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Abstract. The estimation of the ocean heat content (OHC) is based on the subsurface temperature observations which11

abundance, quality and accuracy changed over time following the development of oceanographic techniques and12
methods. The majority of the available global OHC time series begins in 1950s when the International Geophysical13

Year 1957-1958 (IGY) observational campaign resulted in a rapid improvement of the observational basis. However, a14

significant amount of subsurface temperature observations was accumulated during the period before the IGY. We15

perform a three-step quality control (QC) of the Nansen cast temperature profiles with the focus on the time period16
before 1970. The QC includes automated and manual control of temperature observations along with the quality control17

of temperature anomalies. The World Ocean Circulation Experiment/Argo Global Hydrographic climatology based on18

the high-quality temperature observations between 1990 and 2025 is used as the reference. To interpolate temperatures19

vertically we use a combination of the parabolic Reiniger and Ross (1966) method and the temperature anomaly method20
by Frankignoul (1981). The method is shown to result in a smaller interpolation error. Correction for depth bias in21

Nansen cast profiles are also suggested. The oldest temperature profiles from 1870s are treated separately, with the data22

from “Challenger” expedition used as reference. Finally, we estimate the OHC changes between 1870s and 2020s for23

six selected multi-year time periods. We find that for the layer 0-2000 m the OHC increase between 1920-1944 and24
1945-1969 amounts to 30% of the total OHC increase between 1920-1944 and 2010-2025.25

26

1 Introduction27

Recognition of the crucial role of the global ocean for the Earth climate system and experimental evidences of the28
ocean warming highlighted the importance of the global archive of temperature profiles as it became clear that the OHC29

evolution can be estimated from the historical data (Levitus et al., 2005; Gourteski and Koltermann, 2007; Cheng et al.,30

2025; Pan et al., 2026). The majority of OHC time series based on subsurface hydrographic observations begins in the31

late 1950s, as the observational campaign during the IGY 1957-1958 for the first time permitted a quasi-global32

coverage of the global ocean with hydrographic observations.33

It should be noted that a significant number of temperature and salinity profiles has been accumulated over the34

time period preceding the IGY. The “Challenger” expedition 1872-1876 marks the begin of the observational physical35

oceanography (Thomson and Murray, 1885; Roemmich et al., 2012). Guided by a group of scientists the expedition36
resulted in a large set of deep temperature profiles obtained with the accuracy and vertical resolution sufficient for the37

quantitative analysis of secular changes of the ocean thermal state. After the “Challenger” expedition several important38

improvements in oceanographic practice have been introduced. One is related to the further development of reversing39
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mercury thermometers (Negretti and Zambra, 1874) which soon replaced the minimum/maximum Six’s thermometers40
used on the “Challenger” cruise (Austin and McConnel, 1980).41

The other improvement is related to the thermometric method of thermometer depth estimation (Brennecke, 1921).42

The method found the first extensive application during the German Atlantic Expedition 1925-1927 (Wüst et al., 1932).43

The technique of taking water samples and measuring temperature at a number of depth levels is known under the name44
“Nansen cast” in commemoration of the Norwegian oceanographer Fritjoff Nansen who improved the method of serial45

hydrographic casts and developed the brass bottles (Nansen bottles) for taking water samples at depth levels (Helland-46

Hansen and Nansen, 1909; Nansen, 1906). Being gradually replaced by electronic profilers since late 1960s Nansen cast47

method remained in use until the beginning of 1990s as the main observational method on the ships of the former USSR48
- the country which contributed a significant part of all hydrographic hydrographic profiles between 1950s and 1990s.49

Since 1940 mechanical bathythermographs (MBT) (Spillhouse, 1938) began to contribute to the archive of temperature50

profiles. However the accuracy of MBT temperature measurements is much lower compared to that of Nansen casts and51

the maximum instrument depth is limited by 100-200 meters. The MBT data were found to be biased (Gouretski and52
Koltermann, 2007; Gouretski and Cheng, 2020).53

Only a small number of the global-scale OHC estimates exists for the time period before 1950s. Zanna et al. (2018)54

produced OHC time series since 1871 based on global reconstructions, which link the OHC with the observed sea55

surface temperatures (Rayner et al., 2003) using Green’s functions derived from the data assimilation experiments56
(Wunsch and Heimbach, 2007). Fu et al. (2025) provided the update of the above reconstructions. Roemmich et al.57

(2012) and Gebbie and Huybers (2019) used data from “Challenger” expedition to estimate OHC change after 1870s.58

Gouretski et al. (2012) provided estimates of the global temperature change between “Challenger” expedition and 1950s59

for the upper 400 m layer using in-situ hydrographic profiles.60
In this study we describe the quality controlled and adjusted global archive of Nansen cast hydrographic profiles.61

Based on this dataset we access for the first time the change of the ocean heat content of the upper 2000 m layer over a62

100 year time period between 1870s and 2020s.63

64
2 Data65

For the current analysis we use only Nansen cast temperature profiles obtained between 1873 and 2025, with the66

focus on the time period before 1970. The World Ocean Database (WOD) (Locarnini et al., 2023) (update as of August67

