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Abstract

How ocean-reanalysis choice changes inferred tropical cyclone (TC) intensity
is rarely quantified. We evaluated seven products along 2,441 TCs (1993–2020)
against storm-time drifter SST and gridded Argo on the five-day pre-storm environ-
ment, propagating their differences through the maximum and dynamic potential
intensity (MPI, DPI). Surface biases are basin-dependent—warm GLORYS (Mer-
cator global reanalysis), cold HYCOM (Hybrid Coordinate Ocean Model). The
layers decouple: the coldest surface product overestimates tropical cyclone heat
potential most (+3.4 kJ cm−2), and the product ranking reorders from MPI
to DPI, widening the spread from 1.78 to 2.69 m s−1. By storm strength, the
disagreement peaks at category 5, where two products significantly underestimate
TCHP (up to 6.3 kJ cm−2). The errors are non-stationary: ORAS5 flips its bias
sign across 2012, and the only reanalysis intensity trend significant at the nominal
level, HYCOM’s DPI decline (−0.94 m s−1 decade−1), is a step between 2010
and 2012 that coincides with the product’s own production transition—a cau-
tion for trend work built on any single reanalysis. Product choice is a structural,
time-varying uncertainty—single-dataset studies may carry erroneous conclusions.

Keywords: Tropical cyclones, Ocean reanalysis, Sea surface temperature, Tropical
cyclone heat potential, Potential intensity, Argo
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1 Introduction

The intensity of tropical cyclones couples ocean thermodynamics to societal risk and
has been the focus of some of the most-cited debates in climate science: observational
analyses report increases in the proportion and destructiveness of intense storms [1–3],
rapid intensification has become more frequent in several basins [4, 5], and assessments
continue to attribute intensity changes with increasing confidence [6]. Intensity theory
holds that the maximum intensity a storm can reach is set by sea surface temperature
(SST) together with the atmospheric thermodynamic profile through the Clausius–
Clapeyron relation [7, 8], and that the subsurface temperature structure further
modulates the intensity attained through wind-driven mixing [9, 10]. Errors in the
ocean fields therefore enter TC intensity research before any scientific interpretation
begins.

Those fields are almost always taken from global ocean reanalyses. We evaluated
seven of them over their common 1993–2020 coverage at daily and 0.08◦–0.25◦ horizontal
resolution: the eddy-resolving GLORYS12V1 (hereafter GLORYS; 1/12◦) [11], the
Copernicus Marine Service ensemble GREP and three of its members evaluated
individually—C-GLORS, FOAM and the 0.25◦ Mercator member GLORYS-GREP
[12]—the ECMWF product ORAS5 [13], and the independent high-resolution HYCOM—
five underlying systems sampled as seven products, a framing we justify in Methods.
They differ in assimilation scheme, model physics, vertical discretization and reference
climatology [14]; they are the mainstream ocean reanalyses now used for TC research,
yet the community selects among them without a systematic basis. Existing evaluations
leave most of the relevant space unexplored: regional assessments examine one basin
or one dataset [15–17], single-metric comparisons address basin-mean fields without
carrying differences through to intensity [18–21], and the work that connects the
ocean to intensity uses single products [22–27] that treat the ocean field as given. No
assessment has shown that a product’s bias is independent of storm intensity or storm
properties, propagated inter-product differences through the chain that connects SST
to estimated storm intensity (MPI and DPI), validated both layers independently
under TC sampling, or followed how the biases drift; which product suits a given basin,
storm class and purpose, and how large the resulting uncertainty is, therefore remain
open questions.

Two thermal regimes bracket the ocean’s control on TC intensity. The WP warm
pool [28, 29] keeps SST above 28 ◦C year-round over a deep warm layer and high
TCHP, and nurtures the strongest typhoons [30, 31]. The eastern equatorial Pacific
cold tongue [32, 33] is an upwelling-maintained band of cold water with a shallow
thermocline; typhoons never cross it, but the cold water extending northward from
it—the cold-tongue influence zone (CTIZ; 100–140◦W, 10–20◦N)—caps the intensity
of EP tropical cyclones [34]. Over a deep reservoir a storm is barely affected by mixing-
induced cooling, whereas over a shallow thermocline the attainable intensity collapses
as soon as mixing begins [25]; we sample the warm-pool and CTIZ boxes throughout.

A further question is how surface errors propagate. MPI converts SST and the
atmospheric profile into the theoretical maximum intensity a storm can attain from
its local thermodynamic environment—an upper bound that sees only the sea surface
[7, 35]. DPI adds the ocean’s vertical structure: it replaces the surface temperature
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with a depth-averaged temperature over the wind-driven mixing length, so that the
estimate also responds to the subsurface ocean [9]. The two measures thus bracket the
attainable intensity from the surface and from the mixed layer, and their difference
measures how much ocean stratification lowers the intensity a storm can attain; both
now have direct observational support [26, 27]. A product whose SST bias is small
could still misrepresent TCHP or D26, and a product that is accurate today could drift
tomorrow, which bears directly on trend work [36–39]. Neither the propagation of SST
biases along the MPI→DPI chain nor the stationarity of reanalysis errors has been
quantified for the TC environment. We therefore ask how the SST biases of the seven
reanalyses are structured across basins, thermal regimes and storm classes, how they
propagate along the MPI→DPI chain, and whether they are stationary. We answer
with an event-level composite analysis of the ocean state along 2,441 tropical cyclones
over 1993–2020, using GDP drifter SST as the surface reference and gridded Argo
below it. We deliberately avoid satellite SST as a reference: the reanalyses assimilate
different satellite analyses that are not independent of the products and differ among
themselves by several tenths of a degree [40]. We close with a product-selection guide.
The answers are not subtle: the product ranking reorders between MPI and DPI,
the disagreement peaks in the strongest-storm environments, and the one significant
reanalysis intensity trend is a production-era step in a single product.

2 Results

2.1 Reanalysis SST biases: a three-tier, basin-dependent

structure

The departure of the seven products from the storm-time drifter reference is visible at
a glance (Fig. 1a,g): GLORYS sits systematically warm, HYCOM strongly cold, its
largest cool biases over WP and NI. Averaged globally (95% block-bootstrap intervals;
basin-resolved values in Fig. 2a), the products separate into three tiers (with non-
overlapping intervals on the end members): warm—GLORYS +0.092 ◦C [0.072, 0.112],
ORAS5 +0.046, GLORYS-GREP +0.020; neutral—GREP −0.006, C-GLORS −0.012;
cold—FOAM −0.077, HYCOM −0.150 [−0.173, −0.127]. Opposite bias signs therefore
separate product families.

The basin breakdown sharpens the picture (Table 1). The warm-pool WP spans
0.36 ◦C, from +0.115 ◦C (GLORYS) to −0.247 ◦C (HYCOM); NA tips the other way,
six of seven products significantly cold and only GLORYS neutral; and SI is the mirror
image, five of seven significantly warm (GLORYS +0.198, ORAS5 +0.184) with the
remaining two near zero (FOAM −0.054, HYCOM −0.026). The EP column carries the
cold-tongue corridor, where surface disagreement is small but the DPI disagreement is
largest: FOAM and HYCOM are significantly cold there (−0.086 and −0.081 ◦C), and
in NI HYCOM reaches −0.299 ◦C. The sign of the bias is therefore a property of the
basin as much as of the product.

