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Abstract Extreme ocean temperature events, also known as marine heatwaves (MHWs), can have
devastating consequences for ecosystems, communities, and economies. However, the ability to understand and
predict MHWs beneath the sea surface is limited by a scarcity of subsurface observations. Here, we combined in
situ temperature observations from a High‐Resolution eXpendable BathyThermograph (HR‐XBT) transect in
the northwest Pacific Ocean with satellite observations to produce a multidecadal (1993–2022) subsurface
temperature time series with 10‐day temporal resolution. This novel time series was used to examine MHWs
between the surface and 800‐m deep in the Kuroshio‐Kuroshio Extension region east of Japan. The length of this
30‐year time series also permitted exploration of long‐term trends and interannual variability in subsurface
temperature. Variability in the Kuroshio‐Kuroshio Extension system is found to exert a strong control on the
occurrence of MHWs along the transect. Throughout the upper 800‐m of the water column, Kuroshio warming
drove a significant increase in Kuroshio MHW days per year. Notably, the largest mean MHW event intensities
were observed in the subsurface at every location along the transect rather than at the sea surface. Strengthening
of the Kuroshio Extension and its southern recirculation gyre during El Niño drove a significant increase in
subsurface MHWs where the intensified current system intersected the transect. In contrast, surface MHW
occurrence along the transect was not influenced by the El Niño‐Southern Oscillation (ENSO). Clearly, relying
only on sea surface temperature observations does not provide the full picture of MHWs in this highly dynamic
region.

Plain Language Summary Marine heatwaves (MHWs)—the ocean equivalent to the atmospheric
heatwaves we experience on land—are periods of unusually warm water. These events have the potential to
cause devastating economic impacts. Although MHWs occur throughout the ocean, most studies have focused
only on events at the sea surface due to the availability of long‐term satellite measurements. Fewer long‐term
time series exist beneath the sea surface. Here, we combined long‐term satellite measurements of the surface
with repeated subsurface temperature measurements collected along a shipping route in the northwest Pacific
Ocean to produce a new temperature time series between the surface and 800‐m deep. This multidecadal time
series was used to examine subsurface MHWs in the Kuroshio and Kuroshio Extension—strong ocean currents
east of Japan. We found that, since 1993, warming temperatures in the Kuroshio have caused an increase in the
number of subsurface MHW days per year. In addition, subsurface MHWs occurred more often during El Niño
conditions due to a strengthening of the Kuroshio Extension. This information could aid in designing and
implementing MHW adaptation plans in this region.

1. Introduction
Marine heatwaves (MHWs) are prolonged periods of anomalously warm water (Hobday et al., 2016). These
events can have devastating consequences for marine ecosystems (Cavole et al., 2016; Mills et al., 2013; Smale
et al., 2019; Smith et al., 2021, 2023). Such extreme ocean temperatures can also impact regional weather by
influencing surface air temperature, humidity, winds, and/or precipitation (Pathmeswaran et al., 2022; Sugimoto
et al., 2021; Tochimoto & Iizuka, 2022). The potential economic impacts of MHWs can thus reach into the
billions of dollars (Smith et al., 2021).

Due to the extensive spatial and temporal coverage provided by sea surface temperature (SST) observations, most
MHW studies have focused only on events at the sea surface. Yet SST variability is often not representative of
subsurface temperature variability. Differences between surface and subsurface temperature arise, in part,
because of the different forcing mechanisms driving temperature variability, and consequently MHWs, at the
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surface and in the subsurface (e.g., Elzahaby et al., 2021; Großelindemann et al., 2022; Xu et al., 2024). As such,
subsurface MHWs can occur independently of anomalous warming at the sea surface and can have greater in-
tensities than surface MHWs (Hu et al., 2021; Schaeffer et al., 2023; Schaeffer & Roughan, 2017). Subsurface
intensification is also thought to be a common feature of surface MHWs in western boundary current (WBC)
regions (Elzahaby & Schaeffer, 2019; Welch et al., 2025; Zhang et al., 2023). Ecosystem impacts of these MHWs
are therefore often amplified at depth, where many commercially important species are found (e.g., Cai
et al., 2020; Mills et al., 2013). The ability to observe, understand, and predict MHW events below the sea surface
is thus a priority for the MHW community (Oliver et al., 2021).

In this study, we focus on MHWs in the Kuroshio, the WBC of the North Pacific Ocean. The Kuroshio holds
cultural, economic, and climatic importance for nearby countries (Ando et al., 2021) as it is an important
spawning and nursery area for fish (Fujioka et al., 2018; Kitagawa et al., 2010; Yatsu, 2019) and exerts an
important influence on regional weather and climate (Bond & Cronin, 2008; Nonaka & Xie, 2003; Qiu
et al., 2014; Sasaki et al., 2012; Sugimoto et al., 2021). Over recent decades, warming has been observed at the
surface along the path of the Kuroshio (Wang et al., 2016) and in the subsurface at 137°E (Oka et al., 2017). This
warming has occurred despite a decreasing trend in Kuroshio mass transport (Chandler et al., 2022a; Liu
et al., 2021; Wang et al., 2016), with surface warming instead being driven by warming of source waters (Wang
et al., 2016). Surface warming is projected to drive an increase, relative to a fixed baseline, in surface MHW
occurrence within the Kuroshio and Kuroshio Extension over the course of the century (Kawakami et al., 2024).
However, comparable trends in subsurface MHWs are yet to be demonstrated. The El Niño‐Southern Oscillation
(ENSO) has also been shown to influence MHW occurrence in the North Pacific Ocean (e.g., Gregory
et al., 2024). Although recent studies indicate essentially no relationship between ENSO and surface MHW
occurrence in the Kuroshio‐Kuroshio Extension region (Gregory et al., 2024; Holbrook et al., 2019; Sen Gupta
et al., 2020), it is unknown whether this same lack of relationship extends into the subsurface.

Multidecadal and high‐resolution measurements are essential for observing, understanding, and predicting
MHWs. Yet such time series are rare in the ocean's subsurface. The High‐Resolution eXpendable BathyTher-
mograph (HR‐XBT) network provides measurements of ocean temperature between the surface and more than
800‐m deep along fixed transects, with some transects having been occupied for more than 30 years (Goni
et al., 2019). These subsurface temperature observations are at high spatial resolutions (O(1–10)‐km), but lower
temporal resolutions (nominally four occupations per year). However, HR‐XBT and sea level anomaly (SLA)
observations have a close relationship that can be exploited to enhance the temporal resolution of these subsurface
temperature time series (Chandler et al., 2022a; Gilson et al., 1998; Ridgway et al., 2008; White & Tai, 1995;
Willis et al., 2003).

