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Consequential differences in satellite-era sea 
surface temperature trends across datasets
 

S. Menemenlis    1  , G. A. Vecchi    2,3, Wenchang Yang    2, S. Fueglistaler    1,2 & 
S. P. Raghuraman    4

Global surface temperatures since the 1980s, when near-global 
satellite-based sea surface temperature (SST) measurements became 
available, are presumed to be well known. Satellite-era warming trends in 
four commonly used global (land and ocean) temperature reconstructions 
agree closely, yet whether SST datasets also agree is unclear. Here we show 
that trends in four widely used SST datasets show first-order differences, 
with 1982–2024 60° S to 60° N trends ranging from 0.108 to 0.184 °C per 
decade. These large discrepancies are perplexing given the agreement 
between global temperature datasets and the fact that 70% of the surface of 
the Earth is covered by ocean, but are legible upon recognizing that global 
temperature datasets use two SST fields whose trends agree more closely 
than those of the four SST datasets. Considering the trend uncertainty 
across SST datasets widens the range of plausible global temperature trends 
and impacts interpretations of recent record global temperatures, with 
implications for observational and model-based climate studies.

Although estimates of global temperatures based on direct observations 
are available dating back to the mid-nineteenth century, such reconstruc-
tions are assumed to be best known in recent decades. The quantity and 
coverage of in situ surface marine observations from ships, drifting and 
moored buoys and fixed observing stations have increased over time, 
and are collected in the international comprehensive ocean–atmosphere 
dataset (ICOADS)1. Near-global remote sensing of sea surface tempera-
tures (SSTs) from satellites using infrared measurements began in the 
early 1980s and microwave SST measurements began in late 1997.

Reconstructing global SSTs, whether from a combination of in situ 
and remote observations or from in situ observations only, requires 
combining heterogeneous and spatiotemporally incomplete data. 
Different sampling methods produce different measurement patterns 
in space and time, and may define ‘surface’ temperature at different 
depths, from several metres below the surface for ship intake meas-
urements to upper micrometres of the ocean surface for infrared 
satellites. Each observation carries uncertainty and may need to be 
corrected for known biases. Such adjustments may have notable effects 
on decadal-scale global temperature trends2.

A handful of institutions produce regularly updated, spatially 
complete, global SST reconstructions for public access. These datasets, 
with version numbers current at the time of writing, are the sea ice 
and SST of the Hadley Centre (HadISST1)3 from the UK Met Office; the 
extended reconstructed sea surface temperature version 5 (ERSST v.5)4 
and daily optimum interpolation sea surface temperature version 2.1 
(OISST v.2.1)5 from the US National Oceanic and Atmospheric Adminis-
tration (NOAA); and the centennial in situ observation based estimates 
of the variability of SST and marine meteorological variables version 2  
(COBE2)6 from the Japan Meteorological Agency ( JMA). These four 
reconstructions use much of the same observational data, but use dif-
ferent techniques to correct for measurement biases, homogenize and 
interpolate SST data, estimate SSTs in areas with sea ice and estimate 
uncertainties (Methods). ERSST v.5, unlike the other three datasets, 
uses only in situ observations for SST reconstruction.

In addition, a few global surface temperature products, which 
combine SSTs with reconstructions of near-surface land temperature, 
are regularly updated and made available for public use. These prod-
ucts, with current version numbers, are the Goddard Institute for Space 
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HadISST1, ERSST v.5, COBE2 and OISST v.2.1 drift in relation to one 
another at the decadal scale, despite similar spatial warming patterns 
(Supplementary Fig. 3) and consistent year-to-year variability. HadISST 
consistently records higher absolute temperatures than ERSST, with the 
offset between the two products narrowing slightly over the satellite 
era. COBE and (most prominently) OISST drift from temperatures more 
similar to ERSST to those more similar to HadISST, such that COBE, OISST 
and HadISST record similar temperature values over the last decade. It is 
also informative to compare SST trends from reanalysis datasets, which 
are used for similar applications to observational SST reconstructions. 
The SST trend in MERRA2 reanalysis is closest to that of OISST v.2.1 (Fig. 1). 
Temperatures in ERA5 are higher than MERRA2 at the beginning of the sat-
ellite era, but converge over the past two decades (Supplementary Fig. 5).

