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Abstract. The influence of environmental conditions on the for the weakening events is also lower than an average of
intensity changes of tropical cyclones (TCs) over the westerr28.9°C for the strengthening events, but remains above the
North Pacific (WNP) is investigated through examination of critical value of 27 C for TC intensification, suggesting that
37 TCs during 2000-2011 that interacted directly with thethe SST may be regarded as a less positive factor for the
western North Pacific subtropical high (WNPSH). Compre-weakening events.

hensive composite analysis of the environmental conditions

is performed for two stages of storms: one is categorized as

intensifying events (maximum wind speed increases by 15 kn

over 48 h) and the other is categorized as weakening events Introduction

(maximum wind speed decreases by 15 kn over 48 h). Com-

parison of the composite analysis of these two cases show©r the past few decades, despite large improvement in the
that environmental conditions associated with the WNPSHtrack forecast of tropical cyclones (TCs), there has been al-
play important roles in the intensity changes of TCs overMost no improvement in the intensity forecast for all lead
the WNP. When a TC moves along the southern periphenyjimes (Cangialosi and Franklin, 2012). This is, in part, at-
of the WNPSH, the relatively weaker easterly environmen-tributed to our limited understanding of the physical mech-
tal vertical wind shear helps bring warm moist air from the anisms that are responsible for the changes of TC intensity
south and southeast to its southeast quadrant within 500 kn{€-9-, Emanuel, 2000; Wang and Wu, 2004), and both the
which is favorable for the TC to intensify. However, when a Practical and intrinsic predictability under the current gen-
TC moves along the western edge of the WNPSH, under th&ration of numerical models and observing networks for the
combined influences of the WNPSH and an upper-level west¥Cs (€.9., Zhang and Sippel, 2009; Zhang et al., 2011).

erly trough, a strong westerly vertical shear promotes the in- The ocean has long been recognized as having a funda-
trusion of dry environmental air associated with the WNPSHMental impact on TC intensity (Byers, 1944; Miller, 1958;
from the north and northwest, which may lead to the inhibi- Malkus and Riehl, 1960). Palmén (1948) found that TCs
tion of moisture supply and convection over the western halfin the Northern Hemisphere formed over oceans with sea
of the TC and thus its weakening. These composite result§urface temperature (SST) higher than 262@7Chan et

are consistent with those with additional geographic restric-al- (2001) also showed that a critical, warm SST of about
tions, suggesting that the dry air intrusion and the vertical27°C was necessary for a TC to intensify. SST determines
wind shear (VWS) associated with the WNPSH, indeed af-the amount of sensible and latent heat available to the TC
fect the intensity changes of TCs over the WNP beyond thefom the underlying ocean and, thus, is indicative of the po-
difference related solely to variations in geographical loca-tential TC intensity (Miller, 1958; Malkus and Riehl, 1960).

tions. The average sea surface temperature (SST) of@7.6 SO, many maximum potential intensity (MP!) theories (Mer-
rill, 1988; Emanuel, 1986, 1988, 1991, 1995; Holland, 1997,
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Zeng et al., 2007) have been derived to take into account thgertical wind shear on the TC intensity is not only an issue of
positive impact of warm SST on TC development. theoretical interest but also of great relevance to the practical
Though most studies focused on the contributing aspectintensity forecast of a TC. As noted by Emanuel et al. (2004),
of the ocean on TC intensity, observational (Black, 1983) andthe greatest source of uncertainty in forecasts of TC intensity
modeling studies (Sutyrin and Khain, 1979; Bender et al.,may be due to the uncertainty in forecasts of the environmen-
1993; Bender and Ginis, 2000) have shown that upwellingtal vertical shear. Zhang and Tao (2013) further demonstrated
and vertical mixing of the cooler water underneath the ocearthat the larger the shear, the intrinsically less predictable the
surface by the TC vortex can produce a negative feedback ttropical cyclones.
TC intensity. However, some studies (Shay et al., 2000; Hong Besides environmental vertical wind shear, an upper-level
et al., 2000; Cione and Uhlhorn, 2003; Mainelli et al., 2008) trough associated with midlatitude systems may impose a
suggest that warm ocean eddies may reduce storm-inducedy/clonic PV (potential vorticity) anomaly and sometimes
negative feedback. may contribute to TC intensity changes (Titley and Elsberry,
The importance of large-scale environmental forcing on2000). For example, Hanley et al. (2001) found that a larger
TC intensity change has also been stressed. Through cloudnd stronger upper trough induces more vertical shear than
resolving simulations, Fang and Zhang (2012) examined the small-scale trough, and has a negative impact on the TC
effect of 8 on the evolution of TCs and found that the TC intensity.
simulated on @ plane with variable Coriolis parametgris Over the Atlantic Ocean, early studies (e.g., Karyampudi
weaker in intensity but larger in size than the TC simulatedand Carlson, 1988; Karyampudi and Pierce, 2002) suggested
on anf plane with constanf. The vertical wind shear has a potential positive influence of the Saharan air layer (SAL)
long been recognized as a key detrimental factor affecting TGn the growth of TCs, while many recent studies (Dunion and
intensity. Gray (1968) and Merrill (1988) showed that the in- Velden, 2004; Lau and Kim, 2007a, b; Sun et al., 2008; Evan
tensifying TCs tended to have lower vertical shear than theet al., 2006; Wu, 2007; Shu and Wu, 2009) suggested that
non-intensifying ones. Modeling results conducted by Frankthe SAL has a negative impact. However, there are few stud-
and Ritchie (1999, 2001) indicated that a low vertical wind ies examining the impact of dry environmental air on TCs
shear could result in rapid intensification of a TC. An early over the western North Pacific (WNP). Dry air is also preva-
explanation of the impact of vertical shear is the so-calledlent over the WNP oceanic regions as the product of the cli-
“ventilation” effect (Simpson and Riehl, 1958); namely, ad- matological subtropical high-pressure system (Braun, 2010),
vective horizontal displacement of the warm core by flow in whose impact on TC intensity changes will be the subject of
the upper levels relative to the low-level TC circulation. An the current study.
alternative manifestation of the ventilation effect is the out- Based on the observations, a new empirical MPI has been
ward eddy flux of warm core air by the shear-induced asym-developed for TCs over the WNP in a recent study by Zeng
metric flow in the upper levels, causing a decrease of theet al. (2007), which considers not only the positive contribu-
warm core from top to bottom and thus weakening the TCtions of SST and the effect of the thermodynamic efficiency
(Frank and Ritchie, 2001). An alternative hypothesis was re-but also the combined negative effect of translational speed
cently presented in Riemer et al. (2010, 2013): the cooler andnd environmental vertical shear. They found that although
drier (lower6e) air could be brought into the boundary layer the new empirical MPI with consideration of negative effects
from above by shear-induced downdrafts flux, which signifi- provides a relatively accurate estimation of TC maximum in-
cantly reduces eyewalk values and subsequently constrains tensity, a large portion of TCs still could not reach their MPIs
the storm intensity when the lowée air enters the eyewall even in favorable environmental conditions, which indicates
updrafts. Riemer and Montgomery (2011) further argued thathat other factors like dry air intrusion and the direction of en-
the environmental vertical wind shear might promote or im- vironmental vertical wind shear vector should also be taken
pede the interaction with the environmental air depending orinto account in developing MPIs for TCs over the WNP.
the direction of the shear vector. They noted that a vortex em- As the most active basin for TC genesis, the WNP has a
bedded in a mean flow has a protective kinematic boundaryavorable environment with warm SST and high relative hu-
(separatrix) whose orientation and hyperbolic saddle pointmidity (e.g., Gray, 1968; McBride, 1995). In addition, a cli-
vary with height in a vertically sheared flow. They also sug- matological weather system — the western North Pacific sub-
gested that it is not only the dynamic resiliency of a TC thattropical high (WNPSH) affects East Asia during the highly
increases with intensity (Reasor et al., 2004); the ability ofactive TC season from July to September over the WNP.
a TC to isolate itself from adverse thermodynamic interac-Many studies have been carried out on the relations between
tion with environmental air also increases with intensity. Thethe WNPSH and TCs over the past decade. For example,
recent study of Stern and Zhang (2013) also found that thehe size of a TC is potentially affected by the synoptic pat-
final intensity of a TC (and warm core height) are relatively terns associated with the dominant subtropical high (Liu and
insensitive to the presence of up to 10M of vertical wind ~ Chan, 2002; Chan and Chan, 2012). Lee et al. (2010) found
shear although stirring in the eye—eyewall interface regionthat small TCs are more influenced by the WNPSH dur-
is substantially enhanced by shear. Moreover, the impact oing their intensification due to the increased environmental
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ance to the practical TC intensity forecasts over the WNP.
The paper is organized as follows. Section 2 describes the
data and methods used for the analysis. Section 3 provides
a climatological context for the WNPSH by examining the
mean properties of the WNPSH and its environment over the
- S WNP. Section 4 describes composite analyses and possible
SO ) mechanisms for both strengthening and weakening events.
so ‘15° LN Concluding remarks are presented in Sect. 5.

