
13C.4 THE IMPACT OF TROPICAL CYCLONES ON MIDLATITUDE ROSSBY WAVE PACKETS:
A CLIMATOLOGICAL PERSPECTIVE

Julian F. Quinting∗

Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany
Sarah C. Jones

Deutscher Wetterdienst, Offenbach, Germany

1. INTRODUCTION

Tropical cyclones (TCs) that recurve and undergo extra-
tropical transition (ET) (Jones et al., 2003) interact with
the midlatitude flow and may modify the extratropical
flow pattern in a number of different ways. Recent ide-
alized studies and case studies have shown that this
modification can be associated with the amplification or
excitation of Rossby waves (Riemer and Jones, 2010;
Cordeira and Bosart, 2010; Grams et al., 2011). The
dispersion of these Rossby waves into downstream re-
gions has the ability to cause high-impact weather events
such as surface cyclogenesis (Agusti-Panareda et al.,
2004; Cordeira and Bosart, 2010), cold-air outbreaks (Ar-
chambault et al., 2007) and severe precipitation (Martius
et al., 2008; Grams et al., 2011). Hence, it is of major
interest to investigate the amplification and excitation of
Rossby waves as it is an important mechanism by which
ET events impact the weather patterns in downstream re-
gions.

Archambault et al. (2013) investigated the interac-
tion between recurving western North Pacific TCs and the
midlatitude flow from a climatological perspective for the
first time. They stated that such TCs tend to be associ-
ated with an amplification of the North Pacific meridional
flow pattern. We follow up this statement by investigat-
ing the relation between the ET of TCs and the modifica-
tion of Rossby wave packet (RWP) occurrence frequency
and amplitude for three ocean basins from a climatologi-
cal perspective. Composite maps of eddy kinetic energy
budgets are used to investigate key physical processes in
cases with and without RWP amplification.

2. DATASET AND METHODOLOGY

In this study, we focus on western North Pacific and South
Indian Ocean TCs that recurved and that were desig-
nated as extratropical in the period June to November
1980-2010 and December to April 1980-2010, respec-
tively. Six hourly TC positions and the ET-time were re-
trieved from the IBTrACS database (Knapp et al., 2010).
Our RWP identification and analysis of atmospheric fields
is based on the European Center for Medium-Range
Weather Forecasts (ECMWF) Reanalysis dataset ERA-
interim (Dee et al., 2011).
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RWPs were identified by applying a Hilbert transform
filtering technique to the meridional wind (Zimin et al.,
2003). The filtering technique eliminates the phase vari-
ation in longitude so that the northerly and southerly
components of the meridional wind do not cancel out
in a composite view. In a comparison of various tech-
niques diagnosing Rossby wave trains, Glatt et al. (2011)
stated that a key advantage of the Hilbert transform fil-
tering technique is that once certain thresholds have
been chosen large data sets can be screened automat-
ically. Based on this technique, Glatt and Wirth (2013)
presented a climatology of Rossby wave trains over the
Northern Hemisphere and tested the sensitivity of the
technique to the choice of various parameters.

By applying the filtering technique to the meridional
wind at 250 hPa along each latitude circle from the equa-
tor to the pole we extracted the envelope of the synoptic-
scale meridional wind (zonal wavenumber 5 to 15). By
concatenating the one-dimensional envelopes for each
latitude circle, we obtain the RWP envelope over an entire
hemisphere. Afterward, we clip the envelope at a thresh-
old value to identify the RWPs as single objects (Glatt
and Wirth, 2013). Finally, we perform a meridional aver-
age between 20◦ and 80◦N/S to construct a Hovmöller of
the envelope of the meridional wind for consecutive time
intervals.

