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ABSTRACT
A three-dimensional evolution of Madden–Julian oscillation (MJO) diabatic heating for October–March
from satellite data is constructed: the heating propagates eastward for three cycles, modulated by the likelihood for a given MJO phase to occur on a given calendar day. This heating is added to the temperature
tendencies of each member of an ensemble of 48 (1 October–31 March) simulations with the Community
Earth System Model.
The leading two most predictable modes of the planetary wave vertically integrated total (added plus model
generated) heating capture 81% of the ensemble-mean variance and form an eastward-propagating oscillation with very high signal-to-noise ratio. The two most predictable modes of the extratropical Northern
Hemisphere 200-hPa height form an oscillation, as do those of the 300-hPa height tendency due to synoptic
vorticity flux convergence, the 200-hPa Rossby wave source, and the envelope transient kinetic energy. The
North Atlantic Oscillation (NAO1) occurs 15–25 days after the MJO convection crosses the 908E meridian,
supported by synoptic vorticity flux convergence and a distinct pattern of Rossby wave source.
The daily North Atlantic circulation anomalies are categorized into four circulation regimes with a cluster
analysis. The NAO1 and NAO2 are equally likely in the control model runs, but the NAO1 is 10% more
likely in the model runs with heating, compared to a difference of 14% in reanalyses. The daily occurrence of
the NAO1 regime in the heating ensemble shows maxima at times when the leading two optimal modes of
height also indicate NAO1 but also shows maxima at other times.

1. Introduction
As the dominant mode of intraseasonal variability in
the tropics, the Madden–Julian oscillation (MJO) has
garnered a great deal of intrinsic interest since its discovery (Madden and Julian 1971, 1972, 1994), as reviewed in, for example, Zhang (2005). The broadband
time scale of the MJO (20–70 days) and the sizable
heating anomalies involved (up to ;3–4 mm day21)
indicate that this oscillation has the potential to significantly impact Northern Hemisphere extratropical
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low-frequency variability in boreal winter. Ferranti et al.
(1990) noted that the extratropical height response to
the MJO in observations and reanalyses resembled
modes of barotropic instability found by Simmons et al.
(1983), and used both simple and state-of-the-art models
to relate the MJO to both the Pacific–North America
(PNA) pattern and the North Atlantic Oscillation
(NAO). More recently, a number of studies have used
reanalyses and observations (hereafter referred to
simply as observations) to examine the MJO influence
on the storm tracks over the Pacific (Lee and Lim 2012;
Deng and Jiang 2011, hereafter DJ), and to link the
MJO to circulation patterns over North America
(Grise et al. 2013), to the Arctic Oscillation (Zhou and
Miller 2005, hereafter ZM), and to the North Atlantic
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atmospheric circulation (Cassou 2008; Lin et al. 2009;
Riddle et al. 2013).
These observational studies have been complemented
by basic theoretical studies (Frederiksen and Lin 2013),
idealized numerical model experiments (Seo and Son
2012), and detailed comparisons with state-of-the-art
forecast models (Vitart and Molteni 2010). The picture
that emerges is of Rossby wave generation due to diabatic heating anomalies associated with the MJO as
convection propagates eastward through the Indian
Ocean and into the western and central Pacific. These
pseudostationary wave trains lead to the retraction of
the Pacific jet when the MJO-related convection is over
the Indian Ocean and, hence, to changes in the associated fluxes of momentum. The propagation of the MJO
influence into the North Atlantic region is less well understood, although the work of Branstator (2002) suggests that the circumglobal waveguide plays a role. It is
noted that the MJO changes the likelihood of preferred
circulation regimes in the Atlantic (Cassou 2008). The
observational studies broadly agree that the occurrence
of the MJO heating in the Indian (central Pacific) leads
to the preferential development of the NAO in its positive (negative) phase.
The emphasis on past studies has been on distilling
a midlatitude response to the MJO as the wave train
forced by convection at a particular location (e.g.,
the Indian Ocean) as it grows and ultimately decays.
Matthews et al. (2004) force a dry primitive equation
model with heating derived from a smooth, evolving
MJO, and interpret their results using experiments with
the heating fixed at various phases. From their results they
argue that observed extratropical circulation anomalies
(obtained from regression onto MJO heating) are simply
the directly forced response to the tropical heating 10–
20 days earlier. Lin et al. (2010), who performed similar
experiments with a linearized model, found from lag
correlation analysis that the extratropical height associated with Indian Ocean heating (their MJO mode 2)
was a directly forced response, while the regression pattern associated with western Pacific heating (their
MJO mode 1) was not; it occurs only because the two
modes have a strong lag correlation. The numerical experiments in both studies were designed to capture the
direct response to tropical heating, and so did not take
into account the effects of high-frequency transients,
and interactions with the evolving synoptic and planetary
waves in midlatitudes. In particular, the role of the transients in extracting kinetic energy from the basic flow
(Simmons et al. 1983) is ignored.
The MJO heating is of course not a single localized
source but a cycle in both space and time, consisting of
negative and positive anomalies. From a linear point of
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view, both the heating and cooling at one particular time
may be thought of as sources for wave trains, which in
general interfere with each other (Lin et al. 2010). The
remote response at any point sometime later will involve
the sum of these wave trains, each having traveled
a different distance to reach the given point and thus in
a different phase of its life cycle. The dependence of the
linear response to time-dependent forcing on the entire
past history of the forcing is well known in classical
electrodynamics (e.g., also see Palmer 1999). The difficulty in estimating the complete response to a complete
MJO cycle of heating and cooling from observations (or
unconstrained model simulations) lies in the confluence
of two factors: the inherent synoptic and low-frequency
midlatitude variability (the ‘‘noise’’) and the uniqueness
of each observed MJO event, many of which do not
complete a whole cycle.
The purpose of this paper is to present intervention
experiments with a full coupled atmosphere–ocean
model [the Community Earth System Model (CESM)]
in which an identical MJO cycle of diabatic heating,
derived from the Tropical Rainfall Measuring Mission
(TRMM) data, has been added to each of 48 boreal
winter seasonal simulations. The midlatitude response,
and in particular that in the North Atlantic, is diagnosed
by extracting the evolution of patterns most in common
among all ensemble members, and by the study of the
average intraseasonal evolution of preferred circulation
states in the North Atlantic.
The current approach seeks to overcome some limitations inherent in the previously cited observational
estimates of the MJO response based on lag correlations
and composites with respect to particular phases of the
MJO. Individual observed episodes of the MJO may
show substantial deviations from the canonical reconstruction (based on multivariate principal component analysis), as in Fig. 15 of Lin et al. (2008) and Fig. 7
of Kunio et al. (2013), so there will be considerable
variability in the time lag between a state in a given
phase of the MJO and both its previous and subsequent
phase, making it difficult to attribute lag correlations (or
composites) to specific locations of the heating and
cooling.
The procedure of adding an external MJO heating
evolution does not guarantee that an identical MJO
cycle will be present in each simulation; that could only
be accomplished by replacing the model’s temperature
tendencies due to convection (and possibly radiation) in
the tropics by the specified evolution at each time step,
thereby disabling a number of important feedbacks. The
procedure we adopted (added heating) leaves these
feedbacks in place, since the temperature tendencies
from all model processes are retained. As we shall see,
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the added heating effectively organizes the model’s own
diabatic heating to give a robust MJO.
The CESM simulations, a description of the added
MJO diabatic heating, and the response of the total tropical model heating are given in section 2. A description of
the analysis procedures is given in section 3. Section 4
describes the systematic MJO hemispheric-wide extratropical response in the geopotential height, subtropical
Rossby wave source, synoptic eddy driving of the height
field, and the envelope of synoptic-scale transient kinetic energy. These systematic responses were extracted
using predictable component analysis (DelSole and
Chang 2003). The preferred circulation regimes in the
North Atlantic during boreal winter for the simulations
and for the Interim European Centre for MediumRange Weather Forecasts (ECMWF) Re-Analysis
(ERA-Interim) are assessed with a cluster analysis in
section 5, which also gives the systematic response of the
intraseasonal evolution of the CESM cluster regime
occurrence to the MJO. Section 6 gives a discussion and
the conclusions.