Latitude
Latitude

2 Data and methodology

e 2.1 Besttrack estimates, global analyses and satellite
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Figure 1. September 2004-2009 mean GFS-derie)l 500 ;mp'cg' cyclone dgta, 0‘33'; the WNP during the pel”oc_’
400hPa layer RH (shading) and flow vectofs) geopotential 000-2011 were obtained from JMA (Japan Meteorologi-
height of 5880 m at 500 hPa (thick black line) which is also plot- €@l Agency). The tropical cyclone best track data include

ted in(a) and all tracks of TCs with colorized lines indicating storm the center latitude and longitude, and the maximum sus-
intensity, (c) weakening cases ar(d) strengthening cases during tained winds for each 6 h interval. The Atmospheric Infrared

the 48 h period used to classify them. Black contours are drawn aSounder (AIRS) and Advanced Microwave Sounding Unit

40 and 35% RH ira). (AMSU) data from the Aqua satellite are used to retrieve
humidity profiles that are essential to characterize the ther-
modynamic properties of the atmosphere. The AIRS-AMSU

. , , level-3 monthly mean standard product is used in this pa-
average wind speed in the north of the TC caused by atighteper | addition, since satellite data provide limited wind in-

pressure gradient between the cyclone and the subtropiCglymation, the NCEP (National Centers for Environmental

high. .On the interdecadal timescalt_a, a weakening in Verti'Prediction) Global Forecasting System (GFS) final global
cal wind shear, or eastward retreating of the WNPSH, Set§h5\yses with a horizontal resolution of & 1°, available

up.f.avc')rable environments for more TC formations in the every 6h, are used to characterize the kinematic proper-
Philippine S.ea (e.g., Lander, 1994; Harr and Elsberry, 19954 ¢ tropical cyclones and environmental conditions. The
Chan, 2000; Chen and Chen, 2011). Moreover, TCs are ofteRsT gata used are Reynolds SST reanalysis provided by the
steered by strong trade easterlies along the southern periplyational Oceanic and Atmospheric Administration (NOAA)
ery of the WNPSH with westward-moving tracks, or recurve cqgperative Institute for Research in Environmental Science
during strong monsoon westerlies over the WNP (Chgn eYCIRES) Climate Diagnostics Center (CDC), which can be
al., 2009). As Fu et al. (2012) noted, the background clima-gpiained online ahttp://www.cdc.noaa.govThe Reynolds

tology in the WNP is different from that in the North Atlantic  ggT1is 4 weekly mean with a horizontal resolution ©511°
Basin. Unlike the Atlantic, where easterly trades and the S”b'(ReynoIds etal., 2002).

