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The Tropical Transition in theWestern North Pacific: The
Case of Tropical Cyclone Peipah (2007)
Minhee Chang1 , Chang‐Hoi Ho1 , Johnny C. L. Chan2 , Myung‐Sook Park3 ,
Seok‐Woo Son1 , and Jinwon Kim4

1School of Earth and Environmental Sciences, Seoul National University, Seoul, South Korea, 2Guy Carpenter Asia‐Pacific
Climate Impact Centre, School of Energy and Environment, City University of Hong Kong, Hong Kong, 3Korea Institute
of Ocean Science and Technology, Busan, South Korea, 4National Institute of Meteorological Research, Seogwipo, South
Korea

Abstract This study examines the transition of an extratropical disturbance to a tropical cyclone (TC),
Peipah (2007), in the western North Pacific (WNP), using reanalysis and geostationary satellite data.
Instead of regular diurnal fluctuations of deep convection, the pre‐TC disturbance accompanies deep
convection only for short durations every other day. When the pre‐TC vorticity is traced back to 7 days prior
to its formation, the traced‐back vorticity indicates a strong potential vorticity (PV) trough in the subtropical
upper troposphere that originated from the midlatitude lower stratosphere. The quasi‐geostrophic
forcing and reduced static stability at the leading edge of the PV trough result in the formation of an
extratropical disturbance. The vertical structure of the extratropical disturbance shows maximum vorticity
in the upper troposphere and cold temperature anomaly within it throughout the entire troposphere.
As the extratropical disturbance moved into the tropical WNP, deep convection associated with
quasi‐geostrophic dynamics over the warm ocean initiated tropical transition of the extratropical
disturbance to a TC through diabatic redistribution of PV in the tropospheric column as well as transition of
the cold anomaly into a warm anomaly within the vortex. With additional contribution of barotropic
energy conversion in the lower troposphere, the warm‐core low system finally developed into a TC‐strength
vortex. These results indicate that PV troughs of the stratospheric origin over the subtropical Pacific
Ocean can contribute to TC formations in the WNP.

1. Introduction

Multiple episodes of diurnal deep convective bursts are often regarded as a typical prelude to the forma-
tion of tropical cyclones (TCs; Chang et al., 2017; Davis & Ahijevych, 2012; Zehr, 1992). However, TCs in
the western North Pacific (WNP) occasionally develop without such preludes (Chang et al., 2017). Based
on a composite analysis, Chang et al. (2017) suggested that those TCs developed without diurnal deep
convective bursts are likely influenced by upper‐tropospheric forcing. Several days prior to the TC forma-
tion, a vorticity maximum is located in the upper troposphere which later redistributes to the lower‐to‐
middle troposphere with associated deep convection. The unique location of the vorticity maximum, in
contrast to the general location in the lower troposphere for most TCs (Bister & Emanuel, 1997; Gray,
1968; Hendricks et al., 2004; Montgomery et al., 2006; Smith & Montgomery, 2016), may manifest as
one type of TC precursors in the subtropical upper troposphere over the WNP (McTaggart‐Cowan
et al., 2013).

Upper tropospheric forcing, associated with transient convection, has been examined in the context of an
upper tropospheric trough or potential vorticity (PV) intrusion (Funatsu & Waugh, 2008; Kiladis, 1998;
McIntyre & Palmer, 1983; Postel & Hitchman, 1999; Waugh & Funatsu, 2003). For instance, as high PV
intrudes from the extratropical lower stratosphere into the tropical upper troposphere, deep convection
can be stimulated at the leading edge of the PV tongue. The localized deep convection can be driven by a
quasi‐geostrophic (QG) forcing for ascent as either positive differential vorticity advection (Trenberth,
1978) or positive PV advection (Hoskins et al., 1985) by the thermal wind. Alternatively, the colder and drier
air transported into the upper troposphere serves to destabilize the tropospheric column by enhancing
convective available potential energy (CAPE), thus to foster convectively favorable environments (Juckes
& Smith, 2000). The associated anticyclonic wave breaking (and PV streamer) over the tropical eastern
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Pacific and North Atlantic has been attributed to the formation of subtropical cyclones, which can subse-
quently undergo tropical transition (Bentley et al., 2017; Bentley & Metz, 2016; Davis & Bosart, 2003,
2004; Galarneau et al., 2015).

On seasonal to climate time scales, however, the detrimental role of the upper‐tropospheric features on TC
formations is recently reported in relation with shear and low enthalpy air accompanied with it. For
instance, the inter‐annual or the long‐term trend of the westward shift in the tropical upper‐tropospheric
trough (TUTT) is found to alter the mean TC genesis location to the west as well as to suppress the TC gen-
esis frequency in the easternWNP basin (Wang &Wu, 2016; Wu et al., 2015). Similarly, frequent breaking of
extratropical Rossby waves is found to decrease the total TC numbers and their intensities as well as to
shorten the lifetime of TCs over the North Atlantic basin (Papin, 2017; Zhang et al., 2016, 2017). The strong
vertical wind shear and the transport of cold and dry air associated with such upper tropospheric features
result in tropospheric moisture reduction and significant downdrafts that cause convection to collapse (Ge
et al., 2013; Tang & Emanuel, 2012).

Whereas the TC formation under the influence of an upper tropospheric trough has been widely studied
over the North Atlantic (e.g., Bentley et al., 2016; Bracken & Bosart, 2000; Davis & Bosart, 2004), the only
similar WNP case studies are Sadler (1975, 1976, 1978). In this study, TC Peipah in 2007 is selected to
examine the upper tropospheric initiation of TC, among the TCs associated with limited deep convection
prior to their formation over the WNP (Chang et al., 2017). Evolutions of the upper and lower tropo-
spheric disturbances were chronologically documented from 7 days before to 1 day after its formation
to (1) identify the role of upper‐tropospheric forcing, and (2) specify the process for low tropospheric
TC vortex spin‐up.

In section 2, the data and methodology used in this analysis are introduced. Section 3 describes why Peipah
is selected among a larger group of TC. In section 4, the chronological analysis of Peipah formation pathway
is introduced by including dynamical and thermodynamical descriptions. Finally, a summary of this paper is
presented in section 5.

2. Data and Methodology

For geostationary satellite data, infrared (IR; centered at 10.8 μm) andwater vapor (WV; centered at 6.75 μm)
channel brightness temperatures (BTs) from the Multifunctional Transport Satellite‐1R (MTSAT‐1R) are
used. The MTSAT‐1R data (Puschell et al., 2002) were obtained from National Meteorological Satellite
Center, Korea. The BT data are available every hour at 4‐km resolution. Cloud types are identified from
the difference between the two BTs (IR minus WV BTs); deep convection reaching the tropopause when
IR minus WV BTs value becomes negative, and cirrus when IR minus WV BTs value is positive but small
(Bessho et al., 2001; Chang et al., 2017; Olander & Velden, 2009).

To investigate the oceanic and atmospheric features around Peipah, data from the two reanalysis data sets,
including the Optimum Interpolation Sea Surface Temperature version 2 (OISST V2) and the Modern Era
Retrospective analysis for Research and Applications version 2 (MERRA‐2), are analyzed for the period 27
October to 4 November 2007 over the WNP (0–35°N, 100°E to 180°). The OISST V2 data set (Reynolds
et al., 2007) was obtained from the web site of NOAA/OAR/ESRL PSD, Boulder, Colorado, USA (https://
www.esrl.noaa.gov/psd/) and used to analyze the daily mean sea surface temperature (SST) at 0.25° resolu-
tion. The MERRA‐2 data set (Global Modeling and Assimilation Office (GMAO), 2015) provides the three‐
dimensional distributions of the Ertel PV, temperature, height, zonal and meridional winds, vertical wind
(omega), relative humidity, and specific humidity in 3‐hr intervals at 0.5° × 0.625° longitude‐latitude resolu-
tions on 42 pressure levels from 1,000 to 100 hPa in the NASA GES DISC online archive (https://disc.gsfc.
nasa.gov/).

