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ABSTRACT

In this study, the intraseasonal variations in storm-track activity, surface air temperature, and precipitation

over North America associated with the Madden–Julian oscillation (MJO) in boreal winter (November–

April) are investigated. A lag composite strategy that considers differentMJO phases and different lag days is

developed. The results highlight regions over which the MJO has significant impacts on surface weather on

intraseasonal time scales. A north–south shift of storm-track activity associated with the MJO is found over

North America. The shift is consistent with the MJO-related surface air temperature anomaly over the

eastern United States. In many regions over the western, central, and southeastern United States, the MJO-

related precipitation signal is also consistent with nearby storm-track activity. An MJO-related north–south

shift of precipitation is also found near the west coast of NorthAmerica, with the precipitation over California

being consistent with theMJO-related storm-track activity over the eastern Pacific.MJO-related temperature

and storm-track anomalies are also found near Alaska. Further analyses of streamfunction anomalies and

wave activity flux show clear signatures of Rossby wave trains excited by convection anomalies related to

MJO phases 3 and 8. These wave trains propagate across the Pacific and North America, bringing an anti-

cyclonic (cyclonic) anomaly to the eastern part of North America, shifting the westerly jet to the north

(south), thereby modulating the surface air temperature and storm-track activity over the continent. Rossby

waves associated with phases 2 and 6 are also found to impact the U.S. West Coast.

1. Introduction

The Madden–Julian oscillation (MJO), characterized

by large-scale eastward-propagating tropical convec-

tion, is the dominant mode of intraseasonal tropical

variability (Madden and Julian 1971, 1972, 1994). One

commonly used index for defining the phase and am-

plitude of the MJO is the real-time multivariate MJO

(RMM) index (Wheeler and Hendon 2004). It separates

the MJO as eight different phases depending on the

location of MJO convection and associated circulation

fields: a positive convective anomaly that develops over

the Indian Ocean (phase 1); strengthens and propagates

eastward during boreal winter, reaching the eastern

Indian Ocean (phases 2–3); the Maritime Continent

(phases 4–5); and the western Pacific (phases 6–7).

Subsequently this anomaly continues to propagate east-

ward but weakens, reaching east of the date line by

phase 8. The accompanying negative convective anom-

aly, moves from the Indian Ocean (phase 5), across the

eastern Indian Ocean (phases 6–7) and the Maritime

Continent (phases 8–1), to the western Pacific (phases

2–3), and reaches east of the date line by phase 4. Many

studies (e.g., Hoskins and Karoly 1981; Sardeshmukh

and Hoskins 1988; Jin and Hoskins 1995) have shown

that tropical diabatic heating source could excite sta-

tionaryRossbywaves that propagate into the extratropics

and significantly modulate the midlatitude circulation.

Therefore, the eastward-moving convection associated
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with the MJO can act as diabatic heating source and

modify the extratropical circulation (e.g., Matthews

et al. 2004; Seo and Son 2012; Riddle et al. 2013). Pre-

vious studies have found that the MJO can modulate

some important modes of climate variability, such as

the North Atlantic Oscillation (NAO; e.g., Cassou 2008;

Lin et al. 2009), the Arctic Oscillation (AO; e.g., Zhou

and Miller 2005; L’Heureux and Higgins 2008; Flatau

and Kim 2013), and the Pacific–North American (PNA)

pattern (e.g., Mori and Watanabe 2008; Schreck et al.

2013). Hence, the MJO has an important impact on

weather and climate in the midlatitudes.

The MJO can play an important role in modulating

surface weather, such as surface air temperature (SAT)

and precipitation over North America during winter.

Vecchi and Bond (2004) found spatially coherent MJO-

related SAT anomalies in high latitudes with amplitudes

generally greater than 28C. Yoo et al. (2011) found that

MJO could explain 10%–20% of the SAT trend in

Arctic, and changes in the frequency of occurrence of

MJO can influence the interdecadal Arctic amplifica-

tion. Yoo et al. (2012a,b) has shown that Arctic SAT is

influenced by MJO-related adiabatic warming/cooling,

eddy heat flux, and change in downward infrared radi-

ation. SAT in Canada is also significantly modulated by

theMJO (Lin andBrunet 2009), with a warm anomaly in

central and eastern Canada 5–15 days after MJO phase

3, and above-normal temperature in northern and

northeastern Canada 5–15 days after MJO phase 7. For

the United States, Zhou et al. (2012) found significant

SAT anomalies in the United States during most of the

MJO phases at zero lag, with a very significant warm

anomaly in the eastern United States in phases 4, 5, and

6; Schreck et al. (2013) connected these temperature

anomalies over the United States with the MJO and the

PNA pattern. Baxter et al. (2014) found strong SAT

anomalies over theUnited States from lag composites of

MJO phases 3 and 7, and the strongest warm anomaly is

in eastern United States 5–20 days after MJO phase 3.

Matsueda and Takaya (2015) found that more extreme

warm events tend to happen over the eastern part of

NorthAmerica 3–9 days afterMJOphases 2–4. Seo et al.

(2016) suggested that the MJO influences the mid-

latitude temperature mainly by horizontal temperature

advection.

Furthermore, MJO-related precipitation anomalies

have been investigated in many studies. Jones (2000)

found that extreme precipitation events in California

tend to happenmore frequently when theMJO is active,

and when the convection is located in the Indian Ocean

and decays to the east of the date line as it moves east-

ward. Donald et al. (2006) found less (more) rainfall

over the northern and southern parts of North America

and more (less) rainfall in between during MJO phase 4

(phase 8). Bond and Vecchi (2003) found that MJO can

significantly modify the precipitation in Oregon and

Washington, and the MJO-related wet and dry signals

are different during early winter and late winter. Becker

et al. (2011) showed a prominent MJO-related cold

season precipitation anomaly during MJO phases 5–7

over the central and southern United States, while Zhou

et al. (2012) found moreMJO-related precipitation over

the central United States in phases 5 and 6. The results

in Lin et al. (2010) suggested that the precipitation

increases significantly after the MJO convection center

is over the IndianOcean, and during the same time, there

is also above-normal precipitation in southern Quebec

and regions south of the Hudson Bay. The central United

States receives more precipitation after phase 3 (Baxter

et al. 2014), while Jones and Carvalho (2012) found that

extreme precipitation events in the United States are

related to MJO phases 3 and 7.

Extratropical cyclones account for much of the high-

impact weather in winter, including extreme cold and

heavy precipitation events (e.g., Kunkel et al. 2012; Ma

and Chang 2017). The aggregate paths over which these

cyclones tracks occur are usually referred to as storm

tracks. Storm tracks can also be highlighted by maxima

in synoptic time-scale variance and covariance statistics

(e.g., 500-hPa geopotential height; Blackmon 1976). The

MJO canmodify themidlatitude storm tracks. Deng and

Jiang (2011) found a northeastward-propagating dipole

anomaly of a storm track over the Pacific when the

convection moves from the eastern Indian Ocean to the

west-central Pacific (phases 3–6). Lee and Lim (2012)

found a zonal eastward displacement of the Pacific

storm-track center during MJO phases 3–6. Grise et al.

(2013) suggested that MJO can have an impact on storm

tracks over North America during MJO phases 3 and 6.

A north–south shift structure of storm-track anomalies

has been found in their study, but only the northern part

is statistically significant. Guo et al. (2017) performed an

investigation of the MJO impact on storm tracks in the

entire Northern Hemisphere. A zonal band of strong

positive (or negative) storm-track anomalies over 358–
558N, covering regions from the Pacific, North America,

across the Atlantic, and extending toward northern

Europe, was found to generally propagate eastward

along with the MJO convection.

