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ABSTRACT: This investigation performs diagnostic analyses with NCEP/NCAR reanalysis data and Israeli precipitation
data to examine the dynamical processes that drive the teleconnection pattern associated with Israeli winter precipitation
anomalies.

A dipole teleconnection pattern with one centre of action over western Europe and another centre of action over the
eastern Mediterranean (EM) is found to be associated with the winter precipitation anomalies in Israel. This pattern is
referred to as the southern Levant (SL) pattern. The positive (negative) phase of the SL pattern is found to be closely
associated with enhanced (reduced) precipitation in Israel. Composites of the 300 hPa stream-function field show that both
phases of the SL pattern are associated with eastward propagating wave packets that traverse about three-quarters of the
distance across the globe. These wave packets, which have a phase speed that is close to zero, originate over the northeast
Pacific (the east coast of North America) for the positive (negative) SL phase, and propagate eastward across the North
Atlantic, western Europe, the EM, and southern Asia, until they eventually decay over the northwest Pacific. As these wave
packets pass over western Europe and the EM, the SL pattern is triggered and anomalies in Israeli winter precipitation
occur.

The SL pattern is found to have an e-folding time-scale of 4 days, which is determined by the group velocity of the
wave packet. The time-averaged spatial structure of the circumglobal wave packet closely resembles the first empirical
orthogonal function of the hemispheric 300 hPa meridional wind field. This suggests that the circumglobal wave packet
may be a fundamental pattern of variability which is relevant for the entire Northern Hemisphere. Copyright  2008 Royal
Meteorological Society
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1. Introduction

In Israel, at the southern end of the eastern Mediter-
ranean (EM) region, the climate changes rapidly over
a relatively short distance, from a Mediterranean climate
in its north, to a semi-arid climate in its central parts,
to an arid climate in the south. One unique aspect to
the storm systems entering Israel is that they are sig-
nificantly impacted by synoptic-scale systems of both
tropical and extra-tropical origins, that sometimes act in
concert (e.g. Dayan and Abramski, 1983; Dayan et al.,
2001; Kahana et al., 2004; Ziv et al., 2004). Within Israel
and the rest of the EM region, most of the precipitation
takes place during the winter season. During this season,
in the Northern Hemisphere, most precipitation tends to
be associated with large-scale atmospheric processes, i.e.
with spatial scales greater than 1000 km. Because of this
relationship between large spatial scales and precipita-
tion, many of the recent studies of EM precipitation have
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examined the corresponding atmospheric teleconnection
patterns – spatial patterns of the atmospheric flow that
link remote locations across the globe.

The majority of these teleconnection pattern studies
find that the wettest winters in the EM coincide with the
occurrence of a pattern that resembles the positive phase
of the Eastern Atlantic/Western Russia (EA/WR) telecon-
nection pattern of the Climate Prediction Center (CPC)
(Kutiel and Paz, 1998; Eshel and Farrell, 2000, 2001;
Krichak et al., 2000, 2002; Kutiel and Benaroch, 2002;
Kutiel et al., 2002; Paz et al., 2003; Xoplaki et al., 2004;
Krichak and Alpert, 2005; Ziv et al., 2006). (This partic-
ular teleconnection is referred to as the EU2 pattern by
Barnston and Livezey, 1987.) The EA/WR pattern has a
dipole spatial structure, with one extremum centred over
western Europe and the other extremum centred near the
Caspian Sea. Most of these studies find that EM precip-
itation is associated with northerly winds which advect
cool moist air into the region. In contrast, the thorough
studies of Eshel and Farrell (2000, 2001) find that the EM
precipitation coincides with the southwesterly advection
of warm, moist air. Their calculations (Eshel and Farrell,
2001) suggest that enhanced EM precipitation arises from
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an increase in the convective available potential energy
generation due to vertical temperature advection asso-
ciated with the large-scale teleconnection pattern. The
results of Eshel and Farrell (2000, 2001) also suggest
that fluctuations in the North Atlantic Oscillation (NAO)
and EM precipitation are closely related. These results
contrast with the findings of Ben-Gai et al. (2001), who
did not find statistically significant correlations between
the NAO and precipitation in Israel. However, Ben-Gai
et al. (2001) did find statistically significant correlations
between the NAO and temperature and surface pressure
in Israel.

Most teleconnection patterns, such as the NAO, the
Pacific/North American (PNA) pattern, and the EA/WR
pattern, are regionally confined, spanning a range of
longitudes that is usually less than 120 degrees. In
contrast, in an analysis of the Northern Hemisphere
winter, monthly averaged 300 hPa meridional wind field,
Branstator (2002) found that the two leading empirical
orthogonal functions (EOFs) are zonal wavenumber-
5 patterns that extend completely around the globe.
These two wave patterns are in spatial quadrature with
each other, and coincide with the subtropical jet at
most longitudes. He referred to these two EOFs as
circumglobal teleconnection patterns. As discussed in
Branstator (2002), the choice of meridional wind for
the EOF analysis enabled him to find anomalies with
zonal scales that are shorter than those from EOF studies
of stream function or geopotential height. Inspection of
the circumglobal teleconnection pattern (Figure 7b of
Branstator, 2002) shows that it projects strongly onto the
EA/WR teleconnection pattern.

