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The connections between the Madden-Julian Oscillation (MJO) and the Arctic Oscillation
(AQ) are examined in both observations and model forecasts. In the observations, the time-
lag composites are carried out for AO indices and anomalies of 1,000-hPa geopotential
height after an active or inactive initial MJO. The results show that when the AQO is in its
positive (negative) phase at the initial time, the AO activity is generally enhanced
(weakened) after an active MJO. Reforecast data of the 11 operational global
circulation models from the Sub-seasonal to Seasonal (S2S) Prediction Project are
further used to examine the relationship between MJO activity and AO prediction.
When the AO is in its positive phase on the initial day of the S2S prediction, an initial
active MJO can generally improve the AO prediction skill in most of the models. This is
consistent with results found in the observations that a leading MJO can enhance the AO
activity. However, when the AQO is in its negative phase, the relationship between the MJO
and AQO prediction is not consistent among the 11 models. Only a few S2S models provide
results that agree with the observations. Furthermore, the S2S prediction skill of the AO is
examined in different MJO phases. There is a significantly positive relationship between the
MJO-related AO activity and the AO prediction skill. When the AO activity is strong (weak) in
an MJO phase, including the inactive MJO, the models tend to have a high (low) AO
prediction skill. For example, no matter what phase the initial AO is in, the AO prediction skKill
is generally highin MJO phase 7, in which the AO activity is generally strong. Thus, the MJO
is an important predictability source for the AO forecast in the S2S models.

Keywords: sub-seasonal to seasonal (S2S), Madden-Julian oscillation (MJO), Arctic oscillation (AO), prediction,
initial time

INTRODUCTION

The Madden-Julian Oscillation (MJO; Madden and Julian, 1971; Madden and Julian, 1972) is taken
as a predictability source for the sub-seasonal to seasonal (S2S; 10-90 days) climate forecast (Ferranti
et al,, 1990; Jones et al., 2004; Reichler and Roads, 2005; Zhang et al., 2013; Jones and Dudhia, 2017;
Specq and Batté, 2020). It can impact global weather and climate (Zhou and Miller, 2005; Lin and
Brunet, 2009; Zhou et al., 2011; Alvarez et al., 2016; Zhou et al., 2016), in which the MJO can
significantly affect the Arctic Oscillation (AO; Zhou and Miller, 2005; L'Heureux and Higgins, 2008;
Cassou, 2008). In addition, the connection between the MJO and the AO plays an important role in
adjusting the Northern Hemisphere climate on sub-seasonal timescales (Flatau and Kim, 2013; Song
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and Wu, 2019a; Song and Wu, 2019b). However, in numerical
models, whether the MJO can provide predictability for the S2S
forecast of the AO is still not well explored.

The MJO, which is a large-scale ocean—atmosphere-coupled system
accompanied by strong deep convection and the wind anomaly
traveling eastwardly in the tropics (Yoneyama et al, 2013), can
modulate the climate in the Northern Hemisphere (Madden and
Julian, 1994; Zhang, 2005). Initiating over the Indian Ocean, the MJO
affects active and break of the Indian summer monsoon spell (Singh
and Bhatla, 2019; Yang and Huang, 2021). When the MJO travels
eastwardly to the Maritime Continent, the local precipitation is
dominated by MJO convection (Vincent and Lane, 2018). In the
tropics of the western Hemisphere, the wind anomaly caused by the
MJO can induce the rainfall anomaly in the Amazon Basin (Mayta
et al, 2020). In West Africa, an active MJO event enhances the heavy
daily rainfall (Sossa et al., 2017). Outside of the tropics, the Rossby
wave stirred by the MJO propagates northwardly (Matthews et al,
2004; Moon et al,, 2011) and affects the climate from Central Asia to
North America (Lin and Brunet, 2009; Zhou et al., 2011; Zhou et al.,
2016; Wu and Takahashi, 2018; Wei et al., 2020). Moreover, the MJO
can also influence the predictability of the air temperature in the mid-
latitudes on sub-seasonal timescales in S2S models (Zhou et al., 2019).
In the high latitudes, the anomaly of the surface air temperature over
the Arctic region is significantly associated with the MJO (Yoo et al,
2012). The atmospheric circulation around the North Pole (e.g., AO) is
also adjusted by the MJO (Zhou and Miller, 2005). Strength and
tendency of the AO significantly respond to MJO phases (L'Heureux
and Higgins, 2008; Flatau and Kim, 2013), which generally describe
locations of MJO convective centers (Wheeler and Hendon, 2004).
The connection between the MJO and the AO can be generally
attributed to the northward and upward propagations of the wave
fluxes in the troposphere and stratosphere (Garfinkel and Schwartz,
2017; Schwartz and Garfinkel, 2017).

