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[1] A global map of surface heat ﬂow is presented on a 2  2 equal area grid. It is based on a global
heat ﬂow data set of over 38,000 measurements. The map consists of three components. First, in regions
of young ocean crust (<67.7 Ma) the model estimate uses a half-space conduction model based on the
age of the oceanic crust, since it is well known that raw data measurements are frequently inﬂuenced by
signiﬁcant hydrothermal circulation. Second, in other regions of data coverage the estimate is based on
data measurements. At the map resolution, these two categories (young ocean, data covered) cover 65%
of Earth’s surface. Third, for all other regions the estimate is based on the assumption that there is a
correlation between heat ﬂow and geology. This assumption is assessed and the correlation is found to
provide a minor improvement over assuming that heat ﬂow would be represented by the global average.
The map is made available digitally.
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1. Introduction
[2] Earth’s surface heat ﬂux is a fundamental output of the dynamic solid Earth’s heat engine.
Therefore, a better understanding of Earth’s surface heat ﬂux provides a constraint on the internal
state of the mantle, its evolution and geochemistry
[Davies, 1989; Dye, 2012; Korenaga, 2008; Loyd
et al., 2007; McDonough and Sun, 1995; Schubert
et al., 1980; The KamLAND Collaboration, 2011].
It also provides a constraint on the thermal structure of the crust and lithospheric mantle [Furlong
et al., 1995], and hence to lithospheric rheology,
which is sensitive to temperature [Houseman
et al., 1981; Ranalli, 1987]. The thermal structure
of the near surface can also play a role in applica© 2013. American Geophysical Union. All Rights Reserved.

tions such as hydrocarbon exploration [Tissot
et al., 1987], geothermal exploration [Mufﬂer and
Cataldi, 1978], and mineral exploration [Cathles
and Smith, 1983]. Earth’s surface heat ﬂux is also
one of the ways that the solid interior couples to
the hydrosphere, cryosphere, and atmosphere
[Fahnestock et al., 2001; Mashayek et al., 2013;
Scott et al., 2001], while the thermal structure can
also inﬂuence nonvolcanic release of volatiles
such as CO2 and methane from the crust [Etiope
and Klusman, 2002; Mörner and Etiope, 2002].
[3] In terms of constraining mantle convection
(and composition), a direct estimate of global heat
ﬂux is very useful. Such estimates continue to be
reﬁned and are agreeing at around 44–47 TW
[Davies and Davies, 2010; Jaupart et al., 2007;
1
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Jessop et al., 1976; Lee and Uyeda, 1965; Pollack
et al., 1993; Simmons and Horai, 1968]. In contrast many of the processes mentioned above
would beneﬁt from an estimate of the spatial distribution of heat ﬂux globally, e.g., for understanding controls of lithosphere rheology on
deformation [Bird et al., 2008; Iaffaldano and
Bunge, 2009]. Unfortunately, global maps of surface heat ﬂow are not as common as global estimates of total output. Equally regional maps [e.g.,
Blackwell and Richards, 2004] are more common
than global maps. Pollack et al. [1993] presented a
5  5 global map, and also a map based on a
spherical harmonic representation out to harmonic
degree 12. Bird et al. [2008] produced a slight
extension on the work of Pollack et al. [1993] for
their application requiring global heat ﬂow to constrain lithosphere rheology. Goutorbe et al. [2011]
in their paper produce global maps of surface heat
ﬂow ﬁltered with a Gaussian ﬁlter with a 500 km
radius.
[4] I believe that it is now opportune to provide
an attempt at a higher resolution map of Earth
surface heat ﬂow. This is partly motivated by
the increasing magnitude of the heat-ﬂow data
set, improvements in digital geology maps and
maps of ocean crustal age. It is also motivated
by the increasing interest in the output as outlined earlier in section 1 (the author has been
approached by at least one member of each of
the above application domains for a digital
global heat ﬂow map). In addition, there are
improved Geographical Information Systems
(GIS) software tools that help analysis of such
large digital data sets. I will next present an
introduction to the data sets and methods used
to develop a revised global map of surface heat
ﬂow.