Here, we examine the occurrence of subsurface MHWs along an HR‐XBT transect intersecting the Kuroshio and
Kuroshio Extension using a novel 30‐year synthetic temperature time series. This new time series is produced
from complementary HR‐XBT and satellite observations (Section 2.2). Along the transect, warming trends in the
Kuroshio (Section 3.1) have led to an increase in surface and subsurface MHW days per year within the Kuroshio
(Section 3.2). The largest mean MHW event intensities and durations along the transect occur at depth (Sec-
tion 3.3). Subsurface MHWs are more common during El Niño where an intensified Kuroshio Extension in-
tersects the transect (Section 3.4). In contrast, surface MHW occurrence along the transect is not influenced by
ENSO (Section 3.4). We conclude in Section 4 with a summary and implications of this work.

2. Data and Methodology
2.1. Data

Subsurface temperature observations were obtained from measurements along HR‐XBT transect PX40
(Figure 1), which runs between Yokohama, Japan and Honolulu, Hawai’i. This transect crosses the Kuroshio at
approximately 34.5°N, just south of where the Kuroshio separates from the coast to form the Kuroshio Extension.
To focus on the WBC system, only observations west of 150°E were used. HR‐XBT temperature measurements
were objectively mapped onto a 10‐m depth grid between the surface and 800‐m deep and a 0.1° along‐transect
longitudinal grid (Roemmich, 1983). At the time of this study, PX40 had been occupied 41 times since 2012.

The 2015–2022 temperature climatology from the 1/4°World Ocean Atlas 2023 (Locarnini et al., 2024) was used
to adjust PX40 observations onto the mean transect. This climatology covers a similar time period as the PX40
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observations. World Ocean Atlas 2023 has up to 102 standard depth levels of varying resolution and was therefore
linearly interpolated onto the same 10‐m depth grid as the HR‐XBT temperature data.

Daily SLA was from the 1/4° “Global ocean gridded L4 sea surface heights and derived variables reproc-
essed” product (CMEMS, 2024a). Daily SST was from the 1/4° “NOAA daily optimum interpolation sea surface
temperature version 2.1” product (Huang et al., 2021). This SST product is independent of HR‐XBT observations
(Huang et al., 2021; Willis et al., 2003). Both the SLA and SST time series spanned the period 1 January 1993–30
April 2023.

The maximum climatological surface mixed layer depth along PX40 was obtained from the 1° “Mixed layer depth
climatology computed with a density threshold criterion of 0.03 kg m− 3 from 10‐m depth value” product (de
Boyer Montégut et al., 2004).

The Oceanic Niño Index (ONI) was used to identify El Niño (ONI > +0.5°C) and La Niña (ONI < − 0.5 °C)
periods between 1993 and 2022. ONI is computed based on the 3‐month running mean of SST anomalies in the
Niño 3.4 region and, here, was taken to represent the central month of each 3‐month average. These same pro-
cessing steps were applied to the Niño 3 index used to identify eastern Pacific El Niño conditions and the Niño 4
index used to identify central Pacific El Niño conditions (e.g., Capotondi et al., 2015; Wang et al., 2024).

Monthly zonal and meridional velocities from the 1/12° Global Ocean Physics Reanalysis 12V1 (GLORYS;
Lellouche et al., 2021) were used to provide spatial context for the state of the Kuroshio Extension system be-
tween 1993 and 2020. GLORYS was validated against monthly PX40 cross‐transect velocities between 2004 and
2019 from Chandler et al. (2022a). The two velocity products agreed well, although the core of the Kuroshio was
shifted slightly offshore at depth in GLORYS (Text S1 in Supporting Information S1; Figure 2).

2.2. Synthetic Temperature Time Series Development

All 41 individual occupations of PX40 were averaged to obtain a first guess of the mean location of the PX40
transect. Individual transects that reached a maximum latitudinal distance of more than 4° from the mean transect
were removed, and the mean was recalculated until all remaining transects were within 4° of latitude. Three
occupations were removed through this procedure. A further three occupations after April 2023 were also
removed as, at the time of analysis, SLA data were not yet available. This study therefore utilized 35 occupations
of PX40 between November 2012 and March 2023 (Figure 1). Every month of the year had at least one occu-
pation. Each ENSO phase (El Niño, La Niña, and neutral) had at least eight occupations.

Individual transects do not exactly follow the mean PX40 transect (Figure 1). Therefore, for each occupation, the
difference in climatological temperature between the occupied transect and the mean transect was used to correct

Figure 1. PX40 mean transect (thick gray line) overlain on the bathymetry of the northwest Pacific Ocean. The black contour
line is the 800‐m isobath. Gold lines show the paths of all individual PX40 transects (dashed transects were not used in this
study due to being either too far from the mean transect or more recent than available satellite altimetry observations). Purple
crosses locate the PIES/CPIES deployed during the Kuroshio Extension System Study (2004–2006). Blue lines are the 0.9‐
m, 1.1‐m, and 1.3‐m absolute dynamic topography contours averaged over 1993–2022 and represent the mean path of the
Kuroshio and Kuroshio Extension. The thin dotted line is at 150°E.
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for variability in ship tracks. Deviations of individual transects from the mean transect were typically small. As
such, surface biases (i.e., the climatological difference in surface temperature between the mean transect and each
individual occupation minus the difference between the mean transect and each individual occupation from
10‐day averaged SST) also tended to be small. Over the transect, the mean surface bias was 0.01°C, median
surface bias was negligible (<|0.01|°C), and root mean square surface bias was 0.25°C. Nevertheless, highly
localized features could introduce errors. For example, an occupation measuring a MHW would project the
anomalously high temperatures onto the mean transect even if the MHW was of small meridional extent and did
not occur at the mean transect.

Daily SLA and SST were interpolated onto the mean transect and averaged over the 10 days following the start
date of each PX40 occupation. A 10‐day temporal resolution is consistent with the cycle duration of the satellite
altimetry reference missions. The 35‐transect seasonal cycle, computed via least squares fitting an annual har-
monic, semiannual harmonic, and mean, was removed to obtain temporal anomalies (Tʹ(z)px40, SLAṕx40, and
SSTṕx40) that were all referenced to the same time period (November 2012–March 2023, i.e. the PX40 time
period). Comparison of these PX40‐period SLA and SST seasonal cycles against those computed using the full
(January 1993–April 2023) time series confirmed that the temporal coverage of the 35 PX40 occupations was able
to resolve the seasonal cycle.