We applied the filtering technique in six-hourly time
intervals from seven days prior to ten days after all ET
events and created for each TC a Hovmöller diagram as
described above. Finally, we made a Hovmöller compos-
ite centered on the ET-time of the TCs. In the following,
we investigate the mean RWP occurrence frequency F
and the mean RWP amplitude Ê defined as

F =
1

Nc
∑
c

Mc
i,j and Ê =

∑c Ec
i,j

∑c Mc
i,j

. (1)

Nc denotes the number of cases, Mc
i,j is a mask at the grid

point i, j in the Hovmöller diagram for case c that is set
to 1 if the envelope Ec

i,j > 0. We determined the sta-
tistical significance of the results via a Monte-Carlo ap-
proach by creating 1000 random Hovmöller composites
of the RWP occurrence frequency and amplitude. Finally,
we defined those values of the ET relative composite as
statistically significant that either exceed or fall below the
upper and lower 5% percentiles of the Monte-Carlo com-
posites. The ET relative composites of synoptic scale
RWP occurrence frequency and amplitude are compared
to the climatological mean.



3. CLIMATOLOGY OF ROSSBY WAVE PACKETS
DOWNSTREAM OF ET EVENTS

3.1 Western North Pacific ET events

The RWP occurrence frequency is enhanced significantly
downstream of the ET events in the ET relative compos-
ite (Fig. 1a). The occurrence frequency exceeds the cli-
matological mean by 15% over the western North Pa-
cific already one day prior to ET. We suggest that this
early increase of the RWP occurrence frequency is as-
sociated with an approaching trough from upstream and
an amplification of the downstream ridge by the outflow
of the transitioning TC. The extension of the statistically
significant signal in eastward directions with time indi-
cates downstream Rossby wave dispersion. Maximum
anomalies in RWP occurrence frequency occur shortly af-
ter ET-time. The occurrence frequency in the ET relative
composite exceeds the climatological value by more than
20% along 180◦E. This maximum is most probably as-
sociated with the development of a downstream trough.
From one day to five days after ET, a statistically signif-
icant enhancement of the RWP occurrence frequency is
seen over western and central North America. At some
locations the occurrence frequency exceeds the climato-
logical mean by about 10%. The statistical significance
and the difference to the climatological mean decrease
rapidly along 80◦W about five days after the ET events.
These results indicate that the impact of TCs on RWPs
is limited, in a statistical sense, to the North Pacific and
North America. However, it should be noted that cases
might exist where the impact of transitioning TCs reaches
hemispheric scales.

The RWP amplitude in the ET relative composite is
amplified significantly from the Central Pacific to western
North America (Fig. 1b). The strongest amplification of
more than 1.8 m s−1 occurs between 180◦ and 150◦W
one day after the ET events. This amplification is most
likely associated with the development of a downstream
trough. The fact that we do not see a strengthening of the
RWP amplitude before ET, as we observe it for the RWP
occurrence frequency, suggests that the TCs interact with
RWPs that are not extraordinarily strong but which are
strongly amplified during ET. The difference between the
RWP amplitude in the ET relative composite and the cli-
matological mean decreases considerably three days af-
ter ET. We suppose that the decrease of the Rossby wave
envelope is associated with Rossby wave breaking and
the dispersion of kinetic energy.

3.2 South Indian Ocean ET events

We applied the same method to all ET events over the
western South Indian Ocean in the period 1980 to 2010.
The RWP occurrence frequency is significantly amplified
by 12 to 15% downstream of the ET events over the
South Indian Ocean (Fig. 2a). However, the observed
signal is not as strong as for the western North Pacific
TCs (Fig. 1a). The RWP occurrence frequency starts to
increase significantly one day prior to ET in the vicinity
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FIG. 1: Anomaly of RWP occurrence frequency [%] (a)
and RWP amplitude [m s−1] (b) from June to November
climatology for western North Pacific TCs. Values that
are statistically significant at the 95% confidence level are
hatched. Black horizontal bar marks the range of longi-
tudes of TCs at ET-time. White circle marks the mean
longitude of all TCs at ET-time. 280 cases were used.

of the ET events. The statistically significant signal per-
sists for three days and decreases over Australia. A fur-
ther only partially statistically significant increase in RWP
occurrence frequency can be observed over the western
South Pacific later. The RWP occurrence frequency is en-
hanced by 6 to 12% compared to the climatological value
two to four days after the ET events.

