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Abstract 24 

eXpendable BathyThermograph (XBT) data were the major component of the 25 

ocean temperature profile observations from the late 1960s through early 2000s, and  26 

XBTs still continue to provide critical data to monitor surface and subsurface currents, 27 

meridional heat transport, and ocean heat content. Systematic errors have been 28 

identified in the XBT data, some of which originate from computing the depth in the 29 

profile using a theoretically- and experimentally derived fall rate equation (FRE). 30 

After in-depth studies of these biases and discussions held in several workshops 31 

dedicated to discuss XBT biases, the XBT science community met at the Fourth XBT 32 

Science Workshop and concluded that XBT biases consist of: 1) errors in depth values 33 

due to the inadequacy of the probe motion description done by standard FRE, and 2) 34 

independent pure temperature biases. The depth error and temperature bias are 35 

temperature dependent and may depend on the data acquisition and recording system. 36 

In addition, the depth bias also includes an offset term. Some biases affecting the 37 

XBT-derived temperature profiles vary with manufacturer/probe type and have been 38 

shown to have a time dependence. Best practices for historical XBT data corrections, 39 

recommendations for future collection of metadata to accompany XBT data, impact of 40 

XBT biases on scientific applications, and challenges encountered are presented in 41 

this manuscript. Analysis of XBT data shows that, despite the existence of these 42 

biases, historical XBT data without bias corrections are still suitable for many 43 

scientific applications, and that bias corrected data can be used for climate research. 44 
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Capsule Summary 45 

Based on in-depth studies, recommendations for correcting biases in XBT data, and 46 

the impact on applications and ongoing research to improve the quality of future XBT 47 

data are provided. 48 

  49 
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INTRODUCTION 50 

eXpendable BathyThermographs (XBTs) are probes that provided the major 51 

portion of ocean subsurface temperature observations during the late 1960s through 52 

early 2000s. XBTs were designed for naval use, to enable quick collection of a sound 53 

velocity profile and as such do not have a high accuracy or precision. The research 54 

community quickly adopted the technology, and many millions of profiles have since 55 

been collected. The use of the data has changed over time and now XBT data is a 56 

valuable resource for climate studies, despite the simplicity of the probe design. More 57 

than 38% (41% for all profiles deeper than 100m depth) of upper ocean temperature 58 

profiles in the World Ocean Database 2013 (Boyer et al. 2013) were provided by 59 

XBTs from 1970 to 2001 (Figure 1). Currently, approximately 18,000 XBTs are 60 

deployed every year mostly along fixed transects and in high-density mode, where 61 

each transect is repeated approximately 4 times per year and the deployments are 62 

carried out every 20-30 km (Figure 2). Scientific studies to monitor the variability of 63 

surface and subsurface currents and of meridional heat transport along fixed transects, 64 

ocean and climate modeling, ocean data assimilation, and climate change attributions 65 

rely strongly on XBT data (Goni et al. 2010; Abraham et al. 2013; Rhein et al. 2013), 66 

and XBTs continue to provide critical data with a spatial and temporal sampling that 67 

cannot be currently obtained using any other observational platform (Boyer et al. 68 

2013; Abraham et al. 2013).  69 

Biases in XBT data were identified in the 1970s, soon after XBT manufacture 70 

began. The quantity of the data makes it highly valuable and therefore, much effort 71 

has been expended to correct the known biases. Many authors have attempted to 72 

quantify the size of the bias by comparing XBT profiles with co-located high quality 73 

data from Conductivity, Temperature, Depth (CTD) instruments (Anderson, 1980; 74 
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Flierl and Robinson, 1977; Hallock and Teague, 1992). Hanawa et al. 1995 collected 75 

several hundred XBT/CTD comparisons and provided a global correction for XBT 76 

data, which was not time-dependent. The community accepted the new coefficients 77 

proposed, and data was collected with a mix of both old and new coefficients. In some 78 

cases, the coefficients used were not identified in the metadata, compounding the 79 

current problem of providing accurate correction schemes. In the 2007 80 

Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC-AR4), 81 

(Bindoff et al., 2007) reported a contradiction between observation-based estimate on 82 

historical OHC change and models results. For instance, there is a warming decade 83 

during late-1970s~early 1980s, which can neither be explained by any existing theory 84 

nor be simulated by climate models. Subsequently, Gouretski and Koltermann 2007 85 

identified that XBT biases were time variable and identified a large bias during the 86 

