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ABSTRACT: The Advanced version of the Weather Research and Forecasting (WRF-ARW) Model is used to investi-
gate the influence of an easterly wave (EW) on the genesis of Typhoon Hagupit (2008) in the western North Pacific. Obser-
vational analysis indicates that the precursor disturbance of Typhoon Hagupit (2008) is an easterly wave (EW) in the
western North Pacific, which can be detected at least 7 days prior to the typhoon genesis. In the control experiment, the
genesis of the typhoon is well captured. A sensitivity experiment is conducted by filtering out the synoptic-scale (3–8-day)
signals associated with the EW. The absence of the EW eliminates the typhoon genesis. Two mechanisms are proposed re-
garding the effect of the EW on the genesis of Hagupit. First, the background cyclonic vorticity of the EW could induce the
small-scale cyclonic vorticities to merge and develop into a system-scale vortex. Second, the EW provides a favorable envi-
ronment in situ for the rapid development of the typhoon disturbance through a positive moisture–convection feedback.
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1. Introduction

Tropical cyclone (TC) genesis involves interactions among
multiscale motions (Ritchie and Holland 1997; Li 2012; Cao
et al. 2018). Apart from the favorable large-scale environmen-
tal conditions that were summarized by Gray (1968), Ritchie
and Holland (1999) indicated that there were three types of
environmental flow regimes associated with TC genesis in the
western North Pacific (WNP): monsoon gyre, the monsoon
shear line, and the monsoon confluence zone. While these
large-scale dynamic and thermodynamic conditions play vital
roles in providing a background condition for tropical storm
development, the exact timing of TC formation depends criti-
cally on precursory synoptic-scale disturbances (Li et al. 2003;
Fu et al. 2007). Previous studies have identified several pre-
cursor disturbances associated with TC genesis in the WNP,
including northwest–southeast-oriented synoptic wave trains
(SWT) (Lau and Lau 1990; Chang et al. 1996; Li 2006; Xu
et al. 2014), Rossby wave energy dispersion from a preexisting
TC (TCED) (Frank 1982; Briegel and Frank 1997; Ritchie
and Holland 1997; Li et al. 2003; Li and Fu 2006; Li et al.
2006; Ge et al. 2010), mixed Rossby–gravity waves (Frank and
Roundy 2006) and Pacific easterly waves (EWs) (Ritchie and
Holland 1999; Fu et al. 2007; Chen et al. 2008).

The effect of the EWs on TC genesis in the tropical Atlantic
was discovered by Riehl (1948). He demonstrated that a
low-level cyclone within a wave collocated with an upper level
ridge favored TC genesis. Later, EWs and their potential role

in TC genesis in the WNP were detected (e.g., Yanai et al.
1968; Chang 1970; Reed and Recker 1971). Different from
the Atlantic EW, the origin of the Pacific EW arose from the
southward energy propagation of Rossby waves from the
upper-tropospheric jet in the North Pacific (Tam and Li 2006).
The role of EW forcing under an idealized confluent mean
flow in TC genesis was investigated by Kuo et al. (2001). They
demonstrated in a barotropic model that the scale contraction
of easterly waves could lead to the accumulation of kinetic
energy in a critical longitude where the westerly monsoon
winds meet the easterly trade winds. This energy accumulation
mechanism may lead to the successive development of a TC
cluster at the critical longitude. With the use of QuikSCAT
data, Fu et al. (2007) found that 21% of cyclogenesis events in
the WNP were associated with EWs during the summers of
2000 and 2001. Chen et al. (2008) showed that 80% of TC gen-
esis in the WNP was influenced by EWs directly or indirectly.

A “marsupial theory” was developed to describe the trans-
formation from a synoptic-scale EW to a tropical depression
(Dunkerton et al. 2009; Montgomery et al. 2010; Wang et al.
2010a,b; Fang and Zhang 2011; Rajasree et al. 2016a,b). The
Kelvin cat’s-eye within a critical layer (defined as the location
where mean flow minus the wave speed equals zero) of an
EW was shown to be critical for TC formation. The cat’s-eye
is located over the intersection of the wave trough axis and
the critical layer, acting like a “pouch” to protect an initial
weak vortex from hostile environment until it is strengthened
into a self-sustained entity.

