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This paper extensively investigates the performance of the representative SBE 3 deep-sea thermometer (Sea-Bird Scientific) under various stepwise pressure conditions. A high-precision pressure-temperature vessel was employed to simulate deep sea environments, conducting systematic pressure experiments with precise temperature control (0.5 mK) across a temperature range of -2 to 35°C and from atmospheric pressure to full ocean depth (0–12700 m). A Standard platinum resistance thermometer (SPRT), isolated from the pressure environment and placed adjacent to the SBE 3, served as a calibration reference throughout the experiments. The drift of the SBE 3, reaching up to 10 mK in this study, was meticulously quantified at varying pressures and temperatures. Subsequently, a linear calibration method was developed, ensuring that the thermometer maintained an accuracy of ±0.0005°C (± 0.5 mK) across all tested high-pressure conditions, including a maximum pressure of 1050 bar. Crucially, this study discusses the negative impact of pressure-induced temperature errors on the estimation of ocean heat content in the Pacific, emphasizing the importance of conducting high-pressure calibration tests before and after oceanographic deployments. These measures are vital for ensuring the accuracy of deep-sea temperature measurements, which are critical for understanding global climate dynamics and improving the calibration of deep-sea sensors.
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1 Introduction

The ocean, covering over 70% of the Earth’s surface, plays a critical role in the global climate system due to its immense heat capacity. As greenhouse gas emissions continue to rise, the ocean has become the principal reservoir for absorbing excess heat from the atmosphere. Over the past few decades, it is estimated that approximately 90% of this excess heat has been absorbed by the ocean, with the heat stored within the upper few meters alone being comparable to that contained in the entire atmosphere. The immediate consequence of this oceanic heat absorption is sea level rise, exerting profound impacts on global climate dynamics and environmental stability. Cloud cover can also influence ocean warming, as it modulates the amount of solar radiation reaching the ocean surface (Bernal, 1991; Khatiwala et al., 2012; Cazenave and Cozannet, 2014; Delgado-Bonal et al., 2020; Smith et al., 2021; Smith et al., 2022).

Deep-sea temperature changes have garnered significant attention in oceanographic research due to their crucial role in global heat absorption and sea level rise. The rate of warming observed in deep-sea (below 2000 meters) and abyssal regions (below 4000 meters) is substantial and exerts a notable influence on the redistribution of global heat and subsequent sea level changes. Between 1991 and 2010, the global mean temperature of waters below 2000 meters increased at an estimated rate of 0.39 ± 0.17 mK per year, with even higher rates of 0.53 ± 0.11 mK per year detected at depths of 4000 to 6000 meters. The Southern Ocean plays a particularly significant role, accounting for 67% of total deep-sea heat absorption. This heat uptake is primarily driven by Antarctic Bottom Water (AABW) formation in high-latitude regions, emphasizing the importance of deep-sea warming for the global climate system (Desbruyères et al., 2016). Observations from 2009 to 2019 at four sites in the Northwestern Argentine Basin indicate a persistent upward trend in both deep-sea and abyssal temperatures, with mean annual increases ranging from 0.02 °C to 0.04 °C (Meinen et al., 2020). Such findings underscore the critical role of deep-sea warming in modulating the global climate system and illustrate how atmospheric and surface ocean changes propagate into deeper oceanic layers through large-scale ocean currents.

Accurate measurement of deep-sea temperatures is vital for constructing robust global climate models and predicting the impacts of global warming (Abraham et al., 2013). However, typical temperature variations in the deep ocean are subtle, necessitating highly sensitive and precise instrumentation. Current deep-sea temperature measurements rely primarily on high-precision thermistor-based sensors, including the widely used SBE 3 and SBE 35 thermometers (Sea-Bird Electronics). These sensors are rigorously calibrated during manufacturing and recalibrated periodically to ensure long-term stability, demonstrating a temperature stability of approximately 0.14 mK per year (Uchida et al., 2015). A measurement uncertainty of 1 mK (0.001°C) is essential for accurately monitoring the subtle temperature fluctuations characteristic of deep-sea environments (Wunsch, 2016). Given that salinity calculations are based on seawater conductivity, which itself is highly temperature-sensitive, even minor temperature measurement errors can introduce substantial errors in salinity, potentially leading to significant misunderstandings in ocean circulation and water mass mixing processes (Wangersky, 2000; Feistel et al., 2010; Intergovernmental Oceanographic Commission, 2015). Furthermore, temperature measurement errors can accumulate during long-term data processing and modeling, leading to amplified inaccuracies in oceanographic research and climate predictions (Palmer et al., 2011; Garry et al., 2019). This cumulative effect underscores the importance of precise temperature measurement and regular calibration to reduce errors in salinity, density, and sound speed calculations, thus providing a reliable data foundation for oceanographic and climate research (Wangersky, 2000; Intergovernmental Oceanographic Commission, 2015).