In most of the recent studies mentioned above, the

MJO impact on the extratropics is investigated by either

making lag composites within fixed time ranges with

respect to one or two MJO phases or compositing with

respect to all MJO phases but with no lag. Investigating

differentMJO phases is important since different phases

involve different locations of tropical convection, which
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is the source of the Rossby waves. Considering lag re-

lationships is also important since it takes days for the

Rossby waves to propagate into the extratropics and

reach North America. A method that considers the ef-

fects of both different MJO phases and lag days (days

after a strong MJO day) is beneficial for a more com-

prehensive examination of the MJO-related impact on

the midlatitudes. In this study, a lag composite strategy

with respect to the MJO has been developed to achieve

this goal. Furthermore, our strategy allows us to high-

light regions over which theMJO impact is important on

an intraseasonal time scale. Using this strategy, one can

find where the MJO impact is more dominant on one

map instead of looking at composite maps of all differ-

ent MJO phases and different lags.

As discussed above, the MJO can modulate SAT,

precipitation, and storm tracks, but these variables are not

independent of each other. For example, winter pre-

cipitation is mostly brought by storm-track activity.

Meanwhile, SAT anomalies can give rise to anomalous

temperature gradients that can modify the baroclinicity,

giving rise to storm-track anomalies (e.g., Harvey et al.

2014). An interesting question would be whether there

is any connection between the MJO impact on these

weather variables. Therefore, we will also investigate

whether the MJO-related storm-track activity, SAT, and

precipitation signals are physically linkedwith each other,

and examine whether these signals can be explained by

Rossby wave trains excited by MJO convection.

In section 2, the dataset and methods we use will be

introduced. Our lag composite strategy and locations

where the MJO-related signal is important locally will

be discussed in detail in section 3. In sections 4 and 5, the

MJO impact on SAT, precipitation, and storm-track

activity over North America and their interconnections

will be investigated. Rossby wave trains related to these

surface anomalies will be examined in section 6. A

summary will be provided in section 7.

2. Data and methods

In this study, similar to previous studies that in-

vestigated the MJO impact on storm track (e.g., Grise

et al. 2013; Guo et al. 2017), we will focus on the ex-

tended boreal winters (November–April) from 1979 to

2016. The 6-hourly mean sea level pressure (MSLP),

2-m SAT, and horizontal wind velocity on pressure

levels on a 2.58 3 2.58 horizontal resolution grid are

obtained from the European Centre for Medium-

Range Weather Forecasts (ECMWF) interim re-

analysis (ERA-Interim; Dee et al. 2011). In addition to

the reanalysis data, precipitation data over land from

the CPC Unified Gauge-Based Analysis of Global

Precipitation (Chen et al. 2008) are used to represent

daily precipitation over North America on a 0.58 3 0.58
resolution grid. Outgoing longwave radiation (OLR), a

variable that is usually used to illustrate the convection

in the tropics, is obtained from NOAA interpolated

outgoing longwave radiation dataset (Liebmann and

Smith 1996).

To quantify storm-track activity, a 24-h difference

filter introduced by Wallace et al. (1988) is applied on

the MSLP data:

pp5 [p(t1 24 hr)–p(t)]2 . (1)

In Eq. (1), p is MSLP, and the 24-h difference is cal-

culated at each time step and on each grid point. Then,

pp is computed over a certain time period by averag-

ing the squared MSLP difference. In many previous

studies, this averaging is performed over a continu-

ous time (e.g., one month or one season). However,

here we apply a similar approach as Guo et al. (2017),

in that when making MJO-related composites, the

averaging time period does not have to be continuous.

As shown by many previous studies (e.g., Lau 1978;

Wallace et al. 1988; Chang et al. 2002), the peaks from

this 24-h difference filter lie over geographical loca-

tions where extratropical cyclones preferentially cross

(see also Fig. 1a). Variations in pp will serve as an in-

dicator of storm-track variability.

Various indices have been defined to track the MJO.

In this study, we make use of the RMM index, which

is a commonly used MJO index. The RMM index is

developed based on multivariate empirical orthogo-

nal function (EOF) analysis of combined fields of

OLR and 850- and 200-hPa zonal wind anomalies. The

first two leading normalized principal components are

usually referred to as RMM1 and RMM2. The MJO

eight phase life cycle can be defined based on the sign

and amplitude of RMM1 and RMM2, and the life cycle

is characterized by the eastward propagation of tropi-

cal convection from the Indian Ocean toward the Western

Hemisphere during boreal winter. In this study, ‘‘strong’’

MJO days are defined as the days when RMM index am-

plitude is greater than 1 [(RMM12 1 RMM22)1/2 $ 1].

Only strong MJO days will be used to make the compos-

ites. Note that Guo et al. (2017) found that storm-

track composites based on an alternative OLR-only

index (Kiladis et al. 2014) are very similar to those based

on the RMM index.

To test the robustness of our results, two other defini-

tions of strong MJO days (events) have been tested: 1)

RMM index amplitude is greater than 1.5; and 2) RMM

index amplitude is continuously greater than 1 for at least

25 days, and the MJO has to propagate eastward (phases
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in RMM index have to be in the numerical order), and

also the MJO cannot stay in one phase for more than

20 days. The latter definition is similar to that in L’Heureux

and Higgins (2008) and Riddle et al. (2013). The compar-

ison of the results from the three different strong MJO

definitions (not shown) confirms that our results are not

sensitive to how strong MJO is defined.

Prior to making theMJO composites, we calculate the

daily average values of storm-track activity (i.e., pp) and

SAT from 6-hourly data. Then, the local daily clima-

tology, which is the daily mean in 1979–2016, is removed

at each grid point from the storm-track activity, SAT,

and precipitation data. After that, a 20–100-day band-

pass filter, which has a similar frequency with the MJO,

is applied to the storm-track activity, SAT, and pre-

cipitation field. This bandpass filter will highlight the

effect of MJO on these surface weather fields.

To examine Rossby wave trains, we also examine the

streamfunction and wave activity flux (WAF) anomalies

based on MJO composites. The streamfunction is derived

from daily averaged horizontal wind on each pressure

level, and the streamfunction anomalies are defined based

on daily streamfunction climatology. The definition of

WAF is from Takaya and Nakamura (2001) for stationary

waves. Under quasigeostrophic assumptions, this WAF is

parallel to the local three-dimensional group velocity in a

zonal varying basic flow, and theWAF is also independent

of the phase of the Rossby wave. The calculation of the

WAF requires both streamfunction anomalies and hori-

zontalmean flow. Themean flowused is the average of the

whole boreal winter. A sensitivity test performed by cal-

culating WAF with different mean flows (e.g., that corre-

spond to each individual month) shows that using boreal

winter mean flow and monthly mean flow yield almost

identical results. The streamfunction anomalies andWAF

will be applied to examine theRossbywave train related to

the MJO.

3. Lag composite strategy and high MJO impact
regions

In this section, we introduce our lag composite strat-

egy that takes into consideration the impact from all

eight phases of MJO on up to 30 days after a specific

MJO phase. Instead of making pentad composites, or

averaging over a few MJO phases, which are performed

in many previous studies, our composite strategy will

consider the impact of MJO more comprehensively.

An example of our lag composite is shown in Fig. 1.

