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Abstract The heat content of the upper ocean is a key climate indicator, contributing to a substantial portion
of the global sea level rise. Recent ocean heat content (OHC) calculations have shown a dramatic shift during
the period 2001–2003, which is nearly coincident with a major transition in the ocean observation network
from a ship-based system to Argo floats. Here we demonstrate that the changes in the spatial sampling of
the historical observation network introduced an artificial jump during the initiation of the global Argo array
(2001–2003). The start of the Argo program is responsible for such a shift. Considering the sampling bias,
new methods to assess long-term trends in the OHC (0–700m) are proposed that suggest the presence of a
continuous upper ocean warming (0.36± 0.08Wm�2) since 1966.

1. Introduction

Due to the release of carbon dioxide, the global energy equilibrium has been altered, and the amount of
stored heat has increased, causing global warming to occur since the industrial revolution [Hansen et al.,
2011; Rhein et al., 2013]. Therefore, global energy tracking is an important task for monitoring global warming
[Church et al., 2011; Trenberth and Fasullo, 2010]. Due to its large heat capacity, the ocean stores ~90% of
global warming energy and acts as the major heat reservoir for the climate system on annual and longer
timescales [Abraham et al., 2013; Palmer and McNeall, 2014]. Furthermore, as the amount of heat increases,
the volume expands, which contributes to the rising sea level [Church et al., 2011].

Observations by independent studies [Domingues et al., 2008; Levitus et al., 2009, 2012; Rhein et al., 2013;
von Schuckmann and Le Traon, 2011] have indicated that the ocean heat content (OHC) of the global upper
ocean has experienced a multidecadal increase that began in the 1960s. However, there has been recent
debate regarding both the long-term trend and the variability of the OHC on interannual time scales.
Furthermore, a step change (6.1 × 1022 J) appeared in the OHC time series obtained from the National
Oceanographic Data Center (NODC) during the period from 2001 to 2003 (Figure 1a). Prior to this period,
there was a stable OHC trend of 0.41 × 1022 J yr�1 from 1990 to 2001; after this period, a stable trend of
0.31 × 1022 J yr�1 was observed from 2003 to 2010. The difference between the two linear trend lines was
~3.1 × 1022 J, as indicated in Figure 1a. This pronounced OHC “shift” or “jump” during the period 2001–2003
accounted for nearly half of the oceanwarming rate over the past 22 years (~0.60×1022 J yr�1 from 1990 to 2010).
Such a shift exists in most of the OHCs estimated by independent groups [Johnson et al., 2013; Rhein et al., 2013]
during the period 2001–2003; this shift largely exceeds the maximum uncertainty (1 standard error of the mean)
in the OHC calculations based on previous studies [Lyman, 2012; Lyman et al., 2010].

Recently, the ocean observation network experienced a revolution because Argo array of profiling floats
[Abraham et al., 2013; Freeland et al., 2009] began to be widely deployed in the ocean. During the period
2001–2003, the number of observations from ship-based systems rapidly decreased. Coincidently, Argo
data (presently consisting of more than 3000 profilers) became predominant (Figure 1a). For the first time,
ocean subsurface observations provided an approximately evenly distributed sampling of the global ocean.
Prior to the 21st century, most in situ ocean observations were ship based and covered only a fraction of
the global ocean. This system primarily sampled the Northern Hemisphere. Moreover, observations were
concentrated along frequently traveled cruise lines in the North Pacific, the North Atlantic and the North
Indian Oceans (Figure 1b; hereafter called the Ship Area). In contrast, the Argo-based system homogeneously
covers the entire open ocean (Figure 1c; hereafter called the Argo Area). Themajor improvement provided by
the Argo system was an increase in horizontal sampling in the Tropical Eastern Pacific Ocean, the Tropical
Atlantic Ocean, and the entire Southern Hemisphere (Figure 1d; hereafter called the Argo-Ship Area).
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An analysis of regional OHC variations indicates that the OHC shift primarily occurred in two regions, both of
which are within the Argo-Ship Area: 20°S–10°N in the Eastern Pacific Ocean and 50°S–10°N in the Atlantic
Ocean (Figure S1 in the supporting information). Therefore, the change in horizontal sampling due to the
observation network transition may be the cause of this OHC shift [AchutaRao et al., 2007]. However, until now,
there has been no evidence to support this hypothesis. In this study, we quantify the effects of horizontal
sampling changes on OHC estimates.