The accuracy of deep-sea temperature sensors can be affected by various environmental factors, particularly seawater pressure. This pressure can deform sensor encapsulation, transmit pressure through internal filling materials, and create additional stresses on the thermistor, resulting in measurement errors. This pressure effect has been demonstrated in studies conducted at depths of up to 6000 meters (Peruzzi et al., 2017). Even the reference-grade SBE 35 temperature sensor, commonly used for field calibration, exhibits a reproducible pressure dependency that can exceed its specified measurement uncertainty under certain conditions (Uchida et al., 2007). As a result, it is generally recommended that calibration of deep-sea thermometers not rely solely on field comparisons with reference thermometers unless their performance across various temperature and pressure conditions is thoroughly understood (Joung et al., 2020; Peruzzi et al., 2021).

With advancements in deep-sea exploration, the demand for research at extreme ocean depths, including depths approaching 10,000 meters in regions such as the Mariana Trench, has increased significantly (Taira et al., 2005; van Haren et al., 2017; van Haren, 2023). At such depths, the annual variation in seawater temperature is exceedingly subtle (Levitus et al., 2000), requiring temperature sensors with exceptional accuracy and long-term stability under ultra-high pressure conditions. Focusing on the high-performance deep-sea thermometer model SBE-3, designed to withstand the pressures encountered at extreme depths, this study evaluates its measurement accuracy under simulated high-pressure conditions.

In this research, a high-precision pressure vessel was utilized to replicate deep-sea environments. To ensure high measurement precision, a Standard Platinum Resistance Thermometer (SPRT) was isolated within a pressure-resistant pipe filled with silicone oil for thermal conduction. The experimental design comprehensively tests the SBE 3 thermometer’s performance across varying pressures and temperatures, simulating conditions from atmospheric pressure to full ocean depth. Section 2 outlines the theoretical framework, Section 3 describes the experimental setup and procedures, and Section 4 analyzes the pressure-calibrated performance of the SBE 3 thermometer.




2 Technical background and calibration requirements

Calibration standards for Conductivity-Temperature-Depth (CTD) instruments vary across different countries, with each having its own methods and regulations. For instance, China’s “JJG 763-2019 Calibration Regulation for Temperature-Salinity-Depth Measuring Instruments” (Lili et al., 2019) and the international standard “BS ISO 22804-2023 Marine Technology—General Technical Requirements for Marine Conductivity-Temperature-Depth (CTD) Measuring Instruments” (BS ISO 22804, 2023) outline technical requirements and testing procedures for CTD calibration, which describes the detailed procedures to test and calibrate temperature and conductivity sensors (used to calculate salinity) in a varying temperature thermal bath under one atmosphere pressure, and pressure sensors with varying pressures in the room temperature. These regulations do not account for the effects of environmental pressure on the accuracy of temperature and conductivity sensors, as well as the impact of environmental temperature on the accuracy of pressure sensors.

The current standards predominantly outline temperature calibration methods at standard atmospheric pressure, which have significantly contributed to ensuring the accuracy and reliability of CTD data. However, by incorporating the operational behavior of deep-sea thermometers under high-pressure conditions, a more rigorous assessment of CTD performance could be achieved. This would further enhance the credibility of oceanographic data collected during deep-sea investigations.

For instance, Sea-Bird Scientific provides a drift correction method to address data deviations in CTD instruments during long-term usage. This correction method does not rely solely on single field data but combines laboratory calibration results with pre- and post-cruise drift information. Specifically, users can calculate drift correction coefficients based on pre- and post-cruise calibration data to ensure the accuracy of conductivity, temperature, and pressure measurements throughout the cruise (Sea-Bird Electronics, Inc, 2016). The correction method involves calibrating the temperature sensor using a thermal bath before and after the deployment, calculating the temperature difference (residual) between the pre- and post-deployment calibrations, and then adjusting the temperature readings based on the number of days. The specific steps are as follows: first, calculate the residual (instrument temperature minus thermal bath temperature); then use the Equation, Offset = b * (residual/n), to correct the temperature data, where b is the number of days between the pre-deployment calibration and the measurement, n is the number of days between the pre- and post-deployment calibrations, and residual is the residual from the calibration table. The calibration schematic is shown in Figure 1 below.




Figure 1 | Schematic diagram of pre- and post-deployment of the CTD device.



This method provides a way to correct the offset in instrument readings caused by time drift between pre- and post-calibration, with a focus on adjusting temperature and conductivity data based on the number of days at sea. The Sea-Bird procedure assumes a linear drift, which is a reasonable assumption for SBE 3 sensors. This drift is typically attributed to gradual changes in the instrument’s internal components over time, which may be influenced by environmental factors, as suggested by the slight temperature variations observed between the pre- and post-cruise calibrations shown in Figure 2. However, it is unable to fully correct the measurement errors recorded during deployment under varying deep-sea pressure conditions, primarily resulting from pressure-induced changes in temperature readings (Uchida et al., 2015). In fact, as highlighted in previous studies, the indication of pressure can be significantly affected in the deep-sea environment (Uchida et al., 2007; Peruzzi et al., 2017; Joung et al., 2020; Peruzzi et al., 2021). As the instrument returns to atmospheric pressure after deployment, the transient reading errors occurring under deep-sea pressure conditions become undetectable, making them difficult to detect using the above calibration procedure.