1970s to 1980s, partly explaining the incorrect warming reported during this decade. 87 

This study triggered more scrutiny of XBT biases, with many scientists working to 88 

identify, quantify, and remove the biases in XBT data and ultimately provide a 89 

reliable climate quality data set of subsurface ocean temperatures.  90 

The international XBT science team, formed in 2011, continues efforts to fully 91 

understand and correct the XBT bias. A series of workshops have been held: in 92 

Miami/United States; 2008, Hamburg/Germany, 2010; and Melbourne/Australia, 2011. 93 

Since 2007, several important factors affecting XBT biases have been identified, and 94 

more than 10 correction schemes for the historical XBT dataset proposed.  95 

It is timely to summarize the recent progresses in XBT science and provide 96 

future guidelines for XBT bias corrections and data applications. Understanding and 97 

correcting systematic errors in XBT measurements help to enhance their use for 98 

broader ocean and climate studies. On this basis, the Fourth XBT Science Workshop 99 
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was held in Beijing, China, on November 11-13, 2014, with the participation of 34 100 

experts from 11 countries and 18 universities, laboratories, and organizations. This 101 

workshop focused on discussing recent advances in assessing XBT data biases and 102 

their impact on applications, and on reaching a consensus to recommend bias 103 

corrections for the global XBT data set. In this manuscript, we present a summary of 104 

XBT science and key recommendations agreed upon by members of the XBT 105 

scientific community for correcting historical XBT data, and for best practices in the 106 

future collection of XBT observations.  107 

 108 

CORRECTING TIME-DEPENDENT XBT BIASES: RECOMMENDED 109 

FACTORS 110 

It has been found that biases in XBT data consist of both systematic depth error 111 

and independent pure temperature bias (Reseghetti et al. 2007; Gouretski and 112 

Reseghetti 2010; Cowley et al. 2013). These biases have been shown to depend on 113 

several parameters, including the probe-type, water temperature, launch height, and 114 

data acquisition system, with the total bias being time dependent (Di Nezio and G. 115 

Goni, 2011; Gouretski and Reseghetti 2010; Abraham 2012b; Cowley et al. 2013; 116 

Cheng et al, 2014; Bringas and Goni, 2015). Variations in manufacturing processes 117 

and changes in recording systems are identified as the primary source of 118 

time-dependent biases. The exact timing of changes to the XBT system (e.g. analog to 119 

digital acquisition system, change of probe nose, thermistor, twin-wire, plastic 120 

afterbody, wire-coating, etc) is not known. Further, small variations in the probe 121 

physical dimensions over time make it difficult to provide a correct description of the 122 

problem. As a result, proposed correction schemes should include a time variation in 123 

each of the correction factors. 124 
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During the Fourth XBT Science Workshop, the participants agreed that in order 125 

to correct systematic errors in the historical XBT dataset, the following corrections 126 

(which are equally important) should be performed in order to improve the quality of 127 

XBT data: 128 

 129 

1) Fall-rate equation coefficients: These are the coefficients in the fall rate equation 130 

(FRE). The FRE models the free falling motion of the XBT probe in the water. The 131 

FRE has the form: z(t)=at-bt2; where t is the elapsed time of the descent of the probe 132 

in the water in seconds, and a and b are fall rate coefficients, representing the initial 133 

fall rate and deceleration, respectively (Green 1984). The coefficients a and b in the 134 

FRE have been shown to have variability in time (Hanawa and Yoritaka 1987; 135 

Hanawa et al. 1995; Gouretski and Reseghetti 2010). Numerous studies show that the 136 

depths calculated using the manufacturer coefficients (originally developed by 137 

Sippican (main manufacturer of the XBT probes, now acquired by Lockheed Martin)) 138 

have a systematic bias (e.g. Flierl and Robinson 1977; Hanawa and Yoritaka 1987; 139 

Singer 1990). In the mid-1990s, a research group under the coordination of Integrated 140 

Global Ocean Services System (IGOSS) (Hanawa et al. 1995) updated the original 141 

FRE coefficients for the most commonly used XBT probe types, based on 142 

comparisons with the more accurate collocated data obtained by CTD profilers. These 143 

new coefficients were expected to fully correct the fall rate biases. However, it was 144 

later shown that the FRE coefficients a and b were time-dependent (Wijffels et al. 145 

