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ABSTRACT

Boreal winter jet variability over the North Atlantic is investigated using 40-yr European Centre for

Medium-Range Weather Forecasts Re-Analysis (ERA-40) data, where the variability is defined by the first

EOF of the zonal wind on seven vertical levels. The principal component time series of this EOF is referred to

as the jet index. A pattern correlation analysis indicates that the jet index more accurately describes intra-

seasonal North Atlantic zonal wind variability than does the North Atlantic Oscillation (NAO). A series of

composite calculations of the jet index based on events of intraseasonal convective precipitation over the

tropical Indian and western Pacific Oceans reveals the following statistically significant relationships: 1)

negative jet events lead enhanced Indian Ocean precipitation, 2) positive jet events lag enhanced Indian

Ocean precipitation, 3) positive jet events lead enhanced western Pacific Ocean precipitation, and 4) negative

jet events lag enhanced western Pacific Ocean precipitation. These intraseasonal relationships are found to be

linked through the circumglobal teleconnection pattern (CTP). Implications of the sign of the CTP being

opposite to that of the jet index suggest that relationships 1 and 3 may arise from cold air surges associated

with the CTP over these oceans. On interdecadal time scales, a much greater increase in the frequency of

precipitation events from 1958 to 1979 (P1) to 1980 to 2001 (P2) was found for the Indian Ocean relative to the

western Pacific Ocean. This observation, combined with relationships 2 and 4, leads to the suggestion that this

change in the frequency of intraseasonal Indian Ocean precipitation events may make an important contri-

bution to the excitation of interdecadal variability of the North Atlantic jet.

1. Introduction

The North Atlantic Oscillation (NAO) (Lorenz and

Hartmann 2003; Wittman et al. 2005; Woollings et al.

2010), which is the dominant teleconnection pattern of the

Northern Hemisphere (NH), is characterized by north–

south meanders of the eddy-driven jet (e.g., Eichelberger

and Hartmann 2007; Athanasiadis and Wallace 2010;

Woollings et al. 2010). The NAO has been shown to ex-

hibit variability on all time scales, from its intrinsic time

scale of about 10 days (Feldstein 2000) to decades (e.g.,

Hurrell and Loon 1997) and even centuries (e.g., Semenov

et al. 2008). Insight into the mechanisms that drive the

interdecadal variability of the NAO was obtained by

the atmospheric general circulation model experiments

of Hoerling et al. (2001). They found that a warming of

the Indian and Pacific Ocean surfaces was able to force

a circulation pattern over the North Atlantic that resem-

bles the observed trend pattern for the latter half of the

twentieth century, which is very similar to the positive

phase of the NAO. In the same vein, later studies have also

suggested that a warming of the tropical Indian Ocean

(IO) surface is associated with the positive polarity of the

NAO (Hoerling et al. 2004; Selten et al. 2004; Bader and

Latif 2005; Zhou and Miller 2005; Li et al. 2006). These
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findings contrast with those of Cohen and Barlow (2005),

who argued that the sea surface temperature (SST) trend

in the Indo–western Pacific warm pool region is unrelated

to the NAO trend.

On intraseasonal time scales, there is also evidence

that tropical convection can modify the wintertime cir-

culation over the North Atlantic. For example, phase 3

of the tropical Madden–Julian oscillation (MJO) index

of Wheeler and Hendon (2004), which is characterized

by enhanced convection over the Indian Ocean and re-

duced convection over the western Pacific (WP) Ocean, is

associated with the positive polarity of the Arctic Oscil-

lation (AO)/NAO (Zhou and Miller 2005; Cassou 2008;

L’Heureux and Higgins 2007; Lin et al. 2009; Lin and

Brunet 2011). When the MJO is observed to be in phase

6, which exhibits opposite convection characteristics to

that of phase 3, the AO/NAO indices tend to coincide with

their negative polarity. While processes internal to extra-

tropical dynamics can generate north–south jet meanders

(Robinson 1993; Lee and Feldstein 1996; Yu and Hartmann

1993), the above-mentioned studies suggest that North

Atlantic jet variability, over a very broad range of time

scales, may be influenced by convection over the tropical

Indian and western Pacific Oceans.

As was emphasized by Palmer (1988), the tie between

tropical convection and the extratropical circulation does

not necessarily mean that the latter is slaved to the former.

In their examination of an MJO event during the boreal

winter of 1985/86, Hsu et al. (1990) found that a sub-

tropical Rossby wave train, propagating southeastward

from the North Atlantic to the Indian Ocean, may have

triggered convection over the Indian Ocean. Similar high-

frequency Rossby wave trains were also observed to

propagate southeastward from the Asian–Pacific jet

and force convection over the central tropical Pacific

(Matthews and Kiladis 1999; Palmer 1988). Matthews

(2008) concluded that subtropical Rossby wave activity,

associated with the African–Asian jet, can organize some

of the MJO events. With a numerical model, Lin and

Brunet (2011) found that there is a strong NH extra-

tropical influence on the MJO, with significant forecast

skill at 10–25-day lead times.