From the variables obtained fromMERRA‐2 data set, relative vorticity, potential temperature, and moisture
flux divergence at every pressure level, vertical wind shear between 200 and 850 hPa, and CAPE are calcu-
lated. Also, the Ertel PV is interpolated onto the 350‐K potential temperature surface to analyze the PV on an
isentropic surface because PV in a dry atmosphere is adiabatically conserved and will follow isentropic con-
tours. In order to verify the evolution of lower‐to‐middle tropospheric relative vorticity associated with con-

vective updrafts, the stretching component in the vorticity equation is calculated i:e:; − ζ þ fð Þ ∂u
∂x þ ∂v

∂y

� �� �
.
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To evaluate dynamics associated with upper tropospheric trough, QG
ascent/descent is calculated at each pressure level using zonal, meridio-
nal, and vertical winds and temperatures. The objective analysis of the tro-
pical transition was conducted by examining a cyclone‐phase space
diagram (Hart, 2003) with isobaric height values. To evaluate the ener-
getics associated with TC formations, barotropic energy conversion
(BTEC) is computed at each pressure level using zonal and meridional
winds. The basic flow components are obtained by applying a 9‐day
Lanczos low‐pass filter while the eddy components are obtained as the
residual. The resulting basic flow and eddy components serve as the
approximation for the slowly varying environmental flow and the pre‐
TC circulation, respectively (Dunkerton et al., 2009).

The 6‐hourly International Best Track Archive for Climate Stewardship
(IBTrACS) data (Knapp et al., 2010) provided from the National
Climatic Data Center (NCDC; https://www.ncdc.noaa.gov/ibtracs/) is
used for TC tracking. Because IBTrACS data are only available several
hours before Peipah's formation, the positions of vorticity maximum
(hereafter, vort‐max) are obtained from 7 days before to 1 day after its for-
mation following the 600‐ to 400‐hPa average Ertel PV fields of MERRA‐2;
details of the vorticity maximum tracking algorithm are described in
Chang et al. (2017). The vort‐max positions obtained at 3‐hr intervals
are then interpolated into 1‐hr interval. For the reference time of TC for-
mation, we refer to the Joint Typhoon Warning Center best track due to
the lack of the wind speed records below 17 m/s during the TC formation
period in the IBTrACS data. The first designation time of a tropical depres-
sion (13–17 m/s) in JTWC is adopted as the TC formation time (available
at Naval Oceanography Portal, Tropical Cyclone Best Track Data
Site; http://www.metoc.navy.mil/jtwc/jtwc.html).

3. Selection of Peipah

Chang et al. (2017) investigated a total of 80 TCs formed during 2007–2009
over the WNP. Among them, 26 TCs developed without accompanying
several days of diurnal variation of deep convection (black line in
Figure 1e), which was found to be a typical prelude to TC genesis for 54
TCs out of the 80 TCs. A brief investigation of the PV distribution on the
350‐K surface prior to their formation showed that the pre‐TC vorticity
of 12 of the 26 TCs (Table 1) are traced back to PV streamer in the upper
troposphere 3–5 days prior to their formation; TC Peipah is one of the 12
TCs. (Climatological characteristics between 12 TCs traced back to PV
streamer and the rest 14 TCs are briefly shown in the supporting informa-
tion including monthly and spatial distributions as well as their large‐
scale environment features.)

The pre‐TC vorticity of the 12 TCs originates from and develops into TCs
over the open ocean (Figure 1a). Their formation occurred from May to
December with maximum in September and October (see Table 2).
Composite analysis of the evolution of their relative vorticity (Figure 1b)
shows that the relative vorticity is maximized in the upper troposphere
3–5 days prior to their formation, whereas the location of vorticity maxi-
mum redistributes into lower troposphere 1 or 2 days prior to the forma-
tion. Also, relative humidity in the low‐to‐upper troposphere remains
below 70% 3–5 days before their formation (Figure 1c), forming an unfa-
vorable thermodynamic environment for deep convection (see the

Figure 1. (a) The 5‐day pre‐TCvort‐max track (black lines) and the location of
TC formation (hurricane signs) of 12TCswhich are traced back to thepotential
vorticity steamer in the upper troposphere on 3–5 days prior to their
formation during 2007–2009 (listed in Table 1). (b–d) Time‐height composite
hovmöller plot of (b) relative vorticity (shading, 10−6 s−1), (c) relative humidity
(%), and (d) zonal temperature anomaly (K) averaged within a 500‐km radius
about the vort‐max positions. (e) Composite time series of deep convective
area (black line in 1‐hourly, 104 km2) constructed from IR minus WV BTs
below 0K areawithin a 500‐km radius about the vort‐maxpositions and that of
average vertical wind shear (gray line in 3‐hourly, m/s according to the axis
on the right) within the same radius. Developing disturbances are aligned by
TD formation day (TCG, vertical dashed line in b–e) according to their local
time. TC= tropical cyclone; IR= infrared;WV=water vapor; BT= brightness
temperature; TD = tropical depression; TCG = tropical cyclogenesis.
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limited area of deep convection in Figure 1e). However, the relative humidity increases to over 70% 2 days
before the formation, simultaneously with an increase in the area of deep convection. The upper‐
tropospheric temperature shows a cold anomaly 4–5 days before the formation; the cold anomaly
subsequently turns into a warm anomaly 1 or 2 days before the formation (Figure 1d). Magnitude of the
vertical wind shear within the pre‐TC vorticity reaches 16 m/s 4–5 days prior to the formation (Figure 1e),
which is likely to be related with the high value of relative vorticity in the upper troposphere and explains
the absence of deep convection.

As 12 TCs out of 80 during 2007–2009, 15% of the total, eventually developed into TCs despite the absence of
multiday diurnal deep convection, we select one case, Peipah formed on 3 November 2007, to investigate the
formation process. This case study of Peipah will introduce the representative TC formation pathways of 12
TCs. Especially, we focus on the role and the origin of the high value of relative vorticity in the upper tropo-
sphere and explain how an environment unfavorable for TC formation (such as low relative humidity and
strong vertical wind shear) is modified to a favorable one as well as how the cold anomaly of the pre‐TC dis-
turbance transits into a warm anomaly.

4. Results

Typically, a TC precursor disturbance originates from the tropics and moves westward following the synop-
tic wind pattern (e.g., subtropical anticyclone). When it reaches the western extent of the subtropical ridge, it
propagates poleward with additional effects of the beta drift. The pre‐Peipah (the precursor vort‐max of
Peipah) is different from the typical TC precursor in the WNP; it is of a nontropical origin and moves in a
much different path as shown in the Peipah's vort‐max track from 7 days before (27 October) to 1 day after
(4 November) its formation (Figure 2a). The Peipah vort‐max, the PV maximum at 600‐ to 400‐hPa average,
originated from the subtropics at 29.2°N and 171.6°E on 27 October and subsequently moved southwest-
ward. After 30 October, the vort‐max position moved northwestward or westward within the 12–18°N until
it was developed into Peipah on 3 November.

Similar to the difference in vort‐max track between the two periods, that is, 27–30 October and 31 October to
3 November, the vertical structure of relative vorticity (Figure 2b) and the environmental vertical wind shear

(gray line in Figure 2c) are also different between the two periods. A rela-
tive vorticity maximum is located in the upper‐to‐middle troposphere
(500–100 hPa) during the first period, whereas the maximum vorticity
occurs in the lower‐to‐middle troposphere (1,000–500 hPa) during the sec-
ond period. Vertical wind shear around pre‐Peipah exceeds 16 m/s in the
first period (27–30 October), but became weaker (below 12m/s) in the sec-
ond period (31 October to 3 November) as the vort‐max moved south into

Table 1
The list of 26 TCs Developed Without Accompanying Multiple Episodes of Diurnal Deep Convective Bursts Prior to Their
Formations During 2007–2009 Over the Western North Pacific (Chang et al., 2017)

Year 2007 Year 2008 Year 2009

KONG‐REY
MAN‐YI
USAGI*
FITOW
14W_NONAME
KROSA*
PEIPAH*

NEOGURI
RAMMASUN
MATMO
FENGSHEN
11W_NONAME
NURI*
16W_NONAME* 17W_NONAME*
JANGMI*
BAVI*
HAISHEN*
NOUL
DOLPHIN*

NANGKA*
MUJIGAE
KOPPU
NEPARTAK
LUPIT*
24W_NONAME

Note. The members with asterisks are those whose pre‐TC vorticities are traced back to the strong potential vorticity in
the upper troposphere on 3–5 days prior to their formation (12 TCs) and the rest are those who are not (14 TCs).
TC = tropical cyclone.