There was a strong relationship between SLAṕx40 and Tʹ(z)px40 below the surface mixed layer, while SSTṕx40 was
better correlated with surface and near‐surface temperature anomalies (not shown, see also Willis et al., 2003).
Therefore, to take advantage of their individual strengths, the 10‐day averaged SLAṕx40 and SSTṕx40 were fit to
observed Tʹ(z)px40 at the times of the 35 PX40 occupations using a multiple linear regression (e.g., Ridgway
et al., 2008; Willis et al., 2003) as follows:

Figure 2. Time mean of the 2004–2019 monthly cross‐transect velocity time series from (a) Chandler et al. (2022a) and
(b) GLORYS. A positive velocity is northward. (c) Correlation coefficients between the Chandler et al. (2022a) and
GLORYS velocity anomalies. Stippling identifies where correlations are not significant at the 95% significance level
(effective degrees of freedom computed following Von Storch and Zwiers (1999)).
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Tʹ(x, z, t)≈ α(x, z) ⋅ SLAʹ(x, t) + β(x, z) ⋅ SSTʹ(x, t) (1)

where x is location along the transect, z is depth, t is time, and α and β are regression coefficients.

The full (January 1993–April 2023) SLA and SST time series were then averaged every 10 days, and the PX40‐
period seasonal cycles removed. The regression coefficients (α and β) were applied (Equation 1) to these 10‐day
averaged SLAf́ull and SSTf́ull time series to obtain estimates of 10‐day averaged synthetic Tʹ(z)full from 0‐m down
to 800‐m deep over the full January 1993–April 2023 time period. The above procedure is summarized in
Figure 3. Note that usage of the full subscript will be dropped from the text hereafter.

2.3. Synthetic Temperature Time Series Validation

The method (Figure 3) was validated using a leave‐one‐out approach where regression coefficients (α and β;
Equation 1) were recalculated using all PX40 occupations bar one, and a synthetic estimate was computed for the
withheld occupation (e.g., Gilson et al., 1998). This procedure was repeated 35 times, such that all PX40 oc-
cupations were withheld once. The resulting 35 synthetic estimates compared favorably with the 35 HR‐XBT
observations, albeit with reduced variability and with small discrepancies in the surface mixed layer
(Figure 4). Standard deviations demonstrated a similar structure (Figures 4a and 4b) but with smaller values for
the synthetic estimates than the observations. Correlations between synthetic and observed Tʹ(z)px40 were sig-
nificant (p<0.05) almost everywhere, except for some near‐surface regions and at the very western edge
(Figure 4c). Likewise, the root mean square signal of observed Tʹ(z)px40 was greater than the root mean square
error (RMSE) between synthetic and observed Tʹ(z)px40 except for a few regions near the surface and at the
western edge (Figure 4d). Averaged over the entire section, RMSE between synthetic and observed Tʹ(z)px40 was
1.12°C.

To validate the ability of the method to be extended back in time through use of the satellite record prior to PX40
observations (i.e., January 1993–October 2012), synthetic Tʹ(z) was compared against independent observations
from the Kuroshio Extension System Study (KESS). During KESS, an array of 46 Pressure recording Inverted
Echo Sounders/Current and Pressure recording Inverted Echo Sounders (PIES/CPIES) were deployed in the
Kuroshio Extension east of Japan (Figure 1) for 16 months between 2004 and 2006 (Donohue et al., 2010). Here,
the objectively mapped subsurface temperature fields from the KESS array (Donohue et al., 2010) were inter-
polated onto the same PX40 transect and 10‐m depth grid as synthetic Tʹ(z), averaged into 10‐day periods, and

Figure 3. Diagram summarizing the key steps in developing the synthetic subsurface temperature anomaly time series.
Terminology is as follows: HR‐XBT, High‐Resolution eXpendable BathyThermograph; Tʹ(z), temperature anomaly as a
function of depth; SLA, Sea Level Anomaly; and SST, Sea Surface Temperature.
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deseasoned by subtracting the PX40‐period seasonal cycle. KESS and synthetic Tʹ(z) were compared over the
longitude range that provided the longest time period (June 2004–September 2005) of consistently good quality
KESS data, and were found to compare favorably (Figure 5). The RMSE between KESS and synthetic Tʹ(z)
averaged over the entire section was 1.16°C, similar to the 1.12°C from the leave‐one‐out validation above, which
provided confidence that satellite observations could indeed be used to extend the synthetic Tʹ(z) time series back
in time prior to PX40 observations. However, there is no guarantee the same regression coefficients will continue
to hold into the future given expected climate shifts and resulting nonstationarity (e.g., Litzow et al., 2020).

2.4. Marine Heatwave Identification

The synthetic Tʹ(z) time series (rereferenced to the 1993–2022 time mean) was used to examine extreme ocean
temperature events (i.e., MHWs) between the surface and 800‐m deep over the 1993–2022 time period.

Qualitatively, a MHW is defined as a prolonged period of anomalously warm water at a particular location
(Hobday et al., 2016). One commonly used quantitative definition is where daily ocean temperatures are warmer
than the 90th percentile climatology for a period of five or more days, with events separated by two or less days
considered as a single event (Hobday et al., 2016). However, the qualitative definition offers flexibility, including
in the temporal resolution of the time series (Farchadi et al., 2025; Hobday et al., 2016; Oliver et al., 2021). For
example, numerous studies have used monthly resolution temperature time series where MHWs were thus
defined as extreme events lasting at least 1 month (e.g., Jacox et al., 2020; Jacox et al., 2022; Scannell et al., 2016;
Gregory et al., 2024; von Kietzell et al., 2022; Zhou et al., 2024).

Here, MHWs were defined as when synthetic Tʹ(z)was above the 90th percentile temperature anomaly threshold.
This threshold varied with x and z but, because the seasonal cycle had already been removed from the synthetic
Tʹ(z) time series, was constant in time. Due to the 10‐day resolution of the time series, each instance where Tʹ(z)
exceeded the 90th percentile threshold was defined as a MHW. MHW conditions therefore occurred during 10%
of the study time period. MHW conditions occurring in consecutive 10‐day periods were considered a single
MHW event.