2. Method
2.1. Overview of Method
[5] The global heat ﬂux map consists of three
major components. First, since young ocean crust
data is affected by hydrothermal circulation [Lister, 1980] a model estimate is used in such regions
rather than the raw data measurements. Second, in
other regions of the world with measurements,
those provide the estimate. Third, in all other
regions the estimate is developed by assuming that
there is a correlation between heat ﬂow and geology, and the estimate is based on a weighted area
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estimate of the heat ﬂow. I will now brieﬂy
describe these component data sets.

2.2. Heat Flow Data
[6] The raw heat-ﬂow data set, consisting of
38,374 heat ﬂow values, used in Davies and
Davies [2010], was provided by Gabi Laske and
Guy Masters (http://igppweb.ucsd.edu/gabi/rem.
html). It was compiled from the literature and was
an extension of the data set incorporated in the
Global Heat Flow Database of the International
Heat Flow Commission currently under the custodianship of William D. Gosnold (http://www.heat
ﬂow.und.edu/) which incorporates the work of
many workers including for example Gosnold and
Panda [2002], Pollack et al. [1993], Jessop et al.
[1976], Simmons and Horai [1968], and Lee and
Uyeda [1965]. Obvious data blunders were
removed, including values around 0 latitude 0
longitude, and old heat ﬂow values in the Barents
and Kara Sea that conﬂict with more recent maps
[Tsybulya and Sokolova, 2002].
[7] In Figure 1, I present the spatial distribution of
the heat ﬂow measurements. In regions of dense
sampling, there are so many points that in the ﬁgure only a subset are visible. Even so, it is possible
to see that there are some large-scale patterns to
the values, and also that the spatial distribution of
measurements is very inhomogeneous. The main
issue in providing a global map of heat ﬂow is
how to cope with the regions with few or no
measurements.

2.3. Equal Area 2 Grid
[8] It was decided to present the map on a 2 equal
area grid. This decision followed an earlier investigation, not presented here, on a 1 equal area grid.
This (1 ) was deemed to be too high a resolution
since less than 15% of the grid cells had heat ﬂow
measurements. At the 2 equal area, grid scale
40% of the grid cells have heat ﬂow measurements
(we note 15% are in young ocean crust, i.e., 15/40
37% of these grid cells). The grid of 10,312 cells
is presented in Figure 2a and a zoomed in ﬁgure of
the grid on Europe in Figure 2b. This illustrates
that the area of an individual cell approximates the
surface area, for example, of Switzerland. Goutorbe et al. [2011] show that the heat ﬂow data set
has large spatial variability even at very short
length scales (<50 km). A 2 grid therefore cannot
be expected to capture this variability but hopefully can capture some of the longer scale length
2
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Figure 1. Map of heat ﬂow measurement points. Many data points are hidden by later plotted points. Note
the very inhomogeneous distribution (Aitoff World Projected Projection).

variability, which might be expected to reﬂect
deeper processes.

2.4. Young Ocean Crust
[9] It has been argued that the very high scatter of
heat ﬂow values seen in young ocean basins primarily reﬂects the effect of hydrothermal circulation [Hasterok, 2013; Lister, 1980]. Von Herzen
et al. [2005] argue that heat ﬂow measurements in
younger crust made in sedimented basement lows,
for easier penetration of heat ﬂow equipment, are
biased downwards. They are biased downwards
since while the up ﬂow and hot regions tend to be
basement highs and outcrops the basement lows in
contrast have suffered diffuse down ﬂow and had
heat extracted by hydrothermal circulation [Stein
and Stein, 1994]. As a result, it is argued that the
average of the raw measurements is not representative of the heat ﬂow [Hasterok et al., 2011]. Wei
and Sandwell [2006] estimate heat ﬂow, using bathymetry as a function of age since the cooling
and subsidence away from the ridge is a measure
of the heat energy lost. Their results are also in
excellent agreement with half-space cooling models, again suggesting that hydrothermal circulation
is signiﬁcant. These interpretations are further supported by the fact, known for a long time, that the
ridges are not associated with a signiﬁcant free-air
gravity anomaly and therefore must be close to
isostatic equilibrium [Talwani et al., 1965]. The

detailed modeling of near ridge conduction [Davies et al., 2008] shows that the limitation of the
half-space model at the ridge (predicts inﬁnite heat
ﬂow) does not affect heat ﬂow estimates [Davies
and Davies, 2010]. Hasterok et al. [2011] show
that measurements taken in regions with thick, low
permeability sediment cover are well ﬁt by a simple inverse square root of age relationship which
would be expected from a half-space model.
[10] Therefore to limit the effects of hydrothermal
circulation, I have applied a simple half-space
model (equation (1)) in regions of young ocean
crust
Q ¼ Ct0:5