Table 2
Distribution of the Formation Month of the Year of TCs With Asterisks Listed
in Table 1

J F M A M J J A S O N D Total

0 0 0 0 0 1 1 1 4 2 2 1 12

10.1029/2018JD029446Journal of Geophysical Research: Atmospheres
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the tropical western Pacific. The area of deep convection increases on 28
and 30 October 12:00 UTC in a 2‐day interval during the first development
period (black line in Figure 2c). During the second period, diurnal varia-
tion of deep convective area starts in small amplitude (< 8,600 km2)
within the weak vertical wind shear environment on 1 and 2 November,
then the area of deep convection increases rapidly on 3 November as it
develops into a TC. Two different driving forces for deep convection in
each development period will be examined in this section.

The environmental characteristics associated with the transition of pre‐
Peipah between the first and second development periods are described in
section 4.1. Section 4.2 discusses the role of strong upper tropospheric vor-
ticity and the driving mechanism of deep convection in the first develop-
ment period. In section 4.3, the energetics of the interaction between the
slowly varying environment and pre‐Peipah are discussed to describe
the low‐tropospheric TC vortex spin‐up and subsequent TC formation in
the second development period.

4.1. Tropical Transition

For the 7 days prior to the formation of Peipah, SSTs and vertical wind
shear provided favorable environments for tropical transition (Davis &
Bosart, 2003, 2004, 2006; Sadler, 1975, 1976, 1978). In Figure 2a, pre‐
Peipah remained over regions where SST exceeded 26 °C. Strong vertical
wind shear of over 16 m/s in the first development period was reduced
to below 12 m/s in the second development period, providing favorable
conditions for TC genesis (Gray, 1968; Park et al., 2013; Tang &
Emanuel, 2012). In the environment of warm SST and weak vertical wind
shear, an extratropical cold‐core low is transformed into a tropical warm‐

core low.

On 27 October, the traced‐back vort‐max is located within the TUTT (yel-
low line in Figures 3a and 3b indicates the TUTT axis) as shown in the 200‐
hPa wind field. Note that TUTT is a type of upper tropospheric trough that
extends from the eastern to the WNP (Sadler, 1975). Figure 3b shows the
typical cloud distribution around the TUTT: a broad cloud‐free region
(IRminusWVBTs over 30 K) to the west of the trough and stretched cirrus
(IRminusWV BTs below 10 K) to the east of the trough following the 200‐
hPa southwesterly flow (Figure 3a). The cross section of the TUTT is
shown in Figure 3c. The negative height anomaly is maximized in the
upper troposphere and penetrates into the middle troposphere. The entire
troposphere below the TUTT isfilledwith negative temperature anomalies
as the TUTT transports cold air equatorward from the higher latitudes. In
the lower troposphere, no significant negative height anomaly appears

around the vort‐max position either in Figure 3a or 3c; however, a narrow region of a cyclonic relative vorti-
city at 925 hPa is indicated to the east the vort‐max position in Figure 3b, colocated with 500‐hPa ascending
motions. Note that a cyclonic vorticity is not necessarily associated with negative height anomalies.

On 28 October, the TUTT penetrates further equatorward, as evidenced in the 200‐hPa wind field in
Figure 3d. In the lower troposphere, the cyclonic relative vorticity (Figure 3e) at 925 hPa locates south-
ward from the vort‐max position. This cyclonic vorticity region is associated with deep convective cloud
areas, which are also colocated with 500‐hPa ascending motions (Figure 3e). This deep convection per-
sists for more than 6 hr (see deep convection peak on 28–29 October in Figure 2c); the low tropospheric
relative vorticity amplifies with time (see the thick black contour in Figure 2b) as convective ascent
stretches the preexisting low‐level vorticity (e.g., Wissmeier & Smith, 2011). According to Penny et al.
(2015), the TUTT generally limits TC genesis via significant vertical wind shear, but it can occasionally
assist TC genesis by inducing strong updrafts over an ambient surface low (Sadler, 1975, 1976, 1978;

Figure 2. (a) The 8‐day mean sea surface temperature (K) and 1‐hourly
(black line), 6‐hourly (white cross), and daily 06:00 UTC (white dots for
pre‐TC and hurricane signs for TC) vort‐max positions of Peipah on 27
October to 5 November 2007. (b) Time‐height diagram of relative vorticity
(shading, 10−6 s−1) and vorticity stretching rate (thick black contour,
7 × 10−6 s−2) averaged within a 500‐km radius about the vort‐max positions.
(c) One‐hourly time series of deep convection area (black line, 104 km2)
constructed from IR minus WV BTs below 0 K area within a 500‐km radius
about the vort‐max positions and 3‐hourly time series of average vertical
wind shear (gray line, m/s according to the axis on the right) within the
same radius. The vertical dashed line in (b–c) indicates the date of Peipah
formation. TC = tropical cyclone; IR = infrared; WV = water vapor;
BT = brightness temperature.
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Figure 3. (a, d, g, j, m)MTSAT‐1R brightness temperature difference between the infrared and water vapor channels (K; centered at 10.8 and 6.75 μm, respectively),
925‐hPa zonal height anomaly (solid and dashed black contours, ±10, ±20, ±40 m) and 200‐hPa horizontal wind vectors (over 16 m/s in barbs) at 06:00 UTC on
(a) 27 October, (d) 28 October, (g) 29 October, (j) 31 October, and (m) 2 November. Time of the panels within each row are identical. (b, e, h, k, n) Enlarged
MTSAT‐1R IR minus WV BTs image within the red box in (a, d, g, j, m). Solid dark blue contour and dashed green contour each indicates 925‐hPa relative vorticity
of 30 × 10−6 s−1 and 500‐hPa vertical velocity of −0.2 Pa/s, respectively. The yellow line in (a, b, d, e) represents the TUTT axis. (c, f, i, l, o) Vertical cross
sections along the horizontal red line crossing the vort‐max position in (a, d, g, j, m). Zonal height anomaly (solid and dashed black contours, ±10, ±20, ±40 m),
zonal temperature anomaly (shading, K) and vertical velocity (dashed green contours, −0.2 Pa/s) are plotted. The black dots in the first and second columns
and triangles in the third column denote the vort‐max position. MTSAT‐IR = Multifunctional Transport Satellite‐Infrared; WV = water vapor; BT = brightness
temperature; TUTT = tropical upper‐tropospheric trough.
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Trenberth, 1978) or by destabilizing the troposphere (Juckes & Smith,
2000). Considering the current examination on geostationary satellite
images and atmospheric variables, the role of TUTT will be elaborated
in section 4.2.

On 29 October, the 925‐hPa negative height anomaly deepens to develop a
closed contour of −40 m near the vort‐max (Figure 3g). Within this nega-
tive height anomaly, several patches of cyclonic relative vorticity are
located (Figure 3h). The 200‐hPa wind field in Figure 3g illustrates that
the TUTT‐cell is detached from the upper tropospheric trough. Along
the 200‐hPa cyclonic wind field, the cirrus clouds (IR minus WV BTs
below 10 K) are scattered into a large rim shape. In the vertical cross sec-
tion, the zonal height anomaly depicts a vertically well‐developed cyclonic
system with a cold temperature anomaly within it (Figure 3i). The axes of
both the cold and negative height anomalies are tilted westward, and
ascending motion exists throughout the troposphere (in several frag-
ments) along the tilted axes of the temperature and the height anomalies.
As this cold‐core disturbance travels within the tropics, its structure
begins to change.

