
ADVANCES IN ATMOSPHERIC SCIENCES, VOL. 29, NO. 2, 2012, 333–343

The Potential Impacts of Warmer-Continent-Related Lower-Layer

Equatorial Westerly Wind on Tropical Cyclone Initiation

YUAN Zhuojian∗1 (袁卓建), QIAN Yu-Kun1,2 (钱钰坤),
QI Jindian1 (戚锦典), and WU Junjie3 (吴俊杰)

1Center for Monsoon and Environmental Research/Department of Atmospheric Science,

Sun Yat-sen University, Guangzhou 510275

2State Key Laboratory of Tropical Oceanography, South China Sea Institute of Oceanology,

Chinese Academy of Sciences, Guangzhou 510301

3Civil Aviation Flight University of China, Guanghan 618307

(Received 28 June 2011; revised 7 September 2011)

ABSTRACT

Global climate models predict that the increasing Amazonian-deforestation rates cause rising tempera-
tures (increases of 1.8◦C to 8◦C under different conditions) and Amazonian drying over the 21st century.
Observations in the 20th century also show that over the warmer continent and the nearby western South At-
lantic Ocean, the lower-layer equatorial westerly wind (LLEWW) strengthens with the initiation of tropical
cyclones (TCs). The warmer-continent-related LLEWW can result from the Coriolis-force-induced deflection
of the cross-equatorial flow (similar to the well-known heat-island effect on sea breeze) driven by the enhanced
land-sea contrast between the warmer urbanized continents and relatively cold oceans. This study focuses
on the processes relating the warmer-continent-related LLEWW to the TC initiation and demonstrates that
the LLEWW embedded in trade easterlies can directly initiate TCs by creating cyclonic wind shears and
forming the intertropical convergence zone. In addition to this direct effect, the LLEWW combined with the
rotating Earth can boost additional updraft vapor over the high sea-surface temperature region (factor 1),
facilitating a surface-to-midtroposphere moist layer (factor 2) and convective instability (factor 3) followed
by diabatic processes. According to previous studies, the diabatic heating in a finite equatorial region also
activates TCs (factor 4) on each side of the Equator with weak vertical shear (factor 5). Factors 1–5 are
favorable conditions for the initiation of severe TCs. Statistical analyses show that the earliest signal of
sustained LLEWW not only leads the earliest signal of sustained tropical depression by >3 days but also
explains a higher percentage of total variance.
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1. Introduction

Numerous studies show that removing Amazonian
forests could affect local and global climates in many
ways (e.g., Shukla et al., 1990; Nobre et al., 1991; Betts
et al., 2004; Morton et al., 2006; Christensen et al.,
2007; Costa et al., 2007; Sampaio et al., 2007; Malhi et
al., 2008; Nobre et al., 2009). Based on the fact that
“from 1988 to 2006, deforestation rates in Brazilian

Amazonia averaged 18,100 km2 yr−1, recently reach-
ing 27,400 km2 yr−1 in 2004” (Malhi et al., 2008, p.
169), global climate models (GCMs) predict warmer
and drier climates in the Amazon. Specifically, in the
21st century, increases of 1.8◦C to 5.1◦C could be as-
sociated with midrange greenhouse gas emission (e.g.,
Christensen et al., 2007; Malhi et al., 2008). Up to 8◦C
warming in the Amazon could be associated with sub-
stantial forest dieback on regional biophysical proper-
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ties (Betts et al., 2004; Malhi et al., 2008).
Consistently, increasing temperature, averaged

over Brazilian Amazonia, was observed in the 20th
century (Fig. 1a) with the increase of deforested area.
Deforested area increased from about 130 000 km2 in
1975 to ∼420 000 km2 in 1991 (Nobre et al., 1991)
and ∼560 000 km2 around 2006 in Brazilian Ama-
zonia alone (Morton et al., 2006; Costa et al., 2007;
Sampaio et al., 2007). To show how observed wind
fields respond to the warmer continent, Fig. 1b dis-
plays the difference in the decadal-mean 850-hPa wind
fields between 1997–2006 and 1957–1966 based on the
reanalysis data for months of January. In Fig. 1b the
lower-layer equatorial westerly wind (LLEWW) ap-
pears over the Amazon and the nearby western South
Atlantic Ocean (WSAO) together with the activation
of tropical cyclones (TCs). Because the deforested
area increases with time, the stronger LLEWW over
the WSAO can be obtained by subtracting the ear-
lier decadal-mean 850-hPa wind (from 1948 to 1957)
from the later decadal-mean 850-hPa wind (from 2001
to 2010; Fig. 1c). Figure 1 suggests that there ex-
ist the potential impacts of warmer-continent-induced
LLEWW on the TC initiation. It is worth mention-
ing that 1948 is the earliest year with reanalysis data

