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ABSTRACT

Based on 25-year (1987-2011) tropical cyclone (TC) besktdata, a statistical study was carried out to investigate t
basic features of upper-tropospheric TC—environmentaet®ns over the western North Pacific. Interaction wasneefi
as the absolute value of eddy momentum flux convergence (Ex¢@eding 10 ms! d~1. Based on this definition, it was
found that 18% of all six-hourly TC samples experiencedratBon. Extreme interaction cases showed that EFC cahreac
~120 m s1 d~1 during the extratropical-cyclone (EC) stage, an order amitade larger than reported in previous studies.
Composite analysis showed that positive interactionslzaeacterized by a double-jet flow pattern, rather than tuditional
trough pattern, because it is the jets that bring in large &£61@ the upper-level environment to the TC center. The rotb®
outflow jet is also enhanced by relatively low inertial stitypias compared to the inflow jet. Among several environtakn
factors, it was found that extremely large EFC is usuallyoagganied by high inertial stability, low SST and strong szt
wind shear (VWS). Thus, the positive effect of EFC is camzblyy their negative effects. Only those samples during the
EC stage, whose intensities were less dependent on VWS arghtterlying SST, could survive in extremely large EFC
environments, or even re-intensify. For classical TCs {m¢he EC stage), it was found that environments with a mddera
EFC value generally below25 m s d~1 are more favorable for a TC's intensification than those wittremely large
EFC.
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1. Introduction It has long been known that upper-tropospheric environ-
mental flow is an important factor that could modulate the

Track and intensity forecasts are two major concerns
. . : .~ Intensity change of a TC. Two reasons are proposed, based
in tropical cyclone (TC) research. Particular emphasis has

been placed on the former of these two aspects, leadin X S;vg;ger—alafggg)ba_lrz;r;c:r(sfIiESBzh\;(;rtﬁ]xtLhee(l)er (elf“t?ssg_n'
a substantial increase in the skill of TC track prediction. , WYer, : ’ PP P

. . . . . R here, a TC does not retain its axisymmetric structure and
Meanwhile, TC intensity forecasts have received virtual ()ﬁ : . N
s environmental asymmetric forcing is generally steng

2]? ilr:?epr:gxel?(?rg:;es'?;kﬁlm 3Vnhlij§|1’ izsogov)v.ig;s :::%%n?egiglc an that of the middle or lower troposphere (e.g., Pfeffier a
y : Y P halla, 1981). The second is that the inertial stabilityhia t

(e.g., Elsberry et al., 1992; Fitzpatrick, 1997; DeMaria € . : .
al., 2007; Montgomery and Smith, 2014; Smith and Mont.PPer layer, representm_g the reS|stanc_e of th_e vorteymxis
N ; ’ X etric response to environmental forcings, is much weaker

gomery, .2015)’ means that greater effort should be put 'qrﬂoan that in the middle or lower layers (e.g., Holland and-Mer
researching TC intensity.