ð1Þ

where Q is surface heat ﬂow (mW m2), t is age
(Myr), and C is a constant (mW m2 Myr0.5). I use
the value C ¼ 490 mW m2 Myr0.5, as derived by
Jaupart et al. [2007]. They derive this value by
using data beyond the age affected by hydrothermal circulation and adding the additional data
point that conductive heat ﬂow would be zero at
inﬁnite age.
[11] For the age of the oceanic crust, I use the
model of Seton et al. [2012], a development from
M€uller et al. [1997] shown in Figure 3. It consists
of 2,315,480 polygons. The half-space model is
only applied out to 67.7 Ma which is a well3
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Figure 2. The 2 equal area grid. (a) The global map illustrates that the grid lines are equally spaced in latitude, but their spacing in longitude increases the further away one is from the equator. (b) A view of the grid
overlying Western Europe. The map uses a Cylindrical Equal Area Projection. This projection is used for all
following maps.

deﬁned isochron in the Seton et al. [2012] model
and around the age at which hydrothermal circulation is seen to play no role [Stein and Stein, 1997].
The resulting predicted heat ﬂow, by applying
equation (1) to the map of ocean age, is shown in
Figure 4.

2.5. Description of Geology Data Set
[12] In grid cells that are not young oceanic crust
and do not have measured heat ﬂow values I predict the heat ﬂow assuming that it is related to the
observed geology following other studies [e.g.

Davies and Davies, 2010; Pollack et al., 1993]. In
this study, I use the digital geology data set
CCGM/CGMW [Commission for the Geological
Map of the World, 2000], abbreviated to CCGM
(the French initials for the data set—Commission
de la Carte Geologique du Monde). It covers the
whole globe using 14,202 polygons. The CCGM
has 51 geology units which are deﬁned by Lithology and Stratigraphy. Davies and Davies [2010]
used CCGM in combination with a second geology data set, the Global GIS data set [Hearn et al.,
2003]. Later, I will test the value of the assumption
that heat ﬂow might be related to geology. As a
4
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Figure 3. Map of the age of the ocean crust in millions of years before present (Ma) from Seton et al.
[2012].

result of such tests undertaken at a 1 equal area
scale (not presented here), it was discovered that
using the CCGM geology alone, gave a slightly
better prediction than using it in combination with
the Global GIS data set. Therefore, in this work
only the CCGM geology is used.

[14] 1. The 2 grid was unioned with the CCGM
geology data set (i.e., the geology polygons were
cut by the grid to limit the geology polygons to be
contained by the 2 grid, e.g., Davies and Davies
[2010]). The area of each resulting unioned polygon was evaluated.

2.6. GIS Methods

[15] 2. The heat ﬂow points were spatially joined
(i.e., the heat ﬂow value was assigned to the polygon that contained the point) with the unioned polygons from step 1. For polygons containing more

[13] The heat ﬂow was calculated on the 2 equal
area grid in the following steps:

Figure 4. Map of the predicted heat ﬂow in regions with oceanic crust younger than 67.7 Ma. Prediction
uses equation (1) and the ages from Figure 3, area weighted. The legend uses deciles for the classes. The
same legend classiﬁcation is used for all the following maps unless otherwise stated.
5
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than one heat ﬂow point, the average heat ﬂow
was assigned to each polygon.
[16] 3. For each unioned polygon with a heat ﬂow
value, the product of the average heat ﬂow and
area was evaluated.
[17] 4. A summarize operation was run for the grid
cells, over the polygons with heat ﬂow values, to
obtain the (i) sum of the area of unioned polygons
and the (ii) sum of the product of area and heat
ﬂow for the unioned polygons. What this means is
that for all unioned polygons with a heat ﬂow
value, that fall within a grid cell, the sum of their
areas was evaluated and recorded in a new ﬁeld;
and also the sum of the product of their area times
heat ﬂow in another ﬁeld.
[18] 5. For each grid cell (with observations), the
sum of the product of the area and heat ﬂow was
divided by the sum of the area for polygons with
heat ﬂow values (both produced by step 4). This
gives the area weighted heat ﬂow estimate from
the data for each grid cell with data. The result is
presented in Figure 5a. Figure 5b shows the number of heat ﬂow measurements contributing to
each cell estimate.
[19] 6. The young oceanic crust age polygons were
also spatially joined to the 2 equal area grid, and
an area-weighted heat ﬂow was assigned to each
2 cell (using a GIS ﬁeld calculation), i.e., a 2
grid version of the result already presented in Figure 4.
[20] 7. The results of steps 5 and 6 were combined
such that grid cells used the data-based estimate
only in areas outside young oceanic crust.
[21] 8. The heat ﬂow data points spatially joined to
the unioned geology/grid polygons, from step 2,
were also used to derive an area-weighted estimate
of the average heat ﬂow for each geology (i.e.,
summarize operation was done on the geology
class, similar to steps 2–5). Figure 6 symbolizes
the result on the original unioned polygons.
[22] 9. Cells with no values after step 7 were
assigned the area-weighted (areas derived after
step 5) average heat ﬂow derived for each geology
in step 8.
[23] 10. The ﬁnal result, an estimate of heat ﬂow
in each 2 equal area grid cell, is the combination
of steps 7 and 9 (Figure 7).
[24] The above method calculates the areaweighted mean. In addition, the result was calculated assuming the median of the data measure-
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ments and the median of the geology correlation
in the unioned polygons; and then also the median
of the heat ﬂow value in the union polygons in a
grid cell. The method in this case is slightly different in that the union of the grid and geology is
joined to the heat ﬂow measurements and not the
reverse, and the medians are evaluated outside the
GIS software using a bespoke ‘‘C’’ code. The ﬁnal
result again used a weighted average. This result is
presented in Figure 8. A simpliﬁed ﬂow diagram
of the methods is presented in Figure 9.
[25] The variance of the data estimate was calculated, including a sample-sized unbiased estimate
[Rimoldini, 2013]. The square root of this variance
was used as an estimate of the error of the heat
ﬂow estimate for 2 polygons which had more
than one contributing polygon. The error for the
young ocean crust was estimated following Davies
and Davies [2010] who assumed an error of 30
mW m2 for C in equation (1). This is slightly
increased from the 20 mW m2 suggested by Jaupart et al. [2007]. The increase accounts for the
uncertainty also in the area of different age ocean
ﬂoor. For all other 2 polygons, a straightforward
error estimate was undertaken assuming that it
was some 10% less than the standard deviation of
the heat ﬂow data in the 2 grid cells with heat
ﬂow data. This gave an error estimate of 41.5 mW
m2.

2.7. Antarctica
[26] Using the data and geology-based estimate for
Antarctica would lead to a constant and high value
across the whole continent. This is because the
very few measurements in the data set are from
West Antarctica alone. It is likely that the larger
part of the continent, East Antarctica, does not
have such high values. I have therefore improved
the map in Antarctica following both Shapiro and
Ritzwoller [2004] (who used shear wave velocities
in the upper mantle as a proxy of heat ﬂow) and
Maule et al. [2005] (who used the strength of the
magnetic ﬁeld as a heat ﬂow proxy). So, for Antarctica, led by the similar estimates of Shapiro and
Ritzwoller [2004] and Maule et al. [2005] and the
limited measurements I set the values for East
Antarctica (from 50 W to 180 E) to 65 mW m2
and in West Antarctica (from 50 W to 180 W)
to 100 mW m2.