Figure 2 | Schematic diagram of the in-situ drifts of the CTD device. and its pre- and post-deployment calibration.



To ensure a rapid thermal response time, manufacturers typically design the pressure-resistant casing of thermometers to be as thin as possible while maintaining environmental durability. A thermally conductive material is placed between the casing and thermistor to enhance heat transfer. Under deep-sea high pressure, the casing compresses, transmitting stress through the thermally conductive material to the thermistor itself. This stress alters the thermistor’s resistivity, leading to drift in temperature readings relative to previous calibration data. Variability in the thermal conductive filling process, casing material uniformity, and thermistor packaging, along with aging-related degradation, can lead to inconsistencies in the temperature-pressure coefficients even among probes from the same batch (Uchida et al., 2015; Peruzzi et al., 2017). Due to the elastic properties of the casing material, deformation under pressure does not cause permanent damage to the thermometer, and part of the deformation recovers when the thermometer is returned to atmospheric pressure in the calibration laboratory. Therefore, drift data calibrated under atmospheric conditions cannot fully reflect the transient drift effects encountered during ocean deployments. This issue is especially prominent in profiling measurements, where the thermometer must continuously respond to depth changes that correspond to rapid pressure variations. Figure 2 illustrates a schematic diagram of this pressure effect. Fortunately, the in-situ pressure effect of deep-sea thermometers (SBE3 and SBE35) may not vary with time. Once the established relationship between pressure and temperature is determined, the drift can be corrected in real time using the pressure measured by the instrument itself (Uchida et al., 2015). This highlights the importance of testing the accuracy of deep-sea thermometers under pressure conditions. By simulating the ocean environmental conditions in the laboratory, a more accurate model can be established to express the relationship between drift and pressure for the instruments, to ensure the quality of the data.

In the calibration procedures of “JJG 763-2019 Calibration Regulation for Temperature-Salinity-Depth Measuring Instruments,” the error in temperature readings under atmospheric pressure is determined by placing the instrument under test and a standard thermometer in a water bath with a constant temperature. The temperature bridge and the thermometer under test simultaneously measure for 3 minutes, with no less than 10 sets of readings taken. The arithmetic mean of the corresponding temperature readings is used as the standard temperature value and the indicated value of the instrument under test at each calibration point. The temperature reading error is calculated as described in Equation 1.



Here,   is the temperature measurement error of the instrument under test, whose maximum absolute value is considered as measurement trueness. t is the arithmetic mean of 10 sets of temperature indication values of the instrument under test.   is the arithmetic mean of 10 sets of temperature standard values.

To investigate the measurement errors in the SBE 3 deep-sea thermometer caused by increased environmental pressure, the calibration temperature conditions were set to fixed values based on the typical operating conditions, while the pressure was set to increase or decrease stepwise. It is noteworthy that in a closed temperature-pressure system, an increase in pressure can cause a brief rise in the system’s internal temperature. Therefore, after the vessel pressure reaches the required temperature stability, it is necessary to wait for a sufficient amount of time to ensure that the readings of both the SPRT and the thermometer under test are stabilized. Finally, the temperature reading error under a certain environmental pressure condition was obtained by subtracting the SPRT reading from the thermometer reading under test, and then subtracting the difference between the readings of the thermometer under test and the standard thermometer under normal atmospheric pressure. This process is described by Equation 2.



Here,   represents the change in the thermometer reading caused by pressure after eliminating the zero-point error under atmospheric pressure.   is the reading of the thermometer at the testing pressure. By subtracting the   reading, which is not affected by pressure, and then subtracting the   obtained from the thermostatic water bath under atmospheric pressure (Equation 1), the effect of pressure on the thermometer reading is obtained. It is important to note that if the standard thermometer is also affected by environmental pressure or if the measured temperature positions of the standard thermometer and the thermometer under test are inconsistent, the result of   will lack validity. Therefore, during testing, it is crucial to ensure that the standard thermometer is completely unaffected by pressure and that the temperature sensing elements of both the standard thermometer and the thermometer under test are positioned sufficiently close to each other.

To further validate that the thermometer under test and the standard thermometer produce consistent measurement errors under different environmental pressure conditions, repeated testing is performed for each pressure condition. According to the requirement, both the standard thermometer and the sample thermometer simultaneously measure for 3 minutes, with no fewer than 10 sets of readings. This process is repeated six times. The standard deviation of the measurement errors, calculated using Equation (2) from these six tests, is then determined to represent the repeatability of the measurement differences between the thermometer under test and the standard thermometer due to pressure.