The biases are defined on the drifter-matched subset, which does not always rank
the products as the full sample does (in EP, the full-track HYCOM-minus-GLORYS
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Fig. 1 Event-level SST bias under tropical-cyclone sampling, 1993–2020 (product minus GDP drifter
box-mean SST). (a)–(g) Global 1◦×1◦ composite maps (centered at 155◦W) for the seven products.
(h) GDP drifter SST at the matched TC positions (280,108 unique matches) with the warm-pool (red;
120–160◦E, 3–15◦N) and cold-tongue corridor (blue; 100–140◦W, 10–20◦N) boxes marked. The maps
are Pacific-centered (155◦W) so that the western and eastern Pacific basins appear side by side.

difference is +0.18 ◦C); the two sets are reported separately throughout. Neither rapid-
intensification status nor translation speed changes a product’s bias sign, only its
magnitude (Supplementary Fig. 2).

Table 1 Event-level SST bias (◦C) by basin and product (∗ = 95% interval excludes zero).

Basin GLORYS GREP C-GLORS FOAM GLORYS-GREP ORAS5 HYCOM

WP +0.115∗ +0.005 −0.012 −0.070∗ +0.039∗ +0.061∗ −0.247∗

NA −0.032 −0.114∗ −0.150∗ −0.092∗ −0.112∗ −0.098∗ −0.196∗

EP +0.080∗ −0.011 +0.013 −0.086∗ +0.007 +0.032 −0.081∗

NI +0.015 −0.035 −0.078∗ −0.089∗ −0.008 +0.038 −0.299∗

SI +0.198∗ +0.096∗ +0.126∗ −0.054 +0.126∗ +0.184∗ −0.026
SP +0.114∗ −0.001 −0.014 −0.054 +0.016 +0.050 −0.005

The products’ ranking flips between the two thermal regimes: the warm pool, which
feeds the strongest typhoons, and the cold-tongue corridor, which caps them. GLORYS
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pre-TC SST averages 29.35 ◦C against 29.10 ◦C for HYCOM in the warm-pool box
(+0.25 ◦C), while in the corridor the ranking reverses (28.06 against 28.22 ◦C; −0.17 ◦C)
(Fig. 2b,c). The products therefore disagree most where intensity research needs them
most.

No TC—not even at tropical-depression strength—crossed the equatorial cold
tongue itself over 1993–2020, which is why the comparison is made in its northward
corridor; both boxes pass a data-coverage check (91% and 99% of 1◦ cells). The warm-
versus-cold division spans assimilation systems, resolutions and climatologies, and
because rapid intensification samples the most energetic storms and slow translation
the deepest cold wakes [41, 42], its invariance locates the biases in the products’
representation of the environment.

West Pacific North Atlantic East Pacific North Indian South Indian South Pacific
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Fig. 2 Event-level SST bias across basins and pre-TC SST structure in the Pacific, 1993–2020. (a)
Event-level SST bias by basin and product (95% confidence intervals; ∗ = excludes zero; values in
Table 1); the SI column is shaded orange and the EP column light blue. (b) Warm-pool (3–15◦N) and
(c) cold-tongue corridor (10–20◦N) zonal profiles of pre-TC SST in 5◦ longitude bins, seven products
plus the GDP drifter reference; panels (b) and (c) use their own y-axis ranges, and the legend in (b)
applies to (c).

2.2 From surface bias to potential intensity: MPI propagation

and the gap to observed intensity

Whether these tenths of a degree survive the step to intensity depends on how steeply
MPI responds to SST. Because all seven products share the same ERA5 atmospheric
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profiles, MPI is a single function of SST, so Fig. 3a shows that relation with the drifter
as the common reference; the same curve, shifted by each product’s SST bias, applies to
all. The basin-resolved relation shows that the same 0.1 ◦C error produces roughly twice
the MPI error in the warm pool as in the cold-tongue regime, because the sensitivity
is steep above 28 ◦C (≈9–14 m s−1 ◦C−1 in WP) and flat near 24–28 ◦C (EP).

Because MPI responds to SST through dMPI/dSST, these basin biases translate
into basin MPI differences of the correct sign and rough magnitude (Fig. 3b); the
paired full-sample differences are −2.0 m s−1 in WP and −1.8 in NI, but +2.0 in EP,
where HYCOM’s full-sample SST runs warmer than GLORYS’s (all basins p < 0.001).
On the drifter-anchored axes the ordering is preserved rather than reversed: GLORYS
carries the largest warm offset and HYCOM the largest cold one in both regimes,
including the cold-tongue box where the full-sample box means place HYCOM above
GLORYS. Which product looks warmest in the cold-tongue corridor therefore depends
on how the sample is defined, and nearly every ∆MPI carries the sign of its ∆SST.

On the same events every product differs from GLORYS (paired differences of −0.49
to −1.78 m s−1, all p < 0.001), and the fixed-environment sensitivity (10.8 m s−1 ◦C−1)
and the coupled empirical slope (7.0) bound the propagation at 7–11 m s−1 ◦C−1—
comparable to best-track intensity uncertainty.
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Fig. 3 Propagation of SST error into potential intensity. (a) Event-level median MPI versus pre-TC
SST, 0.5 ◦C bins, drifter-anchored curves by basin. (b) Event-mean product-minus-drifter differences:
pre-TC box SST (∆SST) versus MPI (∆MPI) in the warm-pool box (filled circles) and the cold-tongue
corridor (open squares), on a common drifter-anchored origin; dashed lines and the shaded band mark
the 7–11 m s−1 ◦C−1 sensitivity range, and labeled points mark the two end-members (GLORYS
warm, HYCOM cold). (c) Distribution of α = Vmax/MPI (solid) and α = Vmax/DPI (dashed); black
= α against MPI with drifter SST.
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The ratio α = Vmax/MPI (Methods) measures how much of MPI a storm attains.
Strong storms reach only 0.60–0.62 of it (event-level medians across the seven products;
Fig. 3c) and the mean |α− 1| is 0.37–0.38: observed intensity falls roughly 40% short of
the SST-only maximum. The missing ingredient is the vertical temperature structure
beneath the storm—surface bias propagates into MPI almost linearly, yet the SST-only
maximum leaves roughly 40% of observed intensity unexplained—which motivates the
subsurface analysis that follows.

2.3 Subsurface structure and the MPI–DPI reordering: the two

layers decouple

Checking the same event sample against gridded Argo opens the second layer. Event-
level correlations with BOA-Argo are high (r = 0.78–0.84; Supplementary Fig. 3), so
all products capture the spatial structure of TCHP; the mean biases separate them:
GLORYS-GREP (+0.9 kJ cm−2) sits closest to Argo, followed by FOAM (−1.3) and
GREP (−1.3), while C-GLORS (−2.6), ORAS5 (+2.3), GLORYS (+2.4) and HYCOM
(+3.4, the largest) depart further. Subsurface quality cannot be read off surface quality.

The composite maps and basin panel (Fig. 4a–h) show that HYCOM’s overestimate
is itself basin-structured: largest in the SI and SP sectors (+7.7 and +5.7 kJ cm−2),
moderate in WP and EP (+3.4 and +2.1), and reversed in NA (−0.7); its excess over
GLORYS peaks in SP and SI (+13.1 and +4.4, paired event means; Supplementary
Table 2 lists the unpaired values +14.6 and +4.6), and the paired composites (Fig. 10a–
c) localize it above all in the Indonesian seas. Its D26 is likewise too deep (+4.4 m) but
too shallow in NA (−8.5 m); the other six products place D26 slightly too shallow (by
1–5.5 m), consistent with their near-zero or negative TCHP biases, and all seven are
too deep in the warm pool and too shallow in the cold-tongue corridor (Supplementary
Table 3).