Bader and Latif (2005) suggested that tropical Indian

Ocean convection and the NAO may be linked through

the circumglobal teleconnection pattern (CTP), which is

defined as the first two empirical orthogonal functions

(EOFs) of the monthly-mean 300-hPa nondivergent

meridional wind field (Branstator 2002) [as discussed in

Branstator (2002), the CTP is a zonal wavenumber 5

pattern that spans all longitudes across the globe; be-

cause this pattern can take on any longitudinal phase, it

must be represented by two EOFs]. They argued that

the CTP plays a key role in the formation of a NAO-like

pattern through its carrying wavelike perturbations

from southern Asia toward the North Atlantic. Selten

et al. (2004) found with Community Climate Model ver-

sion 3 (CCM3) simulations that in response to enhanced

greenhouse gas concentration, precipitation over the trop-

ical western Pacific intensifies and the trend pattern takes

on the form of the CTP. In another study, based on their

analysis of the propagation characteristics of circumglobal

wave packets, Feldstein and Dayan (2008) suggested that

the CTP can be interpreted as corresponding to a time

average of an eastward-propagating wave packet that has a

phase speed that is close to zero. It is this near-zero phase

speed that can account for the occurrence of the CTP in

data that are averaged over periods greater than one month

(Watanabe 2004).

Motivated by the above-mentioned findings, the goal

of this study is to investigate 1) to what extent the NAO

can capture the actual north–south meanders of the North

Atlantic jet (referred to simply as jet in most places); 2) on

intraseasonal time scales, whether there is a link between

jet variability and tropical convection over the Indian and

western Pacific Oceans, respectively; 3) whether and to

what extent the CTP is involved in the intraseasonal jet

variability; 4) on interdecadal time scales, whether the jet

has exhibited a trend during the latter part of the twentieth

century; if so, 5) whether this interdecadal trend can be

explained in terms of changes in the intraseasonal vari-

ability of convection over the tropical Indian and western

Pacific Oceans.

The approach to be adopted in this study will be mostly

qualitative, focusing on determining the lag–lead re-

lationships between tropical convection, the CTP, and the

jet variability on intraseasonal time scales, and then using

these results to better evaluate interdecadal trends. For

future research, we plan to use idealized numerical models

to quantitatively investigate the dynamical mechanisms

that drive these relationships.

The data and methodology are presented in section 2.

Circulation patterns associated with intraseasonal jet vari-

ability are shown in section 3. Section 4 presents an analysis

of the CTP signal associated with the jet variability. In

section 5, we examine the relationship on intraseasonal

time scales between tropical convective heating over the

Indian and western Pacific Oceans and the North Atlantic

jet. Section 6 discusses how interdecadal variability of the

North Atlantic jet may be related to changes in the fre-

quency of occurrence of intraseasonal tropical convection.

The discussion and conclusions are given in section 7.

2. Data and methodology

This study uses 40-yr European Centre for Medium-

Range Weather Forecasts (ECMWF) Re-Analysis
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(ERA-40) data (Uppala et al. 2005) for the period of

1958–2002. Because our focus is on the boreal winter,

data for the months of December–February (DJF) are

analyzed. The main variables to be analyzed are 250-hPa

zonal wind and streamfunction, and convective precipi-

tation. The latter variable is used as a proxy for convective

heating. Although there are quality issues associated with

the ERA-40 tropical precipitation data (Uppala et al.

2005), the relationship between the tropical precipitation

and jet variability in the ERA-40 data is similar with that

seen with the Climate Prediction Center (CPC) Merged

Analysis of Precipitation (CMAP) dataset (Figs. 6b and 6c).

a. Construction of and comparison between North
Atlantic jet variability and NAO indices

Jet variability is identified by performing EOF anal-

ysis on the 1958–2002 DJF zonal wind field, where the

analysis domain spans 108–808N, 508W–208E over seven

vertical levels: 100, 150, 200, 250, 300, 400, and 500 hPa.

Prior to this calculation, the seasonal cycle is removed

from the daily data. The first EOF (Fig. 1a), which explains

18.6% of the variance, has two positive centers near 208

and 608N, with a negative center near 408N. [The west-

ern boundary of the EOF analysis was chosen to include

the North Atlantic subtropical jet. An EOF analysis with

the western domain boundary extended to 708W exhibited

little change in spatial structure (not shown), with the

corresponding principal component time series having a

linear correlation of 0.95.] Since the time-mean flow over

the North Atlantic is composed of two jets (not shown),

a subtropical jet and an eddy-driven jet, the positive jet

phase corresponds to these two jets becoming more dis-

tinct and the negative jet phase to a merging of these two

jets into a single jet centered at 408N. Figure 1b shows that

the center near 608N has a deeper vertical structure than

that near 208N, consistent with the former (latter) being

associated with an eddy-driven (subtropical) jet.