The boreal winter storm-track activity climatology is

shown in Fig. 1a. The storm-track activity maxima are

over the Pacific and the Atlantic, which are often re-

ferred to as the Pacific storm track and the Atlantic

storm track. Figure 1b is a composite of anomalous

storm-track activity at one grid point with respect to

all eight MJO phases and lag days up to 30. The location

of the grid point is shown in Fig. 1a. From the lag com-

posite shown in Fig. 1b, the storm-track activity anom-

aly can be expressed as a function of MJO phases and

lag days:

pp0
MJO 5pp0

MJO(phaseMJO
, day

lag
).

The prime here means the composited daily anomaly.

Then we can calculate pp02
MJO, which is the mean square

of pp0
MJO over all eight MJO phases and 0–30 lag days.

The reason we make a 30-day lag composite is that in

many regions to be examined, the statistical significance

signal can last up to 30 days. The physical meaning of

pp02
MJO is the MJO-related variance of storm-track ac-

tivity from the composite (e.g., Fig. 1b). Large MJO-

related variance implies more storm-track variability

related to the MJO. So, larger values of pp02
MJO mean

larger impact from the MJO on storm-track activity in

the region.

Lag composites similar to Fig. 1b can bemade for each

grid point on the map. For each composite, the storm-

track activity anomaly pp0
MJO is also a function of MJO

phases and lag days. From these composites, the MJO-

related variance pp02
MJO can be calculated at each grid

point on the map. This is shown in Fig. 2a. It is clear that

the MJO-related storm-track variance is large over

North Atlantic and North Pacific, which is not surprising

as they correspond to the regions where the climatology

of storm track is large (Fig. 1a). Also, there is strong

MJO-related storm-track variance over Canada. Hence,

in terms of variance of storm-track activity in the

Northern Hemisphere, MJO has the biggest impact on

the North Pacific storm track, the North Atlantic storm

track, and central Canada.

The variability of storm-track activity is different from

place to place. Therefore, in a place where the intra-

seasonal variability of the storm track is weak, even if

the MJO-related storm-track variability is not large in

absolute value compared to North Atlantic or North

Pacific, the MJO-induced signal could still be dominant

in intraseasonal variability. To further analyze the im-

portance of pp02
MJO at each grid box, a Monte Carlo

procedure has been applied to test the significance of

the pp02
MJO signal. The Monte Carlo test takes into ac-

count the high autocorrelation in the bandpass-filtered

time series by generating 10000 estimates of composite

pp variance from randomly chosen ‘‘events’’ that have the

same duration as actual MJO events but with random

start dates (details can be found in the appendix). The

amplitude of the MJO composite signal can then be
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compared to those found in the 10000 random compos-

ites to assess statistical significance. In Fig. 2c, the signif-

icance level of the composited MJO-related storm-track

impact is shown. The subtropical eastern Pacific, the

southeastern United States, central Canada, and the

southern flank of the North Atlantic storm track, have a

significance level that is above 95%. Also, if we consider

all the random composites generated by theMonte Carlo

procedure as noise, then the mean variance of these

random composite will be themean noise amplitude. The

signal-to-noise ratio (Fig. 2b) is the ratio between pp02
MJO

and themean noise amplitude. If the ratio is larger than 1,

then the MJO-related storm-track variability is greater

than the noise, which is the on-average storm-track vari-

ability. From Fig. 2b, we can see that the four regions

that have been discussed previously also contain large

signal-to-noise ratios. Since this study focuses on theMJO

impact on North America, we will not discuss the MJO-

related storm-track variability over the eastern Atlantic.

Comparing the three panels of Fig. 2, it is clear that

regions where the MJO impact on pp is statistically sig-

nificant (Fig. 2c) generally have large signal-to-noise

ratios (Fig. 2b), but do not necessarily have large MJO-

related variances (Fig. 2a). Over regions where the storm

track is climatologically weak (e.g., southeastern United

States; see Fig. 1a), the signal-to-noise ratio can still be

large even if the signal is small (Fig. 2a) because the noise

is small. On the other hand, in some regions where the

signal is large (e.g., western Atlantic), the noise is so large

that the signal-to-noise ratio and statistical significance

are small, and the MJO impact, while large, may only

account for a small part of the storm-track variations

there. In this study, we will focus on regions where the

signal-to-noise ratio and statistical significance are high.

The analyses discussed above highlight where the

MJO-related storm-track variance is large and where

this variance explains a large fraction of local storm-

track variability. The same strategy can be applied to

examine SAT and precipitation variability associated

with the MJO. In Fig. 3a, we can see that MJO is asso-

ciated with large temperature variability over Alaska,

Greenland, Siberia, the eastern United States, and south-

eastern Canada. The eastern United States and south-

eastern Canada are the only regions in the midlatitudes

to have a large MJO-related temperature variance.

OverAlaska, the easternUnited States, Greenland, and

the western Pacific, the MJO-related temperature var-

iability has large signal-to-noise ratios (Fig. 3b) and is

FIG. 1. (a) Climatology of the Northern Hemisphere storm-track activity (pp) during 1979–

2016 boreal winters (November–April) based on ERA-Interim data (hPa2). (b) Lag com-

posite of boreal winter storm-track activity at the grid point located at the red cross (558N,

908W) shown in (a), with respect to the eight MJO phases and lag days 0–30 (hPa2). The

dotted boxes are statistically significant at 95% from the results of a Monte Carlo test. An one-

and-a-half MJO life cycle is plotted.
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above the 95% statistical significance level (Fig. 3c).

As the magnitude of SAT anomaly is small over the

western Pacific (Fig. 3a), the region over the eastern

United States and southeastern Canada remains the

only region where theMJO impact on SAT is significant

(Figs. 3b,c) and large in absolute value (Fig. 3a) in the

midlatitudes. Baxter et al. (2014) has shown that, after

MJOphase 3, the significant positive SAT anomaly over

the eastern United States will appear in a pentad com-

posite up to 25 days, and negative temperature anomaly

will cover much of the United States after phase 7; the

results in Lin et al. (2009) indicate that warm anoma-

lies appear after MJO phases 2–5 in southeastern

Canada, and a large temperature variability appears in

the lag composite in northern Canada; the results in

Schreck et al. (2013) also indicate that over the eastern

United States, there is a largeMJO-related temperature

anomaly in lag days 6–10. Our results, that through

the whole MJO life cycle, SAT has larger variability

in the eastern United States, southeastern Canada, and

near theArctic, are consistent with these previous studies.

In Fig. 4a, large MJO-related precipitation variability

appears over the west coast of North America and in the

southeastern United States. The impact on precipitation

is nosier compared to the impact on SAT. One of the

reasons is that the precipitation data have higher reso-

lution. Previous studies (Becker et al. 2011; Zhou et al.

2012) have also shown that MJO-related precipitation

anomalies are more localized and noisier compared to

SAT anomalies. Generally, to have large MJO-related

precipitation variability, a region needs to have large

climatological precipitation. In regions where winter

climatological precipitation is small, even if MJO plays

an important role in the precipitation variability, these

FIG. 2. (a) Mean square of pp0
MJO at each grid box. The mean is over all eight MJO phases

and 0–30-day lags (hPa4; see Fig. 1b). (b) Signal-to-noise ratio of pp02
MJO, based on a Monte

Carlo test (see text for details). (c) The statistical significance level of pp02
MJO at each grid based

on a Monte Carlo test.
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regions will not show a large value in Fig. 4a. In Fig. 4b, we

can see that over British Columbia, Florida, and regions

near the Arctic, MJO-related precipitation variability has

the highest signal-to-noise ratio.Also, in Fig. 4c,MJOhas a

statistically significant impact over many regions in North

America. Compared to SAT and storm-track activity, the

regions where MJO-related precipitation variability is sta-

tistically significant are more scattered. We will discuss

MJO-related precipitation variability in detail in section 5.