The coldest surface product (HYCOM, −0.150 ◦C) therefore carries the largest
TCHP overestimate (+3.4 kJ cm−2), while FOAM, the only other cold-surface product,
sits in the tight group nearest Argo. Part of the warm products’ positive bias may
reflect the reference itself, whose monthly smoothing damps warm cores [34, 43]. Within
a single product the two layers are likewise unrelated across basins: GLORYS’s surface
bias shows no monotone relation to its subsurface bias.

Whether these differences matter follows from how strongly intensity responds to
TCHP. Binning pre-TC TCHP against DPI gives a steep, basin-dependent response
that saturates above ≈80 kJ cm−2 (Fig. 5a; slopes 0.22–0.38 m s−1 per kJ cm−2, 0.26
pooled), so each product’s global TCHP bias converts into a diagnostic estimate of its
implied DPI shift (Fig. 5b): HYCOM +3.4 kJ cm−2 → +0.9 m s−1, GLORYS +2.4 →
+0.6, GREP −1.3 → −0.3. The estimate is statistical—TCHP is not a DPI input, and
Argo, with no storm-time profiles, cannot provide one—so the observation anchor stops
at TCHP. The physical reason for the response is the regime contrast in ocean mixing:
GLORYS event-level pre-TC TCHP correlates negatively with cooling in the warm
pool (r = −0.13, p < 0.001), where the deep warm layer suppresses wind-driven cooling,
and positively in the cold-tongue corridor (r = +0.28, p < 0.001), where the shallow
thermocline leaves only a thin warm layer to entrain; the other basins are moderately
positive (NA +0.17, NI +0.25, SI +0.34, all p < 0.01) and SP (+0.15, p = 0.011).
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Fig. 4 TCHP bias against BOA-Argo (maps and basin means). (a)–(g) Global 1◦×1◦ composite
maps (Pacific-centered at 155◦W, as in Fig. 1), 2004–2019, for the seven products. (h) Event-level
TCHP bias by basin (six basins, seven products) with 95% confidence intervals; the SI and EP columns
are shaded as in Fig. 2; ∗ = excludes zero.

The same dichotomy, more weakly, appears in the Argo TCHP on the matched events
(WP r = −0.10, p = 0.081; EP r = +0.22, p = 0.001; Fig. 5c, open diamonds). The
regimes differ correspondingly in their reservoirs (≈65 against ≈26 kJ cm−2) and in
basin-mean cooling: EP is the smallest (0.183 ◦C) against 0.243–0.301 ◦C elsewhere
(Welch p < 0.001). DPI at a given TCHP is nonetheless lower in WP than in NA, NI,
or SI, because the warm pool’s warm troposphere lowers MPI for a given SST [7, 36].

The difference between the two estimates, MPI − DPI, is large and product-
dependent: DPI < MPI in 92.3% of time steps, by 9.4 m s−1 on average (GLORYS
11.4, HYCOM 8.7) and most strongly in the EP, with event-weighted basin means
0.1–1.3 m s−1 smaller. We call this the mixing correction; it simply measures how
far apart the two frameworks sit. Against DPI the α gap of Fig. 3c closes: strong
storms reach 0.81–0.85 of DPI, the mean |α − 1| falls from 0.37–0.38 to 0.28–0.32,
for 82–86% of events DPI lies closer to Vmax than MPI does, and the cross-product
range of α widens from 0.015 to 0.036. The subsurface layer explains observed intensity
where the surface saturates: in the warm pool, GLORYS’s Vmax correlates with TCHP
at +0.32 (p < 0.001) but with SST at only +0.06, and controlling for either leaves
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Fig. 5 Subsurface error propagation into DPI. (a) DPI versus pre-TC TCHP, 10 kJ cm−2 bin
medians pooled over the seven products, by basin; black triangles = BOA-Argo TCHP event means
on the same relation. (b) Implied DPI shift per product (global TCHP bias against Argo × pooled
dDPI/dTCHP slope). (c) Pre-TC TCHP versus TC-induced cooling (GLORYS; cooling = box-mean
SST drop pre-TC to storm time), by basin; open diamonds = BOA-Argo TCHP.

TCHP significant (partial r = +0.36) and SST not (−0.18). Because the products
disagree on exactly these fields, the ranking reorders between MPI and DPI (Fig. 6):
HYCOM holds the lowest MPI but rises to rank 4 under DPI, GLORYS falls from
rank 1 to 7, and the reordering is concentrated at the endpoints (Kendall τ = −0.14;
with seven products p = 0.77, so it rests on paired comparisons). On the 2,433 common
events GLORYS’s MPI is 1.78 m s−1 above HYCOM’s (p = 2 × 10−51), its DPI
1.51 m s−1 below (p = 5× 10−28), and the two mixing corrections differ by 3.29 m s−1

(p < 10−300); across all seven products the spread widens from 1.78 to 2.69 m s−1, a
1.5-fold increase (paired event-bootstrap interval of the difference 0.63–1.19 m s−1).
Nor does the reordering rest on the shared members: restricted to the five independent
systems, HYCOM still rises from last to second and GLORYS falls from first to last,
and the spread is unchanged (1.78 to 2.69 m s−1; Supplementary Fig. 6).

The reordering is mechanical: HYCOM’s cold surface bias depresses its MPI while
its too-warm, too-deep subsurface thins the mixing correction and lifts its DPI. It also
limits how far any single validation generalizes: the Argo–GLORYS D26 consistency
reported by Gao et al. [26] does not extend to the product family. The DPI framework
[9] and the ocean-coupling intensity index [25] presuppose exactly this subsurface
information, and coupled-model intensity forecasts hinge on the fidelity of the ocean
initialization [44–47].

2.4 The same layers re-sliced by storm strength: the category-5

reversal

Slicing the event sample by storm category answers the surface part first. GREP and
C-GLORS never differ from the drifter by more than 0.05 ◦C at any category, GLORYS
is significantly warm throughout (+0.06 to +0.13 ◦C), FOAM is cool, and HYCOM’s
cold bias deepens monotonically from −0.14 ◦C at category 1 to −0.32 ◦C at category
5 (Fig. 7a). The tiering therefore travels with the product and its basin rather than
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Fig. 6 MPI and DPI rankings of the seven products. (a) Slope chart of the ranking by event-level
mean MPI (left) and DPI (right) on the 2,433 common events. (b) Paired GLORYS − HYCOM
differences on common events: MPI, DPI, and the mixing correction (MPI − DPI).

with the storm, extending the insensitivity documented for rapid intensification and
translation speed (Supplementary Fig. 2).