To examine the extent to which EOF1 actually occurs

in the atmosphere, a pattern correlation was calculated

between EOF1 and the daily zonal wind field. The cal-

culation was performed for both positive and negative jet

polarities. The pattern correlation is computed as follows:

Corr(t) 5
�k�i�jEOF1(i, j, k)U(i, j, k, t)

�k�i�jEOF12(i, j, k)

� �1/2

�k�i�jU
2(i, j, k, t)

� �1/2
, (1)

where EOF1 is the spatial pattern of the leading mode

and U is the zonal wind for those days when the jet index

is above (below) one standard deviation for the positive

(negative) phase. The indices i, j, and k correspond to

grid points in the zonal, meridional, and vertical direc-

tions, respectively, and t is time. To quantify the extent to

which EOF1 corresponds to the observed zonal wind field,

a histogram was constructed by counting the number of

days for which the pattern correlations fall into bins with

an interval of 0.05. The number of days counted for each

bin is then divided by the total number of days to yield

a percentage. The resulting histograms are shown in

FIG. 1. Spatial structure of the North Atlantic jet variability leading mode (EOF1) for (a) the horizontal cross section

at 250 hPa and (b) the vertical cross section at 308W.
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Figs. 2a and 2b for the positive and negative phases,

respectively. It is found that 76% of the positive-phase

days have a pattern correlation that is greater than 0.6,

with a median value of 0.67. For the negative phase, 88%

of the days have a pattern correlation that exceeds 0.6,

with a median value of 0.75.

Because the NAO is commonly used to represent var-

iability over the North Atlantic during the winter (van

Loon and Rogers 1978; Wallace and Gutzler 1981; Hurrell

1995), to examine whether the NAO is better than the jet

index in describing the variability of the North Atlantic

jet, we repeated the pattern correlation calculation for the

FIG. 2. Histogram of the pattern correlation coefficient. (top) Correlation between the actual zonal wind field and

the jet variability pattern for (a) the positive polarity and (b) the negative polarity. (middle) Correlation between the

500-hPa geopotential height field and the NAO (500 hPa) loading pattern for (c) the positive polarity and (d) the

negative polarity. (bottom) Correlation between the actual 250-hPa zonal wind field and the NAO loading pattern for

the 250-hPa zonal wind for (e) the positive polarity and (f) the negative polarity. See text for details.
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NAO. For this purpose, we use the NAO index provided

by the CPC (www.cpc.noaa.gov/products/precip/CWlink/

pna/nao_index.html), where the NAO pattern is defined

as the first rotated EOF of monthly-mean 500-hPa geo-

potential height over the North Atlantic during the 1950–

2000 period. We approximated the spatial structure of the

NAO by calculating a composite of the monthly-mean

500-hPa geopotential height based on the NAO index

from the CPC. (A daily CPC NAO index was generated

by projecting the daily 500-hPa height field onto the NAO

spatial pattern. For the overlapping period of 1958–2000,

the correlation between the CPC’s daily NAO index and

our jet index was found to be 0.48.) Daily pattern corre-

lations were then calculated between this CPC–NAO

pattern and the daily 500-hPa geopotential height field,

over the domain of 108–808N, 508W–208E for those days

when the amplitude of the NAO index exceeds one

standard deviation. The resulting histograms are shown

in Figs. 2c and 2d. Compared with Figs. 2a and 2b, the

distributions are concentrated at lower values, with a

median correlation of 0.52 for the positive phase and 0.48

for the negative phase. For a more direct comparison with

the jet index, we also constructed a 250-hPa zonal wind

field associated with the NAO. This zonal wind field was

obtained in the same manner as that for the NAO geo-

potential height. The resulting histograms for the zonal

wind field are shown in Fig. 2e for the positive phase,

which has a median value of 0.23, and in Fig. 2f for the

negative phase, which shows a median value of 0.29.

The above-mentioned pattern correlations indicate that

the jet index more accurately characterizes the actual

zonal wind variability over the North Atlantic than does

the NAO index. Therefore, for the rest of the paper, the

jet index will be utilized to investigate North Atlantic jet

variability.

b. Selection criteria of the jet events

To identify jet events, we first note that the e-folding

time scale for the index is found to be 6 days. Therefore, to

examine the evolution of the circulation patterns associ-

ated with the jet index, composite jet events will be ex-

amined using daily data. Furthermore, the interannual

variability is removed by subtracting the DJF mean value

for each winter from the daily data. We select both posi-

tive and negative events following the criteria of Benedict

et al. (2004). First, if 4 or more consecutive days have jet

index values greater than one standard deviation, then

this set of consecutive days is chosen as a ‘‘candidate.’’

