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Abstract

We used a collocation method between XBT and CTD/OSD (Ocean Station Data in-
cluding bottle cast and low resolution CTD) from WODO05 (1° x 2° x 15 days) to statisti-
cally correct the XBT fall rate. An analysis of the annual median bias on depth showed
that it is necessary to apply a thermal correction linked to probe calibration error, a sec-
ond order correction on the depth as well as a depth offset representing measurement
errors during XBT deployment. We had to separate data in several categories: shal-
low and deep XBT and deployment sea temperatures (below or above 10 °C). We also
processed separately XBT measurements close to Japan between 1968 and 1985 due
to large regional biases. Once the corrections have been applied, the analysis of heat
content signal is derived from corrected XBT. From this analysis, we confirm that the
maximum heat content in the top 700 meters found during the 70’s in early papers can
be explained by the XBT biases. In addition, a trend of 0.32.10% Jlyear is observed
between the period 1970 and 2008.

1 Introduction

Identifying and quantifying the effects of global warming is one of the most important
research areas for the international oceanographic community. Due to its heat ca-
pacity, much larger than the other elements of the climate system, it is estimated that
the oceans have absorbed more than 80% of the earth warming due to the anthro-
pogenic increase of greenhouse gas concentration (Levitus et al., 2001, 2005). In the
last few years, many studies have tried to accurately determine the evolution of the
global ocean heat content (e.g. Gouretski and Koltermann, 2007; Wijffels et al., 2008;
Levitus et al., 2009). They observed biases between the different instruments used to
collect ocean temperature profiles. Expendable BathyThermographs (XBT) have been
mostly launched from underways ships since 1966 allowing the measurement of the
upper ocean’s temperature. The XBT system does not directly measure depth. The
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accuracy of the depth associated with each temperature depends on an equation which
converts the time elapsed since the probe entered the water to depth. Gouretski and
Koltermann (2007) used an ocean climatology based on high quality data (Conductivity
Temperature Depth (CTD) and Nansen casts) to identify biases in XBT observations.
They found a positive bias by 0.2-0.4°C on average with some variations from year
to year. Based on this study and further comparisons between data types, Wijffels
et al. (2008) proposed a yearly linear correction on the depth (hereafter W08). More
recently Levitus et al. (2009) used a simpler temperature correction, subtracting to all
XBTs, the annual median temperature bias compared on a CTD climatology. Based
on these previous studies, Gouretski and Reseghetti (2010) proposed a new correction
using a depth correction added to a temperature offset.

The W08 correction is a reference for the processing of XBT data but one can ques-
tion whether this correction depends on the method of comparison between XBT and
CTD profiles. A new more precise correction, correcting individually each type of XBT
cannot be envisioned but, is it also possible to refine the’ W08 correction? The objec-
tive of this paper is to build a new correction based on the precise observation of the
bias derived from colocated XBT and CTD/OSD data.

2 Data and collocation method

In the current study we used temperature profiles of the World Ocean Database 2005
(hereafter WODO05) where profiles have been interpolated to standard levels. The
ocean was subdivided into 16 vertical levels from the surface to 700 m depth. We
used profiles that have been processed when identification was possible using the cor-
rection H95 (Hanawa et al., 1995). Instead of using two climatologies, one constructed
with CTD and bottles profiles, and the other with XBT profiles, we used a collocation
method to compare instruments. We selected all CTD and OSD (Ocean Station Data)
geographically distant by less than 1° of latitude and 2° of longitude and temporarily dis-
tant from less than 15 days. For each individual XBT profile, we calculated a reference
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profile as the median of all CTD and OSD profiles selected in the region of collocation.
The bias profile was then calculated by subtracting this reference profile from the XBT
profile. Following Levitus et al. (2009) median rather than arithmetic average was used,
as it reduces the influence of outliers. Moreover, we removed XBT profiles shallower
than 200 m depth to exclude coastal regions. This method allows us to retain about
10* profiles a year between the year 1967 and 2007.

3 Test of the W08 correction

The W08 correction A is a linear correction computing the “true” estimated XBT depth
Zie from the depth Z calculated with the original fall rate.

Ztrue=Z(1 -A) (1)

W08 separated the deep XBT profiles (hereafter called XBTD) measuring temperature
below 500 m (in standard levels) which are predominantly T7 or Deep Blue, and the
others, shallow XBT profiles (hereafter called XBTS) which are predominantly T4 in-
struments. According to their study, W08 note a depth error near 400 m of 10 m for
XBTS and half that for XBTD on average.