available. According to Espenshade and Morrison
(1986, p23), deforested and urbanized areas increase
not only in South America but also across other con-
tinents. If the LLEWW and TCs shown in Fig. 1
are, as expected, mainly associated with deforestation
and urbanization, then the hurricane-free [referring
to the absence of severe TCs (STCs)] climate might
be changed in the tropics of South America and the
WSAO. One of the signals carried by such a change
would be the higher frequency of TC initiation in the
tropics around the world if continents warm to a cer-
tain extent (Zhang et al., 2010).

The 1948–1978 data-reanalysis does not benefit
much from the satellite observations (besides the rel-
atively old techniques used in the old-time measure-
ments); the uncertainty in Fig. 1 is unavoidable. How-
ever, the possible processes connecting the deforesta-
tion and urbanization to climate changes as suggested
by Fig. 1 are of utmost interest. Thus, further ob-
servational and statistical analyses were performed to
investigate the possibility of mankind-induced climate
changes and to justify study of TC initiation by the
warmer-continent-related LLEWW with better reanal-
ysis data and common knowledge. Common knowl-
edge is mainly applied to the discussions of the di-

Fig. 1. Based on the NCEP-NCAR reanalysis data, (a) shows the annual mean temperature (open
circle) averaged over the region of (0◦–20◦S, 55◦–35◦W) and its linear trend (solid line) in the time
period 1948–2010; (b) shows the difference between the 1997–2006 decadal-mean 850-hPa wind and
the 1957–1966 decadal-mean 850-hPa wind in January. The red curve indicates the cross-equatorial
flow deflected by the Coriolis force to form the LLEWW. The blue curves indicate tropical cyclones;
(c) shows the difference between the 2001–2010 decadal-mean 850-hPa wind and the 1948–1957
decadal-mean 850-hPa wind in January.
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rect (section 3) and indirect (section 4) impacts of
the warmer-continent-induced LLEWW on TC initi-
ation. In section 4, traditional TC initial conditions
[the surface-to-midtroposphere moist layer over a high
sea-surface temperature (SST) region, convective in-
stability characterized by a warmer-and-moist layer
located below a cold-and-dry layer, TCs and weak ver-
tical shear of horizontal wind] emphasized by previous
studies (e.g., Charney and Eliassen, 1964; Ooyama,
1969; Gray, 1979; Anthes, 1982, p49) are related to
the warmer-continent-induced LLEWW. Recent-year
records and reanalysis data with higher quality due to
advanced techniques (e.g., satellites, see section 2 for
methods and data) were applied to the observational
and statistical analyses (sections 5 and 6) to extract
the climatological evidence for the key point in the dis-
cussions. Summary and discussion are given in section
7.

2. Methodology and data

To assess more significant signals of climate
changes that might be attributed to the deforesta-
tion and urbanization, we sought reanalysis data for
all years for which it was available. As mentioned in
introduction, no reanalysis data are available prior to
1948. Thus, the 1948–2010 reanalysis data (2.5◦×2.5◦)
provided by the National Center for Environmen-
tal Prediction-National Center for Atmospheric Re-
search (NCEP-NCAR) (Kalnay et al., 1996; Kistler
et al., 2001) were used to plot Fig. 1. To de-
termine the linkage of the warmer-continent-related
LLEWW and the TC initiation suggested by Fig. 1,
further observational and statistical analyses were per-
formed based on higher-resolution horizontal reanal-
ysis data. These higher-quality data included the
daily, long-time mean and anomalous (from the mean)
zonal wind, geopotential and SST data (1.5◦×1.5◦) de-
rived from the European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis Archive In-
terim (ERA-Interim) dataset. Because the daily, long-
time mean and anomalous (from the mean) outgoing
long-wave radiation (OLR) data were not available at
the ECMWF, the OLR data (2.5◦×2.5◦) were acquired
from the National Oceanic and Atmospheric Admin-
istration (NOAA). The composite technique and em-
pirical orthogonal function (EOF) analysis were used
to extract the leading signal for the TC initiation car-
ried by the LLEWW before the presence of the initial
genesis points of TCs detected by the Joint Typhoon
Warning Center (JTWC), National Hurricane Center
(NHC), and Japan Meteorological Agency (JMA) for
STCs (e.g., hurricanes or typhoons).