tropical high occupy the majority of tropical basins, the east-
erlies and southwesterlies associated with the WNPSH (ang. 2  Categorization and compositing methods for
also the western Pacific monsoon) are important components  jntensifying vs. weakening TC events
of the summertime circulation in the WNP (their Fig. 1). A
recent study by Shu et al. (2012) also showed that the inten©ver the WNP, the subtropical high usually moves poleward
sifying events usually have more easterly upper-tropospheriand extends westward from the central Pacific to eastern
flow than the nonintensifying events, suggesting a possibleChina in June—July, and moves equatorward and retreats east-
role of the WNPSH for the former. Since whether and how ward during September—October (Fig. 11 in Chan and Chan,
the WNPSH influences TC intensity has not been obtained2012). In order to highlight the impact of the WNPSH, which
the potential impacts of environmental parameters associateid normally the strongest and covers the largest area dur-
with the WNPSH were not taken into account in developinging July—September, TCs were selected based on the follow-
MPI in Zeng et al. (2007). This may partly explain why most ing criteria. Firstly, only those formed in the months July—
TCs could not reach their MPIs even in the favorable envi-September during 2000-2011 over the WNP are sampled.
ronment in their study. Secondly, in order to ensure a more likely interaction be-
The objective of this study is to investigate observation-tween the WNPSH and TCs, the closest distance between the
ally whether and how the environmental conditions associ-center of a TC and the isoline of 5880 gpm (geopotential me-
ated with the WNPSH may influence the intensity changester) on the 500 hPa geopotential height was less than 800 km,
of TCs over the WNP, in an effort to provide further guid- since 500 hPa is the characteristic level of the WNPSH over
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the WNP (Chan et al., 2001). Also, the closest distance be-
tween the center of a TC and the isoline of 40% relative
humidity (RH) associated with the WNPSH was less than
800 km at 500 hPa. Finally, this “interaction” pattern lasted £z
more than 48 h. For simplicity, we call a TC that satisfies 2l
these criteria as the one “interacting” with the WNPSH. TCs

that weaken in the next 48 h owing to landfall or whose life

span is shorter than 48 h were both excluded in the sam-

Latitude

110 120 130 140 150 160 170
Longitude

110 120 130 140 150
Longitude

maps in GFS analyses, as well as the AIRS—AMSU satellite ,[ig
data, 37 TCs consisting of 1472 sample times which consti- .
tute about 56.4 % of all 60 TCs selected from 2000 to 2011 £
are examined in this paper. The tracks of all the TCs to be
examined in this study are shown in Fig. 1b.

Anintensifying (weakening) event was identified if the TC 1ol ————— S e
increased (decreased) in intensity by at least 15 kn within the tongitude Longiude

next 48 h. Note that despite the disagreement between difeig e 5, September 2004-2009 mean AIRS-AMSU-derived RHs
ferent TC best track data sets, the use of 48 h intensity intshading) in(a) 300-200 hPa(b) 500-400 hPa(c) 600-500 hPa,
crements in the maximum-sustained wind speed has greatljnd(d) 700-600 hPa layers, respectively. Black contours are drawn
diminished the inconsistencies of the data sets. Among thet 40 and 35% RH in each panel. The thick black line is the mean
total 1472 samples of 37 TC events over the 12-year periodGFS-derived geopotential height of 5880 m at 500 hPa.

274 samples from 26 TCs and 386 samples from 27 TCs were

grouped into the intensifying and weakening events, respec-

tively.

Composite fields were obtained for the time (designatedern periphery than the reverse flow on its southern periphery.
aston) when the TC met the above criteria for intensifying Overall, the WNPSH area is basically a large zonal region
or weakening. The reference timg, falls at the start in the  of dry air (RH <= 40 %) with the driest region having RH as
48 h interval during which the storm was weakening or inten-low or less than 35 % over the center of the high pressure and
sifying. Composite fields were also computed for timgs,  the western part of the WNPSH. Figure 1b shows the tracks
throught, 4sn as well ag_121, where the subscript indicates of all the TCs to be examined over the WNP in this study.
the time, in hours, relative tg, and the plus and the minus Most TCs passed the western edge of the WNPSH where the
signs show the hours after and prior s, respectively. If  RH is very low during their lifetime, suggesting that the dry
a storm position at,4g was not available in the JMA best air associated with the WNPSH may interact with the TCs.
track data, it was excluded from the composite for that time. Figure 2 shows the mean RH associated with the WNPSH
For each storm and each time, the environmental fields werat different levels derived from the AIRS—AMSU data aver-
obtained for a 4Dlatitude by 40 longitude box centered on aged over September of 2004—2009. For the midtroposphere,
the storm. The composite fields were obtained by arithmetidhe very dry air (RH< 35%) almost dominates the entire
average over those 4& 40° TC-centered boxes at different WHPSH area in the 500-400 hPa layer except for maybe
times (froms_12nt0 1 481). the southern edge (Fig. 2b). The same is true in the 600—

500 hPa layer though to a slightly lesser extent (Fig. 2c).
However, in the upper troposphere above 300 hPa, the dry
3 Overview of the WNPSH during the WNP typhoon air is mostly prevalent over the western edge of the WNPSH
season (Fig. 2a) while in the lower troposphere below 600 hPa
it is mostly prevalent over the northern peripheries of the
AIRS-AMSU derived satellite observations and GFS analy-WNPSH (Fig. 2d). Thus, the direct drying by large-scale sub-
ses are used here to characterize the large-scale environmesidence associated with the WNPSH is evidenced primarily
tal conditions and the WNPSH during the WNP typhoon sea-at the midtropospheric level (Fig. 2b, c). During the TC sea-
son. In the current study, the geopotential height of 5880 mson in which the WNPSH gradually strengthens and shifts
at 500 hPa is used to represent the position of the WNPSHwestward from July to September over the WNP, so does the
Taking September as a typical WNP TC season month forarea of accompanying subsiding dry air.
example, Fig. 1la shows the mean circulation and RH asso- The RH field derived from the GFS analyses (Fig. 1a) can
ciated with the WNPSH from the GFS analyses at 500 hPanot be compared directly with that derived from the AIRS—
averaged over the period 2004—-2009. The anticyclonic circuAMSU satellite observation (Fig. 2b) since the latter mea-
lation associated with the WNPSH dominates a large area o$ures the mean RH of the layer. However, the mean RH field
the WNP, with relatively stronger westerly flow on its north- averaged in the 500—-400 hPa is nearly identical to Fig. 1a,
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Figure 3. GFS-derived fields for the composites of RH (shading, Figure 4. GFS-derived fields for the composites of RH (shading,
5% intervals starting at 25 %), vector winds at 400 hPa, and geopos o, intervals starting at 25 %), vector winds and geopotential height
tential height of 5880 m at 500 hPa (thick black line) for (left) weak- of 5880 m at 500 hPa (thick black line) at 500 hPa for (left) weaken-