2025) served as the main data source. The profiles from the WOD include observed level data from the Ocean Station68
Data (OSD) instrument type. A closer inspection of profiles suggests that some of them might represent vertically69

interpolated data, whereas another group of profiles may be a blend of data from both observed and interpolated levels.70

Unfortunately, in most cases no respective metadata exists regarding the possible application of the vertical71

interpolation. Apart from the WOD archive we used four temperature profile datasets which have been digitized using72
the published station logs. These include:73

1) Temperature profiles of the British “HMS Challenger” 1872-1876 expedition (Thomson and Murray, 1889);74
2) Temperature profiles from the cruises of the United States steamer “Tuscarora” in the North Pacific 1871-1874 (U.75

S. Hydrographic Office, 1874);76

3) Temperature profiles from the German “Gazelle” 1874-1876 expedition (Hydrographisches Amt der Admiralität,77

1888);78
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4) Temperature, salinity, and oxygen profiles from the German Atlantic Expedition obtained by the ship “Meteor” in79
1925-1927 (Wüst et al, 1932). This dataset was used earlier for the estimation of secular changes in temperature and80

salinity in the South Atlantic Ocean (Gouretski et al., 2012).81

All digitized profiles represent data at observed levels. The total number of temperature profiles between 1873 and82

2025 retained for the analysis is 2,838,855, with 1,224,404 profiles for the time period before 1970. Quality controlled83
salinity and dissolved oxygen data are not used in the current analysis but accompany the temperature data when84

available. Automated quality control procedures for salinity and dissolved oxygen data are described by Gourteski85

(2018) and Gouretski et al. (2024).86

87
2.1 Time and spatial distr ibution of profiles88

The yearly number of profiles mirrors the development of the observational physical oceanography resulting in a89

rapid growth of the data volume (Fig. 1a). Two periods (1914-1918 and 1940-1947) which include the two World Wars90

are characterized by the drop of the number of observations at all levels. For all time periods the number of data rapidly91
decreases with depth. Before 1920s shallow profiles prevail, leaving the deep ocean essentially unsampled. Before92

1920s a significant part of deep temperature measurements was obtained by the three expeditions in mid-1870s (Fig. 1b)93

mentioned in the previous section.94

95

Figure 1. Year ly number of hydrographic profiles used in the study: a) all profiles; b) profiles deeper than 1000m.96
97

The spatial distribution of profiles for selected time periods and for several maximum profile depths is given in Fig.98

2. The two decade-long time period between 1950 and 1970, which includes the campaign of the International99

Geophysical Year (Chapman, 1955) is characterized by a quasi-global coverage even for the deep profiles. Before 1950100
a relatively good spatial coverage (also with deep profiles) was achieved between 1920 and 1949, with the Atlantic101

Ocean exhibiting the most dense sampling. The sampling between 1900 and 1920 was almost completely confined to102

the Atlantic ocean. The largest data gaps are found in the remote central parts of the Pacific and Indian oceans. A coarse103

quasi-global array of ship tracks with subsurface temperature observations is available for the time period 1870-1900104
with the most important contributions from the cruises by “HMS Challenger”, “Gazelle”, and “Tuscarora” in mid-105

1870s.106

107
108
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Figure 2. Number of profiles within 2° × 4° Latitude/Longitude boxes for several time-per iods and profile maximum depths.109
110

2.2 Character istics of the ver tical sampling111

The accomplishing of Nansen casts becomes more difficult with the increasing cast depth. Deep casts require more112
wire, a larger number of bottles and thermometers, and a much longer cast time. For these reasons shallow casts are113

prevailing (Fig. 3a) with only 10 %, 5 % and 2.5 % of all casts being deeper than 1100 m, 1600 m, and 2500 m114

respectively. The dynamical load on sounding line (a hemp rope on the earliest cruises and a steel wire since the late115

19th century) puts limitation on the maximum number of bottles which can be attached to the wire. Typically, not more116
than 10-12 bottles were used (Gould et al., 2013). Moroshkin (1951) reported about using up to 17 bottles during a cast.117

Therefore for deep hydrographic stations several casts had to be accomplished to provide a sufficient vertical resolution118

throughout the water column. Fig. 3b shows the histograms of the number of observed levels. The average number of119

observed levels versus cast depth (Fig.3c) indicates that on average about 23 observed levels are available for the120
profiles with the deepest level around 5000 m. The vertical gap between a pair of neighbor bottles typically increases121

with depth from one or several tenth of meter near the ocean surface to 500 m or more in the deep part of the profile122

(Fig. 3d).123

Since Nansen casts take samples and measure temperature at a number of discrete levels, the choice of the levels124
is made to permit a finer vertical resolution in the more variable upper part of the water column. Shown in Fig.4 is the125

sample depth histogram for the period 1920-1970. An disproportionately large number of observations comes from a126

limited number of levels corresponding to the so called ‘standard depths’ which were usually chosen as target depth127

levels for sampling. The set of standard depths was recommended in the hydrographic manuals (Borishanski, 1954;128
State Oceanographic Institute, 1977; U.S. Naval Oceanographic Office, 1968).129
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130
Fig.3. a) Deepest sample level histogram; b) number of observed levels histogram; c) mean number of observed levels versus131
cast depth; d) mean ver tical gap size versus depth.132

