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Abstract This study investigates how the Pacific Decadal
Oscillation (PDO) modulates the effect of El Nifio/South-
ern Oscillation (ENSO) on tropical cyclone rapid intensifi-
cation (RI) in the western North Pacific. The analysis shows
that the interannual relationship between ENSO and annual
RI number in warm PDO phases is strong and statistically
significant. In cold PDO phases, however, there is no signif-
icant correlation between ENSO and RI on the interannual
timescale. The enhancement of the interannual ENSO-RI
relationship in warm PDO phases is mainly attributable to
the change of the environmental vertical wind shear. The
PDO in warm (cold) phases can strengthen (weaken) an
El Nifio event to increase (reduce) the effects of the warm
pool of water over the equatorial Pacific in typhoon season
by local diabatic heating. El Nifio events are accompanied
by the stronger Walker circulation in the equatorial Pacific
in the warm PDO phase than in the cold PDO phase. In
contrast, the Walker circulation pattern and amplitude asso-
ciated with La Nifia events is less affected by the alternate
PDO phase. This tends to make the atmospheric response
to ENSO stronger (weaker) in warm (cold) PDO phase, and
so is the atmospheric teleconnection of ENSO. Our results
indicate that the stratification of ENSO-based statistical RI
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forecast by the PDO can greatly improve the accuracy of
statistical RI predictions.
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1 Introduction

The tropical cyclone (TC) rapid intensification (RI) is a
universal feature of the category 4 and 5 TCs on the Saffir-
Simpon scale, which is one of the greatest challenges in
TC prediction. It is usually defined as an increase in maxi-
mum sustained wind speeds of at least 15.4 m/s (30 kt) in a
24-h period (Kaplan and DeMaria 2003). Over the western
North Pacific (WNP), the category 4 and 5 TCs are called
super typhoons (STs), 90 % of which undergo at least one
RI process (Wang and Zhou 2008, hereafter referred to
WZ08). Over the North Atlantic basin, all category 4 and
5 hurricanes in their lifetimes experience at least one RI
event (Kaplan and DeMaria 2003). It is argued that a great
amount of property damage and casualties produced by
TCs can be attributed to RI (Lin et al. 2008). As is stressed
by WZ08, the importance of studying the climate modula-
tion of RI cannot be overemphasized.

The influences of different El Nifio/Southern Oscilla-
tion (ENSO) phases on TC activities in the WNP, have been
extensively investigated (Wang and Chan 2002; Camargo
and Sobel 2005; Kim et al. 2011; Li and Zhou 2012; Wang
et al. 2013; Wang and Wang 2013). The genesis frequency
during the El Nifio phase increases over the southeastern
part of the WNP and decreases over the northwestern part.
La Nifia phase causes an opposite situation (Wang and
Chan 2002). Li and Zhou (2012) separated TCs into three
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groups including super typhoons, typhoons, and tropical
storms and tropical depressions to investigate the relation-
ship with ENSO. They found that an increase (decrease) in
the frequency of super typhoons is usually associated with
the mature phase of El Nifio (La Nifia) events, while the con-
verse is true for tropical storms and tropical depressions. Due
to the effect of ENSO on annual mean lifetime, intensity,
and number of TCs, accumulated cyclone energy (ACE) is
positively correlated with ENSO (Camargo and Sobel 2005).
In addition to TC number, lifetime and intensity, track and
landfall of TCs is also related to the phase of ENSO. During
El Nifio, TCs tend to form in the farther east of the WNP,
which induces TCs to more recurve toward higher latitudes.
However, during La Nifa, TCs tends to extend more west-
ward, increasing probability of landfall over China (Elsner
and Liu 2003; Camargo et al 2007; Kim et al 2011). Due to
the different spatial location of the warm sea surface tem-
perature (SST) anomaly, several studies have found that El
Nifio can be classified into two types: the canonical El Nifio
(or East Pacific Warimg) and El Nifio Modoki (or Central
Pacific Warming). Maximum warm SST anomaly of the
former is confined to the east Pacific whereas the latter has
maximum warm SST anomaly near the dateline. El Nifio
Modoki with the shifting of the warm SST anomaly shows
to induce remote climate anomalies over the globe that are
significantly different from those produced by the canoni-
cal El Nifio (Ashok et al. 2007; Ashok and Yamagata 2009;
Weng et al. 2007, 2009; Kao and Yu 2009; Kug et al. 2009;
Yeh et al. 2009). Moreover, Kim et al. (2011) have found that
the two types of El Nifio differently affect the genesis and
tracks of TCs over the WNP. In the canonical El Nifio years,
the genesis and the track density of TCs tend to be enhanced
over the southeastern part of the WNP and suppressed in the
northwestern part of the WNP. In the El Nifio Modoki years,
the TC activity is shifted to the west and is extended through
the northwestern part of the WNP. Furthermore, Wang et al.
(2013) examined different impacts of canonical El Nifio and
El Nifio Modoki events on the genesis, intensity, and tracks
of TCs in the WNP by considering the early season of April—
June, the peak season of July—September and the late season
of October—December. Based on the opposite influences on
rainfall in southern China during boreal fall, Wang and Wang
(2013) classified El Nifio Modoki into two groups: El Nifio
Modoki I and II, which shows different origins and patterns
of SST anomalies. Differing from canonical El Nifio and El
Nifio Modoki I, El Nifio Modoki II corresponding to north-
westerly anomalies of the typhoon steering flow is unfavora-
ble for typhoons to make landfall in China. Recently, differ-
ent effects of the canonical El Nifio and El Nifio Modoki on
TC genesis over the South China Sea (SCS) was also inves-
tigated (Wang et al. 2014). TC genesis is significantly related
with the El Nifio Modoki index, but not with the canonical
El Nifio index. It is found that in the past two decades the
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SCS TC genesis varies consistently with the El Nifio Modoki
index on a timescale of about 4 years, which is coherent with
the recent increase in El Nifio Modoki events (Wang et al.
2014).