The AO is another important atmospheric system impacting
the weather and climate in the Northern Hemisphere. It was
firstly proposed through performing the empirical orthogonal
function (EOF) analysis on sea-level pressure in order to find the
reflection of the polar vortex on the lower troposphere
(Thompson and Wallace, 1998). Since then, many pieces of
evidence have proven that the AO is the leading annular
mode in the atmosphere over the Northern Hemisphere
(Thompson and Wallace, 1998; Wallace and Thompson,
2002). Strength and phase of this annular mode strongly
impact the weather and climate regimes in the Northern
Hemisphere (He et al., 2017). During the positive (negative)
phase of the AO, East Asia usually experiences a weak
(strong) winter monsoon (Gong et al., 2001). Furthermore, the
cold surges over Eurasia in winter are stronger during the
negative phase of the AO than during the positive phase
(Jeong and Ho, 2005; Park et al, 2011). Heavy fog tends to
occur more frequently in northern China during the positive
phase of the AO than during the negative phase (Liu et al., 2020).
Besides the AO phase, the drought in China is found to be closely
associated with AO strength (Gong and Ho, 2003; Yang et al,,
2012). For the numerical S2S forecast, the AO is also taken as a
predictability source for the 500-hPa geopotential height in the
Northern Hemisphere (Minami and Takaya, 2020).

MJO on AO S2S Prediction

Recently, the S2S forecast in the polar region became a focus
of many studies. The S2S Prediction Project (http://www.
s2sprediction.net), including forecasts of 11 operational
global circulation models, provides both opportunity and
database for understanding this issue. For example,
Garfinkel et al. (2020) tried to find impacts of Eurasian
snow cover on the AO prediction in the S2S operational
models. Lin et al. (2020) pointed out that S2S prediction
skill of the air temperature over the Northern Hemisphere is
lower in the polar region than in the other regions. Besides, in
the polar region, the S2S forecast of the temperature initialized
with the negative AO phase tends to have better prediction skill
than the forecasts initialized with the positive AO phase.
Furthermore, the linkage between the MJO and polar
atmospheric circulation is regarded as an important aspect
to evaluate the performance of the S2S models. For example,
Vitart (2017) pointed out that predictability of the North
Atlantic Oscillation is MJO phase-dependent in the S2S
operational models. Therefore, it is worthwhile to explore
the relationship between the MJO and AO predictability for
the operational models in the S2S Prediction Project.

This paper is organized as follows. The Data and Methods
section presents data and methods. The impacts of the MJO on
AO prediction are provided in the Impacts of Madden-Julian
Oscillation Activity on Arctic Oscillation Prediction section. The
Arctic  Oscillation  Prediction Varying in Madden-Julian
Oscillation Phases section further presents S2S prediction skill
associated with MJO phases. Lastly, the Summary and Discussion
section is the summary.

DATA AND METHODS

Madden-Julian Oscillation and Arctic

Oscillation Indices
The Australian Bureau of Meteorology (BoM) provides the daily
bivariate MJO index during 1999-2010 at the website of http://www.
bom.gov.au/climate/mjo/. This index was proposed by Wheeler and
Hendon (2004) and includes RMM,; and RMM),, which are principal
components of the first two EOFs of outgoing longwave radiation
(OLR) and 850- and 200-hPa zonal winds. Before conducting the
EOF, the seasonal cycle and inter-annual variability have been
removed from the OLR and winds. The MJO amplitude and
phase can be illustrated through using RMM; and RMM, and
are A =+RMM?+RMM?3 and 0 = arctan(RMM,/RMM,),
respectively. An active (inactive or without) MJO is recognized
when A > 1 (A < 1). Using the 6, the MJO is usually divided
into eight phases that can represent locations of the MJO active
centers in the tropics (Wheeler and Hendon, 2004). In phases 1 and
2, convection of MJO is at the western Hemisphere and Africa; in
phases 3 and 4, the convection is at the Indian Ocean; in phases 4 and
5, the convection is at Maritime Continent; and in phases 7 and 8, the
convection moves to the Western Pacific. In the present study, we
define the inactive MJO as phase 0.

The daily AO index during 1999-2010 is downloaded from the
ftp of the United States National Weather Service Climate
Prediction Center (CPC) at ftp:/ftp.cpc.ncep.noaa.gov/cwlinks/.
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TABLE 1 | Horizontal resolution (Hori. Res.), forecast time (Fc. Time), reforecast frequency (Rfc. Freq.), and ensembile size (Ens. Size) of the 11 sub-seasonal to seasonal

(S2S) models (http://www.s2sprediction.net).

Model Hori. Res
BoM 2°x 2°
CMA 1°%x1°
ECCC 0.45° x 0.45°
ECMWF 0.25° x 0.25° days 0-10; 0.5° x 0.5° after days 10
HMCR 117 x 1.4
ISAC-CNR 0.8° x 0.56°
JMA 0.5° x 0.5°
KMA 0.5° x 0.5°
Meteo-France 0.7°x 0.7°
NCEP 1°x1°
UKMO 0.5° x 0.8°

This index is produced through projecting daily anomalies of
1,000-hPa geopotential height (GH) onto the loading pattern of
the AO. The loading pattern is the first EOF of anomalies of the
monthly GH at 1,000 hPa to the north of 20°N during 1979-2000.
The downloaded AO index and its loading pattern were produced
using the United States National Centers for Environmental
Prediction Reanalysis I (NCEP RI). However, for model results,
the monthly data of NCEP-the United States Department of
Energy Reanalysis II (NCEP RII) are used to calculate the
loading pattern of the AO. This is because more types of
observations are assimilated into the NCEP RII data than the
NCEP RI (Kalnay et al., 1996; Kanamitsu et al., 2002). The NCEP
RII was obtained from the website at https://psl.noaa.gov/. This
reanalysis has the horizontal resolution of 2.5° x 2.5°, and its
monthly 1,000-hPa GH during 1979-2000 is used for computing
the AO loading pattern to obtain the AO indices for model outputs.
So far, the differences of results between usage of NCEP RI and
NCEP RII are negligible in the present study (figures not shown).
Before calculating AO prediction skill of model forecasts, the
seasonal cycle has been removed from the observed AO index,
but AO phases are identified based on the original one.

