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Abstract. Satellite sea-surface-temperature (SST) upwelling indices usually contrast coastal temperature with a fixed offshore
reference, although the offshore extent of the surface cool tongue varies across cells and days. We replace the fixed reference
with a daily fitted thermal breakpoint from a continuous two-segment regression on cross-shore SST profiles, accepted only
when model-evidence, slope-ratio, offshore-baseline, edge-buffer, and residual-autocorrelation criteria are met. We apply the
method to five Benguela upwelling cells (UCs) from 2015 to 2025 using two fine-resolution Level-4 SST products, namely
the Operational Sea Surface Temperature and Ice Analysis and the Geo-Polar Blended analysis from the US National Oceanic
and Atmospheric Administration. Coarser Advanced Very High Resolution Radiometer and microwave optimum interpolation
products serve as resolution comparisons. Median fitted breakpoints span 114 to 270 km across UCs, so 50 to 100 km reference
points usually sample inside the fitted inshore segment rather than offshore water. In the Operational Sea Surface Temperature
and Ice Analysis product, the daily correlation between inshore-segment SST drawdown and the conventional fixed-distance
contrast rises from r = 0.06 at 50 km to r = 0.93 at 500 km, showing that reference distance changes the diagnostic itself. The
Liideritz annual r5¢ point estimate is negative (—0.16), but its block-bootstrap interval includes zero. A paired comparison with
a Bakun-type offshore-Ekman-transport flag shows that southern Benguela cells retain SST structure without the local wind flag
on ca. one fifth of matched days. The method therefore positions fixed-reference SST indices as structural surface-temperature

indicators whose interpretation depends on cell-scale geometry and SST-wind co-activity.

1 Introduction

Upwelling indices (UIs) using satellite-derived sea-surface-temperature (SST) assess the cross-shore contrast between coastal
and offshore water to delimit the upwelling-affected zone on a given day and to quantify its surface cooling (Nykjaer and
Van Camp, 1994; Santos et al., 2005; Benazzouz et al., 2014a; Vasquez-Cuervo et al., 2013; Seabra et al., 2019). These indices
are used across eastern boundary upwelling systems (EBUS) and form the basis of fishery, ecosystem-model, and climate-trend
applications that build on the coastal cool-tongue signal. Every published SST-UI implementation fixes the offshore reference
distance by convention, sensitivity assessment, or correlation with wind-derived indices (Nykjaer and Van Camp, 1994; Santos

et al., 2005; Marcello et al., 2011; Benazzouz et al., 2014a, b), and no formal criterion sets the reference per transect or latitude.
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Using SST is one of several approaches for deriving Uls. The closed-isotherm-area and threshold-isotherm indices select an
isotherm and report its area or extent, the fixed-distance contrast U I, ééoT) = Tofishore — L coast Samples a single offshore reference
point at a chosen distance dj, and the anomaly-event indices count days exceeding a percentile threshold (Marcello et al., 2011;
Benazzouz et al., 2014a, b; Abrahams et al., 2021b, a). The closest published data-emergent precedent is the per-latitude-band
offshore reference used by Benazzouz et al. (2014a) in the Canary system. Wind-based indices (Bakun, 1973; Chen et al., 2012;
Lamont et al., 2018) avoid the SST-reference choice but omit, in their local form, wind-stress-curl pumping, non-local ocean
response, and alongshore-advection memory (Benazzouz et al., 2014a; Bordbar et al., 2021; Hutchings et al., 2009), and detect
a different phenomenon than the SST-UlIs. The shared phenology terminology, namely the number of upwelling days (NUD),
the number of upwelling events (NUE), and the total cumulative upwelling magnitude (TCU), is useful, but these quantities
compare across studies only after their operational definitions are stated (Bograd et al., 2009; Iles et al., 2012; Lamont et al.,
2018; Abrahams et al., 2021b, a).

The fixed-reference assumption has an inferential consequence. Published cross-shore length scales for upwelling-affected
water in the Benguela alone span ca. 50-500 km across UC-scale morphometry, curl-driven nearshore bands, and far-field
advected footprints (Lutjeharms and Meeuwis, 1987; Bordbar et al., 2021; Pavlushin and Kubryakov, 2022; Brandt et al.,
2024; Belonenko et al., 2024), so a single dy must sample inside the cool tongue at some UCs and offshore water at others.
The magnitude error in U . é(é?r) scales with the distance between d and the fitted thermal breakpoint and changes sign across
UCs. Production calculations, ecosystem-model coastal boundary conditions, and trend-attribution work that builds on the
cross-shore SST contrast therefore inherit a UC-dependent systematic error without a clear justification.

Here we treat the offshore reference as an empirical property of each daily SST profile rather than as a fixed distance imposed
before analysis. The resulting breakpoint index, U Izr, asks whether the coastal cool tongue has a detectable inshore—offshore
structure and where the fitted thermal breakpoint lies on a given day. It remains an SST-UI, not a wind-forcing index. Like
closed-isotherm, threshold-isotherm, fixed-distance, and anomaly-event indices, it describes the surface expression of what
one would expect of upwelling-affected water. We use the five major Benguela UCs from Cape Frio to Cape Peninsula as a
test case over 2015-2025, then ask three linked questions, namely how far offshore the fitted thermal breakpoint lies, how the
resulting SST contrast differs from conventional fixed-distance contrasts, and how often the SST-structure signal agrees with a
daily offshore-Ekman wind detector.