2. Model experiments and added heating
a. CESM baseline simulation
The coupled model used is the CESM (version 1.0.5)
of the National Center for Atmospheric Research
(NCAR). The general circulation model consists of atmosphere, land, ocean, and sea ice components that are
linked through a coupler that exchanges state information and fluxes between the components. Many
details of the model, including its parameterizations, are
reported in Gent et al. (2011). The atmosphere and
embedded land model are run at horizontal resolution
1.258 3 0.948 (longitude 3 latitude) using a finitevolume dynamical core and 26 levels in the vertical.
The ocean model is version 2 of the Parallel Ocean
Program described by Danabasoglu et al. (2012). A
50-yr baseline simulation was made as a continuation
of the NCAR twentieth-century simulation (b40.20th.
track1.1deg) with transient (historical) greenhouse
gas forcing. Our 50-yr baseline run used constant
greenhouse gas forcing (and land cover), equal to the
values specified in the NCAR run at the end of the run
(year 2000). The atmosphere, land, and ocean initial
conditions for each 1 October were used as initial
conditions for the control and heating runs described
in section 2b.
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baseline simulation as initial conditions. These control
runs were identical to the original baseline run, but included added daily diagnostics, including daily means of
all components of the temperature tendency due to
diabatic processes: longwave and shortwave radiation,
condensation, and vertical diffusion.1
For each control run, a parallel heating run was made
from the identical initial condition, with a specified MJO
heating added at each time step to the temperature
tendency in the model. The evolution of the specified
additional heating is identical in each of the 48 heating
simulations. The full set of model parameterizations still
operates, so that, for example, the added heating is able
to induce added vertical motion that may induce further
condensation, latent heat release, and changes in the
associated cloudiness and radiation. A valid concern
with this approach is that the unrealistic phase locking
between the prescribed evolution of added heating and
the seasonal cycle may introduce spurious nonlinear
effects.
The MJO heating was obtained from the TRMM
Precipitation Radar as in Lappen and Schumacher
(2012) and Schumacher et al. (2004). The heating is
based on the observed climatology for each month/
day for each MJO phase. The evolution of the additional heating runs through slightly more than three
full cycles of the MJO, starting the first cycle with
phase 5 (convection in the Indian Ocean) on 27 October and ending the last cycle with phase 6 (convection in the western Pacific) on 15 April, for a total of 24
total phases. The phases referred to here are based on
the work of Wheeler and Hendon (2004), as shown for
example in Cassou (2008). The vertical and temporal
structure of the added heating are shown at six longitudes (as a temperature tendency) in Fig. 1, averaged over latitudes 258S–258N. The three full cycles of
the MJO are not identical since their observational
dependence on the time of year is taken into account.
Focusing on Fig. 1 one can see that the cycle length is
about 40–60 days. The horizontal structure (not
shown) consists of a Gaussian distribution with maximum at the equator and vanishing heating at 6308
latitude. The blocklike nature of the evolution of the
added heating resulted from technical problems encountered in running CESM with a different added
heating at every time step. Given the model response
to this heating (see below), this was judged not to be
a concern. (Note that Fig. 1 was generated from daily
mean data.)

b. Control and heating runs
A total of 48 coupled simulations of 181 days in length
were started using the 1 October states from the 50-yr

1
There is no explicit horizontal diffusion in CESM: it is implicitly
taken into account in the finite-volume dynamical core.
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FIG. 1. Temperature tendency due to additional heating at various longitudes, averaged from 258S to 258N as
a function of time (abscissa) and pressure (ordinate). Contours (various colors) of 0.05, 0.10, 0.20, 0.40, 0.80 K day21.
Time is in days (1–181 days), with day 1 corresponding to 2 Oct. Pressure is in hectopascals.