2008; Di Nezio and Goni 2011; Cowley et al. 2013; Cheng et al. 2014) and that 146 

variations in the FRE coefficients existed due to probe type and manufacturer, which 147 

were previously thought to behave identically (Kizu et al. 2005a; 2005b; Gouretski 148 

and Reseghetti 2010; Abraham et al. 2012a; Kizu et al. 2011; Cowley et al. 2013; 149 
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Cheng et al. 2014). In addition, it has also been shown that the systematic depth errors 150 

are a function of water temperature (Thadathil et al. 2002; Kizu et al. 2005b; Cheng et 151 

al. 2014). Water viscosity is highly dependent on its temperature, which affects the 152 

probe motion. Further studies are needed to correctly quantify this effect. 153 

 154 

2) Pure temperature bias correction: The correction of biases not included in the 155 

depth estimates and that are temperature dependent. Studies have shown that XBT 156 

recording systems have the largest impact on the pure temperature bias. Analog 157 

recording systems were mainly used before 1985 and have been found to produce 158 

positive pure temperature biases of approximately 0.15°C (Emery et al. 1986), and 159 

0.13°C (Heinmiller 1983; Cowley et al. 2013). Digital systems, which were mainly 160 

used after 1989, produced usually smaller biases, in the most cases with positive 161 

values ranging from 0.01 to 0.07°C (Emery et al. 1986; Bailey et al. 1989; Wright 162 

1991; Kizu and Hanawa 2002b; Cowley et al. 2013). This pure temperature bias is 163 

also due to inaccuracies in the data acquisition system (thermistor, copper wire, cables, 164 

digitizer, electronics, and computer) (Heinmiller et al. 1983; Green 1984; Reseghetti 165 

et al. 2007). It has been also reported that the pure temperature bias is variable with 166 

time and probe type (e.g. Gouretski and Reseghetti 2010; Cowley et al. 2013; Hamon 167 

et al. 2013; Cheng et al. 2014). This bias has been observed to robustly increase with 168 

the temperature of water flowing past the XBT thermistor (Reverdin et al. 2009; 169 

Cowley et al. 2013; Cheng et al. 2014). However, the reason for this temperature 170 

dependency and recorder dependency is not yet fully understood. 171 

 172 

3) Depth offset correction. Recent studies show that the XBT depth can be better 173 

corrected by adding an offset term to the FRE (Depth=at-bt2-offset), which was not 174 
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allowed conventionally (Cowley et al. 2013; Cheng et al. 2014). This idea was largely 175 

introduced for the reduction of subsurface (i.e. 0-50m) depth bias, which could not be 176 

achieved only by modifying the two coefficients in the traditional FRE. For the 177 

purpose of correcting XBT data, the depth offset has been estimated in previous 178 

studies, and considered to originate from various sources (Cowley et al. 2013; Cheng 179 

et al. 2014). The original FRE assumes that the XBTs instantly reach their terminal 180 

velocity (a) because the coefficient in the quadratic term (b) is much smaller than the 181 

coefficient in the linear term. However, recent studies show that this is not true in the 182 

early part of the XBT descent (Gouretski and Reseghetti 2010; Cowley et al. 2013; 183 

Cheng et al. 2014). The XBT terminal velocity has been assessed and it was 184 

determined that the XBTs take up to approximately 1.5s or 20 meters to reach their 185 

terminal velocity after they hit the water (e.g. Hallock and Teague 1992; Bringas and 186 

Goni 2015). Comparisons between XBT and CTD measurements indicate that there is 187 

a depth bias in the initial probe descent period (upper 50 m) (Gouretski and 188 

Reseghetti 2010; Cowley et al. 2013; Cheng et al. 2014). Field tests carried out in 189 

shallow water (Gouretski and Reseghetti 2010) and in water tanks (Bringas and Goni 190 

2015), and numerical simulations of the XBT falling motion (Abraham et al. 2014; 191 

Gorman et al. 2014; Shepard et al. 2014) confirmed this finding. Recent studies 192 

confirmed that this depth offset is linked to the initial fall velocity of the XBT in the 193 

water, which is a function of the XBT deployment height (Bringas and Goni 2015), 194 

and, based on numerical simulations, it has been hypothesized to also depend on the 195 

conditions of the probe entry into the water (Abraham et al. 2014; Gorman et al. 2014; 196 