Next, for this candidate, the ‘‘lag 0 day’’ is defined as the

day on which the jet index reaches its peak. We designate

the period spanning from lag 215 days to lag 115 days

as an event. Finally, events are discarded if the jet index

does not grow monotonically for negative lags and decay

monotonically for positive lags. This selection procedure

yielded 42 positive and 42 negative events during the

winter season from 1958 to 2002.

c. CTP index

To investigate the CTP, and its relationship to tropical

convection and jet variability, this study uses daily

circumglobal wave packet (Feldstein and Dayan 2008)

indices, which are available online (www.meteo.psu.

edu/;sbf1/). These indices are based on the first two

EOFs of the monthly-mean 300-hPa nondivergent me-

ridional wind, which define the CTP (Branstator 2002).

As shown in Figs. 3a and 3b, the first two EOF spatial

patterns have 10 extrema: 5 positive and 5 negative.

Centered at each of these extrema, the daily 300-hPa

meridional wind fields were projected onto the EOF

spatial pattern, confined to a domain that extends from

908 longitude upstream to 908 downstream of the ex-

tremum. In this manner, for each of the two EOFs, 10

projection time series are generated. Since these pro-

jections are confined longitudinally, composites based

on these indices yield spatial patterns that resemble lo-

calized wave packets. As such, the CTP indices can be

interpreted as corresponding to the amplitude of the

local wave packets that comprise the CTP, as discussed

in the introduction.

d. Convective precipitation indices

To investigate the relationship between North At-

lantic jet variability and convection over the tropical

Indian and western Pacific Oceans, we define two sets of

convective precipitation indices. Our aim is first to focus

on the intraseasonal time-scale features of the tropical

convection–North Atlantic jet relationship, followed by

a brief investigation of how this intraseasonal time-scale

relationship can impact interdecadal jet variability. For

this purpose, our convective precipitation indices will

be defined in a manner that combines features of both

intraseasonal and interdecadal variability in tropical

convection. With regard to the interdecadal time scales,

the Indian Ocean SST has been shown to be associated

with the positive NAO (Hoerling et al. 2004), while

western Pacific SST is linked to the negative NAO (Selten

et al. 2004). Therefore, one convective precipitation in-

dex is defined for the Indian Ocean and the other for

the western Pacific Ocean. The former is obtained by

averaging the convective precipitation over the domain

covering 208S–108N, 508–1108E and the latter by aver-

aging over the domain of 208S–108N, 1208–1808E. To

account for intraseasonal variability of the convective

precipitation within these two domains, daily unfiltered

convective precipitation data are used. Our motivation
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for using these data is that the jet index has a 6-day

e-folding time scale, as discussed above, and as we will

find, the convective precipitation indices defined in this

manner will also fluctuate over a period of several days.

For these indices, both the seasonal cycle and the in-

terannual variability are subtracted.

To separate the circulation pattern associated with

convective heating over the Indian Ocean from that over

the western Pacific Ocean, a second set of indices is de-

fined, which is based on those days when the western

Pacific precipitation index is large and the Indian Ocean

precipitation index is close to zero, and vice versa. More

specifically, the exclusive western Pacific precipitation

index is constructed by projecting the daily convective

precipitation onto the composite convective precipitation

pattern, which is based on those days when the western

Pacific precipitation index is larger than one standard

deviation and the Indian Ocean precipitation index is less

than 0.3 standard deviations. The exclusive Indian Ocean

precipitation index is obtained in an analogous manner.

The projection time series are written as

P(t) 5
�j�iCP(i, j, t)CPS(i, j) cosu

�j�iCPS2(i, j) cosu

, (2)

FIG. 3. (a) EOF1 and (b) EOF2 of the 300-hPa nondivergent meridional wind. Numbers mark the 10 extrema of the

corresponding 10 circumglobal wave packet indices. Composite circumglobal wave packet index values for EOF1

and EOF2 for (c) positive and (d) negative jet events. Abscissa marks the circumglobal wave packet indices, and the

ordinate indicates the time lag. Solid lines denote positive values, and dashed lines denote negative values. Zero

contour is omitted. Shading indicates values that are statistically significant above the 95% confidence level for a two-

sided t test. Sloping line segments indicate the peak of the circumglobal wave packet indices.
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where u is latitude, CP(i, j, t) is the daily convective pre-

cipitation field and CPS(i, j) is the composite spatial pattern.

With the exception of the precipitation composites, the

statistical significance of all composites is obtained with

the Student’s t test. For the convective precipitation, be-

cause its distribution does not follow Gaussian form,

we adopt a Monte Carlo approach to evaluate statistical

significance. For this purpose, for the 1958–2002 period,

1000 composite convective precipitation fields were gen-

erated, with each composite being composed of N ran-

domly selected days, where N corresponds to the number

of WP or IO events. The resulting distribution of con-

vective precipitation values was then used to determine

the 95% significance level at each grid point.

3. Intraseasonal characteristics of the 250-hPa
streamfunction

To examine the intraseasonal evolution of the circula-

tion anomalies associated with the jet events, the approach

we use here is to calculate lagged composites of 250-hPa

streamfunction for both jet phases. Figure 4 shows the

composite evolution of the 250-hPa streamfunction field.