Here,   represents the variability of the measurement error caused by pressure on the sensor under test.   represents the measurement difference of the sensor under test, calculated from Equation 2.   represents the arithmetic mean of the measurement errors from   tests, where n=6.

Once we have determined the specific relationship between pressure and the thermometer reading through experimental data and confirmed its repeatability, we can perform precise pressure calibration of the thermometer in situ. This is done by using the environmental pressure value   provided by a pressure gauge. As shown in Equation 4, this calibration process typically involves subtracting a correction factor, determined by the pressure, from the raw temperature reading. The correction factor is based on the predetermined relationship. By applying this calibration, we can adjust the raw temperature readings to account for the pressure effect, thus obtaining readings that are closer to the true temperature.



Here,   represents the slope of the linear relationship between pressure and temperature measurement error, and   is the intercept of this relationship.

By substituting the real-time measured value   into Equation 4, the corrected temperature reading can be obtained. This calibration effectively compensates for the pressure-induced error, improving the accuracy and reliability of temperature measurements.




3 Experimental setup and procedures

This study focused on the SBE 3 thermometer (SN 6320, from Sea-Bird Scientific Inc.), which is capable of operating at depths up to 10500 meters. To accurately simulate the deep-ocean environment, a full-depth ocean environment emulator was constructed, capable of reproducing conditions up to 1270 bar, equivalent to a depth of 12,700 meters. This system allows for precise control of seawater temperature, pressure, as detailed below:

	

	

The full-depth ocean environment simulator was calibrated and tested by the National Institute of Metrology, China (NIM). This simulator consists of a large pressure vessel, a servo motor pressure controller, and a high-precision thermostatic water bath. The pressure vessel, constructed from titanium alloy (TC4), is designed to accommodate and pressurize the entire body of the deep-ocean thermometer up to a pressure of 1270 bar. This pressure range covers the operational limits of existing deep-sea sensors and is the maximum allowable pressure for SBE 3 thermometers.

Figure 3 illustrates the main components and experimental setup of the full-depth ocean environment simulator. The high-pressure vessel, filled with seawater at a salinity of 35, houses the SBE 3 thermometer and the pressure-resistant encapsulated Standard Platinum Resistance Thermometer (SPRT). The temperature control chamber surrounds the high-pressure chamber and maintains precise control of the experimental temperature. A stirring pump is used to eliminate temperature gradients, ensuring uniform temperature distribution within the chamber. A pressure-resistant cable connects the instruments inside the high-pressure chamber to external monitoring and control systems. The SBE 9plus device is illustrated separately and is connected to the SBE 3 inside the pressure chamber via its original pressure-resistant cable and a pressure-resistant adapter.




Figure 3 | Schematic diagram of the experimental setup for full-depth ocean pressure simulation and temperature comparison experiment setting.



The red dashed box provides a detailed view of the placement of the SBE 3 probe and the pressure-resistant encapsulated SPRT. The SPRT is immersed in thermally conductive silicone oil within the pressure-resistant housing. The design principle of the housing ensures that, even under slight deformation, its inner diameter remains larger than the SPRT, thus fully shielding the SPRT from the simulated chamber pressure. The thermally conductive silicone oil inside the housing is vented to atmospheric pressure through a sufficiently long capillary. This allows the silicone oil to flow slightly when the housing is compressed, preventing stress transmission to the SPRT, which could otherwise occur in closed solid thermal structures. To minimize external temperature effects, the SPRT is positioned at the center of the pressure chamber through the pressure-resistant adapter and is connected to the MicroK 70 temperature measurement bridge via four equidistant copper wires. The SBE 3 is in close contact with the encapsulated housing, ensuring that both measure the same temperature point.

Prior to operation, the system is filled with seawater. A high-pressure gas-driven unidirectional pump generates the required hydrostatic pressure. Once the target pressure is reached, a precision servo cylinder adjusts a piston to maintain pressure fluctuations within ±0.005% FS of the set system pressure. Internal system pressure is continuously monitored by a Paroscientific 745-20k pressure sensor (serial No. 148678). This sensor provides high-precision feedback to the servo cylinder, ensuring stable and precise pressure control within the vessel. This system is vital for the precise calibration and testing of the SBE 3 thermometer under simulated deep-ocean conditions. Figure 4 shows the system’s capability to maintain a pressure of 1000 bar for 16 hours.




Figure 4 | Pressure curve at 1000 bar for 16 hours (blue line). The black line is the pressure setting value, and the red line is the setting value ±0.127 bar(± 0.01%FS).



To control the temperature, a thermostatic water bath was used. The thermostatic water bath achieves internal and external temperature equilibrium of the pressure chamber, which houses the sensor under test through heat transfer from the outside to the inside and by circulating the water within the bath. As shown in Figure 3, an adjustable-speed propeller-type pressure-resistant stirring pump inside the pressure chamber disrupts any stratified temperature layers, accelerating the heat transfer process and reducing the time required for the internal temperature to stabilize. Throughout the experiment, the water temperature is set at 2°C, a common temperature in deep-sea environments.

