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            Abstract
Existing estimates of sea surface temperatures (SSTs) indicate that, during the early twentieth century, the North Atlantic and northeast Pacific oceans warmed by twice the global average, whereas the northwest Pacific Ocean cooled by an amount equal to the global average1,2,3,4. Such a heterogeneous pattern suggests first-order contributions from regional variations in forcing or in oceanâ€“atmosphere heat fluxes5,6. These older SST estimates are, however, derived from measurements of water temperatures in ship-board buckets, and must be corrected for substantial biases7,8,9. Here we show that correcting for offsets among groups of bucket measurements leads to SST variations that correlate better with nearby land temperatures and are more homogeneous in their pattern of warming. Offsets are identified by systematically comparing nearby SST observations among different groups10. Correcting for offsets in German measurements decreases warming rates in the North Atlantic, whereas correcting for Japanese measurement offsets leads to increased and more uniform warming in the North Pacific. Japanese measurement offsets in the 1930s primarily result from records having been truncated to whole degrees Celsius when the records wereÂ digitized in the 1960s. These findings underscore the fact that historical SST records reflect both physical and social dimensions in data collection, and suggest that further opportunities exist for improving the accuracy of historical SST records9,11.
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                    Fig. 1: Groups of bucket SST measurements.[image: ]


Fig. 2: Relative offsets between groups of bucket SSTs.[image: ]


Fig. 3: Maps of SST trends and corrections between 1908 and 1941.[image: ]


Fig. 4: Diverging estimates of regional temperature variations.[image: ]
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                Data availability

              
              All datasets used in this study are publicly available as follows: ICOADS3.0 (https://rda.ucar.edu/datasets/ds548.0/), HadSST3 and a 100-member ensemble (https://www.metoffice.gov.uk/hadobs/hadsst3/data/download.html), HadISST2 and a 10-member ensemble (https://www.metoffice.gov.uk/hadobs/hadisst/data/hadisst2/), COBESST2 (https://www.esrl.noaa.gov/psd/data/gridded/data.cobe2.html),Â ERSST5 (https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.v5.html),Â CRUTEM4 (https://crudata.uea.ac.uk/cru/data/temperature/), ERA-Interim Reanalysis (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim), NOAA 20th Century Reanalysis (https://www.esrl.noaa.gov/psd/data/20thC_Rean/), andÂ NOCv2.0 surface flux (https://rda.ucar.edu/datasets/ds260.3/). ICOADSa and ICOADSb, together with archived versions of all other SSTÂ datasetsÂ used in this study, are posted at https://doi.org/10.7910/DVN/DXJIGA.

            

Code availability

              
              Code allowing the full reproduction of our results is posted on Github at https://github.com/duochanatharvard/Homogeneous_early_20th_century_warming.
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Extended data figures and tables

Extended Data Fig. 1 1908â€“1941 SST trends in major observational estimates and CMIP5 simulations.
aâ€“d, Maps of SST trends for: a, HadSST3 (ref. 4); b, HadISST2 (ref. 3); c, ERSST5 (ref. 1); and d, COBESST2 (ref. 2). Although different correction schemes were used to account for bucket biases in each observational estimate, panels aâ€“d show similar early-twentieth-century trends. e, Averages from 88 CMIP5 historical experiment simulations30. Model results and observed trends are all regridded to a common 5Â°Ã—5Â° resolution to facilitate intercomparison. f, Zonal variance in 1908â€“1941 SST trends. Shading indicates a range covering 80% of the 88 CMIP5 members, which come from 39 coupled climate models (see Supplementary Table 4). ICOADSb has a more uniform spatial pattern of early-twentieth-century warming than other SST estimates.


Extended Data Fig. 2 Groupwise decomposition of SST corrections in ICOADSb.
a, b, Contributions from individual groups over the North Pacific Ocean (NP; a) and the North Atlantic Ocean (NA; b). c, SST offsets for groups having major influences on 1908â€“1941 trend estimates. Groupwise corrections relate foremost to a growing cold bias amongst Japanese deck 118 (yellow) in the Pacific, a pre-World War I cold bias in deck 156 (grey), and a growing warm bias in German deck 192 (blue) in the Atlantic. Shading indicates 2 s.d. uncertainties, and the sizes of the markers indicate numbers of SST observations. d, As for c, but for an analysis in which the Japanese Kobe collection is divided into decks 762, 118 and 119. (Deck 119 is not shown because it spans only 1951 to 1961.) In this analysis, the mean offset over the North Pacific is 0.07Â Â±Â 0.14â€‰Â°C (2 s.d.) for deck 762 from 1908 to 1930, and âˆ’0.24Â Â±Â 0.16â€‰Â°C for deck 118 from 1935 onward, consistent with the case when decks are not separated (c). In addition, the cold offset of the Japanese Kobe Collection and the warm offset of German deck 192 are robust even if SSTs from the two groups are not allowed to be directly paired in the intercomparison.


Extended Data Fig. 3 Decimal distributions of SSTs.
a, Deck 762 from the Japanese Kobe Collection. The near-absence of a 0.5â€‰Â°C decimal is indicative of data being recorded in whole-degrees Fahrenheit and then converted into tenths-of-a-degree Celsius. The blue line shows the percentage of SSTs recorded in whole degrees. b, Temperatures reported in deck 118 of the Japanese Kobe Collection are all truncated to whole-degrees Celsius and constitute more than 99% of the Kobe Collection measurements between 1933 and 1941. c, German deck 192 is a time-varying mix of data in whole-degrees Celsius and data in tenths-of-a-degree Celsius; most common in the latter are values of 0 and 5, and then even digits. The percentage of SSTs archived in whole-degrees Celsius increases from 29% in 1908 to 50% in 1941 (blue line). d, Image from the reference manual of Japanese Kobe Collection deck 118 (ref. 25), where the red box highlights that temperature measurements were digitized at whole-degrees Celsius and all decimals dropped (https://icoads.noaa.gov/reclaim/pdf/dck118.pdf).