The circumglobal pattern was also found by Watanabe
(2004) and Ding and Wang (2005), who showed that this
particular pattern appears to be excited after those NAO
events which are associated with strong convergence
over the Mediterranean. Watanabe (2004) suggested that
the circumglobal pattern in monthly mean data can be
identified in daily data as corresponding to eastward-
propagating wave packets with a phase speed that is
close to zero. These wave packets extend eastward from
the North Atlantic, across Europe and south Asia, all
the way to the northwest Pacific. Therefore, the results
of Branstator (2002) and Watanabe (2004) allude to
the possibility that EM precipitation may be linked to
circumglobal teleconnections and wave packets.

Each of the above studies on the teleconnection pat-
tern associated with EM precipitation uses either monthly
or seasonal mean data. However, as shown in Feldstein
(2000) and Franzke and Feldstein (2005), most atmo-
spheric teleconnection patterns, such as the NAO, PNA,
and EA/WR patterns, have a decorrelation time-scale (the
time-scale over which the amplitude of the teleconnec-
tion pattern decays by a factor of e) that is between
5 and 10 days. The shortness of the time-scale implies
that the above EM precipitation/teleconnection studies
are examining an average over multiple life cycles of the
teleconnection pattern (Feldstein, 2000, 2002). Although

monthly or seasonal mean data cannot be used to exam-
ine the life cycle of the teleconnection pattern, such time
averages are ideal for reducing the signal-to-noise ratio
and therefore for clearly identifying the teleconnection
pattern associated with the precipitation.

In this study, we will examine the dynamical processes
that account for the growth and decay of the teleconnec-
tion pattern associated with winter precipitation anoma-
lies in Israel. It is important to make a distinction between
the dynamical process that directly drive Israeli precipi-
tation, and those processes that drive the teleconnection
pattern associated with Israeli precipitation. As the focus
of this study is on the teleconnection pattern, and not
the actual precipitation itself, we will not be considering
important aspects of Israeli winter precipitation such as
the advection of moisture, the generation of convective
available potential energy, etc.

In Section 2, the data and diagnostic techniques are
presented. The composite life cycle for both phases of
the teleconnection pattern associated with Israeli winter
precipitation is shown in Section 3. This is followed in
Section 4 by a series of potential temperature maps, and
in Section 5 by a projection analysis of each term in
the stream-function tendency equation. A presentation on
the relationship between Israeli winter precipitation and
circumglobal teleconnections and wave packets is given
in Section 6, followed by the discussion and conclusions
in Section 7.

2. Data and diagnostic techniques

To investigate the dynamics of the teleconnection pattern
associated with Israeli winter precipitation anomalies, we
examine 300 hPa stream function, 300 hPa meridional
wind, sea level pressure (SLP), and potential tempera-
ture at the tropopause (the 2 potential vorticity unit sur-
face (1 PVU = 10−6m2s−1K kg−1). All data are from the
National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanal-
ysis dataset. We examine daily data that cover the years
1958 to 1997 for the winter months of December to
February (DJF). For the 300 hPa stream function, merid-
ional wind, and the SLP fields, the seasonal cycle is
removed at each gridpoint. The seasonal cycle is obtained
by applying a 20-day low-pass digital filter to the calendar
mean for each day. For the 2 PVU potential temperature,
since it is a conserved quantity in the absence of dia-
batic heating, the seasonal cycle is retained. The impact
of tropical convection is briefly evaluated with outgoing
long-wave radiation (OLR) data which are produced by
the National Oceanic and Atmospheric Administration.
The OLR data used spans the years 1979 to 1995.

For this study, we use the same precipitation data
as in Ziv et al. (2006). These precipitation data were
derived from twelve rain-gauges in Israel, four from
scattered locations in northern Israel, and eight others
from sites near Jerusalem in central Israel. The rainfall
data at each station were normalized. In order to deal
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with the non-homogeneous spatial distribution in the data,
the precipitation data were separated into two groups,
one for northern Israel, and the other for central Israel.
The data in each group were then averaged separately,
and the resulting two time series averaged to yield a
single precipitation time series. (Ziv et al., 2006, gives
additional detail.) We use this precipitation data for the
DJF winters within the 1958 to 1997 time period.

In order to determine the spatial structure of the tele-
connection pattern associated with Israeli winter precipi-
tation anomalies, we calculate a composite of the anoma-
lous 300 hPa stream-function field. The dates selected
for these composites are the ten days of largest rain-
fall within the four wettest winter seasons, which are
1992, 1988, 1983 and 1980 (Ziv et al., 2006). We des-
ignate the year by the month of January, e.g. 1992 cor-
responds to December 1991 and January and February
1992. The spatial area of the composite extends from
7.5 °W to 45.0 °E, and from 23.6 °N to 61.9 °N. The result-
ing composite 300 hPa stream-function field is shown in
Figure 1. Although there is a resemblance to the EA/WR
pattern, the positive centre of action is located about 10°

farther eastward, and the negative centre of action is
about 15° farther westward and southward. Because of
these differences, we will refer to the composite pattern
in Figure 1 as the southern Levant (SL) pattern. The term
SL pattern is motivated by Ziv et al. (2006), who discuss
the differences in the characteristics of the precipitation
in the southern part of the EM, the SL region, from those
in the northern part of the EM. (Linear correlations were
also calculated between the daily amplitude time series
for the SL and EA/WR patterns. These time series were
determined from the method described in the next para-
graph. The linear correlation was found to be 0.60. This
value is sufficiently low to provide further support for
the pattern in Figure 1 being distinct from the EA/WR
pattern.)

