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Abstract The energy budgets of the ocean play a crucial role in the analysis of climate change. Potential
temperature is traditionally used as a conservative quantity to express variations associated with “heat”
in oceanography, such as the heat content and heat transport. However, potential temperature is usually
not conserved during turbulent mixing, so the use of conservative temperature is more accurate. Based on
climatological simulations under the modern and Last Glacial Maximum (LGM; ~21 ka; ka=thousand years
ago), as well as a transient climate simulation of the past 22 000 years, we quantify the errors induced by
the neglect of the non-conservation of potential temperature in paleo-climate research for the ﬁrst time. The
temperature error reaches 0.9°C near the coasts aﬀected by river discharges but is much smaller in the open
oceans, typically 0.03°C above the main thermocline and less than 0.01°C elsewhere. The error of the ocean
heat content (OHC) is roughly 3×1022 J and is relatively steady over the past 22 000 years. However, the
OHC increases to six times the original value during the last glacial termination from 20 ka to 7 ka. As a
result, the relative OHC error decreases from 1.2% in the LGM climate to 0.14% in the modern climate. The
error of the ocean meridional heat transport (OMHT) is generally smaller than 0.005 PW (1 PW=1015 W),
with very small temporal variations (typically 0.000 4 PW), and induces a relative OMHT error of typically
0.3% over the past 22 000 years. Therefore, the neglect of the non-conservation of potential temperature
induces a relative error of generally less than 1% in the analyses of basin-scale climate variations.
Keyword: conservative temperature; potential temperature; ocean heat content; ocean heat transport; paleoclimate

1 INTRODUCTION
The ocean plays a crucial role in the global energy
budget. On the one hand, the ocean behaves as the
heat reservoir of the earth and has a moderating eﬀect
on climate change. The ocean heat capacity is a
thousand times larger than the heat capacity of the
atmosphere, and over 90% of the excess energy
resulting from global warming is stored in the ocean
as an increased ocean heat content (OHC) (IPCC,
2007; Trenberth and Fasullo, 2013). On the other
hand, the ocean transports heat from the equator to the
poles to maintain a relatively steady climate system.
At the top of the atmosphere, the net incoming solar
radiation exceeds the outgoing longwave radiation at
low latitudes, whereas the opposite occurs at middle