These studies above mainly focused on the influence of
ENSO on the genesis, tracks, duration and intensity of TCs.
Few studies have attempted to investigate the climate mod-
ulation on RI variability. Recently using the TC best-track
data during 1965-2004, WZ08 identified the importance
of climatic conditions to the frequency and location of RI
occurrences and found that the mean number of RI in El
Nifo years is significantly higher than that in La Nifia years.
Previous studies suggested that the interannual relationship
between ENSO and the global climate appears as a nonsta-
tionary state (Wang et al. 2008), which can be ascribed to
the Pacific Decadal Oscillation (PDO). The PDO can mod-
ulate the frequency and strength of ENSO phases, and then
cause different thermodynamic and dynamic conditions of
the ocean and atmosphere (Kurtzman and Scanlon 2007).
For example, the relationship between ENSO and the East
Asian summer monsoon during 1962-1977 was found to
be significantly different from that during 1978-1993 (Wu
and Wang 2002), which actually corresponds to an evolu-
tion of the PDO (Wang et al. 2008). Yu and Zwiers (2007)
found that both the tropospheric circulation and the North
American temperature suggested an enhanced Pacific North
America-like climate response when ENSO and the PDO
vary in phase. Wang et al. (2008) investigated the modu-
lated effect of ENSO by the PDO on the East Asian winter
monsoon and discovered that there is no robust relationship
between ENSO and the East Asian winter monsoon on the
interannual timescale when the PDO is in its warm phase.
However, when the PDO is in its cold phase, ENSO can
exert a strong effect on the East Asian winter monsoon,
with robust and significant low-level temperature changes
occurring over East Asia. Krishnamurthy and Krishnamur-
thy (2013) found that the PDO can extend its influence to
the tropical Pacific to modify the relationship between the
Southern Asian summer monsoon and ENSO.

Due to multi-decadal modulation of the PDO on atmos-
pheric and oceanic states, one question arises whether the
interannual effect of ENSO on TC RI changes with the
evolution of the PDO phase. This study therefore makes an
effort to examine the PDO modulation of the interannual
ENSO-RI relationship, which has not been systematically
studied in the literature.

The rest of this paper is organized as follows. The data-
sets used in this paper are introduced in Sect. 2. Section 3
investigates how the PDO affects the interannual ENSO-RI
relationship. Section 4 discusses mechanism by which the
PDO modulates the effects of ENSO on large-scale envi-
ronments related to RI. Summary and discussion are given
in Sect. 5.
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2 Data

The 6-h TC best-track over the WNP is obtained from the
Joint Typhoon Warning Center to identify the occurrence
of the RI. The intensity change threshold of 30 kt/24 h is
employed to define the RI events (e.g., Kaplan and DeMa-
ria 2003; Kaplan et al. 2010; Shu et al. 2012). The monthly
dataset of the Extended Reconstruction SST (ERSST) is
obtained from the National Climatic Data Center (NODC),
National Oceanic and Atmospheric Administration
(NOAA). The horizontal resolution is 2° x 2° (Smith et al.
2008). The tropical cyclone heat potential (TCHP), vertical
wind shear (VWS) between 850 and 200 hPa and relative
humidity (RHUM) in the 500 hPa are investigated in order
to examine the large-scale environments associated with
RI. TCHP is defined as the ocean heat content contained
in waters warmer than 26 °C. It is calculated by using the
temperature—salinity from the Simple Ocean Data Assimi-
lation (SODA) which is based on the Parallel Ocean Pro-
gram ocean model with an average horizontal resolution of
0.5 x 0.5 and with 40 vertical levels.