When considered beside the apparent uniformity of trends in 
global temperature products, the differences between observational 
SST reconstructions present a conundrum. If one were to construct an 
ensemble of estimates of 60° S–60° N land and ocean temperatures 
using the four SST datasets and identical land temperature trends, 
one would expect the range in trends between these datasets to be 
~0.74 × 0.076 (0.056) °C decade−1. (The range in trends derived from 
the four SST datasets is 0.076 °C decade−1 and the ocean takes up 74% of 
the Earth’s surface area between 60° S and 60° N.) However, the range 
in 60° S–60° N trends given by the five global temperature datasets 
is a mere 0.007 °C decade−1 (Fig. 2a). Why do the global temperature 
datasets exhibit such a small range of trends?

We separate the land and ocean components of global temperature 
datasets to calculate and compare their respective trends (Methods 
section on ‘Processing’). Trends in SSTs from the ocean components 
of global temperature datasets are more similar to one another than 
SST trends from SST datasets (Fig. 2b,c). The range in SST trends from 
the global temperature datasets is 0.139–0.151 °C decade−1, compared 
to 0.108–0.184 °C decade−1 in the SST datasets. SST trends from global 
temperature datasets fall in the middle of the range of those from the 
SST datasets. That is, none of the SST trends from global temperature 
datasets resembles those of the highest and lowest end-members of the 
SST datasets, HadISST1 and OISST v.2.1. We also note the slight apparent  
compensation between land and ocean temperature trends in the global 
temperature datasets, such that global temperature reconstructions 

Studies surface temperature product version 4 (GISTEMP v.4)7,8, the 
UK Met Office Hadley Centre/Climatic Research Unit global surface 
temperature dataset version 5 (HadCRUT5)9, the NOAA global tempera-
ture dataset version 6 (NOAAGlobalTemp v.6.0.0)10, the Berkeley Earth 
global temperature dataset (Berkeley Earth)11 from the California-based 
non-profit Berkeley Earth and the China global merged surface tem-
perature version 3.0 (CMST3.0)12.

Publicly available SST and global temperature products are an 
essential part of the infrastructure of climate science. They are used to 
monitor climate change and provide boundary conditions for climate 
models, as input to widely used reanalysis datasets and as references 
in the development of climate models. It is typical for these data to be 
used without explicit consideration of uncertainty and with limited 
comparison to other datasets.

Here we compare the aforementioned SST and global temperature 
products. We focus on temperature trends since the 1980s, when obser-
vational coverage is most robust, and consider average temperatures 
between 60° S and 60° N to avoid comparing datasets with explicitly 
different techniques for estimating temperatures in areas with sea 
ice. Our analysis demonstrates that large differences across datasets 
in satellite-era global SST trends exist, imply greater uncertainty in 
global mean temperature trends than previously apparent and impact 
interpretations of past and present climate.

Temperature trend uncertainty
The five publicly available global surface temperature datasets—
CMST3.0, NOAAGlobalTemp v.6.0.0, Berkeley Earth, GISTEMP v.4 
and HadCRUT5.0.2—exhibit very similar 60° S–60° N 1982–2024 
land and ocean warming trends of 0.185, 0.189, 0.190, 0.191 and 
0.192 °C decade−1, respectively. Over this same area and time period, 
the four SST datasets—HadISST1, ERSST v.5, COBE2 and OISST v.2.1—
exhibit trends of 0.108, 0.138, 0.154 and 0.184 °C decade−1, respec-
tively (Fig. 1). That is, satellite-era warming trends differ between SST 
datasets by up to ~70%. The differences between SST datasets cannot 
be explained by any single ocean region or latitude range; they are 
global in scale (Supplementary Figs. 1–4; the reader is also referred 
to these supplementary figures for further inspection of regional  
differences).
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Fig. 1 | Differences in satellite-era SST trends. a, Time series of deseasonalized 
monthly average SSTs (°C) between 60° S and 60° N. Dashed lines show the linear 
trend between 1982 and 2024. HadISST1, ERSST v.5, COBE2 and OISST v.2.1 are 
depicted in olive, teal, blue and indigo, respectively. b, Trends in SSTs between 

60° S and 60° N for the period 1982–2024 (n = 516 months), in °C per decade, 
for the same four SST datasets, plus MERRA2 and ERA5 reanalysis. Error bars 
represent the ±2 s.e. range based on a Newey–West standard error estimator, 
around the ordinary least squares regression slope.
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with relatively higher SST trends tend to have relatively lower land 
temperature trends and vice versa. The range of global temperature 
trends is smaller than the range of trends in the land or ocean compo-
nents of these five datasets.