2.8. Coverage
[27] The young ocean crust category covers
around 40% of the ﬁnal map, while cells obtaining
6
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Figure 5. (a) Area weighted heat ﬂow on the 2 equal area grid in regions with heat ﬂow measurements and
(b) global map of the number of heat ﬂow measurements in each cell.

their value from the raw data cover around 25% of
the ﬁnal map (though as mentioned earlier this
would be 40% if I included data in the young
ocean crust regions). This leaves around 35% of
the cells uncovered by either previous category
and their value is obtained assuming a correlation
with the underlying geology. Further details of the
coverage are presented in Figure 5b which shows
the number of heat ﬂow measurements contributing to each cell estimate. We see that the peak is
1095, but many cells have fewer than ﬁve
measurements.

3. Results
[28] The ﬁnal map using the mean is presented
in Figure 7, while the preferred ﬁnal map based
on the median is presented in Figure 8. Note

neither map is smoothed. As a result, the maps
are somewhat speckled reﬂecting the large spatial variability of the underlying data. The spatial variability of density of actual heat ﬂow
values was illustrated in Figure 5b. In spite of
this large spatial variability, the map demonstrates large coherent variation in many regions.
This is of course true in the young oceans due
to the assumption of correlation with age, which
is spatially smoothly varying. Equally regions
with no measurements and relatively homogeneous geology will also have relatively homogeneous heat ﬂow predictions.
[29] The obvious trends in the maps are the high
heat ﬂow over young ocean crust including active
back arc basins and the low heat ﬂow over continental shields and cratons. While it is not useful
7
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Figure 6. Global map showing the heat ﬂow assuming that a correlation between heat ﬂow and geology
held everywhere.

for the reader to be presented with all regions in
detail, I focus on two regions to illustrate the character of the map.
[30] First, I focus in on Western Europe (Figure
10). We observe high heat ﬂow is present in Iceland and the mid-Atlantic ridge as might be
expected. Also there is low heat ﬂow in Scandinavia and Russia as might be expected given the old
stable lithosphere. We note that regions of high
heat ﬂow are mapped in central France, parts of

Italy, the Western Mediterranean, Pannonian
basin, northern Greece, northern Turkey, the Red
Sea, and Algeria. Low heat ﬂow is mapped in the
Adriatic, the Eastern Mediterranean (excluding the
Aegean), and eastern Atlantic. Such distributions
are not unreasonable given our understanding of
the tectonics of Europe. If they are accurate then it
is probably a result of the high data density.
[31] Second, I focus on central North America
(Figure 11). This ﬁgure shows high heat ﬂow

Figure 7. Global map of Earth Surface Heat Flow, in mW m2. It uses the individual components given by
Figures 4–6. All component estimates were derived using the mean.
8
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Figure 8. Global map of Earth Surface Heat Flow, in mW m2. It uses the ocean heat ﬂux estimate given
by Figure 4, but the data and geology correlation components use the median as opposed to the mean in deriving the estimate in the unioned polygons.

around the ridges in the Paciﬁc, also in regions
of the west of the USA (Yellowstone, Basin
and Range, Rio Grande), parts of the Caribbean
and a few single grid cells in the Atlantic
(e.g., Bermuda). Low heat ﬂow is mapped in
the east of North America, especially cratonic
Canada, parts of the Gulf of Mexico and
southeastern USA. Again, the predictions are
probably good in regions of high data
coverage.
[32] While the target of this work, in contrast to
Davies and Davies [2010], was not to produce an
estimate of the global surface heat ﬂux, I note that
the map in Figure 7 would predict an average heat
ﬂow of around 86 mW m2 (83 mW m2 using
the median estimator), giving a total estimate of
Earth surface heat ﬂux from the interior of 44
TW. While limitations in the result are discussed
in section 4, it is worth noting here that this estimate is uncertain especially due to uncertainties in
the young ocean crust heat ﬂow. Using the logic of
Davies and Davies [2010] and Jaupart et al.
[2007], a further 1 TW should be added to account
for the heat ﬂow resulting from plumes which are
unaccounted for by the half-space model in the
young ocean crust (since the parameter C in equation (1) for the half-space model is derived by
excluding regions of the oceans believed to be
affected by plumes), which would lead to a ﬁnal
value of 45 TW. It is interesting to note that the
mean continental heat ﬂow (including arcs and
continental margins) is 64.7 mW m2, while the
mean oceanic heat ﬂow is 95.9 mW m2.

