The Fall Rate Equation Problem (G. Goni)
In April 2008, a workshop was held in Miami to discuss findings from different groups related to the estimation of depth and offsets in EXpendable BathyThermographs (XBT) observations.   The accurate estimation of depth and temperature from these probes is critical to perform global ocean heat content estimates and evaluate trends.  Details on difficulties to estimate both depth and temperature correctly for use in climate studies are described below.

 XBTs were originally designed by request of the US Navy to measure temperature profiles in the upper ocean with the objective of locating the seasonal thermocline from ships in motion with an accuracy of ±0.2ºC and 2% in depth. Oceanographers later adopted them as a cost-effective and simple measurement technique for process and sustained observation studies, such as studying mesoscale variability, meridional heat transport, and ENSO monitoring. Until the advent of Argo and operational satellite altimetry, XBTs launched from volunteer ships were the only cost-effective means of observing the temperature of the upper ocean on a quasi-global scale. For this reason XBTs were widely used during the 1980s and 1990s, becoming a significant and valuable part of the modern observational record. It was only recently that the scientific community realized the impact of XBT errors, both in depth and temperature, in the estimation of ocean heat content variability, and particularly, the impact of these errors in monitoring trends associated with global ocean warming (Gouretski and Koltermann 2007; Wijffels et al. 2008; Levitus et al. 2009; Ishii and Kimoto 2009).  

The majority of XBT temperature profiles are collected using probes designed and manufactured by Sippican Incorporated (now Lockheed Martin Sippican, hereinafter Sippican).  Unlike conductivity–temperature–depth (CTD) or profiling-float casts, which derive the depth of a temperature profile directly from measuring pressure, XBTs determine depth indirectly from the time elapsed since the probe hits the ocean surface using a fall-rate equation. The processes involved in the descent of an XBT probe are certainly more complex than those included in the first-order dynamics of the FRE, which assumes a constant speed throughout its descent. As a result, the determination of the XBT depth is the most important source of error in XBT temperature profiles in addition to pure temperature errors introduced by the thermistor.

Systematic errors in the computed XBT depths have been identified since the mid 1970s and attributed to problems in the FRE (McDowell 1977; Fedorov et al. 1978; Roemmich and Cornuelle 1987). The evidence of surface offsets between XBT and CTD casts (Singer 1990) provides an example of the limitations of the FRE determining XBT depths. These offsets could be associated with processes not considered in the FRE, such as electronic and hydrodynamical transients, or to errors in estimating the coefficients in the FRE. Despite the few limitations imposed by the FRE, XBT temperature profiles have been shown to be sufficiently accurate for numerous science studies and operational applications (Goni et al. 2010), in particular on the characterization of mesoscale phenomena (Seaver and Kuleshov 1982; Flierl and Robinson 1977; Meyer et al. 2001) and for monitoring of ocean heat transport (Baringer and Garzoli 2007; Roemmich et al. 2001; Dong, et al. 2009). 

The first near-global assessment of XBT quality was performed by Hanawa et al. (1995 - hereinafter H95) after the World Ocean Circulation Experiment (WOCE), when a considerable large number of XBTs were launched along CTD sections. This study showed that the Sippican coefficients in the FRE resulted in depths that were too shallow, producing a cold temperature bias in most of the water column. H95 recommended the same correction for shallow and deep XBTs models T-4/T-6 and T-7 respectively, manufactured by Sippican and Tsurumi Seiki Co., Ltd. (TSK). A single correction for all XBTs simplified the application of the correction, as different corrections would not have been possible since the probe type was not included in the archived metadata at that time. According to the H95 analysis a stretching factor fH95 = 1.0336 applied to XBT depths obtained from the original FRE was sufficient to correct the bias. This correction was applied to the Sippican original FRE as follows:

zH95 = fH95(At - Bt2).

(2)

H95 recommended not implement the changes in coefficients until arrangements for adequate metadata reporting about the FRE were put in place. H95 were aware of the potential complications of changing the FRE coefficients and stated their recommendation very carefully (Hanawa et al. 1995):

“Until an international mechanism is established to implement general use of a new equation for the T-7, T-6 andT-4 XBTs, and until the equation used for depth determination, the probe type, and the probe manufacturer can be distinguished in the data archives, it is strongly advised that for the present time all XBT data sent to the national or international data centres include depths calculated from the original manufacturer’s equation only. The existence of mixed data in the databases must be absolutely avoided.”

Unfortunately, this recommendation was not strictly followed and the coefficients of the XBT FRE were changed leading to uncertainty in recognizing corrected from uncorrected since the mid-1990s.