ening and (right) strengthening events at timgzh. The two black  jng and (right) strengthening events at tigg. The two black solid
solid circles are 3- and &-radius circles centered on the storm. circles are 8- and 5-radius circles centered on the storm.

except that the.air is someyvhat drier over the northern edg@vith RH as low as 40 % extends further southward and in-
of the WNPSH in the satellite data. trudes into the western part of the TC within 500 km of the
cyclonic circulation. The leading edge of this dry air also be-
gins to wrap into the TC circulation from the southwest to the
south quadrant. For the strengthening cases (Fig. 4b), the TC
moves continuously westward along the southern edge of the
4.1 Relative humidity WNPSH. At both 400 (not shown) and 500 hPa (Fig. 4b), the
dry area with RH as low as 40 % extends somewhat south-
Due to relatively low-horizontal (1x 1°) resolution of the  ward, closer to the TC circulation than-at.2 h, but overall
GFS FNL data as well as limited availability of inner-core the TC is situated in an area with relatively large RH, es-
observations being assimilated into GFS, some structurepecially to the south and east sides of the TC circulation.
within the eyewall or near-core region cannot be well de-The difference in the composite RH between the weakening
picted. We hereby loosely define the area with a radius ofand intensifying cases is also clear in the lower troposphere
400 km from the TC center as the inner-core region of a TC,(700 hPa; Fig. 5), with drier air closer to the weakening TC
and the broader area of cyclonic circulation as the “TC cir-circulation on its northwest side while abundant moisture ex-
culation”. Figure 3 shows composites of 400 hPa mean RHsts to the southeast side for the strengthening cases. Com-
for both the weakening and the intensifying events at timeparisons of the RH fields in Figs. 4 and 5@t (as well as in
t_12n, Wherer_1onmeans 12 h prior tgy. For the weakening  Figs. 6 and 7 of later times) suggest that the dry air associ-
cases (Fig. 3a), the TC is on average located at the southwesdted with the WNPSH extending southward to the west of the
ern/westernedge of the “composite WNPSH”. Note that thestorm may have played a negative role in TC development for
WNPSH here is not exactly the same with those in Figs. 1 andhe weakening events while the warm moist air to the south-
2, since the former is a representation of the subtropical higheast of the TC circulation may have promoted intensification
as seen in the storm-relative composite and the latter represf the TC for the strengthening events. In other words, dif-
sent the climatological feature in an Earth-relative frame, afferent environmental flow conditions associated with the dif-
follows. The cyclonic circulation of the TC drives the dry ference in the position of the TC relative to the WNPSH may
air originating in the western tip of the WNPSH southward have played a role in the weakening/intensifying TCs (details
to the northwest of the TC. But for the strengthening casedater). This is to a certain extent consistent with the idealized
(Fig. 3b), the TC is on average situated to the southern edgetudy of Riemer and Montgomery (2011), who showed that
of the WNPSH. The easterlies are strong in the region beif the sheared flow favors the interaction with dry air masses,
tween the WNPSH and the TC due to the strong meridionala more pronounced weakening of the TC can be expected in
pressure gradient. The dry air associated with the WNPSH igomparison to a shear direction that favors interaction with
further north and does not seem to have a direct impact omelatively moist environmental air.
the TC at this stage. Figure 6 shows the composites of mean 500 hPa RH
Figure 4 shows the composite of RH at 500 hPa for bothfor both the weakening and the intensifying events at time
the weakening and the intensifying events at tigperespec-  r124p Overall, the positioning of the TC with respect to the
tively. The composite fields at 400 hPa for the two cases ar&V/NPSH, and the moisture pattern with respect to the TC
very similar to those at 500 hPa (not shown). For the weakeneirculation in the midtroposphere remain largely unchanged
ing cases (Fig. 4a), the TC is on average reaching the wesfor the weakening events ato4h (Fig. 6a) compared tgpp
ern edge of the WNPSH. At both levels, the WNPSH dry air (Fig. 4a). Even though the dry air in the southwestern side

4 Composite analysis of environmental conditions:
intensifying vs. weakening events
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Figure 5. As in Fig. 4 but at 700 hPa. Figure 7. As in Fig. 4 but at time 4gh.
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Figure 6. As in Fig. 4 but at time_ o4 p.
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of the TC may be somewhat closer to the TC center during
the long weakening stage, the moisture content within the N

primary TC circulation remains high ato4n. More evident PRLalalE L 070""‘_‘1’:"“ it P e
changes in midtropospheric moisture are seen in the compos Longude Longtude