and high latitudes (Hatzianastassiou et al., 2004),
which requires poleward heat transport accomplished
by the ocean and atmosphere. A robust suppression of
the ocean meridional heat transport (OMHT) can
induce a cooling of over 10°C at mid-high latitudes
(Zhang and Delworth, 2005; Stouﬀer et al., 2006;
Jackson et al., 2015). These imply that the ocean is
essential to the climate heat balance and our living
environment.
The energy budget of the ocean involves potential
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temperature instead of in situ temperature. The OHC
is traditionally calculated based on the product of heat
capacity and potential temperature (Marschall and
Plumb, 2008), and the OMHT can be calculated
directly based on the integral of the potential
temperature ﬂuxes over an ocean section (Bryan,
1962; Warren, 1999). As the use of potential
temperature is easily understood, because the energyconservation equation requires a conservative
quantity. Thus, its change can indicate variations in
external heat forcing, irrespective of interior
processes. This requirement cannot be satisﬁed by in
situ temperature, which also strongly depends on
vertical motion. Without external heat forcing and
neglecting diﬀusion, the potential temperature of a
water parcel is generally conserved along streamlines
in the ocean interior. Thus, a closed steady circulation
on a surface of constant potential temperature does
not contribute to the net heat transport, and OMHT is
generally accomplished by transporting water parcels
of diﬀerent potential temperatures in opposite
directions (Bryan, 1962; Yang et al., 2015a).
Potential temperature is traditionally regarded as a
conservative variable to express “heat” in the oceans,
but it is, strictly speaking, not conservative. Potential
temperature behaves similarly to entropy (McDougall,
2003; Tailleux, 2015), and usually is not conserved
during turbulent mixing processes (Fofonoﬀ, 1962;
IOC et al., 2010). For example, the mixing of two
ﬂuid parcels with equal mass m but diﬀerent potential
temperatures (θ1 and θ2) generates a new ﬂuid parcel
with potential temperature θ3. The non-conservative
production of potential temperature δθ obeys
mθ1+mθ2+2mδθ=2mθ3, where δθ is usually nonzero.
As a result, the calculated OHC based on potential
temperature usually changes after mixing, even
without external exchanges of heat and mass.
Therefore, as the speciﬁc heat capacity also varies
(e.g., 5% at the sea surface), the potential temperature
ﬂux cannot be simply regarded as the heat ﬂux
because they are not proportional (McDougall, 2003).
A better approach is to ﬁrst deﬁne a conservative
energy quantity that cannot be destroyed by turbulent
mixing processes, and then use this to deﬁne a
temperature quantity, such as the potential enthalpy
and conservative temperature as deﬁned in the
International
Thermodynamic
Equation
of
Seawater-2010 (TEOS-10). Similar to the deﬁnition
of potential temperature, potential enthalpy is deﬁned
as the enthalpy a water parcel would have at a
reference pressure (usually at the sea surface) if raised
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in an isentropic and isohaline manner. Conservative
temperature is the potential enthalpy divided by an
arbitrary constant speciﬁc heat capacity, so it is simply
proportional to the potential enthalpy. Potential
enthalpy and conservative temperature are generally
two orders of magnitude more conservative than
potential temperature (McDougall, 2003; IOC et al.,
2010), making them more suitable variables for the
expression of “heat” in the oceanography. Therefore,
regarding the potential enthalpy as the OHC, as well
as the ﬂux of potential enthalpy as the OMHT, is
considered very accurate (McDougall, 2003; IOC et
al., 2010).
The current research into the non-conservative
production of potential temperature is currently
lacking. With the modern climate, the diﬀerence
between the potential temperature and conservative
temperature can reach 1°C, but diﬀerences in the
calculated OMHT can be ignored (McDougall, 2003).
However, the historical earth system has endured
drastic climate changes. During the Last Glacial
Maximum (LGM, ~21 ka; ka=thousand years ago),
huge continental ice sheets (up to 4.5 km in thickness)
covered North America and northern Eurasia (Peltier,
2004), and lowered the sea level by ~120 m (Denton
et al., 2010). Potential temperature has also widely
been used as the “heat” variable to calculate the OHC
and OMHT in recent paleo-climate analyses (such as
Fischer and Jungclaus, 2010; Marson et al., 2014;
Yang et al., 2015b), but the errors associated with this
approach have not been quantiﬁed.
Here we quantify the non-conservative production
of potential temperature, and the associated errors in
the calculation of OHC and OMHT over the past
22 000 years based on both climatological simulations
and a transient climate simulation. The descriptions
of the model simulations are illustrated in Section 2.
Section 3 presents the equations for the OHC and
OMHT in terms of conservative temperature, the
comparison of the potential temperature with the
conservative temperature, and the errors of the OHC
and OMHT resulting from the neglect of the nonconservation of potential temperature. Section 4 gives
a discussion of the method and results, and Section 5
gives the conclusions.

