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[1] Recent estimates have shown the heat gained by the ocean,

atmosphere, and cryosphere as 18.2 � 1022 J, 6.6 � 1021 J, and 8.1 �
1021 J, respectively over the past half-century. However, the heat

gain of the lithosphere via a heat flux across the solid surface of the

continents (29% of the Earth’s surface) has not been addressed.

Here we calculate that component of Earth’s changing energy

budget, using ground-surface temperature reconstructions for the

continents. In the last half-century there was an average flux of

39.1 mW m�2 across the land surface into the subsurface, leading

to 9.1 � 1021 J absorbed by the ground. The heat inputs during the

last half-century into all the major components of the climate

system—atmosphere, ocean, cryosphere, lithosphere-reinforce the

conclusion that the warming during the interval has been

global. INDEX TERMS: 1620 Global Change: Climate

dynamics (3309); 1645 Global Change: Solid Earth; 1610 Global

Change: Atmosphere (0315, 0325); 3322 Meteorology and

Atmospheric Dynamics: Land/atmosphere interactions; 3344

Meteorology and Atmospheric Dynamics: Paleoclimatology

1. Introduction

[2] The recent effort by Levitus et al. [2001] to quantify 20th
century warming of the global climate system has yielded estimates
of heat content increases within three of the system’s major
components: the oceans, atmosphere and cryosphere. In addition
to these three, the continental lithosphere is another important
component of the global climate system. The land-surface boun-
dary represents 29% of the Earth’s surface, plays a large role in
heat and moisture transport between the air and ground, and
influences radiatively important bieogeochemical cycles. Thus,
an assessment of the heat gained within the global climate system
is incomplete if the heat gained by the continents is not included in
the accounting.

2. The Continental Heat Flux

[3] Here we use ground surface temperature histories
(GSTHs) derived from deep borehole profiles to quantify the
continental component of Earth’s changing energy budget.
Although there has been considerable work on the determination
of GSTHs from geothermal data [Beltrami and Harris, 2001;
Huang et al., 2000; Pollack and Huang, 2000] the extraction of
temporal and spatial variations in the surface heat flux has not
had equal consideration. Nearly two decades ago Lachenbruch

et al. [1982] estimated the heat input to the permafrost of
northern Alaska using subsurface temperatures. However, the
subject has received relatively little attention until a formalism
was recently established for estimating surface heat flux histories
(SHFHs) directly from subsurface temperatures or from the
associated GSTHs [Beltrami et al., 2000; Beltrami, 2001a,
2001b].
[4] Here we calculate the heat flux history over the surface

of the continents for the past 500 years, with particular attention
to the mean heat flux during 1950–2000, the interval of
attention of the Levitus et al. [2001] calculations. We use an
analytical representation derived from equations presented by
Ingersoll et al. [1948] and Carslaw and Jaeger [1959] and
employed by Lachenbruch et al. [1982]. This method of
analysis permits the GSTH to have the form of a piece wise
linear change of surface temperature with time, i.e. in the form
of the Huang et al. [2000] five-century reconstruction shown in
Figure 1. The surface flux change (relative to a prior steady-
state) due to a GSTH comprising a series of temperature ramps
is given by
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where bj is the slope of a surface temperature ramp over a
uniform time interval �t, l and k are the thermal conductivity
and diffusivity of the ground respectively, and the time of
observation, tn, is the sum of n uniform time steps of duration �t.
The mean flux for any period of time follows from this

Figure 1. Global average of GSTH over the past five centuries.
Shaded areas represent ±1 standard error about the mean. Inset
shows the location of the 616 boreholes where subsurface
temperature measurements have been analyzed to reconstruct the
global GSTH.
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formulation by integrating over the time interval of interest. The
GSTH used in this calculation [Huang et al., 2000], shown in
Figure 1, was derived by inverting 616 borehole temperature
profiles distributed over six continents. The inversion incorpo-
rated a parameterization of the GSTH in terms of century-long
rates of surface temperature change that are shown as five linear
ramps in Figure 1.
[5] In Figure 2 we show the surface flux history averaged over