I_It_ecsraoorvti?ge fslj:fhne%tr\:veer:tr‘v&]afgztf’z?ﬁgn(ls:iIf?/.in%b)t.h\é\g}stiimeFigure 8. GFS-derived fields for the composites of vector winds
Lo . . ) ' and geopotential height of 5880 m at 500 hPa (thick black line) and
|nd|c_at|0n that the cyclonl_c TC C|r_culat|on may have begun (top) the 500 hPa vertical velocity fields (in hPaks shading) and
to bring some of the dry air associated the WNPSH closer tqpottom) the 700 hPa RH (shading) for (left) weakening and (right)
the TC to the northwest at 241 (Fig. 6b). strengthening events at time4gp. Black contours are drawn at 40
Figure 7 shows the composites of RH at 500 hPa for bothand 35 % 500 hPa RH in the top panels. The two black solid circles
the weakening and the intensifying stages.agn. For the  are 3- and 3-radius circles centered on the storm.
weakening cases (Fig. 7a), more dry air is located within a
500 km radius of the TC with the cyclonic flow. The dry-air
boundary (RH< 40 %) comes closer to the TC circulation
than a day before, especially in the southwest quadrant of . - - Rty
the TC. The inward intrusion of the dry air also prevents theSiding dry air leads to persistent drying in the lower tropo-
moist air from entering into the vortex circulation over the SPhere (RHs 65 %) at 700 hPa, which may lead to the weak-
southwestern side of the storm. For the strengthening casé!ing of the TC. But for the strengthening cases (Fig. 8D,
(Fig. 7b), the dry air associated with the WNPSH also ex-d), the midtropospheric dry subsidence mainly occurs to
tends further from the north to the southwest side of the Tcthe northwest beyond 600 km from the TC center. However,
circulation, though to a much lesser extent than that for theMuch stronger ascending moister air in the southeast quad-
weakening events. On an even broader scale, the midtropd@nt is seen to feed into the strengthening TC circulation.
spheric dry air is present in nearly three quadrants (from east, [N Summary, although itis hard to assign causality conclu-
to north to west) of the TC circulation for the weakening sively, it appears that the more extensive midlevel intruding

events but only in about two quadrants (north and west) fodry air may have contributed greatly to the weakening events,
the strengthening events. while for the strengthening events, the TC is mostly shielded

Figure 8 shows the composites of mean 500 hPa vertical™om the dry air effects (besides having stronger moisture

velocity and 700 hPa RH for both the weakening and the in-supply from the southeast side). Next we will examine other
tensifying events at time, 4gn. In both cases, the dry area €Nvironmental factors that may have contributed to the dry

(RH < 40 %) corresponds well with the region of subsidence intrusion, weakening or the strengthening of the TC events.
in the midtroposphere. For the weakening cases (Fig. 8a, c),

the subsidence occurs over the northwest and west quadrants
jncluding those within the 500 km radius of the TC. The sub-
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4.2 \fertical wind shear becomes stronger and closer to the TC center than that at
ton for the weakening cases (Fig. 9¢), while for the strength-
The mean environmental vertical wind shear of the stormening cases (Fig. 9d), the VWS feature remains nearly the
is calculated following the methodology of Hanley et same as a day earlier. At timggsp, the spatial differences
al. (2001). The zonal and meridional velocity componentsof the shear between the two cases become more obvious. For
are interpolated onto an azimuthal polar grid. The individualthe weakening cases (Fig. 9e), the strong VW30 ms1)
velocity components at the upper (200 hPa) and lower levelsglominates the whole northern half of the TC circulation with
(850 hPa) are then area-averaged within a radius of 1000 krthe strongest VWS existing over the northeastern side of the
from the storm center. This method of averaging removesTC, where the VWS is about 7.5m% stronger than that
the symmetric vortex so that the winds provide a more ap-for the strengthening cases (Fig. 9f). Although it remains un-
propriate measure of environmental flow across the stormknown how and whether the local strong vertical shear plays
The commonly used deep layer vertical wind shear (VWS)a role in the intensity change of a TC, we believe that the
between 200 and 850 hPa is then calculated from the areastrong westerly VWS located in the north contributes to the
averaged winds. stronger mean environmental VWS for the weakening cases
Table 1 shows the mean environmental VWS for both the(Table 1). The difference in the positions of TCs (relative to
weakening and the strengthening cases at different times. Thine WNPSH) seems to contribute to the different direction of
differences of not only the magnitude but also the direction ofthe VWS between the intensifying and the weakening events,
the VWS between the two cases are statistically significant afurther analyses however show that the difference of compos-
the 95 % confidence level from Student’test. On average, ite VWS (magnitude and direction) between the two groups
the easterly VWS of the intensifying cases is weaker than thevith additional geographic restriction is still similar to the
westerly VWS of the weakening cases. This finding that theabove composite results, suggesting that the dry air intrusion
weakening cases corresponds to the stronger VWS, indicaand the VWS associated with the WNPSH indeed affect the
tive of a negative effect of the vertical shear on TC intensity, intensity changes of TCs over the WNP.
is consistent with the prior result of Zeng et al. (2007). Itis  Another striking characteristic in Fig. 9 is that the signif-
also possible that the vertical shear south of the WNPSH iricant westerly VWS impacts the western and eastern sides
intensifying cases may have promoted TC development owof the TC with the shear becoming stronger for the weak-
ing to the ORR (oxygen reduction reaction) mechanism asening cases (Fig. 9c, €), in contrast to the easterly VWS for
shown by Dunkerton et al. (2009). the strengthening cases (Fig. 9d, f). This result is further val-
The more striking contrast from Table 1 is that the averageidated in Table 2, which shows the average zonal wind for
direction of the VWS for the intensifying cases is signifi- the two cases at different times. From timegn to z48h,
cantly different to that for the weakening ones, with mostly there are strong westerlies and nearly calm winds in the
easterly for the former and westerly for the latter. This find- higher and lower levels respectively for the weakening cases
ing strongly suggests that the adverse impact of the VWS omwhile there are moderate and weak easterlies in the higher
the TC intensification depends on the direction of the verticaland lower levels respectively for the strengthening cases. Ta-
shear and that the westerly VWS is likely to have more ad-ble 2 also shows that for the weakening cases, the average
verse effect on the TC intensity. This sensitivity to shear di-200 hPa zonal wind (U200) changes from a weaker easterly
rection is to some extent consistent with the finding from theat timer_121, to a relatively stronger westerly at later times.
recent idealized study of Riemer and Montgomery (2011).This finding suggests that the change of U200 to the westerly
The westerly VWS in the weakening cases is more conduc€an serve as a good indication of the TC weakening for the
tive to bring abundant dry air in the northwest/west side of operational intensity forecast of TCs.
the TC (subsiding dry intrusion) to its southwestern quad- Besides the WNPSH, the upper-level westerly trough may
rant. have also contributed to the relatively stronger westerly VWS
Figure 9 shows the composites of geopotential height afor the weakening cases. Figure 10 shows the composites of
500 hPa and spatial distributions of the VWS for both the geopotential height and RH at 200 hPa for both the weaken-
weakening and the intensifying events at different times. Al-ing and the intensifying events at timeygh. For the weak-
though there is no remarkable difference in the magnitudeening cases (Fig. 10a), a broad trough approaches and brings
of the average environmental VWS between the two casesyery strong westerlies to the northeast of the TC which, along
the spatial distributions of the VWS for the two cases arewith the interaction of the WNPSH (Fig. 9c, e), leads to the
very different. At timerfgp, for the weakening cases (Fig. 9a), strong westerly VWS. Also, the upper-level westerly trough
the region of the strong VWS>(10ms™) is located in  brings dry air from the high-latitude region, which extends
the north WNPSH-TC interaction area within a radius of southward and gathers with the WNPSH dry air into the
500 km from the TC center. But for the strengthening casesorthwestern side of the TC. As shown in Sect. 4.1, the sub-
(Fig. 9b), such a VWS region does not exist within a radiussiding dry air may lead to further drying of the TC in the
of 1000km from the TC center, and is well to the north. mid- and lower troposphere. However, for the strengthening
One day later, the VWS over the northern side of the TCcases (Fig. 10b), the TC is located in the south of a ridge
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Table 1. The average environmental vertical wind shear between 200 and 850 hPa for the intensifying and weakening cases at different times.