rill, 1984). Therefore, upper-level asymmetric forcingdl w

excite larger vortex responses, which could easily peteetra

* Corresponding author: Yu-Kun QIAN into the core region and thus result in TC'’s intensity change
Email: gianyk@mail3.sysu.edu.cn This phenomenon is also termed as upper-level environment—
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TC interaction. tic. DeMaria et al. (1993) investigated the relation betwee
A large number of interaction cases have been reportetensity change and 200-hPa EFC with 3-yr records of At-
in the literature, such as Hurricanes (or Tropical StormBntic hurricanes. They found that about 1/3 of the TCs inten
Dorothy (1966) (Erickson, 1967), Elena (1985) (Molinardlansified just after the enhanced EFC. The reason for TCs not in
\ollaro, 1989), Danny (1985) (Molinari et al., 1998), Flotensifying was mostly increased vertical wind shear (VWS).
rence (1988) (Rodgers et al., 1991; Shi et al., 1997), Opdénley et al. (2001) also examined TC—-trough interaction,
(1995) (Rodgers et al., 1998; Bosart et al., 2000), Bertbat using 12-yr records of Atlantic hurricanes and the com-
(1996) (Hanley, 2002) and Gabrielle (2001) (Molinari et alposite technique. After excluding records that were ovét co
2006), over the Atlantic basin; Typhoons (or Tropical Steymwater or close to land, they separated the interaction svent
Flo (1990) (Wu and Cheng, 1999), Gene (1990) (Wu anuto four composites. Their results showed that 78% of su-
Cheng, 1999), Winnie (1997) (Li et al., 2006), Olga (1999)erposition and 61% of distant interaction cases deepened.
(Yu and Kwon, 2005), Prapiroon (2000) (Yu and KwonAlthough these results confirm that interaction favors TC in
2005) and Haima (2004) (Qian et al., 2011), over the westdansification in a statistical sense, to identify whethenoir
North Pacific basin; as well as Tropical Cyclone Dora (200@)particular trough interaction is conducive to TC intexsi
(Leroux et al., 2013) over the southwest Indian Ocean. Thdgm is still not straightforward (Hanley et al., 2001; Lero
cases also show that intensification induced by upper-leetlal., 2013). Besides, these two studies ignored the role of
environments can be found in all stages of TCs, such as trapper-level inertial stability, emphasized in a numbertbko
ical depression formation (Bracken and Bosart, 2000).-trogtudies (e.g., Holland and Merrill, 1984; Rappin et al., P01
ical depression (Bosart and Bartlo, 1991) or tropical storm Since the comprehensive work of Hoskins et al. (1985),
(Shi et al., 1997; Molinari et al., 1998) to hurricane transthe perspective of isentropic potential vorticity (PV) hegn
tion, rapid intensification to a category 5 hurricane (Bbear introduced for viewing dynamical processes in the atmo-
al., 2000) or supertyphoon (Titley and Elsberry, 2000), arspphere. The PV perspective is not only applicable to TC mo-
tropical storm (Qian et al., 2011) or typhoon (Li et al., 2D0&ion (e.g., Wu and Wang, 2000; Chan et al., 2002; Choi et
to extratropical cyclone transition. al., 2013), but also to TC intensity change (e.g., Molinari e
Early case studies (e.g., Erickson, 1967) identified inteat., 1998). Molinari et al. (1998, 1995) also applied the PV
action visually from weather maps, by observing an uppgrerspective to interaction cases, in which interactioradtba
level westerly trough approaching a TC. Thus, such interadewed as an upper-level synoptic PV anomaly (the environ-
tion is also termed TC—trough interaction (e.g., Kimballlanment) interacting with a lower-level mesoscale PV anomaly
Evans, 2002; Yu and Kwon, 2005). Later, a typical case, Hythe TC). From such a perspective, although interaction is
ricane Elena (1985), was studied at length by Molinari aradearly and effectively shown as a superposition of two PV
colleagues (Molinari and Vollaro, 1989, 1990; Molinari eanomalies, there is no quantitative way of identifying vitest
al., 1995). In this case, they adopted the SEB vortex modeferaction has occurred. Therefore, the EFC diagnostic is
to diagnose the relationship between eddy fluxes and Elenasre frequently used than the PV perspective.
intensity change and found that 200-hPa eddy angular mo- To date, statistical studies in this field have been rela-
mentum flux convergence (EFC) significantly increased as twely less common—especially for the western North Pa-
upper-level trough swept over Elena’s northern part. Froaific, where TCs are most active compared with other basins.
then on, the EFC value, which can be computed quantifBherefore, the climatology of TC—upper-level-flow interac
tively and objectively, has been commonly used as a diagné@iens and its possible impact on TC intensity over this basin
tic for identifying TC—trough interaction, although theleo remain unclear. Before addressing the “good trough/bad
of EFC in TC intensification was also explored in pioneetrough” issue, we should first carry out a preliminary but
ing works (e.g., Sundqvist, 1970; Challa and Pfeffer, 198B1orough study to reveal more basic features of upper-
Pfeffer and Challa, 1981) that used idealized models. level environment-TC interactions, especially for theteas
Environmental EFC larger than a certain value is usualjorth Pacific basin. For example: What are the characteris-
adopted to identify whether interaction has occurred (e.¢jics of upper-level flow patterns during interactions, desi
Molinari et al., 2006; Chen et al., 2015). Although manthe well-known trough signature? What is the relationship
of the above cases underwent intensification when they lmetween the upper-level environmental factor and othgelar
teracted with upper-level flow using the EFC criterion, theiscale factors (e.g., SST and VWS) in controlling TC intgnsit
were also weakened or decayed cases (e.g., Lewis and deer this basin? What is the nature of inertial stabilityidgr
gensen, 1978). Therefore, interaction with upper-leveldlo interactions? The present paper aims to address thesesaspec
does not guarantee TC intensification. In order to verify th®y examining 25-yr TC records and revealing statisticalcha
effect of upper-level flow on TC intensity, statistical studacteristics of upper-tropospheric environment-TC irdéoa
ies are also carried out. Merrill (1988a, b) systematicallyver the western North Pacific.
investigated a large sample of observed outflow-layer wind Section 2 describes the data and method. Section 3
data near Atlantic hurricanes. The common features of theesents the climatology of interactions. Section 4 dbseri
upper-tropospheric flow pattern for intensifying and northe characteristics of upper-level flow patterns. The ifat
intensifying hurricanes were summarized, using a rotateship between environmental factors and TC intensity change
coordinate composite technique rather than the EFC diagnfmdlows in section 5, and conclusions are given in section 6.
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2. Data and method 1990; Qian et al., 2011). However, when EFC becomes large,
other factors may come into play.
One of the important factors concerning a TC's interac-
The TC “best track” data over the western North Pacifigon with upper-level environmental flow, besides EFC, &s th
were obtained from the Regional Specialized Meteorologitertial stability, usually defined in the SEB theory (eRgp-
cal Centre (RSMC), Tokyo. Given that aircraft reconnaigin et al., 2011) as
sance of TCs in this basin terminated in 1987, making obser-
vations of TCs thereafter completely dependent on satellit | =7, <f i §/> @)
retrieval (Martin and Gray, 1993), for consistency, onlyada ’
after 1987 were used. Specifically, 25 years of data, from
1987 to 2011, including six-hourly TC positions, near-eentin which the azimuthal-averaged absolute vortidgyis de-
maximum surface wind speed, and minimum sea level présied as
sure, were chosen for the present study. > .5 =
ERA-Interim (Dee et al., 2011) data were employed to Ga=f+i=1+ ar +F ’ 3)
gﬁ:f;ggég?;; gpgéﬁggtigtﬁgggrt-)lz\r;:;cgsrl\c/)ifrgr?r:grtlt(]bes'(l? Where is relative vorticity andf is planetary vorticity. No-

have been demonstrated in a number of studies (Molinari e{r'chF that the factor of f +2v/r) also appears in the momen-

) L um forcing functions [e.g., Molinari and Vollaro, 1990;ese
Vpllaro, 1990; Molinari et "?"-' 17992)' In the present StUdthe first term on the rhs of their Eq. (2)]. When simultane-
six-hourly pres_sure—level wind fields, as well as SST data, 8usly taking into account the forcing effect of momentum
a 15" x 15" grid, were used. source and the resistance effect of inertial stability, fiwe
22 Method tor of (f +2v/r_) can be gliminated. Therefore,_the_axisym—

) ) . ) metric outflow is proportional to a forcing function in terms
~In order to identify uppe_r—level enqunment_—TQ interacof EFC [rather than EFC multiplied byf + 2v/r)] and in-
tions, EFC was computed in storm-relative cylindrical €00(ersely proportional to the inertial stability, proxied @y

dinates. The cylindrical coordinates contained 36 gridhén (rather thanl). In the SEB theory, it is generally required

azimuthal direction, with 10intervals and 28 grids in the {4t the azimuthal-averaged absolute vortitﬁ_§y> 0 (iner-

radial direction with 0.3 intervals (about 33.3 km). Lali- 5| stable). Smalleda indicates less resistance to the en-
tude/longitude gridded data were interpolated to the dyin \i.onmental forcing (e.g., EFC) and a larger radial extent

cal gridded data using & 16-neighbouring-point bicubigpol ot the yortex response (e.g., Holland and Merrill, 1984).
nomial. EFC was calculated following Molinari and VoIIarqn the present study, the absolute vorticify before az-

2.1. Datadescription

ov v

(1990): imuthal averaging was used to represent localized inertial
_ 10 s stability:
EFC=— 55 r2UV (1)
. . 1ovr 10u
wherev andu are the tangential and radial components of the a=F+{=1+ Tar tax) (4)

storm-relative wind vector (i.e., after subtracting thant-
ﬁnon veIomtg/ O';Ca TC frorr;]the fUItl) Wllnd r:/ecto.r), |shtrl1e wherel is the azimuth.
Istance to the center, the overbaris the azimutha mean, gasides EFC and inertial stability, two other environmen-

and the prime is the deviation from the mean. Consistent with} . .tors ST and VWS. were also computed in cylindri-
prewoustsftudgség.g.,ga:jrllleyl\(ﬂet ?I" 2_00%1)’\/”"? unltlsgcg;necal coordinates for each six-hourly TC record. According
surementor ISm - Molinari and Vollaro ( ) to Molinari and Vollaro (1993), VWS is defined as the dif-

shpwed that the errors of EFC calculated in the inner ragl o ce petween the 200- and 850-hPa wind vector averaged
(within 300 km) may exceed 40%. EFC evaluated at lar%thin 500 km from the TC's center:

radii is more reliable; however, it may not have an immediate
impact on TC intensity. Therefore, the present study used a
radial average from 300 to 600 km to identify TC—upper-flow VWS = \/[<u>200— (Wesol” + [(V)200— (V)esd? - (5)
interactions, following Hanley et al. (2001).