On the lag 0 day, for the positive jet phase, there are two

centers of enhanced westerlies over the North Atlantic, at

208 and 608N. This pattern is consistent with the EOF1

spatial structure (Fig. 1). For the negative jet phase, en-

hanced westerlies centered at 408N are consistently ob-

served. For both phases and for both positive and negative

FIG. 4. Composite of the 250-hPa streamfunction based on the jet index during DJF of 1958–2002. (left) Positive

phase composite at lag days 213, 29, 25, 0, 5, and 12. (right) As in (left), but for the negative phase composite. Solid

lines represent positive values, and dashed lines represent negative values. Contour interval is 1.5 3 106 m2 s21. Zero

contour is omitted. Shading indicates values that exceed the 95% confidence level for a two-sided t test.
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lags, hints of west–east-oriented wave trains can be

seen. For the positive phase, a wave train with statisti-

cally significant anomalies is observed across Asia and

into the northwestern Pacific Ocean at positive lags

(Figs. 4e and 4f). Similarly, for the negative phase, at lag

15 days (Fig. 4k), a statistically significant wave train

propagates southeastward through North Africa and

the Middle East, together with a second wave train that

extends across southern Asia (including an anticyclone

over the Indian subcontinent) and the northwestern

Pacific. This feature over Asia is reminiscent of the wave

pattern that occurred on 3 January 1986, described in

Hsu et al. (1990). They showed that waves originating

from the extratropics can excite convection over the

tropical Indian Ocean. Palmer (1988) showed that ex-

tratropical waves can also excite convection over the

western Pacific Ocean. The relationship between these

wave trains and tropical convection will be examined

more quantitatively with the CTP indices in section 5.

For the negative lags of the jet index, the most notable

feature observed in the negative jet phase is a statistically

significant wave train pattern over the North Pacific and

North America at lag 29 days (Fig. 4h) and a Pacific–

North America (PNA)-like wave pattern at lag 25 days

(Fig. 4i). For the positive jet phase, similar wave patterns

are not apparent at negative lags.

4. Circumglobal teleconnection pattern:
Intraseasonal variability

In the previous section, we observed the presence of

wave trains at both positive and negative lags (Fig. 4).

These wave trains showed features that are reminiscent

of the CTP (Fig. 3) of Branstator (2002) and Feldstein

and Dayan (2008). To quantitatively examine the extent

to which the CTP is associated with jet variability, we

performed lagged composites of the CTP indices rela-

tive to the jet index described in section 2. Again, the

interannual variability is removed. As described in sec-

tion 2c, the numbers that correspond to the 10 extrema

in Figs. 3a and 3b denote the CTP indices. They mark the

center of the wave packets that comprise the CTP.

Composite CTP indices, based on the jet index, are

shown in Figs. 3c and 3d.

Focusing on the signature of the eastward-propagating

wave packets, which are indicated by thick solid lines in

Figs. 3c and d, there are two noteworthy features. First,

statistically significant CTP wave packets are found in

EOF2 (from ’ lag 29 days to ’ lag 15 days and then

from lag 112 to lag 114 days for the positive jet phase;

from ’ lag 29 days to ’ lag 18 days for the negative jet

phase). The signal is weaker in EOF1, which shows

a statistically significant CTP wave packet only from lag

22 days to lag 16 days for the positive jet phase, while

a corresponding wave packet is essentially absent for the

negative jet phase. Overall, it can be seen that the CTP

wave packets are present over most of the globe, and that

their presence is consistent with the visual impression

from Figs. 4b and 4i. Similar CTP-like features were also

observed by Watanabe (2004) at positive lag days for

NAO events, particularly during the months of January

and February.

Second, the EOF2–CTP indices take on a negative

sign for the positive jet phase and a positive sign for the

negative jet phase. These sign characteristics of the

EOF2–CTP have implications for a possible linkage

between the CTP and the occurrence of convection over

the Indian and western Pacific Oceans. Figure 3b shows

that during the negative phase of the EOF2–CTP, the

upper-tropospheric meridional wind is southward over

the northwest Pacific Ocean, while its direction is north-

ward over the eastern Indian Ocean. This meridional

wind field corresponds to an anomalous high centered

over eastern Asia. Such a wind field has been shown to

coincide with an equatorward cold surge (Chang and

Lau 1982) and to the excitation of local convection over

warm tropical oceans (Kiladis and Weickmann 1992;

Hsu et al. 1990). From this perspective, the negative

phase of the EOF2–CTP may be expected to excite

convection only over the western Pacific and not over

the eastern Indian Ocean. By the same token, for the

positive phase of the EOF2–CTP, with its enhanced

northerlies centered over India, convection can be trig-

gered farther to the south over the Indian Ocean. There-

fore, we can infer that positive jet events may lead to

enhanced convection over the western Pacific Ocean,

while negative jet events tend to excite convection over

the Indian Ocean.

