
© 2020 Author(s)  
This is an open access article distributed under  

the Creative Commons Attribution license

QUAESTIONES GEOGRAPHICAE 39(3) • 2020

PLANETARY TEMPERATURES IN THE PRESENCE OF AN INERT, 
NONRADIATIVE ATMOSPHERE

John LesLie nicoL

Department of Physics, James Cook University of North Queensland, Townville, Australia

Manuscript received: February 7, 2020
Revised version: August 18, 2020

nicoL J.L., 2020. Planetary temperatures in the presence of an inert, nonradiative atmosphere. Quaestiones Geographicae 
39(3), Bogucki Wydawnictwo Naukowe, Poznań, pp. 69–85. 11 figs + attachment.

AbstrAct: This study considers solid planets at about 300 K and an inert atmosphere having no interaction with associated 
radiation. Processes considered include transfer of energy from the surface skin to underlying layers depending on ther-
mal properties. Temperatures of the surface depend on the rates of transfer of energy between soil layers. The atmosphere 
is warmed at base by contact with the surface, convection and turbulence distributing higher temperatures through the 
air. Comparisons between theoretical and measured temperatures show a close similarity. Mean planetary temperatures 
are calculated, depending on thermal parameters and the intensity of light/radiation from the particular solar system.
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Introduction

In our initial considerations, we discuss an 
uncomplicated planetary surface, consisting of a 
deep crust of soil overlain by a contacting gas-
eous atmosphere which has no potential for the 
emission of electromagnetic radiation or com-
plementary absorption. The solid surface is as-
sumed to be irradiated by a changing sequence 
of intensities of solar radiation which in general 
varies semi-sinusoidally on a diurnal basis with 
equal periods of daylight and night. During day-
light hours (which, in the case of Earth, covers 
a period of 43,200 s), the planet’s solid surface 
is warmed from its top, the progression of the 
temperature increasing downwards into the soil 
and being described in the analysis by reference 
to a sequence of thin, clearly defined layers, the 
warmest being then at the planetary surface and 
the coolest at the lowest reach of the penetrating 
warmth. At the same time, the inert atmosphere 
above, which itself has no visible or infrared ab-
sorption/emission bands but is in contact with 

the soil’s surface, is warmed by it through con-
duction of heat, an effect which is enhanced by 
the mixing of the warmed air through its lower 
layers through convection.

While large scale convection is not consid-
ered in detail, it could be expected that the well-
known circulation cells would be readily gen-
erated through this process, taking account of 
differing temperatures arising from variations in 
solar intensities with latitude, in contrast to ar-
guments that are sometimes made (Spencer 2016) 
that this heating will, in general, simply result in 
a uniformly heated, stagnant, warm atmosphere.

During the nightly process of radiative cool-
ing from the thin skin forming the surface, the rel-
ative temperatures of the lower soil layers change 
sequentially, the top layer quickly adopting a 
temperature, T0 which is defined by the equilib-
rium between the rate, P'

j at which energy can be 
transferred by conduction between lower layers 
j, j + 1 ... of temperatures Tj + 1 and Tj respectively, 
and eventually to the uppermost layer of temper-
ature T0 overlain by the surface skin and the rate 
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Pr at which energy is radiated from the surface 
skin to a cold space, which is given by

 Pr = σT0
4 (1)

where:
σ = 5.67 × 10−8 W m−2 K−4 is Stefan’s constant.

Thus we find from the principles of thermal 
conduction (Look, Alexander 1988):

 P'
j = c'

j (Tj − Tj + 1) / δ (2)

where:
c'

j is the conductivity of the soil between the cen-
tres of layers j, j + 1, for which examples from a 
planetary surface indicate a range of values be-
tween 0.4 Wm−1K−1 and 3.0 Wm−1K−1 (Engineering 
ToolBox 2003), δ is the distance between the pair 
of points of temperatures Tj and Tj + 1.

The skin temperature may attain relative-
ly low values for very low conductivities of the 
soil, the stable cooled layer of air in contact with 
it providing little heating while maintaining a 
slowly decreasing temperature through its own 
lower layers, depending on air conductivity and 
thermal capacity.

Cooling at night and the differences in tem-
perature between regions of the planet’s surface 
provide differing local pressures causing later-
al movement of gas from higher to lower pres-
sures and induce warmer air to rise, providing 
circulation.