According to the SEB theory, within a slowly evolving X
TC, the TC’s axisymmetric secondary circulation is |arge®verag|ng:
balanced by several forcings, including EFC. This implies i3
that if other forcings are not important, larger EFC will re- (A) = ,_Jl Ajsing; ,
sult in a stronger response of the TC'’s secondary circuiatio z};JO sinB; i<
If the strength of the TC’s secondary circulation is posiyv
correlated with its intensity, which is generally true,tane where 8j = 0.3j is the radial angle, in degrees (interval of
may expect a simple rule that larger EFC is more likely to er-33.3 km), andj is the radial grid index, starting frody to
hance the outflow and thus intensify the TC (e.g., Challa addJy = 0 andJ = 15 are used for averaging within 500 km.
Pfeffer, 1980; Pfeffer and Challa, 1981; Molinariand Vodla Similarly, SST is also averaged within 500 km.

In this definition, the angled brackets indicate area-weidgh
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3. Climatology of upper-tropospheric TC— verifies that interaction can occur at any stage of develop-
environment interaction ment. We can also see that, although the proportion of EC

o samples is least, almost 60% of them experience interaction
3.1. Characteristics of the dataset with upper-level flows. This ratio is significantly largesathn

The “best track” dataset from the RSMC used in the réer the other three types, showing that EC samples are more
sent study contains 628 TCs. Records at 0000, 0600, 12i@@ly to interact with upper-level flow, while it is relatly
and 1800 UTC were chosen, yielding 21 685 six-hourly samare to see interaction in the other three types.
ples, including tropical depressions (TD), tropical sterm
(TS), typhoons (TY), and extratropical cyclones (EC). 8ind3-2. Spatial distribution
the interaction could occur atany stage of a TC (Hanley gtal. The spatial distribution of interaction samples over the
2001), keeping all these records yields more samples fer rejestern North Pacific is shown in Fig. 3a. The southwest to
able statistics. TC intensity change is defined as the f@wa{ortheast orientation of the distribution from the Soutfir@h
difference of sea-level minimum central pressure (SLP) i.&e4 to the Bering Sea suggests that interactions genecally o
Ap(t) = p(t +At) — p(t) whereAt = 6 h. Negative (positive) cyr after a TC's recurvature to the northeast. The maximum
pressure change means intensification (weakening), and zggquency of occurrence of 0.5 per year per grid can be found
means no change. around Japan. The interaction active regions are withif{25

Firstly, the 200-hPa EFC averaged within the 300—6%0,\]' 125-165E), with two peaks at about 38 and 40N
km radial band_ for_ all _21 685 samples was calcqlated. F_ingqg_ 3b), and 13%E and 151E (Fig. 3c), respectively. These
1 shows the distribution of the results. Following previoyggyts indicate that most interactions occur when TCs move
studies (e.g., DeMaria et al., 1993; Hanley et al., 2001), #fio the midlatitudes, right under the influence of uppeele
EFC value of 10 m's" d % is usually defined for identifying westerlies, but before dissipating. Notice that there fifle s
?nteractions. In the present study, interaction is defirigpi S many interaction samples (434) south of BQover both the
ilarly, but an EFC value above 10 m’sd™* means positive north South China Sea and east of the Philippines. More
interaction, while EFC below-10 m s d~! means nega- than 609% (276) are during the genesis or development stages

tive interaction. According to this definition, about 17.0% (pefore reaching their peak intensities) when interaction
the samples experience interaction: 3.7% negative andd.4.9.crs.

positive. The proportion of positive interaction (14.0%) i

smaller than that~23%) over the Atlantic basin, as shown

by Hanley et al. (2001). More positive than negative samplds Characteristics of upper-level flow patterns

over the_ western North PaC|f|g basn_w, vyhu_:h is quite S|_m|lar during interaction

to the situation over the Atlantic basin, indicates that aipo

tive EFC environment is more favorable for the maintenance Previous studies (e.g., Hanley et al., 2001) have already

of TCs than a negative one. However, a larger EFC valigientified the most common upper-level flow, i.e., a westerly

does not guarantee a greater number (or larger proportionjrough pattern during interaction. Therefore, the intéoac

intensifying samples, as can be seen from Fig. 1. is also named TC-trough interaction. However, EFC is an
Figure 2 shows the percentage of different TC types, iabstract index and EFC larger than a certain threshold does

cluding TDs, TSs, TYs and ECs, as identified by the RSM®@ot necessarily mean the flow would be characterized by a

The TS and TY samples account for 37% and 25% of thesterly trough. There could be other types of flow patterns

total, respectively, resulting in 62% of samples being canowith different synoptic signatures, although they may be re

ical tropical cyclones (i.e., TSs and TYs). Besides, 26% tfted more or less to a “V”-shaped trough in the vicinity of a

samples are TDs and 12% are ECs. Each sample type hd€aSummarizing these features of the flow pattern will help

proportion that interacts with upper-level flows. This desuto identify interactions using upper-level wind fields anly

m Intensifying = No change = Weakening
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Fig. 1. Distribution of 200-hPa EFC averaged over a 300—-600 km sadibere
were 21 685 samples in total from 1987 to 2011.
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the basic information of three negative and three positive e
treme interaction samples. The three negative samples have
EFC values of about 70 m s'1 d~1. The three positive in-
teractions show EFC values larger than 120 Thd& 1, al-
most twice that of the negative interactions in magnitudes T
identified extreme positive EFC values are much larger than
those reported previously in the literature [eg40 m st

d~1, as shown by Wu and Cheng (1999)]. Except for TC
Andy (1989), which was in the TS stage, the other five sam-
ples were all in the EC stage. Low SST and large VWS are
their common environmental features. It is noticeable that
the negative extreme interaction samples could undergo fill
ing (Ap > 0), while the positive ones could intensify further.
Since these interaction samples were mainly in the EC stage,
their intensity (i.e., minimum SLP) may not have depended as
strongly on SST and VWS as it would in the TS or TY stages,
for example. Extremely large positive EFC from upper-level
flows would possibly have been responsible for their intensi

Fig. 2. Distributions of different TC types. There were 21 685 fication.

samples in total and 3890 interaction samples from 1987 to

2011.