133

3 Data quality control134
Imperfection and malfunctioning of instrumentation, especially in the early period, errors in reading temperature135

values, lack of the proper thermometer calibration, errors in sample depth lead to both random and systematic errors in136

temperature. The data used in the study undergone three steps of quality control: statistical automated quality control,137

manual quality control, and statistical quality control of temperature anomalies. The steps are described in sections 3.1,138
3.2, and 6.2 respectively.139

140

3.1 Statistical quality control141
First, the original temperature profiles were put through the automated quality control procedure (Gouretski, 2018).142

The procedure consists of a suite of independent quality checks with parameter thresholds for each check based on143

statistical properties of the entire data population. Outlier diagnostics are shown in Fig. 5a-c. The overall percentage of144

the observed level temperature values identified as outliers is 4.2 %, with outliers found by 13 % of profiles. The outlier145
statistics suggest a gradual improvement of the data quality over time. The data before about 1920 are characterized by146

the highest percentages of outliers, which we attribute to the imperfectness of the observational technique.147

148

3.2 Manual quality controlled149

Secondly, temperature profiles obtained before 1970 were subjected to manual quality control. The data have been150

screened for remaining outliers in 507 5° × 20° Latitude/Longitude boxes (Fig. S1). Examples of quality-controlled151
temperature profiles for observed level data are shown in Fig. S2 for selected boxes. The manual quality control152

identified 0.17% of all temperature observations as outliers with 0.85% profiles affected by the manual check (Fig. 5d-f)153
154

4 Ver tical interpolation of the observed level data155

The choice of the interpolation method is important for historical profiles due to a sparse and uneven resolution156

over the water column. The originally crude vertical resolution further deteriorates due to the exclusion of observed157

levels during the quality control. As indicated by the Fig. 3c even the deepest profiles have on average about 23158
observed levels. The distances between the observed levels (vertical gaps) increase with depth from typically 5-25 m159

near the surface to more than 300 m below about 1500 m (Fig.3d).160
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Figure 4 Sample depth frequency histograms for OSD temperature profiles for selected time per iods.161

162

To interpolate profiles vertically we use a combination of two methods: the parabolic Reiniger and Ross (1966)163

interpolation method (RR method), which uses only observed temperature and the climate anomaly method by164

Frankignoul (1981) (FR method) which interpolates deviations of individual temperature profiles from the respective165

climatology temperature profiles.166
167

Figure 5. Outlier percentage for OSD temperature profiles: a-c) automated statistical quality control; d-f) manual quality168
control. Outlier percentage is shown for depth/year bins (a,d), depth/temperature bins (b,e), 1° × 1° latitude/longitude boxes169
(c, f).170

171

172

4.1 Case of uneven distr ibution of observed levels over depth173

https://doi.org/10.5194/essd-2026-416
Preprint. Discussion started: 23 June 2026
c© Author(s) 2026. CC BY 4.0 License.



7

The straightforward application of the RR method to observed level profiles was found to result in unrealistically174
large excursions on the interpolated temperature profile for a not-negligible number of profiles. Such cases typically175

occur when the observed levels are distributed extremely unevenly so that neighbor vertical gaps differ by more than an176

order of magnitude. Such profiles occur for instance when the entire temperature profile at a hydrographic station is177

composed of two or more hydrographic casts, each covering a part of the entire water column. When such profiles are178
merged together in the final station table the deepest observed depth of the shallower cast might be very close to the179

shallowest observed level of the deeper cast. In other cases small gaps may be due to the inclusion of the interpolated180

levels along with the observed levels in the resulting station table, or when big gaps on profiles appear due to the181

rejection of outliers. Since the interpolating polynomial must pass through each point of the original temperature profile182
unrealistic overshootings appear on the interpolated profile. Fig. 6 shows several examples of such profiles. In some183

cases the overshooting amounts to several degrees. To avoid the overshooting the original profiles are checked for pairs184

of levels which are very close to each other before interpolation. Such pairs are then replaced by one level referred to185

the middle point and temperature is taken as the average of temperature at the two levels.186

187
Figure 6. Examples of temperature profiles with uneven distr ibution of observed levels resulting in unrealistic overshooting188
of interpolation polynomials: observed levels (black circles), observed levels with a small distance to a neighbor level (blue189
circles), interpolated profile (red).190

191

4.2 Dependence of interpolation er ror on distance between observed levels.192
Due to non-linearity of temperature profiles interpolation over too big gaps might lead to big errors. In order to get193

a measure of interpolation error we used the climatology temperature profiles from the updated WAGHC climatology194

(Gouretski, 2018). The WAGHC gridded profiles give temperature values at 65 unevenly spaced levels between the195

surface and 6500 m. Each WAGHC profile was interpolated on 10-meter levels using the Reiniger-Ross interpolation.196
The vertical interpolation was then performed for a the resampled profile. Resampling was done by deleting a number197

of levels below the selected level so that the gap between the level under consideration and the next level below was198

increased iteratively. The root mean square difference between the interpolated values obtained using the full level199

profile and the profile with the reduced number of level gives a measure of interpolation error. Fig. 7 shows the200
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dependence of the interpolation error on the gap size and the depth of the upper gap boundary. The error increases with201
increasing gap size and decreases with increasing depth. The interpolation error in Fig.7 corresponds to the error in the202

center of the gap.203

Figure 7. Dependence of interpolation er ror on the ver tical gap size and the depth of the upper gap boundary.204
205