We have shown in this section where MJO has a sta-

tistically significant impact on storm-track activity, SAT,

and precipitation overNorthAmerica (Figs. 2c, 3c, and 4c).

Consistently, these regions also have a large signal-to-

noise ratio (Figs. 2b, 3b, and 4b). The MJO-related

variability over these regions will be examined

further below.

Note that with our method, regions where the MJO

has a significant impact only in one or two MJO phases

may not appear to be statistical significant or show a large

signal-to-noise ratio. The regions on which we will focus in

this study are locations where overall the MJO-related

signal is significant throughoutmuch of theMJO life cycle.

4. MJO-related storm-track activity anomalies and
SAT anomalies

In this section, the MJO-related storm-track variability

and SAT variability will be discussed. We will focus on

FIG. 3. As in Fig. 2, but for SAT [unit for (a) is K2].
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central Canada (regionA) and the southeasternUnited

States (region B) based on the signal-to-noise ratio of

MJO-related storm-track variability (Fig. 5a) and sig-

nificance level (Fig. 5b). Figures 5a and 5b are the same

as Figs. 2b and 2c, respectively, but zoomed in for

North America.

The lag composite of storm-track activity of region A

(Fig. 5e) shows that a statistically significant (95%)

positive storm-track activity anomaly appears during

lag days 15–25 after MJO phase 1 and extends all the

way to lag days 0–4 after phase 6. A significant nega-

tive storm-track anomaly appears in region A from

lag days 20–28 after phase 4 to lag days 0–3 after phase

2. Positive (or negative) anomalies can usually last

continuously for a few MJO phases. The reason is that

since each MJO event generally lasts for a few phases,

one lag day after a specific phase in this event probably is

a day with a smaller lag in the next phase. For a specific

MJO phase, the anomaly signal appears about 4–6 days

earlier in the next phase. As shown in Wheeler and

Hendon (2004), the correlation between RMM1 and

RMM2 is at maximum at a lag of 9 days, which indicates

the RMM index has a propagation speed of around

4–5 days per phase. Hence, these signals are consistent

with the propagation of the MJO from phase 1 to 8 and

then back to phase 1. Nevertheless, these composite

signals only imply propagation on average, rather than

continuous cyclic propagation for any individual event.

FIG. 4. As in Fig. 2, but for precipitation [unit for (a) is (mmday21)2].
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In region B, from lag days 24–30 after phase 8 to lag

days 0–4 after phase 6, there is a negative storm-track

anomaly (Fig. 5f); a significant positive storm-track

anomaly appears from lag days 14–21 after phase 7 to

lag days 0–3 after phase 2. Generally speaking, the

anomalies found in corresponding grid boxes in regions

A and B have opposite signs. Positive (negative) storm-

track activity anomalies in regionA are usually associated

with negative (positive) anomalies in region B. Therefore,

MJO induces a north–south shift of storm-track activity

between central Canada and the southeastern United

States up to lag day 30.

For theMJO-related SAT anomalies, we first examine

the signals over the eastern United States (region C in

Fig. 5c) and northern Canada (region D in Fig. 5c). We

will mainly focus on region C in this study. Apart from

region C, the other regions close to North America

where MJO-related variability is important (including

region D) are near the Arctic (Fig. 3). Many recent

studies have been focused on the MJO-related surface

FIG. 5. (a),(b)As in Figs. 2b,c, but focused on the vicinity ofNorthAmerica. (c),(d)As in Figs. 3b,c, but focused on the

vicinity of North America. (e) Lag composite of pp anomalies (hPa2) in region A [48.758–61.258N, 111.258–78.758W;

shown in (a)] with respect to the eight MJO phases and 0–30-day lag. (f) As in (e), but for region B [26.258–36.258N,

98.758–78.758W; shown in (a)]. (g) Lag composite of SAT anomalies (K) in region C [33.758–43.758N, 96.258–76.258W;

shown in (c)]. (h),(i) As in (g), but for regions D (68.758–78.758N, 106.258–68.758W) and F (53.758–66.258N, 166.258–
156.258W), respectively [regions shown in (c)]. The dotted boxes in (e)–(i) are statistically significant at the 95% level

from the results of a Monte Carlo test.
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air temperature anomaly over the Arctic (Yoo et al.

2011, 2012a,b) as discussed in section 1; hence, we will

not focus on this region. Here, region D is included only

to examine theMJO-related changes in the temperature

gradient across central and eastern Canada. Over the

eastern United States, significant warm anomalies

emerge (Fig. 5g) from days 25–37 (days after lag 30 not

shown) after phase 8 to days 0–7 after phase 6; cold

anomalies emerge (Fig. 5h) from around day 40 (not

shown) after phase 5 to days 0–3 after phase 2. In region

D, the SAT signal is generally opposite to that found in

region C, but the cold anomaly is not very continuous.

The temperature anomaly in region C is consistent with

the results of Baxter et al. (2014), Zhou et al. (2012), and

Schreck et al. (2013); the anomaly in region D is con-

sistent with the results of Yoo et al. (2011).

Comparing the lag composites of storm-track activity

found in regions A and B, and temperature anomalies

found in regions C and D (Figs. 5e–h), one can easily find

that the anomaly patterns can be divided into two cases.

In case 1, when there is a warm anomaly over region C,

generally there is a cold anomaly over region D, and at

the same time enhanced storm-track activity will appear

in region A and the storm-track activity in region B is

suppressed. The warm anomaly in region C and cold

anomaly in region D implies a stronger meridional tem-

perature gradient over the region between regions C and

D. There will also be a weaker temperature gradient

south of region C. The temperature anomaly south of

region B is statistically significant (not shown). But since

compared to the midlatitudes, we do not expect a very

large amplitude of MJO-related temperature anomaly in

the tropics, the temperature gradient change south of

region C is dominated by the temperature change in

region C. Generally speaking, we expect stronger storm-

track activity to be associated with a stronger tempera-

ture gradient. The positive storm-track activity anomaly

in region A, which is located between regions C and D, is

consistent with the enhanced temperature gradient. The

negative storm-track activity anomaly in region B also

coincides with the weakened temperature gradient south

of region C. In case 2, the anomaly signals of storm-track

activity and SAT are generally opposite to case 1 and the

signals in regions A, B, C, and D are also consistent with

the reversed anomaly patterns. In summary, we find that

the MJO can modify the temperature and temperature

gradient over North America and induces a north–south

shift of storm-track activity, which is consistent with the

surface temperature anomaly.

A significant MJO-related SAT anomaly can also

be found over Alaska [region F (Fig. 5i); the region

is shown in Fig. 5c]. Cold anomalies emerge from days

20–27 after phase 8 to days 0–2 after phase 6; warm

anomalies appear from days 16–22 after phase 5 to days

0–12 after phase 8. These anomalies are consistent with

the results of Vecchi and Bond (2004) and Yoo et al.

(2011). The MJO impact on surface storm-track activity

is relatively weak and incoherent near Alaska (region E

in Figs. 5a,b, composites not shown). However, theMJO

has a significant impact on storm-track activity in the

upper troposphere south of Alaska (not shown). This

upper-level storm-track activity signal is consistent with

the results of Guo et al. (2017), and it may be related to

the temperature gradient change associated with the

SAT anomaly over region F. As discussed in Guo et al.