However, here, we are not concerned with 
major circulation processes which, though very 
important in studies of the complete atmosphere, 
do not significantly change the physics of the 
specific surface effects. Considering the low ther-
mal conductivity of air, it is not difficult to show 
that while the soil is cooling, there is a considera-
ble difference between the air temperature a very 
short distance above the surface skin and that of 
the surface itself except at the point of contact be-
tween air and soil, a situation where convection 
or turbulence are effectively suppressed by the 
inversion of these temperatures.

During warming of the surface through hours 
of daylight, energy flows within the system are 
defined by equilibrium between absorption of 
radiation of intensity Is Wm−2 from the incoming 
solar field, the rates of flow of heat  Ig from the 
warmed skin to the layer j = 0 beneath and to the 

atmosphere above Ia, and the surface radiation, 
Ir, which depends on the temperature of the skin 
through Eq. (1).

Thus, we may write

 Is − Ig − Ia − Ir = 0 (3)

The magnitude of Is , the intensity of sunlight 
at the surface, obviously depends on the size and 
brightness of the sun and the sun – planet dis-
tance. For Earth, the value of Is is approximately 
1368 Wm−2, a figure, which according to NASA 
(2003), varies by about ±1 Wm−2 over the 11-year 
solar cycle, whereas absorption by various com-
ponents of the atmosphere results in a surface in-
tensity of about 970 Wm−2.

Through the rotation of a planet, Is varies 
semi-sinusoidally, changing between zero and 
its maximum, in a period representing half of the 
planet’s day. Heat flow to the ground and the air 
layer above is illustrated in Figure 1; depending 

Fig. 1. Energy from the visible sunlight absorbed by 
the planet’s surface raising the temperature of the soil 
below as the heat is transmitted to lower levels. The 

air above is also warmed through the contact with the 
hot surface skin, which also emits energy to space as 

infrared radiation.
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on the mutual temperature differences, Busby 
(2015) found an average temperature of 281.8 K 
at a depth of 1 m in the North of Scotland and 
similarly 285.7 K in Southern England, tem-
peratures considerably in excess of the surface 
temperatures.

From the commencement of cooling at night, 
Is = 0, thermal equilibrium may be represented by 
the following equation

 Ig ± Ia − Ir = 0 (4)

where the flow, Ig within the soil is upwards and 
the direction of Ia is dependent on the relative air 
or soil temperatures, as indicated by the ± sign 
with radiation, and Ir again is dependent on T0.

Thus, we denote the energy of the lower lay-
ers of air and those in the upper segments of soil 
at any instance of time by

  
(5)

and

  
(6)

where:

	 ∈a/s
J  = δa/s

J Ca/s
J Ta/s

J  (7)

 – δa/s
J is the thickness of layer J in either air or 

soil (a or s),
 – Ca/s

J is the corresponding thermal capacitance, 
and

 – Ta/s
J is their temperature.

The flow of heat between these layers depends 
on the temperature difference, Ta/s

J − Ta/s
J±1, divided 

by the distance between the layer centres (often 
taken as the constant thickness ) multiplied by 
the thermal conductivity c'

aJ or c'
sJ of the particular 

material, air or soil, respectively, as defined by 
Eq. (2). The number of layers and their thickness 
in each case are chosen to provide an appropriate 
accuracy as defined by the calculations using a 
range of numbers to determine the limit where 
further reduction in the thickness of layers pro-
vides no significant change in the results.

Figure 2 presents the temperatures of a warm-
ing and cooling soil, the solar radiation falling on 
the surface periodically, with temperature differ-
ences transferring heat between layers either up-
wards or downwards, following the constraints 
represented by Eqs (1)–(4). The temperature var-
iation here corresponds to a maximum solar in-
tensity of 1500 Wm−2 and is unmodified in this 
case by the ballast which would be apparent in 
the presence of an inert atmosphere.

For each pair of adjacent layers of soil denoted 
by j and j + 1 and of thickness δ the power trans-
ferred between them, consistent with Eq. (2), is 
simply

 Ia/s = c'
a/sJ (Ta/s

J − Ta/s
J±1) / δa/s

J (8)

These processes are also discussed in some 
detail by Cheruy et al. (2017).