On 31 October, as the vort‐max moved into a weak vertical wind shear
environment (below 12 m/s; Figure 2c), the low‐pressure system devel-
oped a vertical structure without notable tilting (Figure 3l). In the lower
troposphere, a clear lower tropospheric low is established (Figures 3j
and 3l) with the cyclonic relative vorticity of over 15 × 10−6 s−1 from
1,000 to 100 hPa (Figure 2b). The zonal temperature anomaly plot
(Figure 3l) shows a warm‐core‐like feature, as the positive temperature
anomaly locates in the upper troposphere above 500 hPa, while weak cold
anomaly still remains in the lower troposphere. The reduced cold anom-
aly is likely due to the latent heat release from the transient deep convec-
tion on 30 October (Figure 2d). The negative height anomaly reaches near
200 hPa where the warm temperature anomaly is observed. Note that it is
supported by the remaining 200‐hPa cyclonic flow observed in Figure 3j,
suggesting that the system still has some cold‐core characteristics com-
pared to the warm temperature anomaly surrounding the east and west
of the vort‐max position at lower‐to‐middle troposphere (Figures 3l).

After 2 days, a narrow deep convective cloud band (IR minus WV BTs
below 0 K) developed near the vort‐max position (Figures 3m and 3n);
ascending motion through the entire troposphere is also evident as in
Figure 3o. The superposition of deep convection (or ascending motion)

over the lower tropospheric vortex is known to amplify the low‐level cyclonic system via low tropospheric
vortex stretching (see the thick black contour in Figure 1b; Wang, 2014; Wissmeier & Smith, 2011). In the
cross section (Figure 3o), the largest warm anomaly, over 3 K, in the upper troposphere appears in the cen-
ter; the zonal height anomaly also shows a strong negative (positive) height anomaly in the lower (upper)
troposphere. The pronounced warm‐core low then continues to strengthen on the following day and finally
develops into Peipah on 3 November.

To objectively identify thermal structure of pre‐Peipah, the cyclone phase diagram (Hart, 2003) is plotted for
28 October to 4 November (Figure 4). The lower tropospheric cyclonic circulation is insignificant on 27
October (not shown). In Figure 4a, the value of the 900‐ to 600‐hPa geopotential thickness symmetry (B)
is mostly confined within ±10 m. A cyclone with B < 10 m is considered to be either a nonfrontal structure
or an occluded low; the pre‐Peipah case corresponds to the latter (Hart, 2003; R. E. Hart, personal commu-
nication, 18 April 2018). In Figure 4b, the phase of the cyclone is located in the lower left quadrant on 28–30
October and transfers to the upper right quadrant on 1–4 November. Specifically, the upper tropospheric
(600–300 hPa) thermal wind (−VT

U) represents an upper tropospheric cold‐core feature on 28–30 October

Figure 4. Cyclone phase diagram of pre‐Peipah. Phase evolution of
(a) − VT

L versus B and (b) − VT
U versus −VT

L are plotted where para-
meter B indicates 900‐ to 600‐hPa storm‐relative thickness symmetry, −VT

L

indicates 900‐ to 600‐hPa thermal wind, and−VT
U indicates 600‐ to 300‐hPa

thermal wind. From 28 October 00:00 UTC (A) to 4 November 21:00 UTC
(Z), the 3‐hourly status of pre‐Peipah (light colored line) and its 25‐hr run-
ning average (thick colored line) are plotted for each date as indicated in the
right bottom in (b). The TC formation time (3 November 06:00 UTC) is
indicated as “C”. TC = tropical cyclone.
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Figure 5. Potential vorticity (contours, 1, 2, 4, and 8 PVU; 1PVU = 1.0 × 10−6 m2·s−1·K·kg−1) on the 350‐K isentropic
surface and CAPE (shading, J/kg; a) at 12:00 UTC on 28 October, (b) at 18:00 UTC on 30 October, (c) at 06:00 UTC on
1 November, and (d) at 06:00 UTC on 3 November. CAPE is presented within 30° × 30° box around the vort‐max position
to focus on the main region near the pre‐TC disturbance. The dots and TC symbol each denote the vort‐max position of
pre‐TC and TC, respectively. TC = tropical cyclone; CAPE = convective available potential energy.
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(−VT
U < 0), a neutral on 31 October (−VT

U ~ 0), and an upper tropospheric warm‐core feature on 1–4
November (−VT

U > 0). In terms of the lower‐tropospheric (900–600 hPa) thermal wind (–VT
L), a lower

tropospheric cold‐core feature on 28–31 October (−VT
L < 0) transits into a lower tropospheric warm‐core

feature on 1–4 November (−VT
L > 0). Overall, the objectively diagnosed cyclone phase diagram verifies

the tropical transition after 31 October.

4.2. Evolution of the Upper Tropospheric Disturbance

In the first development period, the formation of a cold‐core low (the precursor to Peipah) is explored further
here in terms of a PV intrusion in the upper troposphere. It has been reported that a cut‐off low or strato-
spheric PV streamer in the upper troposphere associated with anticyclonic Rossby wave breaking
(Martius et al., 2007; Waugh & Polvani, 2000; Wernli & Sprenger, 2007) can initiate organized deep convec-
tion (e.g., Waugh & Funatsu, 2003) and a subtropical cyclone (e.g., Galarneau et al., 2015) by destabilizing
the troposphere (Juckes & Smith, 2000) or through QG forcing for ascent (Hoskins et al., 1985; Trenberth,
1978). Some of these subtropical cyclones occasionally develop into TCs as they travel across a warm SST
region (Bentley et al., 2017).

Consistent with these previous studies, the role of upper tropospheric PV forcing and attendant deep convec-
tion on 28 and 30 October are explained by investigating the CAPE (Figure 5), and QG vertical motion

Figure 6. (a, c) The 350‐K potential vorticity (contours, 1, 2, and 4 PVU) and MTSAT‐1R IR minus WV BTs image (shad-
ing). The black dot denotes the vort‐max position. The vertical cross section following the red line, which transverses the
region with deep convection, is illustrated on the right column. (b, d) Ertel potential vorticity (black contours, 0.4, 1, and 2
PVU), potential temperature (gray contours, K) and quasi‐geostrophic vertical velocity ω (shading, 10−1 Pa/s) cross sec-
tion. The triangle indicates the center of the red line, that of (b) and (d) having the same longitude and latitude with the
vort‐max position of (a) and (c), respectively. The time of top figures are 12:00 UTC on 28 October and that of bottom
figures are at 18:00 UTC on 30 October. MTSAT‐IR = Multifunctional Transport Satellite‐infrared; WV = water vapor;
BT = brightness temperature.
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(Figure 6). In order to evaluate the QG vertical motion, we employed the
same method as in Fischer et al. (2017) that solves a modified version of
the Sutcliffe‐Trenberth form of the QG omega equation (Trenberth,
1978) using successive overrelaxation.

On 28 October, the developing Rossby wave breaks anticyclonically (see
the southwest‐northeast tilting of PV contours around 160°E–180° in
Figure 5a), resulting in an intrusion of high PV air from the midlatitude
lower stratosphere into the subtropical upper troposphere by following
the 350‐K isentropic surface; note that the altitude of 350‐K isentropic sur-
face can be different by latitude (e.g., lower stratosphere atmidlatitude and
upper troposphere in the tropics (Bluestein, 1993; their Figure 1.137). This
equatorward PV intrusion can also be seen from the strong upper tropo-
spheric relative vorticity in Figure 2b, associated with the occurrence of
the TUTT (Figure 3a) before the onset of the pre‐Peipah system. As antici-
pated in the QG dynamics, the PV intrusionmodulated both static stability
and vertical motion in the entire troposphere (Figures 5a, 6a, and 6b).
Specifically, the reduced static stability is identified with the high CAPE
value in Figure 5a in the southern edge of the PV tongue. The cross section
in Figure 6b also shows strengthened static stability in the upper tropo-
sphere (see stronger potential temperature gradient around 158°E and
500–300 hPa in Figure 6b) and weakened in the lower‐to‐mid troposphere
(around 158°E and 800–600‐hPa in Figure 6b). Moreover, the QG ascent
observed throughout the entire troposphere (Figure 6b) is located in the
southeast edge of the PV trough where deep convection appears
(Figure 6a). Overall, both the wide area of destabilization (i.e., the area
with high CAPE value) and the deep QG ascent explain the development
of deep convection to the south of the TUTT on 28 October.

