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Abstract Tropical cyclones (TCs) can be considered as Carnot heat engines, where thermodynamic
efficiency depends on the sea surface temperature (SST) and TC outflow temperature (7,) in the upper
atmosphere. This study investigates how TC efficiency in the western North Pacific (WNP) Ocean varies under
different El Nifio-Southern Oscillation (ENSO) conditions: the Eastern Pacific (EP), the Central Pacific (CP),
and the Mixed El Nifio types, as well as La Nifla. We also explore how these changes affect a TC's theoretical
upper bound (potential intensity (PI)). Using a reanalysis data set from 1979 to 2024, we find that TC efficiency
decreases during La Nifia, due to warmer 7, and increases during CP El Nifio, where upper-level cooling
dominates. EP and Mixed El Nifio show more heterogeneous responses. These efficiency changes contribute to
PI variability from —38 to +27%, depending on ENSO type and region.

Plain Language Summary Tropical cyclones (TCs) are severe natural disasters that are extremely
significant in the western North Pacific (WNP), the most active TC basin in the world. WNP TCs are strongly
influenced by El Nifio-Southern Oscillation (ENSO), and understanding the TC-ENSO relationship is clearly
important. In this research, we ask a fundamental question in the WNP TC-ENSO relationship: How does WNP
TC efficiency change under different ENSO conditions? The question is based on considering TC as a Carnot
heat engine. Our results find an interesting competition between the sea surface temperature (SST) and the TC
outflow temperature (7,) in the upper atmosphere in jointly controlling WNP TC efficiency. Because TC
efficiency is governed by the difference between SST and T, the higher the SST and the lower the 7, the higher
the corresponding TC efficiency. In La Nifia years, TC efficiency decreases, because even though SST warms,
the greater 7,, warming supersedes the contribution of warmer SSTs, leading to a TC efficiency reduction. The
reverse is generally found in Central Pacific El Nifio years, with mixed results for both the Eastern Pacific and
the Mixed El Nifio types.

1. Introduction

Tropical cyclones (TCs) are severe natural disasters. How TC characteristics may change under different climate
conditions is a subject of much interest (e.g., Camargo et al., 2023; Chu & Murakami, 2022; Knutson et al., 2021;
Lin et al., 2023; Shields et al., 2020; Sobel et al., 2016, 2021; Wehner & Kossin, 2024; Wing et al., 2015). The
western North Pacific (WNP) Ocean is the global ocean basin where the most TCs occur, on average (Schreck
et al., 2014). These TCs severely impact the livelihood of the half billion people in the surrounding Asian
countries (Peduzzi et al., 2012). The El Nifio-Southern Oscillation (ENSO) is the leading tropical mode on
interannual timescales and can greatly alter the large-scale atmospheric and ocean environment (e.g., Jin, 1997,
McPhaden et al., 2020; Trenberth, 2020). Consequently, understanding how WNP TC characteristics may
change under different ENSO conditions is important. Many studies have explored the ENSO-WNP TC rela-
tionship (e.g., Camargo et al., 2007; Camargo & Sobel, 2005; Choi et al., 2019; Chu & Murakami, 2022;
Ha et al., 2012; Kim et al., 2011; Lee et al., 2025; Lin et al., 2020; Liu et al., 2019; Patricola-DiRosario
etal., 2018; Sobel et al., 2023; Song et al., 2020; B. Wang & Chan, 2002; C. Wang et al., 2013; Wu et al., 2018; J.
Zhao et al., 2023; H. Zhao & Wang, 2019; Zheng et al., 2015), however, how WNP TC thermodynamic efficiency
may change under different ENSO conditions remains an unanswered question.