TC genesis may be divided into two stages. The first stage
involves a transition from randomly generated small-scale
vortical hot towers (VHTs) to an organized mesoscale vortexCorresponding author: Tim Li, timli@hawaii.edu
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(Li et al. 2006; Li 2012). The second stage is characterized by
a rapid deepening of the moist column within the vortex core
and a buildup of an upper-level warm core (Ge et al. 2013).
Typically, a precursory synoptic-scale disturbance occurs in
the lower troposphere. TC genesis associated with the low-
level disturbance is sometimes called a “bottom-up” process.
In contrast, a “top-down” process suggests that low-level
winds are strengthened due to a midlevel vortex (e.g., Bister
and Emanuel 1997; Ritchie and Holland 1997; Nolan et al.
2007). A midlevel vortex may occur in a stratiform cloud
region, due to raindrop-induced evaporative cooling. This
midlevel vortex may cause subsequent TC formation (Li
2012). Given the same vertically integrated vorticity strength,
the low-level vortex appears more efficient than the midlevel
vortex in TC genesis (Li 2012).

The objective of the current study is to reveal observed
characteristics of precursory EW signals prior to the genesis
of Typhoon Hagupit (2008) and role of EW on TC genesis.
The data and model experiment design are introduced in
section 2. Section 3 describes the large-scale environment
and EW characteristics. The role of the EW in the TC for-
mation and associated atmospheric processes are investi-
gated in section 4 through high-resolution numerical model
simulations. Finally, conclusions and discussions are given in
the last section.

2. Data and model experiment design

a. Data

The data used in this study are 6-hourly National Centers
for Environmental Prediction (NCEP) Final Operational
Global Analysis (FNL), Joint Typhoon Warning Center
(JTWC) best track data, and Multi-Functional Transport Sat-
ellite (MTSAT) infrared (IR) satellite data (http://weather.is.
kochi-u.ac.jp/sat/ALL/) with a spatial resolution of 0.58 3 0.58
and temporal resolution one hour. The FNL includes three-
dimensional atmospheric variables such as wind, temperature,
geopotential height, and moisture fields at standard constant
pressure levels. Its horizontal resolution is 0.58 3 0.58. The IR
data measure the temperature at top of clouds and are used to
represent the strength of convective activity.

b. Model and experiment design

The Advanced Research version of the WRF (ARW)
Model, version 3.7 (Skamarock et al. 2008), is used for the
simulation of Typhoon Hagupit. The model has triple nested
meshes. The outermost domain has a 27-km resolution with
250 3 160 grids. Two inner meshes have the following resolu-
tion and grids: 9 km and 5113 280, and 3 km and 1021 3 601,
respectively. The innermost domain moves automatically fol-
lowing the simulated TC. The model has 45 vertical layers
with the model top at 10 hPa. The single-moment six-class mi-
crophysics scheme (WSM6) (Hong et al. 2006) is used in all
meshes and the Betts–Miller–Janjić convective scheme is ap-
plied to the two outermost meshes (Janjić 1994, 2000). Other
physics parameterizations used include a Dudhia shortwave
radiation scheme (Dudhia 1989), a Rapid Radiative Transfer

Model (RRTM) longwave radiation scheme (Mlawer et al.
1997) and the Yonsei University boundary layer scheme (Noh
et al. 2003). The initial conditions and the outermost domain
lateral boundary forcing are derived from NCEP-FNL 6-hourly
analyses with 1.08 resolution.

In the control experiment (CTL), the model initial condition is
specified from NCEP-FNL at 1200 UTC 16 September 2008,
nearly three days prior to declaration of tropical storm status
by JTWC. The model was integrated for 90 h. In CTL, the
EW perturbation and the mean environmental flow are speci-
fied at the initial condition. The method for identifying EW
disturbances as TC precursors follows Fu et al. (2007). A
Lanczos bandpass filter is performed to extract the 3–8-day
signals (Duchon 1979).