With this method, we propose that the breakpoint acceptance flag is an SST structure detector. It does not replace a wind-
based UI, and we make no attribution of any single mechanism to SST-structure-only days. We do not validate the breakpoint
flag against independent physical predictors (wind-stress curl, alongshore advection proxies, sea-level anomaly, surface heat
flux), which in themselves are simply proxies for upwelling and do not provide a direct measure of the physical upwelling

process.
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2 Methods
2.1 Study area, SST and ancillary inputs

The analysis is restricted to five Benguela UCs, namely Cape Frio, Walvis Bay, Liideritz, Cape Columbine, and Cape Peninsula
(Figure 1). The cross-shore mesh is a curvilinear Laplace-potential streamline construction over the ocean domain bounded by
the smoothed Benguela coast and a 500 km coast-distance outer contour. A discrete Laplace equation V2¢ = 0 is solved on
a 5km grid with Dirichlet conditions ¢ = 0 on a coast band and ¢ = 1 on a matching band along the outer contour, and the
transects of the mesh are the streamlines of ¢ (gradient lines orthogonal to iso-¢ contours). The streamlines bend smoothly
around headlands and are deflected by opposite shores at bay re-entrants, supplemented by short bay-bridge polylines at
StHelena Bay (ca. 32.8° S) and False Bay (ca. 34.4° S) so that coastal seeds at the bay mouths project transects into the open
ocean rather than into the bay interior. The retained mesh contains 742 transects spaced along the coast from approximately
12°S to 40° S, each sampled at 480 sigma nodes at uniform fractions of arc length along its streamline, and the five UC
windows use 189 of these transects. The full construction procedure, including the coastline projection, bathymetric inputs,
streamline tracing, and pruning passes that remove crossings and short streamlines, is given in Text S1 in the Supplement.
Regression distance x is streamline arc-length, and reported breakpoint positions and reference distances are converted to
coast-distance by Zcoast = « - 500/, where /¢ is the streamline length (Text S1 in the Supplement). The per-(product, day,
transect) breakpoint quantities {5in, Soft, xb,fbg} are computed from the four SST products and the mesh described here. SST
inputs are Group for High Resolution Sea Surface Temperature (GHRSST) Level-4 (L4) analyses, namely the Operational
Sea Surface Temperature and Ice Analysis (OSTIA) and the Geo-Polar Blended analysis from the National Oceanic and
Atmospheric Administration (NOAA) Office of Satellite and Product Operations (OSPO) at ca. 0.05° (Worsfold et al., 2024;
Maturi et al., 2017), and the Advanced Very High Resolution Radiometer Optimum Interpolation (AVHRR_OI) and Microwave
Optimum Interpolation (MW_OI) analyses at ca. 0.25° (Banzon et al., 2016; Wentz and Meissner, 2000). ERAS 10 m winds
(Hersbach et al., 2020) support the wind comparison. Adjacent mesh transects are spaced at ca. 4 km, so UC-level aggregates

are spatial summaries rather than independent-transect estimates.
2.2 Segmented-breakpoint regression

We fit a continuous two-segment piecewise-linear regression in cross-shore distance x to the SST profile T, (x;c,t) at every
(product, day, transect c):

Qin + Bin T, 0<z <y
Tp(x;ct) = (1)

Qin + Bin Ty + Port (€ — 1), p <x < L.
The two-segment model has four free parameters {&in, Bin, Boft, b }» and the one-segment baseline has two, {c, 5}. Continuity
at x;, makes the offshore intercept aog = i + Bin Tp a derived quantity rather than a free parameter. The offshore reference
temperature used by the inshore drawdown of Section 2.4 is the mean of the fitted offshore line over z;, < z < L. At each

candidate x, ordinary least squares (OLS) gives the three slopes / intercepts, and the chosen zj, is the candidate native-pixel
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Figure 1. Benguela Upwelling System operational UCs and cross-shore mesh. Grey lines show the retained non-UC transects, and coloured
lines show the five UC-window transect sets used in the analysis, with the southern Benguela inset resolving Cape Columbine and Cape

Peninsula. UC colours match the other figures.

position that minimises the joint residual sum of squares. We sample one SST observation per native pixel along the transect,
so the Akaike information criterion (AIC) evidence uses the product’s independent along-profile native-pixel count (median
ca. 91-101 in OSTIA / OSPO and ca. 0-23 in AVHRR / MW _OI, with per-(UC, product, season) values in Table S1 in the
Supplement). Across-transect pixel uniqueness is then enforced at aggregation, so for each (UC, product, day), each L4 pixel is
claimed by the first transect that covers it (first-occurrence-wins on col_id), and a transect contributes to the per-(UC, product,
day) population only if at least one of its pixels survives this deduplication. The within-transect AIC test above is independent
of the deduplication, since it uses each transect’s own native-pixel sample. We accept at fit when four joint criteria are met. First,
AAIC = AlCgpe-seg — AlC wo-seg = 4, namely the “considerably less support” guideline of Burnham and Anderson (2004) for
the worse model. Second, the ratio of inshore-to-offshore slope magnitudes is at least 2.0, namely the coastal cooling segment is
at least twice as steep as the offshore reference segment. Third, the offshore segment is at least 100 km in streamline arc-length

(¢ — zp > 100 km), namely a minimum offshore-baseline constraint that regularises the offshore fit by preventing it from being
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estimated from a short tail of points. The 100 km value is a regularisation choice, which replaces the fixed offshore reference
distance of U Iéé“T) with a fitted breakpoint x; subject to this explicit regularisation. Fourth, the candidate breakpoint is at
least an edge-buffer distance from each end of the transect (x; > 10km and ¢ — x; > 10 km in the grid), excluding breakpoint
positions at the immediate coastline or at the outer contour where one segment would be supported by too few points to estimate
a slope.