On the following days, the amplified Rossby wave trough penetrated deep
into the tropics (29 October, not shown) and subsequently cut off (30
October, 141.5°E and 13.4°N in Figure 5b). In this period, the narrow
and long deep convection (Figure 6c) occurs at the southern periphery
of the cut‐off PV. The calculated CAPE value is larger than 2,000 J/kg
around the region where deep convection occurs, and vertical gradient
of potential temperature in the cross section decreases showing the
reduced static stability (around 11.5°N and 900–600 hPa in Figure 6d).
Moreover, the calculated QG vertical motion indicates strong ascent over
the region of deep convection. This deep convection persisted for about
6 hr (Figure 2d) and the warm‐core feature of the precursor TC becomes

clearer on 1 November (Figure 3l).

On 1 and 3 November, a completely detached cutoff low is weakening gradually (Figures 5c and 5d), as also
shown in weakening of the upper tropospheric relative vorticity (Figure 2c). The QG vertical motion signif-
icantly weakens as well (not shown). The location of maximum relative vorticity subsequently changes from
upper troposphere into lower troposphere as deep convection becomes diurnal (Figures 2b and 2c) in the
environment of high CAPE (Figures 5c and 5d). This vertical redistribution of vorticity may possibly be
explained by diabatic heating of deep convection as Raymond (1992) demonstrated that PV increases
(decreases) below (above) the level of maximum diabatic heating in nonadvective PV tendency equation.

4.3. Strengthening of Relative Vorticity in the Lower Troposphere

On 31 October to 2 November, the warm‐core low is clearly identified (Figures 3l and 3o), and the lower tro-
pospheric vortex gradually strengthens (Figure 2b). In this section, such process is examined in terms of the
BTEC (Figure 7a) and moisture flux divergence (Figure 7c). The BTEC from mean kinetic energy (MKE) to
eddy kinetic energy (EKE) is calculated as (Cai et al., 2007; Hoskins et al., 1983).

Figure 7. Time‐height diagram of (a) barotropic energy conversion (W/m),
(b) the term with meridional gradient of zonal wind (−

p0
g
u′v′∂u=∂yÞ in

equation (1) (W/m), (c) moisture flux divergence (10−5 g·kg−1·s−1), and (d)
relative humidity (%) averaged within a 500‐km radius from the vort‐max
position. The vertical dashed line indicates the date of Peipah formation.

10.1029/2018JD029446Journal of Geophysical Research: Atmospheres

CHANG ET AL. 5160

 21698996, 2019, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2018JD

029446 by C
ity U

niversity O
f H

ong K
ong, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



BTEC ¼ ∂EKE
∂t

¼ −
∂MKE
∂t

¼ p0
g

1
2

v′2−u′2
� � ∂u

∂x
−
∂v
∂y

� �
þ −u′v′
� � ∂v

∂x
þ ∂u

∂y

� �� 	
(1)

where u and v denote the zonal andmeridional wind, respectively, p0 (1,000 hPa) denotes the reference pres-
sure, and g (9.8 m/s2) is gravitational acceleration. The overbar and apostrophe denote time‐averaged values
by applying a 9‐day Lanczos low‐pass filter and their residuals, respectively.

The neutral value of 1,000‐ to 500‐hPa BTEC from 27–29 October began to increase on 31 October
(Figure 7a). The conversion of MKE into EKE was closely correlated with intensification of relative

Figure 8. The meridional gradient of the 925‐hPa zonal wind (shading in 10−6 s−1) and the product of horizontal wind
anomalies (u′v′; contour, 20 m2/s2) at 06:00 UTC on (a) 29 October, (b) 30 October, (c) 31 October, and (d) 1
November. The dots denote the vort‐max position of pre‐TC.
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vorticity (Figure 2b). Here, the increasing BTEC was mainly due to the

term including the meridional gradient of zonal wind (−
p0
g
u′v′∂u=∂yÞ in

equation (1) (Figure 7b); that is, the slowly varying easterly winds favored
the eddy growth. In fact, the pre‐TC vorticity entered the region of cyclo-
nic shear (increasing mean easterly with latitude; positive values in
Figure 8) since 29 October and the interaction between the pre‐TC vorti-
city and environment become favorable for eddy growth since 31
October (Figure 8).

Moisture flux convergence (negative values in Figure 7c) in the lower tro-
posphere became diurnally periodic on late 31 October, in contrast to pre-
viously less organized distributions. The moisture flux convergence was
likely a result of surface vortex strengthening. Enhanced surface winds
leads to an increase in surface moisture and heat fluxes (Emanuel,
1986), especially over the warm ocean (>26 °C, Figure 2a) and with weak
vertical wind shear (<16 m/s, Figure 2c). As the moisture flux conver-
gence increases, the relative humidity in the lower troposphere increases
as well, forming a favorable environment for deep convection by substan-
tial moistening. Prominent moisture flux convergence and associated sur-
face latent heat fluxes would have contributed to deep convective
activities since 1 November. As the remnant of cutoff PV remains in the
upper troposphere (evident Figure 5c and strong upper tropospheric rela-
tive vorticity in Figure 2b), the deep convective activity may slowly
increase during 1–2 November. After the upper tropospheric vorticity
decays, the area of deep convection increases rapidly and Peipah develops.

To summarize, this study suggests that the BTEC enhancing EKE and
relative vorticity is among the possible factors for enhancing moisture flux
convergence. Nevertheless, more complex factors leading to the increase
in moisture flux convergence may exist, for example, shallow to moderate
convection (Figures 3h and 3k) that brings moisture flux convergence to
intensify the low‐level vorticity (Wang, 2014). The eventual maintenance
of moisture flux convergence and positive feedback between the vortex
strength and the latent heat fluxes after this day would have resulted in
the formation of Peipah.

5. Conclusions

This study explored the formation of Peipah in 2007 over the WNP. While
most TC formations are initiated from lower‐to‐middle tropospheric vor-
tex spin‐up, the pre‐Peipah vort‐max originated in the upper troposphere.
Deep convective bursts became significant (the maximum convective area
reaches over 1.5 × 104 km2; Chang et al., 2017) only 1 day before TC for-
mation, making genesis prediction quite difficult. This uncommon TC for-
mation process was explained by the process of tropical transition, which
is commonly observed and well documented over the North Atlantic. The
overall pathway of Peipah formation well correlates with tropical transi-
tion in the North Atlantic.

The formation of Peipah can be summarized in three steps, especially in
terms of convective updrafts (Figure 9). Step 1 accounts for the QG forcing
for ascent induced by TUTT and initiation of a surface extratropical dis-
turbance (Figure 9a). The TUTT in theWNP formed through PV intrusion
from the stratosphere (Figures 3a and 5a). This also explains the presence
of a vorticity maximum in the upper troposphere several days before TC

Figure 9. Schematic diagram of the formation of Peipah through a tropical
transition over the western North Pacific (WNP). The dark gray shading and
gray lines indicate cyclonic circulation and geopotential height anomalies,
respectively. Black arrows are flow direction, while blue arrows are con-
vective ascent. (a) Step 1: Initiation of lower‐tropospheric low via quasi‐
geostrophic ascent induced by an upper‐level trough over the subtropics. (b)
Step 2: A cold‐core extratropical disturbance has formed after step 1 and
another quasi‐geostrophic ascent takes places. (c) Step 3: Formation of tro-
pical cyclone (with the strength of tropical depression) by low‐tropospheric
moisture convergence over the tropics as the eddy kinetic energy increases
by obtaining barotropic energy from the mean flow.
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formation. As TUTT drags cold air from the higher latitudes the negative temperature anomaly is identified
at this time period. Step 2 includes a transient state when the cold‐core disturbance is transformed into a
warm‐core disturbance in the tropics. At this moment, the PV trough in the upper troposphere breaks antic-
yclonically and forms a cutoff low, or a TUTT cell. The transition is supported by the latent heat release via
another deep convection associated with QG forcing for ascent induced by the TUTT cell (Figure 9b). In Step
3, intensification of the lower tropospheric vorticity is associated with moisture flux convergence. Possibly
via BTEC, the kinetic energy from the slowly varying background flow fed the pre‐TC vorticity to grow.
As the lower‐tropospheric vorticity intensifies over warm ocean surfaces, surface convergence of moisture
favors deep convection. The subsequent accumulation of latent heat diabatically redistributes PV in the tro-
posphere and led to the formation of Peipah.