10h 1424h 1+48h
VWS M D M D) M D
kn) )| kn) )| kn) ()
intensifying 14.1 68| 14.7 67| 15.1 70
weakening 17.1 275 18.7 279| 20.3 281
significant test at Y Y Y Y Y Y
95 % confidence level

* The symbols “M” and “D” indicate the magnitude and direction of the vertical wind
shear, respectively. A wind coming from the south is given a8 Ef@l one from the east
is 90°.

§920 Table 2. The average zonal windJ( for the weakening and inten-
ZZZE sifying cases at different times.
5860
3 3 5840 U (m s 1y weakening intensifying
5 5 5620 850hPa 200hPa 850hPa 200hPa
5800
5780 t_12h -1.0 -0.3 -13 2.2
5760 foh -1.0 08| -14 -2.0
5740
<o t124h 0.1 2.4 -1.6 -2.5
- 1448h 0.8 72| -12 -3.0
- average -0.3 25| -14 —2.4
5860
8 8 5840
§ § 5820
5800 . . . . .
5780 This observational result is also very consistent with many
5760 previous observational and numerical works (e.g., Reasor et

5740 al., 2013; Chan et al., 2004; Corbosiero and Molinari, 2003;

5920

o0 Frank and Ritchie, 1999, 2001).

5880
. . ::jz 4.3 Subsets of composites with similar geographic
g g - locations
‘ 5800 i i i
5720 It is worth noting that the two cases of storms in the above
______________ : e composite analysis also have some systematic difference in
e e © 2 % geographic locations with respect to the WNPSH: the weak-

ening storms are more likely to move along the western edge
Figure 9. GFS-derived fields for the composites of the 500 hPa of the WNPSH, while for strengthening cases the storms are
geopotential height at 20 gpm intervals (shading), magnitude of the,syally located in the southern periphery of the WNPSH.
deep—layelr vertical wind shear (contours, 2msntervals starting  pifferences in environmental VWS directions on the west-
atloms™) for (Ieft) weakening and (right) strengthenmg eVents arn vs. southern peripheries of the WNPSH may have also
attime (top)on, (middle)ra4nand (bottom) agp, Vectorsinthe i e 1o difference in the intensity changes of TCs

left (right) panels mean the vector differences of the vertical wind keni . . In thi .
shear between the weakening (strengthening) and the strengthenir{Sr weakening vs. intensifying cases. In this section, we
firther subselect only the events located west of°E5

(weakening) cases, respectively. The two black solid circlesare 3 - h - ° ;
and % -radius circles centered on the storm. Whel’e the dl’y air aSSOClated W|th the WNPSH IS eV'dent fOI’

both the weakening and intensifying cases from the satel-

lite images (Fig. 2). Even with this additional selection cri-
which, together with the interaction of the WNPSH (Fig. 9b, teria, nearly half of the events from the original samples in
d), leads to the easterly VWS over the far north of the TC. each case group remained. Take the tingn for example,

Meanwhile, the environmental VWS induces a remarkableabout 46.2 % (48.1 %) of the original intensifying (weaken-