Below the surface the same slice tells a different story (Fig. 7b). For categories 1–4,
HYCOM significantly overestimates pre-TC TCHP throughout (+4.2 to +6.0 kJ cm−2),
ORAS5 and GLORYS overestimate it more moderately (+1.8 to +4.5 and +2.1 to
+3.4), and GREP, C-GLORS and FOAM stay within ±2.7 kJ cm−2 of Argo. At
category 5 the ordering flips: two of the three products that tracked Argo best in
weaker storms—C-GLORS (−6.3) and GREP (−3.8)—now significantly underestimate
it, while FOAM (−2.4), GLORYS-GREP (−2.7) and HYCOM (−1.8) drop below zero
without significance and GLORYS (+0.6) and ORAS5 (−0.1) stay near zero. The
category-5 deficit has a shared and a product-specific part. The all-product mean bias,
in which product-specific errors cancel, falls from +1.1 to +2.0 kJ cm−2 in categories
1–4 to −2.4 at category 5; that common term is the part exposed to the reference’s own
limitations, since a monthly 1◦ gridding damps the deep warm cores of the strongest-
storm environments—yet degrading the products to the reference’s own 1◦ and monthly
scales moves the all-product category-5 bias from −2.9 to −3.3 and −9.2 kJ cm−2,
deepening rather than creating the common deficit, and leaves the product ordering
intact (Supplementary Information). The 6.9 kJ cm−2 product spread at category 5,
in contrast, is measured against a common reference and is therefore free of reference-
dependent common offsets: C-GLORS and GREP, the two products that tracked
Argo most closely in weaker storms, sit 3–7 kJ cm−2 below GLORYS and ORAS5—a
differential that reference smoothing cannot create (87–89 matched events per product).

The consequences follow (Fig. 7c). Event-level MPI rises from ≈72 m s−1 at
categories 1–4 to ≈75 m s−1 at category 5, with a cross-product spread that stays
between 1.15 and 1.81 m s−1 at every category. DPI spreads the products apart exactly
where MPI holds them together: its spread narrows from 2.7 (category 1) to 1.6 m s−1
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(category 4) and then doubles to 3.4 m s−1 at category 5, the same category as the
TCHP reversal—the largest cross-product intensity disagreement in this study lives in
the strongest-storm environments. HYCOM’s DPI drops to 61.1 m s−1 at category 5,
the lowest of the set, while its MPI (73.8) remains mid-pack.

The ratio view closes the loop (Fig. 7d): the median α rises with intensity, from
0.49 (category 1) to 0.73 (category 5) against MPI, and from 0.65 to 0.93 against DPI—
category-5 storms essentially attain their DPI, so any product error there translates
nearly one-for-one into inferred intensity. Part of that attainment is structural, because
the mixing length follows the storm’s own intensity wind: with a fixed 50 m s−1

environment wind the category-5 median falls from 0.93 to 0.87 (Supplementary
Information), leaving that conclusion intact. In time, the category-4 environment is
where the Argo TCHP trend turns negative (−13.5 kJ cm−2 decade−1, p = 0.033;
window-dependent) against a rising product mean (+2.1), and it reappears in the
category-5 LMI trends below. In short, product choice matters most exactly where
storms are strongest and nearest to their DPI.
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Fig. 7 Structure of the product disagreement by storm category. (a) Event-level mean SST bias
versus the drifter (◦C); error bars = 95% confidence intervals. (b) Pre-TC TCHP bias versus Argo
(kJ cm−2); the category-5 column is shaded. (c) Cross-product spread (range across the seven products
of their event-mean values) of MPI (red) and DPI (blue). (d) Event-median α = Vmax/MPI (black)
and α = Vmax/DPI (green), on 64–140-kt GLORYS positions. Categories follow the IBTrACS lifetime-
maximum intensity (n = 402/208/201/361/152 events; the panel-(d) category-1 median uses 400
events, two lacking defined GLORYS MPI within the 64–140-kt window).
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2.5 Non-stationary errors and trend inference

Turning to time, the background SST of the TC environment changed little over 1993–
2020: every product’s global trend is small and insignificant (Fig. 8a; −0.01 to +0.07 ◦C
decade−1, all p > 0.1), below the all-time tropical warming (≈ +0.1 ◦C decade−1;
48) because the quantity mixes regional warming with storm-track migration [49].
Basins still differ: WP warms nominally significantly (GLORYS +0.151 ◦C decade−1,
p = 0.014), NI tends the same way but not significantly, and EP is negative. The drifter
reference behaves the same way (Supplementary Fig. 5), so the flatness is a property
of the observed environment.
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Fig. 8 Surface non-stationarity of the TC-environment ocean state. (a) Annual-mean pre-TC SST
(all 6-h fixes; shading ±1 SEM; dashed OLS), 1993–2020. (b) Annual-mean SST bias against the
drifter (event-level annual means; dashed OLS). (c)–(h) 2◦×2◦ composites of the event-level SST
bias, 1993–2011 (c, f) and 2012–2020 (d, g), and their difference (post − pre, blue = colder; e, h), for
HYCOM (c–e) and GLORYS (f–h).

The bias itself drifts, however. Annual-mean SST bias (Fig. 8b) shows nominally
significant trends for two products in opposite directions: FOAM warms relative to the
reference (+0.059 ◦C decade−1, p = 0.017) and HYCOM cools (−0.078, p = 0.033).
Splitting the record at 2012 (Fig. 8c–h)—the year of HYCOM’s GOFS 3.1 transition,
applied to all products, so a post-hoc split for the rest—localizes the shift: ORAS5
reverses sign, from +0.087 ◦C (1993–2011) to −0.025 ◦C (2012–2020) (Welch p <
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0.001)—a change of the 2010s rather than of the Argo era. ORAS5’s own documentation
places its SST-input switch (HadISST2 to OSTIA) in 2008, not 2012 [13], and we
find no documented observing-system change around 2012 that would explain the flip,
which we therefore treat as an unexplained inhomogeneity of the product or of its
inputs—and HYCOM cools relative to the reference in every basin (−0.17 to −0.49 ◦C),
with a sign reversal in SP (+0.08 → −0.17 ◦C). Decomposing the pooled bias into
product and reference terms (Supplementary Fig. 5) shows that over 2012–2020 the
product term declines at −0.13 ◦C decade−1 against −0.02 for the reference: the drift
is mostly product-side, though with a single surface reference we cannot fully exclude
reference drift. In short, the environment is nearly trend-free, but its measurement is
not—two products drift and one flips sign.

These drifting fields feed the intensity trends directly. Over 2004–2019, reanalysis
TCHP trends on the 1,134 events matched by all seven products and Argo are positive
in six of seven products (+2.1 to +4.3 kJ cm−2 decade−1, none significant; HYCOM
flat at −0.1), while the Argo reference on the same events is trend-free (−0.7, p = 0.79)
(Fig. 9a). The warming is therefore fragile.
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Fig. 9 Intensity and heat-content trends (event-level annual means; dashed = OLS fits; product
colors in all panels follow the legend in (d)). (a) TCHP, 2004–2019, on the 1,134 matched events;
black triangles = BOA-Argo. (b) Mixing-correction (MPI − DPI) trends by product (bars annotated
with slope and p; ∗ = p < 0.05). (c) MPI trends, 1993–2020, with drifter-anchored MPI in black. (d)
DPI trends, 1993–2020.

Global MPI trends are small, insignificant, and of mixed sign (Fig. 9c; −0.66 to
+0.46 m s−1 decade−1), and a drifter-anchored MPI confirms the flatness (−0.01,
p = 0.99); it departs from the products only as two dips (≈5 m s−1 in 1997, 1.5–3 m s−1

over 2007–2012), the intensity-space imprint of the pre-2012 warm bias. That MPI
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stays flat while observational studies report increasing intensity [1–3] is consistent with
the trend being dominated by the shared ERA5 profile.