Figure 4. Standard deviations of (a) HR‐XBT observed temperature anomalies and (b) synthetic temperature anomalies at the times of PX40 occupations. (c) Correlation
coefficients between HR‐XBT observed and synthetic temperature anomalies. Stippling is where correlations are not significant at the 95% significance level (each
occupation considered independent). (d) Ratio of the root mean square signal of HR‐XBT observed temperature anomalies to the root mean square error between HR‐
XBT observed and synthetic temperature anomalies. The black contour identifies a ratio of 1. The black dashed line in (c) and (d) is the maximum climatological mixed
layer depth.
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Following Hobday et al. (2016), MHW intensity was defined as Tʹ(z), that is, the temperature anomaly relative to
the 1993–2022 time mean. Only mean event intensity was considered here as the reduced variability in the
synthetic temperature time series compared to observations (Figures 4 and 5) meant that maximum event intensity
was likely underestimated. Higher temporal resolution observations (e.g., daily) have more variability, and
typically larger maximum values, than those based on longer (e.g., 10‐day or monthly) time means (Hobday
et al., 2016).

To examine whether there had been a change in MHW occurrence over the 30‐year time series, linear trends were
fit at every grid point (x, z) to the number of MHW days per year. Trend significance was assessed using a two‐
tailed t test (Draper & Smith, 1998) where each year was considered independent. Linear trends were also
computed for the synthetic Tʹ(z) time series with significance assessed using a two‐tailed t test where the effective
degrees of freedom was calculated using the integral time scale (Emery & Thomson, 2001). Temperature trends
were found to impact MHW identification along PX40 (see Section 3.2), and so MHWs were also identified using
the detrended synthetic Tʹ(z) time series so that the influence of factors other than long‐term ocean warming could
be examined.

To examine the influence of one such factor, ENSO, on MHW occurrence along the transect, the percentage of
time when MHW conditions were experienced during El Niño and La Niña was examined. A chi‐square test was
used to determine if MHW occurrence was significantly different from the expected 10% occurrence rate during
each ENSO phase. The detrended synthetic Tʹ(z) time series was used to examine MHW occurrence in the
subsurface (i.e., below the maximum climatological surface mixed layer depth), and the detrended 10‐day
averaged SSTʹ time series was used to examine MHW occurrence at the surface. However, because synthetic
Tʹ(z) demonstrated limited ability in reproducing near‐surface temperature anomalies (Figures 4 and 5), MHW
occurrence during each ENSO phase was not examined within the surface mixed layer. Other climate modes
(namely the Pacific Decadal Oscillation (PDO), Indian Ocean Dipole (IOD), and Pacific‐Japan pattern) were also
considered, but, compared with ENSO, demonstrated a weaker relationship with synthetic Tʹ(z) (Text S2 in
Supporting Information S1). ENSO also demonstrated a stronger causal relationship with synthetic Tʹ(z).

Figure 5. Standard deviations of (a) Kuroshio Extension System Study (KESS) temperature anomalies and (b) synthetic temperature anomalies between June 2004 and
September 2005. (c) Correlation coefficients between KESS and synthetic temperature anomalies. Stippling is where correlations are not significant at the 95%
significance level (effective degrees of freedom computed following Von Storch and Zwiers (1999)). (d) Ratio of the root mean square signal of KESS temperature
anomalies to the root mean square error between KESS and synthetic temperature anomalies. The black contour identifies a ratio of 1. The black dashed line in (c) and
(d) is the maximum climatological mixed layer depth.
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Relative information flow rates (Liang, 2014, 2015) from each climate mode to the annually low‐pass filtered first
principal component of detrended synthetic Tʹ(z) were 34% for ENSO, 23% for IOD, and 16% for PDO.

3. Results and Discussion
3.1. Temperature Trends

The 30‐year length of the synthetic temperature time series allowedmultidecadal subsurface temperature trends to
be estimated with a high degree of confidence (Figures 6a and 6c). Over 1993–2022, there was a significant
warming trend at transect PX40 between 139.9°E and 142.9°E that extended throughout the upper 800‐m,
reaching 0.09°C yr− 1 within the subsurface (Figure 6a). The location of this significant warming coincides with
the mean location of the Kuroshio jet (Figure 2). Kuroshio warming at the surface was typically reduced
compared to the subsurface, although still significant, with a mean warming trend of 0.02°C yr− 1. The observed
surface and subsurface warming trends along PX40 became nonsignificant offshore of the Kuroshio and then
switched to a nonsignificant cooling trend east of approximately 146.8°E (Figure 6a).

The surface warming rate in the Kuroshio at PX40 (Figure 6a) is consistent with SST warming trends in the
upstream Kuroshio over 1993–2013 (Wang et al., 2016), and with projected SST warming trends over the course
of this century in the Kuroshio‐Kuroshio Extension region from a high‐resolution (1/11° longitude × 1/10°
latitude) ocean model (Kawakami et al., 2024). However, there are very few long time series of subsurface
temperature available in the Kuroshio. One of these is the 137°E repeat hydrographic transect that intersects the
Kuroshio south of Japan, upstream of PX40, and which has been occupied annually since 1967 and then semi-
annually since 1972 (Oka et al., 2018). Using wintertime observations over the period 1967–2016, Oka
et al. (2017) found a warming trend in the Kuroshio at 137°E that, much like our result at PX40 (Figure 6a), was

Figure 6. (a) Temperature trends over 1993–2022. Stippling is where trends are not significant at the 95% significance level.
(b) Vertical temperature gradients in the 1993–2022 time mean temperature. The black dashed line in (a) and (b) is the
maximum climatological mixed layer depth, and the black box indicates the region plotted in (c). (c) Temperature anomaly
time series over 1993–2022, area‐averaged in the region where Kuroshio warming trends were largest. The thin gray line is
the raw (10‐day) time series, the thick black line is the annually low‐pass filtered time series, and the red line is the trend.
Light blue shading identifies times of the Kuroshio large meander.
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largest in the subsurface between roughly 200 and 600‐dbar. However, Kuroshio warming trends at 137°E be-
tween 1967 and 2016 were roughly half those observed at PX40 between 1993 and 2022. The larger subsurface
temperature trends in our more contemporary data set therefore suggest an acceleration of subsurface warming
within the Kuroshio.