2 MATERIAL AND METHOD
The simulation of transient Climate Evolution of
the last 21 000 years (the TraCE-21ka project)
simulates the climate from the LGM to Present
(1990 C. E). Despite the name, the project actually
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starts at 22 ka and provides four-dimensional model
datasets covering about 22 000 years. The project is
based on the National Center for Atmospheric
Research (NCAR) Community Climate System
Model version 3 (CCSM3), including the Parallel
Ocean Program (POP), the Community Atmospheric
Model 3 (CAM3), the Community Sea Ice Model
(CSIM), and the Community Land Model (CLM).
The simulation was performed at T31_gx3v5
resolution (~3° latitude-longitude resolution) with a
dynamic global vegetation model. The ocean grid has
116× 100 horizontal points, with enhanced meridional
resolution near the equator, and 25 levels in the
vertical z-coordinate. The simulation is forced by
transient boundary conditions, including greenhousegas concentrations, solar radiation, ice-sheet
distributions, and topography. More detailed
descriptions of the TraCE-21ka project are available
from the homepage http://www.cgd.ucar.edu/ccr/
TraCE/ or He (2011), and the analyses of the TraCE21ka project in the following are based on decadal
annual mean databases of oceanic outputs.
For ﬁner resolutions to reduce the simulation bias,
two additional model simulations are further adapted.
One simulation is forced under modern boundary
conditions and denoted as the modern experiment,
while the other is under LGM climate conditions and
denoted as the LGM experiment. Both experiments
are based on the fully-coupled atmosphere-ocean-sea
ice-land surface CCSM3 model, with an ocean grid of
384×320 horizontal points and 40 vertical levels. The
modern experiment is from the historical 20th Century
Climate in Coupled Models case b30.030a (20C3M
run1), and the 30 years of monthly outputs from 1970
to 1999 are averaged as the modern climatological
monthly means for the following analyses. The LGM
experiment is the case b30.104w from the Paleoclimate
Modeling Intercomparison Project 2 (PMIP2). The
boundary forcings are all set appropriately, such as
the Earth’s orbit, land-sea and ice-sheet distributions,
the albedo, and greenhouse gas concentrations.
Compared with preindustrial conditions, the LGM
has a 120–130-m lower sea level because of the
presence of extended ice sheets, a global cooling of
typically 4.5°C, and much higher ocean salinity. OttoBliesner et al. (2006) gave more detailed descriptions
for the LGM experiment, including the boundary
forcings. As with the modern experiment, the last 30
years of the LGM monthly outputs are also averaged
as the LGM climatological monthly means for the
following analyses.
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3 RESULT
3.1 First law of thermodynamics in terms of
conservative temperature
The expression of the ﬁrst law of thermodynamics
generally has two forms. One form is traditionally
named as the total energy conservation equation, and
illustrates the evolution equation for total energy (also
named as the Bernoulli function), which is the sum of
enthalpy, kinetic energy and the geopotential
(Batchelor, 1967; Gill, 1982; IOC et al., 2010; Olbers
et al., 2012). In the other form, the evolution equation
for mechanical energy (kinetic energy plus
geopotential) is subtracted from the total energy
conservation equation for better illustrations of
“heat”. Because the total energy varies with the
adiabatic vertical heaving of wave motion, and it
cannot be determined accurately from the local
thermodynamic properties (McDougall, 2003). Here,
we adopt the second form, which is also the more
commonly used form.
The ﬁrst law of thermodynamics can be written as
(Batchelor, 1967; Gill, 1982; McDougall, 2003; IOC
et al., 2010; Graham and McDougall, 2013)

(

dh 1 dp
)    (F R  F D )    hSA  S SA , (1)

dt  d t

where ρ is the in situ density, p is the pressure, h is the
speciﬁc enthalpy (h=U+p/ρ, including the speciﬁc
internal energy U, and the work done by pressure
forces p/ρ), and d/dt=∂/∂t+v∙ is the material
derivative following the instantaneous ﬂuid velocity
v. The quantities in the divergence term are the nonadvective heat ﬂuxes, including the sum of boundary
and radiative heat ﬂuxes FR at the ocean surface and
sea ﬂoor, and molecular diﬀusive energy ﬂuxes FD
(IOC et al., 2010). The terms on the right-hand side of
the equation specify interior sources, where ρε is a
small term indicating the rate of dissipation of kinetic
energy into thermal energy, and hS  S S speciﬁes the
increase of enthalpy due to interior absolute salinity
sources in biogeochemical processes, and is also very
small (IOC et al., 2010).
Similar to the deﬁnition of potential temperature,
the potential enthalpy h0 is deﬁned as the enthalpy a
water parcel would have at a reference pressure pr
(chosen to be at the sea surface, where pr=0 dbar in
this paper) if raised in a reversible manner (isentropic,
isohaline and without the dissipation of kinetic
energy),
A

A
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h0 ( SA , t , p) 
h( SA , , 0) 
p

h( SA , t , p)   1  ( SA , , p' ) dp' ,

(2)

0

where SA is the absolute salinity, t is the in situ
temperature on the celsius (°C) scale, and θ is the
potential temperature with respect to a reference
pressure pr on the celsius scale.
The conservative temperature Θ is deﬁned to be
proportional to the potential enthalpy h0,
Θ=h0/Cp0,

(3)

where Cp0 is a constant indicating the mean speciﬁc
heat capacity between 0°C and 25°C at salinity of 35
(IOC et al., 2010),
Cp0≡3991.867 957 119 63 J/(kg∙K).