According to McTaggart‐Cowan et al. (2013), TC formations affiliated with upper‐tropospheric disturbances
accounts for 46% of the total TC formations over the North Atlantic and 19% of that over WNP. The authors
explain that the relatively low ratio in WNP is subject to lack of frontal or baroclinic wave features in the
lower troposphere. The difference in the ratio somewhat explains the limited attention in the WNP.
However, when concerning the total number (not percentage) of TCs influenced by upper tropospheric dis-
turbances, the occasions in the WNP is nonnegligible: 288 TCs over the WNP and 372 TCs over the North
Atlantic during the period 1948–2010. Hence, TC formations via this mechanism need to receive more atten-
tion as a possible pathway for development.

Because this study only scrutinizes one TC, more cases need to be examined in the future to quantify the
temporal and spatial distribution of such TC formation pathway and to generalize the similarities and differ-
ences of this pathway compared to that in the North Atlantic. Moreover, the specification of convective char-
acteristics associated with tropical transition over the WNP would help to improve TC forecasts.

References
Bentley, A. M., Bosart, L. F., & Keyser, D. (2017). Upper‐tropospheric precursors to the formation of subtropical cyclones that undergo

tropical transition in the North Atlantic basin. Monthly Weather Review, 145(2), 503–520. https://doi.org/10.1175/MWR‐D‐16‐0263.1
Bentley, A. M., Keyser, D., & Bosart, L. F. (2016). A dynamically based climatology of subtropical cyclones that undergo tropical transition

in the North Atlantic basin. Monthly Weather Review, 144(5), 2049–2068. https://doi.org/10.1175/MWR‐D‐15‐0251.1
Bentley, A. M., & Metz, N. D. (2016). Tropical transition of an unnamed, high‐latitude, tropical cyclone over the eastern North Pacific.

Monthly Weather Review, 144(2), 713–736. https://doi.org/10.1175/MWR‐D‐15‐0213.1
Bessho, K., Tanaka, Y., & Nakazawa, T. (2001). Validation of GMS brightness temperature difference technique for estimate of cumulo-

nimbus in typhoon by TRMM PR data (p. 3.26). Madison, Wisconsin: paper presented at 11th Conf. on Satellite Meteorology and
Oceanography, Amer. Meteor. Soc.

Bister, M., & Emanuel, K. A. (1997). The genesis of Hurricane Guillermo: TEXMEX analyses and a modeling study. Monthly Weather
Review, 125(10), 2662–2682. https://doi.org/10.1175/1520‐0493(1997)125<2662:TGOHGT>2.0.CO;2

Bluestein, H. B. (1993). Synoptic‐dynamic meteorology in mid latitudes, (Vol. II). New York, USA: Oxford University Press.
Bracken, W. E., & Bosart, L. F. (2000). The role of synoptic‐scale flow during tropical cyclogenesis over the North Atlantic Ocean.Monthly

Weather Review, 128(2), 353. https://doi.org/10.1175/1520‐0493(2000)128<0353:TROSSF>2.0.CO;2
Cai, M., Yang, S., Van Den Dool, H. M., & Kousky, V. E. (2007). Dynamical implications of the orientation of atmospheric eddies: a local

energetics perspective. Tellus A: Dynamic Meteorology and Oceanography, 59(1), 127–140. https://doi.org/10.1111/j.1600‐
0870.2006.00213.x

Chang, M., Ho, C.‐H., Park, M.‐S., Kim, J., & Ahn, M.‐H. (2017). Multiday evolution of convective bursts during western North Pacific
tropical cyclone development and nondevelopment using geostationary satellite measurements. Journal of Geophysical Research:
Atmospheres, 122, 1635–1649. https://doi.org/10.1002/2016JD025535

Davis, C. A., & Ahijevych, D. A. (2012). Mesoscale structural evolution of three tropical weather systems observed during PREDICT.
Journal of the Atmospheric Sciences, 69(4), 1284–1305. https://doi.org/10.1175/JAS‐D‐11‐0225.1

Davis, C. A., & Bosart, L. F. (2003). Baroclinically induced tropical cyclogenesis. Monthly Weather Review, 131(11), 2730–2747. https://doi.
org/10.1175/1520‐0493(2003)131<2730:BITC>2.0.CO;2

Davis, C. A., & Bosart, L. F. (2004). The TT problem: Forecasting the tropical transition of cyclones. Bulletin of the American Meteorological
Society, 85(11), 1657–1662. https://doi.org/10.1175/BAMS‐85‐11‐1657

Davis, C. A., & Bosart, L. F. (2006). The formation of Hurricane Humberto (2001): The importance of extra‐tropical precursors. Quarterly
Journal of the Royal Meteorological Society, 132(619), 2055–2085. https://doi.org/10.1256/qj.05.42

Dunkerton, T. J., Montgomery, M. T., &Wang, Z. (2009). Tropical cyclogenesis in a tropical wave critical layer: easterly waves. Atmospheric
Chemistry and Physics Discussions, 8(3), 11,149–11,292. https://doi.org/10.5194/acpd‐8‐11149‐2008

Emanuel, K. A. (1986). An air‐sea interaction theory for tropical cyclones. Part I: Steady‐state maintenance. Journal of the Atmospheric
Sciences, 43(6), 585–605. https://doi.org/10.1175/1520‐0469(1986)043<0585:AASITF>2.0.CO;2

Fischer, M. S., Tang, B. H., & Corbosiero, K. L. (2017). Assessing the influence of upper‐tropospheric troughs on tropical cyclone intensi-
fication rates after genesis. Monthly Weather Review, 145(4), 1295–1313. https://doi.org/10.1175/MWR‐D‐16‐0275.1

Funatsu, B. M., & Waugh, D. W. (2008). Connections between potential vorticity intrusions and convection in the eastern Tropical Pacific.
Journal of the Atmospheric Sciences, 65(3), 987–1002. https://doi.org/10.1175/2007JAS2248.1

Galarneau, T. J., McTaggart‐Cowan, R., Bosart, L. F., & Davis, C. A. (2015). Development of North Atlantic tropical disturbances near
upper‐level potential vorticity streamers. Journal of the Atmospheric Sciences, 72(2), 572–597. https://doi.org/10.1175/JAS‐D‐14‐0106.1

10.1029/2018JD029446Journal of Geophysical Research: Atmospheres

CHANG ET AL. 5163

Acknowledgments
This work was funded by the Korea
Meteorological Administration
Research and Development Program
under grant (KMI2018‐07510). All the
data used are obtained as follows and
they are also listed in the references:
MTSAT‐1R brightness temperature
data from National Meteorological
Satellite Center, Korea, MERRA‐2 data
from the NASA GES DISC online
archive (https://disc.gsfc.nasa.gov/),
NOAA OISST V2 data from the
NOAA/OAR/ESRL PSD, Boulder,
Colorado, USA, from their Web site
(https://www.esrl.noaa.gov/psd/),
JTWC best track data from Naval
Oceanography Portal, Tropical Cyclone
Best Track Data Site (http://www.
metoc.navy.mil/jtwc/jtwc.html?
western‐pacific), and IBTrACS data
from NCDC NOAA data base (https://
www.ncdc.noaa.gov/ibtracs/). The
calculation of QG vertical motion were
performed using code provided by
Michael S. Fischer of University at
Albany, State University of New York.
We thank three anonymous reviewers
and the Editor for thorough reviews
and comments, which were truly
valuable in improving this manuscript.