4.3 Compar ison of the Reiniger Ross interpolation method and the climate anomaly method206

As suggested by the Fig. 7 the interpolation error in RR method increases with the gap size. To reduce the error207
for big vertical gaps the climate anomaly method suggested by Frankignoul (1981) is used (FR method). In this method208

deviations of individual temperature profiles from the mean climatology are linearly interpolated over depth, and the209

interpolated value at a level is represented by the sum of the mean climatological temperature value and the interpolated210

anomaly. Fig. 8 shows several selected observed profiles with big vertical gaps along with the respective interpolated211
profiles. For large gaps temperature differences between interpolated methods can exceed several degrees. The RR212

interpolation method in case of large gaps results in unrealistic temperature anomalies.213

Figure 9 shows the dependence of the mean and mean absolute temperature error on gap size for RR and FR214

methods respectively. Whereas for small gaps both method produce very similar results, for large gaps the RR215
interpolation error is larger compared to FR method. For gaps larger than 300-500 m the mean absolute error for RR216

method can be up to factor 3-5 larger than the respective error for the FR method. We note that below 500 m the mean217

error for the FR method is close to zero even for the gaps larger than 500 m, whereas the RR method tends to result in a218

positive mean error increasing with the gap size. Fig. 9 serves as the guidance to choose which method is to be used219
depending of the gap size and the depth layer. The results are summarized in the Table 1 where threshold vertical gap220

size is given for distinct depth layers. If the actual gap for a pair of levels exceeds the threshold value the FR method is221

used to interpolate temperature between the two layers. For smaller gaps RR method is implemented.222

The overall performance of the interpolation method described in the above sections is further illustrated by the223
temperature/depth histograms based on the observed and interpolated data respectively (Fig.10). To obtain these224

histograms the number for each temperature-depth bin is normalized by the number of observations in the most data225

abundant bin for each depth. A good agreement between the two histograms suggest the absence of spurious features in226

interpolated profiles.227
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Figure 8. Compar ison of RR (red) and FR (blue) interpolation methods for 15 arbitrar ily selected temperature profiles with228
large ver tical gaps. Observed level values are marked with black circles, WAGHC climatology temperature profiles are229
shown in green.230

231
Table 1. Threshold gap size for the choice on the interpolation method232

Depth Layer (m) Threshold Gap Size (m)

0-100 100

100-200 100

200-300 100

300-500 150

500-1000 200

1000-1500 300

1500-2000 500

>2000 600
233

234

235
236

237

238
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Figure 9. Mean and mean absolute er ror for interpolated temperature values obtained by means of RR method (red) and FR239
method (blue). Results are shown for eight selected depth layers.240

241

5. Estimation of the Nansen cast depth bias242

Only under ideal conditions the wire with attached Nansen bottles takes vertical position over the entire wire243

length. Because currents and wind cause ship drift during the occupation of the hydrographic station the wire deviates244

from the vertical so that the length of the wire paid out is greater than the actual depth at which the temperature was245
measured. Brennecke (1921) suggested to use paired pressure protected and pressure unprotected mercury in glass246

thermometers for the calculation of the actual bottle depth. The unprotected thermometer shows higher temperature247

compared to the protected one with the difference being dependent on hydrostatic pressure which can be re-calculated248

into depth. The method was first implemented during the German Antarctic Expedition 1911-1912, but the first full-249
scale implementation took place during the German Atlantic Expedition 1925-1927 (Wüst, 1932).250

Unfortunately the thermometric method was not always implemented in oceanographic practice. Respectively, for251

a substantial number of Nansen casts the reported sample depths in reality represent target (standard) depth levels (see252

Fig. 4). Typically, only several bottles of a hydrographic cast were equipped with paired thermometers. Since the253
pressure effect becomes noticeable only below a certain depth the paired thermometers were used at depths greater than254

several hundred meters. The potential depth bias for Nansen casts was investigated by Gouretski et al. (2022), who used255

collocated pairs of Nansen cast and temperature profiles from Conductivity/Temperature/Depth (CTD) profilers. Such256

collocated data are available only for the time period after 1970 since the introduction of CTDs. The Nansen casts were257
found to be biased in depth with the sample depth reported by station logs overestimating the actually reached depth.258

Gouretski et al. (2022) suggested corrections for depth bias and also pointed to another method of depth bias estimation,259
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based on the analysis of the sample depth histogram. Here we imply this method to derive depth correction for old260
Nansen casts obtained before 1970. As illustrated by the Fig. 4 the disproportionately large number of observations261

comes from a limited number of the so called standard levels which were chosen as target depth levels for sampling.262

The non-standard-depth levels can be linked to the profiles where thermometric method was used or where corrections263

were applied to account for the deviation of the wire from the vertical.264
265

Figure 10. Normalized temperature-depth histograms for validated observed level data (a) and for interpolated data (b).266
267

Figures 11a, b show frequency distribution of sampled depths around standard levels. These histograms were268
obtained after removing the standard levels and the subsequent smoothing using Gaussian kernel. For all 24 standard269

levels a shift of the maximum frequency depth (Zmax) relative to the respective standard level (Zstand) can be seen. Using270

histograms depicted in Fig.11a,b the ratio R = (Zmax)/(Zstand) was calculated for each standard level271