The scientific community has realized the implications of XBT quality for monitoring global heat content. The study of heat storage trends potentially associated with changes in the observing system has received attention after recent studies showed a progressive warming of the World Ocean between 1957 and 2003 (Levitus et al. 2000; Levitus et al. 2005) and a later cooling (Lyman et al. 2006). Additionally, the estimates of Levitus et al. (2005) (Figure 1) showed a pronounced decadal maximum in global heat storage during the 1970s, which has been difficult to reconcile with estimates of internal variability in climate models (Gregory et al. 2004; AchutaRao et al. 2006). Part of the apparently spurious variability observed in the observations has been attributed to suboptimal sampling in the observations, especially in the Southern Ocean (AchutaRao et al. 2006). Recent attempts at understanding the origin of this variability took a closer analysis of the accuracy of the XBT observations. These studies have shown evidence for systematic errors (biases) in the XBTs (Gouretski and Koltermann 2007; Wijffels et al. 2008), which are exacerbated when the observing system transitions between different observational platforms (Willis et al. 2008), for example the transition from broad XBT observations to Argo floats during the early 2000’s.
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Figure 1 – Time series of yearly ocean heat content (1022 J) for the 0–300 and 0–700 m layers and pentadal (5-year running composites for 1955–59 through 1994–98) ocean heat content (1022 J) for the 0–3000 m layer. Each yearly estimate is plotted at the midpoint of the year; each pentadal estimate is plotted at the midpoint of the 5-year period. (From Levitus 2000).

Only recently, the spatial and temporal dependence of the XBT quality has been investigated on global scale. Using high quality data from Nansen casts and CTD profiles, Gouretski and Koltermann (2007) identified and quantified the impact of systematic errors in XBT data, among other instrument types (Figures 2a through 2d). They found large positive XBT minus CTD/bottle differences coinciding with the decadal anomaly in heat storage observed during 1973–1982 (Figure 2b). This anomalous warming had a much smaller magnitude if computed using only CTD/bottle data (Figure 2a). Their analysis showed that the implied XBT bias changes with time, with two periods of especially high biases: before 1983 and after about 1995. The global extent of this time-varying bias suggested that the error originated by instrumentation issues, such as small manufacturing changes. Gouretski and Koltermann (2007) showed that correcting the XBT data reduces the ocean heat content change since the 1950s by a factor of 0.62 compared with the estimates of Levitus et al. (2005). This is the first study assessing the quality of XBT data since the study of Hanawa et al. (1995), however, the origin of the errors was not established in this study. Subsequent studies have hypothesized that problems in the FRE are the most likely source of systematic errors.
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Figure 2 – Temperature offsets between data types.  Yearly mean temperature offsets versus depth relative to CTD/bottle and profiling float data: (a) MBT vs. CTD/ bottle; (b) XBT vs. CTD/bottle; (c) XBT vs. profiling floats; and (d) CTD/bottle vs. profiling floats (Gouretski and Koltermann 2007).

Time Dependence

The findings of Gouretski and Koltermann (2007) of systematic biases in XBT observations have been confirmed by an analysis of depth dependent errors in both shallow and deep XBT profiles (Wijffels et al. 2008). A time-variable warm bias in the XBT data was shown to be of the first order and spatially synchronized with the vertical characteristics of a fall rate error, therefore likely to result from changes in the XBT FRE.  The time history of the A coefficient in the FRE for deep XBTs (Figure 3) agrees very well with most of the published results in the literature where fall rates were actually calculated.  When XBTs fall faster than the velocity assumed in the A coefficient in the FRE, temperature observations are assigned to the shallower depths, resulting in a cold bias. This was the case during the time when the observations analyzed by H95 were collected, in which a cold bias was detected that prompted the correction in the FRE.  This cold bias (i.e. higher than normal terminal velocity) is consistent with the high A values around 1990 estimated by Wijffels et al. (2008) and shown in Figure 3. Thus, it is likely that the correction implemented after the recommendations of H95 have introduced a bias as the XBT fall rates have returned back the manufacturer’s value since 2000.
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Figure 3 – Time history of the primary coefficient, A in the XBT fall rate equation for deep XBTs (Wijffels et al. 2008) after the comparison of XBT and high quality CTD/bottle data (gray line). The numbers indicate estimates published in Hanawa et al. (1995, Table 1), text symbols indicate other in-situ intercomparisons, S65 refers to the manufacturer’s recommended coefficient (also marked by the reference line). Text symbols are centered on the time and value they represent (From Wijffels et al. 2008).

The XBT bias has also played a role introducing spurious cooling trends in ocean heat storage during the 2003-2005 period. The large and apparently significant cooling in ocean heat storage between 2003 and 2005 (Lyman et al. 2006) has been shown to be the result of the combination of a cold bias in Argo floats and the warm bias in the XBTs during the transition of the observing system to Argo (Willis et al. 2008).  Since 2000, the observing system for upper ocean thermal observations started transitioning from predominant coverage provided by XBTs to increasing coverage by Argo floats by up to 75% of the total number of temperature profiles.  When both the warm XBT bias and the cold Argo bias are corrected no ocean cooling was observed.