(4)

Thus, Eq.1 can be simpliﬁed in terms of h or Θ to
a very high accuracy (IOC et al., 2010; Graham and
McDougall, 2013),
0

dh0
d

  C p0
  C p0 (
 v  )
dt
dt
t
 -  (F R  F D )    hSA  S SA +



 C p0

[  ( p) 

(T0  t )
dS
 ( pr )] A ,
(T0   )
dt

Generally speaking, the quantities h0 and Θ are two
orders of magnitude more conservative than the
potential temperature θ, making them more suitable
to describe “heat” in oceanography, and their
advection and diﬀusion are equivalent to the advection
and diﬀusion of “heat”. The quantities h0 and Θ are
the oceanic thermodynamic quantities whose
conservation is equivalent to the ﬁrst law of
thermodynamics (McDougall, 2003; IOC et al.,
2010).
Using Gauss’ divergence theorem, and ignoring the
source terms   hS  S S , the volume integral of the
ﬁrst law of thermodynamics (Eq.5) is
A

A

 

 (F

(5)

where T0=273.15 K is the temperature oﬀset between
Kelvins and degrees Celsius, and μ(p) is the relative
chemical potential of salt in seawater (the diﬀerence
of the partial chemical potential between salt and
water) at pressure p. Equation 5 states that the values
of h0 and Θ of a ﬂuid parcel can change as a result of
(1) the divergence of the ﬂux of heat at the boundaries,
(2) the dissipation of kinetic energy into thermal
energy, (3) interior salinity sources caused by
remineralization, and (4) a residual term associated
with the chosen of the reference pressure pr, which is
zero at the reference pressure pr. It can be seen that the
quantities h0 and Θ are still not completely conserved
because of the existence of the source terms ρε and
hSA  S SA . In fact, mass is the only quantity in
oceanography that can be regarded as 100%
conservative (IOC et al., 2010). However, the source
terms of the quantities h0 and Θ are very small and can
be ignored in the ocean interior. For example, the
dissipation term ρε causes a typical warming of 10-5°C/
year, and is two orders of magnitude smaller than the
eﬀects of diapycnal diﬀusion (McDougall, 2003).

h0
0
dxdydz  
  h v d 
t
R

 F D ) d  0,

(6)

or

  C

 (F

(t   ) d

(T0   ) dt
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R

0
p


0
dxdydz  
  C p v d 
t

(7)

 F ) d  0,
D

where σ is the unit outward vector normal to the
boundary σ. Equation 7 illustrates the temporal OHC
variations inﬂuenced by heat sources/sinks at the
boundaries. Compared with the total energy
conservation equation, the evolution equation for
mechanical energy is subtracted in Eqs.6, 7 to better
illustrate the “heat” variations (IOC et al., 2010).
Thus, the OMHT based on the ﬂuxes of h0 does not
include the transport of mechanical energy. In fact,
the diﬀerence between the total energy transport,
which is the ﬂux of the Bernoulli function, and heat
transport, which is the ﬂux of h0, is only about 0.003°C
when expressed in temperature units, and can be
ignored (McDougall, 2003).
Thus, the ocean heat content OHC is actually the
volume integral of Θ
OHC=∫∫∫ρCp0Θdxdydz.

(8)

Note that the ﬂux F works on the ocean surface/
ﬂoor, so that an area integral over an ocean section is
zero. Thus, the heat transport across a zonal ocean
section OMHT is the sum of an advection term
OMHTadv and a diﬀusion term OMHTdif
R

OMHT=OMHTadv+OMHTdif,

(9)

where
OMHTadv=∫∫ρCp0Θv∙ndxdz,

(10)

OMHTdif=∫∫F ∙ndxdz,

(11)

D

and n is the unit northward vector, so that a positive
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The temperature error (θ–Θ) as a function of
absolute salinity SA and conservative temperature Θ
is illustrated in Fig.1. The temperature error is quite
small when the temperature is close to 0°C or salinity
is close to 35 (McDougall, 2003; IOC et al., 2010).
When the temperature is over 0°C and the salinity is
under 35, the potential temperature is smaller than the
conservative temperature, and the temperature error
becomes larger when the temperature increases or
salinity decreases. The maximum temperature error
reaches 1.8°C when the water is extremely fresh and
warm (around 40°C and salinity of 0), which implies
a large error near the coastal regions at mid-low
latitudes. For high-salinity waters (>35), the potential
temperature is larger than the conservative
temperature. While the temperature error becomes
larger with increased salinity, the absolute error is not
large, which suggests a slightly larger temperature
error in the subtropical Atlantic than in the subtropical
Paciﬁc.
The spatial patterns of the error in sea surface
temperature (SST) under modern and LGM climate
conditions are very similar (Fig.2). In both simulations,
the temperature error and its standard deviation are
most signiﬁcant in the regions where the warm, fresh
river runoﬀs discharge into the ocean, such as the
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value of OMHT indicates a northward heat transport.
The diﬀusion term OMHTdif is small unless near
strong oceanic fronts, such as the Antarctic
Circumpolar Circulation and the west boundary
currents (Yang et al., 2015a). Here, Θ is calculated
using Gibbs Seawater Oceanographic Toolbox
Version 3.05.5 (McDougall and Barker, 2011), and
the diﬀusion term is calculated based on parameterized
model outputs.
Despite the non-conservation of the quantities h0
and Θ, the error by assuming h0 or Θ are perfectly
conservative is approximately 120 times smaller than
the corresponding error for potential temperature
(McDougall, 2003; Graham and McDougall, 2013).
Thus, we ignore the non-conservative aspect of the
quantities h0 and Θ, and focus on the errors due to the
neglect of the non-conservative production of
potential temperature θ here. In the following, the
error of a variable is the value calculated with potential
temperature θ minus the value calculated with Θ, and
speciﬁes the error induced by the neglect of the nonconservation of the traditionally-used potential
temperature.