c. Tropical heating in the heating runs
The evolution of the total vertically integrated diabatic heating (averaged from 108S to 108N) from one of
the heating runs is shown in Fig. 2, along with the evolution from the corresponding control run. The colored

contours show the total model diabatic heating, including both the model-generated heating and (for the
heating run) the added heating. The black solid contours
show the added heating (with a smaller contour interval). This particular control simulation shows eastward propagation of the heating, on various time scales.
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FIG. 2. Temperature tendency due to all diabatic heating processes (including the additional heating) from a single ensemble member in
colored contours from longitudes 608–2408E (averaged 108S–108N; interval 2 K day21). (left) The heating run and (right) the corresponding control run. The additional heating is shown in black contours (interval 0.5 K day21). The abscissa is longitude in degrees and the
ordinate is forecast time (1–181 days), with day 1 corresponding to 2 Oct.
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This is typical of this model, which while simulating
a realistic amount of eastward-propagating variance in
the wind field and outgoing longwave radiation on MJO
space and time scales, is not generally successful in
propagating the MJO from the Indian to the Pacific
Oceans [see Subramanian et al. (2011), in particular
their Fig. 9]. The heating run shows a clear eastward
propagation synchronized with the added MJO heating.
The (relatively small) added heating has organized the
(relatively large) model heating very effectively. This
organization of heating is seen in all heating runs (not
shown), although the details differ from run to run. The
ensemble mean of the total heating (i.e., average across
all 50 runs for each day) is shown in Fig. 3 for the heating
runs (left panel) and control runs (right panel). Note
that even if individual control simulations showed a robust MJO, they would not be coherent with respect to
individual days of the season, and so would likely generate a result similar to that in the right panel. The point
of the figure is to show such a coherence in the heating
runs (left panel).

3. Diagnostic analysis procedures
a. Definition of anomalies
Most of the results to be shown are based on anomaly
fields (departures from the model annual cycle). The
annual cycle of each field was estimated by projecting
the 181-day daily time series at each grid point onto the
set of ordinary Legendre polynomials in time (with time
relabeled to vary from 21 to 11). The zeroth through
third polynomial projections (at each grid point) were
then averaged over all 48 ensemble members. The annual cycle is then formed by synthesizing the time series
from these projections. For more details see Straus
(1983). A separate annual cycle was formed for the
heating runs and the control runs.

b. Predictable component analysis
Since the added heating synchronizes the MJO evolution in the ensemble members of the heating runs, we
seek to identify the modes that are most in common (day
by day) across these members. A technique that accomplishes this is predictable component analysis
(DelSole and Chang 2003). The analysis is based on
a linear decomposition of a given field in terms of a set of
patterns, with coefficients that depend on the day and
the ensemble member. The most predictable components (also called leading optimal modes) are identified
by maximizing the ratio of the signal (temporal variability of the ensemble mean of the coefficient) to the
noise (average ensemble spread over all times). The

most predictable patterns and time series are determined from a generalized eigenvalue problem involving both the signal and noise covariance matrices
(DelSole and Chang 2003). Each mode is associated
with a particular physical pattern, a value of the F statistic, (measuring the signal-to-noise ratio), and a set of
coefficients (variates) that depend on day and ensemble
member. In this paper we will refer to the ensemble
average of these daily coefficients simply as the time
series for that mode.
The signal and noise covariance matrices were estimated in principal component space, with a truncations
varying from m 5 10 to m 5 20 empirical orthogonal
functions (EOFs). The statistical significance of the results were assessed from the values of the F statistic
obtained from applying the predictable component
analysis to 100 synthetic samples, each having the same
length (48 3 181 days) as the original sample. Each
sample consists of m synthetic principal component
(PC) time series, with each time series having the same
power spectrum as the original PC, hence, the same
Fourier harmonic amplitudes (in time), but with random
phases. The general approach is given in Christiansen
(2007) and the application to seasonal time series in
Straus (2010). For the leading modes shown below, none
of the synthetic time series had a larger F value than did
the original data sample. The values of the F statistic and
the cumulative fraction of (truncated) ensemble-mean
variance captured by the synthesis of the leading optimal modes are given in Table 1, which will be discussed
below.

c. Circulation regimes
A circulation regime (cluster) analysis of the circulation in the North Atlantic region has been carried out in
order to help interpret the results of the predictable
component analysis, to define the different phases of the
North Atlantic Oscillation in CESM, and to make contact with previous work. This analysis was carried out
on the daily 500-hPa geopotential height in the region
208–808N, 908W–308E. The full period of 1 October–
31 March was used, and a separate analysis was carried
out for (i) the CESM added heating simulations, (ii) the
CESM control simulations, and (iii) the ERA-Interim
for the years 1980–2011. Using the six leading principal
components of the height field, a k-means clustering
algorithm was used, following the procedure of Straus
et al. (2007). This analysis iteratively assigns each state
in the reduced EOF space to one of k clusters in a way
that maximizes the ratio of the variance between the
centers of the clusters to the average of the withincluster variance. The analyses were carried out using all
daily fields, and separately, using only half of the days,

Unauthenticated | Downloaded 01/09/23 09:26 AM UTC

666

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 72

FIG. 3. As in Fig. 2, but from the ensemble average.
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TABLE 1. Values of the F statistic and the cumulative fraction of variance of ensemble means explained for optimal signal-to-noise modes
1–5 for Z200 (200-hPa height), DZ300 (geopotential height tendency due to synoptic wave vorticity flux convergence), RWS200 (Rossby
wave source at 200 hPa), QVIPW (planetary wave component of vertically integrated heating), and KE300 (envelope transient kinetic energy
at 300 hPa). See text for details. The variable N is the principal component truncation. The cumulative fraction of variance gives the fraction of
ensemble-mean variance captured by the N-mode truncation that is present in the field synthesized from optimal modes 1 through m.
F value
Variance