No observational analog exists for DPI, because no observing system resolves
the TC-time upper-ocean profiles it requires. HYCOM’s global DPI falls at
−0.94 m s−1 decade−1 (p = 0.013), the only reanalysis intensity trend significant at
the nominal level—no trend in either test family survives Benjamini–Hochberg control
(Supplementary Information)—and its mixing correction (MPI − DPI) carries the mir-
ror image (+0.34, p = 0.032 OLS, p = 0.137 after an AR(1) adjustment; Fig. 9b): its
rise is arithmetically implied by the flat MPI series and the robust DPI decline, and so
is not independently significant—the signal is subsurface-driven. The fall, however, is
a step, not a trend. A Pettitt test locates a single break in 2010 (p = 0.004, significant
even under a Bonferroni correction across the seven products, p × 7 = 0.028): the
annual means average 64.8 m s−1 through 2010 and 62.5 m s−1 from 2012 onward, no
sub-period trend significantly on its own, and SI repeats the pattern (change point
2010, p = 0.039; Supplementary Information). The step coincides with the end of
HYCOM’s reanalysis-era experiments and the product’s transition to the GOFS 3.1
analysis in late 2012—production inhomogeneity attached to the product, not evidence
of a physical decline. No basin-level DPI trend is significant on its own, and removing
the 2015 El Niño changes none of this. Trend work on any single reanalysis therefore
reads production history, not physics.
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Fig. 10 Subsurface structure: TCHP differences and HYCOM’s DPI trends. (a)–(c) Pre-TC TCHP
composites in the Indian-sector zoom (80◦E–180◦E, 40◦S–30◦N): HYCOM (a), GLORYS (b) and
HYCOM − GLORYS (c). (d)–(f) HYCOM versus GLORYS DPI time series (event-level annual means;
dotted = OLS): (d) Global, (e) SI, (f) NI; (d) and (e) share one y-axis.

Decomposing the MPI trend (Methods) shows that the atmospheric profile controls
it: the profile term is nearly identical across products (−0.5) because they share one
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atmospheric reanalysis, while the SST term spans −0.1 to +1.0 m s−1 decade−1. That is
not an independent constraint, but it agrees with earlier decompositions [36, 38, 39, 50].
At the basin scale HYCOM’s NA MPI trend (−0.6, p = 0.50) is more negative than
GLORYS’s (−0.1, p = 0.95), but neither is significant, so a single-product assessment
still carries sign risk; the DPI drop is significant, subsurface-driven, and concentrated
in the 2010–2012 step (Fig. 10). Where the bias sign changes with time, removing a
climatological offset cannot recover the trend and may introduce a spurious one.

2.6 A product-selection matrix

The selection matrix (Fig. 11; per-basin and per-product values in Supplementary
Tables 1 and 2) condenses these results into actionable guidance, expressed against
a reference throughout, because absolute values would reproduce basin climatology.
The two bias panels (Fig. 11a,b) carry the per-layer selection rules. GLORYS is the
natural choice for WP warm-pool surface work and for cold-wake structure, and GREP
offers the smallest global surface bias (−0.006 ◦C) and is the globally robust baseline:
near-zero surface bias, subsurface bias close to Argo, and the ensemble rationale of
partial error cancellation. In WP specifically GLORYS-GREP is the TCHP-accurate
choice (+0.1 kJ cm−2 against Argo, versus GLORYS’s +2.5), and FOAM and HYCOM
serve as conservative cold-end bounds, with the caveat that after 2012 HYCOM cools
relative to the reference in every basin. SI deserves special care: five of seven products
are significantly warm at the surface and HYCOM is warm by +7.7 kJ cm−2 below it.

For trend work the constraints are stricter: do not use a single-product HYCOM
NA MPI series, do not apply a climatological ORAS5 bias correction (its sign changes
across 2012), and always report TCHP trends against Argo; GREP or C-GLORS are
the robust baselines.

The ratio panels (Fig. 11c,d) say how much the choice matters. Against MPI the
event-median α differs between products by 0.02–0.04 within any basin while the
basins themselves span 0.49–0.66; against DPI the spread widens to 0.02–0.09 with the
product order reshuffling (Fig. 6). In the cold-tongue-influenced EP the DPI maximum
sits below observed intensity: six of the seven products return an event-median α
above 1 (0.98–1.07; HYCOM just below), because the shallow thermocline makes the
mixing correction strongest exactly where it is least constrained (fewer than 1.2% of
qualifying events are missing from any product’s cells, so this is not a selection artifact;
Methods), and part of the excess is structural—with a fixed 50 m s−1 environment
wind GLORYS’s EP median falls from 1.03 to 0.92 (Supplementary Information). For
DPI-based work the ranking therefore differs, and a product chosen on surface grounds
will not automatically suit subsurface-driven applications.

An intensity cut of the same matrices (Fig. 11e,f) condenses the category-5 reversal
into selection rules: for categories 1–4 the surface choice carries over (GREP or C-
GLORS for both SST and TCHP), but for category-5 storms the TCHP layer should
come from GLORYS or ORAS5 rather than from the significantly low GREP and
C-GLORS, and HYCOM—the coldest surface product—should be avoided in intensity-
critical applications. In short, the choice is settled by the application: surface and
weak-storm work tolerate any well-behaved product, category-5 subsurface work does
not, and trend work tolerates none.
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WP NA EP NI SI SP

GLORYS

GREP

C-GLORS

FOAM

GLORYS_GREP

ORAS5

HYCOM

+0.12 -0.03 +0.08 +0.02 +0.20 +0.11

+0.00 -0.11 -0.01 -0.03 +0.10 -0.00

-0.01 -0.15 +0.01 -0.08 +0.13 -0.01

-0.07 -0.11 -0.09 -0.09 -0.05 -0.05

+0.04 -0.09 +0.01 -0.01 +0.13 +0.02

+0.06 -0.10 +0.03 +0.04 +0.18 +0.05

-0.25 -0.20 -0.08 -0.30 -0.03 -0.01

(a) Event-level SST bias [°C]

WP NA EP NI SI SP

GLORYS

GREP

C-GLORS

FOAM

GLORYS_GREP

ORAS5

HYCOM

+2.5 -0.6 +3.5* +3.3 +3.3* +2.1

-1.1 -3.9* -0.7 -1.2 -0.0 -1.4

-1.6 -5.4* -2.0* -4.6* -1.7 -2.9

-1.1 -4.0* +0.3 -0.4 -0.3 -3.4*

+0.1 -0.0 +0.7 +3.8 +3.1* -1.6

+3.4* -0.7 +2.1* +1.2 +3.2* +4.5*

+4.2* -2.7 +3.9* -0.3 +7.7* +5.7*

(b) TCHP bias vs Argo [kJ cm 2]