Conservative temperature Θ (°C)
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20
Practical salinity

30

40
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Fig.1 Temperature error (potential temperature minus
conservative temperature, θ−Θ) as a function of
practical salinity and conservative temperature

Amazon estuary and the East China Sea. In these
regions, the temperature error reaches 0.9°C and the
standard deviation of an annual cycle reaches 0.3°C.
Thus, as the non-conservative temperature production
cannot be ignored, the conservative temperature
should be used instead of the potential temperature
when analyzing processes associated with “heat” in
the coastal regions, such as the heat content, heat
advection, and surface heat ﬂuxes. In the oceans away
from the coast, the temperature error is small. At high
latitudes where the main thermocline outcrops, the
local temperature is close to 0°C, and the temperature
error is very small (typically <0.02°C), with negligible
monthly ﬂuctuations (typically <0.01°C). In the
subtropical gyres where the local salinity is very high
(typically >35), the potential temperature exceeds the
conservative temperature by ~0.02°C in the Paciﬁc
and ~0.04°C in the Atlantic, and the monthly
ﬂuctuations are also very small (typically <0.01°C).
In the modern (LGM) simulation, the surface salinity
in the subtropical gyre is typically 34.87 (35.06) in
the North Paciﬁc and 36.27 (37.06) in the North
Atlantic Ocean. Consequently, the temperature error
is much larger in the Atlantic because of the high
salinity. In the warm-pool regions near the equator,
the potential temperature is smaller than the
conservative temperature by ~0.06°C in the modern
simulation and ~0.04°C in the LGM simulation. The
monthly ﬂuctuations of the temperature error are also
larger in the warm-pool regions on the order of
0.01°C.
In the ocean interior, the temperature error mainly
appears along the main thermocline (Fig.3), above
which the potential temperature is smaller than the
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Fig.2 Annual mean (a, c) and standard deviation (b, d) of the climatological monthly mean temperature diﬀerences (θ−Θ)
at the sea surface in the modern (a, b) and LGM (c, d) simulations
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Fig.4 Historical mean (a–c) and standard deviation (d–f) of the decadal annual mean temperature diﬀerences (θ−Θ) at
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Map drawing No. GS(2016)1611 (accessed from the National Administration of Surveying, Mapping and Geoinformation of China).

conservative temperature in the warm-pool regions in
the Paciﬁc, and this pattern extends to a depth of
about 100 m (see Fig.3a, c). In the main thermocline,
the potential temperature exceeds the conservative
temperature by 0.01°C (0.02°C) along 180°E, and
0.03°C (0.05°C) along 30°W in the modern (LGM)
simulation. The subtropical temperature error under
the LGM climate conditions is much larger than the
error under modern climate conditions, because of the
existence of continental ice sheets, which induced
much saltier oceans during the LGM. The maximum
temperature error appears in the salty subtropical
Atlantic around 30°N, reaching up to 0.08°C. Below
the main thermocline, the temperature is near 0°C and
the temperature error is smaller than 0.01°C.
The temperature errors over the past 22 000 years
are illustrated in Fig.4 based on the TraCE-21ka
project. Consistent with the modern and LGM
simulations, large temperature errors mainly appear

