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Abstract 21 

Step horizontal gradients of sea surface temperature (SST) occur around upwelling cores, 22 

eddies, meanders, current boundaries, island-effect mixing areas, among many other 23 

oceanographic features. These thermally structured areas provide ideal turbulence for 24 

phytoplankton growth and biomass aggregation, triggering complex and abundant food 25 

webs, in turn exploited by populations of marine megafauna and fisheries. How the 26 

distribution and degree of this surface heterogeneity has varied at climate-change scales 27 

is unknown. In this study, we prove that the horizontal surface thermal structure of the 28 

ocean has declined steadily in the most important upwelling ecosystems during the last 29 

41 years (1982-2022: -0.1°C of SST standard deviation within 0.25x0.25-dregree cells at 30 

the seasonal upwelling peak). Years with low thermal structure showed remaining 31 

hotspots towards upwelling cores, close to shore. The mechanisms of this long-term 32 

decline remain unclear. The correlation with the mean SST itself was negative but non-33 

consistent among upwelling regions, while the negative correlation with the steadily 34 

increasing absolute dynamic topography was strong in all regions. This points to a 35 

multidecadal heat content gain along the water column as a potential cause of the 36 

homogenization process. Arguably, this loss in sea surface thermal structure could be 37 

related to described declines and redistributions of some marine megafauna species. 38 

 39 

Keywords 40 

Climate change, ocean warming, sea surface heterogeneity, SST spatial standard 41 

deviation, absolute dynamic topography. 42 

 43 

Significance Statement 44 

The steady negative trend of sea surface thermal structure discovered in this study would 45 

imply a reduction of areas for biomass retention, and the aggregation of prey and 46 

predators in upwelling ecosystems, including species targeted by fisheries. 47 

 48 

 49 
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Introduction 50 

Local horizontal thermal heterogeneity of the ocean’s surface at local scales results from 51 

diverse forcing, mainly those producing eddy-induced thermocline shoaling [1], island-52 

effect water-column mixing [2,3], upwelling [4–6], and convergence of currents or water 53 

masses [7]. All these processes can expose cold water from subsurface layers to the 54 

warm surface, creating horizontal step thermal gradients. Such horizontal heterogeneity 55 

is important ecologically, because it produces physical boundaries where biomass can be 56 

retained [8], but also because the turbulence in those areas is lower than that at the 57 

upwelling, mixing, or shoaling cores, which benefits phytoplankton’s nutrient intake (i.e. 58 

ideal turbulence) and growth [9,10]. Thus, such areas are often used as critical feeding 59 

habitats by a large variety of predators, including protected species [11–13] and species 60 

target for fisheries [14,15]. 61 

The long-term trends of sea surface temperature in the world’s largest upwelling systems 62 

have shown an increase at multi-decadal scales [16]. This has important implications for 63 

marine species distributions and abundances, such as more frequent occurrence of 64 

tropical species in temperate waters, in a process often referred to as tropicalization 65 

[17,18]. The number and persistence of major current-boundary fronts has also increased 66 

in the last 40 years at large spatial scales, although the mechanisms are not clear [19]. 67 

Nevertheless, it is unknown whether the level of surface thermal structure at small spatial 68 

scales has suffered a similar trend. 69 

Our objective was to estimate the long-term trend of the sea surface thermal structure 70 

within the four major upwelling systems of the world (Fig. 1). Our hypothesis was that the 71 

known rising temperatures of the ocean would produce a progressive homogenization of 72 

the surface and therefore a negative trend of the local horizontal thermal structure. For 73 

that, we studied the standard deviations of sea surface temperature (SSDSST) within 74 

0.25x0.25-degree cells, both spatially and temporally. To understand the physical context 75 

of these changes, we also analyzed the sea surface temperature (SST) and the absolute 76 

dynamic topography (ADT), at the same resolution. 77 

 78 
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 79 

Figure 1. The largest marine upwelling ecosystems (orange polygons), with some coastal 80 

cities’ locations for reference, and the oceanographical and morphological features 81 

mentioned in the manuscript. The map was created with R’s package “ggplot2” 82 

(https://ggplot2.tidyverse.org/), using coastlines from the Global Self-consistent, 83 