5. Tropical convection over the Indian and western
Pacific Oceans

As discussed in the introduction, previous studies

(Cassou 2008; Lin et al. 2009; Lin and Brunet 2011) sug-

gested that there are interactions between tropical con-

vection over the Indian and western Pacific Oceans and

atmospheric circulation over the North Atlantic. Our re-

sults in section 4 suggest that the CTP may be involved in

this interaction. To further test the relationship between

the jet variability and tropical convection, we perform

lagged composites of the jet and CTP indices based on the

IO and WP precipitation indices (see section 2d).

To examine the relationship between tropical convec-

tive precipitation and other quantities, we define WP and

IO events following the same selection criteria as the jet

events (section 2b). The selection procedure resulted in
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39 IO and 43 WP events. Figure 5 shows the lagged

composite map of convective precipitation for the IO and

WP indices. For both sets of composites, the convective

precipitation starts to rapidly increase at lag 25 days.

Figure 5a (at lag 0 days) shows that convective precip-

itation reaches its maximum over the Indian Ocean and is

essentially zero over the western Pacific. This structure

conforms to the definition of the IO spatial pattern (see the

description in section 2d). Similarly, the lag 0 day com-

posites in Fig. 5b display intensified convection over the

western Pacific and very little convection over the Indian

Ocean. The convective precipitation decreases with time

at positive lag days in both composite sets.

a. The jet variability polarity and the convective
precipitation patterns

The relationship between the jet variability and the

precipitation patterns are quantified by compositing

the jet index based on both the IO and WP indices (see

Fig. 6). For the IO index (Fig. 6a), statistically significant

positive values above the 90% and 95% confidence levels

appear between lag 120 and lag 128 days, indicating that

a positive jet event follows an IO event. (For Fig. 6, we

slightly relax the definition of a jet event, as described in

section 2b, and regard a jet event as corresponding to 4 or

more consecutive lag days for which the composite jet

FIG. 5. Composites of convective precipitation (with interannual variability and the seasonal cycle removed) based

on (a) IO and (b) WP. Solid lines represent positive values, and dashed lines represent negative values. Contour

interval is 1.0 3 1023 m. Zero contour is omitted. Monte Carlo method is used to compute statistical significance.

Shading indicates values that are statistically significant above the 95% confidence level.
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index is statistically significant.) Moreover, statistically

significant negative jet index values are observed between

lag 227 and 218 days, indicating that IO events tend to

follow negative jet events. For the WP-based composite,

the opposite features are observed. This finding suggests

that the IO and WP indices are linked to the jet variability

through the following relationships:

d Negative jet events are followed by IO events, and this

in turn leads to positive jet events.
d Positive jet events lead WP events, which are then

followed by negative jet events.

Because there are quality issues with ERA-40 con-

vective precipitation data, we also generate precipita-

tion indices with CMAP winter data for 1980–2002 (the

CMAP data coverage begins in 1979). Because the CMAP

data are available in pentad format, to obtain a daily

version of the data, a MATLAB cubic spline interpo-

lation was used. The IO and WP indices from the CMAP

dataset were generated with the same method as that

for the ERA-40 dataset. The correlations between these

two datasets are 0.80 and 0.77 for the IO and WP indices,

respectively. We illustrate in Figs. 6b and 6c the jet in-

dex composites based on the ERA-40 and the CMAP

precipitation indices. To facilitate a fair comparison,

both sets of composites are constructed for the over-

lapping period of 1980–2002. Although the two compos-

ites are variants in terms of time lags and the amplitude,

both datasets show that IO events follow negative jet

events and lead positive jet events, while the positive

jet events lead WP events, and are then followed by

negative jet events. Therefore, we conclude that the

relationships highlighted by the above bullet points are

likely to be robust.

b. The CTP and the convective precipitation patterns

The relationship between tropical convection and the

CTP is illustrated with lagged composites in Fig. 7. In

the same manner as in Fig. 3, solid lines are indicated in

Fig. 7 to represent features of wave packet propagation.

The ‘‘positive jet’’ and ‘‘negative jet’’ are also labeled

in this figure, based on the results shown in Fig. 6. This

analysis also reveals that the CTP wave pattern is asso-

ciated with both precipitation indices, at positive and

negative lags. For instance, in the WP composite (Fig. 7b),

a statistically significant EOF2–CTP wave pattern is seen

spanning the North Pacific through to the North Atlantic

between lag 218 days and lag 210 days. Then between

lag 114 days and lag 123 days, another CTP wave pat-

tern of opposite sign appears over the same region.

Similarly in Fig. 7a, it can be seen that there are statis-

tically significant fluctuations in the EOF2–CTP wave

pattern associated Indian Ocean convection.