in the mid-low latitudes, especially in the warm-pool
regions and subtropical gyres. In the warm-pool
regions, the potential temperature is smaller (typically
0.04°C) than the conservative temperature at the sea
surface (Fig.4a), but this pattern does not penetrate
very deeply. The potential temperature becomes
larger than the conservative temperature at a depth of
150 m, and the temperature error (almost) vanishes
(<0.02°C) at 600 m depth. In the subtropical gyre, the
potential temperature is larger than the conservative
temperature. In the subtropical gyre, the potential
temperature at the sea surface is larger by about 0.02
and 0.04°C than the conservative temperature in the
Paciﬁc and the Atlantic, respectively. This temperature
diﬀerence decreases with increasing depth.
The historical ﬂuctuations of the temperature error
are most signiﬁcant in the warm-pool regions and
subtropical North Atlantic, and peaks vertically near
the surface (Fig.4d–f). In the modern and LGM
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Fig.5 Global (black), Paciﬁc plus Indian (red) and Atlantic (blue) OHC (a, c) and the OHC error (b, d) integrated in each
10° latitude band in the modern (a, b) and LGM (c, d) simulations
The OHC is calculated based on Eq.8 and the OHC error is the heat content calculated based on the traditionally-used potential temperature minus
the value based on conservative temperature. The total heat content (error) for the entire meridional range is labeled in the top right corner with
corresponding colors.

simulations, the standard deviations of the
climatological monthly mean surface temperature
errors in the North Atlantic are less than 0.01°C,
suggesting small monthly ﬂuctuations (see Fig.2b, d).
In the TraCE-21ka project, however, the historical
standard deviation is up to 0.05°C in the subtropical
North Atlantic (Fig.4d), which may be related to the
signiﬁcant climate change in the North Atlantic over
the past 22 000 years. The standard deviation
decreases with increasing depth. At 150 m depth, it is
typically 0.01°C in the North Atlantic subtropical
gyre and < 0.01°C elsewhere.
3.3 The error in heat content
The OHC is traditionally calculated based on the
potential temperature θ using ∫∫∫ρCpθdxdydz, where Cp
is the speciﬁc isobaric heat capacity (Marschall and
Plumb, 2008). Consequently, a negative oceanic heat
content indicates the mean temperature there is below
0°C. This is consistent with the oﬃcial treatment
from the International Association for the Properties
of Water and Steam (IAPWS) and the
Intergovernmental Oceanographic Commission
(IOC). Here, we quantify the error of the traditional
calculation, which is induced by the neglect of the
non-conservation of potential temperature (Fig.5).

The patterns of the OHC error are similar under the
modern and LGM climate conditions. The potential
temperature is larger than the conservative temperature
in most of the ocean regions (see Fig.3), and the OHC
is overestimated if using potential temperature. For
the Indo-Paciﬁc Ocean, the OHC error peaks near the
equator and decreases poleward. At high latitudes, the
error is very small. The OHC error in the Atlantic,
however, peaks in the northern subtropical gyre,
where the temperature error is maximum. The
meridional integrated global OHC error in the modern
climate is 2.43×1022 J, which is roughly equal to the
upper 1 500 m OHC changes in 5 years under the
modern scenario (Chen and Tung, 2014). The error in
the LGM climate (3.72×1022 J) is larger than that in
the modern climate because of the higher salinity.
Note that the global OHC in the LGM climate
(3.20×1024 J) is only about one-sixth of the value in
the modern climate (1.71×1025 J). Thus, the relative
error of using potential temperature as the heat
variable to calculate the OHC in the LGM climate
(1.2%) is about eight times the error in the modern
climate (0.14%).
The relative OHC error over the past 22 000 years
is dominated by the robust OHC variations (see
Fig.6). The absolute changes of the OHC errors
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3.4 Heat transport error
The OMHT can be divided into an advection term
and a much smaller molecular diﬀusion term. The
advective OMHT is traditionally calculated based on
potential temperature θ using ∫∫ρCpθv∙ndxdz, where
Cp is the speciﬁc isobaric heat capacity (Bryan, 1962;
Warren, 1999). Here, we quantify the error induced
by the neglect of the non-conservation of potential
temperature (Fig.7).
The patterns of the OMHT are very similar under
the modern and LGM climate conditions (Fig.7),
which is dominated by the direct advection of water
parcels with diﬀerence conservative temperature
(Yang et al., 2015a). In the Paciﬁc plus Indian basins,
heat is transported away from the tropics to mid-high
latitudes, but the transport strength is weak in the
subpolar regions. The OMHT is dominated by the
shallow wind-driven thermohaline subtropical cells
conﬁned to the tropics and subtropics. The warm
water in the upper ocean is transported poleward by
the surface winds and the western boundary currents
and returns with a reduced conservative temperature
(described in terms of the potential temperature in
previous articles) in the ocean interior (McCreary Jr
and Lu, 1994; Gu and Philander, 1997). In the
Atlantic, heat is transported from the south to the
north in both hemispheres and its strength is still
robust at high latitudes. The OMHT in the Atlantic is
dominated by the deep thermohaline circulation
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themselves are minor, but the OHC became one order
of magnitude larger over the past 22 000 years. In the
most recent glacial cycle, the ice sheets reached their
greatest extent during the LGM at ~21 ka, covering
North America north of the Great Lakes and northern
Eurasia at a thickness up to 4.5 km (Peltier, 2004).
The LGM is a relatively steady climate state with a
consistent magnitude of the OHC. The ice sheets
began to retreat at ~20 ka (Toucanne et al., 2009), and
the melting water raised the sea level by ≈120 m in the
following glacial termination (Denton et al., 2010).
The OHC increased roughly 6-fold during this period
(Fig.6a). At ~7 ka, the North American ice sheets
almost vanished (Dyke and Prest, 1987; Kleman et
al., 2010), marking the onset of the Holocene, after
which the heat content became steady again. Overall,
the relative OHC error decreased rapidly from 1.49%
to 0.27% between the LGM and the modern era, and
almost all reductions occurred at the last glacial
termination roughly between 20 ka and 7 ka in the
TraCE-21ka simulation.