The atmospheric variables including winds in the 850 and
200 hPa, RHUM in the 500 hPa are from twentieth century
reanalysis version 2 (20CRv2), which contains the synop-
tic-observation based estimate of global tropospheric vari-
ability at monthly temporal and 2° x 2° spatial resolutions
(Compo et al. 2011). VWS is calculated as the magnitude of
the vector difference between monthly mean winds at 850
and 200 hPa. The vertical profile of the divergent component
of zonal winds averaged between 5°S and 5°N represents
walker circulation. The averaged TCHP, VWS, and RHUM
for May—November are linearly detrended prior to analysis.

The overlapping bimonthly mean multivariate ENSO
index (MEI) is obtained from the Climate Diagnostic
Center of NOAA (Wolter and Timlin 1998). The PDO
index is constructed by using the ERSST from the National
Ocean Data Center, which is defined as the leading prin-
cipal component of monthly SST anomalies in the North
Pacific Ocean poleward of 20°N (Mantua et al. 1997). The
MEI and PDO indexes for the months of May—November
are averaged to represent the status of ENSO and the PDO
during active TC seasons.

3 Results
3.1 ENSO effect on RI

To identify the relationship between RI and ENSO, Fig. la
displays the standardized annual RI number and May—
November-averaged MEI index during 1951-2008. The
simultaneous correlation between the annual RI num-
ber and MEI index is calculated. The annual RI number
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Fig.1 a Time series of averaged-May—November MEI index and
standardized annual RI number. b Time series of annual RI number.
EN, LN, and NE represents the El Nifio years, La Nifia and neutral
years, respectively. ¢ 10-year sliding correlation between averaged-
May—November MEI index and annual RI number during 1951
2008. The dash line and dash dot line indicate 90 and 95 % confi-
dence level, respectively

is negatively correlated with MEI, but is not statistically
significant at the 95 % confidence level. Based on such a
simple correlation analysis, it is vague to determine the
ENSO effect on the annual number of RI. To clarify the
ENSO effect, we group the years of the entire period into
El Nifio (MEI > 0.5), La Nifia (MEI < —0.5) and neutral
years (—0.5 < MEI < 0.5), and then we get 21, 23, and
14 years classified as El Nifio, La Nifia and neutral years,
respectively. The annual RI number in the different ENSO
phases is shown in Fig. 1b. Over the WNP, the average RI
number in the El Nifio years is 19.6, which is lower than
that (25.1) in the La Nifia years. Averaged RI number in the
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Table 1 Classification of years by ENSO phase and PDO phase based on the averaged-May—-November MEI and PDO indices during 1951—

2008
ENSO phase Warm PDO phase (1979-1997) Cold PDO phase (1951-1978 and 1998-2008)
El Nifio year 1979(19), 1980(9), 1982(19), 1983(17), 1986(13), 1951(13), 1957(59), 1958(45), 1965(40), 1972(22), 1976(17),

1987(12), 1991(3), 1992(5), 1993(7), 1994(14), 1997(7)

Average RI number: 11.3

La Nifia year 1988(2)

Average RI number: 2

1977(9), 2002(14), 2006(36)
Average RI number: 28.3

1954(41), 1955(25), 1956(35), 1962(22), 1964(52), 1967(18),
1968(35),1970(28),1971(32),1973(12),1974(13), 1975(21),
1999(5), 2007(45)

Average RI number: 27.4

The RI number is provided in parentheses

neutral years is 20.0. The standard deviations of 14.7, 14.8
and 14.0 in three ENSO phases are comparable.

In order to examine the sensitivity of the relationship
between ENSO and RI to the ENSO phase definition, we
select eight strong El Nifio years (1957, 1965, 1972, 1982,
1983, 1987, 1992, 1997) and eight strong La Nifla years
(1954, 1955, 1956, 1964, 1971, 1973, 1975, 1988) accord-
ing to the criteria that the absolute value of MEI exceeds a
unit during 1951-2008. The annual mean number of RI in
the eight La Nifia years is 27.5, which surpasses that (22.6)
in the eight El Nifio years. Mean difference of RI numbers
between La Nina and El Nifio years based on both of the
two different ENSO definition criteria are statistically sig-
nificant at the 95 % confidence level using a Student’s ¢
test. Therefore, it suggests that our results are not sensitive
to the ENSO phase criteria that we choose.

However, the above conclusion will not hold true if we
chose the study period of 1965-2004. The seven El Nifio
(1965, 1972, 1982, 1987, 1991, 1997, and 2002) and La
Nifia (1970, 1971, 1973, 1975, 1988, 1998 and 1999) years
during 1965-2004 are chosen as in WZ0S to investigate the
ENSO effect on RI. Then the annual mean number of RI in
the El Nifio years is higher than that in the La Nifia years,
which is in agreement with WZ08 but leads to the opposite
conclusion to the study based on the period of 1951-2008.
This discrepancy may be mainly attributed to the difference
in the length of TC time series examined. Thus, it also indi-
cates that the ENSO effect on RI is time dependent.