Hierarchical, High-resolution Geography Database 84 

(http://www.soest.hawaii.edu/pwessel/gshhg/) and the topography from Scripps 85 

Institution of Oceanography’s Satellite Geodesy (https://topex.ucsd.edu/marine_topo/). 86 

 87 

Methods 88 

We based all our data processing and analysis on two freely available products of 89 

satellite-measured environmental variables: the sea surface temperature (SST; [20] and 90 

the absolute dynamic topography of the ocean’s surface (ADT; [21–23]; delimited 91 

geographically by polygons representing the areas of influence of the four largest 92 

upwelling ecosystems of the world (Fig. 1; [24,25]. SST was used to obtain the spatial 93 

https://ggplot2.tidyverse.org/
http://www.soest.hawaii.edu/pwessel/gshhg/
https://topex.ucsd.edu/marine_topo/
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standard deviations of the variable (SSTSSD) within 0.25x0.25-degree cells, as a 94 

quantitative index of local surface thermal structure, which was the main concern of the 95 

study, as well as to explore the correlation between the temporal trend of both variables. 96 

The ADT was also used to understand possible correlation with the SSTSSD, because it 97 

indicates heat gain along the water column, increasing the total volume and therefore the 98 

surface height respect to a geoid of reference [26].  99 

SST data came from the National Oceanic and Atmospheric Administration’s Advanced 100 

Very-High-Resolution Radiometer (AVHRR) Pathfinder Program (Version 5.3; 101 

https://www.ncei.noaa.gov/products/avhrr-pathfinder-sst; [20]. The original dataset 102 

consisted of daily horizontal layers of 0.05-degree cells. Only nighttime values were used, 103 

and all values catalogued by Pathfinder as inferior to “best quality” were discarded. 104 

We decided to identify areas with high horizontal SST variability (i.e. sea surface thermal 105 

structure) by estimating the standard deviation of the variable in cells of 0.25-degree 106 

resolution (~25km2). This means that each estimation would come from ~25 values of the 107 

original resolution of SST (0.05-degree cells). Let ,i jT represent an SST value at the 108 

original resolution of 0.05 degrees, where i  and j  are indices for latitude and longitude, 109 

respectively. Now, let ,x yσ  represent the standard deviation of SST in a new cell from a 110 

new lower resolution of 0.25 degrees, where x  and y  are latitude and longitude indices 111 

for that coarser grid. Then, the standard deviation of SST at a 0.25-degree resolution 112 

would be (Eq. 1): 113 

( )2

, , ,
1 1

1 n m

x y i j x y
i j
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N

σ µ
= =

= −∑∑   [1] 114 

Where N is the total number of 0.05-degree resolution cells with valid values, ,i jT  are the 115 

SST values within the 0.25-degree resolution cell, and ,x yµ  is the mean SST value within 116 

the 0.25-degree resolution cell, calculated as (Eq. 2): 117 
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https://www.ncei.noaa.gov/products/avhrr-pathfinder-sst


6 
 

We argue this standard deviation is a good representation of the horizontal thermal 119 

heterogeneity at small spatial scales, where high values indicate a more structured 120 

surface and therefore horizontal boundaries. We called this variable spatial standard 121 

deviation of SST (SSTSSD), and it was the main concern of this study. SSTSSD values were 122 

discarded if they came from less than three SST values at the original resolution. The 123 

ADT data came from the Copernicus Marine Service (https://marine.copernicus.eu/) at an 124 

original daily 0.25-degree resolution, matching the new resolutions of SST and SSTSSD. 125 

This scale was important, because mean values for larger areas would mask some 126 

mesoscale features (i.e. the first baroclinic mode), whereas smaller areas could include 127 

some sub-mesoscale phenomena [27,28]. 128 

To better understand the spatio-temporal patterns of SSTSSD, and underlaying 129 

mechanisms, we reproduced all its processing and analyses on the SST and ADT. Since 130 

our main interest was the long-term trend of the variables, we discarded the seasonal 131 

variability. For that, we chose as representative season the upwelling peak period for each 132 

ecosystem and discarded data of the rest of the year. The number of days for averaging 133 

the variable each year aimed to maximize the time-series’ cell sample size for each year. 134 

We tested with periods of one day, 15 days, one month, and three months. We finally kept 135 

the latter given its acceptable number of cells with available values of SST and SSTSSD 136 