asymmetrical structure in the inner core region of the TC,ing) cases are used further to do these additional compos-
with the strongest updraft (represented by the purple areafe analyses. All the remaining events with this subselec-
occurring in the downshear-left side in the inner core for bothtion are now located to the west of the WNPSH while the
the weakening (Fig. 8a) and the strengthening cases (Fig. 8bjaveraged intensity for the weakening cases (33.2m s
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Figure 10. GFS-derived fields for the composites of vector winds,
RH (shading), geopotential height (contours, 100gpm intervals
starting at 12100gpm) at 200hPa, and geopotential height of
5880 m at 500 hPa (thick black line) for (left) weakening and (right)
strengthening events at time4g. The two black solid circles are
3°- and 5-radius circles centered on the storm. 15|
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now approximately similar to that of the intensifying cases Figure 11. GFS-derived fields for the composites of RH (shad-
(32.8ms™) atr.4sn. ing, 5% intervals starting at 25 %), streamlines at 500 hPa (top)
The new composite fields in terms of VWS (magnitude and DFX (shading, in 5Kmsl), vertical velocity (contours,
and direction), CAPE (convective available potential en-—0.25ms ! and—0.5ms1) at 850 hPa (bottom) for (left) weak-
ergy), moisture and streamline for both cases are similar te@ning and (right) strengthening events confined to the west of
those of the original composite without geographic restric-135 E at timez 4g,. The solid white arrows irfa) and (b) high-
tions. The averaged environmental VWS is 10.1thm a light the mean streamlines in the western and eastern sides of TC.
westerly direction for the weakening cases and 8.4 is Two black solid circles are®3 and 5-radius circles centered on the
a easterly direction for the intensifying cases. Figure 11a and®©™"
b shows the respective composites of the 500 hPa RH and
streamlines for both casesratgn. For the weakening cases
(Fig. 11a), the westerly environmental flow brings the drier shows that a broad area of drier air is brought into the western
air closer to the southwestern quadrant of the inner region ohalf of the TC circulation that lowers the relative humidity
the storm while it does not facilitate the transport of moist air and suppresses the moisture supply. Intrusion of the dry air
into the eastern side of the TC. For the strengthening casegromotes evaporative cooling and enhances the cold down-
(Fig. 11b), moist air is more likely to be transported into the drafts, which subsequently cools the boundary layer, reduces
inner-core region of the TC, while the dry air in the west the CAPE (Fig. 13a), and thus suppresses the deep convec-
is prone to be advected outside under the influence of eastive development.
erly environmental VWS. This result is consistent with the  The impact of dry air intrusion on TC development can
overall composite without geographic restrictions, suggestalso be seen clearly from the composite downward flux
ing that the dry air intrusion and the VWS associated with of 08¢ at the top of the boundary layer (Fig. 11c—d) as
the WNPSH indeed affect the intensity changes of TCs oveDFX =w_#’e, wherew__is downward motion and the prime
the WNP beyond the difference related solely to variations indenotes the deviation from the azimuthal mean. The top of
geographical locations. the boundary layer is defined roughly as the top of the ax-
Previous studies suggested that the intruding drier air maysymmetric inflow layer (set at 850 hPa for this study). Pos-
negatively impact the intensity of TCs in the following path- itive values of DFX (downward flux) denote downward flux
ways: (1) intrusion of the low-entropy air frustrates the con- of anomalously lowde into the inflow layer. Figure 11c and
version of heat into kinetic energy within the TC’s power en- d shows the distributions of DFX and downdrafts for both
gine, as mentioned by Tang and Emanuel (2010); (2) entraineases. It is easily seen that positive DFX dominates the north-
ment of dry air into the convective cloud reduces buoyancywestern quadrant in the weakening composite in comparison
(James and Markowski, 2010); and (3) the drier and coolemwith negative DFX over the same region for the intensifying
air (low6e) could serve as “anti-fuel” for the TC power when cases. In addition, the descending area outside the eyewall
shear-induced downward-flux lofe air enters the inflow coincides with the anomalously lo#e air brought in from
layer of the TC from above, especially at midlevels wherethe environment for the weakening cases (Fig. 11c), suggest-
mixing of low fe air into the eyewall is thought to be partic- ing an amplified negative impact of dry air intrusion there.
ularly effective (Riemer et al., 2010, 2013). Consistent with Although it remains unclear precisely how the drier air enters
findings from these idealized results, the current compositeghe eyewall updrafts and limits the strengthening of storms
study with a large number of observed TCs over the WNPdue to the coarser resolution of the GFS data we used, the

/N
850-hPa DFX
0 10
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Latitude
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Longitude Longitude

Figure 13. GFS-derived fields for the composites of CAPE (shad-
ing) and geopotential height of 5880 m at 500 hPa (thick black line)
for (left) weakening and (right) strengthening events at tigug .
Black contours are drawn at 40 and 35% 500hPa RH. The two
black solid circles are 3 and 5-radius circles centered on the
storm.

~

A3
—
m————

shear

with the high-pressure system, the strong and weak easterly
wind is established in the higher and lower levels in the TC
environment, respectively. Therefore, the TC will be under
, , , the weak easterly environmental VWS, which advects the
sity change of a (top) weakening and (bottom) strengthening TC.g iheast warm, moist air towards the TC while preventing

“H”in (a) and(c) indicates the WNPSH; i(b) and(d), the dashed . . L .
curves denote the westerly and easterly storm-relative environment-he dry air from intruding into the western side of the TC

tal flow, respectively. The solid curves roughly indicate the TC’s (Fig. 12c, d). The TC also interacts with the environmental

inner-core-region boundary, and the regions of dry and moist aird’y ar over the northern part of it, but to a lesser degree (Fig.
represent the actual areas of dry or moist air in the earlier compos13b) in comparison with that for the weakening events. In ad-

ite results. The thick curved arrows indicate the ways the dry ordition, the fusion of warm, moist air from the south/southeast

moist air enters the TC circulation. (see text for details). may lessen this detrimental impact on TC intensity (from
shear or dry intrusion) and thus keep the TC intensifying.
Again, the observational composites presented here comple-
ment the recent study of Riemer and Montgomery (2011),

apparent difference of DFX between the two groups demonyyhq concluded that the adverse impact of the VWS on a TC
strates clear links between the environmental moisture Confnay be sensitive to the direction of the shear from their ide-

tent and TC intensity, which complements recent idealized,i;ed simulations.
studies of Riemer et al. (2010, 2013).