To further illustrate the role of EWs on the genesis of
Hagupit, a sensitivity experiment (EXP_EW) is conducted, in
which the EW perturbation is removed from the initial and
lateral boundary conditions. More specifically, the 3–8-day
components of the dynamic variables (zonal wind, meridional
wind) and thermodynamic variables (air temperature, specific
humidity, geopotential height and surface pressure fields) are
removed from the total fields. In the experiments, it is neces-
sary to ensure that the time filtering is able to preserve a con-
sistent set of dynamic and thermodynamic fields for selected
waves. This is achieved by comparing the filtered wind fields
with those calculated from the filtered geopotential height
based on the geostrophic balance equation. The difference is
very small, indicating that the time filtering basically main-
tains a balanced relationship.

3. Large-scale environmental flow and EW
characteristics

Hagupit (2008) developed from an EW in the western
North Pacific. Hagupit was declared as a tropical depression
by the JTWC at 1800 UTC 18 September 2008. Just 12 h
later, at 0600 UTC 19 September 2008, Tropical Cyclone
Hagupit formed with maximum sustained surface wind of
35 kt (1 kt ’ 0.51 m s21). Hagupit continued to intensify
and was upgraded to a severe typhoon with maximum
sustained wind speed 125 kt in the South China Sea. A
rough estimate of damage due to Hagupit was the death of
more than 67 people and an economic loss of $1 billion (U.S.
dollars) (Bell and Montgomery 2010).

The precursory disturbance can be well detected from the
total flow field at 850 hPa from the FNL analyses (Fig. 1). The
wavelike perturbation can be traced at least 7 days prior
to the formation of Tropical Storm Hagupit. Using a high-
resolution Year of Tropical Convection (YOTC) dataset, Xu
et al. (2013) classified precursory synoptic-scale disturbances
for TCs in the WNP during 2008–09 summers and found that
the precursor disturbance of Hagupit was an easterly wave. A
wavelike pattern with a trough around 1608E is clearly seen
from 1200 UTC 12 September onward. Accompanied with
the trough was convective activity represented by the IR
brightness temperature in the northeast portion of the trough
(Fig. 1a). Later, the wave continued propagating westward as
it developed. It became a closed cyclonic circulation around
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1200 UTC 14 September. Correspondingly, convective activ-
ity also strengthened gradually and shifted to the west of the
trough as it entered into an environmental easterly shear
region.

Figure 2 illustrates more clearly the easterly wave propa-
gation characteristic. It shows the Hovmöller diagram of
3–8-day filtered meridional wind at 850 hPa averaged over
148–198N from 1200 UTC 12 September to 0600 UTC
19 September. There is clear westward propagation in the
synoptic-scale meridional wind. The average westward phase

speed is about 4.2 m s21. Additional tests with a narrower
latitudinal band (158–188N) or a shifted latitudinal band
(128–168N) resulted in similar phase speeds; thus, phase speed
is not sensitive to the choice of the latitudinal range.

To view more clearly the pouch effect, we plotted a similar
figure to Fig. 1 but within the Lagrangian framework, where
the estimated EW phase speed is removed from the original
flow field as an observer who moves zonally at the same speed
of the wave. The Lagrangian closed circulation colloquially
called the “wave pouch” can protect the EW from dry air