WP NA EP NI SI SP

GLORYS

GREP

C-GLORS

FOAM

GLORYS_GREP

ORAS5

HYCOM

0.62 0.54 0.64 0.49 0.62 0.59

0.63 0.55 0.65 0.50 0.62 0.60

0.63 0.55 0.64 0.50 0.62 0.59

0.63 0.54 0.64 0.51 0.63 0.61

0.63 0.55 0.65 0.50 0.63 0.60

0.62 0.54 0.66 0.50 0.62 0.59

0.64 0.57 0.62 0.50 0.62 0.59

(c)  = Vmax/MPI

WP NA EP NI SI SP

GLORYS

GREP

C-GLORS

FOAM

GLORYS_GREP

ORAS5

HYCOM

0.83 0.67 1.03 0.66 0.88 0.76

0.83 0.67 1.06 0.66 0.87 0.76

0.85 0.69 1.06 0.66 0.88 0.76

0.83 0.67 1.03 0.68 0.86 0.75

0.85 0.68 1.07 0.65 0.90 0.77

0.83 0.66 1.04 0.61 0.85 0.73

0.84 0.71 0.98 0.68 0.83 0.71

(d)  = Vmax/DPI

cat 1 cat 2 cat 3 cat 4 cat 5

GLORYS

GREP

C-GLORS

FOAM

GLORYS-GREP

ORAS5

HYCOM

+0.06* +0.11* +0.13* +0.09* +0.12*

-0.04 +0.00 +0.03 -0.01 +0.01

-0.04 +0.00 +0.02 +0.00 +0.00

-0.12* -0.09* -0.05 -0.11* -0.06*

-0.02 +0.04 +0.06 +0.03 +0.06*

+0.02 +0.06 +0.09* +0.03 +0.06*

-0.14* -0.15* -0.17* -0.26* -0.32*

(e) SST bias vs drifter [°C], by category

cat 1 cat 2 cat 3 cat 4 cat 5

GLORYS

GREP

C-GLORS

FOAM

GLORYS-GREP

ORAS5

HYCOM

+2.5 +3.3* +2.1 +3.4* +0.6

-0.5 +0.1 -0.1 -0.9 -3.8*

-1.8 +0.5 -1.9 -2.7 -6.3*

-0.9 -0.8 +0.2 -0.1 -2.4

+1.8 +0.7 +3.2 +2.1 -2.7

+4.1* +4.5* +3.5 +1.8 -0.1

+4.2* +5.8* +6.0* +4.4* -1.8

(f) TCHP bias vs Argo [kJ cm 2], by category
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Product-selection matrices: basin cut (a d) and storm-category cut (e, f)

Fig. 11 Product-selection matrices: basin cut (a)–(d) and storm-category cut (e, f). (a) Event-level
mean SST bias versus the GDP drifter reference (◦C; blue = cold, red = warm); (b) event-level
mean TCHP bias versus gridded Argo (kJ cm−2); event-median (c) α = Vmax/MPI and (d) α =
Vmax/DPI; seven products (rows) by six basins (columns). (e) Event-level mean SST bias versus
the drifter and (f) pre-TC TCHP bias versus gridded Argo (kJ cm−2), by storm category (columns;
n = 402/208/201/361/152 events); asterisks mark cells whose 95% confidence interval excludes zero.

3 Discussion

Using GDP drifter SST at the storm instant and gridded Argo on the five-day pre-storm
environment, we assessed seven global ocean reanalyses along 2,441 tropical cyclones
in 1993–2020 and traced their differences through the MPI→DPI chain. The surface
evaluation targets the state drifters sample; MPI, DPI, TCHP and D26 are evaluated
on the pre-storm environment that feeds intensity theory. Three results organize what
follows.

• Surface. SST biases form a warm–neutral–cold three-tier structure whose sign is
basin-dependent (GLORYS +0.115 ◦C against HYCOM −0.247 ◦C in WP; six of
seven products cold in NA, five of seven warm in SI) and reverses between the warm
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pool and the cold-tongue corridor (+0.25 versus −0.17 ◦C); the bias is a property of
the product, only weakly modulated by storm characteristics.

• Two layers. The layers decouple: the coldest surface product (HYCOM) carries
the largest TCHP overestimate (+3.4 kJ cm−2) and a too-deep D26 (+4.4 m),
the products reorder from MPI to DPI (HYCOM 7→4, GLORYS 1→7; Kendall
τ = −0.14; the reordering persists for the five independent systems behind the seven
products, Supplementary Fig. 6), and the spread widens from 1.78 to 2.69 m s−1;
against DPI strong storms reach 0.81–0.85 (versus 0.60–0.62 of MPI).

• Trends. The errors are non-stationary: ORAS5 reverses its bias sign across 2012
(+0.087 → −0.025 ◦C, p < 0.001), the only reanalysis intensity trend significant at
the nominal level—HYCOM’s subsurface-driven DPI decline (−0.94 m s−1 decade−1,
p = 0.013)—is a production-era step across 2010–2012, not a physical trend, and the
apparent TCHP rise in six of seven products (+2.1 to +4.3 kJ cm−2 decade−1) is
absent from the trend-free Argo reference.

Two design choices condition these numbers. Because drifter and Argo observations
are assimilated into some of these reanalyses, the references are not fully independent;
they are constructed directly from observations, and shared information would shrink,
not create, the reported differences.

On interannual-to-decadal scales our results re-frame the “warming ocean, flat
potential” pattern of relative-SST theory [36, 38, 39]: it holds in our products—MPI
is mixed-sign and small while decadal intensity change tracks the subsurface ocean
[51]—but the ocean side of the pattern is itself product-dependent, since the WP
TCHP/D26 rise is not confirmed by Argo. Quantifying the pattern therefore requires
fixing product selection first, not the theory.

Over 1993–2020 the observed LMI of category-5 systems rises significantly
(+1.9 kt decade−1, p = 0.017) while their composite MPI shows a larger point estimate
that is not statistically significant (7-product MPI +1.4 m s−1 decade−1 ≈ +2.7 kt;
drifter-anchored +1.1 ≈ +2.1 kt) and α at the LMI position is stable; the reconciliation
must therefore lie in the (unconfirmed) category-5 MPI drift or in best-track inhomo-
geneity, which is largest in this category. The slower growth of strong storms that Wang
et al. [27] attribute to subsurface mixing is directionally present here too—category-
4–5 storms contribute 52% of the all-storm LMI trend in our sample, against their
43%—and because their mixed-layer and OCPI diagnostics rest on GLORYS profiles
they inherit the product-dependent error structure quantified here—their category-5
end is exactly where two products fall significantly below Argo in TCHP.

Measured against prior work, this is to our knowledge the first evaluation of a
global ocean-reanalysis suite under multi-basin TC sampling that jointly assesses
both layers and carries their differences through to MPI and DPI—reordering the
product ranking between metrics—and the first to stratify product biases by storm
intensity. Surface-only single-basin comparisons [15, 16], single-basin or single-dataset
subsurface assessments [17, 26] and single-metric multi-product comparisons [18–20]
cannot reveal the family split, the basin and intensity dependence, the decadal drift,
or the downstream consequences; the advantage of DPI over MPI [9, 25] is here turned
from a directional claim into a quantitative one under product uncertainty.
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With the error structure quantified—the surface tiers, the surface–subsurface
decoupling, the intensity stratification and the post-2012 drift—the natural next step
is targeted bias correction by basin, intensity class and metric, and Fig. 11 supplies
the criteria for that choice.

4 Methods

4.1 Data

4.1.1 Tropical cyclone observations

TC positions and intensities come from the International Best Track Archive for
Climate Stewardship (IBTrACS v4; 52) at 6-hourly resolution over 1993–2020. We
retain systems with intensity of at least 34 kt at some stage, a duration of at least 24 h,
and all positions equatorward of 40◦ latitude, which leaves 2,441 TCs and 146,945 six-
hour positions across six basins: the western North Pacific (WP), North Atlantic (NA),
eastern North Pacific (EP), North Indian (NI), South Indian (SI), and South Pacific
(SP). The 1993–2020 window matches the common coverage of all seven products, so
that each event is sampled by every product at the same instants—apart from a few
isolated time steps at which a product lacks an ocean record (see Data Availability).
A small number of rows (186) fall in January 2021, belonging to 2020-season storms
sampled through their full lifetime; these are retained but excluded from the 1993–2020
trend computations. IBTrACS intensity records are inhomogeneous across decades and
basins as observing practice matured; this inhomogeneity affects our intensity-trend
estimates and the α ratios (Vmax/MPI and Vmax/DPI), and event-level inference with
our intensity screens (the ≥34-kt storm criterion and the 64–140-kt α window) reduces
but does not remove it.

