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This study investigates the relationship between El Niño-Southern Oscillation
(ENSO) and overland accumulated cyclone energy (ACE) of tropical cyclones
(TCs) over the western North Paci�c (WNP). We �nd that there is only a weak
correlation between ENSO and overland ACE during 1979–2019, compared to
the signi�cant relationship between ENSO and basinwide ACE over the WNP as
reported in previous publications. Overland ACE is generally smaller in El Niño
and La Niña years than that in neutral years, which mainly results from lower
landfall frequency and shorter duration after landfall. Relative to neutral years,
overland ACE is lower over almost the entire China mainland in both El Niño and
La Niña years, which can be related to the changes in the formation and
movement of landfalling TCs. During El Niño and La Niña years, fewer
landfalling TCs form over the western WNP, mainly resulting from reduced
850-hPa humidity, which leads to a less chance of TCs making landfall over
China mainland. In addition, the eastward (westward) shift of the western Paci�c
subtropical high in El Niño (La Niña) years steers more TCs to make landfall over
the southern (northern) China.
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1 Introduction

Tropical cyclone (TC) is a strong atmospheric vortex with a warm-core and low-
pressure structure generating over the tropical or subtropical ocean. TCs can induce
severe disasters such as heavy precipitation, strong wind, rainstorm, storm surge,
mudslide and landslide, leading to huge losses of human lives and property. Zhang
et al. (2009) found that an annual average of 7 TCs made landfall over China mainland
and Hainan Island, causing a direct economic loss of 28.7 billion yuan (RMB in 2006) and
472 deaths.
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There has been growing interest on the changes in TC activity
over various ocean basins in�uenced by the El Niño-Southern
Oscillation (ENSO) phenomenon, which is a coupled
atmosphere-ocean mode of climate interannual variability in
the tropical Paci�c (Gary 1984; Chan 1985; Chu P S 2004;
Camargo et al., 2010; Patricola et al., 2018). Many studies
have investigated the relationship between ENSO and various
TC metrics, such as genesis location, frequency, intensity, etc.
First, ENSO plays an important role in the interannual change of
TCs genesis location over the western North Paci�c (WNP).
During strong El Niño (La Niña) years, the average genesis
location of WNP TCs tends to be southeastward

(northwestward) (Chan, 2000; Chia and Ropelewski, 2002;
Wang and Chan, 2002). Second, Chan (2000) suggested that
TC frequency over the South China Sea (SCS) tended to be below
(above) normal in El Niño (La Niña) years. Wang and Chan
(2002) noted that the in�uence of ENSO on WNP TC frequency
was more signi�cant during strong ENSO events than during
moderate-to-weak ENSO events. The insigni�cant in�uence of
moderate-to-weak ENSO was related to the offset between the
southeast-northwest dipolar migration in the TC genesis
position. Third, ENSO has a signi�cant regulatory effect on
WNP TC intensity. Wang and Chan (2002) pointed out that
during strong El Niño years, as more TCs formed over the

FIGURE 1
Annual variation of Niño-3.4 sea surface temperature anomaly (unit: °C) during May-December in the period 1979-2019.

FIGURE 2
Annual variation of ACE over China mainland during May-December in the period 1979-2019. The horizontal dashed lines show the 25th and
75th percentiles, while the horizontal solid line denotes the median.
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southeastern quadrant of the WNP, they were more likely to
develop for a longer time over water before making landfall and
subsequently to reach a higher intensity.

Moreover, ENSO can signi�cantly modulate the accumulated
cyclone energy (ACE) of WNP TCs. ACE is usually used to
represent the overall TC activity, which is proportional to the
kinetic energy produced by TCs (Bell et al., 2000). The WNP
ACE index is signi�cantly positively correlated with various
ENSO indices, because TCs in El Niño years are averagely
stronger and have longer lifetimes than those in La Niña years
(Camargo and Sobel,2005; Chan,2007; Ryan,2011). According to
Camargo and Sobel (2005), WNP ACE exhibited an obvious east-
west spatial pattern between El Niño and La Niña years. ACE
values during El Niño years increased over most of the WNP,
reaching a maximum at 20°N, 140°E. During La Niña years, ACE
values were higher over the east of the Philippines and the SCS.
This feature related to the aforementioned ENSO-induced shift
in WNP TC genesis position. As Chan (2007) suggested, ENSO
could in�uence both the formation and development of TCs by
modulating the local dynamic and thermodynamic conditions.
During El Niño years, greater (lower) relative vorticity in lower
(upper) troposphere, smaller vertical wind shear (VWS) and
larger 1,000-500-hPa moist static energy were all favorable for
TC formation over the eastern part of the WNP. Once formed in
this region, TCs tended to have longer lifetimes over water and
were more likely to develop to a higher intensity, leading to a
higher ACE.