Emanuel's TC potential intensity (PI) theory (e.g., Bister & Emanuel, 1998; Emanuel, 1986), considers TCs as
Carnot heat engines, consisting of two main components: the thermodynamic efficiency and the thermodynamic
air-sea disequilibrium (Emanuel et al., 2013; Gilford, 2021; Gilford et al., 2017, 2019; Huan & Yan, 2024; Shields
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et al., 2020; Wing et al., 2015; J. Yu et al., 2010). The thermodynamic air-sea disequilibrium term (hereafter
referred to as the energy term) refers to the ocean energy supplied to the TC. This energy term is mainly driven by
sea surface temperature (SST) (Emanuel et al., 2013). The thermodynamic efficiency term (hereafter referred to
as the efficiency term) is the efficiency of the TC as a heat engine, involving both SST and the TC outflow
temperature (7,), with T, approximately corresponding to the environmental temperature near the tropopause
(Emanuel & Rotunno, 2011). Given this heat engine framework, how the efficiency term may change under
different environmental conditions is thus highly intriguing, especially in the context of the ENSO-WNP TC
relationship.

ENSO exhibits considerable complexity beyond a simple El Nifio—La Nifia dichotomy (Capotondi et al., 2020;
Timmermann et al., 2018), with distinct types of El Nifio potentially exerting varied impacts on atmospheric and
oceanic environments of the WNP. Notably, ENSO events can be classified into Eastern Pacific (EP) and Central
Pacific (CP) types based on the location of maximum SST anomalies (Ashok et al., 2007; Kao & Yu, 2009; Kug
et al., 2009). EP EI Nifio features peak warming in the eastern equatorial Pacific, often producing stronger upper-
tropospheric warming due to enhanced deep convection in that region. In contrast, CP El Nifio has SST anomalies
centered farther west, near the dateline, leading to different convective and atmospheric heating patterns. More
recently, a Mixed type (Mix) of El Nifio has been identified, characterized by warming in both central and eastern
Pacific regions and exhibiting hybrid dynamical responses (Paek et al., 2017; J.-Y. Yu & Kim, 2013). These
ENSO types influence not only SST patterns relevant to the energy input to TCs but also the vertical thermal
structure of the atmosphere (Chiang & Sobel, 2002; Trenberth et al., 2002). Here we explore how TC efficiency
may change under different ENSO conditions. The scientific goals of this research are to: (a) explore changes of
heat engine efficiency under different ENSO conditions for WNP TCs, and (b) explore how this change in heat
engine efficiency may contribute to PI changes of WNP TCs for different ENSO conditions.

2. Data and Methodology

This study focuses on the WNP TC Main Development Region (MDR; 120°-180°E, 10°-25°N) over the period
1979-2024. We use monthly data with a 0.25° resolution from the European Centre for Medium-Range Weather
Forecasts fifth-generation reanalysis (ERAS; Hersbach et al., 2020).

The classification of ENSO is based on the average from August to November (ASON) of the ENSO development
year. The period is chosen to capture the influence of the ENSO signal on TCs as they are closer to the mature
phase of ENSO. Additionally, based on the U.S. Joint Typhoon Warning Center best-track archive data from 1979
to 2024, TCs that occur in the WNP between August and November account for ~66% of the annual total. El Nifio
and La Nifia events are determined by the monthly Nifio-3.4 index obtained from the National Oceanic and
Atmospheric Administration Climate Prediction Center website at: https://www.cpc.ncep.noaa.gov/products/ana
lysis_monitoring/ensostuff/ONI_change.shtml. Years with an ASON Nifio-3.4 index >0.5 (<—0.5) are catego-
rized as El Nifio (La Nifia) years, while those in between are classified as Neutral (i.e., normal years). El Nifio
events are further divided into EP, CP, and Mix types based on the EP and CP index obtained from https://www.
ess.uci.edu/~yu/20SC/ (Kao & Yu, 2009; J.-Y. Yu & Kim, 2010). An EI Nifio event is classified as an EP type
when the EP index exceeds the CP index by more than 0.5, as a CP type when the CP index exceeds the EP index
by more than 0.5, and as a Mix type when the difference between the two indices is 0.5 or less. The ENSO years
assigned to each category are listed in Table S1 in Supporting Information S1.