The location of the genesis point for the first STC

of each year was determined according to the “best
track” data at 0000, 0600, 1200, and 1800 UTC from
the JTWC, NHC, and JMA. The accuracy of STC
records has been improved in recent years due to
advanced techniques used in satellites (Chan, 2006;
Klotzbach, 2006). Therefore, records for recent years
were used in this study.

3. A direct linkage between the warmer-
continent-related LLEWW and TC initia-
tion

According to common knowledge (e.g., Ahrens,
1999, p28), (pure) water absorbs four times the heat
energy to raise the same amount of temperature, than
soil does in terms of per-unit mass (i.e., there is a much
smaller heat-capacity difference between the sea and
tropical rainforest than that between the sea and ur-
banized continent). Therefore, solar radiation warms
the land more rapidly than the adjacent water. Conse-
quently, urban zones are responsible for the heat-island
effect (e.g., Bornstein, 1968; Arnfield, 2003; Dandou
et al., 2005; Basara et al., 2008) followed by the well-
known sea breeze in which air blows from the sea to-
ward the land.

Likewise, if continents, especially equatorial sides
of continents, become warmer due to urbanization and
deforestation (such as Brazilian Amazonia shown by
observations and predicted by GCMs), then a fresh
cross-equatorial flow (from colder oceans in the win-
ter hemisphere to warmer urbanized continents in the
summer hemisphere) could be generated by the en-
hanced land-sea contrast. On the rotating Earth, this
cross-equatorial flow would be deflected by the Cori-
olis force to form the LLEWW. Accompanying the
presence of such an external-force-induced significant
LLEWW embedded in trade easterlies is the pres-
ence of the intertropical convergence zone (ITCZ), the
lower-level cyclonic wind shears, and TCs (Fig. 2).
This direct activation of the lower-level cyclonic shears
with TCs (Fig. 2b) by the LLEWW is accomplished
by reducing the peak value (at the equator) of trade
easterlies between the Northern Hemisphere and the
Southern Hemisphere subtropical high belts (Fig. 2a).

External forces (rather than internal forces) are
the focus of the present study for two reasons: First,
the Earth’s rotation-induced Coriolis force and the de-
forestation or urbanization followed by the enhanced
land-sea differential heating are all factors external to
atmospheric motion. Second, we aimed to avoid the
“chicken-and-egg” problem associated with the nonlin-
ear feedback of STCs as internal sources of LLEWW
(Gao et al., 1988).
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Fig. 2. (a) The zonal flow (thick arrows) distribution with latitude in the balance
situation of the zonally homogeneous trade easterlies between the NH and SH sub-
tropical high belts. (b) The one-level cyclonic wind shears on the equatorward side of
easterly jets induced by the external-force-induced LLEWW burst. Symbols ζA and
ζC represent anticyclonic and cyclonic vorticities, respectively.

4. An indirect linkage between the warmer-
continent-related LLEWW and the TC ini-
tiation

As pointed out by Anthes (1982, pp49–51), the
traditional TC initial conditions (mentioned in the
last paragraph of introduction) are related such that
the convective instability depends on the surface-to-
midtroposphere moist layer over high SST regions.