4.1. Extremeinteraction

Figure 4 shows the 200-hPa flows for three extreme neg-
ative interaction samples (Figs. 4a—c) and three positive s
ples (Figs. 4d—f). All six samples show that extreme EFC is
associated with upper-level westerly troughs. For extreme

Firstly, extreme interactions (extremely large magnitid@egative interaction, TCs are right under the influence of
of EFC) from 1987 to 2011 were identified. Table 1 detailsorthwesterly wind upstream of the trough axes and tend to

Distribution of interaction
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Fig. 3. (a) Spatial (interval: 0.05 per square grid per year; 9-psinoothing operator applied), (b) latitudinal and (c)
longitudinal distributions of the interaction samplesfra987 to 2011. The plots are on &1x 0.5° grid.
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Table 1. TC samples of extreme interactions. Environmental SST aiMB\are averaged within 500 km and EFC is averaged within the
300-600 km radial band.

Name Type Time(UTC) SSTPC) VWS(ms?1) EFC(msid1) Z,(10°s1) Pmin(hPa)Ap(hPa)

Negative extreme Andy TS 120024 Apr 1989 23.3 29.3 —736 6.5 992 2
Ewiniar EC 180020 Aug 2000 21.1 26.9 —66.9 8.7 1004 4
Nalgae EC 0600 27 Jul 2005 154 28.4 —70.1 10.8 1006 0

Positive extreme  Nelson EC 0600 10 Oct 1988 12.7 43.6 121.0 9 8. 980 -8
Forrest EC 1800 29 Oct 1989 11.6 34.1 116.7 12.7 956 -4
Shanshan EC 1800 24 Sep 2000 14.5 14.1 133.9 12.0 956 0
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dissipate. In contrast, the three positive interactiorsesa nant flow type, the trough pattern, should be most frequently
(Figs. 4d—f) were under the influence of southwesterly wiridentified, in accordance with previous studies. Thirdlf d
ahead of the troughs axis and retained a relatively higH le¥erent TCs may locate at different latitudes. Thus, tradii
of intensity compared to the negative cases (Table 1). Expemposite analysis using the latitude—longitude griddediw
riencing extremely large EFC, these TC samples were modibid at different latitudes may be compromised by the prob-
close to westerly jet streams (shaded areas in Fig. 4), or elem of the meridian converging at high latitudes, and thus
inside the jet core regions. Although strong wind speed dslurring some flow features. Taking this into account, adi th
sociated with the jets exerted large asymmetric forcing theomposites were performed in cylindrical coordinates on a
resulted in large EFC, it also brought strong VWS to the TGphere with respect to their origins (i.e., the TCs’ centers
(Table 1). In such a strongly sheared environment, TCs can- Table 2 lists the statistics of the eight composites and Fig.
not maintain their typical structure and usually undergair 5 shows the corresponding composite flow patterns as well as
sition into ECs. localized EFC. Local EFC is defined similar to Eq. (1), ex-
cept that no azimuthal average is taken so that the local EFC
is also a function of azimuth. Not surprisingly, the soutktve
According to the SEB theory, positive (negative) interacomposite contains 1359 samples, which is almost half of all
tion would transport cyclonic (anticyclonic) angular mame positive interaction samples (Table 2), indicating thassl-
tum from the upper-level environment to TCs and enhancal positive interactions usually occur right under thetleu
(reduce) their outflows. Due to its possible effects on T@esterly wind between a westerly trough and a ridge (Fig.
intensification, previous studies have tended to concentr&h). Two westerly jets (black bold arrows) locate southwest
on positive interaction. Following this line, we focused oand northeast of the TC'’s center, respectively, and the TC's
upper-level flow patterns of all positive interaction saegpl axisymmetric outflow tends to enhance the northeast outflow
To extract the characteristics of the flow pattern from adarget but weaken the southwest inflow one. The southwest jet
number of samples, the composite technique was used. ixtports cyclonic eddy angular momentum to the TC, while
though the composite may smooth out some important chtite northeast jet exports anticyclonic eddy angular momen-
acteristics of individual TCs, it emphasizes the signattiiat tum from the TC. Both jets result in positive EFC channels
repeatedly appear. (red areas), so that the 300—600 km radial band has thetarges
There were several considerations regarding the comean EFC value (26.9 nm'$ d-1) among the eight com-
posite procedure. Firstly, as EFC is computed using storpssites. The west composite (Fig. 5a), containing 983 sam-
relative wind (i.e., the translation speed of the TC is sulples, shows a strong westerly jet crossing the TC'’s center. A
tracted), it would be more meaningful to examine the storramaller amplitude of the synoptic disturbance also indisat
relative wind pattern. Secondly, to reduce the smoothing eimaller curvature of the flow and larger wind speeds, as com-
fect of the composite technique and to obtain more flow patared to the southwest composite. The south composite has
terns, the samples were divided into eight groups accotding323 samples, which is the third highest among the eight com-
the storm-relative wind directions averaged within 500 Km @osites. The corresponding flow pattern (Fig. 5g) is simtdar
TCs. Itis worth noting that different synoptic patterns dr d that of the southwest composite, except that the trougheto th
ferent positions of troughs will be somehow smoothed in theest of the TC center intensifies with its bottom extending to
composite. However, there is no best way to group individule south of the TC. The wind near the TC center is a uniform
samples into different flow patterns, and different comggosisoutherly, but weaker compared to that of the southwest com-
criteria would also suffer from the same problem. The presegosite, leading to a relatively weak mean VWS (15.1)s
choice was shown to be effective in the sense of keeping fidut still retaining a large value of mean EFC (24.8Thd™1).
features in the regions near the TC center and minimizing thbe whole pattern resembles an “S”. This “S”"-shaped flow
blurring effect not too far from TCs. Besides, the most domiras been reported to favor the intensification process of TCs

4.2. All positive interaction

Table 2. Characteristics of the eight composites for all positiieriaction samples. Composites were selected accordirg taveraged
200-hPa wind direction within 500 km of TCs. Note that the m&STs were computed using samples that were over the ocezsm M
SST and VWS are averaged within 500 km and the mean EFC art@lrstability {3 are averaged over the 300—600 km radial bands.