We first applied the W08 correction to our collocated profiles. Figure 2 shows the
yearly raw and W08 corrected median bias on depth as a function of year. According
to Gouretski and Koltermann (2007) and Wijffels et al. (2008) there is a positive bias
between vertically averaged XBT temperature and high quality data like CTD and OSD.
This median bias varies with the year of deployment of the XBT. It varies between 0.2°C
and 0.1°C during the end of the 60’s until the beginning of the 80’s. Then the bias
stabilizes around 0.05 °C. Moreover this evolution agrees with the results of Levitus et
al. (2009).

The vertical median bias is not uniformly reduced while applying the W08 correction.
Obviously the linear correction does not correct the surface bias (Fig. 2). It can also be
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sometimes too large and induce a negative bias. Our comparison method thus sug-
gests that a linear correction is not sufficient to properly reduce the observed biases.

4 Analysis of the XBT bias

We will try to refine the model of bias correction by examining in more detail the vertical
and spatial structure of the XBT/CTD biases. The W08 correction does not properly
reduce the global median bias of our XBT and CTD/OSD collocation. We begin to com-
pare very close pairs with weak temperature gradients and we identify a thermal bias.
This observation agrees well with the recent work of Gouretski and Reseghetti (2010).
We then computed the median annual bias as a function of depth to adjust at a given
temperature the depth indicated by the original fall rate. We can linearly interpolate
to retrieve the temperature at standard levels. We compute the depth bias at each
standard level with the first order approximation,

67
6Tcto

dZ =(Tcrp —Txer) ()
Our calculations of depth bias from collocated profiles points to several observations.
As in Wijffels et al. (2008), the behavior of XBTS and XBTD was different. Moreover,
the collocated profiles do not seem to be corrected by a linear function, but rather by a
parabolic function.

This parabolic character is more or less pronounced according to year, geographical
area and the type of XBT. We thus computed a second order correction with a least
square fitting process for all years of deployment and all classes of XBT made in this
study. The bias on depth also has a different behavior in the first meters of the probe
fall. Between the surface and 30m, the error deviates from its parabolic behavior,
possibly due to the high variability of surface temperature added to low gradient of the
surface mixed layer producing high variability in the calculated dZ quantities.
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On the other hand, there seems to be a correlation between depth bias and the
temperature of the sea water where the probe had been deployed (Thadathil et al.,
2002). Figure 3 shows the depth bias at 100 m as a function of average temperature
between 0 and 200 m for XBTS (in red) and XBTD (in blue) averaged over the study
period. We notice an increase of the bias toward low temperatures, without finding
a different behavior between the two classes of XBT. Although, Fig. 3 still illustrates
the need to process XBTs in categories of temperatures, nothing clearly distinguishes
XBTS from XBTD at this depth.

Comparing the bias at a given depth is not a suficient indicator as it is the behavior
of the depth error that is essential. Figure 5 represents the linear part (Az) as a func-
tion of the parabolic part at 400 m depth (Bzz) for a new correction for XBTS (circles)
and XBTD (stars) at high temperature (left) and at low temperature (right). Each dial
represents a different regime of the yearly median depth bias. Most profiles have to
be corrected by a function having a negative parabolic part and a positive linear part.
This indicates that the fall rate equation of most XBT probes badly estimates the actual
speed of fall in the first meters and tends to approach it at greater depth. At lower tem-
peratures, the behavior of XBTS and XBTD fall is totally different. Particularly in the
end of the 70’s and the 90’s, we notice that the parabolic part of the XBTD becomes
positive and several profiles have a negative linear part. Furthermore, we note that
those probes need more different regimes of correction than the others.

5 A new correction

Based on the previous analysis, we propose the following new correction for XBTs:

— Correction of thermal bias:

Txgr = TxgT = Tott (3)
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— Correction of the depth bias:

Ztrue = obs(‘I -A _BZobs) _Zoff (4)

5.1 Thermal correction

Errors on the calibration of the temperature probes can also be a source of bias. In
addition, as the XBTs are passive sensors, the possibility of parasites resistances or
other circuit-dependent parameters can induce errors in the temperature data reported
by the instrument. Comparing neighboring XBT and CTD/OSD profiles in the upper
mixed layer, we observed a positive thermal bias between 10 m and 30m. Following
Gouretski and Reseghetti (2010), we selected close profiles with a weak temperature
gradient in the upper layer (less than 0.0025°C m-1). This criterium guarantees that
the observed bias is not related to the estimation of the depth of the XBT probe but to
a error of calibration.

As we did not find significant differences between profiles measured in high or low
water temperature, we decided to separate them only in two categories. We compute
an offset T related to XBTS and another for XBTD (Eq. 5, Table 1). The thermal
offset associated with XBTS is largely positive between 1968 and 1980 (0.069 °C in
average) and tends to zero afterward. The thermal bias of XBTD is more constant. A
maximum is reached before 1980 (0.040°C in average) which decreases during the
80’s and becomes again maximum at the end of the 90’s (0.047 °C in average between
1995 and 2005).