Shepard et al. 2014). In addition, one study shows that there may be a time offset that 197 

translates into a depth offset at the surface caused by timing errors of the data 198 

acquisition system (Thresher, 2014) or malfunctioning of the electronics called 199 
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“pre-mature start”.  An offset term to the FRE that is a function of the deployment 200 

height has been proposed (Bringas and Goni, 2015). This offset term is derived from 201 

an earlier model (Hallock and Teague, 1992), and it is time dependent during the first 202 

1.5 s of the XBT descent in the water and constant after that. Research is currently 203 

underway to further explore additional sources of the depth offset. 204 

 205 

THE IMPORTANCE OF METADATA 206 

The dependency of the biases on time (e.g. manufacture date, system changes) 207 

and probe type have been highlighted in several studies. There are two major 208 

manufacturers of XBT probes, Lockheed Martin Sippican, Inc. in the United States; 209 

and the Tsurumi-Seiki Co., Ltd (TSK), in Japan. Each company produces several 210 

types of probes with different maximum depths and for different ship speeds. For 211 

Sippican, they are T4 (460 m), T5 (1830 m), T6 (460 m), T7 (760 m), Deep Blue (760 212 

m), Fast Deep (1000 m), T10 (200 m), and T11(460 m) 213 

(http://www.sippican.com/stuff/contentmgr/files/0dad831400ede7b5f71cf7885fdeb11214 

0/sheet/xbtxsv92005.pdf). For TSK manufactured probes, they are T4 (460 m), T5 215 

(1830 m), T6 (460 m), T7 (760 m), and T10 (300 m) 216 

(http://www.tsk-jp.com/index.php?page=/product/detail/2/2). Moreover, the 217 

maximum depth reached by XBTs is frequently deeper than the nominal values 218 

indicated by Sippican and TSK, adding a further contribution to the uncertainty. Their 219 

manufacture is fully independent, except for sharing the basic design and using 220 

thermistors of a single brand, and their probes have many differences in their structure 221 

(Kizu et al. 2005b; 2011).  222 

It has been shown that probe types from different manufacturers have distinct 223 

values of bias (Kizu et al. 2005a,b; Ishii et al. 2009; Kizu et al. 2011; Cheng et al. 224 
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2014). Therefore, bias corrections for each probe type should be assessed separately. 225 

Since a large number of available XBT metadata do not include the information of 226 

probe type (Abraham et al. 2013; Cheng et al. 2014), the available metadata, such as 227 

institution and country that carried out the deployment, year of deployment, and 228 

maximum observed depth, can be used to infer the probe type (Cowley et al. 2013).  229 

 230 

MINIMUM REQUIREMENTS FOR XBT METADATA 231 

In addition to the standard requirements for metadata for all oceanographic data 232 

(e.g., position and time, platform and instrument type information), it is recommended 233 

that the following minimum requirements for XBT metadata are included: fall rate 234 

coefficients used in the profile, probe type, probe manufacture date and serial number, 235 

manufacturer, launch height, type of recording system and software version. It is 236 

critically important that no correction scheme is applied to raw XBT data. All 237 

archived data should only contain depths calculated from either the manufacturers or 238 

the Hanawa et al 1995 coefficients, and temperatures obtained from the collection 239 

system. 240 

 241 

CURRENT XBT BIAS CORRECTION SCHEMES 242 

A suite of correction schemes for global historical XBT datasets has been 243 

proposed (Hanawa et al. 1995; Wijffels et al. 2008; Levitus et al. 2009; Ishii and 244 

Kimoto 2009; Gouretski and Reseghetti 2010; Good 2011; Gouretski 2012; Hamon et 245 

al. 2012; Cowley et al. 2013; Cheng et al. 2014). One goal of the Fourth XBT Science 246 

Workshop was to assess the respective advantages of each of these schemes. The 247 

workshop participants recommended that correction schemes should correctly account 248 

for all of the above-discussed parameters, in particular when the XBT data are used 249 
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for global scale climate research applications. Table 1 lists the factors considered by 250 

each scheme. Within these schemes, the above three correction factors (with their two 251 

temperature dependent corollaries) along with probe and year variances are explicitly 252 

accounted for in only one of them (Cheng et al. 2014), while it is implicitly accounted 253 

for in another scheme (Gouretski and Reseghetti 2010). The participants also noted 254 

that XBT data sets without all recommended corrections could still be used for several 255 

specific applications (discussed below) in which the XBT biases have a minor impact 256 

on the results.  257 

At the present time, members of the community recommend the Cheng et al. 258 

2014 corrections be used because the scheme currently provides the most appropriate 259 

bias correction strategy as discussed above, including all of the recommended factors. 260 