The acceptance threshold values above are baseline choices. We report a threshold-sensitivity assay over each of them, over
the across-transect pixel rule, and over the per-UC pactive daily-classification threshold, with the tested grid and the per-(UC,
product, criterion-value) outcomes given in Table S2 in the Supplement. The outcomes are interpreted as a stability check on
the UC descriptions in Section 3.1. The Results sections use the AR(1)-corrected (first-order autoregressive) acceptance set

described in the next subsection, and the supporting tables are cited where the corresponding results are introduced.
2.3 Model evidence criteria and effective sample size

The AIC at the stated parameter count fixes the model-evidence bar, but two corrections must be considered when the unique-
pixel sample n is small or when residuals are correlated. We report AIC, the small-sample corrected Akaike information
criterion (AICc) (Hurvich and Tsai, 1989), and the Bayesian information criterion (BIC) (Schwarz, 1978) side-by-side for
the Cape Columbine DJF (December—February) 2020 test subset across all four products (Table S3 in the Supplement). With
n ~ 90-100 in OSTIA / OSPO, the AICc small-sample correction is negligible (ca. 0.4) and the BIC penalty is about 2.3 times
stricter than the AIC penalty per parameter. With n ~ 19-23 in AVHRR / MW _OI, the AICc correction rises to ca. 2.2-2.9,
still below the AAIC > 4 bar. AIC and AICc therefore disagree on only 0.5 % of AVHRR / MW _OI profiles and on 0 % of
OSTIA / OSPO profiles in the test subset, with the same disagreement rate for AIC versus BIC. The cross-product positioning
of Section 3.1 treats OSTIA and OSPO as primary fine-resolution evidence and AVHRR / MW _OI as coarse-grain diagnostics
of product dependence, consistent with the information criterion (IC) sensitivity here and with the AR(1)-corrected acceptance
reported below.

Treating the breakpoint x;, as a fourth free parameter alongside the intercept and the two segment slopes ({ @in, Bin, Boft, To })
is a choice that the standard AIC penalty does not strictly justify, because x; is selected over a discrete grid rather than
estimated within a fixed-grid likelihood. Stricter penalties have been developed for this case, namely the klnn BIC-type
penalty of Yao (1988) for change-point estimation, the structural-break information criteria of Bai and Perron (1998), and the
(Inn)'*+° modified-BIC correction of Zhang and Siegmund (2007) for change-point detection on a discrete grid. Rather than
assuming a single penalty, we treat this as an IC-sensitivity question, and the AIC, AICc, and BIC agreement (Table S3 in
the Supplement) justifies the four-parameter count, because the three criteria return the same accept / reject decision on 100 %
of fine-resolution profiles and on 99.5 % of coarse-resolution profiles in the test subset. The few disagreements result from
stricter criteria rejecting a marginal coarse-product fit. The IC sensitivity here is separate from the residual-autocorrelation
issue addressed in the next paragraph.

We estimate the residual decorrelation length per (UC, season) by fitting an AR(1) to the OLS residuals along the OSTIA

2020 cross-shore unique-pixel sequence of each accepted profile for all UCs and all austral seasons. Lag-1 pairs are pooled
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across the accepted profiles in each (UC, season) using only within-profile pairs, so no across-transect autocorrelations influ-
ence the estimate. The AR(1) coefficient ¢ ranges 0.884—0.950 with a median of 0.915, so the unique-pixel sample has a strong
positive residual autocorrelation after the two-segment fit and the unique-pixel sample size n overestimates the independent-
sample information by a large factor. Each ¢ converts to an effective sample size nog = n(1 — ¢)/(1+ ¢) (Chelton, 1983),
and we recompute AIC with n5s at every (UC, product, season). The per-(UC, product, season) AR(1)-corrected acceptance is
reported in Table S1 in the Supplement and interpreted next to the UC descriptions in Section 3.1. We use the AR(1)-corrected
acceptance set for the main climatology, fixed-distance comparison, daily SST-structure classification, paired SST-wind clas-
sifier, and block-bootstrap intervals. The baseline AAIC > 4 screen is retained only as a profile-shape comparison and as part

of the threshold-sensitivity assessment.
2.4 The segmented-breakpoint upwelling index U Igr

The segmented-breakpoint upwelling-structure index U Iggr (Section 4.3) is a three-component description of the cross-shore
SST profile per (product, day, transect). The first component, the breakpoint position x; (km), is the data-emergent fitted
thermal breakpoint which identifies the offshore extent of the inshore steep-gradient segment on that day at that transect. The
second component, the inshore segment slope i, (° C km™1), is the cross-shore rate at which surface SST warms offshore over
the inshore segment, and larger |f;,| indicates a steeper cross-shore SST gradient near the coast, consistent with stronger up-
welling but not exclusive to it. The third component, the inshore SST drawdown D, (° C), is the offshore reference temperature

minus the inshore-segment-mean SST:

Dy = Ty — T, )
where fbg is the mean of the fitted offshore segment (Section 2.2) and Tp[o’mb} is the trapezoidal mean of the native-pixel SST
values between the coast and the breakpoint. Dj, is a within-profile contrast, dimensionally and structurally distinct from the
fixed-distance contrast UIééOT) =T(do) —T(0) (cool inshore — positive, matching the sign of D;,), and the two should be
compared as different estimates of the cross-shore thermal structure rather than as different numerical estimates of the same

quantity. Climatological aggregates per (product, season, UC) are the median, the 5th, and the 95th percentile across accepted

days at the UC, and inter-annual variability is the analogous per-year aggregate.
2.5 Per-day classification of upwelling-consistent SST structure from the breakpoint acceptance

The AR(1)-corrected breakpoint acceptance flag is the per-day SST-structure detector. A value of 1 means the profile is well
described by a steep inshore segment over a gentler offshore segment after the effective-sample correction of Section 2.3. It
is not a direct wind-driven-upwelling detector, because a relaxation-day profile can retain the two-segment cool tongue, and a
wind-active day can fail the SST-structure test before the surface field responds. At each UC on each day, pactive 1S the fraction
of UC-window transects whose breakpoint fit is accepted, and it summarises whether the two-segment cool-tongue signature
is spatially coherent across the UC. A day is classified as SST-structure-active when p,ctive = 0.5, namely when at least half of

the UC’s transects show the signature (sensitivity at 0.3 and 0.7 is in Table S4 in the Supplement). Events are sequences of at
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least three consecutive SST-structure-active days, with one interior inactive day permitted. The SST-based phenology metrics
are NUDgg (SST-structure days), NUEgR (SST-structure events), and TCUgg (cumulative SST-structure magnitude, namely
the sum of daily-median D;,, over SST-structure-active days). These are analogues of wind-based metrics (Lamont et al., 2018)
and SST-anomaly event counts (Abrahams et al., 2021b, a). The retained daily-detection and product-specific pactive displays
are shown in Figs. S1 and S2 in the Supplement. Under the AR(1)-corrected criterion these metrics are reported for OSTIA
and OSPO only, and AVHRR and MW_OI are retained in Table S1 in the Supplement as product-resolution references.