Sub-Seasonal to Seasonal Reforecast

The reforecast data during 1999-2010 are provided by 11
operational centers joining the S2S Prediction Project Phase I
(Table 1; http://www.s2sprediction.net). These centers are the
BoM, the China Meteorological Administration (CMA), the
Environment and Climate Change Canada (ECCC), the
European Centre for Medium-Range Weather Forecasts
(ECMWE), the Hydrometeorological Centre of Russia (HMCR),
the Italy Institute of Atmospheric Sciences and Climate of the
National ~ Research  Council (ISAC-CNR), the Japan
Meteorological Agency (JMA), the Korea Meteorological
Administration (KMA), the Météo-France/Centre National de
Recherche Meteorologiques (Meteo-France), the NCEP, and the
United Kingdom Met Office (UKMO).

The S2S models were running with various horizontal
resolutions (Hori. Res.) and had produced reforecast data with
different forecast times (Fc. Time), reforecast frequencies (Rfc.
Freq.), and ensemble sizes (Ens. Size). In Table 1, the horizontal
resolutions of the models vary from the finest one of 0.25° x 0.25° to
the coarsest one of 2° x 2°. Before being released by the project, the

Fc. Time (day) Rfc. Freq Ens. Size
62 6/mon 33
60 daily 4
32 weekly 4
46 2/week 11
61 weekly 10
31 every 5 days 5
33 3/mon 5
60 4/mon 3
61 2/mon 15
44 daily 4
60 4/mon 3

model results were resized into the same horizontal resolution of
1.5° x 1.5°, except that the BoM provided the data with horizontal
resolution of 2.5° x 2.5°. The forecast time of the 11 models ranges
from 31 to 62 days (Table 1). The reforecast of the first 26 days,
including the initial day, is used for the analysis in this study. The
reforecast frequencies vary from daily to twice a month (Table 1),
and we use all the reforecast during 1999-2010 because this is the
common period of the model results. In Table 1, the ensemble
members are from 3 to 33. In the present study, we mainly focus on
the impacts of the MJO on the S2S forecast, and thus the effects of
ensemble members on AO forecast are not analyzed, which may
need further research to explore.

The 1,000-hPa GH of the S2S model reforecasts was used to
produce the AO index of prediction. The GH of all the 11 models
was firstly interpolated into the horizontal resolution of 2.5 x
2.5°, which is the same as resolution of the NCEP reanalysis.
Secondly, the model climatology during 1999-2010 was removed
from the GH. At last, the GH anomalies were projected onto the
observed loading pattern of AO to obtain the AO index of the S2S
reforecast. It is noted that the loading pattern is obtained from the
observations. The climatology of seasonal cycle during the
reforecast period of each model is removed before calculating
the AO prediction skill. The seasonal cycle is calculated for every
forecast time of each model; for example, the climatology at
forecast day 1 initiated on a date is computed using data on
forecast day 1 that is initiated on the same date of each year
during 1999-2010, and so on. For each model, the ensemble
mean of the AO indices of all the members in each model is used
to analyze the relationship between the MJO and the AO
prediction. In this study, the prediction during the extended
boreal winter (November to March) is mainly explored because
the MJO and the AO have strong activities during boreal winter.

Significant Test

The significant test for the differences (Diff) of AO amplitude and
prediction skill between the active and inactive MJO is carried out
based on the Monte Carlo technique (Ebisuzaki,1997; Zhou et al.,
2011; Zhou et al., 2016; Zhou et al., 2019). 1) We randomly shuffle
the time sequence of MJO amplitude during the extended winter.
This can randomly change the matches between time and MJO
amplitude, and then an artificial time series of MJO amplitude is
obtained. 2) The time with the active or inactive MJO is picked
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FIGURE 1 | Time-lag composites of Arctic Oscillation (AO) amplitudes when the active (orange) or inactive (blue) Madden-Julian Oscillation (MJO) event leads the

AQ. The x-axis represents leading days, and y-axis is AO amplitude. The legend is shown in panel A. Panels A and B are for AO amplitude when the AO phases on leading
day 0 are positive and negative, respectively. The bars filled with color (hatch) are significant at 5% (10%) level in terms of the differences between the AO amplitudes with
and without the MJO on day 0. The significant test is based on the Monte Carlo method introduced in the Significant Test section.

Negative AO Phase
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out according to the new shuffled sequence. 3) After that, the
mean difference of a variable between the active and inactive MJO
is calculated and defined as Diff shuff. 4) The steps 1-3 are
repeated 1,000 times to obtain the probability distribution of
Diff shuff. 5) At last, probability (p-value) of Diff_shuff > Diff > 0
or Diff_shuff < Diff < 0 can be obtained. If the p-value is less than
or equal to 0.05 (0.1), it means that Diff shuff > Diff > 0 or
Diff_shuff < Diff < 0 is a small probability event, which means that
the Diff value is not obtained by chance. Thus, the value of Diffis
significant at the 5% or 10% level. On the contrary, if p > 0.05
(>0.1), the Diff is not significant.