Combining SSTs from each SST-only dataset with land temper-
atures from each global temperature dataset (Methods section on 
‘Processing’) yields a larger range of plausible global temperature 
trends than evident from global temperature datasets alone. The full 
ensemble of 60° S–60° N trends produced by all possible SST and land 
temperature combinations (Fig. 2d) spans from 0.159 °C decade−1 
(Berkeley Earth land and HadISST) to 0.222 °C decade−1 (CMST land 
and OISST). The range in 60° S–60° N trends across all combinations 
of reconstructed SSTs and land temperature fields is thus an order of 

magnitude larger than the range given by global temperature datasets 
only (0.063 versus 0.007 °C decade−1).

In published global temperature datasets, global average tem-
perature anomalies and trends consistently fall within one another’s 
estimated confidence intervals9,11,13–15. By contrast, the range of SST 
trends in the four SST products is larger than the ranges of trends 
derived from SST components of the uncertainty ensembles of global 
temperature datasets (Fig. 2c). Similarly, the range of plausible land and 
ocean temperature trends constructed using the four SST products is 
larger than the range derived from the reported uncertainty of global 
temperature datasets (Fig. 2d).

The SST reconstructions used in the five global temperature data-
sets are not independent: GISTEMP v.4, NOAAGlobalTemp v.6.0.0 and 
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Fig. 2 | Comparing global to SST-only datasets. a, Time series of deseasonalized 
monthly average temperature anomalies, for all land and ocean between 60° S 
and 60° N. Data from the NOAAGlobalTemp v.6.0.0, CMST3.0, GISTEMP v.4, 
Berkeley Earth and HadCRTU5.0.2 datasets are shown in yellow, orange, red 
and pink, respectively. Temperature anomalies (°C) are against the 1982–2011 
reference period. Dashed lines denote the linear trend between 1982 and 2024. 
b, Same as a but for temperature fields constructed from combinations of SSTs 
from each SST dataset and land temperatures from each global temperature 
dataset. A total of 20 time series with corresponding trend lines are shown, 
colour-coded by the SST field used. c, Trends in the ocean-only 60° S–60° N 
component of global temperature datasets, from 1982 to 2024 (n = 516 months), 

in °C per decade. The SST dataset trends corresponding to Fig. 1, on the right, 
are marked with horizontal coloured lines. The black error bar around the 
central estimate (ensemble mean) for HadCRUT5.0.2 spans the range of trends 
calculated from the 200-member ensemble, with kernel density estimates 
shaded in grey to indicate the distribution of ensemble trends. d, Trends 
in 60° S–60° N land and ocean temperature in the five global temperature 
datasets, and in each of these datasets if their SSTs were replaced with those 
from each of the four SST datasets, from 1982 to 2024 (n = 516 months). Error 
bars for HadCRUT5.0.2 similar to those in c, but for 60° S–60° N land and ocean 
temperature trends. aPlus land components from five global datasets. bLand 
component.
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CMST3.0 use ERSST v.5, while HadCRUT v.5.0.2 and Berkeley Earth use 
HadSST4 (Table 1 and Methods). SST trends in reanalysis are similarly 
dependent upon the choice of input dataset. MERRA2 reanalysis16 
uses OISST until March 2006, then the operational SST and sea-ice 
analysis (OSTIA)17. ERA5 (ref. 18) uses HadISST2.1.1.0 until August 
2007, then OSTIA. Accordingly, MERRA2 exhibits a relatively high 
satellite-era trend of 0.176 °C decade−1, while ERA5 exhibits a lower 
trend of 0.142 °C decade−1 (Fig. 1 and Supplementary Fig. 5).