FIG. 1. (a)–(h) Streamlines at 850 hPa from GFS FNL analyses and IR brightness temperature from MTSAT
(shading; K) from 1200 UTC 12 Sep to 0600 UTC 19 Sep. The black dot in (h) indicates the tropical storm genesis
location on that day.
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intrusion and sustain deep convection (Dunkerton et al. 2009;
Bell and Montgomery 2010). The relative streamline field is
superimposed on the environmental vertical wind shear. (i.e.,
the difference between the 200- and 850-hPa zonal wind). The
shading represents the vertical wind shear. The red line repre-
sents the critical latitude or surface, where zonal velocity is
equal to the zonal wave phase speed. The critical layer is a
layer of finite width due to the nonlinear interaction of the
wave with its own critical surface (e.g., Dunkerton et al. 2009;
Wang et al. 2010a,b). The black line represents the wave
trough axis, which is defined as the region where the meridio-
nal velocity vanishes and the maximum relative vorticity ap-
pears. The intersection of the critical latitude and the wave
trough axis in the lower troposphere pinpoints the cat’s-eye
or the center of the wave pouch location. In contrast to a
wavelike flow in Figs. 1a and 1b, a closed cyclonic circulation
with a cat’s-eye appears in the wave disturbance (Figs. 3a,b).
The vertical wind shear in the pouch region is relatively weak
(less than 10 m s21), which is favorable for TC genesis
(Bracken and Bosart 2000). It is worth mentioning that the
vertical shear transformed from a westerly shear (Figs. 3a–f)
to an easterly shear (Figs. 3g,h) environment as the wave
moved westward.

Figure 4 displays the structure and evolution of the EW
during the TC genesis period. Different from a typical
northwest–southeast-oriented structure of synoptic-scale wave
train, the EW with an alternating anticyclonic and cyclonic
circulation shows a slightly northeast–southwest distribution
(Figs. 4a,c,e,g). A clear cyclonic circulation in low troposphere
collocated with an anticyclonic circulation at the upper level
and the cyclonic vorticity is mainly confined to the middle and
lower troposphere. This vertical structure is in agreement
with that of a classic EW (e.g., Reed and Recker 1971; Ritchie
and Holland 1999; Chen et al. 2008). Meanwhile, the positive
relative vorticity is accompanied with positive relative humid-
ity anomaly (Fig. 4b). Physically, a low-level cyclonic circu-
lation may induce anomalous ascending motion through
Ekman pumping process, which can further increase local

moisture content through vertical advection. The enhanced
moisture content subsequently feeds back to the low-level
circulation via enhanced diabatic heating. As the wave moves
westward, the cyclonic circulation gradually strengthens and
penetrates vertically upward to about 100 hPa. The relative
humidity presents positive anomalies in planetary boundary
layer (PBL) (Figs. 4d,f,h). The deep-layer vorticity of the EW,
along with the positive moisture anomalies in PBL, may con-
tribute greatly to the continuous development of the vortex.

4. Processes associated with Hagupit formation derived
from WRF simulations

The observational analysis above indicates the EW with a
pouch, which could provide a favorable environmental condi-
tion for vortex development (e.g., Dunkerton et al. 2009; Bell
and Montgomery 2010). To reveal the influence of the EW on
Hagupit formation, we conducted high-resolution WRF simu-
lations. Figure 5 displays the 850-hPa circulations at the model
initial time for CTL and EXP_EW. The pattern in EXP_EW
is very similar to that in CTL. However, because of the ab-
sence of EW, the amplitude of the circulations in EXP_EW is
greatly reduced compared with CTL. By comparing the CTL
and EXP_EW experiments, one may reveal how the EW in-
fluences the TC genesis.

In comparison to the JTWC best track, the CTL reprodu-
ces well the observed TC track and the intensity (Figs. 6a,b).
Figure 6a shows that the simulated track is close to the ob-
served one during the 90-h integration, especially the west-
ward track, although the simulated genesis location (red
typhoon mark) is a little south to the real genesis location
(black typhoon mark). In terms of the intensity, the TC in-
tensities are similar for both CTL and the observation. The
model reproduces the observed deepening of the minimum
sea level pressure around 1200 UTC 18 September when the
EW approaches the monsoon trough region. However, when
the EW is removed in EXP_EW, the vortex fails to grow
throughout the 90-h integration period (Fig. 6b). This indi-
cates the important role of the EW in affecting subsequent
TC development. It is noteworthy that the horizontal wind
derived from EXP_EW shows that there is still a pouch in
the absence of the EW (figure not shown). Therefore, the
EW as a pouch has a partial but not decisive effect on tropi-
cal cyclone formation.