3.2 PDO modulation of ENSO effect on RI

A 7-year Gaussian filter is performed to obtain multi-decadal
variability of the PDO. We obtain two cold phase periods
with low PDO values: 1951-1978 (period I), 1998-2008
(period III), and a warm phase period with high PDO val-
ues: 1979-1997 (period II), which are consistent with pre-
vious studies (e.g., Wang et al. 2009). The partition of RI
variation according to the phases of ENSO and the PDO are
exhibited in Table 1. The occurrence frequency of La Nifia
events in two cold PDO phases during periods I and III is
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much higher than that in the warm PDO phase during period
II. During the total 39 years of the two cold phases, La Nifia
events amount to 14, accounting for about 36 % of 39 years.
However, during the total 19 years of the warm PDO phase,
only one La Nifia event takes place, just accounting for 5 %
of 19 years. For the other phase of ENSO, the occurrence
frequency of El Nifio events in two cold PDO phases is
lower that in the warm PDO phase. The nine El Nifio events
in two cold PDO phases account for about 24 % of 39 years
whereas 11 out of the 19 years in the warm PDO phase are
El Nifio years, making up about 58 % of the total 19 years.
Therefore, it is pronounced that the change of ENSO activity
can partly originate from the alternation of the PDO phases,
which agrees with previous studies (e.g., Verdon and Franks
2006; Kurtzman and Scanlon 2007; Wang et al. 2009).
Furthermore, an evident modulation of the PDO on the
interannual ENSO-RI relationship can be identified. When
El Nifio and La Nifia events are occurring in the same PDO
phase, the annual mean number of RI in El Nifio years is
higher than that in La Nifia years. However, a total of
11 years classified as El Nifio events when the PDO is in its
warm phase, have low-average annual RI number. In con-
trast, five of the 9 years that have El Nifio conditions, when
the PDO is its cold phase, have annual RI number exceeding
the average during 1951-2008 (21.1). For example, 1957,
1958, and 1965 TC seasons are characterized by annual
RI number of greater than twice of the 1951-2008 average
(21.1). Only one out of 19 years in the warm PDO phase
classified as La Nifia has annual RI number lower than the
average during 1951-2008, while nine of the 14 years that
have La Nifia conditions when the PDO is in its cold phase
have annual RI number above the average. All differences
discussed above are statistically significant at the 95 % con-
fidence level excluding the difference between El Nifio-cold
PDO and La Nifa-warm PDO. Figure 1c shows a 10-year
sliding correlation between May—November-averaged MEI
index and annual RI number. It is clearly shown in Fig. 1c
that the interannual ENSO-RI relationship seems to be ran-
dom over most periods from 1951 through to 2008 (except
for the 1980s—1990s) without any discernibly significant
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Fig. 2 Scatter diagrams between the averaged-May—November MEI
and annual RI number for the a warm and b cold PDO phase. The
thick line is the linear regression

correlation. However, in 1980s—-1990s when the PDO is
in its warm phase, the interannual ENSO-RI correlation
becomes statistically significant. Figure 2 further shows the
scatter plots between MEI index and annual RI number in
different PDO phases. It is found that the MEI in the warm
PDO phase is significantly correlated with annual RI num-
ber at the 90 % confidence level whereas there is no signifi-
cant correlation in cold PDO phase. Therefore it suggests
that during the warm PDO phase, ENSO can exert much
stronger influence on the interannual variability of RI.

4 Physical interpretations

Why the interannual relationship between ENSO and RI
has changed with the different PDO phases need to be
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Fig.3 PCI and EOF1 of the averaged-May—-November TCHP, VWS,
and RHUM during 1951-2008

addressed. We start from exploring the corresponding
oceanic and atmospheric conditions associated with RI
by using Empirical Orthogonal Function (EOF) analysis
on May-November averaged TCHP, VWS and RHUM.
Figure 3 shows the standardized first principal compo-
nent (PC1) time series and EOF1 of the TCHP, VWS and
RHUM. Their PCls are highly correlated with the MEI
index, with correlation coefficients of 0.84, 0.90, and 0.88,
respectively. All correlations are statistically significant
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at the 99 % confidence level by a Student’s ¢ test. Their
EOFI1s account for 33.4, 25.2, and 15.2 % of the total vari-
ance, respectively. EOF1 of TCHP is characterized by the
east—west dipole structure, with high TCHP in the equato-
rial central and east Pacific and low TCHP in the equato-
rial west Pacific. This pattern is consistent with that found
by Wada and Chan (2008). EOF1 of VWS reveals a pat-
tern with the positive-negative-positive alternate distribu-
tion. This pattern is in agreement with that in Li and Zhou
(2012), who had found a similar low VWS in the equatorial
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RHUM

central and east Pacific. EOF1 of 500 hPa RHUM repre-
sents a southeast—northwest dipole-like structure.