5.2 Second order correction

The parabolic character of the correction is certainly due to a too simple approximation
of the XBT fall rate. Indeed, it is possible that the first XBT fall rates calculated by obser-
vation of the fall of a probe in a water tank were not adapted to forecast their behavior
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in ocean water associated to variations of temperature and salinity. Furthermore, char-
acteristics of probes can vary in time. The weight and all hydrodynamic parameters are
essential to estimate the velocity of probes. According to Seaver and Kuleshov (1982),
a weight uncertainty of 2% could induce 8.8 m of depth error at 750 m. Gouretski and
Reseghetti (2010) find significant weight variations for probes manufactured after 1992
and we can easily extrapolate those results to earlier probes. All these error sources
imply that the XBTs do not fall exactly as a second order equation of the time, and this
equation might also change with time.

Following a global approach, we chose to differentiate several profile categories,
XBTS and XBTD deployed in high or low temperatures (above or under 10 °C) to op-
timally correct the database. This distinction allows us to have a sufficient number of
profiles in each category, guaranteeing a certain robustness in our calculations (Fig. 4).
To avoid discontinuities between profiles deployed in water close to 10 °C, we used an
overlap. For the high temperatures class, we selected all XBTs deployed in water
warmer than 8 °C and for the low temperature class, we selected XBTs deployed in wa-
ter colder than 12°C. We applied the process of depth correction three times because
of the difficulty to exactly calculate the median depth bias, particularly in the areas of
weak thermal gradients.

5.3 Depth offset

In spite of a good correlation between the median bias and its yearly correction, the
resulting temperature bias is not zero, particularly in the surface layer. This is due
to a median offset not corrected by the second order correction because it is poorly
observed by our depth bias calculation involving the local gradient of temperature.
There is not a clear physical explanation for this offset, but it could result from human
mishandling. Probes launched from surface ships do not touch vertically the water
surface and take time to sink at the assumed fall speed. Their initial velocity may also
be questioned. The calculation of the drop height in board is very rough because of
movements on the ocean surface as the swell or waves. All these phenomena prevent
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us to accurately characterize a median offset. To overcome this lack of information, we
opt for an empirical fitting proportionally adjusting the offset with the pre-corrected bias
by the parabolic function. We used more exactly the yearly median depth error between
30m and 200 m to statically correct the depth offset error. We chose to compute the
offset in this thin layer because it correponds to a compromise between the choice of
a surface layer, where the calculation of a depth bias is not influenced by the fall rate
error and the layer of maximum gradient.

Lo =< dZ >30_500 (5)

We note (Tables 3, 4, 5 and 6) that the depth offset can be negative for several years.
This could occur when the entry of the probe in water is detected late or if the speed of
the probe at the impact in water is too high. In those cases the reported depth can be
really deeper than the observed depth.

5.4 Specific case

After the global bias analysis by collocation, it is possible that residual biases identified
may result from high spatial variations, as it is for example the case in the Kuroshio
or Gulf stream region, due to sampling issues. Measurements close to Japan and in
the western Pacific basin (the northwest Pacific region bounded by 180° E and north of
20° S) show a strong negative corrected bias appears during the period 1968/1985 after
the global correction. We note a predominantly negative bias at 300 m depth (Fig. 6),
which implies that these XBTs are poorly corrected by our global parabolic term. In this
case, it is possible that the problem originates partially from specific XBT probes, but
as we have not been able to identify them, this requires a specific regional correction.
This distinction is particularly necessary because retaining these XBTs in the global
dataset would have an impact on the estimated correction. Thus, we separated these
regional profiles in another category, thus increasing the robustness of the global cor-
rection (Tables 7 and 8). The coefficients A and B calculated for these particular XBTS
are quite similar to those calculated for XBTS deployed in high temperature, whereas
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the coefficients for the XBTD in this region are very different from the others. The coef-
ficient A is largely positive in the first years and decreases until 1985 and B is strongly
negative and increases with time. The depth offset is also strong. This behavior is spe-
cific to those regional XBTD. The other difference is referred to the temperature offset
(Table 2). During the first years, the regional temperature offset is positive but not as
strong as for the other XBTs (Table 1). From 1975 it becomes slightly negative.

6 Calculation of the corrected heat content

Following Wijffels et al. (2008) and Levitus et al. (2009), we also estimated a median
depth bias on Mechanical BathyTermograph (MBT). The following figures result from
the correction of both XBTs and MBTs. Using the same methodology, we performed
a second order correction added to an offset. We also separated MBT deployed at
high and low temperatures. For those probes, the selected treshold was 12°C for the
median temperatures calculated between the surface and 100 m depth.