Oka et al. (2017) attributed Kuroshio subsurface warming at 137°E to a decrease in Kuroshio large meander
occurrence. However, large meander events (Yoshida et al., 2006) have minimal impact on the path of the
Kuroshio at PX40 (e.g., Chandler et al., 2022a; Kawabe, 1985, 1995). Additionally, the Kuroshio has been in an
ongoing large meander state since August 2017 (Qiu et al., 2023; Yoshida et al., 2006), coinciding with some of
the warmest subsurface temperature anomalies at PX40 (Figure 6c). Therefore, decreasing large meander
occurrence cannot explain the significant subsurface warming trend between 1993 and 2022 at PX40.
Strengthening of advective heat transport within the Kuroshio also seems an unlikely driver of subsurface
warming given that Kuroshio mass transport has decreased over 2004–2019 at PX40 (Chandler et al., 2022a) and
over 1998–2013 further upstream at Tokara Strait (Liu et al., 2021). This decrease in mass transport has been
driven by vertical pycnocline displacement (i.e., heave) caused by wind stress curl changes over the North Pacific
Ocean (Liu et al., 2021). Heaving of isotherms, which produces large temperature changes where vertical tem-
perature gradients are steep, could be driving subsurface warming in the Kuroshio. For the 1993–2022 time mean
temperature along PX40, the sloping shape of the steep vertical temperature gradient in the Kuroshio (Figure 6b)
coincided with, and was replicated by, the sloping shape of the strong warming trend in the Kuroshio (Figure 6a).
However, because the largest Kuroshio temperature trends at PX40 (around 141.8°E and 420‐m deep) do not
coincide with the steepest vertical temperature gradients (Figures 6a and 6b), we hypothesize that additional
factors likely also contribute to the observed subsurface warming trends in the Kuroshio at PX40.

3.2. Trends in Marine Heatwave Occurrence

Over the 30‐year time series, a positive trend in the number of MHW days per year was observed throughout the
water column from close to the coast out to around 146.5°E (Figure 7a). This trend was significant within the
Kuroshio, between 139.9°E and 142.9°E, increasing by as much as 4.2 days per year. If these significant trends are
maintained through to the end of the century (i.e., 2100) then, relative to the 1993–2022 baseline and threshold
used here, the number of subsurface Kuroshio MHW days per year at PX40 would increase by between 120 and

Figure 7. Trends over 1993–2022 in (a) marine heatwave (MHW) days per year and (b) MHW days per year when the 1993–
2022 temperature trend is removed. Stippling is where trends are not significant at the 95% significance level. The black
dashed line is the maximum climatological mixed layer depth.
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330 days. Similar increases in surface MHW days per year, relative to a fixed historical (1981–2005) threshold,
are projected for this same region and same future time period using a high‐resolution ocean model (Kawakami
et al., 2024). Further offshore, east of 146.5°E, the observed 30‐year trend inMHW days per year at PX40 became
weakly negative and was not significant (Figure 7a).

Long‐term changes in MHWs can be caused by changes in the temperature mean and/or temperature variability.
Here, as in many other MHW studies (e.g., Du et al., 2022; Kawakami et al., 2024; Oliver, 2019; Oliver
et al., 2018, 2019), trends (or lack thereof) in the number of MHW days per year were largely due to trends in
ocean temperature causing a change in the mean temperature. In particular, the significant Kuroshio warming
trend occurred in the same location (139.9°E–142.9°E) as the significant increase in the number ofMHWdays per
year (Figures 6a and 7a). In contrast, there were no significant increasing trends in MHW days per year when the
temperature trend was removed before identifying MHWs (Figure 7b). In fact, a significant decrease in the
number of MHW days per year (reaching as large as − 2 days per year) was instead found between 140.8°E and
142.3°E. This decrease in MHW days at the offshore edge of the Kuroshio was likely due to the decreased
variability here during the second half of the time series compared to the first half (Figure S1a in Supporting
Information S1). Decreases in variance were also evident (Figure S1b in Supporting Information S1) in both daily
SLA (comparing 1993–2007 with 2008–2022) and monthly GLORYS depth‐integrated velocity eddy kinetic
energy (comparing 1993–2007 with 2008–2020). We suspect this decreased variability may be related to fluc-
tuations in wind forcing over the interior North Pacific Ocean that influence the dynamic state of the Kuroshio‐
Kuroshio Extension system (e.g., Qiu et al., 2014). Trends in MHW days per year were not significant elsewhere
along the transect when using the detrended temperature anomaly time series (Figure 7b).

Due to the influence of the Kuroshio warming trend on MHW identification and occurrence, the synthetic
temperature time series were detrended before identifying MHWs for the analyses in the following sections
(Sections 3.3 and 3.4). Detrending allowed us to examine the influence of other physical processes independent of
this long‐term background warming.

3.3. Marine Heatwave Primary Metrics

Reporting of standardized MHW metrics helps facilitate comparisons between different events, locations, and
times (Hobday et al., 2016). Here, we present the primary MHWmetrics of intensity and duration averaged over
all events between 1993 and 2022. As noted above, the synthetic temperature anomaly time series were detrended
before identifying the MHWs from which these primary metrics were computed.

At every longitude along the transect, the largest mean event intensities were found below the sea surface
(Figure 8a). Similar subsurface intensification has been observed by studies examining subsurface MHWs in the
tropical western Pacific Ocean (Hu et al., 2021) and coastal southeastern Australia (Schaeffer & Roughan, 2017).
Along PX40, the largest mean event intensities (4.1°C) occurred around 500‐m deep at approximately 145°E
(Figure 8a). This longitude coincides with where the Kuroshio Extension meanders most closely to PX40
(Figures 1 and 2). Variability in the position of the Kuroshio Extension, which is known to be sizeable in this
region (Donohue et al., 2010; Qiu et al., 2014), likely drives these large mean event intensities at 145°E.

Mean event durations (Figure 8b) followed a different pattern than mean event intensities (Figure 8a). The
shortest mean durations (13.3 days) were found at the western boundary, consistent with the shorter durations that
are typical of surface MHWs in WBC regions (Holbrook et al., 2019; Sen Gupta et al., 2020). Mean MHW
durations then increased moving east along the transect, with the longest mean durations (35.5 days) occurring
around 144°E at depths below 400‐m (Figure 8b). MHWs at this depth are most likely advection‐driven by
Kuroshio Extension variability (e.g., Xu et al., 2024), and we hypothesize that strengthening of the Kuroshio
Extension could be a key driver of the longer MHW durations here. Indeed, when averaging monthly GLORYS
depth‐integrated velocities for the longest (>30‐day) duration events over 1993–2020 at 144.05°E and 440‐m
deep (i.e., the grid point along the transect where mean event duration was longest), the Kuroshio, Kuroshio
Extension, and first quasi‐stationary meander recirculation were all significantly stronger than in the mean state
(Figure S2 in Supporting Information S1). Further east along the transect, mean event durations tended to
decrease again (Figure 8b).