To reduce temperature field non-uniformity and avoid the influence of the laboratory environment on temperature measurements, the temperature variations measured by the SBE 3 (inside the pressure vessel) and the closely adjacent SPRT (inserted into a pressure-isolated cylindrical sleeve within the pressure vessel) are illustrated in Figure 3. Figure 5 shows the temperature variation over time as the system stabilizes at 1050 bar pressure. The red points represent the readings from the SBE 3 probe, while the blue points represent the readings from SPRT. It can be observed that the readings from both sensors remain highly consistent over time, indicating a close correlation between the two temperature sensors. This consistency indicates that the SPRT can reliably measure the temperature variations near the sensing element of the SBE 3.




Figure 5 | Temperature correlation between the SBE 3 probe and the SPRT, the blue points represent the temperature readings of the SPRT (reference thermometer), while the red points represent the readings of the SBE 3 thermometer.



In conducting this experiment, the pressure within the thermostatic pressure tank was set to 0 bar (atmospheric pressure with no external pressure applied), 300 bar, 600 bar, 900 bar, and 1050 bar. To ensure temperature uniformity and stability within the pressure chamber, the system maintained continuous pressure and temperature control for more than 4 hours at each pressure step.

Figure 6 illustrates the variation of temperature and pressure over time during the test. The red curve represents temperature (left vertical axis, in °C), and the blue stepped curve represents pressure (right vertical axis, in bar). The figure shows that while the pressure increases, there is a brief rise in temperature, which quickly returns to the stable state prior to the pressure increase. This indicates that although the increase in pressure temporarily affects the temperature, the system can quickly restore temperature stability. This record demonstrates the system’s capability to rapidly stabilize temperature, ensuring that the temperature rise effect caused by increased pressure does not persist.




Figure 6 | Temperature and pressure variations during testing, the red line represents temperature changes (°C) over time, while the blue line shows pressure variations (bar) throughout the test.



After the readings of the SPRT and the sensor under test have fully stabilized, the temperature readings from the SBE 3 and the SPRT are recorded. In this study, multiple tests were conducted on the SBE 3 thermometer (serial number SN 6320) under different pressure conditions to determine pressure dependence.




4 Experimental and calibration results

The experimental data from this study indicate that, after eliminating the zero-point error using Equation 2, the temperature difference between the Standard Platinum Resistance Thermometer (SPRT) and the SBE 3 probe was observed to gradually increase with increased pressure. Specifically, the SBE 3 probe exhibited a temperature drift of approximately 8.64617×10-6 °C/bar with increasing pressure. The SBE 3 probe (serial number SN 6320) demonstrated a clear and repeatable pressure dependence, with a significant linear correlation between the temperature measurement error caused by pressure and the environmental pressure value as shown in Figure 7.




Figure 7 | Relationship between temperature indication error and environmental pressure: The left panel shows temperature differences (°C) across three separate tests at various pressure levels. The right panel illustrates the average temperature difference as a function of pressure.



At a hydrostatic pressure of 1050 bar, the SBE 3 probe experienced a pressure-induced temperature drift of nearly 0.01°C (10 mK), which exceeds the manufacturer’s specification of ±0.001°C (1 mK). This drift value was confirmed through three repeated tests, demonstrated the pressure dependent temperature relationship of this SBE 3 probe.

These findings underscore the importance of accurate pressure calibration for the SBE 3 temperature sensor in deep-sea environments, enabling precise in situ temperature measurements. It is important to note that this pressure dependence coefficient is unique to each thermometer. The pressure effect on deep-sea thermometers is due to pressure transmission through the stainless-steel needle containing the thermistor in glass beads, which varies among different thermometers. Thus, the specific pressure response observed in the SBE 3 thermometer is expected. Based on prior studies (Uchida et al., 2015; Peruzzi et al., 2017), in-situ calibration of deep-sea working thermometers (such as the SBE 3) against reference thermometers (such as the SBE 35) should not be performed without considering the unique pressure dependence characteristics of each reference thermometer.

As shown in Table 1, the standard deviation of the environmental pressure  , the standard deviation of the SPRT readings  , and the standard deviation of the temperature differences between the two thermometers at various pressures   were calculated for each test. The experimental data indicate that across a range of pressures from atmospheric pressure to 1050 bar, the standard deviations  ,   and   remained at low levels. In the three independent tests, the low values of   demonstrate the high stability of the environmental temperature during measurements. The low values of   indicate excellent temperature coordination between the SPRT and the thermometer under test, affirming the rigor of the pressure comparison experiments described in this study. Furthermore, the test results show that the temperature control in the experimental environment is highly accurate even under different pressure conditions, ensuring high data reliability. The stability of pressure control was validated by the consistent data obtained at various pressure levels, further proving the precision and repeatability of the experimental method.


Table 1 | Standard deviation of environmental parameters and comparison results.