(2017), upper-level and surface storm-track signals are

not always consistent with each other. Further studies

will be needed to investigate why this is the case.

5. MJO-related precipitation anomalies

In this section, we will inspect regions where the

MJO-related precipitation variability has a large signal-

to-noise ratio and high significance (Figs. 6c,d). Since

winter precipitation is usually associated with large-

scale weather systems, which are mainly extratropical

cyclones, we will also examine the connection between

the MJO-related winter precipitation anomaly and the

MJO-related storm-track variability. The MJO-related

precipitation signal is noisy over NorthAmerica (Fig. 4),

but we just use original resolution data to highlight the

high-impact region and do the significance analysis. We

will focus on the lag composites of precipitation in this

section. The lag composites are spatially averaged, so

the signal is smoothed. As the statistically significance

precipitation signal is scattered and we cannot in-

vestigate all of the regions, we just select the regions

where the signal-to-noise ratio is big over a large area,

and focus more on regions where large population cen-

ters lie. Some subjectivity is inevitable when choosing

where to place the precipitation boxes over themap. But

since most winter precipitation is brought by large-scale

weather systems (e.g., extratropical cyclones), nearby

precipitation grid points will not have a very different

signal. Thus, moving the precipitation box by one or two

grid points, or making the box a bit bigger or smaller will

not change our composited results much.

In Fig. 6, we investigate the regions along the west

coast of North America where MJO has a high impact

on storm-track activity and precipitation. Several stud-

ies have shown that tropical heating can have a signifi-

cant impact on winter precipitation (Mo and Higgins

1998; Higgins et al. 2000; Jones 2000) and snowpack

(Guan et al. 2012) over the west coast of NorthAmerica.

Chang et al. (2015) has shown that on seasonal time

scales, precipitation in California is highly modulated by
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storm-track activity over the eastern Pacific (region G).

Region G is placed in a location where the MJO has a

significant impact on storm-track activity in all of the

grid points (Fig. 6b), and the storm-track activity in the

region has a high correlation with the precipitation over

region I (California and Nevada) on intraseasonal time

scales (not shown). Note that moving region G by up to

58 longitude eastward or westward (not shown) barely

changes the pattern of the storm-track activity lag

composite (Fig. 6e).

In Fig. 6e, significant negative storm-track activity in

region G appears from days 11–18 after phase 1 to days

0–3 after phase 5; positive storm-track activity appears

from days 10–18 after phase 5 to days 0–7 after phase 7.

FIG. 6. (a),(b) As in Figs. 2b,c, but focused on the vicinity of North America. (c),(d) As in Figs. 4c,d. (e) Lag

composite of pp anomalies (hPa2) in area G [26.258–38.758N, 146.258–131.258W; shown in (a)]. (f) As in (e), but for

region H [51.258–61.258N, 128.758–111.258W; shown in (a)]. (g) Lag composite of precipitation anomalies

(mmday21) in region I [combination of boxes 33.08–37.08N, 122.08–112.08W and 37.08–42.08N, 124.58–115.08W;

shown in (c)]. (h) As in (g), but for region J [combination of boxes 49.08–53.58N, 128.58–123.08W and box 52.58–
57.08N, 133.58–128.08W; shown in (c)]. (i) As in (g), but for region K [35.08–37.58N, 110.58–104.58W; shown in (c)].

The dotted boxes in (e)–(i) are statistically significant at the 95% level from the results of a Monte Carlo test.
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Comparing the storm-track anomaly over the eastern

Pacific (Fig. 6e) and precipitation in California and Ne-

vada (Fig. 6g), we find that the precipitation anomaly in

California generally has the same sign with the storm-

track anomaly in the eastern Pacific. Note that the storm-

track anomaly signals generally lead the precipitation

signals by several days. This is reasonable because pre-

cipitation in region I is on the downstream side of the

storm-track region G. A similar precipitation anomaly

can be found over New Mexico (region K; Fig. 6i).

The MJO-related precipitation anomaly is also im-

portant over British Columbia. The lag composite for

region J (Fig. 6h) shows that the MJO-related pre-

cipitation anomaly in British Columbia has a nearly

opposite signal to the precipitation signal in California

(region I; Fig. 6g), especially during phases 2–4. This

suggests that the MJO leads to a north–south shift of

precipitation over the west coast of North America.

Unlike California, where the precipitation variability

can be highly explained by storm-track variability

(Chang et al. 2015), the precipitation in British Colum-

bia is not highly correlated with storm-track variability

(not shown), which indicates that the precipitation

variability in British Columbia cannot be solely ex-

plained by storm-track variability nearby. One of the

possibilities is that the precipitation variability in British

Columbia may be more related to variability of the

onshore upslope zonal mean flow rather than storm-

track variations (see discussions in section 6). Never-

theless, we can still see precipitation in British Columbia

showing a similar pattern as the storm-track activity

over western Canada (region H; Fig. 6f). Generally,

when there is more precipitation in British Columbia, a

positive storm-track activity anomaly can be found in

western Canada. Also, the precipitation signal in British

Columbia leads the storm-track signal in western

Canada by a couple of days. Note that the storm-track

signal in western Canada (Fig. 6f) also leads the signal

in central Canada (region A; Fig. 5c), and they are very

consistent. In summary, MJO can lead to shifts in pre-

cipitation as well as storm-track activity near the west

coast of North America.

Next, we focus on storm-track activity in regionA that

has been discussed in section 4. Four regions, M, N, P,

and R (Figs. 6c,d), have been selected where the pre-

cipitation anomaly has a high signal-to-noise ratio. The

geographic location of these four regions indicates that

they may be affected by storm-track activity in regionA.

The lag composites of precipitation to the southwest of

Hudson Bay (region M; Fig. 7b), Minnesota (region N;

FIG. 7. (a) Lag composite of pp anomalies (hPa2) in region A (shown in Fig. 6a). (b) Lag composite of pre-

cipitation anomalies (mmday21) in regionM (52.08–57.08N, 97.58–898W; shown in Fig. 6c). (c)–(e) As in (b), but for

regions N (42.58–46.58N, 97.08–94.58W), P (40.08–43.58N, 958–88.58W), and R (58.58–61.08N, 107.58–103.58W), re-

spectively (regions shown in Fig. 6c). The dotted boxes in (a)–(e) are statistically significant at the 95% level from

the results of a Monte Carlo test.
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Fig. 7c), Iowa (region P; Fig. 7d), and to the west of the

Hudson Bay (region R; Fig. 7e), are very similar to the

storm-track activity lag composite of region B. This

shows that MJO can have a significant impact on the

precipitation over the central part of the continent, and

it is very likely that the precipitation variability is in-

duced byMJO-related storm-track variability. Note that

the precipitation anomaly is statistically significant in

regionM andN even up to 45 days (not shown), but what

gives rise to this extended period of significant pre-

cipitation anomalies is currently not clear. Our results of

large MJO-related precipitation variability over region

N are consistent with previous studies (Baxter et al.

2014; Becker et al. 2011; Zhou et al. 2012).

Finally, winter precipitation in Florida (region Q) is

apparently related to the storm-track anomalies over

region B. MJO can have a large impact on precipitation

in Florida (Figs. 6c,d). The lag composite of storm-track

activity in region B (Fig. 8a) and lag composite of pre-

cipitation in region Q (Fig. 8b) show very similar pat-

terns. We can see that the precipitation in Florida is

highly affected by theMJO and is highly correlated with

the MJO-related storm-track variability over the south-

eastern United States.