(Fig.11c).Corrections are also given in Table A1. As indicated by Fig.11c reported sample depth slightly overestimate272
the actually reached depth. We note that Nansen cast bottle depths are reported in round meters imposing a limitation on273

the relative accuracy of the histogram method in the upper part of the water column.274

Depth corrections were determined for the time period 1920-1970, for which no collocated CTD profiles are275

available. We note that depth corrections should not be applied for the profiles for which the usage of the thermometric276
method is confirmed by the respective metadata. The impact of the depth corrections on OHC estimates is discussed in277

section 8.5.278

279

6 Calculation of temperature anomalies280
One of the goals of the current study is to estimate changes in ocean heat content before the International281

Geophysical Year 1957-1958. Such estimation is based on temperature anomalies calculated relative to a base-line282

climatology.283
284

6.1 WOCE-Argo Global Hydrographic Climatology – the reference ocean thermal state285
The updated WOCE/Argo Global Hydrographic Climatology (WAGHC) (Gouretski, 2018) was used to calculate286

temperature anomalies. This climatology represents climate monthly values of temperature on a 0.5° square grid and is287

based on the extended set of Argo, bottle, and CTD profiles (status as of June 2024). The original version (Gouretski,288

2018) included the latest temperature profiles from 2017. The climatology is based on 201,962 OSD profiles and289
714,716 CTD profiles between 1990 and 2024, and 3,035,127 Argo profiles between 2001 and 2024. Fig. S3 shows290

https://doi.org/10.5194/essd-2026-416
Preprint. Discussion started: 23 June 2026
c© Author(s) 2026. CC BY 4.0 License.



12

annual climate temperature field at selected levels. In a deviation to the widely used World Ocean Atlas climatologies291
(Garcia et al., 2018; Locarnini et al., 2023), the WAGHC climatology provides information about the median year of292

climatology temperature field (Fig. S4), which varies in the range 2014-2015 and 2003-2006 above and below the Argo293

maximum depth respectively.294

295
Figure 11. a, b) Smoothed sample depth histograms with deleted standard levels. Black ver tical lines cor respond to the296
standard depths, cyan bars denote maximum frequency. Differences between the standard depth and the depth of the297
respective local maximum frequency represent the depth bias; c) depth cor rection factor versus depth.298

299
6.2 Temperature anomalies relative to the WAGHC climatology300

For each observed temperature profile, climatology values are obtained by means of spatial interpolation of 0.5° ×301

0.5° climatology temperature fields. Above/below 200 m monthly/annual climatology fields were used respectively.302

The standard deviation of temperature anomalies within 2° × 4° latitude/longitude boxes (Fig. S5) reveals a well-known303
pattern with high variability areas confined to the western boundary current systems (Gulf Stream, Kuroshio, Agulhas,304

Malvinas), to the Antarctic Circumpolar current, and to the equatorial and tropical bands in the Pacific, Atlantic, and305

Indian oceans.306

An additional quality control check is applied to individual temperature anomalies. First, the overall anomaly307
limits versus depth are calculated based on all temperature profiles. The mimimum/maximum anomaly limits are308

defined as the 1st and 99th quantiles respectively (Fig. S6). To arrive on local threshold at the geographical location (Lat,309

Lon) and at the depth level Z the overall thresholds are modified by the multiplicative factor σ(x,y,z)/ σMEAN (z) , where310

σ(x,y,z) is the anomaly standard deviation within the respective 2° × 4° Latitude/Longitude box, and σMEAN is the311
global mean of σMEAN (z). Fig. 12 shows outlier diagnostics for anomaly check. The check rejects 0.55% of all312

observations as outliers, with about 2.10% of profiles being affected.313

314
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Figure. 12. Outlier percentage for temperature anomalies: a) percentage in depth/year bins, b) depth/temperature bins, c) 1°315
× 1° Latitude/Longitude boxes.316

317

7 Adjustment of the oldest temperature profiles318

Whereas the first subsurface temperature measurements available in the WOD database date back to the cruises319
from the end of 18th century, the voyage of “Challenger” (1873-1875) represents the first large-scale oceanographic320

expedition with temperature measurements conducted by scientists. The comparison of the “Challenger” temperature321

data with Argo-era temperatures revealed a profound warming of the global ocean along the entire track of the322

expedition (Roemmich et al., 2012). Almost simultaneously with “Challenger” voyage two other major expeditions323
were conducted by the German ship “Gazelle” (Hydrographisches Amt der Admiralität, 1888) and the US ship324

“Tuscarora” (Belknap, 1874). Both cruises did not have scientists on board. The location of stations for all three325

expeditions is shown in Fig. 13a. Analysis of temperature anomalies revealed significant systematic differences326

between the expeditions, with the most pronounced disagreement found between “Challenger” and “Tuscarora”327
temperatures. Because of a larger size, better vertical resolution, and a wider geographical scope of the “Challenger”328

data, along with the fact that the measurements and their analysis being conducted under the scientific supervision, we329

use the “Challenger” data as the reference to which temperatures from “Gazelle” and “Tuscarora” cruises are adjusted.330