Cumulative fraction of variance

Mode

N 5 10

N 5 15

N 5 20

N 5 10

N 5 15

N 5 20

1
2
3
4
5

46.8
9.5
4.0
2.4
1.6

64.7
31.9
4.1
2.9
7.1

77.1
38.9
5.8
3.4
3.1

0.47
0.71
0.81
0.87
0.90

0.42
0.70
0.79
0.82
0.86

0.41
0.68
0.75
0.80
0.84

21.1
9.1
3.0
1.9
1.3

26.4
12.4
4.2
3.0
2.3

0.24
0.48
0.75
0.83
0.90

0.33
0.63
0.75
0.81
0.84

0.30
0.62
0.75
0.78
0.83

Z200

DZ300
1
2
3
4
5

6.87
3.44
2.80
1.34
1.04

RWS200
1
2
3
4
5

53
40
6.0
3.1
2.1

104
72.0
15.3
9.63
7.47

129
86.0
16.2
11.7
8.64

0.46
0.85
0.91
0.94
0.97

0.54
0.77
0.84
0.89
0.94

0.51
0.76
0.83
0.88
0.93

1
2
3
4
5

199
170
45.3
26.6
20.3

213
171
47.0
31.7
22.4

218
179
51.6
33.3
25.8

0.37
0.77
0.84
0.89
0.93

0.36
0.75
0.82
0.87
0.91

0.35
0.74
0.81
0.86
0.90

1
2
3
4
5

17.2
6.1
4.2
2.3
1.6

21.0
11.8
5.6
2.7
2.4

24.6
13.1
7.2
3.6
2.9

0.41
0.64
0.82
0.91
0.96

0.39
0.58
0.78
0.85
0.90

0.38
0.57
0.73
0.84
0.86

QVIPW

KE300

namely, those that correspond to periods of quasistationary flow. In all cases (i)–(iii) the use of quasistationary filtering lead to virtually no changes in the
regime patterns, but only increased the significance to
a modest degree. The significance was assessed using 100
synthetically generated samples of principal components (as described above). The percentage of synthetic
samples for which the variance ratio was less than the
observed or model data gives the confidence level, as
reported in Table 2 as a function of k, the number of regimes
(clusters). Since it is very helpful to have a cluster assignment for every day, we concentrate on the analysis of data
without filtering (the ‘‘all’’ columns in Table 2). It is clear
that k should be at least 4 in order to obtain robust results.
Since k 5 4 has been shown to give very robust results in
the Euro-Atlantic region (Vautard 1990), we use k 5 4.

4. The extratropical response
a. Tropical response
The average of the vertically integrated diabatic
heating anomalies over all runs (referred to as the ensemble average) is shown in Fig. 4, averaged from 258S
to 258N. The cooling is nearly as prominent as the
heating. While the imprint of the three MJO cycles in
the added heating are seen, two of these cycles are clearly
stronger in the model response, with Indian Ocean
heating strongest between days 60–70 (30 November–11
December) and days 130–140 (8–17 February). Note
that, as in the added heating, the MJO episodes show
some evidence of slowing down at around 1008 longitude. Figure 4 also shows (in contours) results from the
field synthesized from the leading two optimal modes
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TABLE 2. Values of the confidence level (%) for k-means cluster
analysis for three datasets. Confidence values report the percentage of
cluster analyses with synthetic data that have a lower variance ratio
than the dataset considered. (Higher variance ratios indicate greater
degree of clustering.) ‘‘No. of clusters’’ refers to k, ERA-I refers to
the ERA-Interim for 32 extended winters (1980–2011), CESM-HTG
refers to the heating runs, and CESM-CTL refers to the corresponding control runs. ‘‘All’’ refers to analysis done with all daily data;
QS refers to the analysis done with only half the data corresponding
to quasi-stationary periods.
No. of
clusters

CESM-HTG

CESM-CTL

All

ERA-I
QS

All

QS

All

QS

2
3
4
5
6

87
98
100
100
100

100
100
100
100
100

2
74
100
100
100

99
100
100
100
100

18
65
99
99
100

100
100
100
100
100

of planetary wave (zonal wavenumbers 1–3) vertically integrated diabatic heating. As reported in Table 1, the leading
two modes have very large F values (218 and 179), and taken
together explain 3/ 4 of the total ensemble-mean variance for
various truncations. The large F values mean that the ensemble spread of the mode coefficients is extremely small in
both cases (not shown). It can be seen that the synthesis of
the two most predictable modes in heating yields a smoother
version of the evolution of ensemble means. It is this evolution that forces the midlatitude optimal responses that are
shown in Figs. 5 and 6 and are discussed below.