Figure 1. The composite of the anomalous 300 hPa stream-function
field for the days of largest rainfall during the four wettest winter
seasons. Solid contours are positive, dashed contours negative, and the
zero contour is omitted. The contour interval is 1 × 106m2s−1, and

negative values are shaded.

The daily amplitude time series for the SL pattern
is calculated by projecting the daily 300 hPa stream-
function field onto the SL pattern. This projection is
confined to the domain shown in Figure 1. This projec-
tion P300(t) can be written mathematically as

P300(t) =
∑

j
ψj (λ, θ, t) ψSLj (λ, θ) cos θ∑

j
ψ2

SLj cos θ
, (1)

where ψj is the daily 300 hPa stream-function field at the
j th gridpoint, ψSLj is the SL pattern at the j th gridpoint,
λ is longitude, θ is latitude, and t is time. When P300(t)

is positive (negative), the SL pattern will be referred
to as being in its positive (negative) phase. (The daily
EA/WR time series, mentioned in the above paragraph,
was calculated by projecting the daily 300 hPa stream-
function field onto a composite EA/WR pattern, as in
(1). This composite pattern was based on the monthly
EA/WR time series of the Climate Prediction Center).

The identical procedure was also used to determine
a SLP teleconnection pattern (not shown), and a corre-
sponding daily amplitude time series, PSLP(t). To exam-
ine whether the 300 hPa stream-function pattern or the
SLP pattern is more relevant for winter precipitation
anomalies in Israel, the winter-mean P300(t) and PSLP(t)

were correlated with the winter-mean precipitation time
series for the years from 1958 to 1997. The correlation
for P300(t) was 0.68 and that for PSLP(t) was only 0.47.
This suggests that the large-scale upper tropospheric flow
has a greater impact on Israeli winter precipitation than
does the surface flow. Furthermore, since the correla-
tion involving P300(t) is statistically significant above the
99% confidence level for a two-sided t-test, this value
for the correlation suggests that extremely wet (dry) win-
ters in Israel are likely characterized mostly by positive-
(negative-) phase SL life cycles. Consistently, amongst
the nine wettest winters between 1958 and 1997, seven of
these exhibited a positive winter-mean value for P300(t),
and for the seven driest winters, the winter-mean values
for P300(t) were always negative.

In this study, we examine persistent events associated
with the SL pattern. We follow an approach that is
very similar to that introduced by Horel (1985) and
Mo (1986) and later used to examine NAO and PNA
persistent events (Feldstein, 2002, 2003; Walter and Graf,
2006). We define a persistent event, or a life cycle,
to have occurred when the pattern correlation for the
300 hPa stream-function field remains above a particular
threshold value for three or more consecutive days,
and when the amplitude of the SL pattern exceeds one
standard deviation during the first day of the persistent
event. This three-day value for the minimum number
of consecutive days with large pattern correlations was
chosen to be less than the 4-day decorrelation time-
scale that was found for the SL pattern. Both phases of
the SL pattern are considered. The threshold value for
these pattern correlations is selected to correspond to the
95% confidence level for a one-sided t-test. A zero null
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hypothesis is used. The number of degrees of freedom,
N , is determined from Fisher’s Z-transformation, where
the variance of Z is equal to (N − 3)−1. The domain for
the pattern correlations is the same at that in Figure 1.
To ensure the independence of each persistent event, we
make the additional requirement that all persistent events
must be separated by at least 15 days.

Additional insight into the dynamics of the SL pattern
can be attained by examining each term in the stream-
function tendency equation (Cai and van den Dool, 1994;
Feldstein, 2002, 2003). This equation can be written as

∂ψ

∂t
=

6∑
i=1

ξi + R, (2)

where ψ is the 300 hPa stream function, and the ξi are
defined in the appendix. Very briefly, ξ1 corresponds to
planetary vorticity advection by the anomalies, ξ2 (ξ3)
to relative vorticity advection which involves the inter-
action between the anomalies and the zonally symmetric
(asymmetric) climatological flow, ξ4 to the divergence
term, and ξ5 to the driving by transient eddy vorticity
fluxes. (In contrast to Feldstein (2002, 2003), the eddy
driving is not separated into different frequency bands.)
The quantity ξ6 is the driving due to the tilting term. As
this term is small, it is not further discussed in this study.
The residual, R, is small, indicating that (1) is reasonably
well balanced. Additional detail about this decomposition
of terms can be seen in Feldstein (2002).

3. SL teleconnection pattern life cycle

We first examine lagged-composites of P300(t), the ampli-
tude of the SL pattern. These composites comprise 73
persistent events for the positive phase and 77 persistent

events for the negative phase. As can be seen in Figure 2,
for both phases, the amplitude of the SL pattern under-
goes a rapid life cycle of growth and decay that takes
about 7 days to complete. The maximum amplitude is
attained at lag 0 days, with substantial decay having
occurred by lag +5 days.