No. Intensifying Nochange Weakening Mean SST Mean VWS M&g@ E Meanda
Wind direction  of samples (%) (%) (%) °C) (msh (ms1ld1l @ods?
West 926 29.5 41.4 29.2 20.9 21.4 26.0 8.7
Northwest 210 37.1 47.1 15.7 25.1 13.3 19.9 7.7
North 86 34.9 44.2 20.9 27.8 8.4 15.6 7.2
Northeast 69 40.2 36.2 21.7 28.7 10.0 14.6 6.8
East 17 11.8 76.5 11.8 28.4 11.3 13.2 6.4
Southeast 44 11.4 47.7 40.9 24.3 9.8 16.0 9.7
South 329 18.8 37.7 43.5 21.1 15.1 24.8 10.4

Southwest 1359 214 375 41.1 20.2 20.1 26.9 9.7
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during the extratropical transition stage (Qian et al., )01 smaller part that is less stable. As can be seen from Fig. 6,
However, from the statistical point of view, only 18.8% othe roles of the two jets are different in terms of inertialsk
the samples intensified and more than 43% of the samplesitiebecause the outflow jet is roughly within the less indistia
cayed. The northwest composite (Fig. 5b), which is the leagable region while the inflow jet is inside the more stable re
among those composites (southwest, west, south and nogdilen. Given roughly the same environmental EFC forcing,
west) related to westerlies, contains only 204 samples. Tihe contribution of the outflow jet to the TC’s axisymmet-
flow features are quite similar, except that the inflow jettshi ric secondary circulation is more significant than that @f th
to the northwest and the outflow jet shifts to the southeast.inflow jet due to weaker inertial stability. Besides, as men-
These four types, generally related to the upper-levined previously, smaller axisymmetrdg, after azimuthal
westerly wind, contain more samples than the remaining foaweraging, indicates less resistance to the environmiertal
A more interesting signature other than the trough in thekecing and a stronger vortex response in the TC's radial—-
composites is that there are two jets in the vicinity of the T@ertical circulation. These conditions apply to the fourgps
like a dipole, resulting in an obvious azimuthal wavenumbeof north, northeast, east, and southeast composites @€gs.
2 structure of eddy flux convergence. Their roles can I as these interactions occur at relatively low latituiiesble
clearly identified by the local EFC in which no azimutha®), characterized by smaller planetary vorticity.
average was calculated in Fig. 5: the two jets bring in two It is worth mentioning that there are some similarities be-
local EFC maxima (red areas) with respect to the TC centtween the eight flow patterns identified here and those pro-
regardless of jet directions (i.e., inflow or outflow). Howev posed in previous studies. For example, Holland and Merrill
inside the trough regions (northwest quadrants between t(®84) showed the manner in which a cyclone interacts with
jets), only negative local EFC (blue area) is found, and thtlse subtropical westerlies and produces a poleward outflow
the troughs act to reduce the EFC when averaging within tbleannel (see their Fig. 15, and notice that their illusbrati
300-600 kmradial band. Therefore, this double-jet sigmatuis in the Southern Hemisphere). They also emphasized the
with the outflow anticyclonic curved and the inflow cycloni@ffect of the subtropical jet on enhancing the TC’s outflow,
curved, results in a large EFC value rather than the trawditio which is quite similar to Figs. 5f and g shown here. Figures
trough signature. These two jets cannot be ascribed to thesfiand g are similar to Holland and Merrill's (1984) illustra
teraction between the TC and trough because there wouldtios in the sense that the subtropical jet is located justnor
such a flow pattern even without a TC. That is why their imsf the TC center and the TC keeps a certain distance away
fluence is also viewed as external (e.g., Molinari and Vollarfrom the jet (heavy black arrows). However, the maximum
1989). radius is~1000 km in the composites. Therefore, the com-
The remaining four composites of north, northeast, egsete nature of the jet in Fig. 5f cannot be shown. Notice
and southeast (Figs. 5¢c—f) have relatively fewer sampldisat there are also jet maxima just to the north of the TC cen-
Such few samples may not produce a statistically significast in Fig. 5h, but TCs are already inside the westerly jet
percentage of intensifying or weakening samples, espgciatore with large VWS, which is different from the picture of
for the east composite. It seems that these interactions biolland and Merrill (1984). Another example was given by
cur at lower latitudes where the prevailing upper-leveldvinMcTaggart-Cowan et al. (2006), who presented a conceptual
has an easterly component (Figs. 5¢c—f) rather than synoptiodel of tropical transition in a dipole-blocking enviroam
waves embedded in westerlies. These TC samples are pi@ke the right-hand column of their Fig. 2). Their flow pat-
ably in their early stage as TDs because the underlying S&Fn is quite similar to Figs. 5f and g shown here, in which
is relatively high (above 2TC, except that of the southeasthe anticyclone to the northeast of the TC center develops in
composite). The previously mentioned double-jet sigreatutensively so that it is gradually cut off from the westerlies
also applies to these composites, except that the jets arle mand forms a cutoff blocking. Such a blocking flow pattern, as
weaker, but the traditional trough pattern can barely ba-idenoted by McTaggart-Cowan et al. (2006), would facilitate a
tified in these four composites. midlatitude vortex precursor transiting into a TC (known as
Figure 6 shows the local inertial stability, i.&5 super- tropical transition), whereas the similar flow pattern ig.Fi
posed by the composite wind fields. In terms of local inerti&lg is likely to facilitate the transition of a TC into an EC
stability, the role of each jet, located in different quadsa (known as extratropical transition), depending on the aEco
could be different because relatively weak inertial stgbil panying VWS and underlying SST. A third example is the
over a certain quadrant of the TC could minimize the energypical tropical upper-tropospheric trough (TUTT) flow pat
expenditure and facilitate the formation of an outflow chelnntern given by Fitzpatrick et al. (1995). The TUTT pattern
in that quadrant (Rappin et al., 2011). From Fig. 6 we cdgee their Fig. 2), in which the axes of the shallow troughs li
see that all composité, values are positive, although thisin the northeast quadrants and also tilt northeast, ressmbl
may not be true for each individual sample. Thus, the confrose of the north and northeast composites shown in Figs.
posite wind flows are generally inertially stable. Howevegc and d here.
the azimuthal distribution of; is quite uneven, showing ob-  The EFC criterion, as shown here, actually does not
vious azimuthal wavenumber-1 asymmetry. In general, thearantee the occurrence of westerly troughs but refleets az
jet cores separate tlfg into two parts—a larger part that isimuthal shears of the flow crossing the TC’s center, esgdgcial
more inertially stable and locates inside the troughs, andhmse induced by wavenumber-1 asymmetry. Curvatures of
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the flow (i.e., cyclonic curved inflow and anticyclonic cudve mean EFC is close to 20 n5d 1, already exceeding the
outflow) may eventually decide the sign of EFC. It was aldbreshold of positive interaction, which means that ECs are
found that extremely large EFC only occurs in those envessentially different from other TC types and large upper-
ronments with large wind magnitude (e.g., Fig. 4), usuallgvel EFC may be one of their characteristics. For all four
inside westerly jets. Therefore, we emphasize the featuretgpes, it was found that the magnitude of EFC does not ex-
a double-jet signature of upper-level flows when interacticeed 40 m st d~1 if SST is higher than 2. However,
occurs because it is the curved jets, rather than trougas, textremely large EFCs occur frequently in lower SST envi-
import large EFC from the environment to the TC (Fig. 5yonments. For the TS and TY samples, the highest EFC, at
resulting in significant upper-level asymmetric forcingtbe 80-120 m s d~1, was in the SST range of 16—20°C. For
TC's axisymmetric secondary circulation. the EC samples, this was even more prominent, in that EFC
could reach above 120 md—! when SST was below 1E.
) ) ] The relationship between VWS and EFC (Fig. 8) is the
5. Environmental factors and TC intensity reverse of that between SST and EFC. Extremely large EFC
change usually occurs in a large VWS environment, but large VWS
does not necessarily induce large EFC, as EFC also requires
some curvature of the wind flow. According to the SEB the-
ory, large EFC is usually expected to significantly enhance a
Studies (e.g., Wu and Cheng, 1999; Chen et al., 201¢’s axisymmetric outflow, strengthen the updraft near the
have shown that SST, VWS and EFC are three large-scgilg center, and lead to TC intensification. Here, it is shown
environmental factors affecting TC intensity. Their effec that extremely large EFC5{40 m s d 1) is usually accom-
may overlap to result in a more favorable environment fgfanied by relatively low SST and strong VWS, so that the
TC strengthening, or be cancelled to lead to a less favoraplgsitive contribution of EFC to a TC's intensification is ean
one. Therefore, the relationship between EFC and other @atled out by the negative contribution of the low SST and
vironmental factors was investigated, based on the 25-ye@iong VWS. Therefore, EFC larger than 40 nt sl does
dataset. not guarantee TC intensification. On the contrary, such an