b. Optimal modes of Z200
The most predictable modes of the daily 200-hPa
geopotential height anomalies over the Northern
Hemisphere (208–808N), hereafter Z200, were computed. The values of the F statistic, as well as the cumulative fraction of the ensemble-mean daily variance
accounted for by the first five modes is given in Table 1,
as a function of principal component truncation. The
leading two optimal modes together explain about 70%
of the variance of the ensemble mean within each truncation, with the contribution of the remaining modes
being much smaller. The patterns of the leading two
modes are shown in the top panels of Fig. 5, in units of
meters. (All optimal patterns and time series shown in
this paper are for a truncation of N 5 20. Each mode is
given in terms of a dimensional pattern, with the associated ensemble-mean time series having unit variance.)
The pattern of predictable component 1 (top-left
panel in Fig. 5) may be compared to observationally
based regression maps of upper-level height presented
by ZM in their Fig. 6a, and by Adames and Wallace
(2014, hereafter AW) in their Fig. 7. The ZM regression
map of 200-hPa height onto an MJO time series tied to
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the Indian Ocean convection agrees well with our
leading optimal mode in the Pacific and Arctic regions,
but is weaker elsewhere. The AW regression map of
100–300-hPa-layer average height onto a time series tied
to the MJO upper-level divergence over the Maritime
Continent indicates zonally extended anticyclonic centers
in the northern subtropics at 608E as well as in the North
Pacific centered at 1808, and low centers in the subtropical
northern Pacific and northwestern North America, all
features seen in the CESM results. The second most predictable component bears considerably less resemblance to
the AW regression map of height associated with the MJO
upper-level divergence maximum over the central Pacific,
although in both cases the subtropical anticyclone is shifted
to the east in this phase of the MJO. Over the North Atlantic region, optimal mode 2 in Fig. 5 seems to project on
the positive phase of the NAO (pattern correlation of 0.50
with the NAO1 cluster shown in Fig. 13), although optimal mode 1 does not project on the NAO in either phase.
Both modes are much more clearly delineated than in AW.
(The manifestation of the NAO pattern in the experiments
will be discussed in a later section.) The considerably
smaller amplitude of the AW regression maps compared to
the model patterns may be a result of the variable nature of
MJO episodes in nature, as contrasted with the regularity
imposed on the experiments.
Neither of the leading Z200 modes shown in Fig. 5 has
much weight in the central North Atlantic Ocean. The
lack of signal here is also seen in the raw signal (variance
of daily ensemble means), especially as compared to the
noise (mean ensemble spread; both of which are shown
as standard deviations in Fig. 7). The circulation regimes
corresponding to the phases of the North Atlantic Oscillation in CESM, to be discussed in detail in section 5,
also show a small signal in the central North Atlantic
compared to reanalysis.
The time series of the leading two optimal modes of
Z200 are nearly in quadrature with each other, indicating that the two patterns form part of an oscillation
(see the black lines in Fig. 8). The time series for mode
1 (2) is given in the top (bottom) panel of Fig. 9 as the
solid black lines, along with the planetary wave vertically integrated heating field synthesized from the first
two optimal modes, shown in shading (and corresponding to the contours in Fig. 4). The nature of the
oscillation is clear from the figure, with mode 1 generally
leading mode 2 by 10–20 days.

c. Optimal modes of vorticity flux convergence
A number of authors have linked the development of the
NAO to coherent behavior of transient baroclinic-scale
waves (Benedict et al. 2004; Franzke et al. 2004; Cassou
2008). To assess the role of these waves in modulating the
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FIG. 4. Ensemble-averaged vertically integrated diabatic heating anomalies due to all processes, including the additional heating,
averaged over latitudes 258S–258N, shown in colored shading (W m22). The contours (interval 30 W m22) show the planetary wave
component reconstructed from the leading two optimal modes, also averaged over the same latitudes (see text for further details). The
abscissa is time (1–181 days), with day 1 corresponding to 2 Oct. The ordinate is longitude from 08 to 1808.

response to the MJO forcing, we have computed the height
tendency due to the convergence of vorticity flux, given as
2V sin(f) 22
= [$  (v0 z0 )] ,
Ztend 5 2
g

(1)

where v is the horizontal velocity, z is the vertical component of relative vorticity, f is latitude, V is the rotation rate of Earth, g is the gravitational acceleration, and
the primes denote the synoptic component (with zonal
wavenumbers m 5 0–3 removed). We evaluated Ztend at
300 hPa, the level of maximum transient activity. We
refer to this field as DZ300. Note that we use the spatial
scale to distinguish these waves from the background
flow, as opposed to temporal filtering. Since Ztend tends
to emphasize small spatial and temporal scales it is quite
noisy. We thus applied a running 11-day mean. The

annual cycle was then computed, as described in section
3, followed by the predictable component analysis. As
seen in Table 1, over 60% of the ensemble-mean variance is captured by the leading two modes for a truncation of 20 principal components. The leading two spatial
patterns for Ztend shown in the middle panels of Fig. 5
show some congruence with the corresponding modes of
Z200: mode 1 tends to reinforce the low over the continental United States and into the western Atlantic,
while mode 2 reinforces the ridges over the eastern
Pacific and the eastern Atlantic. In the western and
central Pacific, however, the synoptic transients act to
damp the Z200 anomaly. A systematic diagnosis of
the set of temporal relationships between the leading
modes of DZ300 and Z200 is presented below. As with
Z200, the leading modes form an oscillatory pair (the
red curve in Fig. 8), and fluctuate coherently with the
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FIG. 5. Patterns of most predictable (optimal) modes shown with colored contours for (top) 200-hPa geopotential
height, (middle) 300-hPa synoptic wave geopotential height tendency, and (bottom) 200-hPa Rossby wave source:
optimal modes (left) 1 and (right) 2. Contour intervals are (top) 10 m, (middle) 2 m day21, and (bottom) 2 3
10211 s22. Grid lines are drawn every 108 in latitude from 208 to 808N. See text for further details.
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FIG. 6. Patterns of most predictable (optimal) modes for 300-hPa envelope baroclinic kinetic energy: optimal
modes (left) 1 and (right) 2. Contour intervals are 15 m2 s22. Grid lines are drawn every 108 in latitude from 208 to
808N. See text for further details.

corresponding modes of Z200 (red curves in Fig. 9), with
the Ztend time series leading very slightly, consistent with
the fairly large height tendency (up to 20 m day21) seen
regionally in the patterns.

d. Optimal modes of Rossby wave source
The Rossby wave source is a diagnostic often used to
indicate the tropical source for midlatitude rotational
flow within the context of barotropic dynamics. As formulated originally by Sardeshmukh and Hoskins (1988),
it contains terms that have large extratropical contributions, and so are hard to interpret solely as a tropical
source when diagnosing model runs or reanalysis fields.
Following Cassou (2008), we use the component that is

more dominated by the tropical and subtropical flow,
and is more suitable for interpreting as a source, namely,
the advection of the total vorticity by the divergent
component of the flow. We evaluate this at 200 hPa,
using a T21 truncation and applying a running 11-day
mean. The annual cycle was then computed, as described in section 3, followed by the predictable component analysis. As seen in Table 1, over 75% of the
ensemble-mean variance is captured by the leading two
modes for a truncation of 20 principal components. The
spatial patterns of the two leading modes for the Rossby
wave source (hereafter RWS200) are shown in the bottom panels of Fig. 5. The leading mode shows an extended negative center around 358N and 508E (north and