Besides, there are also studies on the relationship between
WNP ACE and other ocean/atmosphere climate modes. For
instance, Ryan (2011) reported a tight relationship between
WNP ACE and the Paci�c Decadal Oscillation. Song et al.
(2022) found that WNP ACE was signi�cantly negatively

correlated with the simultaneous Paci�c-North American
pattern (PNA) index, which could modulate TC frequency,
duration and intensity. Note that the aforementioned studies
all focused on the change in the basinwide ACE over the WNP,
which was primarily obtained based on TC samples over water.
By contrast, few studies have investigated the ACE changes over
land. It is also unknown on the relationship between ENSO and
overland ACE over the WNP.

The remainder of this study is organized as follows. Section 2
introduces the data and the methodology used. Section 3 and
Section 4 describe the temporal and spatial relationship between
ENSO and overland ACE, respectively. Section 5 analyzes the
changes in large-scale environmental conditions in�uenced by
ENSO. The conclusion is given in section 6.

2 Data and methodology

Landfalling TC data are obtained from the China
Meteorological Administration’s Shanghai Typhoon Institute
(CMA-STI), which compiles TC data based on a relatively
large number of station observations over China mainland.
The CMA-STI dataset contains TC position (latitude and
longitude), maximum sustained 2-min wind speed and
minimum sea level pressure for every 6 hours.

Given the poor quality of TC data in the pre-satellite era, the
period of 1979–2019 is considered here. TC season is de�ned
from May to December (MJJASOND), which is the same as Lee
et al. (2007) and Yang et al. (2012). Monthly atmospheric
variables, including 850-hPa relative humidity, 850-200-hPa
VWS, 850-hPa relative vorticity and 200-hPa divergence are
archived from the National Centers for Environmental
Prediction (NCEP)–National Center for Atmospheric Research
(NCAR) reanalysis (Kalnay et al., 1996). Monthly ENSO indices
(Niño 1+2, Niño-3, Niño-3.4 and Niño-4 sea surface temperature
anomalies) are obtained from the United States Climate
Prediction Center (CPC).

Consistent with Camargo and Sobel (2005) and Goddard and
Dilley (2005), El Niño and La Niña years are de�ned based on the
average Niño-3.4 index during MJJASOND (Figure 1).
Approximately 25% of the total 41-year with the largest
(smallest) values of Niño-3.4 index are de�ned as El Niño (La
Niña) years, while the remaining years are de�ned as neutral
years. Finally, we identify ten El Niño years (1982, 1987, 1991,
1994, 1997, 2002, 2004, 2006, 2009 and 2015) and ten La Niña

FIGURE 3
Boxplot of ACE per year in all years, neutral years, El Niño
years and La Niña years. The boxes show the 25th and 75th
percentiles, the lines in the boxes mark the median, the asterisks (*)
mark the mean, and the crosses mark the extreme outliers.

TABLE 1 Correlations of ACE during May-December with simultaneous
Niño-1+2, Niño-3, Niño-3.4 and Niño-4 sea surface temperature anomalies
in the period 1979-2019. Asterisks represent correlation coef�cient
signi�cant at the 95% level based on Student’s t-test.

ACE Nino-1+2 Nino-3 Nino-3.4 Nino-4

MJJASOND �0.15 �0.01 �0.06 �0.19
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years (1984, 1985, 1988, 1995, 1998, 1999, 2000, 2007, 2010 and
2011) (Figure 1).

The global land 1-km base elevation is used to identify
overland TC records, by checking whether the TC center is
over land or over water. Here, we focused on TC records over
China mainland, accounting for about 90% of all over-land WNP
TC samples. Consistent with Bell et al. (2000), ACE is calculated
by adding up the sum of the squares of the 6-hourly maximum

sustained 2-min wind speeds in the CMA-STI dataset, which can
be shown as:

ACE � �
m

j�1
�

n

i�1
u2

i,j (1)

where m is the total number of landfalling TCs, n is the
overland duration for a certain TC and u is the 6-
hourly maximum sustained wind overland. Since the

TABLE 2 Correlations of ACE during May-December with its three components (landfall frequency, mean duration and mean intensity) in 1979–2019. Asterisks
represent correlation coef�cient signi�cant at the 95% level based on Student’s t-test.