4. Discussion
[33] I suggest that certain aspects of Earth surface
heat ﬂux are quite well captured by the map. For
example, the low heat ﬂow of continental shields
and cratons and the high heat ﬂow of young ocean
crust. There are other regions though where one
might question the map. For example might we
expect the heat ﬂow to be higher in general in the
East African Rift than shown on the map? We
note there are a few grid cells with high values.
This limited number of grid cells with high heat
ﬂow value is possibly because there are very few
actual measurements in the East African Rift and
the prediction therefore is dependent on the correlation with geology. Below I discuss this correlation between geology and heat ﬂow and show that
it has value. The value though is shown to be moderate only, so one should not expect it to always
be successful.

4.1. Scale
[34] A fundamental decision in this process was
the choice of the grid scale. It was decided to go
for as ﬁne a scale as possible but not so ﬁne that
the geology correlation component part of the map
was too signiﬁcant. It was decided that at 1 scale
the map would have too little coverage from the
data. At 2 scale, the geology correlation component was reduced to 35% and such a map could
provide reasonable resolution in regions of good
coverage. I note that Pollack et al. [1993] at 5 
9
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geology-based estimate is better and reduces the
range between the 1st and 3rd quartile by 10%
more than using an estimate based on a straight average of relevant heat ﬂow measurements. Therefore, while I demonstrate that the geology
correlation has value, the value is limited. We note
that while this comparison is useful it is not a
proper bootstrap comparison which is impractical
given the workﬂow.

4.3. Limitations

Figure 9.

Simpliﬁed ﬂow diagram of the workﬂow.

5 (2592 cells) had a 65% global coverage from
data.

4.2. Correlation Between Geology and
Heat Flow
[35] A large proportion of the map (35%) is based
on an assumed correlation between heat ﬂow and
geology. I have made a test of this assumption in
regions with actual measurements. I have done
this by comparing the prediction from the geology
with the actual data estimate. Figure 12 presents a
map of this anomaly.
[36] I have evaluated a second anomaly by comparing the observational estimate in these cells
with the global average heat ﬂow. I ﬁnd that the

[37] This study has many further limitations, with
the most important ones all reﬂecting the difﬁculty
of making high-quality heat ﬂow measurements.
Critically, the number of observations is limited
and spatially very inhomogeneous. Even in
regions with measurements the data quality varies.
Many of the original data have estimates of the
quality, but this is not present for all measurements. I have here taken the decision to use virtually all the data to have a broader spatial coverage
hoping that statistical averaging will limit the pollution of the result by poor measurements. In other
cases, the raw measurements might be good but
the scientists might not have corrected for local
processes that could be affecting them as estimates
of the deep heat ﬂow (e.g., topography [Jeffreys,
1938], palaeoclimate effects [Jessop, 1971; Rolandone et al., 2003; Sass et al., 1971], advection by
ﬂuids [Beardsmore and Cull, 2001], erosion and
sedimentation [Benﬁeld, 1949]). In cells with multiple measurements, the spread in values in each
cell is usually very high, as found by Goutorbe
et al. [2011] and Davies and Davies [2010]; therefore, the error in the mean can be quite high especially for cells with only a few measurements.
These limitations could explain why some individual pixels seem to predict values that are probably
unreasonable as estimates of the broader heat ﬂow
over a 2 grid cell. For example, some continental
pixels have values above 120 mW m2 and such
values in continental areas would suggest extensive melting which is not common in the crust
[Chapman, 1986]. In some cases, these values
might reﬂect more localized heat ﬂow while in
other cases they might reﬂect other processes as
described above that have not been corrected for.
[38] In addition to statistical variation, the map
could also suffer from possible bias. For example,
one might speculate that the raw data set might
have a spatial bias resulting from scientists being
preferentially attracted to areas of extreme heat
ﬂow, especially high heat ﬂow values, also driven
by potential geothermal applications. This
10
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Figure 10. The estimated surface heat ﬂux beneath Europe and surroundings; i.e., a zoomed in version of
Figure 7.

speculation can only be conﬁrmed/denied by further measurements. The use of area-weighted estimates in our methodology is an attempt at
reducing this problem.