This high relative humidity in convective clouds makes
a significant contribution to diabatic heating (e.g., An-
thes, 1982, p51) while the diabatic heating in a finite
equatorial region can initiate two TCs on each side
of the equator (e.g., Gill, 1980; Hartmann and Hen-
don, 2007). The LLEWW between these two cyclones
creates the weak vertical shear of horizontal wind by
reducing the lower-layer trade easterlies beneath the
upper-layer westerlies (Figs. 3a and 3b). In this chain

Fig. 3. The vertical-meridional distributions of observed zonal mean easterlies (m s−1, dashed lines)
and westerlies (solid lines) for (a) January and (b) July based on the time mean (1989–2008) zonal
winds from the ERA-Interim analysis data. The much-straighter, upward, thick solid line in the
NH summer indicates the weaker vertical shear due to the presence of LLEWW and the upper-layer
equatorial easterlies. Panels (c) and (d) are the same as panels (a) and (b) except for the mean
zonal winds over Brazil (70◦–30◦W).
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of processes, the key is the initiation of the rapid up-
ward acceleration of moist air (originally resting at the
sea surface) required by the formation of the surface-
to-midtroposphere moist layer. Next we demonstrate
that even without the presence of trade easterlies in
the tropics, the external-force-induced LLEWW could
cause an upward acceleration.

At the equator, the relationship between the
Earth’s relative zonal (u) and vertical (w) velocities
is very different from that at the poles. At the poles,
the u-plane and the w-plane are perpendicular to each
other and the Earth’s angular velocity Ω is parallel to
the vertical coordinate kpole = wpole/ |wpole| (Fig. 4).
However at the equator, the relative velocities (u,w)
detected on the rotating Earth are in the same equa-
torial plane with Ω perpendicular to keq = weq/ |weq|
(Fig. 4). Thus, in reality the updraft vapor from the
sea surface in the equatorial region can be boosted by
the rotating Earth (Ω > 0) working with the external-
force-induced LLEWW (u>0, Fig. 4). As illustrated
by Fig. 4, if at t = 0 an external-force-induced flow
(double-line arrows in Fig. 4) is responsible for the
Earth-relative velocities (u>0, w=0) at point A, then
after the Earth rotates from point A to point B dur-
ing a short time t=∆t, the external-force-induced flow
will account for w>0. Thus, even without the pres-
ence of trade easterlies in the tropics, the external-
force-induced significant LLEWW could cause an up-
ward acceleration (more significant than the Coriolis-
force-induced zonal-wind acceleration in the midlat-
itudes due to cos 0◦ > sin 45◦). With the presence
of trade easterlies, both the mass-continuity equation
and observations justify that the updraft vapor can be
strengthened by the ITCZ between the LLEWW and

Fig. 4. The upward acceleration at the equator boosted
by the external-force-induced LLEWW (double-line ar-
rows) working with the rotating Earth without the pres-
ence of trade easterlies.

trade easterlies.
As reviewed earlier, the updraft vapor (driven by

the significant LLEWW) thickens the warm-and-moist
layer underneath a cold-and-dry layer, especially in the
spring hemisphere with the relatively cold-and-dry tro-
posphere. Consequently, instability and diabatic pro-
cesses come into play (e.g., Holton, 1979, p50; Yuan
and Johnson, 1998; White, 2002, p23; Holton, 2004,
p52; Gao et al., 2009; Qian et al., 2011). Accord-
ing to previous studies (e.g., Charney and Eliassen,
1964; Gill, 1980; Hartmann and Hendon, 2007), the
diabatic heating in a finite equatorial region can also
initiate TCs on each side of the equator. Figure 4 indi-
cates that the external-force-induced LLEWW carries
a leading signal for TC initiation.

Because TCs are the internal sources of LLEWW
(Gao et al., 1988), if these internal sources are in-
volved in the TC initiation study, then they would
easily drag us into the “chicken-and-egg” trap. To re-
duce the “chicken-and-egg” effect, we concentrated on
the initiation of the first STC of each year. Section 6
discusses how to extract from observations the leading
signal for TC initiation that is carried by LLEWW.