According to the SEB theory (section 2.2), large EF@nvironment would destroy a TC'’s warm-core structure and
would favor TC intensification. However, from Table 2 weyossibly lead to its transformation into an EC.

can see that there is no simple “large EFC—large percenfage o _ _ _
intensifying samples (or small percentage of decaying sam2. Environmental factors and TC intensity change

ples)” relationship, primarily due to two reasons. Oneo@as  |n order to investigate the relationship between environ-
is that larger EFC is generally accompanied by greater in@fiental factors and TC intensity change, intensifying and
tial stability (see the last two columns in Table 2). Inértiayeakening TC samples were selected. Generally, whether
stability is a measure of the resistance of vortex respaieseg, TC is intensifying or weakening can be identified from the
eddy forcing. High inertial stability means that strongdfor sign of pressure changes. Taking into account that the pres-
ing will result in limited responses. As a TC intensifies,@spsure records in the RSMC best track dataset are discrete, wit
cially when doing so rapidly, it requires low inertial stilyi 3 minimum interval of 2 hPa, and that the records may contain
(e.g., Rappin et al., 2011); the higher inertial stabilltp&n some uncertainties, records withp| > 3 hPa were consid-
here is partially responsible for reducing the positiveeefff ered as the threshold for intensity change.
of large EFC. Another reason is that TC intensity change is Scatter plots of the intensifyind\p < —3 hPa) and weak-
also controlled by two other environmental factors, ISTS ening @p >3 hPa) TC Samp|es and their environmental fac-
and VWS. Larger EFC corresponds to lower SST and larggfs are shown in Fig. 9. For the intensifying samples (kight
VWS so that EFC'’s positive effect on TC intensification ifand column in Fig. 9), there are obvious scatter clouds
generally cancelled out by the negative effect of low SST aRgthin regions of SST25°C (the circle in Fig. 9b) and VWS
large VWS. All these facts can be explained by the variatian15 m s1 (the circle in Fig. 9d). These clouds consist of
in the latitude at WhIC_h the TCis Iocated, as a hlgher |aﬁtu%amp|es from classic TC typesi i.e., TD, TS and TY, while
usually means largefa (larger planetary vorticityf), lower the EC samples are generally located outside the clouds (see
SST, larger wind speed, and thus larger VWS and EFC.  Figs. 7d and 8d). For the classic TC types, environments with
Figure 7 shows scatter plots of EFC versus SST for TEST > 25°C and VWS<15 m s ! are generally known as
samples grouped by different TC stages. For the TD, TS anécessary conditions for their maintenance or development
TY types (Figs. 7a—c), a large proportion of samples occyiheir EFC magnitudes seldom exceed 25 ™ d~1. For
in a favorable environment of a warm ocean (SSZ5°C). the EC-type samples outside the dense clouds, it is sutgrisi
There are only a few samples whose underlying SSTs @@t all intensifying samples are in a positive EFC environ-
lower than 20C. The mean EFCs are slightly larger thament. Other factors, such as VWS or SST, place no obvious
0, showing a skewness towards a positive EFC environmegiinstraint on the distribution of these samples. This can be
For the EC type samples, as they have actually moved o¥gplained by the fact that ECs are baroclinic systems amd gai
cold water at higher latitudes, SST is much lower than thogfiergy primarily from baroclinic instability, while classTC
of TDs, with a mean of-16°C and large variance. Theirtypes (TD, TS and TY) gain energy mainly from latent (dia-

5.1. Relationship between EFC and other environmental
factors
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Fig. 7. Scatter diagrams of SSTG) averaged within 500 km versus 200-hPa EFC tthds 1) averaged within
300-600 km for (a) TD, (b) TS, (c) TY and (d) EC samples. Sampfdanding or near land (within 200 km)
are excluded since no reliable SST can be obtained, yielthr@99 samples. Black crosses indicate the mean
EFC and SST for each panel.