Recent record warmth
The record-breaking global temperatures of 2023 and 2024, which coin-
cided with devastating weather-related disasters in many parts of the 
world, motivated a proliferation of studies quantifying drivers of this 
‘spike’ and situating it in the context of historical warming trends19–25. 
How anomalous were 2023 and 2024 in the satellite-era record? The 
answer is sensitive to dataset choice, as Fig. 3, which compares the SST 
datasets with the highest and lowest trend, demonstrates. The method 
of visualizing these data follows the ‘climate reanalyzer’ tool of the Uni-
versity of Maine, which uses OISST v.2.1 (ref. 26). In OISST v.2.1, average 
temperatures within the 1982–2011 reference period are 20.20 °C, with 
a standard deviation of 0.15 °C. Temperatures have exceeded the ±2 s.d. 
range from this reference period for most months in each year since 
2014. In HadISST1, average temperatures in the reference period are 
20.43 °C with a standard deviation of 0.11 °C, and only 7 years, includ-
ing 2023–2024, exceed the ±2 s.d. range from the reference period.

In a steadily warming climate with natural variability, one should 
expect to see global temperature records broken somewhat regu-
larly. Large year-on-year spikes in global mean temperature are most 
likely to coincide with El Niño events, especially those following long 
La Niña events23. Given these priors, how truly unprecedented were 
2023–2024 temperature records? Record margins, which we compute 
as the difference between the monthly 60° S–60° N average SST and 
the previous record for that month since 1982, are largest during the 
1997–1998, 2015–2016 and 2023–2024 El Niño events (Fig. 4). The rela-
tive magnitudes of these records are subject to observational uncer-
tainty. In HadISST1, all monthly temperature record margins during the 
2023–2024 El Niño are higher than those of the corresponding months 
of the 2015–2016 El Niño. The peak HadISST1 2023–2024 record margin, 
0.28 °C in February 2024, exceeds the peak HadISST1 2015–2016 record 
margin of 0.15 °C in January 2016. In OISST, by contrast, the 2015–2016 
El Niño event broke monthly global temperature records by compa-
rable margins to the 2023–2024 El Niño event, although temperature 
record margins peaked relatively earlier during the 2023–2024 event. 
The OISST 2015–2016 maximum record margin of 0.30 °C in January 
2016 just exceeds the OISST 2023–2024 record margin of 0.28 °C in 
August 2023.

Discussion
Interpretations that assume differences in trends between global tem-
perature datasets to provide a reasonable estimate of true uncertainty 
are overconfident, as global temperature datasets do not account for 

the full range of trends in published SST reconstructions. As the IPCC 
(2021)27 notes, global temperature reconstructions have ‘far fewer 
methodological degrees of freedom than implied by a straight count 
of the number of available estimates’.

Systematic uncertainty—uncertainty due to, for example, the 
range of technical choices made by the different data-providing institu-
tions—dwarfs parametric uncertainty in reconstructed SST and global 
temperature trends. Parametric uncertainty estimates, which sample 
known uncertainties introduced by measurement error, bias correc-
tion and aspects of the particular reconstruction methods used for 
each dataset8,9,15 are small compared to interproduct differences. The 
statistical confidence interval measuring ±2 Newey–West standard 
errors, which conveys the scale of variability in the time-series data, is 
also small relative to the spread between datasets (Fig. 1).

The differences in satellite-era SST trends highlighted here are 
consequential. We suspect these differences are generally underap-
preciated, especially given that satellite measurements correct some 
known problems with presatellite-era temperature reconstructions28. 
Unless temperature records can be reconciled, the impact of SST trend 
uncertainties on the scientific literature must be evaluated. Below, we 
offer a non-exhaustive list of some implications of these uncertainties.

•	 Global temperature extremes. We considered the example of 
2023–2024, the warmest two calendar years in the instrumental 
record (see ‘Recent record warmth’). From a purely observational 
perspective, different SST reconstructions lend themselves to 
different views of the 2023–2024 warming spike. The 2023–2024 
warming spike appears most anomalous in HadISST1, the SST data-
set with the smallest trend (Fig. 3). In HadISST1, the record margins 
during the 2023–2024 El Niño are the largest in recent decades. In 
OISST v.2.1, the SST dataset with the largest trend, record margins 
during the 2023–2024 temperature spike are more similar to those 
during the 2015–2016 El Niño event (Fig. 4). Analyses of individual 
extreme years in the context of historical warming may be sensitive 
to systematic differences in reconstructed SST trends.