The methodology used by Gouretski and Koltermann (2007) and Wijffels et al. (2008) requires massive averaging of individual observations to be able identify shifts between the resulting climatologies with statistically confidence. The use of satellite altimetry allows reducing the uncertainty associated with eddy variability. DiNezio and Goni (2009) identified a 3% depth error in the H95-corrected XBT data compared with Argo data (Figure 4), confirming that the H95 correction while valid during the 1990s, is no longer appropriate for the 2000-2007 period. This study confirmed that the original FRE coefficients specified by Sippican are adequate for the 2000-2007 period (Figure 3) as first shown by Wijffels et al. (2008). This conclusion is independently supported by field intercomparisons (e.g. Snowden et al. in preparation, SGB label in Figure 3). This comparison (DiNezio and Goni 2009) between Argo and XBT data confirms the global extent of a depth dependent warm bias in the H95-corrected XBT observations in all regions of the World Ocean with 1-sigma statistical significance (Figure 5) providing more evidence for a problem in the XBT instrument. This study also addressed the possibility of surface offsets on global scale, however the implied offsets are different among ocean basins, thus unable to be explained by a systematic problem in the XBTs.
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Figure 4 – Scatter plot of the differences between the pseudo-climatological isotherm depth estimates as a function of depth for the global ocean.  The depth axis corresponds to the pseudo-climatological isotherm depth derived from Argo.  Positive hXBT – hArgo differences indicate that the XBT estimates result in deeper isotherms for the period 2000–2007.  Red dots correspond to 1-sigma significant biases while gray dots are not significant with the same confidence level.  The dashed-dot lines indicate the 2% error bounds specified by the manufacturer.  The solid dashed line corresponds to the least–squares fit allowing for an offset at the surface while the solid line is adjusted with no offset at the surface (From DiNezio and Goni, 2009).
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Figure 5 – (a) Difference between the pseudo climatology of the depth of the 20°C isotherm estimated using XBTs and using Argo.  (b) Difference between the pseudo climatology of the 10°C isotherm estimated using XBTs and using Argo.  Positive values indicate deeper XBT-derived isotherm depths.  The pseudo-climatologies correspond to the 2000 to 2007 period and are computed using XBT or Argo data combined with altimetry-derived sea height anomalies as described in the text.  Stippling indicates regions where the difference between the estimates is not significant with 67% confidence (From DiNezio and Goni 2009).

Summary

We will summarize the following:

1. Constant fall-rate seems a good assumption deeper than below the mixed layer.

2. Time-dependent XBT bias is consistent with 1) Changes in fall-rate (Wijffels et al. 2008) or 2) Changes in pure thermal bias plus constant stretch factor (Gouretski and Reseghetti, submitted manuscript).

3. Whether these two explanations can be ruled out with statistical significance remains unclear.

4. The origin of both fall-rate and thermal biases remains unclear.

5. 2% error specified by manufacturer seems adequate to characterize random errors

6. Whether surface offsets are systematic or random remains unclear.

Despite the substantial progress made in recent years assessing the origin and magnitude of the bias and identifying other systematic errors in XBT profiles, more work is still needed to improve the quality of XBT data for climate applications. These efforts should be focused on: 1) Assess if the origin of the XBT errors result from manufacturing variations as hypothesized by Wijffels et al. (2008), 2) Continue concurrent deploment of XBTs and CTDs, 3) Continue monitoring the XBT bias following the methodologies presented in this report (DiNezio and Goni 2009), 4) Exploration of other potential sources of systematic errors, such as surface offsets, temperature biases in the thermistor, bias due to coupling among cable, probe and electronic devices, 5) Evaluation of the possible influence of water temperature on the FRE coefficients, as recently proposed for T-5 probes (Kizu et al. 2005) and XCTDs (Kizu et al. 2008), confirming early suggestions after tests in Antarctic waters (Thadathil et al, 2002), 6) Assessment of the origin of random errors, as it remains unclear whether surface offsets are systematic or random (DiNezio and Goni 2009), and 7) Improvement of metadata to facilitate future studies about these issues by including additional parameters that could be used to improve the FRE, such as launch height/angle, ship speed, or probe mass (See Box 2), 8) Support scientific meetings to present and discuss new results of FRE, and 9) Support funding for continued data  archaeology to identify past problems in XBTs. 

In summary, we envision three long-term avenues for improving the quality of XBT data 1) Encourage the scientific community to freely distribute CTD data fro XBT/CTD comparison studies, 2) Investigate if there is a need for the development of a more sophisticated FRE using more information from the hydrodynamical properties of the probes and transients in the acquisition systems, 3) technological improvement of XBTs. The calibration system proposed in (1) is the most feasible of these options and should be implemented immediately to facilitate the comparison of XBT data every time research-quality CTD data are collected. The results from these studies should be available to the community in order to improve the monitoring of changes in the fall-rate characteristics.  A science team overseeing XBT quality procedures among different observational centers should coordinate these activities. Better understanding, monitoring and addressing systematic errors in XBT data will allow the use of this very economical and practical observing platform for purposes that they were not originally designed, such as monitoring global heat content. Implementing these recommendations will allow XBTs remain a key component of the Global Ocean Observing System and complement the Argo array for monitoring ocean heat content.
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