2.6 Comparison with other indices

We compare U Igg against two reference groups, namely the fixed-distance SST contrasts and a wind-based index. The fixed-
distance group is the conventional SST contrast U I ggoT) =T(do)—T(0) in the cool-coastal-positive sign convention (so positive
values match the sign of Diy), computed at dy € {50,100,200,500} km. These four distances span the curl-driven nearshore
band, Benguela UC-scale SST extents, and the far-field advected footprint of upwelled water (Lutjeharms and Meeuwis, 1987;
Bordbar et al., 2021; Pavlushin and Kubryakov, 2022; Brandt et al., 2024; Belonenko et al., 2024). The fixed-distance contrast
Ul éé‘lf) and the data-emergent contrast D;, are different estimands of the cross-shore thermal structure, namely a point contrast
at dy versus a segment mean over the inshore segment, and the Pearson r between them is informative about co-variability but
is not a calibration. We denote by 7,4, the daily Pearson correlation between Dy, and U, é’é‘}) aggregated over all accepted days
of the operational window, with r5¢ as the value at dy = 50 km. We add a like-for-like geometric statistic, P(dy < x;) per UC,
season, product, and threshold setting, with block-bootstrap intervals.

The wind-based group has two separate constructs that should not be conflated. The continuous Bakun offshore Ekman-
transport index U1, (Bakun, 1973), computed from ERAS daily-mean 10 m winds, is aggregated to July—June TCU on the
2015-2025 window and used for the TCUpgr—TCU,, correspondence comparison. The daily binary wind detector, which
informs the paired classifier of Section 2.7 and the NUD / NUE comparison, is akin to the Bakun offshore-Ekman-transport
detector, so it flags a day at a UC as wind-active when the daily-mean Bakun offshore Ekman transport at the UC is positive
(U1, > 0), namely when the alongshore-equatorward wind component, rotated to the local coast-normal direction following
Lamont et al. (2018), drives net offshore Ekman transport in the southern-hemisphere upwelling-favourable sense. The daily-
aggregation rule averages hourly ERAS5 winds to a single daily value, and events are linked across at most one interior non-
favourable day. This is not the full Lamont et al. (2018) event threshold, because it uses the sign of offshore transport rather

than a local wind-speed threshold. Annual TCUgR correlations use product-UC-years when available.
2.7 Paired-classifier diagnostic

The SST-structure detector and the Bakun-analogous wind detector (Section 2.6) are two independent classifiers of the daily
state, neither of which is the truth. Per (UC, product, season), we report six agreement statistics on the matched pair, namely
balanced accuracy (the mean of sensitivity and specificity, treating each detector’s active flag as the positive class), sensitivity
(taking the wind detector as the reference for the breakpoint detector and vice versa), specificity (the same, complementary),

Matthews correlation coefficient (MCC) (Matthews, 1975), raw agreement p,,, and Cohen’s k. MCC is the summary statistic at
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perennial-wind UCs where Cohen’s  is compressed by saturated marginals (Byrt et al., 1993; Chicco and Jurman, 2020). We
present the k—wind-marginal diagnostic in Fig. S3 in the Supplement.

To construct the paired classifier (concordant active, concordant quiet, SST-structure-only, wind-only), we create a date-
shuffled-within-season null baseline. For each (UC, product, season), we permute the breakpoint detector’s daily flags within
season, recompute every paired-classifier statistic, repeat 1000 times, and report the 95 % interval of the shuffled distribution
alongside the observed statistic (Table S5 in the Supplement). The null tests whether the observed agreement exceeds chance

at the within-season scale, but it does not test mechanism.
2.8 Uncertainty

We calculate block-bootstrap 95 % intervals for the main statistics. Alongshore blocks are constructed at the UC scale with
two block sizes, 25 km and 50 km. Year and season are resampled in blocks where the aggregated metric is annual or seasonal,
and cross-product comparisons resample products in pairs to preserve the day-level matching. The reported intervals are 1000-
replicate bootstrap percentile intervals.

The block bootstrap above describes uncertainty around UC-scale summaries (e.g. the median x; per UC, the sBUS SST-
structure-only fraction), and it is not, on its own, a statement about identifiability of an individual breakpoint. We therefore
report per-profile x; uncertainty on a stratified random sample of the 2020 accepted set, so per (UC, product, season) using
OSTIA and OSPO, we draw 100 accepted profiles (4000 profiles in total), and for each we resample the unique-pixel sample
(x,Tp(z)) with replacement 1000 times, rerun the candidate-breakpoint grid search at each resample, and record the resulting
Z}. The per-profile 95 % bootstrap interval reports identifiability of the breakpoint for that individual profile, and a bimodal test
(Gaussian kernel density estimate, KDE, peaks at prominence > 0.1 max separated by more than 50 km) flags profiles whose
objective function admits a secondary inflexion. Per-(UC, product) summaries of the confidence interval (CI) width distribution
and the bimodal-flag rate are in Table S6 in the Supplement, and per-UC empirical cumulative distribution functions (CDFs)

of CI width are in Fig. S4 in the Supplement.