The RWP amplitude enhancement is as strong as
over the western North Pacific. It is amplified by more
than 1.8 m s−1 between 90◦ to 150◦E from one to five
days after the ET events (Fig. 2b). A second region
with an amplified RWP amplitude can be found between
150◦E to 150◦W from three to seven days after ET. The
amplification of the RWP amplitude and an increase in
occurrence frequency in this region indicates the devel-
opment of a further downstream trough over the west-
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FIG. 2: As in Fig. 1 for anomaly from December to April
climatology for the western South Indian Ocean TCs. 114
cases were used.

ern South Pacific after ET events. The decrease of the
RWP amplitude and occurrence frequency over eastern
Australia three days after ET is indicative of Rossby wave
breaking.

3.3 North Atlantic ET events

RWP occurrence frequency and amplitude do not in-
crease statistically significant downstream of North At-
lantic ET events (not shown). Since the climatological
RWP occurrence frequency and amplitude are high over
the western North Atlantic, ET events in this region do
not impact RWP in a statistical sense. We suggest that
most of the TCs interact with RWPs emerging from North
America without triggering new RWPs. Nevertheless,
case studies have highlighted the impact of northern At-
lantic TCs on the midlatitude flow (e. g. Agusti-Panareda
et al., 2004; Grams et al., 2011). This indicates that TCs
in this region are able to modify RWPs but that modifica-
tions do not differ significantly from the general variability.

4. COMPOSITE ANALYSIS OF CASES WITH AND
WITHOUT ROSSBY WAVE DEVELOPMENT

4.1 Identification of cases

We identified cases with and without downstream Rossby
wave development after the western North Pacific ET
events. By doing so, we are able to make a classifica-
tion based on the downstream flow response indepen-
dently of the structure of the TC. This type of classifica-
tion complements the study by Archambault et al. (2013)
who distinguished between two scenarios based on a TC-
midlatitude flow interaction metric.

In order to distinguish between the two cases we
generated a mask. This mask is defined by the 90% con-
fidence level of the Monte-Carlo approach between 90◦E
to 140◦W and from two days prior to three days after ET.
Afterward, we determined the area in this mask that ex-
hibits a RWP amplitude greater than zero for each case.
The quintiles of cases that fill the largest/smallest area of
the mask are in the following defined as Rossby wave
case (RW case)/no Rossby wave case (noRW case).
Each quintile consists of 56 ET events.

A precursor Rossby wave emanates from the Asian
continent in the RW case (Fig. 3a). About three days prior
to the ET event a weak ridge exists over eastern Asia at
90◦E. It is followed by a downstream trough with its axis
located about 15◦W of the approaching TC at ET-time.
The TC itself is collocated with the eastern flank of this
trough which is strongly amplified prior to ET-time. This
amplification indicates the interaction between the tran-
sitioning TC and the midlatitude flow. A typical Rossby
wave train pattern develops downstream of the ET events.
It can be traced to central North America. The Rossby
wave train signal decreases about three days after the
ET events over that region. In the cases without a Rossby
wave development a precursor wave train can not be ob-
served (Fig. 3b). A weak ridge starts to develop between
120◦ and 150◦E about two days prior to ET. It reaches its
peak intensity at ET-time which suggests that the ET sys-
tem acts as a local source of eddy kinetic energy leading
to an amplification of the meridional wind. However, the
ridge vanishes already two days after ET and a further
downstream development can not be observed.

The observed pattern suggests that a precursor
Rossby wave emanating from the Asian continent favors
the conditions for a Rossby wave development over the
North Pacific after ET events. However, the existence of
a precursor Rossby wave does not necessarily result in a
strong downstream development. Several previous stud-
ies showed that the downstream flow amplification also
strongly depends on the phasing between the transition-
ing TC and the midlatitude flow.

4.2 Composite analysis of Eddy Kinetic Energy Bud-
gets

Recent studies have shown that TCs may act as an addi-
tional eddy-kinetic-energy (Ke) source to the midlatitude
flow (Harr and Dea, 2009; Keller et al., 2014; Keller and
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FIG. 3: Meridional wind for zonal wave number 5 to 15
at 250 hPa averaged between 20◦ and 80◦N centered on
mean TC position at ET-time. RW case (a) and noRW
case (b). Black horizontal bar marks the range of longi-
tudes of TCs at ET-time. White circle marks the mean
longitude of all TCs at ET-time.