fifty-year intervals derived from (1). The mean fluxes for each fifty
year interval are also given in Table 1 along with the corresponding
heat gained by the continental lithosphere during each period. The
total energy deposited into the continental lithosphere over the last
five centuries sums to 3.0 � 1022 J. These fluxes indicate that 30%
of the heat gained by the ground in the last five centuries was
deposited during the last fifty years, and over half of the five-
century heat gain occurred during the 20th century. However, the
total energy gained by the continental lithosphere over the five-
hundred year interval is less than the oceanic gain in the last fifty
years.
[6] Figure 2 also shows the range of uncertainty in the half-

century flux averages corresponding to the range of uncertainty in
the GSTH shown in Figure 1. The uncertainties below and above
the estimate of flux average in each half-century correspond to the
�1 and +1 standard error bounds on the five century GSTH. The
apparent increase in the uncertainty around the mean fluxes, over
the five-century period, might seem counter-intuitive given the
decreasing uncertainty with time in the surface temperature recon-
structions from which the fluxes were calculated. However, the
apparent inconsistency is resolved by noting the percent error of
the fluxes, which decreases in time from approximately 49%

during the 1500–1550 interval to about 9% during the 1950–
2000.
[7] We also recognize the possibility of additional uncertainty

associated with the chosen value of average thermal conductivity
that is required for this formulation. We have used the value 3.0 W
m�1 K�1 which is very typical of a wide variety of common crustal
rocks at near-surface temperatures [Cermak and Rybach, 1982]. A
formal estimate of the uncertainty in the average thermal conduc-
tivity is difficult, but a ±10% range would encompass most
educated estimates. This variation has not been formally accounted
for within the flux estimates given. Levitus et al. [2001] have also
assessed the uncertainty in their own estimates, and the precision in
their calculations is similar to the that which we present here. With
specific attention to the 1950–2000 interval we calculate the mean
value of the flux for the last half of the 20th century as 39.1 ±
3.5 mW m�2. Integrated over the area of the continents for the
fifty-year interval, this flux deposited 9.1 ± 0.8 � 1021 J into the
continental crust. The result is shown in Table 2 along with the
Levitus et al. [2001] values for the heat gain of the other major
climate system components.

3. Discussion and Conclusions

[8] Table 2 indicates an integrated heat flux into the ground at
least an order of magnitude smaller than the warming of the
oceans, but on the same order of magnitude as observed within
the atmosphere and various parts of the cryosphere during the latter
half of the 20th century. The ocean has clearly seen the largest
change in heat content during this period, but we suggest here that
the lithosphere is an important constituent that should be consid-
ered in the accounting of the total heat gain within the global
climate system. Our conclusions about the heat gain of the litho-
sphere, the last major component of Earth’s climate system, are
consistent with those presented by Levitus et al. [2001]. While the
estimates may eventually be refined, their fundamental implication
remains clear: all major components of the Earth’s climate system
have warmed over the last half century. This further supports the
conclusion that the observed warming of Earth during the last fifty
years has been truly global and extends upward into the atmos-
phere as well as downward into the Earth’s oceans, cryosphere and
continental crust.
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Figure 2. Global heat flux history inferred from the global
average GSTH determined from subsurface temperature inver-
sions. The mean heat flux over fifty-year intervals is shown as
heavy black lines. The gray shaded areas represent the uncertainty
about the means.

Table 1. Mean Heat Flux into the Continental Lithosphere and the

Corresponding Heat Gained in Fifty Year Intervals Over the Last

Five Hundred Years

Time Interval Mean Heat Flux (mW m�2) Heat Gain (1021 J)

1950–2000 39.1 9.1
1900–1950 29.1 6.8
1850–1900 18.0 4.2
1800–1850 14.2 3.3
1750–1800 10.0 2.3
1700–1750 7.6 1.8
1650–1700 4.9 1.1
1600–1650 3.5 0.8
1550–1600 1.9 0.4
1500–1550 1.0 0.2

Total 30.0

Table 2. Comparisons of Heat Gain in Various Components of the

Climate System

Climate System Component Time Heat content increase (1021 J)

Word ocean 1955–1996 182.0
Continental lithosphere 1950–2000 9.1
Continental Glaciers 1955–1996 8.1
Global atmosphere 1955–1996 6.6
Antarctic sea ice 1950s–1970s 3.2
Mountain glaciers 1961–1997 1.1

Total 21.0 � 1022 J
All values were taken from Levitus et al. [2001] except for our estimate

of the heat gained by the continental lithosphere.
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