4.1.2 Ocean reanalyses

Seven products are evaluated: GLORYS (GLORYS12V1), the 1/12◦ eddy-resolving
global reanalysis of Mercator Ocean International [11]; GREP, the Copernicus Marine
Service (CMEMS) 0.25◦ multi-system ensemble-mean product [12], together with three
of its members evaluated individually—C-GLORS (CMCC), FOAM (UK Met Office),
and GLORYS-GREP (GLORYS2V4, the 0.25◦ Mercator member); ORAS5 (ECMWF;
13), the fourth GREP member; and HYCOM (GLBu0.08), an independent 0.08◦

product. Counted by underlying system, the seven products represent five independent
ocean-reanalysis systems (Mercator Ocean, CMCC, the Met Office, ECMWF and
HYCOM); because GREP additionally averages its members, we treat it as the ensemble-
mean product rather than an additional independent system and do not use agreement
with GREP as independent evidence. All headline results hold in the five-system view
(Results; Supplementary Fig. 6). All products share 1993–2020 coverage (HYCOM’s
missing 1993 records were filled from the product’s full archive). The temperature
profiles of all products are extracted and quality-controlled uniformly (temperature
range −5 to 45 ◦C, physical fills removed) before computing SST, TCHP, D26, MPI, and
DPI. Atmospheric profiles for MPI/DPI are taken from the fifth-generation ECMWF
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atmospheric reanalysis (ERA5) [53] at 0.25◦ on pressure levels (temperature, specific
humidity, geopotential), 6-hourly at 00/06/12/18 UTC, from 1000 to 70 hPa.

4.1.3 Reference observations

The surface reference is Global Drifter Program (GDP) drifter SST [54]—the standard
6-hourly interpolated product, quality-controlled here by a 10–35 ◦C physical range, a
40◦ latitude bound and a 5 ◦C per-6-h jump screen—matched to each TC position (the
storm instant tTC, defined below) by averaging drifter temperatures within ±3 h and a
500-km radius (this storm-time mean is denoted SSTdrifter). The radius approximately
matches the product’s ±2◦ (4◦×4◦) sampling box (∼440 km; the circle and the box
average comparable areas), so the reference samples the same local environment; the
|bias| ≤ 3 ◦C screen removes records where a single drifter sampled a wake or eddy the
box mean missed. Rain-formed fresh lenses can cool the drifter’s hull measurement
below the box mean, but the effect enters every product’s bias with the same sign and
cannot create inter-product differences, and the two screens bound its size. Drifters
provide the only in situ surface reference that does not share a satellite SST retrieval
with the reanalyses. A drifter match exists at 280,108 TC positions from 2,119 events;
evaluated for each of the seven products this gives 1,964,813 product-position records
(not exactly 7× 280,108, because isolated time steps lack a product record), and after
the physical screen defined below, 2,117 events remain (2,039–2,116 per product; Fig. 1).
The subsurface reference is BOA-Argo, a 1◦×1◦ monthly gridded temperature product
built from Argo observations (2004–2020, 58 levels to 2000 m; 43), used through 2019
to cross-check TCHP and D26. Validation begins in 2004, when Argo approached
global coverage [55], and early-year comparisons must be read with care because the
array reached its full global design only around 2007; before 2004 the gridded fields
revert toward climatology and cannot serve as an independent reference.

4.2 Analysis

4.2.1 TC-environment sampling

For each TC position we define the storm instant tTC (the six-hourly fix) and the
pre-TC instant tpre = tTC − 5 d, when the pre-TC environment is sampled (cold wakes
typically persist 3–10 days; 41). Reanalysis SST is the ±2◦ (4◦×4◦) box mean around
the TC center, taken at both instants: SSTbox(tTC) for the storm-time state, which
enters the surface bias and the TC cooling, and SSTbox(tpre) for the pre-TC state,
which alone feeds MPI, DPI, TCHP, and D26. MPI and DPI use the ERA5 profile at
the same pre-TC instant as the ocean state—a deliberate deviation from the convention
of sampling the atmospheric profile at the storm instant; by storm time the boundary
layer near the storm is modified by the storm itself, so a storm-time profile paired with
the five-day-earlier SST collapses CAPE and yields spuriously low MPI (156 instants
with SST above 26 ◦C: below 20 m s−1, rising to 32–72 m s−1 with the pre-TC profile;
Supplementary Fig. 1). All ocean variables are computed on each product’s own grid
and then sampled at the TC location, so inter-product differences are unaffected by
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interpolation schemes. The two instants evaluate two distinct error scales: the storm-
time surface state that observations sample, and the pre-storm environment that feeds
intensity theory; both are quantified because TC research consumes both.

4.2.2 SST bias and its screen

The reanalysis SST bias at a TC position is SSTbox(tTC)−SSTdrifter, both at the storm
instant. Records pass a |bias| ≤ 3 ◦C physical screen: genuine systematic reanalysis–
drifter differences in the tropics reach at most 1–2 ◦C, and larger records (1.1% of the
total) reflect sampling mismatch (a single drifter sampling a wake or eddy while the
box mean held undisturbed water) or sensor anomalies. Because the product is a daily
mean and the drifter value instantaneous, the comparison carries a diurnal-cycle term
(tropical amplitudes 0.1–0.5 ◦C; 56–59) that is common to all products, so it shifts
absolute biases but cannot reorder products. Absolute bias is defined only where a
drifter match exists, and the matched subset does not always rank the products as the
full sample does (in EP, full-sample HYCOM-minus-GLORYS +0.18 ◦C vs the drifter-
referenced Table 1 values −0.081 and +0.080 ◦C); we report drifter-referenced biases
and full-sample inter-product differences separately, and do not interchange them.

4.2.3 Ocean variables

Tropical cyclone heat potential (TCHP) and the 26 ◦C isotherm depth (D26) follow
Leipper and Volgenau [60]:

TCHP = ρ0cp

∫ D26

0

max [T (z)− 26 ◦C, 0] dz (kJ cm−2), (1)

with ρ0 = 1026 kg m−3 and cp = 4200 J kg−1 K−1. TCHP and D26 are taken
from the five-day pre-storm profile throughout; the storm-time ocean state enters
the analysis through the SST cooling and the DPI mixing correction. Mixed-layer
depth (MLD) follows the 0.5 ◦C criterion relative to the surface [61]. TC cooling is
SSTbox(tpre)−SSTbox(tTC), clipped at zero (basin comparisons use the GLORYS-based
cooling).