Obviously, the value of the surface radiation 
intensity, Is, varies very significantly according to 
the time of day. However, we note that in this 
clear, inert, atmospheric model, no change is 
made to any particular time-dependent intensi-
ty through the impediment of clouds or aerosols, 

Fig. 2. Diurnal temperature changes at various depths of 5, 15, 30, 45 and 60 cm. Earth conductivity = 1. Phases 
of the so-called temperature-waves similar to those shown in the diagram of experimental measurements – 

Figure 3.
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while the inert atmosphere has no properties of 
radiative interactions, neither of absorption nor 
emission. Thus, in order to understand the out-
come of these clearly defined transfers of heat en-
ergy, one needs to analyse carefully the details of 
each of the four processes involved.

It will be shown that the temperatures of the 
radiating skin depend on equilibria between the 
independent channels of heat transfer to or from 
both the underlying conducting layers of the sub-
soil and the warmer or cooler air in contact with 
it, the temperature dependent rate of infrared ra-
diation from it defined by Eq. (1) and, in daylight 
hours, the intensity of the incoming radiation.

Application of Eq. (1)

The keys to determining the temperature out-
comes will depend on the initial influx of power 
and its subsequent division and transfer as de-
fined by Eqs (1)–(3) with expressions represent-
ing the processes defined in these equations. For 
the hours of daylight at any point on the planet’s 
surface, the radiation intensity may be defined 
through its angles of latitude and longitude, θi 
and ∅j, by the expression

 Ii, j
s = I0cos(θi)sin(∅j) (9)

where I0 represents the maximum of the solar in-
tensity at the planet’s surface.

At each point, the internal heat flows are given 
by Eq. (8) and at equilibrium, it is required that

 (10)

where: Ta
0 is the temperature of the lowest, very 

thin, layer of air in contact with the skin of the 
soil, Ts

0 is that of this surface’s skin, c'a
0 and c's

0 are 
the conductivities of the air and soil, respectively, 
generally expressed in Wm−1K−1.

Thus, at any point in time, Eqs (8) and (10) rep-
resent the interactions, through the conduction 
of thermal energy, between an initially arbitrary 
set of temperatures in a body, the true values of 
which are determined through the application of 
these equations to a repetitive sequence of daily 
warming and nightly cooling until an equilibri-
um is established. This process, which represents 

the real effects of continuing cycles of warming 
and cooling, provides the daily values of temper-
atures of the layers of air and of the soil, the top 
layer of soil representing the initial sink for the 
solar energy and the source from which the radi-
ation component Ie emerges.

In this way, we determine the value of T0  
which satisfies the instantaneous but continuous-
ly changing equilibrium which will be established 
within the very thin surface skin as it receives ra-
diation and effectively distributes its energy de-
pending on the relative temperatures of it and ad-
jacent layers of absorbing material, air and soil, in 
contact with it, while radiating the remainder to 
space. An essential criterion that is continuously 
monitored is the effective emission temperature cor-
responding to the hypothetical distribution over 
the planetary surface of the mean value of T0 pro-
viding a total power of the radiation field which 
is exactly equal to that of the incoming solar field.

The temperature of the ground

During each 12 h of daylight, the temperature 
T0 of the soil’s surface at any point varies accord-
ing to the latitude and longitude of that point, 
the season of the year and the time of the day. In 
the artificial, though representative, model of a 
planet with an inert atmosphere used here, free 
of cloud and aerosols, the temperatures recur reg-
ularly and are determined by the sun’s intensity 
at each time of the day and by the residual ener-
gy retained by the air and the soil. Conduction of 
energy from the solar heated upper layer of the 
planetary surface to lower depths may be consid-
ered in terms of a series of thin layers of soil of 
equal thickness – in practice each being approxi-
mately 1 cm in depth with conductivities typical 
of the material being considered, clay or sand, dry 
or moist. Calculations of energy transfer through 
the surface material, generally through a depth of 
< 0.5 m to match the reality that little or no diur-
nal change in temperature takes place at depths 
larger than this figure, involve considerations of 
the rate of transfer of energy between successive 
layers. This rate is dependent on the difference be-
tween their temperatures, the thermal conductivi-
ty of the material and its thermal capacity which 
defines the temperature changes consistent with 
the amount of energy transferred between each 
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pair of layers. Specifically, the process of transfer 
of energy through a sequence of layers – for ex-
ample 30 layers of earth of thickness δs

J  = 0.01 m 
to a total depth of 0.3 m – is carried out through a 
sequence of calculations from Eq. (8) in the form

 δTs = c'
sJ (Ts

J − Ts
J±1) / δs

J Ccap (11)

where :
δTs is the temperature transferred from layer J to 
layer J±1, each layer being assumed to be of equal 
thermal capacity Ccap per square metre.