6. MJO-related midlatitude variability and Rossby
waves trains

What is the mechanism through which MJO can

modify midlatitude circulation? Previous studies have

shown that theMJO acts as a propagating heat source in

the tropics. As discussed in section 1, previous studies

have also shown that the midlatitude atmosphere will

respond to tropical heating caused by propagation of

Rossby wave trains excited by the heating anomaly. The

Rossby waves modify the large-scale circulation, and

can act to modulate storm-track activity, SAT, and

precipitation. Many previous studies (e.g., Baxter et al.

2014; Guo et al. 2017) used an upper-level stream-

function to illustrate the Rossby wave response related

to MJO. In addition to streamfunction anomalies, we

also apply the WAF of Takaya and Nakamura (2001),

which is a three-dimensional flux parallel to the group

velocity of Rossby waves, to show the evolution of the

stationary Rossby wave trains excited by the MJO.

Here, we will mainly highlight composites from MJO

phases that show streamfunction anomalies in the vi-

cinity of North America that are consistent with the

significant weather impacts discussed in the preceding

sections.

The lag composites of streamfunction and WAF at

250 hPa, as well as the OLR anomalies, as a function of

lag with respect to MJO phase 3, are shown in Fig. 9.

Instead of showing the snapshots of streamfunction

anomalies and WAF of each MJO phase at zero lag,

the composites of different lags are shown, since the

evolution of streamfunction anomalies and WAF

(which will be discussed later) provide more insights

on the MJO-forced midlatitude impact. Among all

eight MJO phases, the lag composite of stream-

function anomalies and WAF in each phase is co-

herent with the lag composites of adjacent phases. The

lag composites for phases 3 and 8 (composites for

phases 1, 2, 4, 5, and 7 are shown in the supplemental

material; phase 6 will be discussed later) show the

clearest wave propagation to North America and the

WAF in those two phases are the most distinctive. In

addition, the temperature signal over the eastern

United States (Fig. 5g) is largest after phases 3 and 8.

Hence, we will first focus on these two phases. Note

that the streamfunction anomalies and WAF com-

posite are calculated in the time period of 1979–2016,

while the OLR contours are composites of 1979–2013.

Here we just use OLR contours to illustrate the en-

hanced and suppressed tropical convection. Although

the lag composites have a 4-day interval for all MJO

phases, we choose a different start date for phases 3

and 8 (day212 for phase 3 and day210 for phase 8) to

better show when the important features of the

Rossby wave develop.

In Fig. 9, color shadings define composite stream-

function anomalies and the red lines depict the 95%

FIG. 8. (a) Lag composite of pp anomalies (hPa2) in region B (shown in Fig. 6a). (b) Lag composite of pre-

cipitation anomalies (mmday21) in region Q (25.08–32.08N, 858–808W; shown in Fig. 6c). The dotted boxes in

(a) and (b) are statistical significant at the 95% level from the results of a Monte Carlo test.
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statistical significance level from a Monte Carlo test.

Most of the anomaly signals in Fig. 9 are statistically

significant. Green contours in the figure show the OLR

anomalies that generally resemble the tropical convec-

tion anomalies associated with the MJO. The arrows

show the WAF. Since the WAF is derived under qua-

sigeostrophic assumptions, only theWAF north of 58N is

shown in the composites.

From 8 to 4 days prior to MJO phase 3, convection in

the Indian Ocean is enhanced, and convection in the

Maritime Continent is suppressed (Figs. 9b and 9c, re-

spectively). This convection pattern resembles MJO

phases 1 and 2 (e.g., Wheeler and Hendon 2004). On

day 24 (Fig. 9c), enhanced tropical convection over the

Indian Ocean leads to upper-level vortex compression,

which results in anomalous anticyclonic flow north of the

enhanced convection center; similarly, an upper-level

cyclonic anomaly is found over the western Pacific re-

lated to the suppressed convection over the Maritime

Continent. ARossby wave train starts from this cyclonic

anomaly, with an anticyclonic anomaly already emerg-

ing north of the cyclonic anomaly on day24. The WAF

is generally northward over the Pacific just to the east of

Asia, and the WAF identifies the propagation of the

wave train as it moves into the midlatitudes. Around lag

day 0 (Fig. 9d), when the MJO is in phase 3, the con-

vection center moves eastward to the eastern part of the

Indian Ocean and the western part of the Maritime

Continent and becomes stronger. The accompanying

upper-level anticyclonic anomaly is also enhanced. The

WAF shows that the Rossby wave train related to the

enhanced convection propagates to the northeast. Seo

et al. (2016) suggested that the southwardWAF over the

eastern part of the cyclonic anomaly is generally because

a) phase 3 lag -12

b) phase 3 lag -8

c) phase 3 lag -4

e) phase 3 lag +4

d) phase 3 lag 0

g) phase 3 lag +12

h) phase 3 lag +16

j) phase 3 lag +24

i) phase 3 lag +20

FIG. 9. The lag composite of streamfunction anomalies, WAF at 250 hPa, and OLR anomalies with respect to

MJO phase 3. Composite of boreal winter OLR anomalies are in green contours. Solid contours are positive,

dashed contours are negative, and the zero contour is omitted. Contour interval is 8Wm22. Color shading is the

streamfunction anomaly (m2 s21). The red contours outline the regions where the streamfunction anomaly is sta-

tistically significant at the 95% level from the results of a Monte Carlo test. Arrows are WAF associated with

streamfunction anomalies. Only WAF greater than 0.1m2 s22 is plotted. The scaling for the arrows is shown at the

bottom of the figure (m2 s22).
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of the reflection of larger wavenumber Rossby waves

that then propagate to the south. The WAF from the

anticyclonic anomaly in the midlatitude western Pacific

points northeastward, and a cyclonic anomaly starts to

develop over the Gulf of Alaska. On day14 (Fig. 9e), a

very clear wave train has developed, and an anticyclonic

anomaly starts to develop over northeastern North

America. The WAF clearly indicates that this anticy-

clonic anomaly has developed from the cyclonic anom-

aly over Alaska and the Gulf of Alaska. The wave train

originated from the subtropical western Pacific prior to

day 24, has propagated all the way to northeastern

North America by day 14, with the wave trajectory

generally following a great circle. Around day 18

(Fig. 9f), a well-developed anticyclonic anomaly covers

the northeastern United States and southeastern

Canada. Clearly, this anomaly is related to the warm

anomaly over the eastern United States, as well as the

north–south storm-track shift over North America af-

ter phase 3 (Fig. 5). The wave train continues to

propagate across the Atlantic into Europe during days

from 18 to 116. This result is very consistent with

those of Lin et al. (2009), which showed very similar

WAF at 200 hPa over the Atlantic in the two-pentad

lag composite of MJO phase 3. The anticyclonic

anomaly over the northern United States gradually

weakens after day 18.

Figure 10 shows the lag composites of streamfunction

anomalies and WAF related to MJO phase 8. At

day 210 (Fig. 10a), tropical convection is suppressed

over the Indian Ocean and enhanced to the east of the

Maritime Continent. Around day 26 (Fig. 10b), a cy-

clonic anomaly strengthens to the northwest of the

suppressed convection, and an anticyclonic anomaly

strengthens to the north of the enhanced convection

over the subtropical central Pacific. This anticyclonic

anomaly acts as a vorticity source, and Rossby wave

propagation toward the midlatitudes is indicated by the

WAF, leading to the strengthening of a cyclonic anom-

aly over the midlatitude Pacific. This creates a dipole

structure of streamfunction anomalies, and the sub-

tropical jet over the Pacific is strengthened. The dipole

structure strengthened on day 22 (Fig. 10c), as the an-

ticyclonic anomaly is strengthened not only by the en-

hanced convection, but also by WAF from the west

originating from the cyclonic anomaly over South Asia.