The performance of all the correction schemes is the subject of a soon to be published 261 

study lead by the XBT community members. A preliminary inter-comparison among 262 

the 10 correction schemes using metrics to define “goodness” of a scheme, indicates 263 

that Cheng et al. 2014, Gouretski and Reseghetti 2010 and Levitus et al. 2009 264 

currently outperform other schemes. However, we note that the recommended 265 

correction scheme will change as more research leads to improved understanding of 266 

the biases and improved quality-control processes. The community will keep 267 

scientists informed on updates to the recommended correction scheme.   268 

The online NOAA/NODC-WOD13 selection tool provides the ability to 269 

automatically apply to the NOAA/NODC-WOD-13 dataset (Boyer et al., 2013) any of 270 

the 10 correction schemes currently available for XBT data.  271 

 272 

BIAS-CORRECTED XBT DATA: APPLICATIONS 273 

XBT data have been widely used in oceanography and climate studies over the 274 
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past 40 years (Goni et al. 2010) and continue to be used for a wide range of critical 275 

scientific applications. The impact of the XBT bias on applications and products 276 

varies. The main scientific applications of XBT data, and the impact of the application 277 

of XBT corrections are shown below. We note that these assessments are based on 278 

case studies and, therefore, provide only general guidelines for application of 279 

corrections. The use of the best data set available is always preferred, however, data 280 

sets that do not contain all of the corrections indicated above are still acceptable for a 281 

wide range of oceanographic applications. 282 

 283 

1) Global ocean heat content (OHC). OHC is an indicator of the amount of heat 284 

stored over a certain depth range in the ocean. The major source of error for historical 285 

OHC estimates comes from the XBT biases (Lyman et al. 2010; Boyer et al. 2015). It 286 

has been shown that the long-term OHC trend calculated by using uncorrected XBT 287 

data was underestimated by a half (Domingues et al. 2008), and created a spurious 288 

decadal variation ("the warming decade", Gouretski and Koltermann 2007; Levitus et 289 

al. 2009; Rhein et al. 2013) (Figure 3). Uncertainties in OHC (0-700m) estimation 290 

induced by different XBT correction schemes range from 8.2 (11.8) to 16.1 (19.6) ZJ 291 

(1 ZJ = 1  1021 Joules) for 1970-2008 and for years 1993-2008 in parentheses, 292 

depending on the mapping technique used (Boyer et al. 2015).  293 

2) Ocean reanalysis/data assimilation. Giese et al. (2010) documented differences in 294 

OHC, ocean temperature structure, and velocity of ocean currents due to XBT 295 

corrections in the context of global analyses experiments using a Simple Ocean Data 296 

Assimilation (SODA) system. The quantified impact of the different correction 297 

schemes on these variables show that: the Levitus et al. (2009) scheme reduced the 298 

temperature anomalies at 50 m in the eastern equatorial Pacific by 10%–20% and 299 
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strengthened the zonal currents by ~50% during the 1997-2000 ENSO cycle 300 

compared with the Hanawa et al. (1995) correction; while the Wijffels et al. (2008) 301 

scheme had little impact on the ENSO representation in the ocean. Therefore, these 302 

results indicate that XBT data sets with more accurate correction schemes serve to 303 

provide improved estimates of long period ocean signals. 304 

3) Trans-basin ocean meridional heat transport (MHT). Results from numerical 305 

model studies carried out for the South Atlantic Ocean (Goes et al. 2015) show that 306 

XBT biases need to be corrected in order to detect MHT trends in the South Atlantic. 307 

The trends in MHT and meridional overturning circulation (MOC) caused by XBT 308 

biases are statistically significant after the 1990s, estimated to be 0.02 PW/decade and 309 