FIG. 7. (a) Signal of 200-hPa height, given as the square root of the variance of daily ensemble means. (b) Square
root of the mean daily intra-ensemble variance. Contour interval is 20 m. Grid lines drawn every 108 in latitude from
208 to 808N. See text for further details.
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FIG. 8. Lag correlation between the leading two most predictable (optimal) modes for
200-hPa geopotential height (black), 300-hPa synoptic wave geopotential height tendency
(red), 200-hPa Rossby wave source (blue), and 300-hPa envelope of transient kinetic energy
(dotted line). See text for further details.

northwest of the western Indian Ocean) and a positive
center over the East Asian coast, at 358N, 1208E, north of
the Maritime Continent. The latter center dominates the
second mode, with the opposite sign.
As with the previous fields, the leading modes form an
oscillatory pair (the blue curve in Fig. 8), and fluctuate
coherently with the corresponding modes of Z200 (blue
curves in Fig. 9), with the RWS200 time series consistently leading the Z200 series.

e. Envelope function of transient kinetic energy
The observed shifts of the Pacific storm tracks associated with the MJO have been addressed in the work of
DJ and Lee and Lim (2012) using envelope functions of
kinetic energy and height, respectively. In this approach
the 300-hPa fields (u and y or z) are filtered (Duchon
1979) to retain only higher-frequency fluctuations
(periods less than 10 days in our case), and used to form
a positive definite quantity (either rms z0 , or k 5 u0 2 1 y 0 2,
with the prime indicating time-filtered fields). A low-pass
filter (periods greater than 20 days) is subsequently applied to present a smooth depiction of the storm-track
variability, hereafter referred to as KEBP300.
The most predictable components were computed, as
described in the previous subsections. As seen in Fig. 8,
the two leading optimal modes are nearly in quadrature

with each other, but the relationship is not quite as strong
as with other quantities considered. In the Pacific region,
the patterns of the leading two modes (shown in Fig. 6)
are close to those derived by DJ, who carry out a multivariate principal component analysis with outgoing
longwave radiation (OLR) and vertically averaged envelope transient kinetic energy for observations in the
Pacific. In particular EOF 2 and 3 (their Fig. 1) are similar
to the Pacific patterns seen in optimal modes 1 and 2.
The time series of the leading optimal mode (top panel
of Fig. 9) reaches a maximum roughly about the time that
the convective heating reaches longitude 1208E, consistent with the OLR component of the second EOF of DJ.
Peaks in the second leading optimal mode (bottom panel
in Fig. 9) are seen to lag the occurrence of MJO heating at
longitude 1508E by around 5–10 days, and are not contemporaneous with the heating as would be suggested by
the OLR component of EOF 3 of DJ.

f. Synthesis of leading predictable modes
To demonstrate that the leading optimal modes of Z200,
RWS200, and KEBP300 are synchronized with each other,
we show the cross correlation between the ensembleaveraged time series (variates) of the leading modes of
these fields at various lags in Fig. 10. Figure 10a shows the
lag correlation between modes 1 and 2 of Z200 with mode 1
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FIG. 9. Time series of optimal modes for 200-hPa height (black curve), 300-hPa synoptic wave
height tendency (red curve), Rossby wave source (blue curve), and envelope transient kinetic
energy (dotted line). Modes (top) 1 and (bottom) 2. Time series have unit variance. The shaded
field, identical in the two panels, is the planetary wave vertically integrated heating synthesized
from the leading two optimal modes, averaged between 258S and 258N, identical to the contours
in Fig. 4. The abscissa is time (1–181 days), with day 1 corresponding to 2 Oct. The left ordinate
refers to the time series and the right ordinate is longitude from 08 to 1808.

of DZ300, while Fig. 10b shows the lag correlation of modes
1 and 2 of Z200 with mode 2 of DZ300. The lags vary from
220 to 120 days, and the peak correlations exceed 0.80.
From Fig. 10, the following cycle can be discerned:
d DZ300 mode 1 leads Z200 mode 1 by 5–7 days (black
curve);

d

d

d

Z200 mode 1 leads (sign reversed) DZ300 mode 2 by
5–7 days (blue curve);
DZ300 mode 2 leads Z200 mode 2 by 5–7 days (red
curve);
Z200 mode 2 leads DZ300 mode 1 by 5–7 days (green
curve).
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FIG. 10. Cross lag correlation between the ensemble-averaged time series of (a) modes 1 and 2 of Z200 with mode
1 of DZ200, shown in black and green curves, respectively; (b) modes 1 and 2 of Z200 with mode 2 of DZ200, shown in
blue and red curves, respectively; (c) modes 1 and 2 of Z200 with corresponding modes of RWS200, shown in black
and red curves, respectively; and (d) modes 1 and 2 of Z200 with corresponding modes of KEBP300, shown in black
and red curves, respectively.

The lag correlations of each optimal mode of RWS200
(KEBP300) with the corresponding mode of Z200 are
shown in Fig. 10c (Fig. 10d) of the figure. Each mode of
RWS200 leads the corresponding Z200 mode with a
correlation above 0.90, and a lag of 5–7 days. The results from Fig. 10d show a longer lead time for
KEBP300 to lead Z200 mode 1 (at least 20 days), while
for mode 2 it appears that the (sign reversed) KEBP300
lags Z200. The relationship between KEBP300 and
the other dynamical fields remains to be completely
understood.
A spatial view of the synthesis of Z200 from the
leading two modes is shown for several days in Fig. 11 in
the top set of panels. These days are picked to represent
episodes during which the North Atlantic circulation is
clearly in the positive NAO phase (days 45, 90, and 155)
and an episode (centered at day 115) when the minus
NAO phase is clearly seen. The synoptic-scale height
forcing (shown in the middle set of panels) is coherent
with the height field itself. The RWS200, shown by the
contours in the bottom set of panels, shows that the