Given that the model is able to reproduce the realistic evo-
lution of the TC track and intensity, to figure out the physical
mechanism of Typhoon Hagupit induced by the EW, a spacial
filtering technique following Hendricks et al. (2011) is used to
isolate the small-scale (,50 km) and mesoscale (.50 km) mo-
tions from the model results. The simulated vorticity fields
with small-scale and mesocale are shown in Figs. 7 and 8, re-
spectively. Initially, the small-scale cyclonic vorticity anoma-
lies which may be the cumulus-scale convective clouds or
VHTs are randomly distributed around the background cy-
clonic vorticity (Figs. 7a,e). As the vortex develops, the ran-
domly generated cyclonic vorticity anomalies merge and form
a mesoscale core vortex that gradually move toward the cen-
ter of the background cyclonic vorticity in CTL (Figs. 8a–d).

FIG. 2. Hovmöller diagram of the 3–8-day-filtered meridional
wind at 850 hPa averaged along 148–198N. The thick dashed line in-
dicates the propagation of the EW disturbance.
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Such an aggregation may be caused by the vorticity segrega-
tion process (Schecter and Dubin 1999) or closely related to
the developing secondary circulation with radial inflow at
lower levels (Kilroy et al. 2017a,b). By comparing the CTL
and EXP_EW, it shows that the small-scale vorticity features
appear during the early stage in EXP_EW but they are much
weaker than those in CTL owing to the lack of the EW orga-
nization (Figs. 7e–h). Mesoscale vorticity features also de-
velop in earlier stage in EXP_EW (Figs. 8e,f); however, they

never develop into a strong mesoscale core vortex due to the
less favorable environment in EXP_EW. This confirms that
the EW plays an important role in maintaining the continuous
development of vortex.

Figure 9 shows the time–vertical cross section of diver-
gence, relative humidity, relative vorticity, tangential wind,
vertical velocity, and temperature fields averaged within a
radius of 200 km from the pouch center in CTL. These fields
are derived from the innermost mesh with a 3-km horizontal

FIG. 3. Streamlines at 850 hPa and vertical wind shear between 200 and 850 hPa (shading; m s21) from GFS FNL
analyses in the Lagrangian framework with the EW from 1200 UTC 12 Sep to 0600 UTC 19 Sep. The black line repre-
sents the wave trough axis (where the meridional velocity is zero), and the red line indicates the critical layer latitude
(where the zonal flow is equal to the wave phase speed).

Z HAO E T AL . 2187DECEMBER 2022

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/27/24 06:09 PM UTC



FIG. 4. (left) Horizontal wind (vector; m s21) and relative vorticity (shading; 1025 s21) at 850 hPa, and
(right) vertical profiles of area-averaged (88 3 88) relative vorticity (red line; 1025 s21) and relative humidity
(blue line; %) from 3- to 8-day-filtering fields at (a),(b) 1200 UTC 16 Sep; (c),(d) 1200 UTC 17 Sep; (e),(f)
1200 UTC 18 Sep; (g),(h) 0600 UTC 19 Sep. The red box represents the major circulation region. The black
line indicates the zero value of each parameter.
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resolution and a 3-h time interval. It is interesting to note
that the maximum vorticity appears in PBL. Different from
the top-down scenario, which assumes that the generation of
low-level vorticity by some form of vorticity transport or
projection downward from the midlevels, the current TC