ACE Landfall frequency Mean duration Mean intensity

MJJASOND 0.67* 0.92* 0.02

FIGURE 4
Boxplots of (A) landfall frequency (B) mean duration (C) mean intensity in all years, neutral years, El Niño years and La Niña years. The boxes
show the 25th and 75th percentiles, the lines in the boxes mark the median, and the asterisks (*) mark the mean.
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calculation of ACE does not include tropical depressions in
Bell et al. (2000), we only use TC records with an intensity of at
least 17.2 m/s.

3 Temporal relationship between
ENSO and overland ACE

3.1 ENSO and ACE

Figure 2 shows the annual series of ACE over China
mainland in the period 1979-2019. Among all years, 1998 (La
Niña) is the year with the lowest ACE, while 2018 (neutral) is the
year with the highest ACE. In general, higher ACE values occur
in neutral years, while ACE values are relatively lower not only in
El Niño years but also in La Niña years. ACE values in 10 out of
21 neutral years are above the 75th percentile, while only ACE
values in three neutral years are below the 25th percentile. In
comparison, only one La Niña year and three El Niño years
exhibit ACE values above the climatological (1979–2019)
median.

Figure 3 depicts several features of the ACE distribution
including the mean, median, 75th and 25th percentiles, and
individual extreme values. Interestingly, the distribution of ACE
in El Niño years is quite similar to that in La Niña years. It means
that overland ACE does not show signi�cant discrepancy between
El Niño and La Niña years, which is different from the obvious
modulation of ENSO on WNP ACE as reported by previous
studies (e.g., Camargo and Sobel, 2005). The entire distribution
of ACE in neutral years is integrally shifted to larger values, which
is consistent with the phenomenon shown in Figure 2. It is worth
noting that ACE distributions shift to lower values in both El Niño
and La Niña years than those in neutral and all years. Based on a
Student’s t-test, the ACE values in neutral years are signi�cantly
different from those in both El Niño (p=0.02) years and La Niña
(p<0.01) years. This feature is distinct from the result in Camargo
and Sobel (2005), which found that the distribution of WNP ACE
in El Niño and La Niña years were shifted to larger and smaller
values, respectively, while their difference was statistically
signi�cant.

Furthermore, Table 1 shows the correlations of overland
ACE during MJJASOND with simultaneous ENSO indices in

FIGURE 5
Spatial differences in overland ACE for (A) El Niño years versus neutral years, (B) La Niña years versus neutral years, (C) El Niño years versus La
Niña years and (D) Neutral years versus non-neutral years.
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the period 1979-2019. Consistent with the above analysis,
there is no obvious correlation between overland ACE and all
ENSO indices. Speci�cally, overland ACE is weakly
correlated with the most frequently used Niño-3.4 index
(r=0.06). By contrast, as shown in Camargo and Sobel
(2005) and Chen (2007), the basinwide ACE over the
WNP was strongly correlated with these ENSO indices
(Niño-1+2, Niño-3, Niño-3.4 and Niño-4). This con�ict
implies that the in�uence of ENSO on ACE over land is
somewhat different from that on ACE over the entire WNP.

3.2 ENSO and ACE components

Table 2 depicts the correlations of overland ACE with
landfall frequency, mean duration and mean intensity in the
period 1979–2019. We �nd that the change in overland ACE
exhibits a high correlation with the changes in mean duration
(r=0.92) and landfall frequency (r=0.67). By contrast, the
correlation coef�cient between mean intensity and overland

ACE is only 0.02, implying a minor impact of the intensity on
overland ACE. By comparison, Camargo and Sobel (2005)
found that all these three factors were signi�cantly correlated
with ACE over the entire WNP. Wang and Song (2010)
reported that ENSO events from July to September had an
obvious effect on the activity of TCs hitting China. The
frequency of landfalling TCs during El Niño (La Niña)
years was less (above) than normal, while the mean
intensity of TCs was stronger (weaker). Zhang et al. (2018)
found that during ENSO neutral years, the track density TCs
landfalling over China was the highest, while the frequency of
landfalling TCs was above average.

Moreover, the distributions of landfall frequency and
mean duration for all years and different ENSO years are
examined in Figures 4A,B. Similar to the distribution of
overland ACE, the frequency of landfalling TCs and the
mean duration over land in neutral years are both
generally greater than those in El Niño and La Niña years.
It con�rms that the higher overland ACE in neutral years
results from the greater number of landfalling TCs and the

FIGURE 6
Spatial differences in overland track density for (A) El Niño years versus neutral years, (B) La Niña years versus neutral years, (C) El Niño years
versus La Niña years and (D) Neutral years versus non-neutral years.
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longer duration over land. However, the medians of mean
intensity in different ENSO years are comparable, with no
signi�cant difference (Figure 4C). As described in Table 2,
there is only a minor correlation between overland ACE and
mean intensity. The above results further imply that the
annual change in overland ACE is jointly in�uenced by the
changes in landfall frequency and mean overland duration,
while mean intensity has only a minor impact.