2. Data and Methods

In situ ocean subsurface temperature observations collected during the period 1966–2012 were obtained
from the World Ocean Database 2009 (WOD09) [Boyer et al., 2009]. Flags in the WOD09 dataset assisted with
eliminating spurious temperature measurements. All data were subjected to standard deviation checks;
measurements exceeding the mean by five standard deviations in each 5° × 5° grid box were discarded.
Argo data were downloaded from the Argo Data Center (ftp://usgodae1.fnmoc.navy.mil/pub/outgoing/argo).
Only delayed-mode data were used in this study. Flags contained in the Argo data were used for quality
control; we only used temperature and pressure measurements in which the flag was equivalent to 1.
Expendable bathythermograph (XBT) observations were corrected using the correction scheme presented
in Cheng et al. [2014], while mechanical bathythermograph observations were adjusted using the method
proposed by Ishii and Kimoto [2009].

Figure 1. Global ocean heat content changes and observation system evolution. (a) The ocean heat content change from
1988 to 2010 is presented. Three OHC trends were calculated for the following three time periods: 1990–2010 in gray,
1990–2001 in red, and 2002–2010 in blue. The red shaded area shows the amount of bathythermograph (BT) profiles and
conductivity, temperature, and depth data. The blue shaded area corresponds to the Argo data. (b) The number of years
that contain observations within each 1° by 1° grid box within the 36 year period from 1966 to 2001. The frequencies of
areas with more than 15 years of data are colored and defined as the Ship Area. (c) Frequencies of sampling by the Argo-
based system within the 8 year period from 2003 to 2010. (d) Grid boxes that were sampled by the Argo-based system in
Figure 1c, but not in the Ship Area in Figure 1b, are colored and defined as the Argo-Ship Area.

Geophysical Research Letters 10.1002/2014GL061881

CHENG AND ZHU ©2014. The Authors. 2

ftp://usgodae1.fnmoc.navy.mil/pub/outgoing/argo


All of the temperature profiles from 2008 to 2012 were used to create a monthly climatology called
“2008-2012Clim.” All of the temperature profiles were interpolated to standard levels (from 1 to 99mwith 1m
intervals and from 100 to 700m with 2m intervals); the 2008-2012Clim climatology was subtracted from
each temperature profile to obtain temperature anomaly profiles. All of the averaged temperature anomaly
profiles (for 0–700m) were sorted into a 1°×1° and 1year grid box and averaged to obtain the grid-averaged
temperature anomaly profile. The 0–700m depth-averaged temperature anomaly (ΔT(t,g)) was calculated for
this grid-averaged anomaly profile. The global mean temperature anomaly for each year was calculated by
weighting the area of the grid boxes as follows:

AveT tð Þ ¼
Xn tð Þ

g¼1
ΔT t; gð Þ�Area gð Þ

" #
=
Xn tð Þ

g¼1

Area gð Þ;

where AveT(t) denotes the globally averaged temperature anomaly for each year t from 1966 to 2012, Area(g)
is the area of grid g, and n(t) represents the number of sampled grid boxes in each year t.

The ocean heat content of the upper 700m was estimated as follows:

OHCA tð Þ ¼ 700�3:6�1014�
Xn tð Þ

g¼1

cpρ gð Þ ΔT t; gð Þ�Area gð Þ
" #

=Area gð Þ;

where cp represents the heat capacity (equivalent to 4320 J°C�1 Kg�1), while ρ is the 0–700m depth-averaged
density of seawater calculated according to the climatologic temperature/salinity profile from theWOA2009 data.
The heating rate is reported as the heating rate averaged over the entire surface area of the Earth (5.1 ×1014m2).