development is characterized by a bottom-up process, that
is, the vorticity maximum is located at the low level initially
and then gradually extends to middle and upper tropo-
sphere. In addition, during the initial development, the PBL
vorticity exhibits a clear oscillatory growth. For instance, the
vorticity grows rapidly between 1200 UTC 17 September
and 0000 UTC 18 September, slows down or even decays
afterward, and re-intensifies around 1200 UTC 18 September
(Fig. 9b). Such an oscillation is consistent with the divergence
and vertical velocity oscillation shown in Figs. 9a and 9c, and
was attributed to the transition from a convective regime to a
stratiform regime as shown in Li et al. (2006). The conver-
gence (divergence) in PBL is well collocated with cyclonic
(anticyclonic) vorticity. The ascending motion leads to PBL
convergence and the downdraft leads to PBL divergence
(Fig. 9a). The vertical motion also regulates the moisture via
vertical moisture transport, resulting in the alternative change
of relative humidity in the midtroposphere (Fig. 9b). It is
worth noting that a remarkable deep updraft emerges at
around 1200 UTC 18 September, just 18 h prior to the genesis
of Hagupit. The maximum tangential wind shows a rapid in-
crease after the bursts of intense deep convection. Meanwhile
a warming core begins to form at the height of 12–14 km at
the same time (Fig. 9d). How does this upper-tropospheric
warming occur? For a mature TC, an upper-level warm core
could result from adiabatic subsidence (Chen and Zhang
2013) or eddy radial advection of potential temperature
(Stern and Zhang 2013) within the eye of a TC. However, at
1200 UTC 18 September, the TC has not formed yet, and the
vortex is characterized by an embedded meso-g-scale structure
beneath strong upward motions aloft. Most of these deep and
intense systems are meso-g-scale convective bursts (CBs). CBs
are traditionally defined as intense meso-g-scale convective cells
with updraft maximized in the upper troposphere. Following the
definition used by Cecelski and Zhang (2013), we designate a
convective cell as a CB when it is characterized by an updraft
greater than 8 m s21 above 600 hPa.

Applying the definition of CBs, it shows clearly that some
meso-g-scale structures are CBs, with the cells characterized

FIG. 5. Wind (vector; m s21) and relative vorticity (shading; 1025 s21) at 850 hPa at the model initial time in (a) the
control experiment CTL and (b) sensitivity experiment EXP_EW.

(a)

(b)

FIG. 6. (a) Observed Hagupit track (black) and simulated track
in CTL (red) with black and red typhoon marks denoting the ob-
served and simulated genesis locations; (b) time series of the ob-
served and simulated minimum sea level pressure (solid; hPa) and
maximum wind speed at 10 m (dashed; m s21).
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by upward velocities in excess of 8 m s21 in the 250–150-hPa
layer. Figure 10a illustrates the horizontal map of the CBs.
Collocated with the CBs are warm temperatures and large
cloud ice mixing ratios within 250–150-hPa layer (Fig. 10b).
A vertical cross section (Fig. 10c) reveals that cloud ice

concentrates occur primarily between 400 and 100 hPa.
The consistent horizontal and vertical patterns suggest that
the upper-tropospheric warming prior to the TC genesis is pri-
marily caused by the CB induced latent heating. Compensating
subsidence seems to have little role in causing the upper-

FIG. 7. Relative vorticity (shading; 1025 s21) with horizontal scale smaller than 50 km at 850 hPa from 1800 UTC 16 Sep to 0000 UTC
18 Sep in (top) CTL and (bottom) EXP_EW (relative vorticities are from 3-km resolution grid output).

FIG. 8. Streamline and relative vorticity (shading; 1025 s21) with horizontal scale larger than 50 km at 850 hPa from 1200 UTC 16 Sep to
0000 UTC 18 Sep in (top) CTL and (bottom) EXP_EW (streamline and relative vorticity are from 3-km resolution grid output).
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tropospheric warming [consistent with the Stern and Zhang
(2013)].

With the continuous development of the TC, the warm core
becomes stronger and stronger, and extends downward to mid-
dle troposphere (Fig. 9d). According to the hydrostatic equa-
tion, an upper-level warm core is able to cause a greater surface
pressure fall than a lower-level warm core (Hirschberg and
Fritsch 1993; Holland 1997). Accompanying the warm core is a
marked decrease of the minimum sea level pressure (Fig. 6b).
This strengthens the boundary layer convergence and updrafts
along the eyewall, which further lower the surface pressure
through a circulation–convection feedback.

(a)

(b)

(c)

(d)

FIG. 9. Time–vertical cross sections of (a) divergence (shading;
1025 s21), (b) relative humidity (contour; %) and relative vorticity
(shading; 1025 s21), (c) tangential velocity (contour; m s21) and
vertical velocity (shading; cm s21), and (d) the temperature devia-
tion (K; defined as a difference with the average temperature
within a radius of 500 km from the center) fields averaged over a
radius of 200 km in the control experiment.