Grams, 2014). To investigate a possible impact of the
TCs on the wave amplification in the RW cases, we cal-
culated a Ke-budget composite centered on the mean
TC position and compared this to a Ke-budget compos-
ite for the noRW cases. According to Orlanski and Shel-
don (1995), the energy budget is divided into the sum of
a time mean part (subscript m) and a perturbation part.
The mean is defined as a 30-day running mean centered
around each best track time step of the individual TCs.
The time tendency of Ke = 1

2 |v|
2 is defined in pressure

coordinates as

∂Ke

∂t
=− (v · ∇pφ)− [∇p · (VKe)]− ∂(ωKe)

∂p
− v · (v · ∇pVm) + Residue

(2)

φ denotes the geopotential height perturbation and ∇p

the horizontal gradient operator. The second and third
term on the right-hand side (RHS) of (2) are the horizontal

and vertical divergence of the Ke fluxes. The fourth term
on the RHS defines the barotropic generation of Ke. The
first term on the RHS of (2) represents the generation of
Ke and is defined as

−v · ∇pφ = −∇p · (vφ)a − ωα−
∂(ωφ)
∂p

(3)

The first term on the RHS in (3) is the ageostrophic (sub-
script a) geopotential flux divergence and describes the
dispersion of kinetic energy. The second term represents
the baroclinic conversion from available eddy potential
energy to Ke. The last term is the vertical flux divergence
which is negligible since we consider vertical integrals be-
tween 1000 and 100 hPa.

Three centers of Ke exist in the RW case composite
24 hours prior to ET (Fig. 4a). The first Ke center is as-
sociated with the transitioning TC at 32◦N and 138◦E. A
second Ke center is located on the eastern flank of the up-
stream trough and a third Ke center exists in downstream
regions. In the noRW case, a weak midlatitude Ke center
develops to the northeast of the TC (Fig. 4b) in the crest
of the weak downstream ridge.

The baroclinic conversion from potential into Ke ex-
hibits remarkable differences between the two scenar-
ios. In the noRW case the baroclinic conversion ex-
hibits largest values to the north and northeast of the
TC (Fig. 4b). In the RW case the baroclinic conver-
sion is much stronger and extends over a broader region
(Fig. 4a). This indicates strong lifting of warm air masses
in the vicinity of the TC and north of it along the baroclinic
zone.

In both scenarios, divergence of the ageostrophic
geopotential flux compensates the baroclinic conversion
term (Fig. 4c, 4d). Strong divergence of the ageostrophic
geopotential flux indicates the dispersion of baroclin-
ically produced Ke into the midlatitudes in both sce-
narios. In the noRW case, weak convergence of the
ageostrophic geopotential flux in the crest of the weak
downstream ridge indicates accumulation of Ke (Fig. 4d).
The ageostrophic geopotential flux vectors suggest that
the ageostrophic geopotential flux convergence results
from the merging of the subtropical and polar jet to
the north of the TC. Much stronger convergence of the
ageostrophic geopotential flux can be found in the RW
case (Fig. 4c). A convergence of the ageostrophic flow
between the upstream trough and the TC outflow leads
to a strong accumulation of Ke. This results primarily
in an amplification of the meridional flow in the western
flank of the downstream ridge. This stands in contrast to
the noRW cases where the accumulation of Ke through
ageostrophic geopotential flux convergence amplifies the
flow in the crest of the ridge. A further amplification of
the meridional flow component can be found downstream
in the RW case where convergence of the ageostrophic
geopotential fluxes leads to accumulation of Ke in the
flank of the developing midlatitude trough.
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FIG. 4: Composite maps of Ke budget terms centered on the mean TC position for the RW case (a, c) and the
noRW case (b, d) one day prior to ET-time. (a, b) vertically averaged Ke (shaded, 105 J m−2), 200 hPa geopotential
heights (contours, 2000 m2 s−2 intervals, thick black line illustrates 118000 m2 s−2 isoline) and vertically averaged Ke

generation resulting from baroclinic conversion (contours, contour interval 8 W m−2). (c, d) as in (a, b), but for the
vertically averaged Ke resulting from geopotential flux convergence, ageostrophic geopotential flux vectors (reference
vector in lower right, 106 W m−1).