5. The evidence from climatological informa-
tion

Figure 4 illustrates a close linkage between the
external-force-induced LLEWW and the upward ac-
celeration favorable for the TC initiation. This linkage
can also be identified in the climatological information
(Fig. 5). Through the comparison between the distri-
bution of the climatological OLR with values 6220 W
m−2 representing the strong upward acceleration ac-
cording to Gunn et al. (1989) and that of climatologi-
cal LLEWW, we see that climatological LLEWW cen-
ters overlap OLR minimum centers around the Equa-
tor (Fig. 5). Figure 5 also shows that although most
tropical oceans (including the tropics in the WSAO)
experience SST > 26.5◦C, the distribution of initial
genesis points of STCs coincides with that of climato-
logical LLEWW better than that of high SST. For ex-
ample, the seasonal shift of most initial genesis points
of STCs coincides quite well with that of climatological
LLEWW, especially in the western Pacific equatorial
region. The eastern North Pacific tropical region is
free from initial genesis points of STCs although the
high SST is available in March (with a very weak west-
erly wind) and April (with a weak westerly wind) un-
til the westerly wind becomes stronger in May. After
May (with the observed stronger westerly wind and the
presence of initial genesis points of STCs), the region
affected by the westerly wind enlarges and the number
of initial genesis points of STCs increases substantially,
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Fig. 5. The distributions of 1989–2008 mean surface westerly winds (thick solid with 0 and 2 m s−1 con-
toured. The zero contour separates the westerly wind region and the easterly wind region in which contours
are not shown), the weak vertical shear |u200−u850| (65 m s−1, blue), high SST (> 26.5◦C, red) and weak
OLR (6220 W m−2, green stripes). Purple indicates the areas affected by both SST>26.5◦C and weak
vertical shear |u200 − u850| 65 m s−1. The dots represent the locations of detected initial genesis points of
STCs for the 1989–2008 period.

leading to the STC-active season in the eastern North
Pacific tropical region. Consistent with Figs. 3a and
3b, the weak vertical shear appears in the regions to
the poleward sides of LLEWW (Fig. 5).

We note that in the tropics of the WSAO, the
climatological LLEWW (also see Figs. 3c and 3d),
OLR minimum centers, STCs together with weak ver-
tical shear are all absent despite the climatological
SST > 26.5◦C available throughout the year. In con-
trast, case studies for Hurricane Catarina (2004) doc-
umented as the first hurricane over the WSAO (e.g.,
Pezza and Simmonds, 2005; McTaggart-Cowan et al.,
2006; Pereira Filho, 2010; Vianna et al., 2010) show
that SST< 26.5◦C is observed in Hurricane Catarina’s
(2004) spawning area (around 30◦S). Consistent with
Gray’s (1968) argument about the absence of weak
vertical shear as a primary reason for the absence of
hurricane in the warm tropics of the WSAO, the weak
vertical shear associated with a large-scale blocking
(e.g., Pezza and Simmonds, 2005; McTaggart-Cowan
et al., 2006; Pereira Filho, 2010) and large enthalpy
fluxes associated with the surface wind (Vianna et al.,
2010) account for Hurricane Catarina (2004). Table 1

and Fig. 12 given by McTaggart-Cowan et al. (2006)
show that an extratropical system (as the initial cy-
clonic vortex for Hurricane Catarina) was detected on
19 March 2004. This extratropical system became
a hybrid tropical/extratropical cyclone on 23 March
2004 with weak vertical shear, leading to Hurricane
Catarina (2004). The investigation (Fig. 6) in the
present study shows that the surface westerly wind
had already appeared before the initial extratropical
cyclone was detected by satellites.

Figure 5 suggests that the different land-sea con-
trasts account for the uneven distribution of clima-
tological LLEWW and that of initial genesis points
of STCs. This perspective can be justified by two
extreme climatological phenomena. One is the most
significant LLEWW and the biggest number of ini-
tial genesis points of STCs observed in the equato-
rial region with the most significant land-sea contrast
between the largest tropical water (from the Indian
Ocean to the western Pacific Ocean) and the largest
Eurasian continent (Fig. 5). The other is the absence
of climatological LLEWW and TCs over the small
tropical area of the WSAO and the small neighboring
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Fig. 6. The time-longitude section of meridionally aver-
aged surface zonal wind (westerly shaded with 3 m s−1

interval) obtained from the ERA-Interim data at fixed
four-grid points on the equatorward side of the embry-
onic genesis of the extratropical system (for Hurricane
Catarina). The embryonic extratropical system was de-
tected by satellites at (27.0◦S, 49.0◦W) on 19 March 2004
(see the triangle).

land mostly covered by the tropical rainforest. The
evidence presented in this section based on the recent-
year observations and the ECMWF reanalysis data
verifies (to some extent) the potential impacts of
warmer-continent-induced LLEWW on the TC initi-
ation suggested by Fig. 1, which is plotted with the
1948–2010 NCEP-NCAR reanalysis data.