(Supplementary Material Fig. S1). Therefore, the periods averaged for all variables were 137 

May to July for the California Current [29] and the Canary Current [30], and October to 138 

December for the Humboldt Current [31] and the Benguela Current [32]. 139 

The first step was comparing the three variables spatially during the same year. For this, 140 

we mapped the values of the last year of the series (2022) for each upwelling. Then, we 141 

produced annual maps of SSTSSD for the entire time series to inspect potential 142 

redistribution of highly structured areas in each upwelling ecosystem. The long-term trend 143 

of each variable throughout the 41-year time series was defined as the slope of a simple 144 

linear regression of the variable means within the upwelling ecosystem polygon as a 145 

function of time in years. The regressions were independent for each variable and each 146 

upwelling ecosystem. The estimation of the slopes posterior distributions and time series 147 

predictions were made in a Bayesian fixed-effects regression analysis, using the 148 

integrated nested Laplace approximation (INLA) [33]. After an initial inspection of the 149 

https://marine.copernicus.eu/
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three variables, we decided to assume a Gaussian likelihood with default uninformative 150 

priors. From the values of the slopes’ posterior distributions, we estimated the probability 151 

of them being larger or lower than zero and extracted the quantiles of the median and 152 

those delimiting the range of the 95%-credible interval. The medians of the annual 153 

predictions were used to estimate an approximate Bayesian R-squared [34], which 154 

represents the proportion of the total variability explained by the long-term trend and is 155 

an indicator of model’s accuracy. 156 

Finally, we explored the correlation between the SSTSSD with the SST and the ADT at 157 

each upwelling ecosystem. We used the same modeling strategy of the variables’ time 158 

series described above. In this case, extreme values of the probability of the slope being 159 

positive or negative would indicate a strong correlation, whereas values close to 0.5 would 160 

indicate null correlation [35]. 161 

All data reading, processing, analyses, and representation were coded in R [36], using 162 

the packages: “dplyr” [37], “ggplot2” [38], “ggsn” [39], “INLA” [33], “maptools” [40], “Matrix” 163 

[41], “ncdf4” [42], “PBSmapping” [43], “plyr” [44], “showtext” [45], “sp” [46], “sysfonts” [47], 164 

and “viridisLite” [48]. 165 

 166 

Results 167 

Spatiality 168 

The general distribution patterns of the spatial standard deviation of sea surface 169 

temperature (SSTSSD), as index of sea surface thermal structure (i.e. heterogeneity), 170 

showed persistent high values close to known coastal upwelling cores and meanders, 171 

frontal systems, coastal trapped waves, and island-effect regions, among others (Fig. 2A 172 

and Supplementary Material Fig. S1). This confirmed the variable as an indicator of the 173 

main sources of thermal heterogeneity in the ocean’s surface. By comparing the maps of 174 

SSTSSD with those of sea surface temperature (SST) and absolute dynamic topography 175 

(ADT) (Fig. 2), it was evident that the former’s highest values were produced by diverse 176 

oceanographic conditions: 177 
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The distribution of SST showed a latitudinal gradient from warmer waters towards the 178 

Equator to colder waters farther from it, except for the coastal upwelling cores, which 179 

exhibited very cold waters in mid-latitude coastal regions. The Benguela Current was the 180 

only one whose upwelling cold core was bounded by warm waters both to the south and 181 

to the north (Fig. 2B). The SSTSSD was also very high around the upwelling cores, 182 

projecting to more oceanic waters in meander-like shapes. This was more evident in the 183 

California and Canary currents, where these features extended far from the coast. 184 

Nevertheless, the regions with high SSTSSD were not only those influenced by coastal 185 

upwelling. Low values of ADT in regions far from the coastal upwelling cores indicated 186 

other phenomena shoaling the thermocline or producing mixing. For example, in the 187 

California Current, west off Cabo San Lucas, low values of ADT occurred (CSL in Fig. 188 

2C), as well as high SSTSSD values (Fig. 2A), apparently independent from the main 189 

upwelling core. Likewise, in the Benguela Current, very low values of ADT occurred 190 

southwest of the main upwelling cold core (Fig. 2C), limiting with a very warm surface 191 

tongue extending longitudinally southeast off Cape Town (Fig. 2B), which was visible as 192 

a region with very high values of SSTSSD (Fig. 2A). Around some archipelagos, the SSTSSD 193 

high values seemed to capture island-effect phenomena (Fig. 2A and Supplementary 194 