IMPACTS OF MADDEN-JULIAN
OSCILLATION ACTIVITY ON ARCTIC
OSCILLATION PREDICTION

Observed Relationship Between
Madden-Julian Oscillation and Arctic
Oscillation Activities

We first check the observed relationship between MJO and AO
activities. Figure 1 shows the time-lag composite of AO
amplitude leading by the MJO activity. The AO amplitude can
represent strength of the AO activity in its positive or negative

phase, which exhibits the annular circulation mode in the low-
level troposphere over the Northern Hemisphere. Therefore, the
composites of the effects of the MJO on AO amplitudes are
further separated into circumstances of positive (Figure 1A) and
negative (Figure 1B) AO phases. It is noted that the AO phase is
identified according to the original AO index on the initial day
(day 0), but the composites are conducted using the AO index
with the seasonal cycle being removed.

When the AO is in its positive phase on the initial day, the
time-lag composite of the AO amplitude with and without a
leading initial MJO event is shown in Figure 1A. The x-axis
shows the leading time of MJO activity to AO activity. When the
leading days are 0 and 1, the AO activity is weaker with a leading
MJO than an inactive MJO but only significant at the 10% level on
day 0. On days 4-6, the AO activity with a leading MJO is
stronger than an inactive MJO, and the differences are significant
at the 5% (10%) level on day 5 (days 4 and 6). During days 14-25,
the AO activity is significantly stronger with a leading MJO than
an inactive MJO at the 5% level, except that the differences on
days 19, 20, and 25 are significant at the 10% level. Those results
indicate that in the positive phase of the AO, its activity tends to
be enhanced after an MJO event happening for 4-6 and
14-25 days.

When the AO is in its negative phase on the initial day
(Figure 1B), the AO activity during days 0-7 (on day 8) is
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significantly weaker with a leading MJO than an inactive MJO at
the 5% (10%) level. After day 11, the AO activity with a leading
MJO is significantly stronger than an inactive MJO at the 5%
level, except that the difference on day 11 is significant at the 10%
level. Thus, in the negative AO phase, the AO tends to have weak
activity with an active MJO leading for 0-8 days but strong
activity after the MJO event happening for 11 days.

As a supplement for the AO index, anomalies of 1,000-hPa GH
are composed to further check the connections between MJO
activity and the AO pattern on sub-seasonal timescales (Figures
2, 3). Before conducting the composite, the 1,000-hPa GH during
1999-2010 is firstly band-pass filtered with a cutoff of 10-90 days
using the three-order Butterworth filter. After that, the GH
anomalies during November-March are picked out for the
composite, which is based on the MJO activity (A value).

Figure 2 shows the composite of GH anomalies leading by an
active MJO (A > 1) for 0, 5, 10, and 15 days. On day 0
(Figure 2A), the GH anomalies and active MJO happen
contemporarily. There are negative anomalies over northern
Eurasia but not significant, except that the anomalies around
120°E are significant at the 5% level based on the Student’s t-test.
Besides, the negative anomalies over southeastern America and
part of the Atlantic are also significant. For positive anomalies,
they are significant over northern Europe and the northern
Pacific. When the MJO leads the composite for 5 and 10 days

(Figures 2B, C), the patterns of GH anomalies are generally the
same as that in Figure 2A. Moreover, the strength of the
anomalies is increased, especially for the center of
significantly negative GH anomalies over northern Eurasia.
The distribution of the GH anomalies lagging the MJO for
15 days Figure 2D is quite similar to those in Figures 2A-C, but
the strength of the anomalies decreases. The pattern presented
in Figure 2 is quite similar (opposite) to the AO pattern in its
positive (negative) phase. This indicates that when there is a
leading active MJO, the positive (negative) AO pattern tends to
be enhanced (weakened).

When the MJO is inactive (A < 1), time-lag composite of GH
anomalies is shown in Figure 3. On day 0, the GH anomalies are
significantly positive along northern Eurasia, and the significantly
negative anomalies are found over Europe and the northern
Pacific. Moreover, there are also significantly negative
(positive) anomalies along the 30°N over Eurasia (over
southeastern America and part of the Atlantic). On days 5, 10,
and 15, the very similar pattern as that in Figure 3A is found in
Figures 3B-D, respectively, but the strength of the GH anomalies
decreases. The distribution of the significant anomalies in
Figure 3 over northern Eurasia, Europe, and northern Pacific
is reminiscent of the pattern of the AO in its negative phase. Thus,
when the MJO is inactive, the negative (positive) AO pattern
tends to be enhanced (weakened).
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FIGURE 3 | Same as Figure 2 but for the composites of inactive Madden-Julian Oscillation (MJO) events (A < 1). Panels (A-D) present the composites that the

Opverall, the results shown in Figures 2 and 3 are generally
consistent with those presented in Figure 1. When the AO is in its
positive phase with (without) an active MJO, the strength of the
AO during the following 15 days can be generally enhanced
(weakened). On the contrary, when the AO is in its negative phase
with (without) an active MJO, the strength of the AO during the
following 15 days is generally weakened (enhanced).