Longer mean durations were also evident near the surface (shallower than 250‐m) around 148°E.We are unsure of
what unique physical processes maybe driving the increased MHW duration in this region compared to elsewhere
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in the near‐surface. However, this region coincides with where the synthetic temperature anomaly time series
most poorly reproduced observed temperature variability (Figures 4c and 5c). The increased mean duration (and
slightly decreased mean intensity) at this location may therefore reflect limitations in the method's ability to
reproduce temperature variability in the surface mixed layer to a high degree of accuracy (see also Willis
et al., 2003).

3.4. Influence of ENSO on Marine Heatwave Occurrence

Due to the 90th percentile temperature anomaly threshold, MHW conditions were experienced during 10% of the
study time period. However, MHW conditions could be experienced for different percentages of time during each
individual ENSO phase (i.e., El Niño, La Niña, and neutral periods). Indeed, MHW conditions would only occur
around 10% of the time during each ENSO phase if ENSO did not influence MHW occurrence.

Surface MHW occurrence along PX40 was not significantly different from this 10% occurrence rate (Figures 9a
and 9c), consistent with the weak correlation between the Niño 3.4 index and SST in this region (e.g., Talley
et al., 2011). Holbrook et al. (2019), Sen Gupta et al. (2020), and Gregory et al. (2024) also show essentially no
relationship between ENSO and surface MHW occurrence in the PX40 region east of Japan. The analyses in this
section therefore focus on the subsurface as, in contrast to the surface, subsurface MHW occurrence along PX40
demonstrated a strong relationship with ENSO (Figure 9). Relying only on SST observations would thus lead to
incomplete conclusions being drawn about the influence of ENSO on MHW occurrence along this transect.

During El Niño, subsurface MHWs along PX40 occurred significantly more often in a western region between
approximately 141.4°E and 144.6°E and an eastern region between approximately 147.5°E and 148.6°E (Fig-
ures 9a and 9b). At both locations, the increasedMHW occurrence was evident from the base of the surface mixed
layer down to 800‐m deep. In contrast, subsurface MHWs during La Niña occurred significantly less often be-
tween approximately 144°E and 146.6°E and from approximately 147.6°E out to the eastern end of the transect
(Figures 9c and 9d). This decreased MHW occurrence was also typically evident from the base of the surface
mixed layer down to 800‐m deep, although there were some regions where it did not extend all the way up to the
base of the surface mixed layer.

Recently, Wang et al. (2024) demonstrated that surface and near‐surface velocities in the Kuroshio and Kuroshio
Extension strengthen during El Niño due to a strengthening of the midlatitude westerlies driving a more negative

Figure 8. Mean (a) intensity and (b) duration averaged over all marine heatwave events between 1993 and 2022. The black
dashed line is the maximum climatological mixed layer depth.
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wind stress curl over the subtropical North Pacific Ocean. Given that the strength of the Kuroshio Extension and
its southern recirculation gyre tend to vary roughly in phase (Qiu et al., 2014), we may expect both to strengthen
during El Niño periods. Indeed, using the GLORYS eddy‐resolving ocean reanalysis, both the Kuroshio
Extension and its southern recirculation gyre were found to strengthen during El Niño (Figure 10b), thereby
transporting more warm subtropical‐origin water. Mean subsurface temperatures along PX40 were therefore
warmer during El Niño, compared to the 1993–2022 time mean, where the strengthened southern recirculation
gyre intersected the transect (Figure 11a). These warmer mean temperatures led to the increased subsurfaceMHW
occurrence observed in both regions along the transect (141.4°E–144.6°E and 147.5°E–148.6°E) during El Niño
(Figures 9b and 11a).

The stronger Kuroshio Extension and southern recirculation gyre during El Niño were also associated with a more
coherent (less variable) Kuroshio Extension jet (Figure 10), consistent with the inverse relationship between
Kuroshio Extension strength and path length shown by Qiu et al. (2014). Reduced variability in the path of the
Kuroshio Extension resulted in reduced temperature variability along PX40 between 142.1°E and 148.1°E during
El Niño periods compared to the full 1993–2022 time period (Figure 11b). Decreased variance produces a nar-
rower distribution of temperature anomalies and therefore less extreme values. Between approximately 144.6°E
and 147.5°E, the reduction in temperature variability during El Niño (Figure 11b) was substantial enough to
oppose the positive shift in the temperature anomaly distribution driven by the increase in mean temperature
during El Niño (Figure 11a). The net result was no significant change in subsurface MHW occurrence at this
location (144.6°E–147.5°E) along the transect (Figure 9b).

Changes in subsurface MHW occurrence along PX40 during La Niña did not mirror changes during El Niño
(Figure 9). During La Niña, the Kuroshio Extension and its southern recirculation gyre were both weaker
(Figure 10c), resulting in reduced transport of warm subtropical‐origin water and, importantly, reduced recir-
culation of this warm water across PX40. Slightly cooler mean subsurface temperatures, compared to the 1993–
2022 time mean, were therefore found along much of PX40 (Figure 11c). The path of the Kuroshio Extension also
appeared to be less tightly defined (more variable) during La Niña, resulting in a more diffuse mean state of the
Kuroshio Extension (Figure 10). Decreases in subsurface MHW occurrence along PX40 during La Niña therefore
tended to be found where there were compounding effects of a decrease in both mean temperature and tem-
perature variability compared to the full 1993–2022 time period (Figures 11c and 11d). This slight negative shift
and slight narrowing of the temperature anomaly distribution combined to produce less extreme positive tem-
perature anomalies.