3. Results
3.1. Influence of Changes in Horizontal Sampling

The horizontal distribution of observations changed drastically due to the transition from the ship based to
Argo-based observational systems and has been shown to cause large uncertainties in calculating the global
OHC [Lyman and Johnson, 2008]. Therefore, the primary goal of this study was to investigate the effect of
the horizontal sampling change on OHC estimations. However, this is a complex undertaking because the
ocean continuously changes with various temporal variabilities [Abraham et al., 2013], which makes it
challenging to isolate the effect of horizontal sampling changes. Our approach was to use a stationary ocean
to determine whether the change in horizontal sampling could induce sampling bias on a given stationary
ocean. To obtain a stationary ocean, we selected one particular year, i.e., 2004, and collected all of the OHCs for
2004. The OHC anomalies (represented by the 0–700m depth-averaged temperature anomalies in this section)
for this stationary ocean were then sampled using horizontal sampling locations in each year from 1966 to
2012; therefore, 47 sampling schemes for theOHCs in 2004were obtained (this procedure is illustrated in Figure S2).
Then, the “global”OHCwas calculated as the area-weightedmean of the OHC anomalies from the gridded data,
assuming that the OHC in the unsampled domain had the same value as the mean OHC of the sampled
domain (called “Gmean-filling” hereafter). This estimation of the global OHC anomalies represents only the
averaged OHC anomalies of the sampled domains in each year. If the 47 sampling schemes are all unbiased,
the OHC curve of the stationary ocean should be flat. Instead of a flat straight line, a large jump occurs during
the period 2001–2003 (the blue curve in Figure 2a) with a magnitude similar to the shift shown in Figure 1a.

To examine the sensitivity of the calculation presented above in response to a stationary ocean, we created
46 other stationary oceans using data from each year from 1966 to 2012, except 2004. Forty-six curves were
obtained and are presented in Figure 2a as gray curves. Most of the curves exhibited a step change around
2001–2003. The ensemble mean of these curves, shown as the red curve in Figure 2a, had a shift of ~0.031°C
(~2.8 × 1022) J during the period 2001–2003, which is approximately equal to the aforementioned OHC shift,
i.e., ~0.035°C (~3.1 × 1022 J). The sampling error is consistent with zero from 2003 onward. These results
suggest that the temporal variation in the horizontal sampling is responsible for the OHC shift, which can be
explained as follows.

The global mean temperature anomaly is calculated as an area-weightedmean of the temperature anomalies
in ocean grid boxes. The temperature anomalies in the Ship Area are generally lower (colder) than those
in the Argo-Ship Area (Figure 2b), and only 20% of the pre-2000 data are from the Argo-Ship Area (Figure 2b).
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Thus, insufficient sampling of warmer OHC anomalies in the Argo-Ship Area by the ship-based system produces
a cold sampling bias prior to 2001 (also see Figure S3). The OHCs in the Tropical Eastern Pacific and in the
Tropical Atlantic Ocean are primarily dominated by El Niño–Southern Oscillation variations on an interannual
scale [Roemmich and Gilson, 2009]; the long-term trend is weaker in these regions than in midlatitude regions
[Levitus et al., 2012]. The difference in the OHC signals in the two regions suggests a different oceanwarming rate
in the Argo-Ship Area and the Ship Area; the ocean in the Ship Area warms faster than that of the Argo-Ship
Area. This result is consistent with previous studies on the geographic variation of the OHC warming rate
[Johnson et al., 2013; Lee et al., 2011; Levitus et al., 2012; Palmer and Haines, 2009].