To investigate the effects of the oceanic and atmospheric
conditions associated with ENSO on the RI for the dif-
ferent PDO phases, we show the relationship between RI
and standardized PC1 of TCHP, VWS, RHUM during the
warm and cold PDO phase respectively (Fig. 4). The PC1
of TCHP reveals the positive correlation with RI in the
both warm and cold phase, which is not statistically signifi-
cant at the above 90 % confidence. It indicates that TCHP
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Fig. 5 Composite differences of averaged-May—November a TCHP,
b VWS and ¢ RHUM between El Nifio and La Nifa in the warm
(left panel) and cold (right panel) phase of the PDO for the period

contributes less to the interannual ENSO-RI relationship
change with the different PDO phases. The PC1 of VWS
in the warm PDO phase is highly correlated with annual
RI number, with significance at the 95 % confidence level,
whereas the PC1 of VWS in the cold phase is hardly cor-
related with annual RI number. Similarly, the correlation
(0.51) between the PC1 of RHUM and annual RI number
in the warm PDO phase is much higher than that (0.28) in
the cold PDO. The correlation in the warm PDO phase is
statistically significant at the 95 % confidence level, but it
is not in the cold PDO phase. These comparisons suggest
that the atmospheric dynamic (VWS) and thermodynamic
(RHUM) conditions play an important role in modulating
the change of the interannual ENSO-RI relationship in the
different PDO phases. It is noteworthy that atmospheric
dynamic factor (VWS) may be dominant.

Figure 5 further shows the composite differences of
TCHP, VWS and RHUM between the El Nifio and La Nifia
years in the warm and cold PDO phase. The composite
difference patterns of the three parameters between the El
Nifo and La Nifia years for the different PDO phases are
coherent with their respective EOF1s in Fig. 3. Moreover,
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1951-2008. Dots indicate 95 % confidence level. See Table 1 for the
El Nifio and La Nifia years for the composite difference

the composite differences of the three parameters between
the El Nifio and La Nifia years in the warm PDO phase
show nearly same pattern as those in the cold PDO phase.
However, most of the corresponding composite differences
in the cold PDO phase are weakened, which indicates that
the interannual variability of the TCHP, VWS and RHUM
forced by ENSO in the North Pacific reduces in the cold
PDO phase. We note that the cases selected for compos-
ite analysis are somewhat small for the La Nifia years in
the warm PDO phase. Therefore, we extend the period of
19512008 to 19002008 to confirm the results in Fig. 5,
which is shown in Fig. 6. Three warm PDO phases (1900-
1915, 1924-1943, and 1979-1997) and three cold PDO
phases (1916-1923, 1951-1978 and 1998-2008) during
1900-2008 are obtained respectively. The pattern of com-
posite difference during 1900-2008 is coherent with those
in Fig. 5, indicating the same conclusion.

To determine how atmospheric circulations in associa-
tion with RI change in the different PDO phases, composite
differences of averaged-May—November 200 and 850 hPa
wind vorticity between El Nifio and La Nifia in the warm
and cold PDO phase are given in Fig. 7. It is shown that
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Fig. 6 Composite differences of averaged-May—November TCHP,
VWS and RHUM between El Nifio and La Nifa in the warm (a—c)
and cold (d—f) phase of the PDO for the period 1900-2008. g—i Dif-

over the tropical North Pacific from equator to about 20°N,
there are upper-level anomalous anticyclone and low-level
cyclone in the composite difference for both the warm and
cold PDO phase. Such anomalous large-scale circulations
tend to support more RI occurrence in El Nifio years than
in La Nifla years (Wang and Zhou 2008). However, the
corresponding difference between El Nifio and La Nifia
is much stronger in the warm PDO phase than in the cold
PDO, especially in the location with maximum anomalous
cores. This may be therefore contributing to the enhanced
ENSO-RI relationship in the interannual timescale for the
warm PDO phase.