Figure 9. Percentage of time that marine heatwaves (MHWs) occurred along PX40 during (a and b) El Niño and (c and d) La Niña over the 1993–2022 time period. (a
and c) MHW occurrence depth‐averaged below the maximum climatological mixed layer depth (subsurface, green) and at the surface from sea surface temperature
observations (surface, brown). Dotted lines bound where occurrence is not significantly different from 10% of the time at the 95% significance level. (b and d) MHW
occurrence below the maximum climatological mixed layer depth (black dashed line). Stippling is where occurrence is not significantly different from 10% of the time at
the 95% significance level.
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When considering El Niño diversity (Capotondi et al., 2015), similar increases in subsurface MHW occurrence
were found along PX40 irrespective of whether central Pacific or eastern Pacific El Niño conditions existed
(Figure 12). However, the increase in subsurface MHW occurrence was significant over a larger area of the PX40
cross‐section during central Pacific El Niño conditions than during eastern Pacific El Niño conditions. These
differences likely arise because, although central Pacific and eastern Pacific El Niño conditions both drive
strengthening of the Kuroshio and Kuroshio Extension, the strengthening is typically greater during a central
Pacific El Niño than an eastern Pacific El Niño (Wang et al., 2024).

In this study, we defined MHWs as events where temperature anomalies were above the 90th percentile threshold
for at least 10 days. However, our results are rather insensitive to the choice of duration threshold. When using a
20‐day duration threshold, subsurface MHWs occurred significantly more often than expected during El Niño in
the same regions along PX40 as for the 10‐day duration threshold (Figure S3a in Supporting Information S1).
Likewise, subsurface MHW occurrence was reduced during La Niña periods, although significant over a sub-
stantially smaller cross‐sectional area of the transect when using a 20‐day duration threshold compared with the

Figure 10. Monthly GLORYS 0–800‐m depth‐integrated velocity (a) 1993–2020 time mean, and anomalies averaged during
(b) El Niño and (c) La Niña. Scale arrows are in the top right of each panel, but note the different scale for (a) compared to (b)
and (c). The thick gray line is PX40. The black contour is the Japan coastline (0‐m isobath).
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10‐day duration threshold (Figure S3b in Supporting Information S1). Surface MHWs along PX40 did not occur
at a significantly different rate than expected during El Niño or La Niña when using a 20‐day duration threshold,
nor when the Hobday et al. (2016) definition was applied to daily SST observations (Figure S4 in Supporting
Information S1). For these different duration thresholds, MHWs no longer occurred during 10% of the study

Figure 11. Difference in temperature anomaly (a and c) mean and (b and d) standard deviation between (a and b) El Niño compared to the full 1993–2022 time series (red
indicates warmer temperatures and purple indicates smaller standard deviations during El Niño) and (c and d) La Niña compared to the full 1993–2022 time series (blue
indicates cooler temperatures and purple indicates smaller standard deviations during La Niña). Stippling is whereMHWoccurrence below the maximum climatological
mixed layer depth (black dashed line) is not significantly different from 10% of the time at the 95% significance level (see Figure 9).

Figure 12. Percentage of time that subsurface marine heatwaves (MHWs) occurred along PX40 during (a) eastern Pacific El
Niño conditions (identified using the Niño 3 index) and (b) central Pacific El Niño conditions (identified using the Niño 4
index) over 1993–2022. The black dashed line is the maximum climatological mixed layer depth. Stippling is where
occurrence is not significantly different from 10% of the time at the 95% significance level.
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period. Therefore, 95% confidence intervals were assessed using a Monte Carlo approach (with 1×104 iterations)
where the start dates of observed MHW events were randomly assigned (observed durations and intensities were
retained).

4. Conclusions
Here, we have produced a novel 30‐year time series of synthetic subsurface temperature anomalies at the western
end of an HR‐XBT transect that intersects the Kuroshio and Kuroshio Extension east of Japan. This time series
has a 10‐day temporal resolution, representing the 10‐day average temperature. MHWs were defined as events
where the temperature anomaly was above the 90th percentile. All identified MHW events were therefore at
least 10 days long. Nevertheless, our conclusions are rather insensitive to the duration threshold used to
identify MHWs. The largest mean MHW event intensities were found to occur in the subsurface at every
longitude along the transect, with the strongest mean intensity signal associated with variability in the path of
a Kuroshio Extension meander around 145°E. At the western edge of the transect, in the Kuroshio, the
number of MHW days per year significantly increased between 1993 and 2022. This increase in Kuroshio
MHW days was caused by a significant subsurface warming trend in the Kuroshio, which appears to be
predominantly driven by heaving of isotherms (e.g., Liu et al., 2021). When using the detrended temperature
anomaly time series to identify MHWs, ENSO was found to influence the occurrence of subsurface MHWs
along PX40. During El Niño, a more negative wind stress curl over the subtropical North Pacific Ocean
(Wang et al., 2024) strengthens the Kuroshio Extension and its southern recirculation gyre, thereby producing
warmer mean subsurface temperatures where the current intersects the transect. As such, subsurface MHWs
occurred significantly more often during El Niño periods where the strengthened southern recirculation gyre
of the Kuroshio Extension intersected the transect. This increase in subsurface MHW occurrence was broadly
similar under both central Pacific and eastern Pacific El Niño conditions. Subsurface MHWs along PX40
occurred less often during La Niña periods.

Despite influencing subsurface MHWoccurrence, ENSO did not significantly influence the occurrence of surface
MHWs along the transect. MHW occurrence at the sea surface during El Niño and La Niña therefore differed from
that below the surface mixed layer, reflecting different forcing mechanisms (e.g., Elzahaby et al., 2021; Gro-
ßelindemann et al., 2022; Xu et al., 2024). These differences at PX40 further emphasize that both surface and
subsurface observations are needed to fully understand MHW events and their impacts. In practice, subsurface
MHW identification is often not feasible as the sufficiently long time series required to identify MHWs are rare in
the subsurface, and SST alone is not representative of temperatures below the surface mixed layer. Yet HR‐XBT
transects provide long‐term observations of temperature between the surface and 800‐m deep in all major ocean
basins (Goni et al., 2019). The method used in this study could thus be implemented to evaluate subsurface MHW
properties along these other HR‐XBT transects. However, WBCs typically extend much deeper than 800‐m
(Chandler et al., 2022a; Zilberman et al., 2023). Because of the deep‐reaching influence of the Kuroshio
Extension (e.g., Chandler et al., 2022a), we think it likely that the warmer subsurface temperatures and increased
subsurface MHW occurrence observed along PX40 during El Niño will also extend much deeper than 800‐m and
possibly as deep as 5,000‐m (e.g., Jayne et al., 2009).