To isolate ENSO-related variations from long-term climate trends, a least-squares linear detrending is applied to
all variables. This ensures that differences between ENSO and Neutral years reflect interannual variability rather
than long-term climate change. Statistical significance (p < 0.05) is assessed using the Wilcoxon-Mann-Whitney
test, a classic non-parametric test. This approach has the advantage that it does not need to assume that the samples
follow a Gaussian distribution (Chu, 2002; Hsu et al., 2014; Wilks, 2019). In addition, because we only have three
cases for the EP and the Mix El Nifio, there is an under-sampling issue. To address this and improve the statistical
robustness, we use a 1° X 1° window method to conduct our sampling. Because the original grid size is 0.25°, we
have 16 samples within each 1° X 1° window. The statistical test is thus based on this 1° X 1° window. For
Figures 1 and 3 (spatial distribution), a statistical test was performed for each 1° X 1° window to represent the test
result within that area. For Figure 2 and Table 1 (MDR average results), to maintain consistency in our statistical
calculations, the average value within each 1° X 1° area is used as a sample.

TC thermodynamic efficiency is derived from PI theory. Here we express PI (e.g., Bister & Emanuel, 1998) as:
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where SST is the pre-cyclone sea surface temperature, T, is the TC outflow temperature, & is the saturation
enthalpy at the sea surface, k is the air enthalpy near the surface, and C, and C, are the enthalpy exchange and drag
coefficients, respectively.

To assess how the efficiency affects changes in PI, we take the natural logarithm of Equation 1 following previous
studies (e.g., Emanuel et al., 2013; Shields et al., 2020; Wing et al., 2015):

C, . SST—T
21nPI=lnC—Z+1nT0+ln(k:—k) ©)

In this study, we use In (SSTTi;T"

) as the efficiency term and ln(k:j - k) as the energy term. Following Wing
et al. (2015), we calculate PI using the algorithm of Bister and Emanuel (2002) rather than computing Equation 1
directly. 7, is derived from the Bister and Emanuel (2002) algorithm instead of the temperature at a fixed height.
The ratio of g—: is set to a constant value of 0.9. The energy term is the residual of the remaining terms in

Equation 2 (Wing et al., 2015). We compute the fractional change of efficiency and energy relative to the change
in PI, and express the result in the same units (m/s) to assess their contributions. The statistical analyses for the
efficiency and energy terms after unit conversions are presented using In (W) and ln(k: - k) in Equation 2.

3. Results
3.1. Changes in TC Thermodynamic Efficiency Under Different ENSO Conditions

As mentioned earlier, El Nifio events are classified into three types: EP, CP, and Mix. Together with La Nifia, we
identify four types of ENSO events. TC thermodynamic efficiency under each of these conditions is compared
against Neutral conditions. The results are illustrated in Figures 1 and 2.

We find significant thermodynamic efficiency changes under different ENSO conditions (Figure 1). Relative to
neutral ENSO, TC thermodynamic efficiency in the MDR decreases during La Nifia (Figure 1a). According to
Equations 1 and 2, efficiency depends on the temperature difference between SST and 7, (i.e., SST—T,). During
La Nifia, the WNP warm pool shifts westward, resulting in positive SST anomalies in the western WNP (Chu &
Murakami, 2022; McPhaden et al., 2020). In the western MDR (120°-150°E, 10°-25°N), the rise in SST favors
efficiency increases. However, T, also increases which acts to decrease efficiency. Because the increase in T,
exceeds the increase in SST, the term SST-7, has a negative anomaly under La Nifia, therefore reducing TC
efficiency. In the eastern MDR (150°-180°E, 10°-25°N), SST decreases and T, increases, further reducing
SST—-T, and leading to decreased efficiency.