We next examine the positive phase composites for the
300 hPa stream-function anomaly field. A range of lags
extending from lag −6 days to lag +9 days is illustrated
(Figure 3). As can be seen, at lag −6 days (Figure 3(a)),
there are two wave trains present, one in the Western
Hemisphere and the other in the Eastern Hemisphere. The
former wave train extends from the subtropical northeast
Pacific, just to the east of the Date Line, eastward
across North America. The latter wave train can be seen
extending from North Africa toward southeast Asia. A
separate composite analysis was performed for the first
and second halves of the dataset. For the former wave
train, similar anomalies were present, and each was again
statistically significant above the 95% confidence level.
In contrast, the latter wave train was not present in both
composites. These results suggest that only the wave
train initially located over the North Pacific and North
America is relevant for periods of enhanced rainfall in
Israel.

For the period from lag −6 to lag −4 days
(Figures 3(a,b)), the North Pacific anomalies exhibit
eastward wave propagation. During the next two days
(Figure 3(c)), the North Pacific anomalies undergo very
little propagation, and they also start to decay. Further-
more, over the same time period, a ridge along the US
east coast and a trough in the central North Atlantic
undergo substantial growth, and farther downstream, the
SL pattern starts to develop. During the following two
days, the ridge along the US east coast rapidly weakens
and the trough in the central North Atlantic attains its

Figure 2. Composite of the amplitude of the SL pattern for (a) the positive phase and (b) the negative phase. The amplitude is normalized by
its standard deviation.
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Figure 3. The composite of the anomalous 300 hPa stream-function field for the positive phase of the SL pattern: (a) lag −6 days, (b) lag
−4 days, (c) lag −2 days, (d) lag 0 days, (e) lag +2 days, (f) lag +4 days, (g) lag +5 days, (h) lag +7 days, and (i) lag +9 days. The contour
interval is 1 × 106m2s−1, solid contours are positive, dashed contours negative, and the zero contour is omitted. Dense (light) stippling indicates

positive (negative) t-values that exceed the 95% confidence level.

maximum amplitude. By lag 0 days (Figure 3(d)), which
corresponds to the beginning of the persistent event, as
defined in the previous section, the ridge over western
Europe and the trough centred over the EM reach their
largest amplitude.

The decay of the SL pattern commences after lag
0 days. By lag +2 days (Figure 3(e)), there is a rapid
decline in the strength of the trough over the central
North Atlantic, as well as a weakening of the ridge and
trough over western Europe and the EM, respectively.
During the same time period, anomalies begin to develop
farther downstream, with the formation of a ridge centred
over Iran and a trough centred over eastern India. By
lag +4 days (Figure 3(f)), the anomalies upstream of
the EM are no longer apparent, and the anomalies
over the EM, Iran, and eastern India have undergone
substantial decay. Also, by lag +4 days, new anomalies
have again formed even farther downstream over eastern
Asia and the North Pacific, almost as far as the Date
Line. These anomalies attain their maximum amplitude

at lag +5 days (Figure 3(g)). Subsequently, there is no
anomaly development farther downstream, and by lag
+9 days (Figure 3(i)), statistically significant anomalies
are no longer apparent.

The stream-function anomalies illustrated in Figure 3
display the characteristics of an eastward-propagating
wave packet that originates in the northeast Pacific and
travels three-quarters of the distance around the globe
until its decay over the northwest Pacific. Inspection of
Figure 3 indicates that over the time interval from lag
−4 days to lag +7 days, the anomalies at the upstream
end of the wave packet continuously weaken while the
anomalies at the downstream end of the wave packet
are always undergoing growth. Such behaviour is typical
of wave packets that have an eastward group velocity
(Simmons and Hoskins, 1979; Orlanski and Katzfey,
1991; Chang, 1993; Chang and Orlanski, 1993; Lee and
Held, 1993; Orlanski and Chang, 1993). One particularly
noticeable feature of the wave packet in Figure 3 is that
the phase velocity is close to zero, since the individual
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anomalies undergo very little movement in the zonal
direction. The occurrence of a near-zero phase speed
is the same feature that was observed by Watanabe
(2004), as discussed in the introduction, for circumglobal
wave packets that are often triggered when the NAO is
decaying.

Perhaps the most striking feature of the wave packet
in Figure 3 is that it traverses about three-fourths of the
North Hemisphere. Such behaviour has been observed
by Lee and Held (1993) and Chang (1993), who have
shown that wave packets often undergo one to two
transits around the entire Northern Hemisphere until they
eventually decay. The results in Figure 3 suggest that
when these globally traversing wave packets pass over
western Europe and the EM, the anomalies within the
wave packet amplify and enhanced precipitation in Israel
takes place.

We next examine composites of the anomalous SLP
field (Figure 4), and ask whether baroclinic processes

account for the amplification of the wave packet over
western Europe and the EM. To address this question,
we look for anomalies that tilt westward with height,
i.e. whether the SLP anomalies in Figure 4 are located
to the east of the 300 hPa stream-function anomalies in
Figure 3. As can be seen, over the interval from lag −2
to lag 0 days, the anomalies of interest do indeed exhibit
a westward tilt with height (compare Figures 3 and 4).
At earlier lags (not shown), farther upstream, the weaker
anomalies over the North Pacific and along the US east
coast also show a westward tilt with height. This indicates
that baroclinic processes contribute toward the growth of
the wave packet and the SL pattern. However, as will be
discussed in Section 5, it is the nonlinear, transient eddy
vorticity fluxes, not baroclinic processes, that dominate
the driving of the SL pattern.