Material Figs. S2 and S3), for example, in the Channel Islands (CHI), the Canary Islands, 195 

and Cape Verde Archipelago. Other known oceanographic features observable from the 196 

distribution of SSTSSD were the Ensenada Front (EF) and the Frontal System off Baja 197 

California Sur (FSBCS), the Angola-Benguela Front (ABF), and the Benguela-Agulhas 198 

Front (BAF) (Figs. 1 and 2). 199 

 200 
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 201 

Figure 2. Spatial distribution of the sea surface variables analyzed for the three-month 202 

period of upwelling peak at each of the four main upwelling ecosystems during the year 203 

2022: A) The sea surface temperature spatial standard deviation (SST SD), B) the SST, 204 

and C) the absolute dynamic topography (ADT). Labels show the abbreviations of some 205 

oceanographic features described in the literature for each upwelling ecosystem 206 

(portrayed in Fig. 1). 207 
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 208 

Multidecadal trends 209 

The 41-year time series analysis of mean SSTSSD resulted in negative long-term trends 210 

for all the upwelling systems (Fig. 3A). All slopes were lower than zero with a probability 211 

of 1. The California Current had the most pronounced decrease in SSTSSD, with an slope 212 

of -0.05°C in 41 years (95%-CI: -0.063:-0.034) whereas the lesser decrease was that of 213 

the Humboldt Current, with -0.029°C (95%-CI: -0.046:-0.013). Although the negative 214 

trends were evident, the variability of the observations was high, since the long-term trend 215 

only accounted for 48% of the total variance for the California Current, 35% for the Canary 216 

Current, 24% for the Humboldt Current, and 30% for the Benguela Current (Bayesian R-217 

squared values; Fig. 3A), which implies high shorter-term (i.e. interannual) variability. 218 

Contrary to the other two surface variables, the SSTSSD showed a very similar scale of 219 

values among upwelling systems, as well as more similar interannual variability (Fig. 3). 220 

 221 
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 222 

Figure 3. Long-term linear trends of A) the mean spatial standard deviation (SD) of sea 223 

surface temperature (SST), B) the SST, and C) the absolute dynamic topography of the 224 

ocean’s surface (ADT), during the three-month upwelling peak for each ecosystem. Text 225 

labels within plots show the probability that the slope (β) is positive (first row), along with 226 

the 95%-credible interval of the posterior probability distribution of β (second row), and 227 

the Bayesian R-squared (RB2), as the proportion of the observations’ variance explained 228 

by that of the median linear trend’s predictions (third row). 229 
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 230 

Mean SSTs showed mostly positive long-term trends, except for the Humboldt Current 231 

(Fig. 3B). The Canary Current showed the steepest warming, with 1.27 °C in 42 years 232 

(95%-CI: 0.83:1.72), followed by the Benguela Current, with a 41-year increase of 1.01°C 233 

(955-CI: 0.62:1.44), both with a probability of positive slope of 100%. The California 234 

Current’s surface warmed up 0.71 °C in 42 years (95%-CI: -0.05:1.47), with a probability 235 

of a positive slope of 97%, and the Humboldt Current presented a mostly negative trend 236 

of -0.47 °C in 42 years (95%-CI: -1.11:0.17) and a probability of positive slope of only 7% 237 

(i.e. 93%-probability of being negative). The explained variance of these long-term trends 238 

was low in general, although variable. It was 44% for the Canary Current and 39% for the 239 

Benguela Current, but only 8% and 5% for the California Current and the Humboldt 240 

Current, respectively, which indicates a much higher shorter-term variability in the latter 241 

two upwelling systems. 242 

The long-term trends of ADT were all positive with a probability of 100%. The Benguela 243 

Current showed the steepest increase, with 14.4 cm in 42 years (95%-CI: 12.7:16.1), 244 

while the least pronounced was that of the Humboldt Current, with 7.3 cm in 42 years 245 

(95%-CI: 2.5:12) (Fig. 3C). The Bayesian R-squared values indicated that the linear long-246 

term trend is the main source of variation of ADT in the Canary Current and the Benguela 247 