3.2. Sensitivity to In-Filling Methods

In addition to the Gmean-fillingmethod used above to calculate the global ocean heat content, more advanced
statistical mapping approaches have been used to fill data gaps in previous studies. The main purpose of
the mapping method was to objectively “guess” the OHC anomalies in the unsampled regions from various
information, such as the OHC in the sampled regions [Levitus et al., 2012], sea surface temperatures [Ishii et al.,
2003], or sea level anomaly data [Willis et al., 2004]. Specifically, Levitus et al. [2012] filled data gaps by averaging
the nearby observations in a so-called “influence” region; these data were weighted by their distances to the
gap (called “Levitus2012-mapping” hereafter). The influence region is defined by an influence radius that
represents the typical correlation scale of the ocean heat content. Willis et al. [2004] and Johnson et al. [2013]
filled data gaps according to spatially variable linear regressions with altimeter sea level data; however, this
approach is only applicable for data collected since 1993 (“altimetry mapping” hereafter). Domingues et al.
[2008] and Church et al. [2011] used a reduced-space optimal interpolation technique that also includes
information from altimetry observations (“RS-OImapping” hereafter). Palmer et al. [2007] and Lyman et al. [2010]
applied the averaged OHC anomaly of sampled grids to the unsampled grid areas, which is identical to the
Gmean-filling method used herein.

A perfect mappingmethodmay assist in reconstructing the OHC variations in unsampled regions, reduce the
sampling bias and subsequently remove the OHC shift from 2001 to 2003. Does the OHC shift exist when
different mapping methods are used? Most independent estimations exhibit a shift from 2001 to 2003; the
Levitus2012-mapping [Johnson et al., 2013; Levitus et al., 2009] and Gmean-filling [Johnson et al., 2013; Lyman
et al., 2010] approaches indicate a total OHC change of approximately 6× 1022 J from 2001 to 2003. Moreover,
estimates by the Hadley center presented in Johnson et al. [2013] and following the Palmer et al. [2007]
approach and the Altimetry mapping method [Abraham et al., 2013] result in a shift of ~4×1022 J. The shift
disappears for only one estimate when the RS-OI mapping approach is utilized [Domingues et al., 2008; Johnson
et al., 2013], which exhibits a smooth upper ocean warming since 2000. These differences reflect the different

a b

Figure 2. Sampling error and OHC (0–700m averaged temperature anomaly) time series in different regions. (a), Sampling
error, defined as the difference between the true OHC and OHC subsampled with 47 years of data (x axis) and fully sampled
OHC for the past 47 years (different gray curves). The case for 2004 is colored in blue. The ensemble means from 1966
to 2012 are presented in red together with the bar representing one standard error of the mean. (b) The 0–700m averaged
temperature anomalies in the Argo-Ship Area, Ship Area, and global ocean. The time series are all smoothed by a 3 year
running mean. The percentage of the area sampled by 1° by 1° grid boxes in the Argo-Ship Area in the area of the global
ocean is shown as a light solid blue line.
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performances of the individual mapping
methods for reconstructing OHC variability
in unsampled regions (e.g., the Argo-Ship
Area). However, it is not yet possible to
determine which mapping method can
adequately reconstruct OHC anomalies in
unsampled regions because there is no
information in the unsampled regions.

3.3. Attribution of the Sampling Bias

During the period 2001–2003, different
components of the observation network
changed. For instance, the Argo project
began in this century; the number of
temperature profiles obtained by Argo
floats with good quality increased from
~7000 in 2001 to ~50,000 in 2005. In
approximately 2000, the World Ocean
Circulation Experiment (WOCE), which

assisted oceanographers in monitoring the ocean general circulation and heat transport, stopped its
observing phase. Which component of the observation network (WOCE or Argo?) has contributed to the
sampling bias? We recalculate the OHC after removing one component of the data from the entire data
set at each time; the resulting OHC is compared with that determined using the entire data set (denoted as
“OHC_all”) in Figure 3.