An interesting feature in the SLP field occurs after
the wave packet passes the EM. For example, at lag
+4 days (Figure 4(d)), when the wave packet extends

Figure 4. The composite of the anomalous sea level pressure field for the positive phase of the SL pattern: (a) lag −2 days, (b) lag −1 days,
(c) lag 0 days, and (d) lag +4 days. The contour interval is 1 × 102N m−2, solid contours are positive, dashed contours negative, and the zero

contour is omitted. Dense (light) stippling indicates positive (negative) t-values that exceed the 95% confidence level.
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across much of Asia, the corresponding SLP anomaly
pattern is weaker and much less coherent. This suggests
that once the wave packet passes the EM, it becomes
confined to the upper troposphere, and that baroclinic
processes no longer contribute to the maintenance of the
wave packet anomalies.

An important question to address is what process ini-
tiates the wave packet over the North Pacific. Amongst
the various possibilities, we evaluate (1) local baroclinic
wave growth, (2) the excitation by tropical convection,
and (3) the excitation of the wave packet by pre-existing
disturbances in the upper troposphere, such as the rem-
nants of breaking synoptic-scale waves. If the wave
packet is triggered by local baroclinic wave growth, the
individual eddies within the wave packet must tilt west-
ward with height, i.e. the SLP anomalies over the North
Pacific must be located to the east of the correspond-
ing 300 hPa stream-function anomalies. As noted above,
this is indeed the case. Furthermore, the 300 hPa stream-
function anomalies are meridionally elongated (this is
most apparent in Figure 3(b)), which is a feature of

baroclinically growing, synoptic-scale eddies (Hoskins
et al., 1983). With regard to tropical convection, its role
was evaluated by calculating composites of anomalous
OLR. A strong and coherent signal in the composite
OLR field was not observed. To investigate whether pre-
existing, upper-tropospheric disturbances excite the wave
packet, composites of the anomalous transient eddy vor-
ticity flux divergence (the term ξ5 in (2)) were projected
onto the composite 300 hPa stream-function field for the
time interval from lag −8 to lag −4 days, the time period
when the wave packet is developing. This projection was
performed for the midlatitude northeast Pacific and North
America. The projections were found to be small. These
results suggest that the wave packet may be excited by
local baroclinic wave growth, however further research is
necessary in order to more fully support this contention.

We also briefly examine the negative phase composites
for the 300 hPa stream-function anomaly field (Figure 5).
As can be seen, eastward-propagating wave packets with
near-zero phase speeds are again present. However, in
contrast to the positive phase, the wave packets originate

Figure 5. As Figure 3, but for the negative phase of the SL pattern: (a) lag −4 days, (b) lag −2 days, (c) lag 0 days, and (d) lag +6 days.
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off the east coast of North America (Figure 5(a)). These
wave packets also propagate across much of the globe,
amplifying over western Europe and the EM, and decay-
ing over the northwest Pacific.

4. Potential temperature maps

We next examine potential temperature fields on the
2 PVU surface (the tropopause) for both the positive
and the negative SL phases. To help focus on the
amplification of particular troughs and ridges, the values
of potential temperature that are below 320 K are shaded.
For the positive SL phase, a large-amplitude ridge first
forms over western Europe Figures 6(a,b), followed by
the development of a trough that extends southward into
the EM (Figures 6(b,c)). This trough/ridge pair rapidly
decays over the following two days (Figure 6(d)). Similar
behaviour is observed for the negative SL phase (not
shown), except that a weak trough forms over western
Europe and a weak ridge over the EM.

One particular feature in Figure 6 that distinguishes
the SL pattern from the NAO pattern is the absence
of wave breaking. Benedict et al. (2004) and Franzke
et al. (2004) presented results showing that both phases
of the NAO pattern arise from the breaking of eastward-
propagating synoptic-scale waves. It is the remnants of
this wave breaking that comprise the NAO teleconnection
(Figures 3 and 5 of Benedict et al., 2004). Another
marked difference between the SL and NAO patterns, as
indicated in these maps, is that the parcel displacements
associated with the SL pattern are much smaller than
those for the NAO (compare with Figures 3 and 5 of
Benedict et al., 2004). This alludes to the weaker role
played by nonlinear processes.

These results suggest that the SL pattern is funda-
mentally different from the more prominent NAO and
PNA patterns. Rather than being quasi-stationary fea-
tures that arise from wave breaking (Martius et al., 2007,
have also shown that the PNA develops from synoptic-
scale wave breaking), the SL pattern can be understood

Figure 6. The composite 2 PVU potential temperature field for the positive SL phase at (a) lag −3 days, (b) lag −1 days, (c) lag +1 days, and
(d) lag +3 days. Shading denotes values less than 320 K.

Copyright  2008 Royal Meteorological Society Q. J. R. Meteorol. Soc. 134: 455–467 (2008)
DOI: 10.1002/qj



TELECONNECTIONS AND ISRAELI WINTER PRECIPITATION 463

as corresponding to anomalies that form as eastward-
propagating wave packets pass through western Europe
and the EM with a phase velocity that is close to zero.
The time-scales of the NAO, PNA, and SL teleconnection
patterns are related to these differences in their dynamical
processes. The time-scales of the NAO and PNA likely
depend upon the wave breaking and mixing, whereas the
time-scale for the SL pattern appears to depend upon the
group velocity of the wave packet.