Thus we now have new values:

 Ts
J  = Ts

J − δTs (12)

 Ts
J±1 = Ts

J±1 + δTs (13)

This process is assumed to take place every 
second corresponding to the receipt of an associ-
ated parcel of energy in the top layer. Repetition 
of its application over several days leads to the 
results shown in Figure 2, representing the cal-
culated temperatures at various depths in soil. 
Experimental values shown in Figure 3 confirm 
the form of these temperature changes over a pe-
riod of a day. Similar equations can be written 
for the layers of air with correspondingly lower 
values for its heat capacity and thermal conduc-
tivity, making allowance for the results from con-
vection and turbulence.

During the hours near midday, and particu-
larly soon afterwards, the temperatures of all 
components reach maximum values and in the 
case of the soil – air interface, energy passes from 
the surface skin to the air above in packages, 
which are subsequently dispersed by convection-
al circulation and turbulence as described and 
discussed by Donner et al. (2016). For the inert 
atmosphere being considered here, dissipation 

of energy from the air to the soil can also take 
place through conduction at the air – soil inter-
face, with transfer being possible only when the 
temperature of the soil’s skin is lower than that 
of the contacting air. At night, the earth’s surface 
cools continuously through radiation leading si-
multaneously to a return of energy from the low-
est layers of the soil to its surface and to a much 
lesser extent from the air above.

In the case of radiation from the surface skin 
as defined by Eq. (1), the value of T0, and hence 
Pr, is restricted by the limited rate of transfer of 
energy from lower to higher layers, partially aug-
mented or depleted by heat transfer from or to 
the air. Thus, in the case of cooling at night, the 
temperature of the skin will in general be lower 
than contiguous layers of soil below.

Complementary to the above considerations 
of the transport of energy through the thermally 
conducting soil, it is instructive to study the tem-
perature T0 of the planet’s skin while hypotheti-
cally maintaining a given temperature Ts

d within 
a much lower layer of soil. In a vacuum, the sur-
face energy is removed by radiation alone and at 
a rate determined by the Stephan – Boltzmann 
law, Eq. (1). It is obvious that the power radiat-
ed cannot exceed the power that can be deliv-
ered to the surface from the lower warmer lay-
er, a process which is described by the sequence 
of Eqs (11)–(13) and where each temperature, 
Ts

j , j = 0, 1, 2, ..., jmax, is sustained or corrected by 
the flow of energy and hence temperature de-
fined by the first of these equations.

In Figure 4, the various surface temperatures 
in equilibrium, Ts

0, are shown for a range of soil 
conductivities and lower layer temperatures at 
the depth of 0.3 m. These calculations reveal per-
haps some unexpected results such as that for 
a very common temperature (see Figs 2 and 3) 
of 310 K at that depth, the equilibrium surface 

Fig. 3. Continuous measurements of soil temperatures over 7 days by CSIRO, Australia, in January (Summer) 
1939 (acc. to West 1952).
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temperature for a very common soil conductivity 
of 2.0 is only about 256 K. At higher subsurface 
temperatures and for higher conductivities, the 
temperatures are similar to those that are more 
generally expected near the surface of the earth, 
bearing in mind that this is an artificial situation 
constructed to demonstrate the effects of differ-
ences arising from lower level temperatures and 
significant changes in soil conductivities.

Calculations leading to the details shown in 
Figure 4 show that the required condition of equi-
librium between the surface temperature and its 
gain and loss of energy through the various chan-
nels is achieved after the repetition of a sequence 
of cycles, after which the rate of radiation from 
the heated surface becomes constant and consist-
ent with the intensity of the sunlight falling on it. 
In all calculations, this requirement of equality is 
continually monitored.