×10

18

16

14

12

10

8

6

4

2

0

8

6

4

2

0

b. TraCE-21 ka OHC error

6
4
2
0
22

20

18

16

14

12

10

c. TraCE-21 ka relative OHC error

2
Relative error (%)

418

Global
Indo-Pacific
Atlantic

1.5
1
0.5
0
22

20

18

16

14

12 10
8
Time (ka BP)

6

4

2

0

Fig.6 Time series of OHC (a), the OHC error (b) and the
relative OHC error (c) over the past 22 000 years
based on the TraCE-21ka outputs

because of the formation of the North Atlantic Deep
Water (NADW). Warm water in the upper ocean ﬂows
northward and returns as cold NADW in both
hemispheres (Bryden and Imawaki, 2001; Ferrari and
Ferreira, 2011; Macdonald and Baringer, 2013). The
temperature diﬀerence is large (typically 10°C) and
the strength of the overturning is strong (typically
18 Sv). Consequently, this deep circulation carries the
heat of about 0.8 PW and hence dominates the OMHT
in the Atlantic Ocean (Bryden and Imawaki, 2001).
The subtropical cells also have eﬀects in the Atlantic,
so that the northward heat transport in the northern
hemisphere is much larger than that in the southern
hemisphere. For the global ocean, the OMHT is
poleward, and the ocean generally acts to compensate
the tropical surplus and polar deﬁcit in energy at the
top of the atmosphere (Hatzianastassiou et al., 2004).
The OMHT error in the LGM climate is almost
identical to the error in the modern climate, with a
diﬀerence <0.001 PW (Fig.7; 1 PW=1015 W). The
pattern of the OMHT error is dominated by surface
temperature errors (see Fig.3). The pattern of the
OMHT error is determined by the temperature error
near the surface. In the Atlantic Oceans as well as the
subtropical gyres in the Paciﬁc Ocean and the Indian
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The OMHT is calculated based on Eq.9. The OMHT error is the OMHT calculated based on the traditionally-used potential temperature minus the
value based on conservative temperature.

Ocean, the potential temperature is larger than the
conservative temperature (see Fig.2a, c), and the
OMHT there is overestimated if using potential
temperature (Fig.7b, d). In the low-latitude warm
pool regions, however, the conservative temperature
is larger and the OMHT there are underestimated
(Fig.7b, d). Overall, the pattern of the global OMHT
error is dominated by the Indo-Paciﬁc OMHT error,
just as the pattern of the global OMHT is dominated
by the Indo-Paciﬁc OMHT (Fig.7), which is typically
<0.005 PW, with a maximum of 0.007 PW for the
global ocean, and induces a typical OMHT relative
error of ~0.3% under both the modern and LGM
climate conditions.
The patterns of the OMHT and OMHT errors are
consistent with the patterns from the modern and
LGM simulations (Fig.8). In the Indo-Paciﬁc Ocean
or even worldwide, the OMHT is poleward. The use
of the potential temperature overestimates the OMHT
at mid-latitudes and underestimates it near the equator.
In the Atlantic, the OMHT is northward in both
hemispheres, and is overestimated by the use of
potential temperature. In contrast to the signiﬁcant
changes in historical OHC, the OMHT and OMHT

errors were relatively steady over the past 22 000 years.
The mean range (maximum minus minimum) of the
OMHT over the past 22 000 years is about 0.35 PW,
and the value of the OMHT error is 0.002 PW. The
mean ﬂuctuations (standard deviation) of the historical
OMHT error is 0.000 4 PW, which suggests that the
temporal variations of the OMHT error can be ignored
to a very high accuracy.