3 Results
3.1 UC characterisation across four products

Our main findings are based in OSTIA and OSPO, the two fine-resolution L4 analyses that retain usable inshore SST at every
UC and retain substantial accepted-profile populations after AR(1) residual decorrelation. After AR(1)-correction (Methods
Section 2.3), OSTIA and OSPO lose a median 24 % and 20 % of baseline acceptance respectively across the (UC, season)
combinations, with the per-(UC, product, season) pre- and post-correction p,.tive (Table S1 in the Supplement). AVHRR and
MW_OI retain no accepted profiles at any (UC, season), so they offer only product-resolution insight rather than breakpoint
estimates. OSTIA and OSPO reveal UC-specific breakpoint signatures (Table 1). The annual median offshore extent z; spans
114-270km across the five UCs, namely 114 km at Cape Peninsula, 153—-159 km at Cape Frio, 156-159 km at Liideritz, 175—
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181 km at Cape Columbine, and 264-270 km at Walvis Bay. Per-(UC, product) annual medians of the inshore SST drawdown
D, range 2.05-3.21 ° C, with the lower bound at Cape Frio with OSPO and the upper bound at Liideritz seen in OSTIA.
The per-(UC, product, season) breakdown of zy, Dip, Bin, and the four fixed-distance contrasts U Ié‘éoT) is in Table S7 in the

Supplement for the austral-season modulation underlying the annual medians.

Table 1. Climatological annual medians of UIgr components per UC and fine-resolution product, computed on the AR(1)-corrected
accepted-profile set and averaged over the four austral seasons across 2015-2025. AVHRR and MW_OI are excluded from the primary
table because the AR(1)-corrected acceptance criterion returns no accepted coarse-product profiles in the UC-season tests (Table S1 in the

Supplement). Din is in °C; zp is in km coast-distance; Bin is in °C km~ L.

ucC Product Di, (°C) xp (km) SBin (°Ckm™1)
OSTIA 2.08 153 0.021
Cape Frio
OSPO 2.05 159 0.020
OSTIA 2.54 264 0.017
Walvis Bay
OSPO 243 270 0.015
OSTIA 3.21 156 0.034
Liideritz
OSPO 3.16 159 0.032
OSTIA 2.55 175 0.030
Cape Columbine
OSPO 241 181 0.027
OSTIA 2.53 114 0.043

Cape Peninsula
OSPO 2.16 114 0.042

Per-profile x; identifiability, namely the width of the bootstrap interval on an individual accepted fit, is distinct from the UC-
median summaries. On the stratified random sample of 4000 accepted 2020 profiles (Section 2.8; Table S6 in the Supplement
and Fig. S4 in the Supplement), the per-profile 95 % bootstrap CI on £}, has a median width of 22.5 km pooled across the five
UCs, 90.8 % of profiles have widths below 100 km, and 5.4 % are flagged bimodal. The median CI width is comparable across
the five UCs (21.5-27.4km per UC), and OSPO has systematically narrower per-profile intervals than OSTIA on the same
(UC, season) combinations (median 17-23 km in OSPO versus 22-28 km in OSTIA). Bimodality fractions range 0.03-0.08
per UC. The per-profile breakpoint is therefore well-identified on the typical accepted profile across all five UCs, with a small
tail of profiles (~ 5-10 %) whose objective function has either a wide CI or a secondary inflexion. The UC-median summaries
below do not transfer per-profile uncertainty, but the assessment supports their interpretation as UC-scale point estimates rather
than averages over widely-uncertain individual fits.

A rejected profile is one that fails the joint AAIC, slope-ratio, offshore-segment-length, and edge-buffer criteria of Section
2.2, namely a profile with no detectable two-segment cool-tongue signature, and we interpret a rejection as evidence that the

SST field does not have a two-segment cross-shore structure consistent with coastal upwelling on that day at that transect.
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The per-(day, transect) rejection rate in the OSTIA representative-profile population (Fig. S5 in the Supplement) varies by
more than an order of magnitude across the five UCs. Pooled across DJF and JJA (June—August), rejection is 8.9 % at Cape
Frio, 30.5 % at Walvis Bay, 0.7 % at Liideritz, 3.5 % at Cape Columbine, and 23.4 % at Cape Peninsula. Walvis Bay’s season
rejection rate is the highest of the five and coincides with its largest accepted x;, (259 km in the DJF-JJA OSTIA population)
and shallowest accepted S3;, (+0.014° Ckm™1). The per-season rejected profiles at four of the five UCs still have a gradual
cross-shore gradient (ca. +0.004 to +0.011 ° Ckm~! when DJF and JJA are pooled), so the rejection criterion mostly screens
monotonic-without-inflexion profiles rather than flat profiles. Cape Peninsula is the exception, with near-zero rejected slopes
(pooled ca. +0.001 ° Ckm™1), namely a thermally featureless cross-shore field with neither the upwelling signature nor any
background cross-shore gradient.

The UC descriptions above use the baseline acceptance thresholds of Section 2.2, and the threshold-sensitivity assay (Ta-
ble S2 in the Supplement) shows that they are insensitive to those choices. All five OSTIA UCs continue to satisfy P(xp >
50km) > 0.5 at every tested value of every threshold, so our claim that conventional 50km references sit inside the fitted
inshore segment does not depend on the baseline thresholds. The Liideritz annual r5¢ keeps a negative sign in OSTIA across
the grid (—0.16 to —0.14) and supports the negativity claim (see Section 3.2). Per-(UC, product) acceptance fractions are most
sensitive to the offshore-baseline criterion, so at 200 km, Walvis Bay OSTIA / OSPO acceptance falls from 0.77 to 0.52 / 0.48
(33 / 36 % relative loss), while the other four UCs lose at most 6 % on the fine-resolution products. The 100 km baseline is

therefore the compromise between offshore-baseline length and accepted-profile coverage at the broader UCs.
3.2 Breakpoint position and fixed-distance comparison

Figure 2 compares U Ipr (Din) against U [, ég‘ig at 50, 100, 200, and 500 km in the AR(1)-corrected OSTIA set. Pooled across
UCs, the correlation is strongest at dg = 500 km (r = 0.93) and decreases as dy moves inshore, with » = 0.79, 0.44, and 0.06
at 200, 100, and 50 km respectively (Table S8 in the Supplement). Figure 3 shows the underlying pattern. At 50-100 km the
breakpoint usually lies offshore of the reference distance, so the reference point is still inside the cool tongue. At 200 km the
result is UC-dependent, and in OSTIA, P(x;, < 200km) spans 0.32 at Walvis Bay to 0.98 at Cape Peninsula. Only 500 km is
offshore of the breakpoint at every UC in OSTIA and OSPO.