The temperature of the air

The principle of the process of transfer of en-
ergy to the air from the warmer surface of the 

soil’s skin is very similar to that which prevails 
between the pairs of layers defined as making up 
the soil below and the structure of its tempera-
tures. However, the significantly different char-
acteristics of the air as a fluid and its relatively 
low conductivity of only 0.0262 Wm−1K−1 changes 
significantly the eventual warming and the cy-
cling of its temperature. In the case of warming, 
the heating of the lower layer of air at the soil skin 
surface leads to minor convective currents and 
turbulence significantly enhancing the transfer of 
heat energy. In cooling, the lowest layer of air is 
coolest, leading to an inversion which in principle, 
at least, leads to heat transfer back to the surface 
of the soil through the low conductivity of the air.

While there appears to be very little available 
information in the literature regarding tempera-
ture differences between the measured air tem-
perature and that at ground level, measurements 
at vostock, 78° South Latitude within the Arctic 
circle, have been reported by Turner et al. (2009) 
showing that the air temperature only 2 m above 
the ice level is 4–6°C above the temperature of 
the ice below. This is consistent with expectations 
that the temperature of the surface skin of the 
earth will in general be lower than the air temper-
ature, particularly under conditions of persistent 
cooling. However, most work on atmospheric in-
versions, for example by Smith and Bonnaventure 
(2017), Kachar et al. (2015), Espín-Sánchez et al. 
(2018), have more generally considered larger 
scale events where large temperature differenc-
es exist between the ground and heights of hun-
dreds of metres or kilometres. Espín-Sánchez et 
al. (2018) reported a temperature difference of 
9.8°C for a change in height of 19 m.

Considering first the warming of air through 
contact at the interface with the heated plan-
et’s surface during daylight hours, the transfer 
of energy between the two contacting surfaces 
again depends on their relative temperatures. 
However, when the soil’s surface is hotter, en-
ergy flows most rapidly between the two, being 
enhanced by the fact that, in general, the air is 
moving across the surface and on becoming heat-
ed rises taking the acquired energy with it and 
being replaced by cooler air to continue the trans-
fer of heat. The maximum possible temperature 
acquired by the air’s lower surface will be equal 
to that of the soil’s skin, which for a hypotheti-
cal solar intensity of 1000 Wm−2 in the absence 

Fig. 4. Temperature of the radiating surface skin of 
the planet where the temperature of the internal layer 
at a depth of 30 cm varies from 200 to 350 K and for 
various assumed thermal conductivities of the soil 

ranging from 1 to 4 Wm−1K−1.
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of absorption by the soil will be 364.42 K in the 
thin, lowest layer, a temperature which will be 
reduced as the parcel of air circulates and mix-
es its energy with other parts of the atmosphere, 
while raising the overall temperature of that 
body of inert gas. In calculations involving air of 
similar characteristics to that on Earth, the val-
ue of the thermal capacity for dry air at constant 
pressure, Cp, is 1003.5 J Kg−1 K−1 or 1125 J m−3 K−1 
(Engineering ToolBox 2003).

In the evening, the cooling of the planet’s sur-
face would be expected to lower its temperature 
below that of the air and its lower layers, form-
ing an inversion (Prigent et al. 2003). In this case, 
air in contact with it will transfer energy across 
the interface, tending to warm the soil’s skin, and 
cooling the thin surface layer of air. However, 
in contrast to the process of heating the air, the 
cooled, thin, lower layer of gas lies under a warm-
er body of air, under which conditions no con-
vection will be generated and the cooler air will 
remain at the bottom, inhibiting, to a large degree, 
the passage of energy between the two surfaces as 
the distance from the warmer air to the soil inev-
itably increases while the temperature difference 
remains similar. Thus, because of the very low 
thermal conductivity of the relatively stationary 
atmosphere (~0.0262 Wm−1K−1 at 1 bar and 300 K) 
during the cooler parts of the day and overnight, 
the transfer of energy from it to the planetary sur-
face is found to be minimal, as discussed earlier. 
Continuing into the hotter parts of the following 
day, the air will be subject again to the influx of 
heat from the ground, a process which must con-
tinue until the temperature of the air approach-
es or is similar to that of the hottest temperature 
reached by the earth at that point on its surface.