Previous studies have found that the tropical atmos-
phere circulation anomaly is forced by summer SST
anomalies generated by midlatitude intrinsic atmospheric
variability in the Pacific during the previous winter, which
is called seasonal footprinting mechanism (Vimont et al.
2001, 2003a, b). The seasonal footprinting mechanism
accounts for up to 70 % of the decadal variability along
the equator (Vimont et al. 2003a). Seasonal footprinting
can be invoked as a mechanism for the PDO to affect the
tropics through the low pressure related to PDO in the
North Pacific Ocean (Krishnamurthy and Krishnamur-
thy 2013). The composite ENSO SST anomaly structures
for the different PDO phases calculated from ERSST are
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shown in Fig. 8. There are evidently spatial asymmetries
between El Nifio and La Nifia events in both warm and
cold PDO phases. During the warm PDO phase, positive
SST anomaly of El Nifio events are characterized by a
wedge structure in the tropical central and eastern Pacific,
attaching to the west coast of the United States whereas
La Nifia events is featured by a tongue of negative SST
anomaly confined in the equatorial central and eastern
Pacific. During the cold PDO phase, the spatial asym-
metries between El Nifio and La Niiia still exist but are a
reversal to that in the warm PDO phase. Namely, positive
anomalies of El Nifio events are more located in the equa-
torial central and eastern Pacific, representing a tongue
pattern while negative anomalies of La Nifia events are
extending from equatorial central and eastern Pacific to
the west coast of the United States. Compared with El
Nifio in the cold PDO phase, that in the warm PDO phase
has much larger SST anomaly in the equatorial eastern
Pacific from 220°E to 280°E. Thus, the warm (cold) PDO
phase, with warm (cold) ocean anomaly in the equato-
rial central and eastern Pacific (Zhang et al. 1997), can
enhance (weaken) an El Nifio episode, increasing (reduc-
ing) the effects of the warm pool of water in the equa-
torial Pacific in TC season through local diabatic heating
(Gill 1980). Figure 9a shows this process by exhibiting
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the different Walker circulation patterns associated with
El Nifio in the different PDO phases. It is shown that the
El Nifio events have stronger low-level convergence and
upper-level divergence near dateline in the warm PDO
phase than in the cold PDO phase, which is indicative of
the enhanced ascending branch of Walker circulation in
the warm PDO phase (Fig. 9a). However, PDO phase have
no obvious effect on the Walker circulation pattern cor-
responding to La Nifia events (Fig. 9b) as its ascending
branch is located at far western tropical Pacific. It is found
in turn that the convection over the central equatorial
Pacific increases in the warm PDO phase (Fig. 9c) while

Latitude

it reduces in the cold PDO phase (Fig. 9d). Actually,
this phenomena have also been discovered through the
regression of PDO index onto the zonal mass streamfunc-
tion computed from zonal winds averaged over 5°S—-5°N
(Krishnamurthy and Krishnamurthy 2013). This tends to
make the atmospheric response to ENSO stronger in the
warm PDO phase (Fig. 9c) and weaker in the cold PDO
phase (Fig. 9d), and so is the atmospheric teleconnection
of ENSO (Figs. 7, 9¢, d). Therefore it explains the weak-
ened interannual ENSO-RI relationship in the cold PDO
phase and strengthened interannual ENSO-RI relation-
ship in the warm PDO phase.

404
30
20
10

=N
2 9

1.3E-005
1.0E-005
7.0E-006
4.0E-006
1.0E-006
-2.0E-006
-5.0E-006
-8.0E-006
-1.1E-005
-1.4E-005

50 =
850 hPa
40 @ Tasas

30
20
10

0 e v

Latitude

2

-10+—
100 120
Longitude

Fig. 7 Composite differences of averaged-May—November 200 hPa
(upper panel) and 850 hPa (lower panel) vorticity between El Nifio
and La Nifia in the warm (left panel) and cold (right panel) phase of

Fig. 8 Composite SST anoma-
lies of a El Nifio and b La Nifia

50

404
30
20
10

o

- . : ; T 0=
140 160 180 200 220 240 100 120

(a) PDO(+) ENSO(+)

7.0E-006
5.5E-006
4.0E-006
2.5E-006
1.0E-006
-5.0E-007
-2.0E-006
-3.5E-006
-5.0E-006
-6.5E-006
-8.0E-006

140 160 180 200 220 240
Longitude

the PDO for the period of 1951-2008. Dots indicate 95 % confidence
level. See Table 1 for the El Nifio and La Nifia years for the compos-
ite difference

(c) PDO(-) ENSO(+)

in the warm PDO phase, and ¢
El Nifio and d La Nifia in the
cold PDO phase. See Table 1 for
the El Nifio and La Niiia years
for the composite anomaly. The
SST anomaly is calculated by
subtracting climatological mean

Latitude

for May—November during
1951-2008 from SST of El
Nifio or La Nifia 50
40
30
20

10

Latitude

\i

A +—
100 120 140 160 180 200 220 240 260 280
(b) PDO(+) ENSO(-)

50

40

30

20

10
0.