Around day12 (Fig. 10d), the Rossby wave can be seen

to propagate across North America. A very clear wave

train emerges with an anticyclonic anomaly over west-

ern Canada, a cyclonic anomaly over the eastern United

States, and an anticyclonic anomaly over the Caribbean

Sea. The WAF clearly shows the direction of the wave

propagation, and the amplitude of WAF is relatively

strong at this time. For the lag composites after day 16

FIG. 10. As in Fig. 9, but with respect to MJO phase 8.

1 AUGUST 2018 ZHENG ET AL . 6127

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/18/23 07:49 PM UTC



(Figs. 10e–h), we can see the wave train gradually

dissipates.

Figure 11a shows a schematic diagram summarizing

the Rossby wave train related to MJO phases 3 and 8.

The sign of the anomalies correspond to that of phase 3,

and the schematic for phase 8 mainly has anomalies with

opposite signs1 that are displaced slightly eastward.

The arrows between the circulation anomalies over the

subtropics and western Pacific are dashed since the

WAF connection between these anomalies are not very

clear for phase 3 but are much clearer for phase 8.

How do those upper-level stationary Rossby waves

play a role on the surface weather? The schematic

shown in Figs. 11b and 11c describes their connection.

From lag days 14 to 120 after phase 3, an anticyclonic

anomaly persists over the northeastern United States

and southeastern Canada (Fig. 9). Together with the cy-

clonic anomalies north and south of it, this anticyclonic

anomaly strengthens the zonal flow to the north over

Canada (Fig. 11b), a region corresponding to region A in

Fig. 5a. These anomalies also weaken the zonal flow in the

south (over the southeasternUnited States, similar region

as region B in Fig. 5a). As stronger mean flow generally

results in enhanced storminess, thus the storm track in

region A is enhanced (Fig. 11c) during the same time in

the lag composite (Fig. 5e). Because of weakermean flow,

storm-track activity in region B is suppressed (Figs. 11c

and 5f). Seo et al. (2016) has shown that the MJO in-

fluences the midlatitude temperature mainly by horizon-

tal temperature advection. The western part of the

anticyclonic anomaly, which is equivalent barotropic and

extends to the lower levels (not shown), brings warm ad-

vection (Fig. 11b) and induces the warm anomaly

(Fig. 11c) over the eastern United States (region C in

Figs. 5c,g). The cyclonic anomaly over Alaska, which ex-

ists from lag days 14 to 112 after phase 3 (Fig. 9),

strengthens the zonal flow over the west coast of Canada,

and brings more precipitation to the coastal regions

(Figs. 11b,c; see also region J in Figs. 6c,h). During lag

days from12 to114 in phase 8 (Fig. 10), we generally see

an opposite signal to phase 3. A cyclonic anomaly is over

FIG. 11. Schematic diagrams showingMJOphase 3 relatedRossbywave train and its impact overNorthAmerica.

(a) MJO phase 3 related tropical convection anomalies and Rossby wave train. Also shown are the Rossby wave

train’s impact over NorthAmerica on (b) circulation and (c) weather. A similar schematic can be applied to phase 8

by reversing the sign of the circulation and related weather anomalies and shifting the pattern slightly eastward.

1 The only difference is that Rossby wave propagation is in the

same direction since WAF is quadratic and the direction is in-

dependent of the sign of the streamfunction anomaly.
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the eastern part of North America. The streamfunction

anomalies indicate that the zonal flow is weaker to the

north and stronger to the south, which is consistent with

weaker storm-track activity to the north (region A;

Fig. 5e) and stronger storm-track activity to the south

(region B; Fig. 5f). Also, cold advection west of the cy-

clonic anomaly gives rise to the cold anomaly over the

eastern United States. The anticyclonic anomaly over

Alaska weakens the zonal mean flow over the west coast

of Canada and results in less precipitation (region J;

Fig. 6h). Patterns with opposite sign of the anomalies in

Figs. 11b and 11c can describe how the Rossby wave re-

lated to MJO phase 8 influences the circulation and

weather over North America. The lifetime of the

streamfunction anomaly over the eastern part of the

continent is longer after phase 3 (anticyclonic; Fig. 9) and

shorter after phase 8 (cyclonic; Fig. 10), this explains why

there are more days with weaker storm-track activity in

region B (Fig. 5d) and more days with a warm anomaly in

region C (Fig. 5g).

As shown in Seo et al. (2016), the MJO-generated

Rossby waves are characterized by stationary zonal

wavenumbers 2–4. Henderson et al. (2017) showed that

theMJORossby wave trains should propagate along the

stationary wavenumber contours. The stationary wave-

number can be derived from the distribution of themean

flow. From Fig. 3 of Henderson et al. (2017), one can see

that the pathway for the MJO-induced Rossby wave

trains should be starting in subtropical western Pacific,

going eastward to central Pacific, northeastward to

Alaska, then southeastward to the eastern part of North

America, and finally northeastward across the Atlantic

(following wavenumber-3 contours). Therefore, MJO

phases that can produce vorticity anomalies in the

western Pacific may initiate Rossby wave trains that

modify the weather over North America. In both phase

3 and 8 WAF composites, the enhanced (suppressed)

tropical convection provides strong vorticity anomalies

over the western Pacific, thus acting as Rossby wave

sources to excite wave trains that propagate toward

North America.

Figure 12 shows the lag composite of the stream-

function anomaly and WAF related to MJO phase 6.

Around lag day 210 (Fig. 12a), the anomalous convec-

tion center is over the Maritime Continent. A strong

anticyclonic anomaly is to the northwest of the positive

convection anomaly. During lag days from 26 to 12

(Figs. 12b–d), as the MJO propagates eastward and the

convection is suppressed over the Indian Ocean, the

anticyclonic anomaly also moves eastward. A cyclonic

anomaly develops north of the anticyclonic anomaly

during the same time, because of the propagation of

FIG. 12. As in Fig. 9, but with respect to MJO phase 6.
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Rossby wave as indicated by the WAF. During lag days

from 12 to 16 (Figs. 12d,e), shorter Rossby waves get

reflected at the east part of the cyclonic and anticyclonic

anomalies, and the anomalies extend eastward toward

the eastern Pacific. This Rossby wave propagation

process described above is also shown in a schematic

diagram(Fig. 13a). In between the cyclonic and anticy-

clonic anomalies during lag days from 16 to 110

(Figs. 12e,f), the zonal flow is enhanced (Fig. 13b). As

the zonal jet extension reaches the eastern Pacific, the

storm-track activity over the eastern Pacific gets stron-

ger (phase 6 in region G; Figs. 6e and 13c). We also see

more precipitation over California several days later

(Figs. 6g and 13c), which is consistent with the results of

Chang et al. (2015) that stronger storm-track activity

over the eastern Pacific results in more precipitation

over California. Correspondingly, the lag composites

for phase 2 (Fig. S2 in the supplemental material) dur-

ing lag days from 16 to 110 shows the opposite circu-

lation anomalies and the jet weakens over the eastern

Pacific, which is consistent with the reduction of storm-

track activity (Fig. 6e) and precipitation (Fig. 6g) after

lag day 110 in phase 2.