We must emphasise again here that the pure 
oxygen and nitrogen mixture defined here as the 
planetary atmosphere cannot radiate or absorb 
energy from a radiation field which is in equilibri-
um with temperatures in the range of 250–400 K.

Thus, without the facility for readily losing en-
ergy through radiation or by significant contact 
with even a much cooler surface, the temperature 
of the whole body of the air must eventually tend 
towards that of the highest temperature arrived 
at by the soil surface within the constraints of the 
requirement for equilibrium within each latitude 
region of the earth, as outlined earlier. Thus, the 
air will receive no additional energy during the 

night while the surface layers of the planet’s soil 
cool at a rate in accordance with that at which 
heat energy can return to the surface by means 
of thermal conduction between the arbitrarily de-
fined layers of soil and air. Conductive loss of en-
ergy by the air to the cooling soil is significantly 
minimised by the presence of the stable layer of 
cooler air juxtaposed between its lowest warmer 
layer and the soil surface.

Thus, cooling of the entire system is depend-
ent only on radiation from the surface skin, the 
temperature of which is subject to the limitations 
imposed by constraints of the conduction of en-
ergy from lower layers in the soil and from the 
atmosphere above as described earlier. While 
various physical processes are involved in the 
formation of the well-recognised heat waves, very 
large hot parcels of air forming in dry desert re-
gions, it is recognised that contact between the 
air and the hot soil surface provides the most 
significant contribution (Nairn, Fawcett 2013). 
By way of demonstration, it is readily observed 
that the movement of such hot conditions across 
dry continents of our own planet Earth, where 
loss of energy from the exceptionally dry air in 
this particular case, is limited to radiation from 
greenhouse gases rather than the more generous 
emissions from water vapour within a humid air 
mass, and that the high temperatures may persist 
day and night for several days – or even weeks 
– in regions over which the air moves, even over 
much cooler land. Similar comments apply to the 
cold winds from the polar regions which may be 
equally dry, and hence substantially unable to ab-
sorb the infrared radiation from the warmer earth 
over which it moves on its way from the poles. 
Evidence of both of these phenomena, cold fronts 
and heat waves, is observed almost annually in 
the North of Europe and Asia, as well as America, 
Southern Australia and in continents near the 
tropics which again includes central Australia 
and Africa. In all of these cases, in the absence 
of water vapour, the effect of absorption of ra-
diative energy by, or radiation from, greenhouse 
gases is small and almost ineffective in changing 
temperatures of the air masses over periods of 
several days. Hence the incidence of 40°C tem-
peratures experienced in Southern Australia (40° 
latitude south of the equator) and at Northern 
Russia’s Novosibirsk, 55°N, only 1000 km South 
of the Arctic Circle, with maxima between April 
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and September in excess of 31°C and winter min-
ima as low as −40°C or 233 K. These air masses 
are quick to heat but very slow to lose that heat 
over cooler land while cold fronts from higher 
latitudes are also slow to change their tempera-
tures when very dry.

Thus, one would expect on these simple 
physical principles alone that the temperature of 
the air in the tropics would be equal to tempera-
tures acquired, though perhaps only briefly dur-
ing the hottest period, by the local soil surface, 
of say 320 K and in the mid-latitudes of typical 
temperatures of 285 K, with much lower temper-
atures being found characteristically at higher 
latitudes.

A simple physical analogy

To further illustrate, the important point be-
ing made here in regard to the thermal phys-
ics applied to studies of the effects of differing 
temperatures for the elements on either side of 
the air – soil interface, we might compare the 
inert, nonradiative but thermally conducting air 
with a body of water enclosed in a high-quality 
Thermos flask from which heat can escape only 
very slowly. One might heat the water by means 
of introducing a copper rod of temperature T, for 
a brief time only, to some depth into the water, 
but with much longer periods during which the 
element is withdrawn. Being insulated by the 
flask, the water will obviously be heated even-
tually to a temperature very close to T. Were the 
base of the Thermos flask to be cooled, the water 
at the bottom will also be cooled but will not rise 
to warm the main body of the water for a quite 
significant time, the physical explanation being 
exactly as that for the atmosphere discussed 
above.

The effect of the brief injection of heat each 
midday by the sun will similarly warm the at-
mosphere towards the highest temperature 
reached by the planet’s surface.