•	 Transient climate response. The transient climate response (TCR) 
of the Earth is the temperature change from doubling CO2 follow-
ing a 1% per year increase29–31. Following ref. 32, for a climate system 
with steadily increasing forcing from well-mixed greenhouse 
gases, the magnitude of climate change in response to a forcing F 
(units W m−2) can be approximated by the heat balance N = F−αΔT, 
where N (W m−2) is the net heat flux into the system, α is a climate 
sensitivity parameter (W m−2 K−1) and ΔT is the change in tempera-
ture. In approximation, N = κΔT where κ is an ocean heat uptake 
efficiency. Also F = ρΔT where ρ ≡ α + κ. In the set of combinations 
of SST datasets and land components of global temperature data-
sets, including surface temperatures poleward of 30° S and 30° N 
from global temperature datasets, the combinations with the 
lowest and highest 1982–2024 trends are HadISST1 + CMST3.0 
(0.166 °C decade−1) and OISST v.2.1 + HadCRUT5.0.2 (0.237 °C decade−1).  
Consulting the NOAA annual greenhouse gas index (https://gml.
noaa.gov/aggi/aggi.html) for an estimate of historical radiative 
forcing, and assuming a radiative forcing from CO2 doubling of 
4.0 W m−2 (after ref. 30), yields TCR values of 1.79 and 2.55 °C cor-
responding to the HadISST1 + CMST3.0 and OISST v.2.1 +  
HadCRUT5.0.2 trends, respectively. This range represents uncer-
tainty from satellite-era global temperature trend reconstruction, 
even if radiative forcing and the climate sensitivity parameter, which 
itself may be influenced by SST changes, were perfectly known.

•	 SST-forced experiments. Observational SST reconstructions are 
boundary conditions in atmospheric general circulation model 
(AGCM) experiments. Results in AGCM studies may be sensitive to 
the choice of SST dataset. For example, ref. 33 found that forcing an 
AGCM with HadISST1 versus Hurrell SSTs substantially impacted 
tropical atmospheric temperature trends. The standard tempera-

Table 1 | Dataset interdependency

Global temperature dataset SST source Land temperature 
source

GISTEMP v.4 ERSST v.5 GHCN v.4

HadCRUT v.5.0.2 HadSST4 CRUTEM5

NOAAGlobalTemp v.6.0.0 ERSST v.5 GHCN v.4

Berkeley Earth HadSST4 Berkeley Earth monthly 
land temperature

CSMT3.0 ERSST v.5 C-LSAT2.1

Ocean and land temperature data sources for all-surface global temperature datasets.
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ture dataset used to force atmospheric model intercomparison 
project simulations is the merged Hadley-NOAA/OI sea surface 
temperature and sea-ice concentration dataset34. This dataset has 
a 1982–2021 (we use this range because more recent SSTs are not 
yet available at the time of writing) trend of 0.110 °C decade−1, on 
the lower end of the four SST datasets’ range in trends over that 
same time period (Supplementary Fig. 6; these trends are 0.093, 
0.123, 0.143, 0.169 °C decade−1 for HadISST1, ERSST v.5, COBE2 and 
OISST v.2.1, respectively).

•	 Radiative imbalance of Earth. Quantifying the relationship 
between global temperatures and net top of atmosphere (TOA) 
radiative imbalances is important for understanding the drivers 
of global warming. While comparisons between climate models 
and observations of Earth’s energy imbalance (EEI) indicate that 
the observed positive trend in EEI is highly unlikely to be a result of 
internal variability alone, both coupled and atmospheric climate 
models (AGCM) simulate trends in EEI at the lower end of the 
confidence interval derived from CERES observations35. Others36 
propose expanding such AGCM experiments to many models to 

intercompare simulated EEI trends, in part because revised SST 
estimates are available. Such analyses would be sensitive to the 
choice of SST dataset used, so should account for uncertainty 
across SST datasets. SST-forced AGCM experiments are also used 
in climate model development and evaluation to test the ability 
of models to reproduce the observed TOA energy imbalance; 
here, again, the choice of SST dataset matters, and may affect how 
coupled models ultimately simulate EEI trends.