When theWOCE data are removed, the OHC time series exhibits a small difference during the period 1990–2000
(Figure 3). A similar result is found when the Levitus2012-mapping method is used (Figure S4). This finding
indicates that the end of the WOCE played a negligible role in the bias.

However, after removing the Argo data, the total OHC change during the period 2001–2003 is reduced by
nearly a half (~50%) since 2003 when the Gmean-filling method is used. This reduction occurs because
the warmer OHC anomalies observed by the Argo system are removed when removing the Argo data;
therefore, the globally averaged OHC is biased negative. When the alternative mapping method
(Levitus2012-mapping) is applied, a 20% reduction in the OHC change during the period 2001–2003 remains;
however, there is some sensitivity to the length scales used in the mapping method (Figure S4 and Text S1
in the supporting information).

According to the aforementioned tests, the OHC shift decreases after removing the Argo data when using the
two mapping methods, which suggests that the Argo system is an important component of the OHC shift
that occurred during the period 2001–3003. However, the difference between the mapping methods implies
that the chosen mapping method can largely influence the size of the OHC shift. Moreover, estimating the
globally integrated OHC relies on the choice of a mapping method.

3.4. Assessment of the Upper Ocean Warming Rate

To assess the effects of the sampling bias on the long-term trend in the OHC, we obtain new estimations
of the historical OHC trend using two approaches to remove the bias. The first method (denoted as “S1”
hereafter) is a bias-aware but rudimentary approach. This method essentially subtracts the red curve
in Figure 2a from the OHC curve. Here we assume that the red curve (i.e., an ensemble mean of all
detected sampling biases from the stationary ocean experiments) can represent the actual sampling biases.
The resulting OHC trend from 1966 to 2012 is 0. 60 × 1022 J yr�1 (the OHC time series is represented in
blue in Figure 4).

Furthermore, an independent, bias-blind approach is to estimate the trend of the averaged OHC changes
for the entire unsampled spatiotemporal domain that is defined as the Argo-Ship Area prior to 2001. In
the Argo-Ship Area, there are some sparse observations. These observations are not sufficient to estimate
interannual variations in the OHC change; however, these observations can be used to determine an estimate
of the long-term OHC trend. Therefore, we calculated the long-term OHC trend using these data and

Figure 3. Ocean heat content calculated by using different subsets of
observations. Gmean-filling is used to calculate annual OHC by using
all of the observations (red), removing observations fromWOCE project
(blue), and removing Argo data (dashed light blue).

Geophysical Research Letters 10.1002/2014GL061881

CHENG AND ZHU ©2014. The Authors. 5



assumed that the calculated trend was the
same as the trend of the averaged OHC
within the Argo-Ship Area. This nonlocal
approach allows the use of assumptions
regarding the OHC trends for the entire
unsampled spatiotemporal domain.

Specifically, we separated the global
ocean into two regions, i.e., the Ship Area
and the Argo-Ship Area. The OHC time
series in the two areas were separately
calculated (denoted as AveTShip(t) and
AveTArgo-Ship(t), respectively). In the Ship
Area, AveTShip(t) was obtained using the
method presented above. In the Argo-
Ship Area, AveTArgo-Ship(t) was obtained
as a linear function of the year, denoted
as AveTArgo-Ship(t) = a× t + b. The linear
coefficients a and b were fitted using all of
the observations in the Argo-Ship Area.

The global OHC time series (AveTs2) was
obtained using an area-weighted sum of
the Ship Area and Argo-Ship Area OHCs:

AveTs2 tð Þ ¼ AveTShip tð Þ� AreaShip=Area
� �þ AveTArgo-Ship tð Þ� AreaArgo-Ship=Area

� �
;

where AreaShip, AreaArgo-Ship, and Area denote the areas of the Ship Area, Argo-Ship Area, and global
ocean, respectively.