The expanded uncertainty U in this study was calculated based on the combined standard uncertainty   and their calculation method is given in the following Equation 5. By applying a coverage factor k=2, corresponding to a 95% confidence level. The combined uncertainty includes contributions from the slight deviation in the temperature readings of the SBE 3 caused by pressure fluctuations, SPRT temperature measurement stability, and the temperature difference consistency between the two thermometers. The expanded uncertainty demonstrates the effectiveness of the calibration process in maintaining the accuracy and consistency of the SBE3 thermometer under varying pressure conditions.



In this equation:

1.   This represents the uncertainty in temperature measurement caused by pressure fluctuations for the SBE3 thermometer. It is calculated in Equation 6:



Here,   is the coefficient describing the effect of pressure on temperature, with a value of 8.64671×10-6°C/bar. and   is the standard deviation of the pressure fluctuations (in bar).

2.   represents the uncertainty of the standard platinum resistance thermometer itself, which reflects the calibration and measurement uncertainty of the SPRT. In this study, the value of   is quantified as 0.3 mK.

3.   represents the uncertainty due to temperature fluctuations in the controlled thermal bath during the experiment. In this study, the temperature stability of the bath is quantified as 0.3 mK.

4.   represents the uncertainty of the temperature bridge measurement using the Micro K 70, which is quantified as 0.07 mK in this study.

The calculated expanded uncertainty for the SBE 3 deep-sea thermometer under varying pressure conditions (Table 1) highlights the reliability and repeatability of the experimental results. The results demonstrate that U remains 1.049 mK across all tested pressure points, from atmospheric pressure up to 1050 bar. This small uncertainty reflects the robustness of the experimental setup and the effectiveness of the calibration process in maintaining temperature measurement accuracy under high-pressure conditions.

In addition to studying the temperature readings at different pressure levels, this paper also investigates the temperature reading errors before and after the rapid pressure drop process. The thermometer was allowed to stabilize at 600 bar for a sufficient amount of time, ensuring that the internal temperature of the chamber was stable and uniform. The pressure was then suddenly released, and the readings of the SBE 3 and SPRT were recorded continuously. The results are shown in Figure 8.




Figure 8 | Graph of the change in temperature reading differences during the pressure drop process: This graph shows the temperature readings of the SBE 3 (purple line) and SPRT (blue line) thermometers during a pressure drop, with pressure (red dashed line) decreasing from 500 bar to near atmospheric levels. The inset zooms in on a specific time period, illustrating a temperature difference of 6 mK between the SPRT and SBE 3 readings.



As observed during the rapid pressure release from 600 bar to atmospheric pressure, there is a significant difference in temperature response between the SBE 3 and SPRT. The red dashed line in the figure represents the pressure, which drops rapidly from 600 bar to atmospheric pressure, occurring around 400 seconds. The SBE 3 temperature curve, depicted in purple, demonstrates a very fast response time, quickly reflecting the sudden temperature drop caused by the rapid release of compressed water. Conversely, the SPRT temperature curve, shown in blue, exhibits a slower temperature response due to its robust encapsulation design with a higher safety factor. Following the rapid pressure drop, the SPRT temperature response lags behind that of the SBE 3. Subsequently, due to thermal diffusion driven by the temperature difference, the two sensors gradually reach thermal equilibrium.

Under high pressure, the temperature curves of both sensors exhibit a relatively constant difference. At 600 bar, the temperature reading of the SBE3 is slightly higher than that of the SPRT. After the pressure drops to atmospheric pressure, the temperature readings of the SBE3 and SPRT gradually converge, indicating that both sensors stabilize and approach similar temperature readings once the pressure is relieved. The inset in the figure further illustrates the temperature drift behavior of the SBE3 and SPRT under high-pressure conditions. It can be observed that, at a stable pressure of 600 bar, the two sensors show a consistent temperature difference of approximately 6.01 mK. When the pressure drops to atmospheric pressure, the temperature readings of both sensors stabilize and become closer to each other.

This method of comparing temperature measurement errors under varying pressure conditions proves effective. By maintaining the high pressure for an extended period, sufficient time is allowed for temperature synchronization, overcoming the challenge posed by the slower response time of the SPRT. In conclusion, the SBE3 exhibits a rapid temperature response capability, quickly reflecting temperature fluctuations caused by pressure changes. These results further underscore the importance of pressure calibration for deep-sea thermometers in simulated deep-sea environments.

In this study, a detailed analysis of the pressure effects on the SBE 3 deep-sea thermometer was conducted. Through multiple experiments, the temperature drift characteristics of the SBE 3 at different pressure levels were identified, and a linear relationship between pressure and temperature drift was established. Once the repeatability of this relationship was confirmed, precise pressure calibration of the thermometer in situ could be performed using the environmental pressure value provided by a pressure gauge. This calibration process typically involves subtracting a correction factor, determined by the pressure, from the raw temperature readings. This correction factor is based on the predetermined relationship.