5. SUMMARY

This study presents a climatological investigation of the
impact of TCs on midlatitude RWPs. We identified RWPs
that occurred from seven days before to ten days after the
ET events in three ocean basins during the period 1980
to 2010. We identified RWPs via the Hilbert transform
of the meridional wind at 250 hPa (Zimin et al., 2003).
This method enabled us to identify RWPs as objects so
that we could determine their occurrence frequency and
amplitude.

We found a statistically significant increase in RWP
amplitude and occurrence frequency associated with ET
events over the western North Pacific (Fig. 1). In the ET
relative composite, the RWP occurrence frequency ex-
ceeds the climatological mean by up to 20% between
120◦E and 80◦W from one day prior to four days after the
ET events. The strongest anomaly occurs over the cen-
tral North Pacific. But even over North America the RWP
occurrence frequency exceeds the climatological mean
by more than 12%. The statistically significant RWP am-
plitude increases by up to 2 m s−1 between 160◦E and
110 ◦W from ET-time to four days after ET. The observed
amplification of the meridional flow is consistent with re-
sults of Archambault et al. (2013) who found an increase
of the North Pacific flow pattern downstream of ET.

South Indian Ocean TCs that undergo ET have a sta-
tistically significant impact on RWPs, also (Fig. 2). How-
ever, the deviations from the climatological mean are not

as strong as over the western North Pacific. The RWP
occurrence frequency exceeds the climatological mean
by up to 15% between 60◦ and 130◦E from one day prior
to ET to two days after ET. The strongest anomaly oc-
curs over the eastern South Indian Ocean about one day
after ET. Over the same region, the RWP amplitude is
enhanced considerably by up to 2 m s−1.

In order to identify synoptic conditions and physical
processes that favor the development of RWPs down-
stream of ET events we investigated the downstream re-
sponse to western North Pacific ET events in a compos-
ite view. Therefore, we determined the strength of the
Rossby wave signal downstream of each TC. We chose
the upper and lower quintile of all ET events to be repre-
sentative of cases with and without downstream Rossby
wave development. A Hovmöller diagram of the merid-
ional wind suggests that a precursor Rossby wave that
emerges from the Asian continent favors the conditions
for a Rossby wave train downstream of the ET events
(Fig. 3). The precursor Rossby wave is strongly amplified
during the interaction with the TC and disperses over the
North Pacific toward North America. These results coin-
cide with findings of Riemer and Jones (2010). They con-
cluded that the leading edge of a developing baroclinic
wave represents an optimal location where an ET system
can impact the downstream flow most significantly.

We created composite maps of Ke budget terms for
the RW and noRW cases to assess the impact of the TCs
on the wave amplification. Ke that is generated through

5



baroclinic conversion in the vicinity of the transitioning
TCs, is dispersed via divergence of the ageostrophic
geopotential flux (Fig. 4). Strong ageostrophic geopo-
tential flux convergence contributes to the development
of a primary midlatitude Ke center on the eastern flank
of the trough upstream of the TC in the RW cases. The
accumulation of Ke results from the convergence of the
midlatitude flow and the TC outflow. This convergence
indicates that the TC provides additional Ke to the mid-
latitude flow and contributes to the Rossby wave ampli-
fication. Once a midlatitude Ke center has developed,
Ke is dispersed through div- and converging ageostrophic
geopotential fluxes into downstream regions where it con-
tributes to the formation of further Ke centers in the flanks
of the developing troughs and ridges. These findings co-
incide with results from Harr et al. (2000), Harr and Dea
(2009) and Keller et al. (2014). In the noRW cases the
ageostrophic geopotential flux convergence between the
TC outflow and the midlatitude flow associated with the
upstream trough does not occur. Therefore, a Ke cen-
ter does not develop in the eastern flank of the upstream
trough. Instead, convergence of ageostrophic fluxes due
to the merging of the split jet leads to an accumulation of
Ke in the crest of the downstream ridge. This accumula-
tion leads to the acceleration of the midlatitude jet but not
to an amplification of the RWPs.
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