EP El Nifio conditions (Figure 1b) result in SST decreases across the WNP (Kug et al., 2009), while changes in T,
are spatially heterogeneous. In the western MDR, T, has a positive anomaly. SST-T,, is generally negative,
indicating decreased efficiency. In the eastern MDR, T, has a negative anomaly that exceeds the SST decrease,
leading to a positive SST-T,, anomaly and increased efficiency. For CP El Nifio (Figure 1c), SST also anomalously
decreases, but 7, decreases more substantially. The resulting increase in SST—T7,, leads to enhanced efficiency
across both MDR regions, with the eastern MDR experiencing a stronger increase. During Mix El Nifio events
(Figure 1d), the pattern is similar to EP El Nifio. Although SST shows slight positive anomalies near land, a
marked positive anomaly in T, leads to a negative SST-T,, reducing efficiency in the western MDR.

Figure 2 summarizes the average efficiency for each ENSO type in the western and eastern MDR. Some regional
averages differ from the overall patterns in Figure 1, reflecting the coexistence of positive and negative anomalies
within each region (e.g., the western MDR during Mix EI Nifio). Overall, TC thermodynamic efficiency tends to
decrease during La Niila, increase during CP El Nifio, and shows mixed signals under the EP and Mix type. These
variations are largely governed by the SST—T, difference, with T, playing a particularly influential role. Given
these efficiency changes, we next explore how these changes may contribute to changes in PI.
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Figure 1. Spatial distribution of sea surface temperature (SST), 7,,, SST-7,,, and efficiency (In(33L=12)) terms for (a) La Nifia, (b) Eastern Pacific (EP) El Nifio,
(c) Central Pacific (CP) El Nifio, and (d) Mix El Nifio minus neutral El Nifio-Southern Oscillation from ERAS. The black boxes indicate the MDR. The 150°E longitude

denoted by the dashed line
spatial resolution.

divides the MDR box into two areas. The areas with black dots indicate statistical significance. The figure is displayed based ona 1° x 1°
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Figure 2. Western MDR average (120°-150°E, 10°-25°N) (a) sea surface temperature (SST), 7, and SST-T,, and
(b) efficiency (In(357=12)) for different types of El Nifio-Southern Oscillation (ENSO) minus neutral ENSO, based on ERA5

data. (c) and (d) as in (a) and (b), but for the eastern MDR (150°-180°E, 10°-25°N). Each bar chart with a stipple fill pattern
shows statistical significance.
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3.2. Contribution of Changes in TC Thermodynamic Efficiency to PI Under Different ENSO Conditions

As we have previously discussed, PI consists of 2 terms: the efficiency term and the energy term. Using the
decomposition method described in Section 2, we evaluate the relative contributions of these terms to PI under
different ENSO conditions.

We begin with La Nifia. As shown in Figure la (and also in Figure 3a), thermodynamic efficiency decreases
(e.g., negative anomaly compared with Neutral). This in itself is a negative contribution to the change in PIL.
Nevertheless, within the western MDR, we find positive PI anomalies. This is because in this region the energy
term is a larger contributor than is the efficiency term. During La Nifia years, we find positive SST anomalies in
the western MDR (Figure 1a), resulting in a positive contribution from the energy term that outweighs the
negative impact of reduced efficiency. As summarized in Table 1, Pl increases by 1.88 m/s compared with Neutral
years, with the energy term contributing +2.09 m/s and the efficiency term contributing —0.21 m/s. In other
words, of the total PI anomaly of 1.88 m/s (i.e., 100%), the equivalent positive contribution of the energy term is
+111% while the negative contribution from efficiency is —11%. In contrast, in the eastern MDR, PI decreases by
—0.75 m/s. This negative anomaly is partly due to a negative contribution from the efficiency term (—38%) and a
more significant impact from the energy term (—62%), which is linked to decreased SST.