6. Extracting the leading signal for the TC
initiation carried by LLEWW from obser-
vations

Although it seems impossible to identify the lead-
ing signal for the TC initiation carried by LLEWW
from the observations in the STC-active season in
which the OLR minimum centers do not always over-
lap the LLEWW centers (not shown), it may be possi-
ble to identify the leading signal for the TC initiation
carried by LLEWW from the observations in the STC-
inactive season (Fig. 7). To extract such a leading
signal from observations, we have to rely on statistical
methods such as the EOF analysis. The reasons for
doing so are that the STC initiation process is a non-
linear and that small-scale processes associated with
microphysical phenomena are hard to observe. A so-
phisticated method is not yet available for accurate
numerical solutions of such a process. Additionally, in
the STC-active season it is difficult to separate the ef-
fect of external-force-induced LLEWW (carrying the
leading signal of initial genesis points for STCs) from
the effect of STC-induced LLEWW (carrying no such
leading signal). Thus, we only focus on the process
before the initiation of the first STC of each year.

The first STC of the year is determined based on
tropical storm records provided by the JTWC, NHC
and JMA. According to Klotzbach (2006) and Chan
(2006), the accuracy of the records has improved in
recent years due to advanced techniques used in satel-
lites. Thus, the EOF analysis was performed based on

Fig. 7. The distributions of daily surface zonal winds with the interval of 4 m s−1

(red solid for westerly and blue dashed for easterly) and daily OLR 6 220 W m−2

(green) on (a) 1 January 1997 and (b) 2 January 1997 over the warm tropical ocean.
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Fig. 8. The EOF-analysis results of 1999–2008 composite 850-hPa zonal wind anomaly departing
from the 1989–2008 base period mean based on the ERA-Interim analysis daily data. The compos-
ite detected initial genesis point of STC (indicated by the triangle) for the first typhoon of the year
is centered at (0, 0). In the left panels, the y-axis (x-axis) is labeled every 10◦ latitude (longitude)
away from the center of the detected initial genesis point of STC. In the right panels, the x-axis is
labeled every 5 days prior to the date of detected initial genesis point of STC. The three leading
EOF modes explain, respectively 48.1% (a, b), 16.5% (c, d), and 13.0% (e, f) of the total variance.

2000–2009 composite records.
The three leading EOF modes of the composite

850-hPa zonal wind, respectively account for 48.1%,
16.5%, and 13% of the total variance (Fig. 8). The
spatial patterns, respectively associated with these
three modes (Figs. 8a, 8c and 8e) all show an out-
of-phase relationship between the 850-hPa zonal wind
to the north and that to the south of the composite
center of initial genesis points of STCs. So the signal
for the transition from the equatorial easterly wind to
the sustained equatorial westerly wind can be identi-
fied clearly by the corresponding three time series of
the expansion coefficients. This transition happens 20
days and 3 days prior to the presence of the composite
initial genesis points of STCs according to the first,
second, and third modes, respectively (Figs. 8b, 8d
and 8f).

The three leading EOF modes of the composite
850-hPa geopotential, respectively account for 54.5%,
16.8%, and 12.2% of the total variance (Fig. 9). The
spatial patterns, respectively associated with these
three modes (Figs. 9a, 9c and 9e) all show a homoge-
neous correlation in the geopotential around the com-
posite center of the initial genesis points of STCs. So
the signal for the transition from the high to the sus-
tained low can be identified clearly by the correspond-
ing three time series of the expansion coefficients. This
transition happens almost 17 days, 5 days and almost
2 days prior to the presence of the composite initial
genesis points of STCs according to the third, second,
and first modes, respectively (Figs. 9f, 9d and 9b).
The leading signal carried by the LLEWW shown in
this section can also be identified in a previous TC ac-
tivity study (Wu and Chu, 2007). Taking a closer look
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Fig. 9. Same as Fig. 8 except for the geopotential anomaly. The first, second, and third EOF
modes account for 54.5%, 16.8%, and 12.2% of the total variance, respectively.

at Fig. 11 given by Wu and Chu (2007), we might say
that the westerly wind anomaly appears long before
the TC genesis over the eastern North Pacific Ocean.