4 Spatial relationship between ENSO
and overland ACE

4.1 ENSO and ACE

To show the spatial distribution, overland ACE is counted over
individual 5°×5° grids. Compared to neutral years, gridded overland
ACE values in El Niño years are relatively lower over almost the

FIGURE 7
Spatial differences in overall track density of landfalling TCs for (A) all years, (C) El Niño years versus neutral years, (D) La Niña years versus neutral
years, (E) El Niño years versus La Niña years and (F) Neutral years versus non-neutral years. And spatial differences in genesis location of landfalling
TCs for all years (B).
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entire coastal regions of East Asia and Southeast Asia, except some
small regions of Southeast and Northeast China (Figure 5A). The
maximum ACE reductions are observed over Guangxi and
Guangdong, with a magnitude of more than 500 m2s-2. Similarly,
gridded overland ACE values in La Niña years is generally lower than
those in neutral years, except some regions of North China. The
maximum ACE decrease is shown in Taiwan, with a magnitude of
more than 1,500 m2s-2. Besides, Figure 5C depicts the spatial
difference in ACE between El Niño and La Niña years, with an
obvious north-south dipolar distribution. Generally, overland ACE
values are greater south of 30°N and smaller north of 30°N in El Niño
years than in La Niña years. North of 30°N, the total overland ACE
value in La Niña years is 6,443 m2s-2 higher than that in El Niño years,
with a relative increase of 44%. In comparison, south of 30°N, the
total overland ACE value in La Niña years is 26,115 m2s-2 lower than
that in El Niño years, with a relative decrease of 36%. Moreover, as
depicted in Figure 5D, the overland ACE values in neutral years is
higher than that in non-neutral (El Niño and La Niña) years over the
entire coastal regions of East Asia and Southeast Asia.

4.2 ENSO and TC track density

Figure 6 represents the spatial distribution of overland TC track
density, which exhibits a similar pattern to the overland ACE as

shown in Figure 5. During El Niño and La Niña years, overland TC
track density is generally smaller in comparison to neutral years. The
pattern correlation coef�cients between ACE and track density are all
above 0.82 (signi�cant at the 95% level) during different ENSO years.
This con�rms the aforementioned strong correlation of mean
duration with ACE. As shown in Figure 6C, compared to La
Niña years, overland track density is generally larger south of
30°N and lower north of 30°N in El Niño years, which show a
similar pattern to Figure 5C. This means that overland TC activity is
enhanced (suppressed) south (north) of 30°N in El Niño years than in
La Niña years. Similarly, Figure 6D also shows a similar pattern to
Figure 5D. Compared to El Niño and La Niña years, the overland
track density in neutral years is the highest, which is consistent with
Zhang et al. (2018).

Figure 7 further shows the spatial distribution of the entire track
density for all landfalling TCs over the WNP. Here, the entire track
density is obtained based on all TC 6-h records from genesis to
dissipation, which includes TC samples not only over land but also
over water. TCs landfalling over China mainland form more
frequently over the western WNP (Figure 7B). Compared with
neutral years, the entire track density of landfalling WNP TCs is
lower (greater) over the western (eastern) WNP in El Niño years
(Figure 7C). TCs are more likely to generate over the eastern WNP
and subsequently to exhibit a recurving trajectory over the open sea.
This leads to fewer TCs hitting China in El Niño years than in

FIGURE 8
Difference of 850-hPa relative humidity during May to December in (A) El Niño (B) La Niña years and (C) Neutral years relative to the climatology
of 1979–2019. Dots denote differences signi�cant at 95% con�dence based on Student’s t-test.
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neutral years. By comparison, the track density in La Niña years is
generally lower over the entire WNP relative to neutral years, except
over small regions west of Taiwan and northwest of the Philippines
(Figure 7D). Due to the general suppression of TC activity over the
WNP, fewer TCs strike China in La Niña years than in neutral years.
The above features of anomalous TC track densities in El Niño and
La Niña years are consistent with Lin et al. (2020). Additionally,
relative to La Niña years, WNP TCs tend to more (less) frequently
make landfall at China south (north) of 30°N in El Niño years
(Figure 7E). As shown in Camargo et al. (2007), there were less TCs
hitting the northern China (Cluster A) and more TCs hitting the
southern China (Cluster B) in El Niño years than in La Niña years.
The entire track density (both over land and over water) in neutral
years is generally higher over almost the whole WNP relative to non-
neutral years, especially in Taiwan (Figure 7F).