The choice of stations for comparison is defined by the maximum distance between profiles of 2000 km. For331
“Challenger” and “Tuscarora” this area includes the majority of “Challenger” and “Tuscarora” stations in the North332

Pacific , whereas for “Challenger”-”Gazelle” comparison profiles in all three oceans are used (Fig. 13b, c). Distribution333

of point temperature anomalies over depth (Fig. 13 d, e) and binned anomalies (Fig. 13f, g) suggests a linear correlation334
of anomaly differences between the expeditions. Linear regressions for binned anomalies below 500 m are: ΔTGazelle =335

0.223 – 9.195*10-5Z; ΔTTuscarora= -0.130 – 1.358*10-4Z, where Z is the sample depth in meters, and ΔT is the respective336
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difference relative to “Challenger” data in degrees Celsius. Corrections were applied to all temperature profiles from337
“Gazelle” and “Tuscarora”. Fig. S7 shows distribution of temperature anomalies versus depth for quality-controlled and338

adjusted “Challenger”, “Gazelle”, and “Tuscarora” temperature profiles.339

340

Figure 13. a) Station locations for “Challenger”, “Gazelle”, and “Tuscarora” expeditions; b) location of “Challenger”341
and “Gazelle”stations used for data inter -compar isons; c) same as b) but for “Challenger” and “Tuscarora” data; d)342
compar ison of temperature anomalies for “Challenger” and “Gazelle” data; e) same as d) but for “Challenger” and343
“Tuscarora” data; f) mean temperature anomalies in 200-meter layers for “Challenger”(blue) and “Gazelle” (orange) data344
and the respective anomaly difference (black); same as f) but for “Challenger” blue) and “Tuscarora” (red) data.345

346
8. Secular changes of the ocean thermal state since 1870s based on in-situ observations347

348

8.1 Calculation of temperature anomalies349

Because of a sparse sampling we estimate the mean thermal state of the entire global ocean and of the main three350
oceans for 5-25 year long time periods, rather than for distinct calendar years. The earliest time period spans the quasi-351

global oceanographic survey conducted by “Challenger”, “Gazelle”, and “Tuscarora”. The following time periods are352

selected: 1873-1877, 1920-1944, 1945-1969, 1970-1989, 1990-2009, 2010-2025. For the calculation of temperature353

anomalies we use profiles interpolated on 10-meter levels and described in Section 4. For each time period mean354
anomalies are calculated for 5° × 5° Latitude/Longitude boxes.355

356

8.2 Spatial patterns of temperature anomalies357

Difference anomaly maps (Fig. 14) illustrate temperature changes between the respective time periods in the layers358
0-500 m, 500-1000 m, 1000-1500 m, and 1500-2000 m. During the two earliest periods 1873-1877 and 1920-1944,359

large areas in the central parts of the Pacific and Indian oceans remained essentially unsampled, and no time trends can360

be calculated (Fig. 14a, f, k, p). The general data paucity is also reflected in patchiness of the basin-scale temperature361

anomaly patterns due to remaining biases and mesoscale noise. However, within each layer a progressive warming362
between 1870s and 1920s can be seen, with the warming most pronounced in the Atlantic ocean (Fig. 14a, f, k, p).363

Between 1920-44 and 1945-69 (Fig. 14b, g, l, q) the maps indicate a strong warming in the tropical and subtropical364
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latitudes of the Atlantic Ocean for the upper 0-500 m layer and in the northern part of the Atlantic ocean within 1500-365
2000 m layer. A vast area of cooling is found in the northern part of the Indian ocean. However, the data basis is rather366

poor in this region.367

368
Figure 14. Layer -averaged temperature anomaly differences in 5° × 10° latitude/longitude boxes: 0-500 m (a-e), 500-1000 m369
(f-j), 1000-1500m (k-o), and 1500-2000 m (p-t).370

371
Between the period 1945-1969 which is strongly biased to the data from the International Geophysical Year 1957-372

1958 and the most data abundant period 1970-1989 the upper 500 m layer exhibits a global warming pattern except for373

the North Atlantic and North Pacific oceans (Fig. 14c). In the deeper layers the strongest warming is confined to the374

tropical and subtropical regions of the Atlantic ocean, with a weaker warming in the North Pacific ocean. For the375
following period between 1970-1989 and 1990-2009 (the latter is dominated by the data from the World Ocean376

Circulation Experiment) a global warming pattern is found, including the Arctic Ocean, but with the exception for the377

central Indian ocean and the south-western part of the North Pacific ocean. The prevailing warming trend remains for378

the deeper layers with the exception (below 1000 m) of the North Atlantic ocean. Also the southern part of the Indian379
Ocean indicates cooling, most pronounced for the layers 500-1000 m and 1000-1500 m (Fig. 14i,n). The progressing380

global-scale warming within the upper 500 m is revealed for the latest period between 1990-2009 and 2010-2025 (Fig.381

14 e, j, o, t). For the layer below 500 m the strongest warming is found in the northern and southern part of the Atlantic382

Ocean. The cooling is confined to the area in the western part of the North Atlantic Ocean between 20-40 N.383