-10 — —
100 120 140 160 180 200 220 240 260 280
Longitude

-10+ .
100 120 140 160 180 200 220 240 260 280
Longitude

@ Springer



X. Wang, H. Liu

Divergent Component of Zonal Wind

(1ao)oi_°DO(+)ENSO(+)—PDO(—)ENSO(+)

(b) PDO(+)ENSO(-=)—PDO(-)ENSO(-)
100'

200 1 . 200-/)/) \
7 > > ez € e
a 300 1 300 1 —Q\%NL
IS 400-”‘)\\\ \5‘\*—'—\\'\\\\\'\‘ r7 400 T4 w0 veSSy l VL NN vy s
&é 5001 At ardrt P la 5001
¥ e A [Ty vt gy 222350
a 6004 \\\\\ 600 Vi / VLYY
7]
E 700.4\/\/¥\\—MD’,\7«\T\ 700.—-»&“[“2 sark//lz////‘l&\\\\ﬁ
800 1 | 800 1
— '7[/‘/ &av > - Vv N S
. r’\""“'ﬁé""” 900 Y VNN
1000 == y ? T T 1000 T y T T T —>
120E  150E 180  150W 120W 120E 150 180 150w 120w O.
[ | [ [ |
-0.5 -0.4 -0.3 -0.2 -0.1 O 0.1 0.2 03 04 0.5

(%)OI_DDO(+)ENSO(+)—PDO(+)ENSO(—) (flo)OPDO(—)ENSO(+)—PDO(—)ENSO(—)

2001 2001 !
o 4§ KA 75555 5] .)31_5\)«?“&::._ SN A 7555555
o 3001 300
E 400'>n&~vv\\N’A“\\\\\\\r\“k"'*“'1 400_,‘dyk¥¥¥>4pk\'\\'\'\‘\sr‘.,\,\,‘7
@ 500+ 5001
g vlu&&\\_,_)a/”TTTT"T‘rma»nq: ‘,Aiyxﬂ_,aazi‘TTT't'tk,,,\_,,7>
»n 6001 600 1
(2}
8 700'k‘wkuﬂw//ffrr'*"““ 7004 vevvyw s—)—-)—%/v//'fff'ﬂ‘ﬁﬂquv
o
8001 8001
=<y v > PARSS s c by & >>2DVAAANEE ¥ €
900 1 ‘ 900+
1000 y y T T T 1000 f y ? T f -
120E 150E 180 150W 120W 120E  150E 180 150w 120w 0.5
[ 1T [ T ]
-15-12 -09 -06 -03 0 03 06 09 1.2 15

Fig. 9 Composite differences of averaged-May—November divergent
component of zonal winds (shading) and Walker circulation (vector)
during the period of 1951-2008 a between warm and cold phase of
the PDO for the El Nifio events, b between warm and cold phase of
the PDO for the La Nifia events, ¢ between El Niflo and La Nifia in

5 Summary and discussion

The PDO modulation of the interannual ENSO-RI relation-
ship has been addressed for the first time in the present study.
We identify that the interannual relationship between ENSO
and annual RI number is strong and statistically significant
when the PDO is in its warm phase. In contrast, when the
PDO is in its cold phase, there is no significant relationship
between ENSO and annual RI number on the interannual
timescale. Therefore, the phase of PDO should be considered
when we use ENSO as a predictor for the RI forecast, which
may significantly improve the RI forecast accuracy.

The strength and frequency of ENSO events vary in
relation with the PDO, which modulates the thermal and
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the warm PDO phase, d between El Nifio and La Nifia in the cold
PDO phase. The unit of zonal winds is m/s. The vertical velocity is
taken to be the negative of the pressure vertical velocity and its unit
is 10 Pa/s

dynamic state of ocean and atmosphere on the multidec-
adal scale. Comparing with that in cold PDO phase, the
interannual variability of TCHP, VWS and RHUM related
to RI is strengthened in warm PDO phase. However, cor-
relations between the PC1 of TCHP and annual RI number
in the either PDO phase are not statistically significant at
the above 90 % confidence. Therefore, it is suggested that
TCHP less affect the interannual ENSO-RI relationship
change with different PDO phases. In contrast, VWS and
RHUM in the warm PDO phase are more highly correlated
with the annual RI number than in the cold PDO phase.
Besides, their correlation is statistically significant at the
95 % confidence level in the warm PDO phase, but it is
not in the cold phase. Therefore, these results confirm that
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Fig. 10 Scatter diagrams between the averaged-May—November MEI
and annual ACE for the a warm and b cold PDO phase. The thick line
is the linear regression

VWS and RHUM play direct roles in causing the strong
interannual ENSO-RI relationship in the warm PDO phase.
Based on the correlation analysis, it is also found that VWS
may be a determinant factor in modulating interannual
ENSO-RI relationship, which indicates the dominance of
atmospheric dynamic conditions.