Figure 6g also shows positive precipitation anomalies

over California at short lags after phases 1 and 2. These

are apparently related to an anticyclonic anomaly over

the tropical eastern Pacific extending into Mexico,

bringing enhanced westerlies to California (Fig. S1e in

the supplemental material). This anticyclone seems to

have formed over the tropical central Pacific in response

to enhanced convection to its south and gradually

moved and extended eastward.

While these lag composites are indicative of theMJO

being important in exciting wave trains to impact North

America, it is not clear how the interplay between the

eastward propagation of the MJO and the Rossby

waves generated by the heating might impact the

propagation of the waves toward North America. De-

tailed modeling studies will be needed to answer this

question.

7. Summary

Many previous studies have shown thatMJO can have

significant impacts on wintertime temperature, pre-

cipitation, and storm-track activity on intraseasonal

FIG. 13. As in Fig. 11, but forMJOphase 6 and its impacts over the Pacific andCalifornia. In (a) the solid (dashed)

cyclonic and anticyclonic anomalies represent the circulation anomalies around lag day 0 (16). Hollow arrows

represent the eastward propagation of the convection anomalies and circulation anomalies. A similar schematic can

be applied to phase 2 by reversing the sign of the circulation and related weather anomalies.
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time scales. Note, however, that factors other than

MJO (e.g., PNA pattern), can also play an important

role in weather over North America on intraseasonal

time scales. In this study, a new lag composite strategy

has been developed to comprehensively show the im-

pact of theMJO during the entireMJO life cycle and at

different lags. This lag composite strategy provides

information about which regions MJO plays an im-

portant role in surface weather on weekly to monthly

time scales. The results show that MJO has significant

impacts on surface weather over North America. For

storm-track activity, the most significant impacts are

found in central Canada, the southeastern United

States, and the eastern Pacific. Consistent with pre-

vious studies, MJO has a strong influence on the tem-

perature near the Arctic, with the eastern United

States seemingly the only region in the midlatitudes

where the MJO-related temperature anomaly is large

both in amplitude and signal-to-noise ratio. The re-

gions where MJO has large impacts on precipitation

are rather scattered, but significant signals can be

found over the western, central, and southeastern

United States.

The lag composites show that MJO leads to a north–

south shift of storm-track activity over Canada and the

southeastern United States. Surface air temperate is

also highly influenced by the MJO over the eastern

United States and Alaska. The north–south shift of

storm-track activity is consistent with the change in

temperature gradient related to the MJO. In addi-

tion, MJO gives rise to the strengthening and weak-

ening of storm-track activity over the eastern Pacific,

leading to enhanced or reduced precipitation over the

U.S. Southwest. An MJO-related north–south shift

of precipitation is also found over the west coast of

North America. As MJO can modify the atmospheric

river events in the eastern Pacific (e.g., Mundhenk

et al. 2016; Guan and Waliser 2015), this result is

within our expectation. Over the west coast of North

America, the Ohio River valley, and Florida, MJO

modification of precipitation is significant, and the

precipitation signal is consistent with the MJO-related

storm-track activity signal nearby, which indicates that

MJO modifies the precipitation through modifying the

storm-track activity.

Rossby wave trains excited by the MJO are often

considered to show how the MJO influences surface

weather in the extratropics. Those wave trains are

clearly found in lag composites based on the MJO

phases. For example (Fig. 11), the tropical enhanced

and suppressed convection around phase 3 (phase 8)

excite the anticyclonic (cyclonic) anomaly over South

Asia and cyclonic (anticyclonic) anomalies over the

western Pacific. These circulation anomalies provide

the sources for the Rossby wave trains, and these

wave trains propagate across the Pacific and North

America, bringing upper-level anticyclonic and cy-

clonic flow anomalies over the eastern part of North

America, respectively. The anticyclonic (cyclonic)

anomaly gives rise to the northward (southward) shift

of the storm track as it strengthens the zonal flow to

the north (south), and the associated warm (cold)

advection west of the anticyclonic (cyclonic) anomaly

brings warmer (colder) temperatures to the eastern

United States. The cyclonic (anticyclonic) anomaly

over Alaska also strengthens (weakens) the zonal

flow over the west coast of Canada and brings more

(less) precipitation. The Rossby wave train related

to MJO phase 6 (phase 2) can also induce stronger

(weaker) storm-track activity over California by en-

hancing (reducing) the jet stream over the eastern

Pacific, which results in more (less) precipitation

over California (Fig. 13). Currently, we are unable to

separate the midlatitude impact of adjacent MJO

phases (e.g., the difference of impact between phases

2 and 3). Our hypothesis is that because of the

quasi-periodicity of the MJO phases, remote anoma-

lies forced by one MJO phase may appear to be also

connected with the other phases. In the schematic

diagrams (Figs. 11 and 13), we mainly focus on the

impacts over North America related to the Rossby

wave trains that we can clearly trace backward to the

MJO convection anomalies based on lagged correla-

tions from a single phase. Thus, Figs. 11 and 13 might

not include all possible MJO-related impacts.

In this study, we have used composite analyses

to show the impact of MJO on surface weather over

North America. The detailed dynamics involved still

need to be examined using modeling studies. In ad-

dition, given that the MJO phase can be predicted out

to three to four weeks in advance (e.g., Kim et al.

2014), it is expected that the MJO-forced signals over

the midlatitudes should be predictable through the

subseasonal time scale. We are currently assessing

how successful our climate models are in predicting

these signals.
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APPENDIX

The Monte Carlo Procedure

For each grid point, the Monte Carlo procedure

generates 10 000 random composites that are similar

to Fig. 1b. Each random composite is produced as

follows. 1) Continuous days when the RMM index

amplitude is greater than 1 are defined as an MJO

event. We count the number of events x and number

of days in each event N(x) during 1979–2016 boreal

winter. For day number j in event number i, the MJO

phase is denoted as phase(i, j). 2) A total number of x

random dates in the boreal winter are generated.

These dates will be considered as the starting dates

of all the ‘‘MJO’’ events in this random composite.

3) For event number i0 in the random composite, the

days from the starting date to [N(i0) 2 1] days after

the starting date are considered in this ‘‘MJO event.’’

The number j0 day in this event is considered in MJO

phase(i0, j0). 4) As we have the information about

when the MJO events happen and which phase each

day is in, we can produce the random composite. Note

that with the procedure described above, each ran-

dom composite will have the same number of MJO

events as the actual MJO composite (e.g., Fig. 1b),

and the number of days in each event is the same as

that in the actual MJO composite as well. Therefore,

the total number of days in each MJO phase in the

random composite is the same as that in the actual

composite. As these features of MJO are preserved in

theMonte Carlo procedure, the statistical significance

level can be obtained from the random composites. To

assess the statistical significance level, for example, in

Fig. 1b, pp0
MJO(phaseMJO, daylag) in the 10 000 random

composites is ranked in an ascending order for each

phase and each lag day. If pp0
MJO(phaseMJO, daylag) in

the actual composite is smaller than the rank number

500 (bottom 5% of 10 000) or greater than the rank

number 9500 (top 5% of 10 000) composite in that

phase and lag day, then pp0
MJO(phaseMJO, daylag) is

considered to be statistically significant at 95%. The

significance level of the MJO-related anomalies over all

eight phases and lag days 0–30 in (e.g., Fig. 2c) is derived

by applying the method described above but using pp02
MJO

at each grid point.
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