0.3 Sv/decade, respectively. These trends are higher than the actual trends estimated 310 

from reanalysis data of 0.006 PW/decade and 0.1 Sv/decade for MHT and MOC, 311 

respectively. Therefore, appropriate XBT bias corrections with long-term monitoring 312 

may reduce the errors for detection of long-term trends. On the other hand, the errors 313 

in the MHT and MOC due to XBT biases are small in comparison to their seasonal 314 

and interannual variability. Therefore, XBT data without corrections can still provide 315 

reliably assessments of MHT and MOC variability on seasonal-to-interannual time 316 

scales (Dong et al. 2009). 317 

4) Geostrophic currents. Geostrophic current estimates show that errors due to pure 318 

temperature XBT biases, as estimated for tropical Atlantic currents (Goes et al. 2013b) 319 

are very small (<0.02 m/s). The same study shows that the maximum geostrophic 320 

velocity errors due to XBT depth biases are likely to be < 0.2 m/s, which is 321 

comparable to the errors associated with satellite altimetry estimates of current 322 

velocities. Therefore, XBT data without corrections can still provide reliably 323 

assessments of geostrophic currents. 324 
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5) Mixed layer depth (MLD). Studies carried out in the Mediterranean Sea showed 325 

that the Cowley et al. (2013) scheme (applied to 45% of the database) did not 326 

significantly affect the estimates of the seasonal cycle of the basin-mean of MLD 327 

(Houpert et al. 2014), as the differences of the MLD with and without XBT 328 

corrections are two orders of magnitude lower than the amplitude of the seasonal 329 

variations. Other studies (Gopalakrishna et al. 2010) examined changes in a particular 330 

isotherm depth from XBT data to investigate features of the Arabian Sea and noted 331 

that the results were not sensitive to XBT correction. 332 

 333 

FUTURE WORK  334 

Extensive progress has been made during the past decades regarding the 335 

understanding and assessments of XBT biases and errors. Similarly to corrections 336 

made to data obtained from other observational platforms, continuous efforts will be 337 

made to improve the XBT data set. In particular, the following steps are 338 

recommended:  339 

1) Continue distribution through the main data centers of data with different XBT 340 

corrections. At present, the US NOAA/NODC distributes datasets with the 10 341 

different correction schemes (Table 1) applied 342 

(http://www.nodc.noaa.gov/cgi-bin/OC5/SELECT/builder.pl), the UK Met Office 343 

provides datasets with 3 correction schemes (Good et al. 2013), and the China IAP 344 

distributes Cheng et al. (2014) corrected XBT data (http://159.226.119.60/cheng/). 345 

Updates to the recommended correction schemes will be posted via the XBT Science 346 

Team website (http://www.aoml.noaa.gov/phod/goos/xbtscience/index.php). 347 

    Future improvements in the data sets will rely on progress made in the following 348 

two areas: (a) Ongoing assessment of XBT biases and errors including a 349 
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comprehensive intercomparison of the performance of the existing XBT correction 350 

schemes, since it is possible that the inclusion of all correction factors does not 351 

guarantee providing better data. An intercomparison is currently being undertaken by 352 

the XBT community (http://159.226.119.60/cheng/); and (b) Continuous efforts to 353 

improve the quality of XBT data with appropriate flags and uncertainties as part of a 354 

recently initiated international project: International Quality-controlled Ocean 355 

Database (IQuOD) (http://www.iquod.org). The sensitivity of the correction schemes 356 

to dataset versions with more data and higher quality control requires more 357 

investigation. 358 

2) Require that XBT data originators submit the complete metadata to the major data 359 

centers (e.g. NODC). Real time data transmitted via the Global Transmission System 360 

(GTS) should preferably be submitted using BUFR format to allow the inclusion of 361 

all metadata, which is then archived by the data centers. The metadata must include, 362 

in addition to existing requirements for all oceanographic data, information on the fall 363 

rate coefficients used in the profile, probe type, probe manufacture date, serial number, 364 

manufacturer, launch height, type of recording system, and software version. The 365 

metadata recommendations will be submitted to Ship Of Opportunity Programme 366 

Implementation Panel (SOOPIP) in the Joint WMO/IOC Technical Commission for 367 

Oceanography and Marine Meteorology (JCOMM), International Oceanographic 368 

Data and Information Exchange (IODE), for approval and then will be disseminated 369 

through these organizations. 370 

3) Recover historical side-by-side XBT/CTD comparison data. Side-by-side 371 

XBT/CTD comparisons enable us to accurately assess XBT bias and assess proposed 372 

correction schemes (Cowley et al. 2013). A highly valuable collection of historical 373 

datasets with XBT and CTD co-located pairs is currently maintained at 374 
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https://data.csiro.au (DOI: 10.4225/08/543F60A3F1690). All data in the pairs 375 

database is also present in the World Ocean Database maintained by US 376 

NOAA/NODC (http://www.nodc.noaa.gov/OC5/WOD13/). Ongoing addition of 377 

historical XBT/CTD pairs to the pairs database via submission to US NOAA/NODC 378 

is strongly encouraged.  379 

4) Assess the cause for the existence of time-varying biases in different probe types. It 380 

has been hypothesized that slight differences in probe design may result in probe-type 381 

differences (e.g. Kizu et al. 2005b; Kizu et al. 2011). Recent advances in 382 

Computational Fluid Dynamics (CFD) may also help to address this question by 383 

simulating the real characteristics in XBT probe design to examine the differences in 384 

fall rate (Abraham et al. 2012a, 2012b).  385 

5) Further investigate and assess all parameters that contribute to the depth offset. 386 