FIG. 6. Lagged composite map of the jet index based on exclusive

convective precipitation indices of ERA-40 data during (a) 1958–

2002 and (b) 1980–2002. (c) Lagged composite map of the jet index

based on exclusive convective precipitation indices of CMAP data

during 1980–2002. See text for details. Solid line represents com-

posite values based on IO, and dashed line represents composite

values based on WP. Asterisks and open circles indicate those

points which are statistically significant above the 95% and 90%

confidence levels, respectively.
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6. Interdecadal variability of the jet index

As discussed in the introduction, the results of Hoerling

et al. (2004) and Selten et al. (2004) link the interdecadal

upward trend in the NAO index to a warming of the

tropical Indian Ocean. Motivated by their results, in this

section we will examine if there is corresponding inter-

decadal trend in the jet index, and if so, 1) whether the

trend results from an increase and/or decrease in the

frequency of intraseasonal positive and/or negative jet

events, respectively, and 2) whether the trend is related

to changes in the frequency of intraseasonal convective

precipitation events as measured by the IO and WP in-

dices. This connection between interdecadal and intra-

seasonal variability is motivated by the findings of Lee

et al. (2011), who find that the interdecadal trend in

both tropical convective precipitation and mid- and high-

latitude upper-tropospheric streamfunction anomalies is

realized through changes in the frequency distribution

of the continuum of intraseasonal convective precipita-

tion and upper-tropospheric streamfunction teleconnec-

tion patterns (see also Johnson et al. 2008; Johnson and

Feldstein 2010; Luo et al. 2007, 2011), each of which

fluctuates at a period of 6–8 days. Figures 8a and 8b show

the original (with the interannual variability retained)

and the intraseasonal (with the interannual variability

removed) jet index time series, respectively. The dashed

lines are the linear trends based on the least squares

fitting. While an upward trend toward the positive po-

larity can be discerned for the original jet index, closely

matching intraseasonal time-scale fluctuations can be

seen in both time series. Using the same selection cri-

teria as described in section 2b, except with the inter-

annual variability retained, we found 17 positive and 19

negative events during 1958–79 (P1), while there were

21 positive and 13 negative events during 1980–2001

FIG. 7. Lagged composite map of the CTP wave pattern indices in EOF1 and EOF2 based on (a) IO and (b) WP.

Both interannual variability and the seasonal cycle have been removed. Abscissa marks the circumglobal wave

packet indices, and the ordinate indicates the time lag. Solid lines denote positive values, and dashed lines denote

negative values. Zero contour is omitted. Shading indicates values that are statistically significant above the 90%

confidence level. Sloping line segments indicate the peak of the circumglobal wave packet indices. Positive jet de-

notes positive jet events, and negative jet denotes negative jet events.
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(P2). (The sensitivity to the choice of years for P1 and

P2 was also evaluated. It was found that if P1 corresponds

to 1958–77 and P2 to 1982–2001, then there are 16 posi-

tive and 17 negative jet events in P1 and 19 positive and

11 negative jet events in P2. If P1 corresponds to 1958–

74 and P2 to 1985–2001, then there are 11 positive and

16 negative jet events in P1 and 17 positive and 10 neg-

ative jet events in P2.) To examine whether the upward

trend in the jet index is in part due to this shift toward

a greater number of positive jet events and a smaller

number of negative jet events in P2, relative to P1, we set

the jet index equal to zero for all jet events and then re-

calculate the linear trend. If we define an event as ex-

tending from lag 215 to lag 115 days, as described in

section 2c, then a 78.2% decrease in the linear trend was

found. If an event is defined by a smaller number of

days—for example, from lag 210 to lag 110 days—then

the decrease in the linear trend is 62.8%. Such results

suggest that the answer to question 1 is yes, that the in-

terdecadal change in the frequency of jet events does

indeed make an important contribution to the inter-

decadal trend of the jet index.