Influence of the Madden-Julian Oscillation

on Arctic Oscillation Prediction
As there is a relationship between the AO and the MJO in the
observations, it is interesting to explore whether this relationship
can be reflected by the S2S models in their AO prediction. Figures
4 and 5 provide the skill of the 11 S2S model predictions of the AO
in its positive and negative phases, respectively. In each figure, the
prediction skill is separated into the circumstances that forecast is
initiated with or without an active MJO (decidedby A > 1 or A < 1).
The prediction skill is the correlation between AO indices of model
forecasts and the observations. When the correlation skill is greater
than or equal to 0.5, the forecast is taken as useful prediction. The
significance of the differences between the prediction skill with and
without the MJO is also presented based on the Monte Carlo
concept introduced in Significant Test.

Figure 4 shows the skill of AO prediction initiated in the
AO positive phase. Among the 11 S2S models, the AO

prediction skill is generally useful (>0.5) in the first 15
forecast days, which are much smaller than those of the
prediction of the MJO in the tropics (Vitart,2017) and the
temperature prediction in mid-latitudes (Zhou et al., 2019).
The models of ECMWF (Figure 4D), UKMO (Figure 4I), and
JMA (Figure 4]) can still provide the useful AO prediction
around 15 forecast days, which is the largest among the 11
models. In most of the 11 models, the prediction skill with an
initial MJO is generally larger than that without an initial MJO
during the first 25 forecast days. In Meteo-France (Figure 4A),
the prediction skill initiated with the MJO is significantly
greater than that of the inactive MJO at the 10% (5%) level
during 10-14 days and on day 17. In HMCR (Figure 4B),
ISAC-CNR (Figure 4C), and BoM (Figure 4K), prediction
initiated with the MJO is only significantly greater than those
without the MJO during the first several forecast days (<5
days). In ECMWF (Figure 4D), the prediction is significantly
improved during forecast days 1-19 at the 5% level when the
forecast is initiated with the MJO. In CMA (Figure 4E),
prediction initiated with the MJO is significantly better than
that without the MJO at the 5% level during forecast days 3-11
(at the 10% level on day 2). In NCEP (Figure 4F), ECCC
(Figure 4G), KMA (Figure 4H), and UKMO (Figure 4I),
predictions are generally significantly improved on the first
several forecast days and during days 15-20. In JMA,
prediction skill with the MJO is only significantly greater
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than that without the MJO at the 10% level during days 14-16.
Moreover, it is also found that prediction skill without the
MJO is significantly greater than that with the MJO around day
25 in NCEP and day 21 in ECCC. It is interesting to find that
when the AO is in its positive phase with an active MJO event
on the initial day in the model, the AO prediction skill in most
of the S2S models can be significantly improved, especially in
the ECMWF and CMA models. In the observations (Figures 1,
2), it is also found that the AO activity can be enhanced in its
positive phase when there is a leading MJO.

For the predictions initiated in the negative AO phase
(Figure 5), the effects of a leading MJO on the prediction are
not as strong as those in the positive AO phase. In Meteo-France
(Figure 5A) and UKMO (Figure 5I), no significant difference is
found between the prediction skill with and without the MJO.
The prediction skill with the MJO is significantly greater than that

without the MJO during forecast days 4-7 in HMCR (Figure 5B),
on days 21 and 22 in ISAC-CNR (Figure 5C), on day 14 in
ECMWEFE (Figure 5D), on days 24 and 25 in NCEP (Figure 5F),
on day 7 in KMA (Figure 5H), and during days 22-25 in BoM
(Figure 5K). The significance is all at the 10% level, except that
the significance in HMCR and BOM is at the 5% level during days
4-6 and during days 22-25, respectively. The positive differences
between the skill with and without an initial MJO before day 11
are in the opposite of the observations (Figures 1B, 3). The
differences between the prediction skill with and without the MJO
are significantly negative on forecast day 21 in ECMWF
(Figure 5D), on day 8 in CMA (Figure 5E), on day 15 in
NCEP (Figure 5F), during days 19-22 in JMA (Figure 5J),
and during days 6-8 in BoM (Figure 5K). The significance is
generally at the 10% level, except that the differences are
significantly at the 5% level on days 6 and 7 in BoM. The
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results before forecast day 11 in BoM are generally consistent with
the observations that the MJO can weaken AO activity when the
forecast is initiated in negative AO phase. In ECCC (Figure 5G),
the differences of the prediction skill are significantly positive
(negative) on days 5 and 14-17 (days 8-9 and 21-22) at the 10%
level, except that it is significant at the 5% level on days 7 and 15.
So far, when the prediction is initiated in the negative AO phase,
less consistence of the effects of the MJO on the AO prediction
skill is found among the 11 models. This may be due to the
weather and climate in the negative AO phase that are more
complicated than those in the positive phase (Gong et al., 2001;
Jeong and Ho, 2005; Park et al., 2011).

In general, the MJO can be a significant predictability source
for the AO S2S prediction. Moreover, in most of the S2S models,
the connections between the MJO activity and AO prediction in
the positive AO phase are stronger than those in the negative
phase. Thus, improvement of the connections between the MJO
and the AO in the negative AO phase could be a challenge for the
S2S models.