At the most pronounced year-round UC in the primary fine-resolution products, the daily Pearson correlation between
Dy, and U Ié‘;OT) is negative in the annual aggregate but not consistently negative across individual seasons (Table S8 in the
Supplement). We use Liideritz in OSTIA as the exemplar case because it has the strongest annual median Dj,, across the five
UCs (Section 3.1) and OSTIA is the primary fine-resolution product. The annual aggregate r5¢ at Liideritz in OSTIA is —0.16
with an alongshore 50 km block-bootstrap 95 % interval of [—0.21,40.13] (Table S9 in the Supplement), namely the annual
sign-inversion holds in point estimate but the interval encompasses zero. The same UC at dy = 500 km gives r = 0.93 in the
annual aggregate. The seasonal 15 tests are Benjamini-Hochberg adjusted to control the false discovery rate (FDR) across the
40 UC-product-season tests. The FDR-controlled negative cases occur at Cape Peninsula in MAM (March-May) in OSTIA
(rs50 = —0.19, ¢ < 0.0001) and OSPO (r59 = —0.22, ¢ < 0.0001), at Liideritz in MAM in OSPO (r59 = —0.16, ¢ < 0.0001),
and at Walvis Bay in SON (September—November) in OSPO (r59 = —0.13, ¢ < 0.001). Cape Frio does not support a negative
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Figure 2. OSTIA daily intensity of U Izr on the AR(1)-corrected accepted set (inshore SST drawdown Din, daily median across UC-window
transects, y-axis, expressed in °C) against the fixed-distance contrast U [, éé?r) = Totishore — Tcoast (z-axis, expressed in °C) at four reference
distances: do = 50,100,200,500km, one per panel. The five UCs are colour-coded, and the grey line is the 1:1 reference. Pearson 7 is

annotated in each panel, and the full AR(1)-corrected per-(UC, product, season) dg correlation table is in Table S8 in the Supplement.
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Figure 3. Empirical cumulative distribution of the data-emergent breakpoint position x; at each UC across the 11-year analysis window on
the AR(1)-corrected accepted set, reported in km coast-distance via the linear streamline-stretch approximation of Methods Section 2.1. Five
panels arranged horizontally (one per UC) show the per-product empirical CDFs as line styles: OSTIA solid and OSPO dashed. Vertical grey

lines mark the four reference distances do = 50, 100,200,500 km used in the present analysis.

seasonal claim in the AR(1)-corrected accepted dataset. When r5¢ is negative, days on which U, éSSQB reports stronger contrast

coincide with days on which D;,, weakens.
3.3 Per-day SST-structure classification and the SST-wind agreement

The AR(1)-corrected acceptance flag, aggregated to a per-UC daily activity fraction p,ctive, gives a per-day binary structure
classification in OSTIA and OSPO. Liideritz and Cape Columbine remain near year-round SST-structure-active UCs, i.e.
annual NUDgRr medians are 339 / 330 days at Liideritz and 332 / 322 days at Cape Columbine in OSTIA / OSPO respectively
(Table S10 in the Supplement). Cape Frio is intermediate, with annual NUDggr medians of 221 / 228 days. Walvis Bay is the
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strict-criterion edge case, with annual medians of 118 / 117 days and several years whose annual median p,ctive 1S near zero.
Cape Peninsula has pronounced austral-summer p,.tive maxima alternating with winter relaxations.

Paired SST-wind daily-classifications are in Figure 4. Each matched UC—product—day is classified by the SST-structure
detector and the wind detector, producing four joint classes, namely concordant SST-structure-active (both agree on an active
day), concordant quiet (both agree on a quiet day), SST-structure-only (structure-positive but no wind-active flag), and wind-
only (wind-active but no breakpoint acceptance). Liideritz is concordant-active dominated in OSTIA / OSPO (mean seasonal
fraction 0.83 on both products), while Walvis Bay becomes wind-only dominated under the strict criterion in MAM and JJA
(Table S5 in the Supplement). At southern Benguela Upwelling System (sBUS) UCs, SST-structure-only days account for a
mean 0.23-0.24 of matched days at Cape Columbine and 0.17-0.19 at Cape Peninsula in OSTIA / OSPO. The sBUS-pooled
fraction is 0.20-0.21 with alongshore 25-50 km block-bootstrap 95 % intervals of ca. 0.16-0.22 (Table S9 in the Supplement).
We reiterate that these fractions are descriptive classification outcomes, and they do not identify the physical mechanism of the

SST-structure-only days.

4 Discussion

The segmented-breakpoint regression gives a per-day, per-transect fitted thermal breakpoint that varies systematically across
the Benguela UCs and that, at most UCs, lies offshore of the conventional 50-100 km fixed references. We discuss this finding
around three points. First, the UC-dependent breakpoint position means that no single dy matches every UC. Second, the daily
Pearson correlation between D;,, and U1, éé?g can be weak or negative under the AR(1)-corrected accepted set, with the Liideritz
annual point estimate negative but not significant by block bootstrap. Third, the paired SST-wind classification gives a four-
class daily decomposition with SST-structure-only fractions near one fifth at the southern Benguela UCs, which we note but

do not attribute.
4.1 Conventional fixed-distance references mis-position the fitted thermal reference

The data-emergent SST-UI literature has two dominant approaches. The per-latitude-band offshore reference of Benazzouz
et al. (2014a) replaces a globally fixed dy with a regionally fitted one along the Canary system, and the subsequent two-
dimensional image-segmentation approaches (Belmajdoub et al., 2024) delineate the areal upwelling footprint in the SST field
directly rather than along a one-dimensional transect. Our method belongs to a related one-dimensional approach that fits
a cross-shore thermal breakpoint and associated inshore drawdown along a transect mesh per (day, transect), preserving the
cross-shore profile interpretation of the existing SST-based Uls while removing its fixed-distance assumption. Two-dimensional
segmentation maps the areal footprint, and our one-dimensional method estimates a per-profile breakpoint and an integrated
drawdown intensity. The two approaches answer different questions, and an EBUS-scale synthesis would benefit from running
them in parallel rather than treating either as a replacement.