 21698996, 2019, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2018JD

029446 by C
ity U

niversity O
f H

ong K
ong, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1175/MWR-D-16-0263.1
https://doi.org/10.1175/MWR-D-15-0251.1
https://doi.org/10.1175/MWR-D-15-0213.1
https://doi.org/10.1175/1520-0493(1997)125%3c2662:TGOHGT%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(2000)128%3c0353:TROSSF%3e2.0.CO;2
https://doi.org/10.1111/j.1600-0870.2006.00213.x
https://doi.org/10.1111/j.1600-0870.2006.00213.x
https://doi.org/10.1002/2016JD025535
https://doi.org/10.1175/JAS-D-11-0225.1
https://doi.org/10.1175/1520-0493(2003)131%3c2730:BITC%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131%3c2730:BITC%3e2.0.CO;2
https://doi.org/10.1175/BAMS-85-11-1657
https://doi.org/10.1256/qj.05.42
https://doi.org/10.5194/acpd-8-11149-2008
https://doi.org/10.1175/1520-0469(1986)043%3c0585:AASITF%3e2.0.CO;2
https://doi.org/10.1175/MWR-D-16-0275.1
https://doi.org/10.1175/2007JAS2248.1
https://doi.org/10.1175/JAS-D-14-0106.1
https://disc.gsfc.nasa.gov/
https://www.esrl.noaa.gov/psd/
http://www.metoc.navy.mil/jtwc/jtwc.html?western-pacific
http://www.metoc.navy.mil/jtwc/jtwc.html?western-pacific
http://www.metoc.navy.mil/jtwc/jtwc.html?western-pacific
https://www.ncdc.noaa.gov/ibtracs/
https://www.ncdc.noaa.gov/ibtracs/


Ge, X., Li, T., & Peng, M. (2013). Effects of vertical shears and midlevel dry air on tropical cyclone developments. Journal of the Atmospheric
Sciences, 70(12), 3859–3875. https://doi.org/10.1175/JAS‐D‐13‐066.1

Global Modeling and Assimilation Office (GMAO) (2015). MERRA‐2 Inst3_3d_asm_Np: 3d, 3‐hourly, instantaneous, pressure‐level, assim-
ilation, assimilated meteorological fields V5.12.4. Greenbelt, MD, USA: Goddard Space Flight Center Distributed Active Archive Center
(GSFC DAAC). Accessed: 11/Jul/2015. https://doi.org/10.5067/QBZ6MG944HW0

Gray,W. M. (1968). Global view of the origin of tropical disturbances and storms.Monthly Weather Review, 96(10), 669–700. https://doi.org/
10.1175/1520‐0493(1968)096<0669:GVOTOO>2.0.CO;2

Hart, R. E. (2003). A cyclone phase space derived from thermal wind and thermal asymmetry. Monthly Weather Review, 131(4), 585–616.
https://doi.org/10.1175/1520‐0493(2003)131<0585:ACPSDF>2.0.CO;2

Hendricks, E. A., Montgomery, M. T., & Davis, C. a. (2004). The role of “vortical” hot towers in the formation of tropical cyclone
Diana (1984). Journal of the Atmospheric Sciences, 61(11), 1209–1232. https://doi.org/10.1175/1520‐0469(2004)061<1209:
TROVHT>2.0.CO;2

Hoskins, B. J., James, I. N., & White, G. H. (1983). The shape, propagation and mean‐flow interaction of large‐scale weather systems.
Journal of the Atmospheric Sciences, 40(7), 1595–1612. https://doi.org/10.1175/1520‐0469(1983)040<1595:TSPAMF>2.0.CO;2

Hoskins, B. J., McIntyre, M. E., & Robertson, a. W. (1985). On the use and significance of isentropic potential vorticity maps. Quarterly
Journal of the Royal Meteorological Society, 111(6), 877–946. https://doi.org/10.1002/qj.49711147002

Juckes, M., & Smith, R. K. (2000). Convective destabilization by upper‐level troughs. Quarterly Journal of the Royal Meteorological Society,
126(562), 111–123. https://doi.org/10.1002/qj.49712656206

Kiladis, G. N. (1998). Observations of Rossby waves linked to convection over the eastern tropical Pacific. Journal of the Atmospheric
Sciences, 55(3), 321–339. https://doi.org/10.1175/1520‐0469(1998)055<0321:OORWLT>2.0.CO;2

Knapp, K. R., Kruk, M. C., Levinson, D. H., Diamond, H. J., & Neumann, C. J. (2010). The international best track archive for climate
stewardship (IBTrACS) unifying tropical cyclone data. Bulletin of the American Meteorological Society, 91(3), 363–376. https://doi.org/
10.1175/2009BAMS2755.1

Martius, O., Schwierz, C., & Davies, H. C. (2007). Breaking waves at the tropopause in the wintertime Northern Hemisphere:
Climatological analyses of the orientation and the theoretical LC1/2 classification. Journal of the Atmospheric Sciences, 64(7), 2576–2592.
https://doi.org/10.1175/JAS3977.1

McIntyre, M. E., & Palmer, T. N. (1983). Breaking planetary waves in the stratosphere.Nature, 305(5935), 593–600. https://doi.org/10.1038/
305593a0

McTaggart‐Cowan, R., Galarneau, T. J., Bosart, L. F., Moore, R. W., & Martius, O. (2013). A global climatology of baroclinically influenced
tropical cyclogenesis. Monthly Weather Review, 141(6), 1963–1989. https://doi.org/10.1175/MWR‐D‐12‐00186.1

Montgomery, M. T., Nicholls, M. E., Cram, T. a., & Saunders, a. B. (2006). A vortical hot tower route to tropical cyclogenesis. Journal of the
Atmospheric Sciences, 63(1), 355–386. https://doi.org/10.1175/JAS3604.1

Olander, T. L., & Velden, C. S. (2009). Tropical cyclone convection and intensity analysis using differenced infrared and water vapor
imagery. Weather and Forecasting, 24(6), 1558–1572. https://doi.org/10.1175/2009WAF2222284.1

Papin, P. P. (2017). Variations in potential vorticity streamer activity: Development pathways, environmental impacts, and links to tropical
cyclone activity in the North Atlantic basin. Thesis (Ph.D.)‐‐University at Albany, State University of New York. Available from
ProQuest Dissertations & Theses Full Text: ProQuest Dissertations & Theses Global. Retrieved from https://search.proquestion.com/
docview/1978476273?accountid=14553

Park, M., Elsberry, R. L., & Harr, P. a. (2013). Vertical wind shear and ocean heat contents as environmental modulators of western North
Pacific tropical cyclone intensification and decay. Tropical Cyclone Research and Review, 1(4), 448–457. https://doi.org/10.6057/
2012TCRR04.03

Penny, A. B., Harr, P. A., & Bell, M. M. (2015). Observations of a nondeveloping tropical disturbance in the western North Pacific during
TCS‐08 (2008). Monthly Weather Review, 143(7), 2459–2484. https://doi.org/10.1175/MWR‐D‐14‐00163.1

Postel, G. A., & Hitchman, M. H. (1999). A climatology of Rossby wave breaking along the subtropical tropopause. Journal of the
Atmospheric Sciences, 56(3), 359–373. https://doi.org/10.1175/1520‐0469(1999)056<0359:ACORWB>2.0.CO;2

Puschell, J. J., Lowe, G. A., Jeter, J. W., Kus, S. M., Hurt, W. T., Gilman, D., Rogers, D. L., Hoelter, R. L., & Ravella, R. (2002). Japanese
advanced meteorological imager: A next generation GEO imager for MTSAT‐1R. SPIE Proceedings, 4814, 152–161. https://doi.org/
10.1117/12.453755