ARCTIC OSCILLATION PREDICTION
VARYING IN MADDEN-JULIAN
OSCILLATION PHASES

Correlations Between Madden-Julian
Oscillation-Related Arctic Oscillation

Activity and Arctic Oscillation Prediction

To further check the relationship between MJO activity and AO
prediction skill, the correlations between the MJO-related AO
activity in the observations and the AO S2S prediction skill in the
models are presented in Table 2. To obtain Table 2, the time-lag
AO activities in the observations are the same as those shown in
Figure 1 but are separated into circumstances of eight active MJO
phases and one inactive MJO phase (phase 0). Furthermore, the
AO prediction skill is also divided into the nine phases according
to the MJO activity on the initial day. Besides the nine MJO
phases, the correlations are conducted during the first 15 lag
(forecast) days in the observations (models), and thus the sample
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TABLE 2 | Correlations between the observed time-lag AO activities after the occurrence of the MJO event for 15 days and the AO S28S prediction skill during the first 15
forecast days in the 11 S2S models. On each forecast day, the AO activity and prediction skill are further separated into eight MJO phases and no MJO (phase 0)
according to the MJO activity on the initial day. Therefore, the sample size for each correlation is 15 (days) x 9 (phases) = 135. Moreover, correlations are also separated into
circumstances of the AO positive (Pos.) and negative (Neg.) phases on the initial day. As the prediction skill decreases during the first 15 forecast days, the mean of the
prediction skill during the nine MJO phases on each forecast day is removed before conducting the correlation. Thus, the decreasing trend is removed in the prediction
skill. The correlation coefficients in bold are significant at the 5% level based on the Student’s t-test.

Model BoM CMA ECCC ECMWF HMCR
Pos. AO 0.29 0.35 0.43 0.39 0.45
Neg. AO 0.36 0.29 0.44 0.44 0.42

size for the correlation in Table 2 is 15 x 9 = 135. The first 15 days
are chosen because most of the models have useful prediction skill
less than 15 forecast days. As the prediction skill decreases during
the first 15 forecast days, and there is a decrease trend. The mean
of the prediction in the nine MJO phases is removed on each
forecast day before calculating the correlation.

In Table 2, most of the models show the significant
correlations between the MJO-related AO activities and the
AQ S2S prediction. No matter what the AO phase the initial day
is in, a significantly positive relationship is found between the
M]JO-related AO activity and the AO prediction, except for the
correlations in Meteo-France, in the positive phase in JMA, and
in the negative phase in ISAC-CNR. The correlations are
significantly positive at the 5% level. They are above 0.5 in
NCEP, around 0.4 in ECCC, ECMWF, and HMCR, and about
0.3 in BoM and CMA. In the KMA and UKMO models, the
correlations are 0.22 and 0.27 in the AO positive phase,
respectively, which are much smaller than those in the AO
negative phase (0.34 and 0.4, respectively). The significant
correlations in ISAC-CNR and JMA are generally around 0.2.
The maximum correlation 0.63 is in the negative AO phase in
NCEP. The significantly positive relationship indicates that
when the MJO-related AO activity is strong in the
observations, there tends to be a high prediction skill in most
of the S2S models. This finding further confirms that the MJO
can significantly impact the AO prediction skill in the S2S
models.

Observed Arctic Oscillation Activity in Each
Madden-Julian Oscillation Phase

Figure 6 presents time-lag composites of the AO activity in the
nine MJO phases, including the inactive MJO (phase 0), when the
MJO leads the AO for 5, 10, and 15 days. The composites are also
divided into circumstances of the AO positive and negative
phases on the initial day. Figure 6 is very similar to Figure 1
but separates the AO activities into nine MJO phases. The AO
activities in the eight MJO phases are presented by bars with
different colors, and AO activities without an initial MJO are
shown by the circle with black solid line in Figure 6. The eight
MJO phases can represent the locations of MJO convection
centers in the tropics. When the MJO is in phases 1-8, MJO
convection travels from Africa, across the Indian Ocean and the
Pacific, to the western Hemisphere.

Figures 6A-C present the AO activities when the AO is in its
positive phase on the initial day. The composites of AO activities

ISAC-CNR JMA KMA Meteo-France NCEP UKMO
0.19 0.17 0.22 0.02 0.53 0.27
-0.14 0.26 0.34 0.13 0.63 0.40

that lagged 5 days are shown in Figure 6A. In MJO phases 2, 5,
and 6, the AO activities are smaller than those in MJO phases 1, 3,
and 8 and close to those in phase 0. In MJO phases 4 and 7, the
AOQ activities are the strongest amongst all the MJO phases. In
Figure 6B, the AO activities lag 10 days to the MJO activity on the
initial day. The AO activity is the strongest in phase 7. In phases 3
and 5, the AO activities are the same as those without the MJO.
The AO activities in phases 1, 2, 4, 6, and 8 are smaller than those
without an MJO. When the AO activities lag 15 days, they are
stronger (smaller) in phases 3-7 (1, 2, and 8) than those without
an MJO. Figures 6D-F provide the AO activities when the AO is
in its negative phase on the initial day. In Figure 6D, the AO
activities are stronger (weaker) in phases 7 and 8 (phases 1-6)
than those in phase 0. In Figure 6E, the AO activities are stronger
(weaker) in phases 1 and 6-8 (phases 2-5) than those without an
MJO. When the AO activities lag 15 days (Figure 6F), they are
stronger (weaker) during phases 5-8 (2 and 3) than those in the
rest of the phases. The activities in phases 0, 1, and 4 are generally
the same. Overall, as the initial day is in the MJO phase 7 (phase
2), the AO activity with the positive phase at the initial time is
strong (weak). When the AO is in its negative phase on the initial
day, the AO activities are strong (weak) in phases 7 and 8 (phases
2 and 3).