[39] The estimate for the heat ﬂow in a cell based
on measurements using a straight arithmetic average could suffer from the effect of outliers. Since
the distribution of heat ﬂow measurements is

Figure 11. The estimated surface heat ﬂux beneath central North America; i.e., a zoomed in version of
Figure 7.
11
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Figure 12. Global map of the difference between the heat ﬂow estimate in a cell based on data and the geology correlation (where both exist—excluding young ocean crust). Classiﬁcation is based on Natural Breaks
(Jenks).

skewed toward high values, the derived values
could possibly be biased higher. This could also
be the case when deriving the relationship between
heat ﬂow and geology. A possibly more robust alternative would be to use the median of the values
rather than the mean. As mentioned, this has been
undertaken and the results are presented in Figure
8. One can see that while Figures 7 and 8 are
broadly the same the ‘‘speckles’’ do not always
correspond. One might imagine that these ‘‘unstable’’ pixels might be less robust. There was no signiﬁcant difference in the standard deviation of the
mean and median estimate of the heat ﬂow. Using
the area-weighted estimate possibly further moderates the effect of outliers where present.

[41] As already mentioned, the use of geology to
predict heat ﬂow in regions with no actual heat
ﬂow measurements has value, but as described this
is limited. This is a similar conclusion to Jaupart
and Mareschal [2011] who suggest that there is
only a weak relationship such that geology is not a
good proxy. Goutorbe et al. [2011] investigate
using multiple proxies for estimating heat ﬂow.
Using such methods it might be possible to make
better estimates in regions with no data if more
proxy data sets were used. Proxies that have been
used successfully by others to estimate heat ﬂow
include shear wave velocities in the upper mantle
[Shapiro and Ritzwoller, 2004] and the strength of
the magnetic ﬁeld [Maule et al., 2005].

[40] The estimate of heat ﬂow in young ocean
crust depends upon the half-space formulation.
While I argue that the estimate presented is the
best possible given the current understanding, the
models hopefully can be improved in the near
future. Aspects that could beneﬁt from further consideration are the variation in ocean crust material
properties with temperature and pressure [Afonso
et al., 2005; Grose, 2012; McKenzie et al., 2005],
the variation from one ocean basin to another
[Marty and Cazenave, 1989], and improved understanding of hydrothermal circulation [Schmeling
and Marquart, 2013; Theissen-Krah et al., 2011].
Also with more data the estimation of the parameter values required by these models can be
improved.

[42] Ultimately though, nothing will help overcome these limitations more than getting additional high quality, well corrected, heat ﬂow
measurements. This is especially true both in
regions with few measurements only and in
regions where current estimates might be affected
by processes unaccounted for. For example, limited measurements might be affecting the high
value for Minnesota (Figure 11), while water ﬂow
might lead to the low values in the Adriatic (Figure 10). There are now of course many workers
who are correcting heat ﬂow measurements, a
notable example for Europe being Majorwicz and
Wybraniec [2011]. The spatial coverage of the current work has already been described in section 3.
Figures 1 and 5 illustrate regions most in need of
12
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additional measurements. These include the polar
regions, much of the oceans, especially the southern oceans, Africa, parts of Asia, Canada, and
South America. Until there are many more measurements, work such as this through the steps outlined above, try to limit these issues where
possible and provides a ‘‘map’’ of Earth surface
heat ﬂux.