Like other eastern boundary upwelling systems, the Benguela has no single literature-standard offshore reference distance for

SST-based upwelling indices. Published length scales span ca. 100-380 km across UCs in Lutjeharms and Meeuwis (1987),
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Figure 4. Per-(UC, product, season) four-class decomposition of daily SST-wind classification on the AR(1)-corrected OSTIA and OSPO
accepted set, shown as a season-by-UC grid with product bars within each panel. SST-active = pactive > 0.5 (Methods Section 2.5), and
wind-active = daily-mean Bakun offshore Ekman transport at the UC positive, U1, > 0, where U [, is computed from ERAS5 10 m winds
rotated to the local equatorward unit vector following the convention of Lamont et al. (2018) (Methods Section 2.6). The four classes are

concordant SST-structure-active (both detectors flag the day), concordant quiet (neither does), SST-structure-only, and wind-only.

70-250km in later SST morphometric work (Pavlushin and Kubryakov, 2022; Brandt et al., 2024), 50-150km for wind-
stress-curl-driven upwelling (Bordbar et al., 2021), and advected footprints up to ca. 300-500 km in eddy-resolving tracking
(Belonenko et al., 2024). A single fixed reference will therefore lie inshore of the breakpoint at some UCs and offshore at others,
so any conventional U/, g‘é‘z} will over- or under-estimate the fitted cool-tongue contrast at all but a coincidentally matching UC.
For applications that build on this estimate, namely fishery production-potential calculations and ecosystem-model coastal-
boundary conditions, the resulting magnitude error scales with the cross-shore distance between the fixed reference and the
fitted breakpoint, and it changes sign across UCs.

The median fine-product breakpoint position, 114-270km across the five UCs (Section 3.1, Table 1, and Figure 1), over-
laps Benguela UC-scale and curl-driven reference bands but lies inshore of the far-field advected-footprint scale. The strong

agreement between Dipand U ég%)) in OSTIA pooled across UCs (r = 0.93 in Section 3.2) is therefore a benchmark between

13



325

330

335

340

345

350

355

https://doi.org/10.5194/egusphere-2026-3017
Preprint. Discussion started: 23 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

related indices, not proof that a 500 km fixed point is mechanistically preferable, since Dj,, averages over a per-day inshore
segment whereas U [, é‘é“T) samples one fixed offshore point. A user applying U I, égOT) at Liideritz, Cape Peninsula, or Walvis Bay
is therefore tracking a signal whose seasonal correlation with the inshore-drawdown interpretation of U Igg can change sign
across season, product, and UC (Section 3.2). The sign reversal arises because the 50 km reference point sits inside the fitted
inshore segment, so as the segment extends offshore of 50 km, the contrast measured by U, é“g?r) reverses relative to the inte-
grated drawdown Dj,,. The sensitivity to the offshore-baseline distance is most pronounced at Walvis Bay, where the 200 km
criterion costs 33-36 % of acceptance (Section 3.1). This loss, together with the UC’s high rejection rate and shallow accepted
Bin, is consistent with the broader and more diffuse cool-tongue configuration described for this UC by Hutchings et al. (2009)

and Lutjeharms and Meeuwis (1987).
4.2 SST-structure-only days at the southern Benguela UCs

The four-class decomposition has a direct application consequence at the sSBUS UCs. An SST-only index reports continued
SST-structure-active conditions at Cape Columbine and Cape Peninsula across ca. one fifth of days that the Bakun-positive
wind detector reports as quiet (Section 3.3), and the two detectors therefore diverge most at the UCs where the surface sig-
nature persists without local wind activity. Candidate mechanisms include wind-stress-curl pumping (Bordbar et al., 2021),
alongshore advection from upstream UCs (Hutchings et al., 2009; Benazzouz et al., 2014a), mesoscale retention, non-local
ocean response to remote forcing (Benazzouz et al., 2014a), and timing mismatch between sub-daily wind variability and
daily-mean Level-4 SST. We list these as plausible explanations, but we do not diagnose their relative contributions. UC-
specific behaviours reinforce the four-class structure. Walvis Bay’s low NUDgg is consistent with its broader cool-tongue
configuration, which depresses the per-profile acceptance rate under the strict criterion. Cape Peninsula’s pronounced austral-
summer p,.tive Maxima alternating with winter relaxations reflect the stop-start pulsed-upwelling regime characteristic of the
southern Benguela, where favourable-wind days are partitioned into more, shorter events than in the northern Benguela Up-
welling System (nBUS) (Lamont et al., 2018; Hutchings et al., 2009; Kdmpf and Chapman, 2016). The thermally featureless
rejected profiles at Cape Peninsula (near-zero cross-shore gradient) are the surface expression of full wind relaxation and

surface warming at the southernmost UC.

4.3 Proxy status and a structural-terminology recommendation

The breakpoint index U Igr developed here, the fixed-distance contrast U IééoT) used as its benchmark, the closed-isotherm-

area indices of Lutjeharms and Meeuwis (1987) and Hagen et al. (2001), the SST-gradient indices of Benazzouz et al. (2014a)
and Vasquez-Cuervo et al. (2013), the anomaly-event indices of Abrahams et al. (2021b, a), and the Bakun offshore-Ekman-
transport index U I, of Bakun (1973) and Lamont et al. (2018) all detect a feature of the surface SST field or of the surface
wind field that is consistent with the action of coastal upwelling. None of these indices has been validated, at the per-(UC,
day, transect) level used by the present paper, against independent measurements of vertical velocity, against the South At-
lantic Central Water (SACW) hydrographic signature (Lutjeharms and Valentine, 1987; Lamont et al., 2015), against sea-level

anomaly, against wind-stress curl, or against the surface heat budget. The validation gap is field-wide and pre-dates the break-
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point formulation. The convention of calling any of these objects an “upwelling index” is inherited from the early SST-UI
literature rather than earned by per-product physical validation, and the proxy positioning therefore applies to every member
of this kind of Ul rather than to the breakpoint formulation in particular.