By applying this calibration, we adjust the raw temperature readings to account for the pressure effects, resulting in readings that more accurately reflect the true temperature. Using Equation 4 to calibrate the thermometer, we derived the calibration equation based on the slope and intercept of the linear regression equation:  , where t is the raw temperature reading (in °C) and 𝑝 is the pressure reading (in bar). This equation allows for precise calculation and compensation of temperature drift caused by pressure changes.

This calibration method significantly improved the measurement accuracy of the SBE 3 probe under high seawater pressure. The experimental results shown in Figure 9 indicate that the accuracy of the calibrated SBE 3 probe improved under different pressure conditions. Specifically, at a pressure of 1050 bar, the temperature measurement uncertainty of the SBE 3 probe could be maintained within ±0.0005°C (0.5 mK). This high-precision calibration result not only validates the effectiveness of our pressure compensation model but also ensures that the SBE 3 thermometer can provide highly reliable temperature data in actual deep-sea environments. This is crucial for oceanographic research and deep-sea resource exploration activities that require extremely high measurement accuracy.




Figure 9 | Calibrated indication error of SBE 3 (SN 6320) under various pressure conditions.






5 Negative impacts of pressure dependence

Building on previous research, measurement errors in deep-sea thermometers caused by oceanic pressure are subtle and often overlooked, however, they have multiple negative impacts on oceanographic research. These errors can introduce biases in calculating deep-sea heat content, potentially obscuring gradual warming trends in the deep ocean and compromising accurate assessments of ocean heat content and global climate change trajectories (Levitus et al., 2000). Furthermore, without comprehensive studies on the pressure dependency of deep-sea thermometers used in ocean surveys, uncertainty in deep-sea temperature measurements may increase, reducing the quality of input data for global climate models and weakening predictions of sea-level rise and climate change (Chang et al., 2019). The need for on-site calibration in deep-sea environments, or for complex drift corrections during data post-processing, not only adds operational challenges and monitoring costs but also limits the feasibility of sustained, long-term deep-sea observations (Raiteri et al., 2018). The uncertainty evaluation based on CTD data reveals that the indirect measurement of sound velocity heavily relies on input parameters such as temperature, salinity, and hydrostatic pressure. Among these, temperature errors are a critical factor affecting the accuracy of sound velocity calculations. Sensitivity coefficient analysis further indicates that temperature deviations can amplify measurement uncertainty, leading to inaccuracies in the characterization of oceanic processes and introducing bias in marine acoustics, ecological monitoring, and ocean dynamics studies, ultimately compromising the reliability of scientific research and its applications (Grekov et al., 2021). Thus, addressing drift errors in deep-sea thermometers under high-pressure conditions remains a critical challenge in oceanographic research and is vital for improving the accuracy of global climate studies and the reliability of deep-sea ecological monitoring.

This chapter assesses the accuracy of deep-sea thermometers under pressure conditions, based on the proposed pressurized calibration method. Additionally, it utilizes a box model for ocean heat content research to analyze and statistically evaluate the cumulative effects of errors (Kawano et al., 2010). As shown in Figure 10A, the box model divides the Pacific Ocean into multiple vertical layers, each with a thickness of 100 meters. The volume of each layer is determined based on its depth and surface area, allowing for independent calculation of the heat content for each depth layer. This approach ultimately quantifies the negative impact of such errors on the statistical heat content across various depth levels. The heat content   of each layer is defined as the product of the layer’s volume  , the density of water p, the specific heat capacity c, and the average temperature   of the layer, as detailed in Equation 7.




Figure 10 | Impact of deep-sea thermometer errors on the assessment of Pacific Ocean heat content. (A) shows a three-dimensional view of the box model, illustrating the ocean divided into multiple vertical layers, each 100 meters thick; (B) depicts the volume of these layers decreasing with depth; (C, D) respectively show the distribution of temperature errors and heat content errors with depth.





Due to drift in thermometers under high pressure in the deep sea, errors in temperature readings occur, significantly affecting the measured values. The average measurement errors for each layer, denoted as  , allow for the calculation of the deviation in heat content introduced by these errors for each layer, as shown in Equation 8.



Figure 10B illustrates the overall volume distribution across different depth layers of the Pacific Ocean (Kawano et al., 2010). It can be observed that, with increasing depth, the total volume of each layer gradually decreases. This volume distribution reflects the geometric structure of the Pacific Ocean and serves as the basis for subsequent calculations of heat content errors for each layer. Figure 10C demonstrates that temperature errors SBE3 thermometer with serial number SN 6320 vary with ocean depth. The total heat content error for each layer is calculated as the cumulative error across all depth layers, as presented in Equation 9.