CFD models have identified the launch height (Abraham et al. 2012a, 2012b) and 387 

water tank experiments (Bringas and Goni 2015) have identified the initial speed of 388 

descent of XBTs in the water (a function of the launch height) as having the largest 389 

impact on initial fall rate. Further tests in the ocean have already been conducted to 390 

confirm these findings and to investigate other parameters that may impact the value 391 

of the offset. The possibility of clock offsets in digital recording systems adding to the 392 

depth offset is also being investigated using a precise timing test. 393 

6) Assess the link between water temperature and pure temperature bias, a topic that is 394 

rarely discussed in the historical XBT literature. Theoretical analysis, bath calibration, 395 

and more side-by-side XBT/CTD tests in water of different temperatures (or different 396 

geographical locations) are required to address this. 397 

7) Evaluate why higher positive temperature bias exists in XBT data collected with 398 

analog recorders. Intercomparisons of digital devices and still available strip chart 399 
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recorders may help to evaluate and understand the cause of pure temperature bias and 400 

its temporal variability. Well-designed bath tests may also help to confirm the impact 401 

of the recorder system on the pure temperature bias. Preservation of old acquisition 402 

systems is also desirable for future assessment. 403 

8) Improve and continue communications with the XBT manufacturers in order to 404 

improve XBT probes. It has been shown that the depth bias could be reduced when 405 

adding one or more pressure switches to XBTs (Goes et al. 2013a). However, the cost 406 

of pressure switches precludes their use in a probe that has been designed to provide 407 

cost-effective temperature profiles. As a result of this work and after discussions with 408 

Sippican, the XBT community recommended that the manufacturers employ tighter 409 

controls on probe weight and better calibration of thermistors during the 410 

manufacturing process as a more cost-efficient way of reducing biases. In addition, 411 

the community will continue to collect XBT and CTD side-by-side data for the most 412 

common probe types to continue assessment of XBT biases. 413 

 414 

SUMMARY 415 

XBT data make up a significant amount of the global historical upper-ocean 416 

temperature profile database and are still used extensively to study ocean boundary 417 

currents, ocean heat content, climate change, and meridional heat transport. Some 418 

applications for which XBT data are used require these data to be accurately corrected 419 

for depth and temperature biases. Bias corrections have been applied successfully to 420 

XBT data in ocean heat content studies (e.g. Domingues et al. 2008; Levitus et al. 421 

2012; Boyer et al. 2015). The increasing number of scientific applications for which 422 

XBT data are used and the existence of many different bias corrections proposed over 423 

the last 30 years highlight the need to propose a corrected historical dataset for 424 
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climate and oceanographic related studies. This manuscript reports the progress made 425 

on XBT bias studies and provides a guide for future data and metadata collection 426 

requirements. At the present time, there is one correction scheme (Cheng et al. 2014) 427 

that takes account of all the recommended elements. As such, it is currently 428 

recommended as the most appropriate correction for XBT data used in calculations of 429 

global ocean heat content and ocean reanalysis and data assimilation. Based on 430 

previous studies, corrections are not required for calculations of MHT/MOC, 431 

geostrophic currents and mixed layer depth calculations.  432 

Similar to data obtained from all observational platforms, efforts will continue to 433 

be carried out to improve XBT data quality. The XBT Science Team 434 

(http://www.aoml.noaa.gov/phod/goos/xbtscience/index.php) and community will 435 

continue working on enhancing our understanding of the XBT fall rate biases by 436 

addressing the questions posted above, continuously assessing all available data sets 437 

and correction schemes to correct historical and future XBT data, improving the 438 

quality of XBT profiles for climate research, and providing future recommendations 439 

for XBT bias corrections.  440 
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Table 1. Summary of the ten of the available correction schemes that analyzed historical and global XBT datasets. The check mark denotes 627 