5. Projections

We next examine the role of each term in (2) during
the SL pattern life cycle by projecting each of the ξi on
the right-hand side (rhs) of (2) onto ψMj , the anomalous
stream-function pattern at lag 0 days (Figure 3(d)). This
is the lag at which P300(t) attains its maximum value
(Figure 2). As discussed in Feldstein (2003), the projec-
tion for each ξi can be written as

Pi =
∑
j

ξij (λ, θ, t)ψMj (λ, θ) cos θ. (3)

In order to derive the relationship between PM(t), the
amplitude of the ψMj pattern, and each ξi on the rhs of
(2), we first express the anomalous stream-function field,
ψ , as

ψ(λ, θ, t) = PM(t) ψMj (λ, θ) + ψ ′(λ, θ, t). (4)

If we specify PM(t) to take on the form

PM(t) =

∑
j

ψ(λ, θ, t) ψMj (λ, θ) cos θ

∑
j

ψ2
Mj cos θ

, (5)

ψMj becomes orthogonal to ψ ′. Neglecting the residual,
R, in (2) then yields (Feldstein, 2003)

dPM(t)

dt
=

∑6

i=1
Pi∑

j
ψ2

SLj cos θ
. (6)

Therefore, the projections in (3) represent the influence
of the individual ξi on the time rate of change of
PM(t). (Calculations were also performed for projections
on the composite pattern in Figure 1. The results were
very similar to those for ψMj . This indicates that the
projections in (6), to be shown below, can also be
understood as influencing the time rate of change of
P300(t).) In this section, since the results for the two
phases were found to be very similar, only the findings
for the positive SL phase are presented.

We first examine the projection of the sum of ξ1

to ξ5 on the rhs of (2) with that of the projection by
the stream-function tendency term on the left-hand side
of (2) (Figure 7(a)). The difference between these two
projections is a measure of the degree to which these
terms balance each other. The terms being excluded
in Figure 7(a) are the tilting term and the residual, R,
which arises from neglecting processes such as frictional
dissipation, errors due to interpolation from sigma onto
the 300 hPa pressure surface, and the use of centred time-
differencing with a one-day time step, instead of the time
stepping in the reanalysis model. As can be seen, at most
lags the balance is reasonably good.

Figure 7(b) illustrates the projection of the sum of
the ξ1, ξ2, and ξ3 terms, the linear advection terms in
(2), together with ξ5, the driving of the SL pattern by
the nonlinear transient eddy vorticity fluxes. As can be
seen, the contribution by the nonlinear transient eddies
toward the SL pattern growth is substantial. However,
the transient eddy fluxes contribute very little to the SL

Figure 7. Projections for the positive SL phase of the following combinations of terms onto ψMj : (a) rhs of (2) with the residual neglected (solid
line), and ∂ψ/∂t (dashed line); (b)

∑3
i=1 ξi (solid line), and ξ5 (dashed line). The ordinate has been divided by 5 × 106s−1. The various ξi are

defined in the Appendix.
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pattern decay. This finding suggests that the decay is
caused primarily by linear dispersion.

To obtain further insight into the dynamical processes
associated with the projection calculation, we also exam-
ined the spatial structure of various combinations of
terms on the rhs of (2) at lag −1 days, a time when the
SL pattern is growing (not shown). The main findings
were that the sum of ξ1, ξ2, and ξ3 (the linear vorticity
advection terms) contributes to eastward phase propaga-
tion, the divergence term, ξ4, suppresses this propaga-
tion (although this term does have a negative projection
onto the SL pattern), and the driving by the transient
eddy fluxes, ξ5, causes the amplification of the central
North Atlantic and western European anomalies, but not
the anomaly over the EM. The negative projection by
ξ4 indicates that the driving of the SL pattern by the
transient eddy fluxes dominates that due to baroclinic
processes (Section 3). This is because the transient eddy
fluxes, which make a positive projection onto the SL pat-
tern (Figure 7(b)), will induce horizontal divergence (The
horizontal divergence corresponds to the secondary cir-
culation induced by the transient eddy driving (Feldstein,
2002, 2003), which maintains thermal wind balance.) that
projects negatively onto the SL pattern, whereas baro-
clinic growth alone would result in a positive projec-
tion of the divergence term onto the SL pattern (Holton,
2004). Therefore, nonlinear processes appear to play an
essential role in enhancing the amount and intensity of
precipitation, as they amplify the wave packet prior to its
arrival over Israel.

6. Circumglobal teleconnections and wave packets

As discussed in the introduction, Branstator (2002) found
that the first two EOFs of the monthly mean 300 hPa
meridional wind field for the winter season are circum-
global patterns, extending completely around the globe.
There is a particular feature of one of these circumglobal
patterns which suggests a possible linkage to the wave
trains associated with Israeli precipitation. This is that,
as will be shown below, one of the circumglobal tele-
connection patterns strongly projects onto both the SL
pattern and the wave packet anomalies that are observed
both upstream and downstream of Israel.