4.2.4 Maximum potential intensity and its trend decomposition

MPI is computed in the Bister and Emanuel [7] potential-temperature framework with
the pyPI implementation [62], using ERA5 pressure-level temperature and specific
humidity and each product’s pre-TC box SST:

V 2 =

(

Ck

Cd

)(

Ts

T0

)

(CAPE∗ − CAPEb) . (2)

Here Ck/Cd is the exchange-coefficient ratio for enthalpy and momentum at the sea
surface, Ts the sea surface temperature, T0 the outflow-layer temperature, CAPE∗ the
saturation convective available potential energy of a parcel lifted from the sea surface
along a reversible moist adiabat, and CAPEb the corresponding boundary-layer CAPE;
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the SST dependence enters through both CAPE∗ and the Ts/T0 factor, which is why
MPI steepens with SST. Ck/Cd is set to the Bister and Emanuel [35] default of 0.9;
inter-product differences, bias propagation, and trends are insensitive to this value,
though absolute magnitudes are not (Supplementary Information). All products share
the same ERA5 profiles, so the atmospheric term in MPI trends is not independent of
the atmospheric reanalysis choice. The fixed-environment sensitivity dMPI/dSST is
computed event by event as the central 1 ◦C difference in SST with the atmospheric
profile held fixed, globally averaging 10.8 m s−1 ◦C−1—the propagation coefficient that
carries reanalysis SST error into MPI error, because in an inter-product comparison
all products share the same profiles and SST is the only input that varies. The 28-year
MPI trend is decomposed into an SST term (the fixed sensitivity times the SST trend)
and a profile term (the residual), separating oceanic and atmospheric contributions.
Drifter-anchored MPI corrects a product’s MPI by its storm-time surface bias scaled by
the product’s own local sensitivity: at each fix with a GDP drifter observation within
±3 h of tTC,

MPIobs = MPI[SSTbox(tpre)] +
dMPI

dSST
[SSTdrifter − SSTbox(tTC)] . (3)

The drifter SST is thus a storm-time measurement carried into the pre-TC MPI through
Eq. (3), which brings in the drifter reference without recomputing pyPI on drifter-
matched profiles (Figs. 3, 9c). The linear correction cannot distinguish product error
from a physically real cold wake that the product represents correctly, so the anchored
series blends the two; we use it only as an observational reference for the flatness of
MPI, not as a corrected product.

4.2.5 Dynamic potential intensity

DPI follows the Balaguru et al. [9] mixing-length method: the average temperature
over the wind-driven mixing length L (0–L) is the dynamic temperature Tdy, and DPI
= MPI(Tdy). The mixing-length inputs follow that method: the friction velocity u∗ is
computed from the storm’s own best-track intensity wind with the Donelan et al. [63]
high-wind drag coefficient, the mixing time uses t = R/U with R = 50 km (the mean
radius of maximum winds; 9) and U the translation speed between successive best-track
positions, and L is capped at 300 m; where the archive profile is shallower than the
depth the mixing length requires, it is completed by the same bounded linear rule as the
operational TCHP/D26 pipeline—a continuation of the profile’s own deepest gradient,
no steeper than 0.10 ◦C m−1 and capped at 200 m. Here α is the thermal-stratification
parameter of Balaguru et al. [9]: the density gradient across the pycnocline beneath
the mixed layer (kg m−4, equivalently α = ρ0N

2/g with N2 the buoyancy-frequency
squared), operationalized here as ρ0βT |dT/dz| with βT = 2× 10−4 ◦C−1 and dT/dz
the mean temperature gradient over the 100 m beneath the mixed layer, so that a more
stratified upper ocean shortens the mixing length and thins the mixing correction:

L = MLD+

(

2ρ0u
3
∗
t

κgα

)1/3

. (4)
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Here κ = 0.4 is the von Kármán constant. Where the mixed-layer mean temperature
falls below roughly 25 ◦C (the exact threshold varies with the product’s profile), the
algorithm drives VMAX toward a non-physical value (0), which is recorded as undefined.
Event-mean DPI is defined for every event of every product (0 of 2,436–2,440 events
undefined), and fewer than 1.2% of qualifying events are absent from any product’s
selection-matrix cells, so none of the class-resolved results rests on a filtered subsample.
MPI and DPI are evaluated on the same pre-TC baseline, so their difference isolates
the ocean-mixing effect.

4.2.6 Statistics

Inference caliber and uncertainty. Because successive 6-h positions of a TC
are strongly autocorrelated, all inference is event-level: each TC contributes one
representative value (intensity taken as the event peak; biases, MPI, TCHP, and cooling
averaged within the event). Annual values follow the same caliber for MPI, DPI and the
mixing correction (Figs. 9, 10) but use all six-hourly fixes for environmental quantities
(Fig. 8, Supplementary Fig. 4). Confidence intervals are 95% event-level block-bootstrap
intervals (5,000 resamples; 64), and the cross-product spread of a metric is the range
(maximum minus minimum) across the seven products of their product-level event
means (globally or within a category), with confidence intervals from an event-level
block bootstrap (2,000 resamples, seed 42) that recomputes the range on each resample.
Each ratio α = Vmax/MPI or Vmax/DPI is computed on 64–140 kt positions: the lower
bound restricts the ratio to hurricane-strength environments, where the high-wind drag
and mixing formulation behind DPI is calibrated, and the upper bound excludes the
few most extreme fixes so that a handful of storms cannot dominate the event medians;
each event contributes the median of its position-wise ratios, and the selection-matrix
panels of Fig. 11 instead use the ≥64-kt event median without the 140-kt cap, so that
the matrix covers the full storm record.

Group comparisons and trend tests. The tests are chosen for the structure of
the data: cross-basin comparisons use Welch’s analysis of variance with Welch post-hoc
tests [65], which tolerate unequal sample sizes and variances, together with Benjamini–
Hochberg false-discovery-rate control [66]; correlations are event-level Pearson r with
partial correlations separating SST and TCHP. Trends are ordinary least squares on
annual values over 1993–2020 with two-tailed t-tests; because the annual residuals are
weakly autocorrelated (|ρ| ≤ 0.34), an AR(1)-adjusted test with Quenouille effective
degrees of freedom [67] is reported alongside (the HYCOM DPI trend gives p =
0.025; Supplementary Information), and all reported trend tests are placed under
Benjamini–Hochberg family control in the Supplementary Information. Non-stationarity
is examined with the Pettitt change-point test [68] and by splitting the record at 2012.

Argo cross-validation. Each product’s event-level TCHP and D26 are paired
with the BOA profile at the nearest grid point for the month of the pre-TC instant over
2004–2019, yielding 7,997 event-level matches (1,150 events, 1,142–1,144 records per
product); the TCHP comparisons use the 7,261 records (1,028–1,044 per product) in
which both fields have positive TCHP. Because BOA-Argo is a monthly 1◦×1◦ gridded
product, these differences also carry a representativeness term: the monthly averaging
and the nearest-grid-point sampling smooth the storm-scale anomalies that the daily
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product fields retain, so part of the reported bias is a scale mismatch between the
reference and the products rather than a product error (see Results). On the matched
events the reference’s event-to-event standard deviation is 1.02–1.10 times the products’
own, so the smoothing concerns the storm-scale warm cores rather than the event-to-
event variability; Results separates its contribution (the all-product common bias) from
the reference-independent product spread. Sensitivity tests, including the coarsening
and monthly-averaging tests that isolate the reference’s spatial- and temporal-scale
contributions to the category-5 deficits, are described in the Supplementary Information.

Supplementary information. Supplementary Information is available as a separate
file: Supplementary Figures S1–S6 and Supplementary Tables S1–S4 (the per-basin
selection matrix, split over Tables S1 and S2 to fit the page, the D26 bias table S3,
and the trend-test multiplicity table S4), cited in the text as “Supplementary Fig. 1–6”
and “Supplementary Tables 1–4”.
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