negative center north of the Maritime Continent is associated with the NAO1 pattern, while the positive
center of RWS200 in that location seems to force the
NAO2 pattern. On days 45 and 155 we see from Fig. 9
that mode 1 of Z200 is negative (and near a minimum),
while mode 2 is positive (and near a maximum). From
the maps of the modes themselves in Fig. 5, this is the
ideal configuration for the positive phase of the NAO.
The opposite is true on day 115, leading to the minus
phase of the NAO. On day 90, mode 1 is negative
(though not a minimum) and mode 2 is positive (likewise not a maximum).
The synchronization of the synoptic wave height tendency, and RWS200 with the heating can be seen from
Fig. 12, which shows a longitude–time plot of the synthesized heating from the leading two modes (in shading,
averaged 258S–258N), the synthesized RWS200 at 328N
(black contours), and Ztend at 458N (blue contours). Since
the height tendencies are generally congruent with the
Z200 anomalies in the Atlantic (see Fig. 5), one can infer
the corresponding Atlantic Z200 in Fig. 12. In addition,
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FIG. 11. Synthesis of leading two most predictable components at selected times for (top) Z200, (middle) 300-hPa height tendency from
synoptic-scale vorticity flux, and (bottom) 200-hPa Rossby wave source (contours) and ensemble-averaged diabatic heating (shaded, scale shown
below the figure; W m22.). The contour is 10 m for Z200, 2.5 m day21 for height tendency, and 5.0 3 10211 s21 for Rossby wave source.

time series of the frequency of occurrence of the NAO1
(NAO2) clusters (to be discussed in the next section) are
given in the red (green) traces on the right.
The quantity Ztend is very coherent with Z200 itself in
the Atlantic region, and can be used as a proxy for Z200
there. The NAO1 like episodes at times 45, 90, and 155
occur some 15–35 days after the convection crosses the
908E meridian, when the MJO is in approximately phase
3 in the conventional nomenclature (Cassou 2008). That
there is a fair amount of arbitrariness in identifying just
when the convection crosses any longitude, especially in
the Indian Ocean, is made clear by the heating evolution. The preferred occurrence of the positive phase of
the NAO some 5–15 days after the MJO heating crosses
the Indian Ocean reported by Cassou (2008), Lin et al.
(2009), and Riddle et al. (2013) is broadly consistent
with our results, although the lags obtained in the experiments are longer. The negative phase of the NAO,
as witnessed by the negative Ztend after day 110, could be

linked to the MJO convection reaching the date line,
with a lag of 30–40 days, not inconsistent with the results
of Riddle et al. (2013).

5. North Atlantic variability and MJO response
In considering the response of the North Atlantic region circulation to the MJO, past studies (e.g., Vautard
1990; Michelangeli et al. 1995) have used cluster analysis, in which the state of the circulation on any given day
is assigned to a particular circulation regime. As discussed in section 3, cluster analysis of 500-hPa height
(Z500) in both the ERA-Interim and the CESM heating
and control runs suggests that four clusters are appropriate. The composites of the Z500 anomalies for each of
the four clusters are shown from both the reanalysis and
the model heating runs in Fig. 13. The ERA-Interim results identify the four very robust regimes in the North
Atlantic (Vautard 1990; Cassou 2008): the North Atlantic
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FIG. 12. Synthesis of leading two most predictable components at all times for RWS200 at 328N (black contours, interval 5.0 3
10211 s21), 300-hPa height tendency from synoptic-scale vorticity flux at 458N (blue contours, interval 5 m day21), vertically integrated
diabatic heating, averaged from 258S to 258N, with scale shown at the bottom of the figure (W m22). Red (green) curves on the right show
the frequency of occurrence of NAO1 (NAO2) clusters (see text for details). Abscissa is longitude and ordinate is in time in days.
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FIG. 13. Composites of 500-hPa height (Z500) for days in which the circulation is assigned to one of four clusters.
Results from (left) the ERA-Interim (winters 1980/81–2011/12) and (right) the heating simulations. Designations of
the four clusters, as well as the percentage frequency of occurrence, are given in the top left of each panel. The
corresponding frequency of occurrence for the control simulations is given in the bottom left of each simulation panel
(in parentheses). The contour interval is 20 m. See text for further details.

Oscillation both phases (NAO1, NAO2), Scandinavian
blocking, and the Atlantic ridge. The frequency of occurrence (%) for each regime is given in the figure and in
Table 3. For the winter defined as 1 October–31 March
(and the years 1980/81–2011/12), the NAO1 occurs more

frequently than the NAO2 (34% of the days vs 20% of
the days).
The results for the CESM heating runs indicate four
analogous patterns, which are nearly identical to the patterns obtained from the CESM control runs. The main
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TABLE 3. Frequency of occurrence (%) of the four clusters as
diagnosed from the ERA-Interim (ERA-I), the heating simulations (CESM-HTG), and the control simulations (CESMCTL). The cluster designations refer to the positive and negative
phases of the North Atlantic Oscillation, the Scandinavian
blocking pattern, and the Atlantic ridge pattern. See text for
further details.
Cluster