In order to establish this linkage between the circum-
global patterns and the wave packets associated with
Israeli winter precipitation anomalies, we first calculate
the EOFs of the 300 hPa meridional wind, following the
methodology of Branstator (2002). The first two EOFs,
which closely resemble those of Branstator (2002), are
illustrated in Figures 8(a,b). The first EOF comprises
13.1% of the variance and the second EOF 9.1% of
the variance. These two EOFs, which resemble zonal
wavenumber-five disturbances, are in spatial quadrature
with each other at most longitudes. As can be seen,
the anomalies take on the form of either a zonally ori-
ented chain or an arching pattern that includes meridional
propagation. Branstator (2002) showed that the former

anomalies coincide with the local time-mean jet maxima,
particularly over the south Asian jet, and the latter anoma-
lies are located where the time-mean jet is relatively
weak. He attributed the zonally oriented anomaly pattern
as arising from the latitudinal confinement, or trapping,
that arises from the waveguiding effect (Hoskins and
Ambrizzi, 1993) of strong jets, and the arching anomaly
pattern to Rossby wave dispersion that occurs in the
absence of strong jets (e.g. Hoskins and Karoly, 1981;
Branstator, 1983). As discussed by Branstator (2002),
since a strong jet extends across the majority of lon-
gitudes, it is the trapping of the anomalies by the jet
which suppresses meridional dispersion and thus enables
the teleconnection pattern to span all longitudes across
the globe.

The comparison between the two circumglobal tele-
connection patterns and the wave packets is performed
by first calculating the composite 300 hPa meridional
wind, and then by taking a time average of these com-
posite fields for the time interval between lag −6 and
lag +9 days. These time-averaged meridional wind com-
posites are illustrated in Figures 8(c,d) for the positive
and negative phases, respectively. (Note that since the
meridional wind field tends to be in quadrature with
the stream-function field, the patterns in Figures 8(c,d)
should be in quadrature with those in Figures 3 and 5.)
As can be seen, the two time-averaged patterns closely
resemble the first circumglobal teleconnection pattern
(Figure 8(a)). To quantify this similarity between the
time-averaged patterns and the first circumglobal pat-
tern, new time series are generated by projecting the
daily 300 hPa meridional wind field onto the spatial pat-
terns in Figures 8(c,d). These time series are then linearly
correlated with the principal component time series of
EOF1. For the positive SL phase a correlation of 0.83 is
found, and for the negative phase the correlation is −0.72.
The corresponding linear correlation with the principal
component time series of EOF2 gave values close to
zero for both phases. These results show that the first
circumglobal teleconnection pattern can be understood
as corresponding to a time average of the eastward-
propagating wave packet that is associated with Israeli
precipitation anomalies. As discussed in the introduction,
this relationship between the circumglobal teleconnec-
tion pattern and eastward-propagating wave packets, with
a near-zero phase speed, was suggested by Watanabe
(2004) for those wave packets that often arise after NAO
events.

These results allude to a more general relationship
between the circumglobal teleconnection patterns and
wave packets, even though these findings are based on
winter precipitation in Israel. Since the two circumglobal
patterns are spatially orthogonal, a linear combination
of the two circumglobal patterns can correspond to the
time average of eastward-propagating circumglobal wave
packets that have any longitudinal phase, and a phase
velocity that is close to zero. However, to be more
definitive, a similar composite analysis would need to
be performed for other locations along the path travelled
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Figure 8. (a) EOF1 and (b) EOF2 of the nondivergent 300 hPa meridional wind. The fractional variance of the two EOFs is shown in each
frame. The time average from lag −6 to lag +9 days of the composite anomalous nondivergent 300 hPa meridional wind for (c) the positive SL
phase and (d) the negative SL phase. The contour interval in (a) and (b) is arbitrary, and the contour interval in (c) and (d) is 0.35 m s−1 and
0.50 m s−1, respectively. Solid contours are positive, dashed contours negative, and the zero contour is omitted. Dense (light) stippling indicates

positive (negative) values. The stippling is applied above the second contour.

by the wave packet. An interesting observation from
Figure 8 is that it is EOF1 that extensively overlaps with
the SL pattern (Figure 1), rather than some combination
of EOF1 and EOF2. We do not have an explanation for
this interesting behaviour.

This linkage between the wave packets and the circum-
global teleconnection patterns suggests that a fundamen-
tal pattern of variability exists within the Northern Hemi-
sphere that takes on the form of eastward-propagating
circumglobal wave packets that have a phase speed that
is close to zero. Furthermore, since nonlinear processes
are important only over the northeast Atlantic and western
Europe, the circumglobal wave packet should be seen as
a global pattern that is modified locally. The dynamical
mechanisms that account for the geographical location,
spatial structure, and global extent of the circumglobal

wave packet are likely to be the same as those described
by Branstator (2002) for the circumglobal teleconnec-
tion patterns. With regard to Israeli winter precipitation,
this perspective implies that when the circumglobal wave
packet crosses western Europe and the EM, if the phase
of the wave packet matches that in Figure 8(a), there will
be enhanced rainfall, and if the phase of the wave packet
is opposite in sign, there will be a dry episode. This
relationship between Israeli winter precipitation and the
circumglobal wave packet, which is observed about one
week prior to the onset of the precipitation, alludes to the
possibility that the SL pattern may have some predictive
potential for precipitation in Israel. In fact, in a recent
series of calculations, Samuels et al. (personal commu-
nication) investigated the predictability of Israeli winter
precipitation with a non-homogeneous hidden Markov
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model that incorporated the time series for the amplitude
of the SL pattern. They found a marked improvement in
Israeli precipitation forecasts, in particular the forecasts
of the amount of rainfall, three-day wet spells, and the
transition probabilities.