For the three El Nifio types, we begin with EP El Nifio. As shown in Figure 3b and Table 1, we find anomalously
negative PI over the WNP. This reduction is associated with decreased SST in the WNP (Figure 1b), since warm
waters shift toward the central and eastern Pacific and the WNP warm pool weakens, given the relaxed trade
winds (Chu & Murakami, 2022; McPhaden et al., 2020). In the western MDR, both the efficiency and energy
terms contribute to the negative PI anomaly. While both terms are statistically significant contributors (Table 1),
the energy term is a larger contributor (—74%) than the efficiency term (—26%). In the eastern MDR, the effi-
ciency term provides a small positive contribution of +0.1 m/s (8%), while the energy term contributes —1.35 m/s
(—108%). For CP El Nifio (Figure 3c and Table 1), PI is also anomalously negative. However, unlike EP events,
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Figure 3. Spatial distribution of potential intensity (PI, left), efficiency (middle), and energy (right) terms for (a) La Nifla, (b) Eastern Pacific (EP) El Nifo, (c) Central
Pacific (CP) El Nifio, and (d) Mix El Nifio minus neutral El Nifio-Southern Oscillation from ERAS (shaded; m/s). The black boxes indicate the MDR. The 150°E
longitude denoted by the dashed line divides the MDR box into two areas. The areas with black dots indicate statistical significance. The figure is displayed based on a

1° X 1° spatial resolution.
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Table 1
Mean PI, Efficiency, and Energy Terms for Different Types of ENSO Minus Neutral ENSO Over the Western and Eastern of the MDR From ERAS

PI (m/s) Contribution from efficiency (m/s) Contribution from energy (m/s)

Types (Contribution percentage for PI, %) (Contribution percentage for PI, %) (Contribution percentage for PI, %)
Western MDR (120°-150°E, 10°-25°N)

La Nifia 1.88 (100%) —0.21 (=11%) 2.09 (111%)

EP El Nifio —0.99 (—100%) —0.26 (=26%) —0.73 (=74%)

CP El Nifio —1.67 (—100%) 0.16 (10%) —1.83 (—110%)

Mix El Nino —1.11 (=100%) —0.20 (—18%) —0.91 (—82%)
Eastern MDR (150°-180°E, 10°-25°N)

La Nifa —0.75 (—100%) —0.28 (—38%) —0.47 (—62%)

EP El Nifio —1.26 (—100%) 0.10 (8%) —1.35 (—108%)

CP El Niflo —1.52 (—100%) 0.41 27%) —1.93 (—=127%)

Mix El Nifio —1.42 (—100%) 0.06 (4%) —1.48 (—104%)

Note. All values have statistical significance. The contribution percentage for PI is obtained by dividing by the average PI amplitude.

efficiency increases during CP events (as discussed in the previous section), contributing +10% in the western
MDR and +27% in the eastern MDR. These increases in efficiency partially offset the negative contributions from
the energy term, which account for —110% and —127% in the western and eastern MDR, respectively. In other
words, the increase in the efficiency term during CP El Nifio helps to reduce the net decrease in PI caused by the
energy term. For the Mix El Nifio (Figure 3d and Table 1), the results are similar to the EP El Nifio, with PI
decreases primarily driven by the energy term.

4. Discussion and Conclusion

The WNP on average is the largest generator of TC activity in the world, and ENSO is a leading climate mode
influencing WNP TCs. Though there have been numerous studies conducted in understanding the WNP TC-
ENSO relationship, how WNP TC thermodynamic efficiency may be influenced by ENSO is an intriguing
and fundamental question which has not been thoroughly investigated. This new research contributes to nar-
rowing this knowledge gap. We find that the interplay between SST and TC outflow temperature (7,) jointly
controls TC thermodynamic efficiency under different ENSO conditions (La Nifia, EP, CP, and Mix El Nifio).