4 DISCUSSION
The energy budgets of the ocean require a
conservative quantity, whose changes are determined
by external heat forcing at the boundaries, irrespective
of interior processes. The potential temperature is
traditionally used as the required conservative
quantity, but it is usually aﬀected by turbulent mixing.
The quantities that can be conserved during mixing at
a constant pressure are mass, salt, and enthalpy
(Fofonoﬀ, 1962). Enthalpy is related to the energy of
the ocean, but it cannot be used directly as the required
conservative quantity because it also depends on
vertical motion. Thus, similar to the deﬁnition of
potential temperature, potential enthalpy and
conservative temperature are proposed (McDougall,
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2003), since they are two orders of magnitude more
conservative than potential temperature, and are the
quantities more closely related to the advection and
diﬀusion of “heat” (McDougall, 2003; IOC et al.,
2010).
The conservative temperature should be used to
express ocean processes associated with “heat”
instead of the traditionally-used potential temperature,
because the error resulting from the neglect of the
non-conservation of potential temperature is generally
<1% when analyzing basin-scale ocean processes.
The error is at least one order of magnitude smaller
than the model bias, but we insist that the quantiﬁed
errors are reliable. We all agree that we cannot use
energy conservation to estimate the errors, because of
the model bias and the errors of approximations.
Instead, our calculations are based on the patterns of
ocean temperature and velocity. Thus, a typical 10%
model bias will induce a similar magnitude of
ﬂuctuation of our estimations, and will not induce
signiﬁcant inﬂuences on the conclusions. A similar

method has been applied by Macdonald and Baringer
(2013) to estimate the error of the OMHT in the
modern climate, and we have further quantiﬁed the
errors of both the OHC and OMHT in simulations
carried out for the past 22 000 years.

5 CONCLUSION
Based on climatological simulations under modern
and LGM climate conditions, and a transient
simulation of the past 22 000 years, we have quantiﬁed
the errors due to the neglect of the non-conservation
of potential temperature. The temperature error
reaches 0.9°C with strong monthly variations near the
coast, especially in the regions with warm and fresh
river discharges. In the open oceans, the temperature
error is small, mainly appears along the main
thermocline, and is much larger (typically 0.03°C) in
the mid-low latitudes above the main thermocline. At
high latitudes where the main thermocline outcrops,
as well as in the regions below the main thermocline,
the temperature error is generally <0.01°C. The
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associated OHC error is on the order of 3×1022 J,
corresponding to roughly the 5–7 year increment of
the upper 1 500 m OHC resulting from increases in
greenhouse-gas concentrations (Chen and Tung,
2014). The OHC error is relatively steady over the
past 22 000 years, but the OHC in the modern climate
is about six times the value in the LGM climate. Thus,
the percentage of the OHC error decreases from 1.2%
in the LGM climate to 0.14% in the modern climate,
with the main decrease occurring during the last
glacial termination roughly from 20 ka to 7 ka. The
associated OMHT error is typically <0.005 PW. The
temporal variations of the OMHT error are also very
small, with the mean standard deviation of the
historical OMHT error over the past 22 000 years
only about 0.000 4 PW. Generally speaking, the
relative OMHT error over the past 22 000 years is
0.3%. Overall, the error induced by the neglect of the
non-conservation of potential temperature induces a
small (generally <1%) relative error with respect to
the calculation of OHC and OMHT when analyzing
basin-scale climate variations. This suggests that the
calculations based on conservative temperature can
be compared directly with previous calculations
based on potential temperature, but the diﬀerence
should also be noted for more accurate model
simulations in the future.

6 DATA AVAILABILITY STATEMENT
The transient TraCE-21ka databases are available
from ftp://pike.aos.wisc.edu by using the public
account with username: ccrguest and password:
Climate.
The modern experiment is the case b30.030a from
20C3M (20C3M run1), and the LGM experiment is the
case b30.104w from PMIP2. Both of the databases are
available from the website of the Earth System Grid
https://www.earthsystemgrid.org after registration.
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