Raymond, D. J. (1992). Nonlinear balance and potential‐vorticity thinking at large Rossby number. Quarterly Journal of the Royal
Meteorological Society, 118(507), 987–1015. https://doi.org/10.1002/qj.49711850708

Reynolds, R. W., Smith, T. M., Liu, C., Chelton, D. B., Casey, K., & Schlax, M. G. (2007). Daily high‐resolution‐blended analyses for sea
surface temperature. Journal of Climate, 20, 5473–5496. https://doi.org/10.1175/2007JCLI1824.1

Sadler, J. C. (1975). Tropical cyclone initiation by the tropical upper tropospheric trough. 2525 Correa Rd., Honolulu, HI 96822: Dept. of
Meteorology, University of Hawaii. https://doi.org/ADA025456

Sadler, J. C. (1976). A role of the tropical upper tropospheric trough in early season typhoon development. Monthly Weather Review,
104(10), 1266–1278. https://doi.org/10.1175/1520‐0493(1976)104<1266:AROTTU>2.0.CO;2

Sadler, J. C. (1978). Mid‐season typhoon development and intensity changes and the tropical upper tropospheric trough.Monthly Weather
Review, 106(8), 1137–1152. https://doi.org/10.1175/1520‐0493(1978)106<1137:MSTDAI>2.0.CO;2

Smith, R. K., & Montgomery, M. T. (2016). Understanding hurricanes. Weather, 71(9), 219–223. https://doi.org/10.1002/wea.2776
Tang, B., & Emanuel, K. (2012). A ventilation index for tropical cyclones. Bulletin of the AmericanMeteorological Society, 93(12), 1901–1912.

https://doi.org/10.1175/BAMS‐D‐11‐00165.1
Trenberth, K. E. (1978). On the interpretation of the diagnostic quasi‐geostrophic omega equation. Monthly Weather Review, 106(1),

131–137. https://doi.org/10.1175/1520‐0493(1978)106<0131:OTIOTD>2.0.CO;2
Wang, C., &Wu, L. (2016). Interannual shift of the tropical upper‐tropospheric trough and its influence on tropical cyclone formation over

the western North Pacific. Journal of Climate, 29(11), 4203–4211. https://doi.org/10.1175/JCLI‐D‐15‐0653.1
Wang, Z. (2014). Role of cumulus congestus in tropical cyclone formation in a high‐resolution numerical model simulation. Journal of the

Atmospheric Sciences, 71(5), 1681–1700. https://doi.org/10.1175/JAS‐D‐13‐0257.1
Waugh, D. W., & Funatsu, B. M. (2003). Intrusions into the tropical upper troposphere: three‐dimensional structure and accompanying

ozone and OLR distributions. Journal of the Atmospheric Sciences, 60(4), 637–653. https://doi.org/10.1175/1520‐0469(2003)060<0637:
IITTUT>2.0.CO;2

Waugh, D. W., & Polvani, L. M. (2000). Climatology of intrusions into the tropical upper troposphere. Geophysical Research Letters, 27(23),
3857–3860. https://doi.org/10.1029/2000GL012250

10.1029/2018JD029446Journal of Geophysical Research: Atmospheres

CHANG ET AL. 5164

 21698996, 2019, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2018JD

029446 by C
ity U

niversity O
f H

ong K
ong, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1175/JAS-D-13-066.1
https://doi.org/10.5067/QBZ6MG944HW0
https://doi.org/10.1175/1520-0493(1968)096%3c0669:GVOTOO%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(1968)096%3c0669:GVOTOO%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131%3c0585:ACPSDF%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(2004)061%3c1209:TROVHT%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(2004)061%3c1209:TROVHT%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1983)040%3c1595:TSPAMF%3e2.0.CO;2
https://doi.org/10.1002/qj.49711147002
https://doi.org/10.1002/qj.49712656206
https://doi.org/10.1175/1520-0469(1998)055%3c0321:OORWLT%3e2.0.CO;2
https://doi.org/10.1175/2009BAMS2755.1
https://doi.org/10.1175/2009BAMS2755.1
https://doi.org/10.1175/JAS3977.1
https://doi.org/10.1038/305593a0
https://doi.org/10.1038/305593a0
https://doi.org/10.1175/MWR-D-12-00186.1
https://doi.org/10.1175/JAS3604.1
https://doi.org/10.1175/2009WAF2222284.1
https://search.proquestion.com/docview/1978476273?accountid=14553
https://search.proquestion.com/docview/1978476273?accountid=14553
https://doi.org/10.6057/2012TCRR04.03
https://doi.org/10.6057/2012TCRR04.03
https://doi.org/10.1175/MWR-D-14-00163.1
https://doi.org/10.1175/1520-0469(1999)056%3c0359:ACORWB%3e2.0.CO;2
https://doi.org/10.1117/12.453755
https://doi.org/10.1117/12.453755
https://doi.org/10.1002/qj.49711850708
https://doi.org/10.1175/2007JCLI1824.1
https://doi.org/ADA025456
https://doi.org/10.1175/1520-0493(1976)104%3c1266:AROTTU%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(1978)106%3c1137:MSTDAI%3e2.0.CO;2
https://doi.org/10.1002/wea.2776
https://doi.org/10.1175/BAMS-D-11-00165.1
https://doi.org/10.1175/1520-0493(1978)106%3c0131:OTIOTD%3e2.0.CO;2
https://doi.org/10.1175/JCLI-D-15-0653.1
https://doi.org/10.1175/JAS-D-13-0257.1
https://doi.org/10.1175/1520-0469(2003)060%3c0637:IITTUT%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(2003)060%3c0637:IITTUT%3e2.0.CO;2
https://doi.org/10.1029/2000GL012250


Wernli, H., & Sprenger, M. (2007). Identification and ERA‐15 climatology of potential vorticity streamers and cutoffs near the extratropical
tropopause. Journal of the Atmospheric Sciences, 64(5), 1569–1586. https://doi.org/10.1175/JAS3912.1

Wissmeier, U., & Smith, R. K. (2011). Tropical cyclone convection: The effects of ambient vertical vorticity. Quarterly Journal of the Royal
Meteorological Society, 137(657), 845–857. https://doi.org/10.1002/qj.819

Wu, L., Wang, C., & Wang, B. (2015). Westward shift of western North Pacific tropical cyclogenesis. Geophysical Research Letters, 42,
1537–1542. https://doi.org/10.1002/2015GL063450

Zehr, R. M. (1992). Tropical cyclogenesis in the western North Pacific. Thesis (Ph.D.)‐‐Colorado State University. Retrieved from http://
adsabs.harvard.edu/abs/1992PhDT........64Z

Zhang, G., Wang, Z., Dunkerton, T. J., Peng, M. S., & Magnusdottir, G. (2016). Extratropical impacts on Atlantic tropical cyclone activity.
Journal of the Atmospheric Sciences, 73(3), 1401–1418. https://doi.org/10.1175/JAS‐D‐15‐0154.1

Zhang, G., Wang, Z., Peng, M. S., & Magnusdottir, G. (2017). Characteristics and impacts of extratropical Rossby wave breaking during the
Atlantic hurricane season. Journal of Climate, 30(7), 2363–2379. https://doi.org/10.1175/JCLI‐D‐16‐0425.1

10.1029/2018JD029446Journal of Geophysical Research: Atmospheres

CHANG ET AL. 5165

 21698996, 2019, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2018JD

029446 by C
ity U

niversity O
f H

ong K
ong, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1175/JAS3912.1
https://doi.org/10.1002/qj.819
https://doi.org/10.1002/2015GL063450
http://adsabs.harvard.edu/abs/1992PhDT........64Z
http://adsabs.harvard.edu/abs/1992PhDT........64Z
https://doi.org/10.1175/JAS-D-15-0154.1
https://doi.org/10.1175/JCLI-D-16-0425.1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