Cooling of a heated solid body

In considering the warming of the air and 
the cooling of the planetary surface, the various 
temperatures of the entire lower surface of the 

atmosphere and that of the radiating and absorb-
ing skin of the planet itself must be considered. 
In the latter case, the temperature of the skin de-
pends very little, as we have seen, on the tem-
perature of the air above, once a steady state re-
lationship between these temperatures has been 
established. At this point, the thermodynamics of 
the situation is mainly dependent on the incom-
ing radiation, the rate of transfer of energy be-
tween the upper layers of the solid material of the 
planet including the surface skin and the rate of 
radiation both during daylight and at night from 
the planetary surface.

By way of a definitive example, we consider 
a block of soil in the planetary surface which is 
1-m deep has a cross-sectional and surface area 
of one square metre and a uniformly distribut-
ed temperature of 300 K. Such a block, being one 
cubic metre in volume, has a typical thermal ca-
pacity of approximately 5 × 105 J K−1, so that its 
total thermal energy at 300 K will be 1.5 × 108 J, 
and a thermal conductivity of about 1.4 Wm−1K−1 
(Engineering ToolBox 2003). Again, the radi-
ation from its upper surface under ideal night-
time conditions will depend on the temperature 
maintained on its surface skin by the transfer of 
heat energy from layers of soil below the surface 
and on the very low temperature of the clear sky 
above.

Taking a case with these typical characteris-
tics, we find that by applying a similar algorithm 
to that used to produce Figure 2, for a period of 
12 h at night, the temperature of the surface is 
found to fall from the initial value of 300 K to the 
much lower value of 232 K whereas those lay-
ers at depths below 50 cm retain temperatures 
higher than 282 K, the total energy retained in 
the sample of soil being about 93% of its origi-
nal value. Thus, while the energy is retained to 
a very large degree in the soil, the temperature 
of the skin may fall to a low value, significantly 
below that of the inert atmosphere above, except 
for the thin stable layer of air at the very bottom, 
which is in contact with that skin but to which the 
transport of energy is minimal. This clearly illus-
trates an important factor in the measurements 
of temperature of the material of a planet, where, 
in the absence of other external factors, the skin 
temperature may at times reach extremely low 
values even though the soil or other material 
below this thin surface retains a large quantity 
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of heat energy, with similar temperatures but 
much lower energies, being retained also in the 
inert atmosphere above.

In particular, assuming again a thermal con-
ductivity of 1.4 Wm−1K−1, a thermal capacitance 
of 5.0 × 105 J m−3 K−1 and with 100 layers of thick-
ness 0.01 m (1.0 cm), the sequence of layers from 
the surface of a cubic metre of soil, numbered 0, 
1, 2, 3, 5, 6, 7, ..., 11, ..., 15, ..., 50, ..., 75, ..., 100 (at 1 
m) acquire temperatures after a period of purely 
radiative cooling of 12 h of 239.9 K, 241 K, 243 
K, 244 K, 245 K, 246 K, 247 K, 249 K, ..., 253 K, ..., 
(15)258 K, (50)285 K, (75)294 K and (100)297 K, 
(the deepest layer at 1.0 m) while approximately 
93.2% of the original energy remains in the soil. 
Clearly the upper layers have cooled rapidly but 
the energy in the lower layers between 11 and 20 
cm in depth have lost little energy, the constraint 
being the rate at which this can be transferred 
across the temperature gradient. This is consist-
ent to a large degree with the known characteris-
tics of dry deserts, which reach very high temper-
atures during daytime but may become freezing 
cold at their surface at night. It is noted that the 
lowest temperature shown from these calcula-
tions is 239.9 K comparable with the lowest tem-
perature recorded in a cold desert of about 233 K 
(−40°C) but for which daytime temperatures may 
be quite high.

The influence of an inert atmosphere

As illustrated in Figure 5, and discussed be-
fore in detail, the atmosphere above the plane-
tary surface skin forms a layer of inert material 
in contact with the skin which is capable of ab-
sorbing energy by contact and conduction at any 

point on the planet’s surface in which the temper-
ature is higher than that of the local air. Earlier, 
the transfer of heat energy across this surface was 
discussed, being at a much higher rate in the case 
of the warmer soil than it is for air to return heat 
to cooler, solid material below.