Climate research centres devote substantial resources to the inter-
comparison of model simulations. Observations of air temperatures 
have also received much attention, leading to several revisions of key 
observational estimates such as the temperature measurements of the 
Microwave Sounding Unit37–40. By contrast, the systematic uncertainty 
across widely used SST datasets has not been adequately addressed. 
Credible estimates of the rate of satellite-era ocean warming diverge 
by several tenths of a °C per decade (Fig. 1). The agreement between 
global temperature datasets over the satellite era does not reflect the 
full range of plausible SST reconstructions, and consequently should 
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not be interpreted as a definitive measure of confidence in the rate of 
global warming.

We echo the recommendations of ref. 41, who stress the impor-
tance of maintaining thorough information about SST measurements, 
improving bias models and improving access to information. Making 
available the code used to produce SST reconstructions would better 
facilitate explorations of uncertainties within datasets and compari-
sons between datasets. We hope this analysis will help to inform data 
users of the systematic uncertainty in SST trends and to caution against 
using SST and global temperature data with undue assumptions of 
precisions.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41558-025-02362-6.
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Methods
Sea surface temperature datasets
We compare four spatially infilled and regularly updated SST products. 
We use the most current version of each dataset as of the time of writing. 
Here we provide brief descriptions of each dataset with references to 
detailed information.

HadISST1. HadISST1 (ref. 3) provides SSTs and sea-ice concentration 
on a 1° × 1° latitude–longitude grid beginning in 1870. SST input data 
include in situ observations from the Met Office Marine Data Bank 
and ICOADS and satellite-based observations from advanced very 
high-resolution radiometer (AVHRR) sensors. The SST reconstruction 
method uses reduced-space optimal interpolation, with additional 
measures taken to account for long-term SST changes since the late 
nineteenth century. Gridded observations are re-introduced to restore 
variance on ~500-km scales. Both in situ and satellite observations 
are used from 1982 onwards. SSTs near sea ice are estimated using 
statistical relationships between SST and sea-ice concentration. Unlike 
ERSST v.5, COBE2 and OISST v2.1, no SSTs are given for sea-ice areas. 
HadISST1 data may be accessed at https://hadleyserver.metoffice.gov.
uk/hadisst/data/download.html.

ERSST v.5. ERSST v.5 (ref. 4) is produced by NOAA and provides SST 
data on a 2° × 2° latitude–longitude resolution from 1854 to the present. 
SST input data are primarily from ICOADS and Argo data above 5 m. SST 
data are quality controlled and adjusted for mutual consistency. SST 
observations are separated into low- and high-frequency components, 
and high-frequency components are reconstructed using empirical 
orthogonal teleconnections. SSTs near sea ice are relaxed towards a 
representative freezing temperature of seawater (−1.8 °C) based on 
sea-ice concentration. Uncertainties for ERSST v.4, which used similar 
methods to ERSST v.5, are described by ref. 42. ERSST v.5 data are avail-
able at https://www.ncei.noaa.gov/access/metadata/landing-page/
bin/iso?id=gov.noaa.ncdc:C00927.

COBE2. COBE2 (ref. 6) is a product of the JMA and provides SST data 
from 1850 to the present on a 1° × 1° latitude–longitude grid. SST input 
data include ICOADS release 2.5 and additional SST data compiled by 
the JMA, plus AVHRR data to reconstruct variability in data-sparse 
regions. An empirical orthogonal function-based method is used 
to reconstruct SSTs. In areas with sea ice, SSTs are computed on the 
basis of sea-ice concentration such that areas around sea ice are close 
to the climatological salinity-dependent freezing point of seawater. 
COBE2 data are accessible from https://psl.noaa.gov/data/gridded/
data.cobe2.html.

OISST v.2.1. OISST v.2.1 (ref. 5) from NOAA provides a record of SSTs 
beginning in September 1981 at 0.25° latitude–longitude resolution. 
SST input data are from AVHRR and ICOADS3.0. After adjusting ship 
SSTs for biases and adjusting AVHRR measurements to match in situ 
SSTs at 0.2-m depth, the input data are combined using optimum 
interpolation. When sea-ice concentrations are >35%, SSTs are replaced 
by the climatological salinity-dependent freezing point of seawater. 
Daily OISST v.2.1 data are available at https://www.ncei.noaa.gov/data/
sea-surface-temperature-optimum-interpolation/v2.1/access/avhrr/.