5. Data Sets of the Map
[43] This map/model is made available (associated
with this publication) in two formats on two grids.
This is Data_Table1 (see supporting information).1
The ﬁrst grid is the actual grid on which it is produced—i.e., the heat ﬂow value of the grid cell is
assigned to the centroid of each 2 equal area cell
(i.e., with 10,312 values, and label Eq_area in ﬁle
name). The second grid is a regular 2 latitude 
2 longitude grid (i.e., 16,200 values, and label
Eq_Lon_Lat in ﬁle name). Again the heat ﬂow
value assigned to each point is the value of the
grid cell that contains it. Both data sets are provided in an ASCII text format in ﬁve columns,
which are longitude, latitude, heat ﬂow mean
value, heat ﬂow median value, and error. These
two ﬁles are each provided in two forms, a tab
delimited (_tab.txt ﬁle ending) and a comma
delimited format (.csv ﬁle ending). The longitude
and latitude are in decimal degrees, with west and
south being negative longitude and latitude,
respectively; while heat ﬂow is in mW m2.
[45] The data on the equal area grid is also provided as a polygon shapeﬁle, called Heat_Flow. It
uses a geographic coordinate system and the North
American 1927 datum. The attribute table contain
ﬁelds recording (i) the Final Heat Flow estimate
[Final_HF_mean] (based on young crust estimate,
where present; otherwise uses the mean estimate
based on raw data; and if no raw data uses a mean
estimate based on the correlation with geology),
(ii) the Final Heat Flow estimate [Final_HF_median] based on the median, (iii) the estimate for
Young Ocean Crust Heat Flow [Yng_OC_HF],
where it exists—it is given a value of zero otherwise, (iv) [DataHFMeanArWghtd] is the estimate
for the Heat Flow using the mean from the data in
an area-weighted manner as described (note cells
with no data record 0 in this ﬁle), (v) [DataHF_Median] is the estimate for the Heat Flow
1
Additional supporting information may be found in the online
version of this article.

10.1002/ggge.20271

using the median from the data in an areaweighted manner (note cells with no data record 0
in this ﬁle), (vi) the estimated heat ﬂow based on
the Geology using the mean [GeolMeanHF], (vii)
the estimated heat ﬂow based on the Geology
using the median in an area-weighted manner
[GeolMedianHF_median_Area_ weighted], (viii)
error estimate [Total_Error], and (ix) the Longitude and Latitude for the centroid of the grid cell
in degrees [Longitude] and [Latitude]. All heat
ﬂow values are in mW m2.
[46] Files for the separate components on the equal
area grid are also provided. These are (i) Data_Table2_eq_area.csv, this is a csv ﬁle presenting the
data-based estimate of heat ﬂow using the median
(in this ﬁle cells with no value are given the value
999.999), (ii) Data_Table3_eq_area.csv is a csv
ﬁle with the heat ﬂow based on age of ocean crust
(in this ﬁle cells with no value are given the value
999.999), and (iii) Data_Table4_eq_area.csv is a
csv ﬁle with the estimate based on the inference
from geology, again cells with no values are given
the value 999.999. The format of these ﬁles is
three columns, longitude, latitude, and value. In
(iv) Data_Table4_Eq_area.csv a longer version of
the data ﬁle is presented with eight columns, longitude, latitude, number of contributing union polygons to heat ﬂow estimate, number of raw
contributing heat ﬂow values, minimum value
from raw heat ﬂow values (not contributing polygons), maximum value of raw heat ﬂow values in
this polygon (not the maximum from the average
of the contributing union polygons), median estimate of heat ﬂow, area-weighted mean estimate of
heat ﬂow and square root of unbiased variance
estimate (standard deviation) (cells with only one
contributing do not have a variance deﬁned and
the cells have a value of 999.999). A ﬁnal ﬁle
(v) DataTable6_2deg_equal_area_grid_description.txt is presented detailing the grid. It has six
columns, which are the longitude of the cell centroid, the latitude of the cell centroid, the west longitude of the cell, the east longitude of the cell, the
southern latitude of the cell, and the northern latitude of the cell. This full set of ﬁles provides readers with sufﬁcient information to make their own
choices. In the author’s opinion, the default map
would be the map based on the median estimate of
heat ﬂow, as shown in Figure 8.

6. Summary
[47] This work presents the derivation of a global
map of surface heat ﬂux on a 2 equal area grid. It
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uses a model for the conductive ﬂow in regions of
young ocean crust. In other regions, it uses the average of heat ﬂow measurements where they are
available. Finally, in all other grid cells, the estimate is based on the area-weighted average estimate based on the grid cell geology, assuming that
there is a correlation between heat ﬂow and geology globally. To facilitate usage of this map it is
made available digitally in many formats.
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