whether a factor has been considered by a given scheme. And the check mark inside a square indicates a scheme partly or implicitly considering 628 

the specific factor.  629 

630 
Factors Cheng et al. 2014 

Gouretski & 

Reseghetti 2010 

Levitus et 

al. 2009 

Gouretski 

2012 

Hamon et 

al. 2012 
Good 2011 

Cowley et 

al. 2013 

Cowley et 

al. 2013 CH 

Ishii and 

Kimio, 2009 

Wijffels et 

al. 2008 

Pure 

temperature 

bias 

Pure temperature 

bias correction 
✔ ✔ ✔ ✔ ✔  ✔ ✔   

Time-variable ✔ ✔  ✔ ✔  ✔ ✔   

Temperature 

dependency 
✔ ✔   

Cold & 

warm 

water 

     

Depth bias 

Depth bias 

correction 
✔ ✔  ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Time-variable ✔ ✔  ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Surface depth bias ✔ ✔  ✔ ✔  ✔ ✔   

Temperature 

dependency 
✔          

Probe Type 

Sippican 
T7/DB; T4/T6; 

T5; T10 
T4/T6; T7/DB  

T10; T4/T6; 

T7/DB 

Deep; 

Shallow  

T4; T7; 

T10 

T4/T6; 

T7/DB 

T4/T6; 

T7/DB; 

T7; T4; T6; 

T5; T10; FD; 

Deep; 

Shallow 

TSK T4/T6; T5; T7     TSK TSK T4; T6; T7 

Unknown 

Deep Unknown; 

Shallow 

Unknown 

  

Deep 

Unknown; 

Shallow 

Unknown 

Unknown    
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Figures Caption Lists 631 

Fig. 1. Percentage of different instruments in the ocean subsurface temperature 632 

observation system from 1966 to 2013 (based on WOD2013). Data include 633 

Expendable Bathythermograph (XBT); Profiling Floats (PFL); Autonomous Pinniped 634 

Bathythermographs (APB); Mechanical Bathythermographs (MBT); Ocean Station 635 

Data (OSD); High Resolution CTD/XCTD (CTD); Drifting Buoys (DRB); Undulating 636 

Oceanographic Recorder (UOR); Glider data (GLD); Moored Buoys (MRB). 637 

Fig.2. Location of approximately 35,000 global XBT deployments during 2013-2014. 638 

Colors indicate the length of time the currently operated transect has been maintained. 639 

Fig. 3. Upper (0-700m) Ocean Heat Content (OHC) calculated using corrected and 640 

uncorrected XBT data (black curve). The XBT data is corrected using ten of the 641 

schemes including CH14 (Cheng et al. 2014), L09 (Levitus et al. 2009), GR10 642 

(Gouretski and Reseghetti, 2010), W08 (Wijffels et al. 2008), IK09 (Ishii and Kimoto, 643 

2009); GD11 (Good 2011); G12 (Gouretski 2012); H12 (Hamon et al. 2012); CW13 644 

(Cowley et al. 2013) and CWCH (CH method in Cowley et al. 2013). The annual 645 

mean of global OHC anomaly (OHCA) is calculated by simply averaging the 1o by 1o 646 

grid means of OHCA over the global ocean. 647 
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observation system from 1966 to 2013 (based on WOD2013). Data include 652 
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Bathythermographs (APB); Mechanical Bathythermographs (MBT); Ocean Station 654 
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 659 

Fig.2. Location of approximately 35,000 global XBT deployments during 2013-2014. 660 

Colors indicate the length of time the currently operated transect has been maintained. 661 
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 663 

Fig. 3. Upper (0-700m) Ocean Heat Content (OHC) calculated using corrected and 664 

uncorrected XBT data (black curve). The XBT data is corrected using ten of the 665 

schemes including CH14 (Cheng et al. 2014), L09 (Levitus et al. 2009), GR10 666 

(Gouretski and Reseghetti, 2010), W08 (Wijffels et al. 2008), IK09 (Ishii and Kimoto, 667 

2009); GD11 (Good 2011); G12 (Gouretski 2012); H12 (Hamon et al. 2012); CW13 668 

(Cowley et al. 2013) and CWCH (CH method in Cowley et al. 2013). The annual 669 

mean of global OHC anomaly (OHCA) is calculated by simply averaging the 1o by 1o 670 

grid means of OHCA over the global ocean. 671 
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