Global temperature datasets
We consider four publicly available and regularly updated global (land 
and ocean) surface temperature products, taking the most current ver-
sion of each dataset as of the time of writing. These global temperature 
datasets combine SSTs with near-surface (~2 m) land temperatures.

GISTEMP v.4. GISTEMP v.4 (refs. 7,8) provides global temperatures 
on a 2 × 2 grid from 1880 to the present. The input data are ERSST v.5 
for SSTs and NOAA global historical climatology network version 4 

(GHCN v.4) for land surface air temperatures. Others8 calculate uncer-
tainties in GISTEMP global and annual mean temperature anomalies 
by combining the ERSST v.4 uncertainty analysis from ref. 42, which 
considers empirical orthogonal teleconnection function reconstruc-
tion uncertainties and parametric uncertainties and land temperature 
uncertainties from sampling and homogenization. GISTEMP data are 
available at https://data.giss.nasa.gov/gistemp/.

HadCRUT v.5.0.2. HadCRUT5 (ref. 9) is a 5° latitude–longitude global 
temperature dataset spanning from 1850 to the present. Input data are 
the UK Met Office Hadley Centre SST dataset (HadSST4)43 for SSTs and 
Climatic Research Unit temperature version 5 (CRUTEM5)44 for surface 
air temperatures. The central estimate is the average of a 200-member 
ensemble. The ensemble members are intended to sample the distribu-
tion of systematic observational uncertainties and uncertainties in the 
analysis of observations. The ensemble members were not used in the 
final version of this analysis because they are not yet available through 
2024. The infilled ‘HadCRUT5 analysis’ ensemble members and ensem-
ble mean are available for download at https://www.metoffice.gov.uk/
hadobs/hadcrut5/data/HadCRUT.5.0.2.0/download.html.

NOAAGlobalTemp v.6.0.0. NOAAGlobalTemp45 is provided on a 
5° × 5° latitude–longitude grid from 1850 to the present. Input data 
are ERSST v.5 for SSTs and GHCN v.4 for land surface air temperatures. 
Version 6.0.0 uses an artificial neural network method to improve 
reconstruction of land surface temperatures. Uncertainties at global 
and local scales are described for NOAAGlobalTemp version 5 (ref. 
13), but have not yet been estimated for version 6. NOAAGlobal-
Tempv6.0.0 data are available at https://www.ncei.noaa.gov/data/
noaa-global-surface-temperature/v6/access/gridded/.

Berkeley Earth. The Berkeley Earth global temperature dataset11 is 
provided on a 1° × 1° latitude–longitude grid from 1850 to the present. 
Input data are HadSST4 for SSTs (personal communication, Z. Haus-
father) and the Berkeley Earth monthly land temperature dataset for 
land surface air temperatures. Berkeley Earth uncertainty estimates11 
combine measurement and sampling uncertainty, coverage uncer-
tainty and bias uncertainty. Berkeley Earth global gridded data on a 
1 × 1 latitude–longitude grid are available at https://berkeleyearth.
org/data/.

CMST3.0. CMST3.0 (ref. 12) dataset is provided on a 5° × 5° latitude–
longitude grid from 1850 to the present. Input data are ERSST v.5 for 
SSTs and the China-land surface air temperature version 2.1 product for 
land temperatures (C-LSAT2.1)46. C-LSAT2.1 integrates 14 data sources 
(three global, three regional and eight national) for maximum spatial 
coverage over land. CMST3.0 data are accessible at http://www.gwpu.
net/en/h-col-103.html; we use the ‘China-MST3.0 Nrec’ data product.

Processing
We analyse latitudes from 60° S to 60° N. We focus on this area because 
some reconstructions report the temperature of the sea surface directly 
under ice, while others report near-surface air temperatures over ice. 
Excluding polar regions, which comprise 14% of the surface area of the 
Earth, permits us to compare these datasets directly. If polar regions 
were included, the choice of how to treat sea ice could significantly 
impact global mean temperatures11.

Deseasonalized monthly average data are produced by subtract-
ing the monthly climatology from the temperature each month, then 
adding the difference to the climatological average. Using annual mean 
temperatures instead of deseasonalized monthly data would have little 
effect on the results of this study.