Current, with 93% and 94% of explained variance, respectively, whereas the shorter-term 248 

variability were more important in the California Current and the Humboldt Current, whose 249 

long-term trend explained only the 49% and the 36% of the total variance (Fig. 3C). 250 

The annual maps for the complete time series of SSTSSD show the magnitude of the loss 251 

in surface thermal structure from the first to the last years of the series, and especially, 252 

which areas were most affected by it (Supplementary Material Figs. S2 to S5). Overall, 253 

years with low structure showed the oceanic areas as those more affected, since high 254 

values of SSTSSD retracted to coastal areas, close to the main upwelling cores. This was 255 

especially evident in the Canary Current, whose oceanic values dropped dramatically in 256 

years with low mean structure, while remaining high only along a narrow strip close to 257 

shore (Supplementary Material Fig. S3). This suggests a reduction in the areas with the 258 

occurrence of these structures. 259 
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 260 

Variable correlations 261 

The regression slopes of SSTSSD as function of SST were mostly negative, except for that 262 

of the Humboldt Current, which was neutral (Fig. 4A). This relation could explain at most 263 

15% of the total variance in the California Current, indicating very high dispersion. The 264 

relation with the ADT was also negative, in this case, for all upwelling systems (Fig. 4B), 265 

and was able to explain up to 22% of total variance for the Canary Current.  266 

 267 

 268 

Figure 4. Correlation regressions of the mean spatial standard deviation (SD) of sea 269 

surface temperature (SST) as function of A) mean SST and B) mean absolute dynamic 270 

topography of the ocean’s surface (ADT), during a three-month yearly upwelling peak at 271 

each ecosystem. Text labels within plots show the probability that the slope (β) is negative 272 

(first row), the 95%-credible interval of the posterior probability distribution of β (second 273 

row), and the Bayesian R-squared (RB2), as the proportion of the observations’ variance 274 

explained by that of the median linear trend’s predictions (third row). 275 

 276 

 277 
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Discussion 278 

The mean values of SSTSSD observed in this study ranged from 0.005 to 2.6 °C, which 279 

agree with the typical horizontal variability of the ocean’s SST previously reported for the 280 

spatial resolution studied (~25 km-2) [27]. Similar variability has been observed in studies 281 

of various oceanographic features, including upwelling cores [4–6], eddy-like circulation 282 

[1], and current-boundary fronts [7]. It is then very important to limit the interpretation of 283 

the patterns described in this study to such specific spatial resolution, because at larger 284 

scales, the SSTSSD’s could be much higher and influenced by other oceanographic 285 

dynamics, not targeted by this study. Such spatial scale would explain the very similar 286 

values of SSTSSD and their long-term trends among all upwelling ecosystems (Fig. 3A), 287 

in contrast to those of SST and ADT, which showed very high variability (Figs. 2A and 2B). 288 

We think this is precisely the reason our results seem to differ drastically from those 289 

recently published in Nature Communications [19] on the evolution of persistent fronts in 290 

the large marine ecosystems, for the same 40-year period of our study. Those results 291 

describe a positive trend on the number and intensity of such fronts, contrary to the 292 

negative trends of the sea surface thermal structure described here. We think this 293 

discrepancy is due to the very different spatial resolutions studied. Whereas Xing et al. 294 

focused their analysis at a resolution of 100 km, we based our analyses in 25-km-2 areas, 295 

a much finer resolution. Another important aspect that would help to explain the 296 

completely different trends: Xing et al.’s study managed to detect only gradients 297 

perpendicular to the coast and only in relatively coastal areas. Since the direction of those 298 

fronts makes them aligned latitudinally, it would be possible that latitudinal gradients in 299 

temperature along the coast and at large scales have increased due to a tropicalization 300 

process, in which warmer waters reach higher latitudes progressively. Nevertheless, more 301 

studies are needed on the dynamics of surface thermal structures at different scales and 302 

detected by different methods. 303 

 304 

The highest values of SSTSSD indicated consistently the influence of oceanographic 305 

phenomena of different nature (e.g. upwelling cores, current boundaries, island effect, 306 

and regional fronts) (Fig. 2A). This is because this variable incorporates only the local 307 
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scale of spatial variation, whereas SST and ADT include processes responding to global 308 

variability. The step decrease in yearly mean SSDSST’s was manifest and consistent in all 309 

upwelling systems (Fig. 3A), and it implied a reduction in surface thermal structure, both 310 

in terms of its area coverage and its magnitude (Supplementary Material Figs. S2 to S5). 311 