We therefore use upwelling-structure metric (USM) as a cautious descriptor for Uls, namely structural descriptors of features
in the surface SST or surface-wind field that are consistent with the action of coastal upwelling without implicating the physical
mechanism. Under this definition, the breakpoint x; identifies a fitted thermal breakpoint in the cross-shore SST profile; the
inshore drawdown Dy, is a within-profile thermal contrast against the fitted offshore baseline; U I é‘éOT) records a fixed-distance
thermal contrast; the closed-isotherm-area indices delineate a closed-isotherm SST region; the anomaly-event indices record
a cool-anomaly event; and the wind index U I, records a wind-driven Ekman-transport-favourable state at the coast. None of
these names asserts that the detected object is the physical edge or the physical event of upwelled water at the surface. Each
names the structural feature the detector responds to. We retain the U1 notation throughout the paper to remain compatible

with the existing literature, but the positioning here is the structural one.
4.4 Limitations and forward look

The five-UC selection is operational, namely the high-signal Benguela UCs where the breakpoint regression accepts profiles
persistently on the fine-resolution products. We do not yet test weaker or transitional sectors such as Namaqualand, north of
Cape Frio, or the Agulhas-influenced coast south of Cape Peninsula. AVHRR and MW _OI are useful for documenting product-
resolution sensitivity, but they are not used for inference because the AR(1)-corrected acceptance criterion gives zero accepted
coarse-product profiles in the tested UC-season combinations.

Bathymetric controls on x, namely whether the data-emergent breakpoint co-locates with the shelf break or with another
bathymetric feature, are outside the scope of the present analysis. A shelf-break comparison would require deriving shelf-break
distance along the same operational transect mesh.

UlIpgr can replace a fixed offshore-reference threshold with explicit statistical and operational thresholds, but it does not
remove thresholds. A self-contained assay over pactive € {0.3,0.5,0.7} keeps the broad OSTIA / OSPO NUDgg ranking,
namely Liideritz and Cape Columbine remain near year-round active, Walvis Bay remains the lowest-NUD fine-product UC,
and Cape Peninsula is the most threshold-sensitive southern UC (Table S4 in the Supplement). The same definitional caution

applies to wind-derived NUD, SST-anomaly signals, weekly frequency-of-occurrence, and NUDgpRg.

5 Conclusions

First, a daily two-segment regression applied to cross-shore SST profiles gives a data-emergent fitted thermal breakpoint zy,
an inshore-drawdown intensity Dj,, and an AR(1)-corrected acceptance flag that serves as a per-day SST-structure detector.
In the five Benguela UCs across 2015-2025, median x; on fine-resolution products spans 114-270 km, so the conventional

50-100 km fixed offshore references sample inside the fitted inshore segment on most accepted profiles.
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Second, the choice of reference distance can reverse or weaken the diagnostic. At Liideritz, the annual aggregate point
estimate is negative (r59 = —0.16, block-bootstrap 95 % interval [—0.21,4-0.13]) but the interval encompasses zero. FDR-
controlled negative seasonal 75 values occur in Cape Peninsula MAM on both fine products and in Liideritz MAM and Walvis
Bay SON in OSPO. Only the 500 km reference sits past the breakpoint at every UC, so its agreement with D, is benchmarking
between related indices rather than evidence that 500 km is the correct fixed reference.

Third, the paired SST-wind classification gives a four-class daily decomposition rather than a binary one, and SST-structure-
only days account for ca. one fifth of matched days at the southern Benguela UCs in OSTIA / OSPO. Users such as fishery
scientists, ecosystem-modellers, and trend-attribution researchers who build on the cross-shore SST contrast should expect
rescaling of UC-level magnitudes and gain the four-class classification of SST-wind co-activity. Our 2015-2025 window is not
used to estimate trends.

Fourth, the breakpoint z;, the inshore drawdown D;,, and the per-day SST-structure detector identify features of the SST
field that are consistent with coastal upwelling without independently establishing the physical mechanism, and the same caveat
applies to the fixed-distance, closed-isotherm, anomaly-event, and Bakun-wind indices that the paper benchmarks against. We
therefore use the umbrella term upwelling-structure metric for the group of Uls (Section 4.3) and treat independent physical
validation against hydrography, current, sea-level, wind-stress-curl, or heat-flux evidence as a separate empirical task.

The practical consequence is that a Benguela SST upwelling index must state its offshore reference, spatial scale, and
wind relationship before its values are compared across cells or years. A 50km contrast, a 500km contrast, and a fitted
inshore drawdown describe different parts of the surface thermal field. Substituting one for another changes the inferred UC
ranking, event persistence, and SST-wind co-activity. The breakpoint approach makes that dependence visible, so applications
in fisheries, ecosystem modelling, and climate attribution can distinguish a change in surface thermal structure from a change

introduced by the index definition.

Code and data availability. The four operational SST products, namely OSTIA, OSPO Geo-Polar Blended, AVHRR OI, and MW OI, are
publicly available through National Aeronautics and Space Administration (NASA) Earthdata. ERAS hourly 10 m winds are available from
the Copernicus Climate Data Store (Hersbach et al., 2020). The breakpoint-regression formulation, the candidate-grid search, the acceptance
criteria, the AR(1)-corrected acceptance rule, the product-specific native-pixel sampling rules, and the mesh construction are stated in full
in Methods Sections 2.1-2.3 and Text S1 in the Supplement. The review-copy analysis archive accompanying this submission contains
processing scripts, UC-window definitions, breakpoint-output parquet files, AR(1)-corrected derived tables, figure scripts, and manuscript
table components in the uidx/paperA sub-project of https://github.com/ajsmit/ucxd. Before final submission, this repository snapshot and
derived analysis tables will be archived in a FAIR-aligned (Findable, Accessible, Interoperable, Reusable) repository that assigns a digital

object identifier (DOI), and that DOI should be cited here and in the reference list.
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