Decadal temperature trends were calculated using ordinary least 
squares regression. Because the time-series data are autocorrelated, we 
use the Newey–West estimator47 to produce the ±2 standard error range 

http://www.nature.com/natureclimatechange
https://hadleyserver.metoffice.gov.uk/hadisst/data/download.html
https://hadleyserver.metoffice.gov.uk/hadisst/data/download.html
https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C00927
https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C00927
https://psl.noaa.gov/data/gridded/data.cobe2.html
https://psl.noaa.gov/data/gridded/data.cobe2.html
https://www.ncei.noaa.gov/data/sea-surface-temperature-optimum-interpolation/v2.1/access/avhrr/
https://www.ncei.noaa.gov/data/sea-surface-temperature-optimum-interpolation/v2.1/access/avhrr/
https://data.giss.nasa.gov/gistemp/
https://www.metoffice.gov.uk/hadobs/hadcrut5/data/HadCRUT.5.0.2.0/download.html
https://www.metoffice.gov.uk/hadobs/hadcrut5/data/HadCRUT.5.0.2.0/download.html
https://www.ncei.noaa.gov/data/noaa-global-surface-temperature/v6/access/gridded/
https://www.ncei.noaa.gov/data/noaa-global-surface-temperature/v6/access/gridded/
https://berkeleyearth.org/data/
https://berkeleyearth.org/data/
http://www.gwpu.net/en/h-col-103.html
http://www.gwpu.net/en/h-col-103.html


Nature Climate Change

Analysis https://doi.org/10.1038/s41558-025-02362-6

reported in Fig. 1. The maximum lag considered in the autocorrelation 
structure is 5 months. Although the values of temperature trends in a 
period of this duration (43 years) are sensitive to small shifts in start 
and end dates, the overall results of this analysis are not.

Global temperature datasets were split into land and ocean compo-
nents to calculate respective trends. We used the land/sea masks or land 
fraction weights provided by each group. For CMST3.0, we used the 
HadCRUT5.0.2 land weights because the two datasets use the same 5 × 5 
grid. Grid points were considered ‘land’ where the land fraction >0.5. 
Grid points were considered ‘ocean’ where the land fraction was ≤0.5.

For each combination of SST data and land component of global 
temperature data used to calculate the trends in Fig. 2, the SST data 
were first regridded to the latitude/longitude grid of the global temper-
ature dataset. The land component of the global temperature dataset 
was combined with the regridded SSTs. Any remaining grid cells were 
filled using linear interpolation in space. Finally, trends were calculated 
from deseasonalized monthly means.

Data availability
All data used for this analysis are publicly available. SST datasets include 
HadISST1 (https://hadleyserver.metoffice.gov.uk/hadisst/data/down-
load.html), ERSST v.5 (https://www.ncei.noaa.gov/access/metadata/
landing-page/bin/iso?id=gov.noaa.ncdc:C00927), COBE2 (https://psl.
noaa.gov/data/gridded/data.cobe2.html) and OISST v.2.1 (https://www.
ncei.noaa.gov/data/sea-surface-temperature-optimum-interpolation/
v2.1/access/avhrr/). Global temperature datasets include GISTEMP v.4 
(https://data.giss.nasa.gov/gistemp/), HadCRUT v.5.0.2 (https://www.
metoffice.gov.uk/hadobs/hadcrut5/data/HadCRUT.5.0.2.0/download.
html), NOAAGlobalTemp v.6.0.0 (https://www.ncei.noaa.gov/data/
noaa-global-surface-temperature/v6/access/gridded/), Berkeley Earth 
(https://berkeleyearth.org/data/) and CMST3.0 (http://www.gwpu.
net/en/h-col-103.html). Reanalysis data include ERA5 (https://www.
ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5) and MERRA2 
(https://gmao.gsfc.nasa.gov/reanalysis/merra-2/data_access/). Data 
to reproduce the figures in this analysis are available via Princeton 
University at https://doi.org/10.34770/v1rs-gq54 (ref. 48).

Code availability
Code to reproduce the figures in this analysis are available via Princeton 
University at https://doi.org/10.34770/v1rs-gq54 (ref. 48).
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