However, the potential causes of this phenomenon are unclear. In this study, we inspected 312 

other two physical variables to try to understand better the environmental context under 313 

which the SSDSST multidecadal decrease occurred: the SST and ADT. From them, the 314 

ADT showed a consistent increase in all upwelling systems (Fig. 3C). Since high ADT 315 

values would reflect a heat gain along the water column [23,49], one could argue that it 316 

would produce a progressive thermal homogenization of the sea surface, as has been 317 

suggested in model projections of the upwelling system dynamics [50]. The strong 318 

correlation between ATD and SSDSST supports this possibility (Fig. 4B).  319 

The SST’s long-term trend was also positive among upwelling systems, except for the 320 

Humboldt Current System, whose slope was almost certainly negative (Fig. 3B). This 321 

contradicts what was shown by that of the ADT, which was certainly positive (Fig. 3C), 322 

because if the water column suffered enough heat gain to produce an increase of ADT, 323 

one would expect that such gain would be also shown by the temperature at surface. 324 

Solving this problem is beyond the scope of this study, but it is possible that the close 325 

influence of the Antarctic Circumpolar Current on this upwelling system [51,52], which 326 

would maintain its surface colder than the others’, which are farther from the poles. 327 

According to the Bayesian R-squared values, it was clear that the California Current and 328 

the Humboldt Current systems exhibited higher variability in SST and ADT respect to their 329 

linear trends than those shown by the Canary Current and the Benguela Current systems 330 

(Figs. 3B and 3C). This is likely due to the interannual occurrence of El Niño/La Niña 331 

Southern Oscillation (ENSO[53,54], which affects mainly coastal waters of the Pacific 332 

coasts of the American continent, from the Equator and frequently extending to both 333 

upwelling system cores [55]. In fact, some of the most extreme deviations from the linear 334 

trends of both variables coincided with well-known El Niño or La Niña events (e.g. 1997-335 

1998 EL Niño, 1999 La Niña, 2011 La Niña), as well as the positive anomalies of 2014 336 

and 2015, attributed to the northeast Pacific Marine Heat Wave [56] and the 2015 El Niño 337 

[57]. Interestingly, these anomalies do not seem to coincide at all with those exhibited by 338 
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the SSDSST, which were similar among the four upwelling systems. The process driving 339 

such seemingly common variability is still unknown and could be the focus of future 340 

studies. 341 

Based on the strong relation between feeding habitats for marine megafauna and 342 

horizontal sea surface thermal structures (e.g. [11–13], as well as their importance for 343 

some fisheries, the step decreases in SSDSST reported for all major upwelling systems 344 

would represent a progressive loss in critical habitat coverage with in those large marine 345 

ecosystems. Therefore, we recommend including this variable and its spatial and 346 

temporal trends as potential covariates in future habitat-based models of distribution and 347 

population trends of pelagic species. Further studies should also address the implications 348 

of this seemingly global change in surface thermal structure for marine ecosystems. 349 
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 550 

Figure S1. Example of different temporal resolutions for the standard deviation (SD) of 551 

sea surface temperature (SST). From left to right: one day, 15 days, one month, and three 552 

months. The periods were chosen based on the typical upwelling peak season at each 553 

ecosystem. Note that the three-month resolution maximizes sample size and allows for 554 

the identification of more horizontal structures. 555 

 556 

 557 
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 558 

 559 

Figure S2. The three-month mean spatial standard deviation (SD) of sea surface 560 

temperature (SST) in the California Current spanning 1985-2019. 561 
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 564 

Figure S3. The three-month mean spatial standard deviation (SD) of sea surface 565 

temperature (SST) in the Canary Current spanning 1985-2019. 566 
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 569 

Figure S4. The three-month mean spatial standard deviation (SD) of sea surface 570 

temperature (SST) in the Humboldt Current spanning 1985-2019. 571 
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 575 

Figure S5. The three-month mean spatial standard deviation (SD) of sea surface 576 

temperature (SST) in the Benguela Current spanning 1985-2019. 577 