The mechanisms by which the PDO modulates the
effects of ENSO on large-scale atmospheric environment
related to RI are investigated. Analysis demonstrates that
the warm (cold) PDO phase can strengthen (weaken) an El
Nifio event, increasing (reducing) the effects of the warm
pool of water over the equatorial Pacific in TC season
through local diabatic heating. El Nifio events are accom-
panied by the stronger Walker circulation in the equato-
rial Pacific in the warm PDO phase than in the cold PDO
phase. In contrast, the Walker circulation pattern in asso-
ciation with La Nina events is less affected by the alternate

PDO phase. This tends to make the atmospheric response
to ENSO stronger (weaker) in warm (cold) PDO phase,
and so is the atmospheric teleconnection of ENSO. Hence,
it contributes to the enhanced (weakened) interannual
ENSO-RI relationship in the warm (cold) PDO phase.

In this study, 80 % of the STs (category 4-5 TCs) expe-
rience at least one RI process which accounts for 51 % of
TCs with RI event. The time evolution of annual RI and
ST number is considerably similar, with the correlation
coefficient of 0.54, which is statistically significant at the
99 % confidence level (not shown). Thus, it is likely that
the present findings may also be an important implication
to the statistical forecast of ST. Certainly, it is necessary to
investigate further. Due to 80 % of the STs with at least one
RI event, a better understanding of climate variability of RI
events may shed light on the mechanism responsible for the
climate variability in the STs.

Many studies showed that ENSO has obvious interdec-
adal and decadal variations in its frequency and intensity
(e.g., An and Wang 2000; Yeh and Kirtman 2004). In addi-
tion to extratropical Pacific Ocean forcing such as PDO by
footprinting mechanism, decadal ENSO variability could
originate internally within the tropics (e.g., Penland and
Sardeshmukh 1995; Knutson et al. 1997; Newman 2007,
Sun and Yu 2009; Yu and Kim 2011). Interactions between
ENSO and the tropical Pacific mean state is considered as
one of the tropics-origin mechanisms for decadal ENSO
variability (Sun and Yu 2009; Yu and Kim 2011). Recent
studies have also argued that ENSO itself has experienced
decadal changes during the past decades. For example, it
is suggested that the frequency of the central Pacific El
Nifio events increased noticeably since 1990 (Yeh et al.
2009; Lee and McPhaden 2010). Several studies have con-
firmed that atmospheric teleconnections associated with the
central Pacific El Nifio and eastern Pacific El Nifio events
represent different characteristics (Kim et al. 2009; Weng
et al. 2009). These imply that the PDO may not be the sole
source that modulates the interannual influence of ENSO
on the RI. The decadal variability of the ENSO and associ-
ated atmospheric teleconnections are complex with multi-
ple aspects. How it modulates the oceanic and atmospheric
states to impact on TC RI need to be further investigated.

In this study, we mainly focus on the PDO modulation
of the interannual ENSO-RI relationship. Earlier stud-
ies found that ACE in the WNP is positively correlated
with ENSO (e.g., Camargo and Sobel 2005). In fact, it is
interesting to note how PDO modulates the interannual
ENSO-ACE relationship in the WNP. ACE represents the
integrated characteristics of the number, lifetimes, and
intensities of TCs occurring in a basin over a given period
of time (Camargo and Sobel 2005). Here, the ACE of a
TC season is calculated by summing the squares of the
estimated maximum sustained wind speed of every active
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Fig. 11 Scatter diagrams
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tropical storm (wind speed 35 knots or higher), at 6-h
intervals. If any storms of a TC season happen to cross
years, the TC’s ACE counts for the previous year. Fig-
ure 10 shows the relationship between the averaged-May—
November MEI and annual ACE in the different PDO
phases. The correlation coefficients between the MEI
and ACE during the warm and cold PDO phase are 0.58,
and 0.39, respectively (Fig. 10). Based on ¢ distribution,
we calculate the p value of the correlations in the differ-
ent PDO phases. The p value is 0.009 (0.01) in the warm
(cold) phase. Thus, difference of the effect of the differ-
ent PDO phases on the interannual relationship between
ENSO and ACE may be negligibly small. What causes the
lack of PDO effect on ENSO-ACE relationship? Since
the ACE is a combination of TC intensity, number and
duration, we examine the relationships between averaged-
May-November MEI and annual-averaged TC inten-
sity, and annual TC day in the different PDO phases. It
is shown that the correlation (R = 0.41, p value = 0.08)
between MEI and annual-averaged TC intensity in the
warm PDO phase is more significant than that (R = 0.22,
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p value = 0.18) in the cold PDO phase. In contrast, the
correlation (R = 0.37, p value = 0.02) between MEI and
annual TC day in the cold PDO phase is more significant
than that (R = 0.37, p value = 0.12) in the warm PDO
phase (Fig. 11). Thus, this confirms that the lack of PDO
effect on ENSO-ACE relationship may be because the
effect of PDO on the relationship between the TC lifetime
and ENSO counteracts that between the TC intensity and
ENSO. The specific mechanism needs to investigate fur-
ther in the future study.
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