Extended Data Fig. 4 Sensitivity of 1908â€“1941 SST trends.
As for Fig. 3, but with Japanese Kobe Collection decks 118, 119 and 762 separated into distinct groups. a, SST trends in ICOADSa; b, trends associated with the corrections for groupwise offsets; c, SST trends in ICOADSb after applying groupwise corrections.


Extended Data Fig. 5 Comparison of SSTs with coastal air temperature estimates.
a, b, Air temperatures are from CRUTEM4 (ref. 26) near the east coast of Asia (a) and the east coast of the US (b). These two regions are indicated by the shading in c and host the largest groupwise corrections. SSTs corrected for groupwise offsets (ICOADSb, blue line) correlate betterÂ with CRUTEM4 air temperatures (black line) than do SSTs having only common bucket-bias corrections (ICOADSa, grey line), especially for Asia in the 1930s. See Table 1 for correlations associated with other major SST estimates.


Extended Data Fig. 6 Sea level pressure and the Pacific Decadal Oscillation.
a, Spatial pattern of sea level pressure (SLP) associated with a 1Ïƒ increase in the PDO index18. b, 1908â€“1941 SLP trends from the NOAAâ€™s 20th Century Reanalysis28. câ€“g, Regressions of SST-PDO indices against the SLP-PDO index for ICOADSb (c), ERSST5 (d), COBESST2 (e), HadISST2 (f) and HadSST3 (g). The SLP-PDO index is computed from the NOAAâ€™s 20th Century Reanalysis, and the regression analysis is performed for 1908â€“1941 (red) and 1948â€“2010 (black). h, Regression coefficients for each dataset over 1908â€“1941 (red) and 1948â€“2010 (black). Note that the yÂ axis starts from 0.25â€‰Â°CÂ mbâˆ’1. Error bars indicate 2 s.d. uncertainties. ICOADSb has a similar regression coefficient over 1908â€“1941 to that found using other SST datasets and other epochs.


Extended Data Fig. 7 1Ïƒ uncertainty estimates of 1908â€“1941 trends.
a, Sampling and observational uncertainty inherent to all SST estimates, estimated using 1,000 members drawn from normal distributions that have a mean of zero, and a variance of the sampling and observational uncertainty equal to that specified in ref. 37. b, Uncertainties associated with common bucket-bias corrections in HadSST3, which takes into account shifts between wooden and canvas buckets, exposure time, and ship speed, obtained from a 100-member ensemble4. c, Uncertainty of groupwise corrections in ICOADSb, estimated from 1,000 random correction members. d, Uncertainties quadratically combining those shown in aâ€“c. Note that these uncertainties are for individual grid boxes, whereas Table 1 reports uncertainties for regional or global averages.


Extended Data Fig. 8 Common bucket-bias corrections.
a, Comparison of annual global mean common bucket-bias corrections reproduced in ICOADSa and from HadSST3 for 1850â€“1941. b, As in a, but for monthly mean corrections from 1920 to 1929. Bucket corrections in ICOADSa are subsampled over HadSST3 grids before computing global means. câ€“f, Comparisons of spatial patterns of SST corrections for the period 1920 to 1930. Shown are our corrections for December, January and February (c) and June, July and August (e); and the HadSST3 corrections for December, January and February (d) and June, July and August (f). The 1920â€“1930 period is assumed to contain only canvas buckets, and an average of 78% of SSTs from fast ships (7Â mÂ sâˆ’1) and 22% from slow ships (4Â mÂ sâˆ’1). gâ€“j, As for câ€“f, but for corrections over 1850 to 1860â€”a period assumed to contain only slow ships (4Â mÂ sâˆ’1), with 36% of SST measurements from canvas buckets and 64% from wooden buckets. Discrepancies become apparent from the 1930s because of increasing contributions from warm-biased engine-room-intake measurements in HadSST3, whereas we focus only on bucket measurements.


Extended Data Fig. 9 Groups providing bucket SST measurements from 1850 to 2014.
Left-hand y-axis: numbers of bucket SST measurements from individual groups, identified by country and deck information as colour coded, in ICOADS3.0. CA, Canada; BR, Brazil; DE, Germany; FR, France; GB, Great Britain; NL, Netherlands; JP, Japan; RU, Russia; US, United States; â€”, missing country information. Black text shows the 46 of 162 groups that contributed to the SST archive between 1908 and 1941, which is indicated by shading. Groups with fewer than 2Â Ã—Â 105 measurements throughout 1850 to 2014 are labelled as â€˜other groupsâ€™. Right-hand y-axis, percentage of measurements that are from buckets (black line). Bucket measurements constitute nearly all observations before the 1930s.


Extended Data Fig. 10 Partitioning of random and systematic errors.
Updating the methodology for identifying nationality allows more groups of SSTs to be compared, and leads to minor changes in estimated random and systematic errors. Shown are fits according to equation (6) in ref. 10, depending on random measurement error (\({\sigma }_{{\rm{rnd}}}^{2}\)), systematic ship-level error (\({\sigma }_{{\rm{shp}}}^{2}\)), and the scaling relationship between the number of measurements and ships (x). Fits are performed using logarithms, and shading indicates 2 s.d. in logarithmic space.
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