5 Environmental conditions

Figures 8–10 show the differences in environmental
conditions among different years. During El Niño years,
enhanced TC activity over the eastern WNP (east of 130°E).

Can be linked to higher 850-hPa relative humidity, larger
850-hPa relative vorticity and smaller 850-200-hPa VWS
(signi�cantly at the 95% con�dence level), while suppressed

TC activity over the western WNP (west of 130°E) is mainly
caused by lower 850-hPa relative humidity. In contrast, during La
Niña years, there are signi�cantly lower 850-hPa relative
humidity, smaller 850-hPa relative vorticity and higher 850-
200-hPa VWS over most of the WNP, resulting in basinwide
suppression of TC activity. Additionally, during neutral years,
there are higher 850-hPa relative humidity, smaller 850-200-hPa
VWS over the western WNP, which is favorable for the
development of landfalling TCs over the WNP.

Environmental conditions have an effect on not only the
genesis of TCs, but also on the movement and maintenance of
TCs. As depicted in Figure 7B, TCs forming over the western
WNP are more likely to make landfall over China mainland.
Compared with neutral years, the number of TCs generated over
the western WNP are relatively lower in both El Niño and La
Niña years, which leads to fewer TCs making landfall over China
mainland. Compared with neutral years, 500-hPa geopotential
height shows a dipolar pattern over the WNP during El Niño
years, with negative values at 140°-160°E and positive values at
90°-130°E (Figure 11A). It indicates that the western Paci�c
subtropical high migrates eastward during El Niño years,
while weaker northerlies are hard to prevent the northward
movement of TCs, which causes more TCs making landfall
over south of 30°N. In contrast, 500-hPa geopotential height
has a distinct positive center over the region of 130°–150°E in La

FIGURE 9
Same as Figure 8, but for 850-200-hPa vertical wind shear.

Frontiers in Earth Science frontiersin.org09

Fu et al. 10.3389/feart.2022.1097233

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1097233


FIGURE 10
Same as Figure 8, but for 850-hPa relative vorticity.

FIGURE 11
Same as Figure 8, but for 500-hPa geopotential height.
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Niña years (Figure 11B), the western Paci�c subtropical high
migrates westward, which steer more TCs to move northward. In
sum, the changes in large-scale circulation induce the north-
south difference in overland ACE between El Niño and La Niña
years. In addition, the 500-hPa geopotential height exhibits
minor changes in neutral years, which has a limited effect on
TCs making landfall over China mainland.

6 Conclusion

This study �nds that there is no signi�cant correlation
between ENSO and overland ACE in China mainland during
1979–2019, which is quite different from the signi�cant
modulation of ENSO on basinwide ACE over the WNP as
documented in previous publications. Our results found that
overland ACE shifts to lower values in both El Niño and La
Niña years when compared with those in neutral and all years,
which is consistent with the changes in the distributions of TC
frequency and mean duration after landfall. By contrast, the
mean intensity does not exhibit notable changes between
different ENSO years.

Compared with neutral years, the values of ACE are relatively
lower in both El Niño and La Niña years over almost the entire
China mainland, which exhibit signi�cant correlations with the
patterns of TC track density. Furthermore, the difference of
overland ACE exhibits an obvious north-south dipolar pattern
between El Niño and La Niña years. Compared with neutral
years, the entire track density of landfalling WNP TCs is lower
(greater) over the western (eastern) WNP in El Niño years, which
is related to unfavorable (favorable) environmental conditions.
Over the eastern WNP, enhanced (suppressed) TC activity is
linked to higher (lower) 850-hPa relative humidity, smaller
(larger) 850-200-hPa VWS, larger (smaller) 850-hPa relative
vorticity and greater (smaller) 200-hPa divergence in El Niño
(La Niña) years. Over the western WNP, reduced TC activity is
primarily induced by lower 850-hPa relative humidity in El Niño
and La Niña years. Moreover, 500-hPa geopotential height in El
Niño (La Niña) years is lower (higher) over the eastern WNP and
higher (lower) over the western WNP. The eastward (westward)
western Paci�c subtropical high steers more TCs make landfall
over the south (north) of 30°N. By comparison, the overland ACE
and track density in neutral years are highest over the entire
coastal regions of East Asia and Southeast Asia, which is

associated with higher 850-hPa relative humidity and lower
850-200-hPa VWS. Chan and Liu, 2004, Gray, 1984,
Klotzbach, 2006, Lu et al., 2021, Maue, 2011, Ying et al., 2014.
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