phase 6 as a precursor to an NAO− event. 
The model replicates the response well 
for approximately one week. However, at 
longer lags, it shows a statistically signifi-
cant decrease in the probability of NAO−. 
The reasons for the difference should be 
explored further.

In the observational results we see that, 
for the most part, the NAO response to one 
MJO phase approximately follows on from 
the response to the preceding phase, but 
lagged by 5–10 days. This indicates that 
the eight MJO phases are occurring in a 
sequential manner as we would expect. 
For example, in MJO phase 4, the NAO+ 
response peaks at lag 3 days, while in phase 
3, it peaks at lag 8 days. In the model, this is 
not the case, as we see no significant NAO+ 
response to MJO phase 4. The relationship 
between these two phases seems to be 
much weaker, indicating that the model 
MJO may not be behaving as observed.

MJO events spend less time in each 
phase in the model than in observations 
(Figure  S2a), so we may infer that the MJO 
propagation is faster in the model. The time-
scales over which the MJO propagates are 
very similar to the timescales over which 
the extratropics responds to the MJO (that 
is, the time that the MJO spends in each 
phase is similar to the lag between changes 
in the MJO and NAO). Therefore, a change 
to the propagation speed of the MJO means 
that the NAO response to a given phase 
will occur within a different atmospheric 
state. Both Yadav and Straus  (2017) and 

Figure 2. Boreal winter (a) negative North Atlantic Oscillation (NAO−) and (b) NAO+ Z500 anomaly 
composites over the period 1985–2014 in HadGEM3-GC3.1-MM.

1We show that the results obtained using Z500 
are similar to those obtained when using mean 
sea-level pressure in Figure S1 in the Supporting 
Information.
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Yadav et  al.  (2019) have shown that these 
changes in MJO propagation speed can 
alter the NAO response to the MJO. It is 
likely that this is one reason why some of 
the sequential manner of the NAO response 
is lost. Interestingly, the total number of 
days spent in each MJO phase is similar 
between the model and observations, sug-
gesting that although the MJO is propagat-
ing faster, there are also more individual 
events (Figure S2c).

Among other reasons for this seeming lack 
of continuity is a stalling or dissipation of 

the MJO as it propagates over the Maritime 
Continent. Ahn et al. (2020) showed that the 
HadGEM3-GC3.1-MM model performs well 
compared to other CMIP6 models in captur-
ing the MJO propagation over the Maritime 
Continent, and this has been backed up 
by our own investigations. We have shown 
that although the MJO is propagating faster 
in the model than observations, this differ-
ence is approximately the same across all 
eight MJO phases rather than being con-
fined to those phases in which the MJO is 
passing over the Maritime Continent. This 

should be considered when analysing other 
models.

Discussion
We have shown that HadGEM3-GC3.1-MM 
exhibits a significant NAO response to the 
MJO, but that this response is not neces-
sarily in line with that seen in observations, 
including NAO responses in some phases 
which are too weak or the wrong sign. We 
may, therefore, question the model’s ability 
to predict the NAO at lead times of more 
than one week when tropical–extratropical 
interactions become important, whilst being 
mindful of the fact that the MJO is only one 
of many sources of tropical teleconnections 
to the North Atlantic (Scaife et al., 2017). The 
results presented above pertain to just one 
model. However, by analysing an ensemble 
of models from the CMIP6 project, we may 
hope to find a more accurate representation 
of the NAO response to the MJO.

Figure  4 shows the two key teleconnec-
tions (NAO+ response to MJO phase 3 and 
NAO− response to MJO phase 6) discussed 
above for the observational and HadGEM3-
GC3.1-MM datasets alongside a summary 
of 25 CMIP6 models (see Table  S1 for a 
full list). We find that the majority of the 
models, including HadGEM3-GC3.1-MM, 
significantly underestimate the magnitude 
of the response of the NAO. Even the most 
extreme response from the models (shown 

Figure 3. North Atlantic Oscillation (NAO) response to the Madden–Julian Oscillation (MJO). The 
bars represent the percentage change in the probability of observing a particular NAO state, at 
a given lag after observing a particular MJO phase, in the HadGEM3-GC3.1-MM model. Bars that 
are coloured in red represent a change that is statistically significant at the 95% level. The NAO 
response to the MJO in the observed data is plotted as the black line, with circular markers to 
indicate significance.

Figure 4.  (a) North Atlantic Oscillation (NAO+) 
response to Madden–Julian Oscillation (MJO) 
phase 3 and (b) NAO− response to MJO phase 
6. The blue line represents the multi-model 
mean from 25 CMIP6 coupled climate models, 
with a band of ±1 standard deviation given 
by the dark blue shading and the multi-model 
range given by the light blue shaded region. 
The HadGEM3-GC3.1-MM individual model 
response is shown by the red line and the 
observed response is shown by the black line.
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by the light blue shading in Figure 4b) can-
not simulate the large observed response 
in NAO− to MJO phase 6. This is in agree-
ment with previous works that have 
highlighted weakened teleconnections in 
climate models (Vitart,  2017; Scaife and 
Smith,  2018).

A considerable number of the models 
predict the opposite sign for the response, 
suggesting confounding errors in the mod-
elling of the processes behind the telecon-
nection patterns. One candidate for this is 
bias in the representation of the climato-
logical mean state. In particular, errors in 
the representation of the strength and posi-
tion of the jet streams will lead to errors in 
the propagation of the wave trains, which 
underpin the teleconnection patterns 
(Dawson et al., 2011).

To accurately simulate MJO–NAO tel-
econnection patterns, models must first 
have accurate representations of the MJO, 
the climatological mean state (Henderson 
et al.,  2017), wave trains, the stratospheric 
polar vortex (Barnes et al.,  2019) and the 
NAO. The complexity of these processes 
and linkages between them make the MJO–
NAO teleconnection problem challenging 
to model. Even though the HadGEM3-
GC3.1-MM model performs well among 
CMIP6 models in simulating the MJO prop-
agation over the Maritime Continent (Ahn 
et al., 2020), this is countered by the exces-
sive speed of the MJO propagation. Hence, 
it is still unable to simulate the full range 
of processes needed to accurately model 
MJO–NAO teleconnections.

Further questions
The results obtained in this study open a 
number of opportunities for further inves-
tigation. The methodology described above 
has been designed to translate efficiently 
between different datasets, meaning that 
this work can be extended to a number 
of different questions. Also, the framework 
used is not specific to the NAO, so other 
MJO teleconnections (for example, to the 
Pacific-North American pattern) may be 
considered in a similar way.

A natural progression of this study would 
include a deeper look at some of the other 
CMIP6 models, including some considera-
tion of large ensemble experiments imple-
mented by some modelling centres. Another 
avenue for investigation is the temporal vari-
ability of MJO–NAO interactions. We have 

presented results for a single time frame, 
but recent works (e.g. Lee et al., 2019) have 
shown that these teleconnections can be 
modulated by seasonal to decadal variations, 
such as the El Niño–Southern Oscillation.
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