Above all, the composite results clearly demonstrate tha4.4 Underlying SST
the intensity changes of TCs are closely related to the
upper-level westerly trough—-WNPSH-TC interaction over The underlying SST should also be taken into account when
the WNP. Figure 12 shows the schematic of the influencesanalyzing the intensity changes of TCs. As shown before, the
of the WNPSH on the intensity changes of TCs by re-intensifying and the weakening TCs are usually located on
ferring to the display methodology used by Willoughby et the southern and western edges of the WNPSH, respectively.
al. (1984, their Fig. 18) and Riemer and Montgomery (2011, That means the central positions for the former are usually
their Fig. 10). When a TC moves along the western edge ofocated farther southward than the latter. Table 3 shows the
the WNPSH, under the combined influences of the WNPSHaverage SSTs and POTs (the potential intensity, which is the
and the upper-level westerly trough, the strong westerly andlifference between the maximum potential intensity (MPI)
nearly calm wind is established in the higher and lower lev-and the current intensity of a TC) (DeMaria and Kaplan,
els in the TC environment, respectively. The TC thus will 1999) for the weakening and strengthening cases at differ-
be under the strong westerly environmental VWS, which ad-ent times. The differences of SSTs between the two cases
vects the northwest, dry environmental air associated withfor the three instances are statistically significant at the 95 %
the WNPSH (or the supplement from the upper-level west-confidence level from Studentistest. On average, the un-
erly trough) towards the western part within the 500 km ra-derlying SSTs are about 27.6 and 283for the weakening
dius of the TC, and in the meanwhile prevents the warm,and strengthening cases, respectively, similar to those with
moist air from being transported into the eastern side of theadditional geographic restrictions. Previous results showed
TC (Fig. 12a, b). that TC intensification is favorable when SST is betweeh 27

However, when a TC moves along the southern border ofand 30°C (Chan et al., 2001). The average SST of 2T.6
the WNPSH, under the influence of the easterlies associatefibr the weakening events is above the critical value of@7

mo'\st\.“'e

Figure 12. Schematic of the influences of the WNPSH on the inten-
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5 Concluding remarks

The influence of environmental conditions on the intensity
changes of TCs over the WNP are investigated observa-
tionally by using the satellite-derived data (AIRS-AMSU),
NCEP GFS analyses and NOAA Reynolds SST reanalysis,
and TC best-track estimates from JMA in this paper. A total
of 37 TCs during 2000-2011 that possibly interacted with the
WNPSH are examined. Based on the 48 h intensity changes
of these TCs after they interact with the WNPSH for at least
48 h, a comprehensive composite analysis of the environmen-
tal conditions is performed for two stages of storms: one is
categorized as the intensifying events (maximum wind speed
increases by 15kn over 48 h) and the other is categorized as
the weakening events (maximum wind speed decreases by
15 kn over 48 h). The characteristics of the weakening and in-
tensifying cases are computed and compared to address how
the environmental conditions play roles in the development

110 120 130 140 150 160 170

110 120 130 140 156 160 170

Longitude of TCs over the WNP.
| Itis found that when a TC moves along the western edge of
222 28 24 25 26 27 28 29 30 the WNPSH, under the combined influences of the WNPSH

Figure 14. The average SST fields (shading) and TCs tracks (col-and the upper-level westerly trough, a strong westerly flow

orized lines with storm intensity) during thefa) weakening and is eSt‘f"b“Shed in the upper levels of the ?nVironment S.ur'
(b) strengthening stages. rounding the TC but with calm low-level winds. This envi-

ronmental flow of westerly vertical wind shear advects the

dry air masses associated with the WNPSH (or the supple-
and, thus by itself, should not be the primary factor that leadgment from the upper-level westerly trough) from the north
to the weakening of TCs. Rather, in comparison with an aver-and northwest towards the western part of the TC circulation
age of 28.9C for the strengthening events, the SST may bewithin a 500 km radius, and in the meanwhile prevents the
regarded as a less positive factor for the weakening events. warm, moist air from being transported into the eastern side

Figure 14 shows the average SST fields and all TCof the TC. The intruding dry air resulting from subsidence
tracks. For the weakening stages (Fig. 14a), the TCs ar@egatively impacts TCs in several ways, such as lowering the
usually located on the western edge of the WNPSH andelative humidity over the western half of the TC, reducing
tend to have northward and then recurving tracks. HoweverCAPE and suppressing the convective development within
for the strengthening stages (Fig. 14b), the TCs normallyTCs. The change of zonal wind at 200 hPa from weak east-
move along the southern border of the WNPSH and haveerly to westerly indicates the beginning of TC weakening and
straight west—northwestward tracks. In other words, a west-€an be served as a good indication of the weakening of TC
northwestward-moving TC over the southern border of thewhen it interacts with the WNPSH.
WNPSH is more likely to intensify, but a northward and re- When a TC moves along the southern edge of the WNPSH,
curving TC over the western periphery of the WNPSH is the TC is under the influence of the easterlies associated
more likely to weaken. Zeng et al. (2007) also found that thewith the high-pressure system throughout the troposphere
recurving TCs are more likely to weaken due to their high (stronger easterly above and lower below). An environmental
translational speed. flow of easterly vertical wind shear advects the warm, moist
Although the differences of the POTs between the twoair from the south and southeast towards the TC while pre-

cases are also statistically significant for different times, theventing the dry air from intruding into the western side of the
averaged POTs for the two groups are positive suggesting C. Although the environmental dry air may have also af-
that both thermodynamic environments have the potential tdected the TC from the north, it is to a much lesser degree in
support TC intensification, which further supports our hy- comparison with that for the weakening events. In addition,
pothesis on a less positive effect of SST for the weakeningthe fusion of warm, moist air from the south/southeast may
cases. lessen this detrimental impact on TC intensity (from shear or

dry intrusion) and thus keep the TC intensifying.

These composite results are consistent with those with ad-
ditional geographic restrictions, suggesting that the dry air
intrusion and the VWS associated with the WNPSH indeed
affect the intensity changes of TCs over the WNP beyond the
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Table 3. The average SSTs and POTSs for the weakening and intensifying cases at different times.

10h 1424h 1148h average
SST €C) weakening  28.3(28.3) 27.8(27.9) 26.7(27.1) 27.6(27.8)
intensifying  29.0 (29.4) 28.9(28.7) 28.7(28.7) 28.9(28.9)
POT (ms1) weakening 33.4(37.1) 31.7(35.0) 34.0(355) 33.0(35.9)
intensifying  62.0 (66.5) 54.9(53.8) 46.2(46.8) 54.4(55.7)

Values in the parentheses mean the SSTs and POTSs for the two groups with geographic restrictions (see text for

details).
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