384

8.3 Basin-wide and global ver tical profiles of temperature anomalies385

Box-averaged temperature anomalies are used to calculate vertical profiles of average anomalies for distinct386
oceans and for the entire global ocean. As already indicated by the spatial anomaly difference patterns (Fig. 14) the387
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most profound temperature changes took place in the Atlantic Ocean (Fig. 15a, b), with Pacific Ocean showing the388
smallest secular temperature changes (Fig. 15f). For the global ocean the continuous warming between 1870s and 2020s389

is seen throughout the entire water column, except for a close to zero warming between 1945-1969 and 1970-1989 time390

periods within the upper 500 m (Fig. 15g, h). Since 1920s the upper 50 m layer warmed by about 0.65 oC globally,391

whereas the global temperature increase at 1000 m and 2000 m level amounts to 0.1oC and 0.04 oC respectively.392

393
Figure 15. a, c, e, g) Temperature anomaly ver tical profiles for the three main oceans and for the entire global ocean and for394
selected six time per iods with standard er ror bars; b, d, f, h) same but for the depth range below 1000 m.395

396
8.4 Error estimation397

The box-averaged temperature anomalies in each 100 m layer are calculated using all observed anomaly profiles within398
the respective 5° × 5° latitude/longitude box, which are assumed to be independent of each other. The instrumental399

errors and the mesoscale variability introduce noise which causes error in the estimated box-averaged anomalies. For400

the basin- and global mean anomalies the errors are obtained by the summation in quadrature of within-box errors. In401

order to estimate the number of degree of freedom we calculated spatial autocovariances in east-west and north-south402
directions using box-averaged anomalies for the best sampled periods 1945-1969, 1970-1989, and 1990-2009 (Fig. S8).403

The meridional correlation radius is determined by the zero-crossing and is taken to be 1 meridional distance (555 km)404

between the boxes. The correlation along longitude has a long tail, so we define the correlation radius as the distance405

where correlation function falls below 0.1 giving on average two distances between the boxes in zonal direction.406
407

8.5 Secular changes of the Ocean Heat Content408

Finally, mean temperature anomaly profiles for three main oceans and for the global ocean were used to calculate409

OHC time series shown in Fig. 16 for the layer 0-2000 m. The following values of parameters were used for the OHC410
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calculations: 4184 J/kg°C as the seawater specific heat capacity, 1028 kg/m3 as the average seawater density, 6371 km411
as the mean Earth radius. The volumes of the 100 m layers for which temperature anomalies were obtained are412

calculated using the GEBCO digital bathymetry (Becker et al., 2009). For the earliest time period 1873-1876 the global413

OHC estimate is represented by the weighted average of the OHC estimates for Atlantic, Indian, and Pacific oceans,414

with wights equal to individual ocean areas.415
Firstly, we note a good agreement between our OHC time series calculated for the selected time periods and the416

yearly time series of the Institute of Atmospheric Physics (IAP) by Pan et al. (2026) (Fig. 16a). There several417

significant differences between the two products: the Pan et al. (2026) calculations are based on a much larger dataset,418

which includes not only Nansen casts but all other instrumentation types as well; with the mapping procedure aiming to419
fill the data-void areas (Cheng and Zhu, 2017).420

Secondly, we find that the global ocean undergone a significant warming before 1960 when the IAP and other421

observation-based time series begin. The median year for the six time periods indicated in the previous section are:422

1874.5, 1932.1, 1962.1, 1978.8, 1997.7, and 2015.2. Between 1932 and 1961 the global ocean heat content increased by423
149 ZJ to be compared with 456 ZJ warming between 1932 and 2015, thus amounting to 30% of the total OHC424

increase since 1932. Our calculations further suggest that the warming likely took place also between 1870s and 1920s425

amounting to 67 ZJ. However, this value is statistically insignificant due to large errors caused by the imperfectness of426

the earliest data and due to the insufficient spatial sampling between 1873-1877.427
OHC time series for the upper 2000 m from Zanna et al. (2018) and Wu et al. (2025) are also compared with our428

calculations. These time series are based on the reconstruction of the full-depth temperature changes using temperature429

anomaly at the sea surface as a passive tracer which is carried into the ocean interior via ocean transport processes. Our430

observation-based time series agree well with the indirectly obtained time series by Zanna et al. (2018) and Wu et al.431
(2025) indicating a significant OHC increase between 1920s and 1960s.432

As discussed above historical Nansen casts are subject to a depth bias (Gouretski et al., 2022). Depth corrections433

suggested in Table 1 were applied to the original sample depths when they belong to the subset of the following 67434

round number and “standard” depth levels:435
5, 10, 15, 30, 25, 30, 35, 40, 45, 50, 60, 70, 75, 80, 90, 100, 125, 150, 175, 200, 250, 300, 350, 400, 450, 500, 600, 700,436

750, 800, 900, 1000, 1100, 1200, 1250, 1300, 1400, 1500, 1600, 1750, 1800, 1900, 2000, 2100, 2000, 2300, 2400, 2500,437

2600, 2700, 2800, 2900, 3000, 3200, 3200, 3300, 3400, 3500, 3600, 3700, 3800, 3900, 4000, 4500, 5000, 5500 meters.438