The above results of EOF analysis also show that
the earliest signal of the sustained LLEWW not only
leads the earliest signal of the sustained tropical low
system by more than 3 days but also becomes more
significant in terms of explaining the total variance.
These results are consistent with common knowledge.
According to common knowledge, when the external-
force-induced LLEWW is the cause and the depression
is the effect, then the extracted signal of the cause not
only leads the extracted signal of the effect but also
becomes more significant in terms of explaining the
total variance. These “cause-and-effect” characteris-
tics are even more obvious when it takes place in the
tropics around the Equator where strong winds can
be associated with a weak pressure system (Trenberth
et al., 1998). Because a certain time is required for
the geopotential (the effect) to respond to the evo-
lution of external-force-induced LLEWW (the cause),
during this time, the nonlinear interactions of many

processes might weaken the linear relations between
the LLEWW EOF modes and the geopotential EOF
modes.

7. Summary and discussion

The fate of Amazonian forests and the associated
local and global climate changes have received much
attention (e.g., Shukla et al., 1990; Nobre et al., 1991;
Malhi et al., 2008) due to the fact that “from 1988 to
2006, deforestation rates in Brazilian Amazonia aver-
aged 18,100 km2 yr−1, recently reaching 27,400 km2

yr−1 in 2004” (Malhi et al., 2008, p169). Based on
these deforestation rates, GCMs predict warmer (in-
creases of 1.8◦C to 8◦C due to different conditions)
and drier climates in the Amazon.

These results alert us to the potential activation
of more TCs (Zhang et al., 2010) by the continent
warming due to worldwide urbanization. It is well
known that urbanization leads to the heat-island ef-
fect (e.g., Bornstein, 1968; Arnfield, 2003; Dandou et
al., 2005; Basara et al., 2008) and the enlarged land-
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sea contrast with the stronger sea breeze. The stronger
sea breeze induced by the enlarged land-sea contrast
could enhance the cross-equatorial flow. On the rotat-
ing Earth, the enhanced cross-equatorial flow will be
deflected by the Coriolis force to form the LLEWW.
The TC initiation by the warmer-continent-related
LLEWW could be both direct and indirect. On one
hand, the warmer-continent-related LLEWW embed-
ded in trade easterlies could directly initiate TCs and
the updraft vapor by creating cyclonic wind shears and
forming the ITCZ. On the other hand, the warmer-
continent-related LLEWW working with the rotating
Earth can boost additional updraft vapor even with-
out the presence of trade easterlies. The updraft va-
por then thickens the surface-to-midtroposphere moist
layer over a high SST region to build up the convec-
tive instability followed by diabatic processes. Gill’s
model (Gill, 1980) indicates that diabatic heating in a
finite equatorial region will also activate TCs on each
side of the Equator with weak vertical shear. There-
fore, the urbanization-related LLEWW has the poten-
tial to initiate TCs in both direct and indirect ways
over warm tropical water. With higher-quality data
from the ECMWF, JTWC, NHC, and JMA, the re-
sults from a EOF analysis indicate that the earliest
sustained LLEWW appears at least 3 days prior to
the presence of the earliest sustained low pressure sys-
tem. The corresponding EOF mode of the LLEWW
also explains a higher percentage of total variance.
The discussions about common knowledge in sections
3 and 4, the further observational and statistical anal-
yses in sections 5 and 6 based on the recent-year ob-
servations, and the higher-quality reanalysis data all
provide the evidence for the potential initiation of TC
attributed to the warmer-continent-induced LLEWW.
We emphasize the potential initiation because the
urbanization-related LLEWW is only one of LLEWW
components. A quantitative estimation for the effect
of such a LLEWW component on the TC initiation
is hard to conduct without the urbanization-related
LLEWW dominating the LLEWW components asso-
ciated with other external and internal forces. More-
over, the fate of a newly initiated TC characterized
by a small-scale perturbation with cyclonic shear can
be affected by many factors. For example, the small-
scale perturbation might die out before it can be de-
tected. For these reasons, the changes of TC num-
ber in the real atmosphere could not tell the story of
how the TC initiation is affected by the urbanization-
related LLEWW, although Hurricane Catarina (2004)
was documented as the first STC over the hurricane-
free WSAO.
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