batic) heating. For weakening samples (left-hand column (e.g., Barcikowska et al., 2012).
Fig. 9), the scatter clouds are not as concentrated as theiri There were only 166 interaction events identified using
tensifying counterparts, and there are no obvious feainreghe above constraints. The corresponding statistics aethe
selecting an environment. events are listed in Table 3. The number of weakening events
Since ECs are different from other TC types in responges twice as many as intensifying events. Therefore, dawin
to their environments, we should exclude them for furthée simple conclusion that EF€10 m st d~! may facilitate
study. Itis also known that large EFC may not correlate withC intensification is still not possible. Other factors, lsas
simultaneous TC intensity, but has a lead—lag impact on [a&ST and VWS, seem more favorable for intensification. After
intensity change (e.g., Molinari and Vollaro, 1990). Thereexcluding EC samples, the mean EFCs for both intensifying
fore, it is more appropriate to define an interaction event asd weakening events remains-&5 m s 1 d—1. This value
three consecutive six-hourly samples experiencing at lgas can be viewed as a threshold, and if environmental EFC ex-
ms-1d~1 EFC. This definition groups those interaction sanceeds this value the positive effect of EFC would be offset
ples into events and excludes samples that only once or twiyeaccompanying large VWS, as well as low SST, possibly
exceed the 10 ms d~?! threshold, which has little persis-leading to extratropical transition of TCs.
tent effect on TC intensity. Samples with maximum sustained It is known that TCs usually weaken when close to land
wind speed 0k 17.2 m s were not considered, so as to exer are already landing. Thus, we added another condition
clude most EC samples, since ECs are different from othtbat interaction events near land, or that had already &nde
types. This procedure also excluded TDs, as there are lasheuld be excluded. Itis also known that, given an undeglyin
uncertainties in intensity records of weak intensity saaplSST, TCs have their maximum potential intensity (MPI). If a
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Table 3. Statistics of interaction events. Me&mp was estimated by the linear trend of SLP during the eventgutfia least-squares fit
method.

No. Mean SST  Mean VWS Mean EFC Mean SLP  Mégm
of events {(®) (msh (ms1ldh (hPa) (hPa)

All interaction events Intensifying 55 26.6 9.4 26.5 981.1 -14

Weakening 111 24.5 15.2 235 973.2 5.0
No-landing events Intensifying 50 26.8 9.6 18.3 980.6 -14

Weakening 67 25.1 13.7 20.1 970.4 45
No-landing Have-potential events  Intensifying 41 27.7 8.8 16.2 980.9 -17

Weakening 26 27.0 11.2 18.0 969.7 4.3

TCis close to its MPI (usually measured as surface maximum Table 3 shows that when the “no-landing” condition is
wind speed), then any atmospheric environment is hostileadded, the number of weakening events is greatly reduced
a TC's intensity (Merrill, 1988b). That is, there is no roonfrom 111 to 67, and the rate of SLP change is also re-
for the TC to develop. We imposed the final constraint thdticed from 5 hPa to 4.5 hPa per six hours. After the “have-
TCs should be at least 30 m*saway from their MPI, which potential” condition is applied, the number of weakening
was estimated using the empirical relation given by Zeng @tents drops to 26, roughly half of that of intensifying etgen
al. (2007) for the western North Pacific as: Besides, the intensifying rate increases from 1.4 hPa to 1.7
hPa per six hours. However, even with these constraints, it i
MPI = A+ BexpC(Ts—To)l barely possible to draw the conclusion that higher EFC val-
whereA=1569ms1 B=9803ms?! C=0.1806C 1, ues will resultin more intensifying events, because thermea
Tsis SST, andly = 30.0°C. EFC for an intensifying event is 16.2 msd 1, which is



MAY 2016 QIAN ET AL. 627

(a) Weakening samples (Ap > 3 hPa) 120 (b) Intensifying samples (Ap < -3 hPa)

120

80

»
(e}
1

o
!

S
=~
é ~40-
i T
Q -80 T T T T T — —80 T T T T T T
M 5 10 15 20 25 30 0 5 10 15 20 25 30
£ SST (°C) within 500 km
=
yd
= 120 (C) Weakening samples (Ap > 3 hPa) 120 (d) Intensifying samples (Ap < -3 hPa)
© X
» 80
E
8 40 1
Lol
0%
—40 1 —-40-
X x x
X
_80 T T T T T T _80 T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60

VWS (ms™') within 500 km

Fig. 9. Scatter diagrams of (a, b) SSTQ) and (c, d) VWS (m s1) averaged within 500 km versus 200-hPa
EFC (m s'1 d1) averaged within 300—600 km for (a, c) weakening sampi¢s{ 3 hPa) and (b, d) intensify-
ing samples&p < —3 hPa). TC samples landing or near land (within 200 km) aréueed since no reliable
SST can be estimated. Black crosses indicate the mean VWSaS@&EFC for each panel. Black circles
highlight the scatter clouds in panels (b, d).