To address question 2, we first calculate the frequency

of IO and WP events in P1 and P2. It is found that in P1

there are 15 IO and 21 WP events and in P2 there are 23

IO and 22 WP events (for the number of years within P1

and P2 to match, the year 2002 is not included in this

calculation; as a result, one IO event within that year is

discarded). This corresponds to a 53.3% increase in the

frequency of IO events and a 4.8% increase in the fre-

quency of WP events. Referring back to Fig. 6, based on

composites of the jet index associated with IO events, it

was shown that negative jet events lead IO events and

positive jet events lag IO events. WP events showed the

opposite characteristics relative to the jet events. Such

calculations focused on the value of the jet index during

intraseasonal convective precipitation events. To in-

vestigate the tropical convection during jet events, we

perform the reverse calculation; that is, we calculate

composites of the IO and WP indices based on positive

and negative jet events (not shown). The results indicate

statistically significant values of the IO and WP indices

above the 95% confidence level prior to positive and

negative jet events, respectively. In contrast, for positive

lags, the IO and WP index values were found to exceed

just the 90% significance level, for a relatively small

number of days. These results indicate that the jet events

are more closely linked with tropical convection that

precedes the events than with tropical convection that

follows the events. As a result, the larger number of

positive jet events in P2 compared to P1 may be in-

terpreted as being caused, in part, by the greater fre-

quency of Indian Ocean convective precipitation events

during the latter period. An interpretation of the smaller

number of negative jet events in P2 is more challeng-

ing, because the frequency of WP events during P2 did

not decline. However, we note that the increase in the

frequency of IO events from P1 to P2 was an order of

magnitude greater that for WP events, and that the ex-

citation of positive jet events by Indian Ocean convec-

tion likely coincides with the suppression of negative jet

events [a reduction in the frequency of negative NAO

events was observed to follow MJO convection over the

Indian Ocean (Cassou 2008; Lin et al. 2009; Vitart and

Molteni 2010)]. Thus, one possible explanation is that the

much greater increase in the number of IO events, rela-

tive to WP events, also accounts for the smaller number

of negative jet events within P2. With regard to the in-

terdecadal upward trend in the jet index, these results

suggest, although at this point no more than speculative,

that an important contribution may be due to an increase

in the frequency of intraseasonal events of tropical Indian

Ocean convection.

7. Summary and conclusions

This study examines jet stream variability over the

North Atlantic during the boreal winter. This variability

is represented by the North Atlantic jet index, which we

defined as the first EOF of the zonal wind on seven dif-

ferent vertical levels over the North Atlantic. When the

jet index is positive (negative), the tropospheric zonal

wind takes on a double (single) jet structure. A pattern

correlation calculation (Fig. 2) indicates that the jet index

more accurately describes the North Atlantic jet vari-

ability than does the NAO index.

We also investigated the relationship between

North Atlantic jet variability and tropical convective

FIG. 8. (a) Original jet index and (b) detrended jet index. Dashed

lines indicate the linear trends of the curves.
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precipitation on intraseasonal time scales. Two indices

were used to measure the intensity of tropical con-

vective precipitation, one for the Indian Ocean (the IO

index), and the other for the western Pacific Ocean

(the WP index). Composites of the jet index, during

intraseasonal convective precipitation events, reveal

the following statistically significant intraseasonal time-

scale relationships:

1) Negative jet events lead the IO events.

2) Positive jet events lag IO events.

3) Positive jet events lead the WP events.

4) Negative jet events lag WP events.

These results are also consistent with the findings of

Cassou (2008) and Lin et al. (2009), who showed similar

lag–lead relationships between the NAO and MJO. It is

important to note that the occurrence of many NAO

events, and presumably jet events too, are likely unrelated

to tropical convection. This viewpoint is implied by the

findings of Cassou (2008) and Lin et al. (2009), who show

that the MJO alters the frequency of NAO events, and

that both positive and negative NAO events do coincide

with MJO events of all phases.

This study shows evidence that the intraseasonal re-

lationships listed above are in part manifested through

the circumglobal teleconnection pattern (CTP) (Branstator

2002). Feldstein and Dayan (2008) later found that the

CTP can be interpreted as corresponding to the time

average of intraseasonal time-scale circumglobal wave

packets. After utilizing CTP indices that indicate the

presence and intensity of the circumglobal wave packets

at different longitudes, it was found that the CTP is in-

volved in all four relationships listed above. More spe-

cifically, relationships 1 and 3 are linked through the

circumglobal wave packet over Asia, and relationships

2 and 4 are connected through the circumglobal wave

packet over the North Pacific and North America. In this

regard, our interpretation of the physical processes that

are responsible for the four relationships listed above is

different from that of Lin et al. (2009), who speculated

that the NAO influences the MJO through its excitation

of westerly wind anomalies over equatorial Africa and

the Indian Ocean.

Our analysis also revealed that the CTP indices are

negative during positive jet events and vice versa. If cold

air surges play a role in exciting the convection over the

two tropical oceans, then this sign pairing is consistent

with the mechanism. In fact, Kiladis and Weickmann

(1992) showed that convection over the equatorial Indian

Ocean is preceded by the presence of wave packets in the

subtropics. Further support for a relation between cold

surges, circumglobal wave packets, and the NAO has

been shown in previous studies. For example, Gong et al.

(2001) and Jeong and Ho (2005) found that East Asian

cold surges overlap with the negative NAO phase, and

Chen et al. (2004) showed that these cold surges are asso-

ciated with wave packets that closely resemble the CTP.

The results of this study also suggest a possible link

between intraseasonal variability in tropical convection

and the interdecadal trend of the North Atlantic jet. It

was first shown that the interdecadal trend in the jet

could be accounted for, to a large extent, by the inter-

decadal change in the frequency of positive and negative

jet events. Then, because relationships 2 and 4 were

found to be particularly robust during jet events, and

since the increase from P1 to P2 in the number of IO

events was much greater than that for WP events, it

was suggested that the large increase in the number of

intraseasonal convective precipitation events over the

Indian Ocean may make an important contribution to

this trend.
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