The insignificant influence of ENSO on surface MHW occurrence along PX40 reflects the weak influence ENSO
has on SST here (e.g., Talley et al., 2011). However, north of PX40, starting around 36°N, ENSO has a much
stronger influence on SST. Cold SST anomalies occur during El Niño, driven by a deeper Aleutian Low and
stronger midlatitude westerlies (Wang et al., 2024), with warm SST anomalies during La Niña. Nevertheless, the
potential subsurface response in this northern region is unclear. ENSO predominantly drives a change in the
strength of the Kuroshio Extension and its southern recirculation gyre, rather than a meridional shift of the system.
That being said, the Kuroshio Extension was typically a more defined jet during El Niño periods, with less
transport occurring north of approximately 36°N. Less warm subtropical‐origin water would therefore be
transported further north, which would be expected to decrease subsurface MHW occurrence. On the other hand,
the Kuroshio and Kuroshio Extension are both generally weaker during La Niña (Figure 10c; Wang et al., 2024),
which would also result in reduced transport of warm subtropical‐origin water. The dominant influence on
subsurface MHW occurrence in this northern region may instead stem from anticyclonic (warm‐core) eddies
spawned from the Kuroshio Extension (e.g., Elzahaby & Schaeffer, 2019; Großelindemann et al., 2022; Xu
et al., 2024; Zhang et al., 2023). The potential impact of these eddies on subsurface MHWs north of PX40 is yet to
be explored.
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This work has demonstrated that variability in the Kuroshio‐Kuroshio Extension system exerts a strong control on
subsurface temperature, and therefore subsurface MHW occurrence, along PX40. Due to the length of our novel
30‐year synthetic temperature time series, we have largely focused on the influence of ENSO. Yet other modes of
climate variability, such as the PDO, also exhibit a relationship with the dynamics of the Kuroshio‐Kuroshio
Extension system. During a positive PDO, the westerly winds over the North Pacific Ocean tend to be stron-
ger and located further south (Talley et al., 2011). As such, the phase of the PDO can influence, for example, the
strength of the Kuroshio (e.g., Wang et al., 2016) and SST anomalies in the Kuroshio‐Oyashio Extension region
(e.g., Newman et al., 2016; Zhou et al., 2024). We therefore hypothesize that the PDO may also influence
subsurface MHW occurrence along PX40. Due to the canonically multidecadal periodicity of the PDO (as
opposed to the interannual periodicity of ENSO), its impact on subsurface MHW occurrence along this transect
has not been examined here and remains unknown. However, over the time period covered by our study, a partial
correlation analysis (i.e., correlating annually low‐pass filtered subsurface temperature anomalies and ENSO
while controlling for the PDO, and correlating annually low‐pass filtered subsurface temperature anomalies and
the PDO while controlling for ENSO) demonstrated that subsurface temperature anomalies along PX40 were
more strongly correlated with ENSO than with the PDO (Text S2 in Supporting Information S1).

Lastly, present‐day climate models struggle to predict the occurrence of monthly MHWs in the Kuroshio
Extension (Zhou et al., 2024). This limited predictive skill is likely due to the coarser spatial resolution (≥1/4°) of
these models (Hayashida et al., 2020; Zhou et al., 2024). As such, there is limited lead time to prepare for extreme
ocean temperature events. Yet subsurface ocean temperatures can have a significant influence on fisheries in the
Kuroshio‐Kuroshio Extension region (e.g., Noto & Yasuda, 1999; Yatsu, 2019). Knowledge that, along PX40,
subsurface temperatures increase and subsurface MHWs occur more often during El Niño periods should enhance
MHW predictability in this region and thus aid in designing and implementing MHW adaptation plans (e.g.,
Pershing et al., 2018).

Data Availability Statement
HR‐XBT data from transect PX40 were made available by the Scripps Institution of Oceanography HR‐XBT
program (https://www‐hrx.ucsd.edu/px40.html). The World Ocean Atlas 2023 temperature climatology was
obtained from NOAA NCEI at https://doi.org/10.25921/va26‐hv25 (Reagan et al., 2024). Sea surface height data
(SLA and ADT) were obtained from the EU Copernicus Marine Service at https://doi.org/10.48670/moi‐00148
(CMEMS, 2024a). Sea surface temperature data were obtained from NOAA NCEI at https://doi.org/10.25921/
RE9P‐PT57 (Huang et al., 2024). Data from the Kuroshio Extension System Study were provided by Kathleen
Donohue and can be accessed through the program website at https://uskess.whoi.edu/overview/dataproducts/.
Bathymetry was from the 15 arc second GEBCO 2023 gridded bathymetry product (GEBCO Compilation
Group, 2023). The mixed layer depth climatology can be accessed at https://doi.org/10.17882/91774 (de Boyer
Montégut, 2023). The Oceanic Niño Index (https://www.cpc.ncep.noaa.gov/data/indices/oni.ascii.txt) and Niño
3 and Niño 4 indices (https://www.cpc.ncep.noaa.gov/data/indices/ersst5.nino.mth.91‐20.ascii) were all obtained
from NOAA CPC at https://www.cpc.ncep.noaa.gov/data/indices/. GLORYS12V1 velocity data were obtained
from the EU Copernicus Marine Service at https://doi.org/10.48670/moi‐00021 (CMEMS, 2024b). Cross‐
transect geostrophic velocity for transect PX40 can be accessed at https://doi.org/10.5281/zenodo.5851311
(Chandler et al., 2022b). Dates of the Kuroshio large meander events were obtained from JMA at https://www.
data.jma.go.jp/gmd/kaiyou/data/shindan/b_2/kuroshio_stream/kuroshio_stream.html. The Dipole Mode Index
was obtained from NOAA OSMC at https://stateoftheocean.osmc.noaa.gov/sur/ind/dmi.php. ERA5 relative
vorticity data were obtained from the EU Copernicus Climate Change Service Climate Data Store at https://doi.
org/10.24381/cds.6860a573 (Hersbach et al., 2023). Color maps are from BrewerMap (https://github.com/
DrosteEffect/BrewerMap). This work utilized some functions from theMATLABClimate Data Toolbox (Greene
et al., 2019). The objectively mapped HR‐XBT observations and the synthetic temperature anomaly time series
from this study are permanently and publicly available at https://doi.org/10.5281/zenodo.14219180 (Chan-
dler, 2024). The MATLAB script used to produce the synthetic temperature time series is also available through
the above Zenodo link, as are implementations of the script in Julia and in R (Chandler, 2024).
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