relatively smaller than that of weakening events. Thus, retteractions are defined as the magnitude of EFC exceeding
gardless of these constraints, the intensifying evenimgee 10 m s d1. According to this definition, it was found that
be affected more by the SST and VWS rather than by ERQ.7% of 21 685 six-hourly TC samples experienced interac-
environments. As noted earlier, EFC exceeding the 25 gion: 14% positive and 3.7% negative, according to their EFC
d~1 threshold is likely to induce very large VWS and lowsigns. These interactions were frequently identified adoun
SST, and thus negative effects of the environment are mdagpan, where TCs recurve into midlatitude westerlies.
pronounced than positive ones, leading to weakening TCs or Six extreme interaction cases showed that negative (pos-
even deforming them into ECs. Here, EFC larger than thisve) interactions are characterized by upper-level mogst
value tends to slow down the intensification rate or increa@uthwest) cross-center wind associated with the upstrea
the possibility of filling a TC. So, we regard a moderate EF(@lownstream) flow of a trough. Extreme negative EFC val-
environment, larger than 10 msd—! but generally below ues reach-70 m s'* d1, whose magnitude is only half that
25ms1d1 asarelatively good environment for TC intenef positive ones (120 ms d1). These negative interac-
sification. tions, arising from slightly modifying the interaction duwfi
tion, as compared to previous studies, also provides new fea
tures when EFC is negative. This kind of interaction also
6. Conclusions relates to upper-level troughs (Figs. 4a—c). The main diffe
ence is that the TC locates upstream of the trough, rather tha
A preliminary statistical survey of the interactions bedownstream as in traditionally defined (i.e., positivegat-
tween TCs and upper-level environmental flows over thien.
western North Pacific is presented in this paper using a 25- Composite analysis showed that positive interactions are
year (1987-2011) best track dataset and ERA-Interim datharacterized by an apparently curved upper-level crgssin
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center flow that consists of two jets. These two jets, idem Fig. 10). As we can see, favorable interaction (cases 1—
tified in the present study through analyzing localized EF@) does not indicate a westerly trough in the vicinity of the
are a more important signature than the traditionally pseplo TC (e.g., cases 2 and 3). Even in the subtropics, flows with
trough pattern because large positive local EFC comes fraertain curvature can cause interaction. The enhanced EFC
these two jets rather than from the trough itself. Therefor@reen shaded areas) generally lead to subsequent iptensif
the interaction strength (e.g., EFC value) largely dep@&mdsing processes. This is similar to the case of Hurricane Elena
the jet strength as well as their curvature. It is also showh985), in which an EFC spike acted as a triggering effect for
that the outflow jet, exporting anticyclonic eddy angularmaleepening the TC. Obviously, unfavorable interactiongsas
mentum, is more important than the inflow one, importin§ and 6) can be attributed to the increasing VWS and de-
cyclonic momentum, as the axisymmetric outflow enhanceseasing SST; although, at the interaction times (verticay
the outflow jet strength and lowers the adjacent inertiddibta lines), VWS does not exceed 10 m's It also seems coin-
ity. That is why it is common to observe an enhanced outflovident that the 200-hPa flows in cases 5 and 6 resemble the
channel in the northern part of a TC without seeing any cleaon-intensifying pattern summarized by Merrill (1988Ig Fi
inflow channel (e.g., Rappin et al., 2011, Fig. 17). 11), in which the anticyclones east of the TCs have closed
Generally, according to the SEB theory, large positivireamlines.
EFC in the upper troposphere means that large cyclonic angu-Based on the conclusions drawn from the present study,
lar momentum is transported towards the TC from its vicinitgs well as these representative cases, we can gain some in-
and is thus favorable for TC axisymmetric outflow enhancsights into the “good” trough issue. Favorable interaction
ment or even intensification. Previous studies (e.g., DéMafor ECs should be characterized by very large environmental
et al., 1993) have already pointed out that such a positive EFC (at least above 25 m5d~1), and the “larger is bet-
fect will be offset by accompanying strong VWS and lovter” conclusion may apply for ECs regardless of the associ-
SST. Here, we suggested separating the interactions into &ed VWS and underlying SST. However, for traditional TC
treme cases (EFC larger than 25 m si-1) and moderate types, such as TDs, TSs or TYs, favorable interaction occurs
cases (10-25 m$ d1), according to Figs. 7 and 8. It waswith only moderate EFC above 10 misd—1, but generally
found that extreme interactions generally occur at high ldielow 25 m st d~1, in favor of low VWS. This requires that
itudes, meaning the environmental SST is very low and tA€s should keep a certain distance from the disturbed west-
VWS is quite strong. Besides, the inertial stability is alserly jet (usually with a trough embedded upstream) and not
large at high latitudes (Table 2), which means that the pesit penetrate into the jet core regions (such as in extremesiciter
effect of extremely large EFC will be scaled down. Duringion cases), as was schematically illustrated by Hollardl an
such cases, the TC tends to transform into an EC. Only thdderrill (1984, Fig. 15) and also exemplified by Rappin et al.
ECs after transformation, which are less dependent on und@011, Fig. 17), so that their warm core structure will not be
lying high SST and low VWS, can survive or intensify in exédestroyed by persistently strong VWS. Besides, interactio
tremely large EFC environments (Fig. 9b). For moderate ishould not last more than around two days, playing its role
teractions that occur in the TS and TY stages, it is shown thet a triggering effect for initiating wind-induced surfdueat
their responses to EFC environments are quite different frexchange (Emanuel, 1986) or the eyewall replacement cycle
that of the EC type. These traditional TCs can only surviy®Villoughby et al., 1982; Leroux et al., 2013), as long-lagt
in environments with small-to-moderate VWS, to maintaimteraction will eventually bring persistent VWS, whicltie-
their warm core structures. The intensities of these TCs ateuctive to a TC's warm core. Finally, interaction shoytd a
also more sensitive to the underlying SST than EFC. Thepear at low latitudes so that environmental inertial stgbil
fore, the “good trough/bad trough” issue still remains eacl is relatively weak and thus the TC’s axisymmetric secondary
for these traditional TCs. circulation is more sensitive to the upper-level asymretri
The EFC threshold of 25 m$ d~1, empirically iden- forcing.
tified here, also distinguishes the interaction case of iHurr The present study focused primarily on the dynamical ef-
cane Elena (1985) reported by Molinari and Vollaro (198%ct of interaction in terms of EFC and inertial stabilityr |
1990) as a canonical one, because this case only just readaet a westerly trough approaching a TC will also import
the proposed upper limit of favorable interaction and thawld and dry air—also known as cold air intrusion. Such
experienced a rapid intensification. It is also interestimg intrusion of cold and dry air will certainly alter the thermo
find cases over the western North Pacific that are similardgnamic structure of a TC and exert some influence on its
this canonical one, which may help us identify these “goodixisymmetric secondary circulation. Molinari and Vollaro
troughs. We selected TC cases with EFC larger than 20(&®90) found that the eddy heat flux induced by cold ad-
s 1d~1and VWS smaller than 10 m'$ for at least one six- vection could contribute in the same direction as eddy mo-
hour snapshot. There were only 153 samples (5% of positiventum flux within 500 km, but opposite outside. There-
interactions) that met these requirements, includingra¢vefore, Molinari et al. (1995, 1998) later analyzed interacs
consecutive records in a single TC. Six representative-intby adopting the Eliassen—Palm (EP) flux diagnostic, which
acting TCs—two during the formation stage (cases 1 and Bs two components: eddy angular momentum flux (dynam-
two during the mature stage (cases 3 and 4), and two duringl component) and eddy heat flux (thermodynamical com-
the dissipation stage (cases 5 and 6)—were selected (shgwnent). As there is uncertainty as to whether the contribu-
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tions of these two components could be the same or opp&isberry, R. L., G. J. Holland, H. Gerrish, M. DeMaria, C. P.
site (e.g., Molinari and Vollaro, 1990; Qian et al., 2011)eo Guard, and K. A. Emanuel, 1992: Is there any hope for trop-
way to address this issue is to use the EP flux diagnostic and ical cyclone intensity prediction?—A panel discussiBall.

its divergence. This diagnostic tool also requires the whol ~ Amer. Meteor. Soc., 73, 264-275. .

vertical structure of the TC, rather than a single uppeeday Emanuel, K. A., 1986: An air-sea interaction theory for iap
wind field, so that it will provide greater insights into TC— %‘;fggg' Part |: Steady-state maintenacatmos. <i., 43,
environment interaction. Using such a diagnostic in astati '

. . . Emanuel, K. A., 2000: A statistical analysis of tropical
tical study of interaction, rather than EFC alone, may help intensity.Mon. Wea. Rev., 128 1139_11/52 pical loyw

identify “good” troughs and favorable interactions. Erickson, C. O., 1967: Some aspects of the development af-Hur
cane DorothyMon. Wea. Rev., 95, 121-130.
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