By using themethod (denoted as “S2” hereafter) shown above, a global estimation of the OHC can be obtained.
The resultant 0–700m OHC (in red in Figure 4) shows an increase of 0.58 × 1022 J yr�1 (0.36 ± 0.08Wm�2)
from 1966 to 2012, which is largely consistent with the OHC trend after directly correcting for the sampling
bias (0.60 × 1022 J yr�1). The OHC trends during various time periods are presented in Table S1 in the
supporting information. For example, warmed at a rate of 0.89 × 1022 J yr�1 (0.53 ± 0.18Wm�2) from 1993
to 2008 (consistent with Lyman et al. [2010]) and 0.59 × 1022 J yr�1 (0.38 ± 0.07Wm�2) from 1971 to 2010
(consistent with [Rhein et al. [2013]) (more details can be found in Table S1 in the supporting information).
Compared with S1, S2 produces a much smoother and more monotonic increase in the OHC because the
interannual variability in the Argo-Ship Area is assumed to be zero in S2 and only the long-term trend is
considered (modeled using a linear equation). This result leads to smaller interannual OHC variation when S2
is used compared with using S1. Specifically, the global OHC is reduced by 2.47 × 1022 J and 0.81 × 1022 J
following the major volcanic El Chichón eruptions in 1982 and Pinatubo eruptions in 1991, respectively. In
contrast, the global OHC is reduced by 4.6 × 1022 J and 4.4 × 1022 J when S1 is used, which is generally larger
than the results obtained using S2. In conclusion, we recommend using S2 to assess the long-term trend
in the OHC because this method utilizes simple but reasonable assumptions for poorly observed regions of
the ocean (i.e., the Argo-Ship Area).

4. Discussion and Summary

In this study, we examined the effect of changing the ocean observation network on calculating the OHC.
We found that an artificial shift near 2001–2003 existed in most independent OHC estimates; this shift was
due to the observation network being changed from a ship-based system to an Argo system. We verified
that the change in horizontal sampling due to the subsurface observation network transition provided
additional large sources of differences in the calculated OHC, which made it challenging to obtain a more
robust estimate of the ocean energy budget. Accordingly, a rigorous correction for sampling bias is needed.

Figure 4. Estimation on Ocean heat content change from 1966 to 2012.
New estimates on OHC by removing detected sampling bias (S1: bias-
aware method) is shown in light blue, and result by using bias-blind
method (S2) is shown in red. For comparison, OHC time series by using
Gmean-filling and Levitus2012-mapping are presented in gray and
dashed pink curve, respectively.
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Considering the bias caused by the change in the observation network, we proposed a new method to assess
the global OHC trend. A new estimate of the upper ocean (0–700m) warming trend was obtained. Despite
an uncertainty of approximately 20% for the obtained values, the oceans warmed faster since 1966 than
previously reported (Table S1 in the supporting information). The stronger warming rate obtained in this study
is likely due to a combination of various choices of methodologies, i.e., using the 2008–2012 climatology, a
vertical integration method (discussed in Text S2 in the supporting information), an XBT correction scheme
(discussed in Text S3 in the supporting information), and a new gap-filling strategy. Furthermore, 30% more
data were collected in the summer than in the winter using the ship-based system (Figure S6), indicating a
strong seasonal bias. This bias is another major difference between the ship-based system and the Argo system.
A test is included in Text S4 in the supporting information to demonstrate that this bias has a negligible role
in calculating the OHC.

The problems presented in this study also exist in the historical analysis of all important climate indicators,
such as sea surface temperature, global surface temperature, deeper (700–2000m) OHC observations, and
sea level rise. In the prealtimetry and pre-Argo era, such observations were too sparse in space and time
and were primarily concentrated in regions with frequent human activity, similar to the ocean subsurface
temperature observations. This finding strongly emphasizes the importance of quantifying the bias caused
by changes in horizontal sampling as discussed in Cowtan and Robert [2013]. An accurate evaluation of
observation-based estimates of important climate indicators is required in the near future to provide a more
reliable assessment of global warming.
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