Figure 10D presents the distribution of heat content errors with depth. The heat content error for each layer is calculated based on temperature errors and the volume of each depth layer. It can be observed that the heat content errors are relatively small at shallower depths, as the numerical offsets produced by deep-sea thermometers under low-pressure conditions are minimal. The pressure dependence of deep-sea thermometers does not have the greatest impact on heat content when the reading deviations are at their maximum, but rather has the most significant effect in the depth range of 3000 to 4000 meters. This is attributed to the fact that, although temperature errors at greater depths are larger, the total volume of seawater is much smaller compared to shallower layers. According to the calculations based on Equation 7, the pressure dependence of deep-sea thermometers results in a total heat content difference of 5.18×1021, joules for the Pacific Ocean. This value represents approximately one-quarter of the increase in Pacific Ocean heat content reported in previous studies over the past decade (Kawano et al., 2010). Furthermore, this error is equivalent to 8.6 times the amount of heat released from global energy consumption each year (IPCC, 2021).

Although field calibration studies of the Seabird 911 suggest that the pressure dependence phenomenon, once identified, remains relatively stable and does not change over time (Uchida et al., 2015), it is important to note that deep-sea thermometers exhibiting pressure dependence may show consistent reading errors under identical pressure conditions. While this does not affect the statistical evaluation of temperature changes between two cast profiles, it is challenging to ensure that the same SBE3 probe is consistently used throughout oceanographic surveys. The individual variability in pressure dependence among different probes introduces significant uncertainties into long-term assessments of ocean heat content, potentially obscuring or amplifying observed ocean temperature changes over specific periods. Addressing the drift errors of deep-sea thermometers under high-pressure conditions should therefore be a critical priority in oceanographic research. Moreover, the consistency of pressure dependence characteristics in individual instruments under long-term cyclic pressure conditions has yet to be fully verified. Consequently, comprehensive statistical analysis and calibration of the pressure dependence phenomenon in deep-sea thermometers are essential. Such accuracy verification is vital for improving the precision of ocean heat content and carbon sink estimates and is of paramount importance for developing more reliable global climate models.




6 Conclusion

This study utilized a high-precision ocean temperature-pressure simulation system to conduct an in-depth analysis of the measurement performance of the SBE 3 high-precision deep-sea thermometer under various pressure conditions, with a focus on its temperature reading accuracy from atmospheric pressure up to 1050 bar. Calibration of the test thermometer was performed using a Standard Platinum Resistance Thermometer (SPRT) isolated from pressure effects. The results revealed a significant and repeatable pressure-dependent drift in the SBE 3, with a drift magnitude reaching 10 mK (0.01°C) at 1050 bar, exceeding the manufacturer’s specified accuracy. Compared with the results of previous studies summarized in Table 2, the pressure dependency of this thermometer, identified as serial number 6320, was relatively large. However, it once again confirmed the existence of pressure dependency and demonstrated that significant pressure dependency may not be an isolated phenomenon. Through linear regression analysis, a relationship between temperature drift and pressure was established, and this linear relationship was applied to the SBE 3 for pressure calibration, enhancing its measurement accuracy to within ±0.0005°C under deep-sea high-pressure conditions. This level of precision is critical for research on deep-sea circulation and climate change.


Table 2 | Summary of pressure drift characteristics of SBE 3 and SBE 35 from various studies.



Additionally, this study suggests that the pressure dependency of deep-sea thermometers could potentially account for an estimated ocean heat content discrepancy of approximately 5.18×1021 joules in the Pacific Ocean, which roughly represents one quarter of the reported increase in the Pacific’s heat content over the past decade. This finding underscores the critical role of high-pressure calibration techniques in accurately assessing global climate change. Importantly, the high-pressure accuracy verification method introduced in this study has revealed subtle but significant pressure-induced drift errors that are often overlooked. This also highlights the importance of establishing a standardized verification process for pressure dependency. Without a detailed characterization of the drift behavior of deep-sea thermometers used in ocean temperature surveys, the widespread and continuous application of thermometers with varying pressure coefficients increases the uncertainty in ocean heat content estimates. This could obscure or exaggerate the true trends of deep-sea temperature changes, thereby degrading the quality of data inputs for climate change models.

In summary, this study provides a reliable method for calibrating deep-sea temperature monitoring instruments under pressure and verifies the calibratability of individual pressure dependency in deep-sea thermometers. By analyzing the drift characteristics of probe SN 6320, the study quantifies the negative impact of subtle pressure-induced drift on ocean heat content calculations, aiming to raise scientific awareness of this issue. This research has the potential to establish new standards for global climate monitoring and deep-sea resource exploration.

Future studies should increase sample sizes to statistically analyze and optimize the pressure-temperature drift relationship in deep-sea thermometers. Additionally, methods such as temperature-pressure cross-verification can be employed to confirm whether the temperature calibration curve of deep-sea probes changes under in situ pressure conditions, ensuring the accuracy of relative ocean temperature variations. Furthermore, investigations should explore whether long-term cyclic pressure exposure leads to fatigue in encapsulation materials, potentially amplifying the pressure dependency of deep-sea thermometers. These efforts are crucial for enhancing the predictive accuracy and reliability of global climate models.
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