The above results also suggest that the SL pattern
should not be seen as being regionally confined, as is
usually understood to be the case for the NAO and PNA
patterns. Rather, this pattern can instead be seen as being
part of a circumglobal wave packet. The SL pattern is
excited when the circumglobal wave packet passes over
western Europe and the EM.

7. Discussion and conclusions

This study examines the large-scale dynamical processes
associated with Israeli precipitation anomalies during the
winter season. Daily precipitation data from northern
and central Israel are used. The primary finding of this
study is that both wet and dry episodes in Israel are
associated with the eastward propagation of circumglobal
wave packets that have a phase speed that is close to
zero. This circumglobal wave packet is initiated over the
northeast Pacific for the positive phase, and over the east
coast North America for the negative phase. It propagates
eastward about three-quarters of the distance across the
globe before decaying over the northwest Pacific. When
the wave packet passes over western Europe and the EM,
a dipole stream-function anomaly pattern is triggered,
with one anomaly over western Europe and another
anomaly over the EM. This particular pattern was referred
to as the southern Levant (SL) pattern, with its positive
(negative) phase corresponding to enhanced (reduced)
precipitation in Israel.

The results of this study suggest that the SL pattern can
also be understood as corresponding to anomalies that
are excited when the circumglobal wave packet passes
over western Europe and the EM. A calculation of the
decorrelation time-scale found values of 4 days for the
SL pattern. Because of this link between the SL pattern
and the circumglobal wave packet, the results of this
study suggest that the time-scale of the SL pattern is
determined by the group velocity of the wave packet.
This contrasts with the NAO and PNA teleconnection
patterns, which have 8- and 10-day decorrelation time-
scales, respectively (Feldstein, 2000). The longer time-
scales for the NAO and PNA patterns can be attributed
to wave breaking (Benedict et al., (2004); Franzke et al.,
(2004), which was absent for the SL pattern.

The circumglobal wave packets were found to be
closely related to the circumglobal teleconnection pat-
terns of Branstator (2002), as the time average of the
wave packet showed a close correspondence to one of
the circumglobal teleconnection patterns. This behaviour
suggests that the results of this study may have broader
implications that extend beyond Israel, as they allude to
the possibility that eastward-propagating wave packets
that span the entire globe, with a phase velocity close to

zero, are a fundamental form of variability in the atmo-
sphere. This question as to whether or not circumglobal
wave packets are a fundamental pattern of variability can
be tested by performing an analysis similar to that done
for the present study, with base points selected for var-
ious geographical locations over which the wave packet
passes. Since our study and that of Watanabe (2004)
both find well-organized wave packets that extend east-
ward along a path from Europe across Asia to the North
Pacific, it would seem that a good starting point for such
an investigation would be to search for wave packets
at different locations along this path. Additional insight
into the dynamics of the circumglobal wave packets could
also be gained by an investigation with idealized numer-
ical models. For example, by varying the strength of the
tropical heating and the associated subtropical jet, as in
Son and Lee (2005, 2006), one could examine the back-
ground flow conditions under which circumglobal wave
packets form.

The circumglobal wave packet may also influence
precipitation over western Europe. For example, when
the phase of the circumglobal wave packet resembles
the pattern shown in Figure 5 (Figure 3), there may
be an increase (decrease) in precipitation over western
Europe (Krichak et al., 2000, 2002). Similarly, when the
anomalies in the wave packet are in quadrature with
those in Figures 3 and 5, there may be other locations,
such as the central Mediterranean, that could be strongly
influenced by the circumglobal wave packet.

An important issue for Israeli climate is interannual
variability in precipitation. It was found that most of the
extremely wet or extremely dry winters in Israel coincide
with positive or negative values, respectively, in the
winter-mean amplitude of the SL pattern. This suggests
that during wet (dry) winters in Israel, the majority of
circumglobal wave packets that pass over Israel have the
appropriate phase for enhanced (reduced) precipitation.
This is a topic that is planned for in future research.
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Appendix

The individual terms in the stream-function tendency
equation are written as

ξ1 = ∇−2
(
−v

a

df

dθ

)
;
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ξ2 = ∇−2 (−[v] · ∇ζ − v · ∇[ζ ]
) ;

ξ3 = ∇−2 (−v∗ · ∇ζ − v · ∇ζ ∗) ;
ξ4 = ∇−2 (−(f + ζ )∇ · v − ζ∇ · v

) ;
ξ5 = ∇−2 (−vr · ∇ζ ) + ∇−2 {−∇ · (vdζ )} ;
ξ6 = ∇−2 {−k · ∇ × (ω ∂v/∂p)}

+ ∇−2 {−k · ∇ × (ω ∂v/∂p)}
+ ∇−2 {−k · ∇ × (ω ∂v/∂p)}
+ ∇−2 {−k · ∇ × (ω ∂v/∂p)}
+ ∇−2{−k · ∇ × (ω

′
∂v

′
/∂p)},

where ψ is the stream function, ζ the relative vorticity,
v the horizontal wind vector, v the meridional wind
component, ω the vertical wind component, a the Earth’s
radius, f the Coriolis parameter, and θ is latitude. The
subscripts ‘r’ and ‘d’ denote the rotational and divergent
components of the horizontal wind, respectively. An
overbar denotes the time-mean, and deviations from the
time-mean are indicated by a prime. Zonal averages are
represented by square brackets, and deviations from the
zonal average by an asterisk.
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