During La Nifia years, thermodynamic efficiency decreases. This is because even though SST increase, the T,
increases even more. During El Nifio, thermodynamic efficiency increases during CP El Nifio, primarily due to a
significant decrease in 7, that exceeds the corresponding SST cooling. For EP and Mix EI Nifio conditions, SST
anomalies are mostly negative in MDR, but 7, displays a more diverse pattern. Thus, the efficiency term signal
varies between the western and eastern MDR. Those changes in efficiency contribute —38% to +27% to the
change in PI, depending on the ENSO type and region.

The above discussion starts from the perspective of thermodynamic efficiency. Another way to view the results is
to start from the PI change perspective. The energy term is a larger control on PI than is the efficiency term.
Therefore, the sign of PI follows the sign of the energy term. In the western MDR during La Niiia, due to an
increase in the energy term (primarily due to the SST increase), PI increases. During La Nifia, the efficiency term
decreases, opposing the contribution by the energy term. Because the efficiency term is a smaller term, it weakens
PI increase due to the energy term. More quantitatively, the average PI increases by 1.88 m/s, with the positive
contribution from the energy term being 2.09 m/s, and the negative contribution from the efficiency term being
—0.21 m/s. Similarly, for CP El Niflo, because the energy term decreases (since SST cools over WNP), PI de-
creases. However, the efficiency term actually increases. This increase in the efficiency term reduces the decrease
in PI during CP EI Nifio by 10%—27%. In the case of EP and Mix El Nifio over the western MDR and La Nifia over
the eastern MDR, the energy and the efficiency term have the same sign. Both terms negatively contribute to PI,
resulting in a PI decrease. For EP and Mix El Nifio over the eastern MDR, the energy term decreases while the
efficiency term increases. Because the energy term still dominates, PI decreases. In short, because the efficiency
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term is typically the smaller term, the contribution from efficiency is often obscured by the presence of the more
dominant contribution from the energy term.

There has been considerable research done in understanding how SST changes with different climate conditions.
We recommend continued improved understanding of 7, and related upper atmospheric temperatures (Emanuel
et al., 2013; Kossin, 2015; Sun et al., 2024; Vecchi et al., 2013; Wing et al., 2015) under different climate
conditions. We observed that 7, changes during CP El Nifio, in the eastern MDR during EP/Mix El Nifio, and in
the western MDR during La Nifia tend to follow a moist adiabatic process, that is, when the surface temperature is
warm/cool, upper temperatures become warmetr/cooler. In contrast, changes in 7, in the western MDR during EP
and Mix El Nifio events, as well as in the eastern MDR during La Nifia, appear to be influenced by additional
factors. For example, during the EP El Nifio events in 1982, 1997, and 2023, we find that 7, in 1997 and 2023 tend
to follow a moist adiabatic process, while 7, in 1982 was notably warmer (Figures S1 in Supporting Informa-
tion S1). This increase in 1982 was likely influenced by the El Chichén volcanic eruption, which warmed upper
atmospheric temperatures (Fujiwara et al., 2015; Randel et al., 2000; Tegtmeier et al., 2020). Additionally, other
potential factors may also influence 7, such as variability in the Brewer—Dobson circulation or changes in
stratospheric ozone concentrations (Emanuel et al., 2013).

During the study period, there are many more La Nifia (14 events) and CP El Nifio (7 events) events than there are
EP El Nifio (3 events) and Mix type (3 events). We intend to refine our results further as more events are added to
these two ENSO types in the future.

Several additional issues warrant further exploration. First, due to the complexity of ENSO (Capotondi
et al., 2020; Timmermann et al., 2018), TC thermodynamic efficiency may vary across individual ENSO events,
whether they are single- or multi-year, as well as across different ENSO phases. Secondly, we observed that the
efficiency signal north of 25°N in different ENSO types is generally stronger than that observed within the MDR.
Given the observed poleward migration of TCs in the WNP in recent decades (Kossin et al., 2014; Lin
et al., 2023), the importance of the efficiency term contribution to PI may increase in future ENSO events. Finally,
our results obtained from the reanalysis data set could be inter-compared using climate models.
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