These 67 levels represent 1.2 percent of all 1-meter levels between the surface and 5500 m depth. For the time period439
before 1970, 49.5 % of all observations are reported at the above standard levels. The impact of the depth corrections on440

global OHC estimates is shown in Fig. 16a. We found that the difference between temperature anomalies for original441

and depth-corrected profiles can amount to 5-10 % of the OHC change depending on the time period. Overall, depth442

corrections lead to the increase of the warming rate. Applying depth corrections increases the total energy gain between443
1930 and 2015 by 12.9 %, from 457 ZJ to 515 ZJ. The respective OHC increase between 1962 and 2015 amounts to444

6.8 % from 307 ZJ to 328 ZJ.445
The average heating rate between the analyzed six time periods is shown in Fig. 16b. Our calculations indicate446

a heating rate of about 1.2±1.1 ZJ year-1 before 1930s . During 1920s and 1960s the heating rate increases to 5.0±0.5 ZJ447

year-1 and is the same as for the period between 1970-1989 and 1990-2009. In agreement with Pan et al. (2026), the448

fastest OHC growth of 10.5±0.7 ZJ year-1 is found for the latest period 1990-2009 to 2010-2025.449
450
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Figure 16. a) OHC anomalies for selected time per iods for or iginal data (black) and depth-bias cor rected data (blue), OHC451
anomaly time ser ies from Pan et al. (2026) (red), Zanna et al. (2018) (orange), and Wu et al. (2025) (brown) are shown for452
compar ison; b) heating rate for five time per iods in ZJ per year : or iginal profiles (black), depth-bias cor rected profiles (blue).453

454

We did not apply corrections for the earliest data from “Challenger”, “Gazelle”, and “Tuscarora” because a455

different instrumentation was used on these cruises (a hemp rope instead of a steel one, no bottles attached to the wire).456
However two arguments are in favor of a positive depth bias in the oldest hydrographic profiles: a) unavoidable457

deviation of the sounding line from the vertical under real meteorological conditions; b) a significantly larger elasticity458

of the hemp wire compared to the steel wire, with the Jung’s modulus for steel being four time higher compared to459

hemp. Taking account for possible positive depth bias in the oldest data would result in a positive heating rate between460
1870s and 1920s.461

462

9 Discussion and conclusions463

The global archive of temperature profiles (Locarnini et al., 2023) was used in a number of studies where the464
evolution of the thermal state of the global ocean was estimated (Levitus et al., 2005; Gouretski and Koltermann, 2007;465

Cheng and Zhu, 2016; Pan et al., 2026). However, the entire potential of the historical data archive has not been used as466

the analyses were based on the data obtained after 1940s. This study takes in focus the oldest subsurface temperature467

observations, starting with the first subsurface temperature measurements for scientific purposes during the voyage of468
the British ship “Challenger” in 1870s. Since the old data are less accurate and often provide only a crude vertical469

resolution a reliable interpolation method is of importance. We applied a combination of the parabolic method by470

Reiniger and Ross (1966) and the anomaly method by Frankignoul (1981) to the historical profiles to reduce the471

interpolation error while interpolating over big vertical gaps. All historical profiles undergone a three-step quality472
control, which includes the statistical quality control automated procedure (Gouretski, 2018), the manual control, and473

the automated control of temperature anomalies relative to the base-line climatology. The updated WOCE/Argo global474

hydrographic climatology (Gouretski, 2018) is used, which is based on the high quality temperature profiles for the time475

period 1990-2025.476
Because of the general data paucity we calculated mean temperature anomalies in 5° × 5° latitude/longitude boxes477

which are used for the estimation of basin-averaged temperature anomalies for 5- to 25-year-long time periods. Our478

results confirm a progressive warming of the subsurface ocean since 19th century, which is seen both globally and for479

the three main oceans in all layers above 2000 m. The estimated OHC change since 1950s agrees well with the recent480
results by Pan et al. (2026), which are based on a much larger dataset and apply a temperature anomaly mapping481

method (Cheng and Zhu, 2016).482
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We show that the begin of the ocean warming can be reliably traced back to 1920s and likely even to the end of the483
19th century. We find that between 1920-1944 and 1945-1969 the global OHC increased by 139 ZJ. This value amounts484

to 30 % of the total OHC increase since 1920s.485

486

10 Data availability487

The quality control procedure described above was applied to the OSD profiles between 1873 and 2025 from the488

World Ocean Database and to the additional digitized datasets described in the paper. The resulting dataset comprises489

observed level data with quality flags and data interpolated on 10-meter levels. The data are in NetCDF and ASCII490
format and also include the metadata information. The complete dataset (Gouretski et al., 2026) can be found at491

http://dx.doi.org/10.12157/IOCAS.20260520.001 (Please use email to register and login to access the data.).492
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Appendix A: Corrections for depth bias594

595

Table A1. Depth cor rections for histor ical Nansen casts596
_________________________________597
Original Depth Correction factor598
_________________________________599
0050 0.9400600
0100 0.9600601
0200 0.9750602
0250 0.9800603
0300 0.9833604
0400 0.9835605
0500 0.9840606
0600 0.9845607
0800 0.9860608
1000 0.9880609
1200 0.9885610
1500 0.9900611
2000 0.9900612
2500 0.9900613
3000 0.9900614
3500 0.9900615
4000 0.9937616
4500 0.9937617
5000 0.9937618
___________________________619

620
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