Arctic Oscillation Prediction in Each

Madden-Julian Oscillation Phase

In order to check the performance of S2S models on AO
prediction associated with different MJO phases, Figures 7, 8
show the prediction skill of the AO with the MJO in different
phases on the initial day. For the conciseness of this paper, we
only present the results of ECMWEF, CMA, and NCEP on the
forecast days of 5, 10, and 15. The ECMWF model has the
longest leading days with useful prediction skill among all the
models. The prediction in CMA model is less skillful than most
of the models. The NCEP model has the highest correlation
between the observed AO activity and the AO prediction
(Table 2).

When the prediction is initiated with the positive AO phase,
the prediction skill is presented in Figure 7. In ECMWFE, the
prediction skill on forecast day 5 is larger in phases 1, 4, 5, 7, and 8
than that in phases 0, 2, and 3 (Figure 7A). The skill in phase 6 is
the smallest among all the phases. On day 10 (Figure 7B), the skill
is large (small) in phases 2, 3, and 5-7 (phase 4), which is bigger
(smaller) than that in phases 0 and 1. On day 15 (Figure 7C), the
skill in phases 1-8 is larger than that without the MJO, except that
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in phase 2. In CMA, the prediction skill on day 5 is larger in
phases 1-8 than that in phase 0 (Figure 7D). The skill in phases 1,
7, and 8 (phase 3) is larger (smaller) than that in the rest of the
phases. On day 10 (Figure 7E), the prediction skill is larger in
phases 2, 3, and 6-8 than that in the rest of the phases, among
which the skill in phase 4 is the smallest. On day 15 (Figure 7F),
the skill is smaller in phases 1-8 than that without an initial
MJO, except that in phases 1 and 3. In Figure 7G on forecast day
5, the prediction skill in NCEP is found large (small) in phases 2,
4,5,7,and 8 (phases 1, 3, and 6) and is greater (smaller) than the
skill in phase 0. On day 10 (Figure 7H), the skill is bigger in
phases 3, 6, and 7 than that in phase 0 but smaller in phases 1, 2,
and 5. The skill in phases 4 and 8 is close to that in phase 0. On
day 15 (Figure 7I), the skill is large in phases 3 and 5-7, close to
the skill without an initial MJO in phases 1 and 4, and small in
phases 2 and 8. Generally, the prediction skill is larger in phases
3 and 7 than that without an initial MJO in the three models,
except the skill in phase 7 on forecast day 15 of CMA and in
phase 3 on forecast day 5 of NCEP. Moreover, the forecast in
phase 2 on day 15 has less skill among all the phases in the three
models. Those findings from the prediction skill are generally

consistent with the MJO-related AO activity in the observations
(Figures 6A-C).

When the prediction is initiated in the negative phase of the
AQ, its skill is provided in Figure 8. In ECMWFE, the prediction
skill in phases 3, 7, and 8 (phases 1 and 5) is larger (smaller) than
that in phase 0 on forecast day 5 (Figure 8A). In phases 2, 4, and
6, the skill is close to that in phase 0. On day 10 (Figure 8B), the
prediction skill in phases 1-8 is generally close to that in phase 0,
except that the skill in phases 2 and 6 is smaller than that in phase
0. On day 15 (Figure 8C), the skill in phases 1-8 is generally
greater than that without an initial MJO, except that in phases 2,
4,and 5. In CMA, compared with the skill in phase 0, it is large in
phases 1, 3, and 7, small in phases 2, 4, and 6, and generally the
same in phases 5 and 8 on day 5 (Figure 8D). On day 10
(Figure 8E), the skill is slightly larger in phases 1, 3, and 7
than that in phase 0 but is smaller in phases 4-6 and 8. The skill in
phase 2 is alike to that in phase 0. On day 15 (Figure 8F), the skill
is large in phases 1, 2, 4, and 5. In the remaining phases, the skill is
generally close to that in phase 0 but slightly larger in phase 7. In
NCEP on day 5, the skill is larger in phases 3, 7, and 8 than that in
phase 0. In the rest of the phases, the skill is generally close to that
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in phase 0, except that the skill is smaller in phase 5. On day 10
(Figure 8H), the skill is generally smaller than that without an
initial MJO, except that in phases 1 and 8. On day 15 (Figure 8I),
only the skill in phase 7 is greater than that in phase 0, and the
skill in the rest of the phases is smaller. Generally, the skill is
higher in phase 7 than the skill in phase 0 in the three models,
except on day 10 in NCEP. In phases 2, 4, and 5, the skill is

generally smaller than or close to that in phase 0 in the three
models, except in phases 2, 4, and 5 on day 15 in CMA. These
findings further present that AO prediction skill is related to the
MJO activity, which also agrees with that in the observations
(Figures 6D-F).