With the globally corrected database, we can easily map the observations on a lat-
itude and longitude grid (4° x 8°). The annual mean anomalies of temperature are
obtained by subtracting the WOAOQ5 climatology. We attributed to empty boxes the
value of the annual mean anomaly of all full boxes. Figure 9 shows the 0—700 m inte-
grated heat content calculated from the corrected XBT database (green), the raw XBT
database (red), the entire WODO5 database (red) and the entire database where XBT
and MBT have been corrected (blue).

The calculation of the corrected heat content suggests that the local warming ob-
served during the 70’s was the result of the positive bias of XBT probes. On the other
hand, we note that the global heat content calculated from corrected XBTs is very
close to that calculated with the entire corrected database (such agreement is also
found when considering specific layers like 0—400 m or 400-700 m) . This suggest that
XBT data are now globally closer to CTD data. This new correction allow us to find
a linear trend of global heat content of 0.32.10% J/year between 1970 and 2008. Of

300

OosD

8, 291-320, 2011

Empirical correction

of XBT fall rate and
its impact on heat
content analysis

M. Hamon et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/8/291/2011/osd-8-291-2011-print.pdf
http://www.ocean-sci-discuss.net/8/291/2011/osd-8-291-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

course, this is strongly dependent on the assumption to fill missing boxes with the an-
nual anomaly for that year, as much southern hemisphere boxes were not sampled in
the early periods.

7 Conclusions

We had to consider 6 different XBT classes to compute a globally second order cor-
rection on depth. We chose to separate XBTS and XBTD mostly related to T4 and
T7 during the study period. We also separate XBTs deployed in cold or warm water
(colder or warmer than 10° on average between the surface and 200 m) due to the
dependence of temperature on the behavior of the XBT probes. A parabolic correc-
tion was not sufficient, and it was necessary to apply offsets: One thermal offset only
depending on the XBT type to apply to the temperature profiles and a second one, a
depth offset. Although we adopt a global perspective, we separated XBTs launched in
the western Pacific basin between 1968 and 1985 because of their particular behavior.
Our empirical approach does not attempt to found the reasons why those probes have
a particular behavior but doing this exception allows to increase the robustness of our
global correction. This specific case has also been discussed in W08. They found that
the depth error at 400 m was almost similar between the different basins except for the
western Pacific region. As we also show here, they identify a regional negative error.

Furthermore, the thermal offset can be compared to the results obtained by Gouret-
ski and Reseghetti (2010). Our analysis detects an offset almost two times smaller
than theirs. This distinction is probably due to our selection criteria which is more strin-
gent. We selected fewer profiles but only those with a thermal gradient lower than
0.0025° m-1, whereas their upper limit is 0.005° m—1. Despite the lower total number
of profiles selected, the calculation of the offset remains statistically accurate.

We corrected the MBT database with the same methodology to obtain a entire cor-
rected database. We were able to compute a revised 0—-700 m heat content and a
corresponding estimate of a new linear trend. These calculations agree with other
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recent papers, thus supporting that the anomalous increase of heat content during the
70’s originated from uncorrected XBT biases. It is now necessary to perform a more
detailed analysis to highlight the potential gain of such a new correction on an entire
database.
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Fig. 1. Evolution of XBT-CTD 0/700 m median raw bias (blue) and corrected by W08 (green)
integrated between 0 and 700 m. The number of yearly collocated pairs is indicated with the
green dotted line (left). Median raw bias (blue) and corrected by W08 (green) as a function of
depth averaged over the study period (right). The width represents the standard deviation of
the annual median bias.
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Fig. 2. Evolution of XBT-CTD median raw bias (above) and corrected by W08 (under) as a
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Fig. 3. Median XBT-CTD depth bias at 100 m depth as a function of the integrated temperature
between 0 and 200 m depth for XBTS (red) and XBTD (blue). The standard deviation divided
by the square root of the number of selected pairs in each class is represented with the colored
area.
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Table 1. Thermal offset as a function of time for XBTS and XBTD. OSD

Year ToﬂsetD Toffsels 8, 291—320, 201 1
1968 0.008 0.067

1969 0.013 0.068
1970 0.023 0.064

1971 0036  0.062 Empirical correction
1972 0.045  0.061 of XBT fall rate and
1973 0.052  0.064 O

1974 0.058  0.067 its impact on heat
1975 0059 0.073 content analysis

1976 0.058 0.077
1977 0.057 0.079
1978 0.059 0.078 M. Hamon et al.
1