(c)

FIG. 10. (a) The horizontal patterns of vertical velocity (shading;
m s21) averaged at 250–150 hPa and the sea level pressure field
(contour; hPa), (b) 250–150-hPa-averaged temperature (contour; 8C)
and cloud ice mixing ratio (shading; g kg21) fields, and (c) vertical
cross section of vertical velocity (shading; m s21), cloud ice mixing
ratio (dashed contours; g kg21), and potential temperature (solid
contours; K) along the dashed line A–A′ shown in (a) and (b) at
1200 UTC 18 Sep.
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Figure 11 displays the time–height section of area-averaged
divergence, relative humidity, relative vorticity, tangential
wind, vertical velocity, and temperature in EXP_EW. Since
there is no TC genesis in EXP_EW, the area average here is
simply based on the vortex center location in CTL. Compar-
ing Figs. 9 and 11, one may notice that the vorticity oscillating

development feature in both CTL and EXP_EW. A distinct
difference lies in that the vorticity penetrate to high altitude
in CTL, whereas the vorticity is confined to the PBL in
EXP_EW. Relative humidity field shows a similar feature.
However, compared to CTL in which the moisture can pene-
trate into much deep layer, the moisture in EXP_EW is much
shallower (Figs. 9b and 11b). A maximum updraft appears in
the initial 24 h but the vertical motion diminishes as time goes
forward. Considering that the sole difference between CTL
and EXP_EW is the presence of the EW, it is conceivable
that the cyclonic circulation and moisture related to EW is
very important to provide a favorable environment for TC
genesis. The removal of the EW in EXP_EW eliminates the
reoccurrence of the continuous convective updrafts, which is
necessary for the genesis of Hagupit.

5. Conclusions and discussion

The precursory synoptic-scale disturbance for Typhoon
Hagupit (2008) is a westward-propagating EW and the wave
signal can be traced back at least 7 days prior to the typhoon
genesis. Similar to previous studies (Dunkerton et al. 2009; Wang
et al. 2010a; Montgomery et al. 2010), the easterly wave con-
tained a pouch that favored the development of a TC-like vortex
and protected the disturbance from hostile exterior influence.

The genesis of Typhoon Hagupit is well reproduced using a
WRF Model with a high-resolution configuration sufficient to
represent mesoscale processes. In the control simulation, the
total fields from the FNL data are included. Sensitivity experi-
ment is conducted by removing synoptic-scale signals associ-
ated with the EW. The model reproduces well the genesis of
Typhoon Hagupit in the presence of the EW in control simu-
lation. For Typhoon Hagupit, removing the EW during the
pre-genesis period eliminates the cyclone genesis. Through
the diagnosis of the observational analysis and simulated re-
sults, two mechanisms are proposed regarding the role of the
EW. First, the EW provides a background cyclonic vorticity,
which is favorable for the aggregation of mesoscale vertical
vorticity and formation of a mesoscale care vortex. The second
mechanism is that the EW provides a favorable large-scale envi-
ronment for the genesis of Hagupit. The EW that displays a
cyclonic vorticity in PBL and is collocated with the proper mois-
ture could trigger sustainable ascending motion through Ekman
pumping. The upward motion and convective heating further in-
duce low-level convergence, leading the increase of vorticity.
This moisture and convective circulation feedback is crucial in
leading to the continuous development of vorticities.

Although the current work demonstrates that Typhoon
Hagupit genesis is spawned in the pouch of an easterly wave,
which influence typhoon genesis through two mechanisms
mentioned above, caution needs to be taken in generalizing
the finding from this single case study. More case studies are
needed to understand the similarity and difference of TC gen-
esis mechanisms among different cyclogenesis events.
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FIG. 11. As in Fig. 7, but for EXP_EW.
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Data availability statement. Data related to this paper can
be downloaded from the following. JTWC best track data,
https://www.metoc.navy.mil/jtwc/jtwc.html?best-tracks; NCEP/
FNL data, https://rda.ucar.edu/datasets/ds083.2/; and MTSAT
satellite data, http://weather.is.kochi-u.ac.jp/archive-e.html.
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