In general, both the correlation coefficients in Table 2 and
the bar charts of AO activity and prediction skill in different
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panels are for the forecast days of 5, 10, and 15 days, respectively.
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FIGURE 8 | Same as Figure 7 but for the initial day in the negative Arctic Oscillation (AO) phase. Left (A, D, and G), middle (B, E, and H), and right (C, F, and )
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MJO phases show that the AO prediction skill in the S2S
models is closely associated with the MJO activity at the
initial time. Due to the complicated interactions between the
MJO in the tropics and the AO in the Arctic, the S2S models
may only catch part of the relationship between the MJO and
the AO. Thus, the prediction skill in some phases does not
agree with MJO-related AO activity. However, it is still
found that when the MJO activity enlarges the AO
strength, it tends to lead to a large prediction skill of the
AO in the S2S models.

SUMMARY AND DISCUSSION

As a substantial condition for the S2S climate prediction in the
numerical model, the initial state of the atmosphere carries lots of
signals of use. Among all those signals, how do they interact with
predictands that we care, and which one can be a predictability
source for S2S prediction? Answering those two questions can
help us to improve the understanding of S2S prediction.
Following this concept, the impacts of MJO on the AO
prediction in the S2S models are explored in the present study.
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The MJO and the AO are the major sub-seasonal and annular
modes in the tropics and the Northern Hemisphere, respectively.
In the observations, significant time-lag connections are found
between the MJO and AO activities. Using the MJO and AO
indices, absolute value of AO amplitude is defined as AO activity
for the time-lag composite in active and inactive MJO phases. In
the composite, when there is an active MJO in the tropics and the
AO is in its positive phase, AO activities lagging 4-6 and
14-25 days are enhanced compared to those without an MJO.
On the contrary, when AO is in its negative phase, compared with
the AO activity without an MJO, the active MJO leads the AO
activity of decrease for 0-8 days but the AO activity of increase for
at least 11 days. In the composite of 1,000-hPa GH, the AO
positive (negative) pattern is enhanced (weakened) after an active
MJO for 0, 5, 10, and 15 days. An inactive MJO is in favor of
enhancement of the AO negative pattern but not the AO positive
pattern.

The connections between the MJO and AO activities also have
some reflection in the S2S models. The AO prediction skill is
compared between the forecasts with and without an initial active
MJO. When the initial condition of the forecast is in the AO
positive phase, the prediction with an initial MJO has more useful
skill than that without the MJO in most of the models, especially
in ECMWEF and CMA. When there is a negative AO on the initial
day, no consistency is found for the impacts of the MJO on
prediction skill among the 11 S2S models. Most of the models
show that the prediction skill with the MJO is weaker than that
without the MJO during the first 8 forecast days, but it is only
significant in ISAC-CNR, CMA, ECCC, and BoM. The significant
level is generally at the 10% level, except that is at the 5% level in
BoM. After day 11 of the forecast, the prediction skill that can be
significantly enhanced by the initial MJO is only found in ISAC-
CNR, ECMWE, ECCC, and BoM. The significance is generally at
the 10% level in most of the models, except that is at the 5% level
in the ECCC and BoM. When the prediction is in the negative AO
phase, the differences of the prediction skill between with and
without an initial MJO are generally not consistent with the
differences of the AO activities in the observations. This may be
because that the weather and climate in the negative phase of AO
are more complicated than those in the positive phase in the
Northern Hemisphere, which provides much challenge for the
S2S operational models.

Besides the prediction skill associated with an initial active and
inactive MJO, we further explore the skill varying in the eight
active MJO phases, as well as the inactive MJO phase. A
significant relationship is found between the observed MJO-
related AO activities and the AO prediction skill in different
MJO phases in most of the S2S models. No matter what phase the
AOQ is in, all the correlation coefficients are significantly positive
at the 5% level, except in Meteo-France, in the positive phase of
JMA, and in the negative phase of ISAC-CNR. The correlation in
the NCEP model is the largest among all the models. The
significantly positive relationship indicates that when the MJO
causes a strong AO activity in the observations, it corresponds to

MJO on AO S2S Prediction

a large AO prediction skill in the S2S model, and vice versa. This
result further proves that the MJO can supply useful predictability
for the AO prediction in the S2S models.

Taking the model results in ECMWF, CMA, and NCEP as
examples, we can further examine that the detail of the
prediction skill varied with the initial MJO phases. When
the initial state with a positive AO is in MJO phases 3 and
7, the prediction skill tends to be larger than that without the
MJO in the three models. In MJO phase 2, the prediction still is
the smallest in the three models. When the prediction is
initiated with a negative AO and in MJO phase 7, the
prediction skill is larger than that without the MJO in the
three models. Although there are several exceptions, the three
models still present some common features of the connection
between initial MJO activity and the AO prediction. Previous
studies have found that the MJO can affect the AO through
teleconnection and processes in the stratosphere (Garfinkel
and Schwartz, 2017; Schwartz and Garfinkel, 2017), and this
could be the physical explanation for the connection between
the MJO activity and the AO prediction. However, the
processes are complicated, and thus the models cannot
catch them all. Generally, this study suggests that the MJO
activity in the tropics is an important predictability source of
the AO prediction, and the prediction skill of the AO depends
on both initial phases of the MJO and the AO.
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