ERA-I

CESM-HTG

CESM-CTL

NAO1
NAO2
ScBlock
AtlRidge

34
20
26
20

33
23
20
24

29
27
24
21

difference in the model regimes compared to observations
is that the continuous ridge (trough) in the NAO1
(NAO2) pattern across the entire Atlantic in the observations is replaced by two centers in the model results: one
over northeastern North America and one over Europe.
The maps synthesized from the leading two predictable
components for days 45, 90, 115, and 155 shown in Fig. 11
clearly show the North American center. The asymmetry in
the frequency of occurrence in the NAO is also seen in the
simulations, with the NAO1 (NAO2) pattern occurring
33% (23%) of the time. The difference in the likelihood
of seeing the two phases of the NAO is not as large as in
the observations (10% difference vs the observed 14%
difference). However, there is almost no difference between the frequencies of the NAO1 and NAO2 in the
control simulations (29% vs 27%), indicating that the
presence of a robust Madden–Julian oscillation has led to
the favoring of the NAO1 phase as observed.
The synchronization of the regimes with both the model
MJO heating and the leading most predictable circulation
patterns is given in Fig. 14. Both panels show the number
of occurrences of the NAO1 (NAO2) regime within the
ensemble as a function of day in red (green) curves. The
top panel also shows the vertically integrated diabatic
heating synthesized from the two leading most predictable
modes as function of longitude (from 08 to 1808, see righthand scale). Also shown in the bottom panel is the (ensemble averaged) time series of the leading two predictable modes of Z200 discussed in section 4. The periods
centered around days 45, 90, and 155, which have a clear
positive NAO-like signature in Fig. 11 correspond to
maxima in the second optimal mode (bottom panel of
Fig. 14), and to maxima in the number of occurrences of
the NAO1 cluster. As noted in section 4 these follow
periods in which the MJO synthesized heating is in Indian
Ocean (conventional phase 3); they also follow periods in
which the heating is in the western Pacific (phase 2) with
a longer lag. The (sharp) minimum in NAO1 cluster occurrence near day 110 coinciding with a maximum in
NAO2 occurrence and a broader minimum in the second

VOLUME 72

optimal mode, follows by about 30 days the appearance of
MJO heating near the date line.
Maxima in the NAO1 cluster occurrence at times
near days 130–140 slightly precede Indian Ocean heating in Fig. 14; for these periods the synthesized most
predictable modes do not resemble the NAO1 cluster
at all (not shown). This seeming contradiction is a result
of the very different nature of the predictable mode
analysis and the cluster analysis. The former seeks to
maximize the patterns most in common among all ensemble members across the entire 181-day time series,
and so may not be particularly representative at any
given time. In contrast the cluster analysis assigns the
circulation of every member for each day uniquely to
one of four fixed clusters; an assignment to the NAO1
cluster may indicate only a greater lack of resemblance
to the remaining three patterns.

6. Summary and conclusions
Since the Madden–Julian oscillation is a continuous
evolution of broad tropical heating and simultaneous
cooling, it will in principle generate a cycle of extratropical response. At any fixed time, the MJO response
will include the sum of waves generated by the heating
and cooling at previous times that may interfere constructively or destructively at a given location. We have
used a state-of-the-art climate model in conjunction with
a specified evolution of added MJO diabatic heating to
estimate the entire response cycle in the Northern
Hemisphere. To retain all the model dynamical and
physical feedbacks, an identical specified MJO heating
evolution, based on observations, was added to the
model-generated heating in a large number of extended
winter simulations. The model responds with its own
robust MJO across all ensemble members, including
episodes of substantial heating and cooling, as shown in
Fig. 4. The dynamical response most in common among
the ensemble members is extracted using predictable
component analysis on a number of extratropical
Northern Hemisphere fields, including the 200-hPa
height, the 300-hPa height tendency due to synoptic
wave vorticity flux convergence, the 200-hPa Rossby
wave source, and the 300-hPa envelope of transient kinetic energy as an indicator of the storm-track variability. For the height field, the synoptic wave vorticity
flux convergence and the Rossby wave source, the
leading two optimal (highest signal-to-noise ratio)
modes form a highly coherent oscillation. There are
some ambiguities as to how the storm-track changes are
synchronized with the other fields, however.
Since the model-generated MJO heating does not propagate with a single phase speed but shows modulations,
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FIG. 14. Number of occurrences of NAO1 regime (red curve) and NAO2 regime (green
curve) in all ensemble members as a function of day (see left-hand scale). (top) Shading is the
vertically integrated planetary wave diabatic heating synthesized from the leading two most
predictable modes (W m22, see color bar) as a function of longitude (see right-hand scale).
(bottom) Dotted (solid) curve is the ensemble-averaged time series of the first (second) most
predictable mode (see right-hand scale). Time series are normalized to unit variance. See text
for further details.

the extratropical circulation modes share this character.
Thus, some inter-event variability is captured within the
seasonal MJO cycle. In particular the time lag between
MJO-related convection crossing a particular longitude
and its downstream effects varies within the seasonal
evolution.
Many features of the extratropical response diagnosed in this paper agree with previous observational
estimates of Cassou (2008), Lin et al. (2009), and Riddle
et al. (2013), including the oscillating wave train–like

response (Figs. 5 and 8), and the synchronized role of the
tropical Rossby wave source in the Pacific and transient
synoptic fluctuations in the Atlantic shown in Figs. 9 and
12. The systematic shifts in storm tracks reported in
DJ are also reproduced in the leading two optimal
modes. The realism of the evolution synthesized from the
leading optimal modes suggests that in nature, the midlatitude response to the MJO also depends on the history of
heating and cooling, and is not simply a response to
heating at some longitude with a fixed time lag.
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In terms of the North Atlantic circulation regimes, the
presence of an (induced) MJO in the CESM model leads
to an increased occurrence of the NAO1 regime so that
it becomes more prevalent than its counterpart NAO2
regime. Since the two are (unrealistically) equally likely
in the control runs, this not only suggests that the MJO is
the cause of the preference of the NAO1 in nature, but
also that its presence has corrected a model error. Interestingly, the bias in the model regime patterns is not
corrected, but only the bias in frequency of occurrence.
While the evolution of regime occurrence during the
season (when pooled across all runs) shows some correspondence with the height evolution synthesized from
the two leading optimal modes, there are periods when
the two diagnostics do not agree, highlighting the different nature of the diagnoses.
While this paper has concentrated on the MJO signal
in a climatological sense, it would be useful to repeat
such experiments with individual observed MJO episodes in order to assess the strength of the predictable
response. Clearly a caveat to our results is that they are
likely to be model dependent, primarily because of
biases in the mean state, and hence the subtropical jets,
storm tracks, and stationary waves. It would also be very
useful to repeat this analysis with other models.
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