Though the thermal conductivity of air is rel-
atively low (~0.0263 Wm−1K−1), contact with hot 
soil involves only a comparatively thin layer, 
whereas the heated air above forms minor, but 
very frequently occurring, points of turbulence, 
with convection continuously providing a sharp 
temperature difference between soil and air. This 
is clearly observed in the formation of mirages 
even in conditions of high wind when the surface 
boundary of the air is seen to be continuously 
heated. Thus for a boundary layer of say rough-
ly 1 mm and a temperature difference of only 
10°C, the rate of transfer of heat from soil to air 
would be 0.02 × 10.0/0.001 (being conductivity 
× temperature difference / thickness of layer) or 
200 Wm−2 the temperature difference being as-
sumed to be sustained by the movement of the 
air, in particular, by upwards convection.

Thus, assuming that the initial temperature of 
the air is below that of the soil on the side of the 
planet being warmed by the sun, during a short 
period of daylight of perhaps only 3 h, during 
which the temperature difference is assumed to 
be 10°C, the air absorbs a decreasing flow of ener-
gy with perhaps an average of 100 W or total en-
ergy of 1.08 × 107 J, which may be taken as a min-
imum of the likely transfer of energy. Assuming 
that the total thermal capacity of 1 m3 of air is 
approximately 1.0 × 103 J K−1, the temperature of 
a 1000 m column will rise on average by 10°C. 
These calculations are purely illustrative, order 
of magnitude indicators that over a short period 
of time, with soil temperatures in the tropical re-
gions of the planet (Earth) reaching maxima as 
high as 320 K and the energy corresponding to 
these temperatures being conveyed by circula-
tion to other cooler regions of the planet’s atmos-
phere, the temperature of the inert atmosphere 
will reach values which, in general, will be signif-
icantly higher than the mean temperature of the 
planet’s surface.

While these theoretical determinations are 
based on assumptions of values which are only 
known approximately, the results are very strong-
ly supported by both measurements on Earth as 

Fig. 5. The planetary soil and inert atmosphere (air) 
with a higher temperature Ta than solid layers at 

greater depths.
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discussed below and observations that can be re-
garded as being experimental in a very large labo-
ratory referred to earlier, where high temperature 
air remains hot for as long as 7 or 8 days in the 
form referred to as a heat wave.

Results

The physical arguments above demonstrate 
clearly, but without definitive numerical exam-
ples, that an inert planetary atmosphere, of suf-
ficient gas density to provide minimal though 
significant thermal capacity, will invariably re-
sult in a continuing temperature of that atmos-
phere over the period of its day. Because of the 
more rapid absorption of heat from the surface of 
the soil with which the air is both in contact and 
moving laterally because of convection and local 
turbulence, this temperature would be expect-
ed to closely reflect the maximum temperatures 
repeatedly achieved during daylight hours by 
points on the soil’s surface skin below that atmos-
phere. Contact between the warmed atmosphere 
and cooler parts of the skin will result in signifi-
cantly slower transfer of energy back to the skin 
from where it may be dissipated deeper into the 
soil and/or radiated to space. As indicated in ear-
lier discussions of the ground temperatures, this 
is borne  out by experience on Earth, where the 
temperature of the air rises rapidly in the middle 
of the day to match that of the soil surface below, 
but cools less rapidly at night for which its tem-
perature is demonstrably higher than that of the 
earth’s skin as discussed briefly before, the rate 
of transfer of energy back to the cooler soil being 
minimal.

This difference develops even though the tem-
perature of the soil’s surface is sustained by the 
upwards transfer of heat energy from lower lay-
ers of soil as demonstrated through the results of 
calculations of skin and air temperatures at vari-
ous planetary latitudes, the results of which are 
presented in Figures Aa – Ah of the Appendix. In 
those diagrams, the blue and red lines represent, 
respectively, the temperatures on the skin and that 
of the air at a height of 2 m above that skin, where 
the solar intensity in each case varies sinusoidal-
ly without impediment and with maximum so-
lar intensities of 200–2000 Wm−2. As illustrated at 
its peak, the incoming solar energy is dissipated 

to air in very long pulses corresponding to the 
maximum temperature during each day and sim-
ilarly to the soil below. It is noticeable that even 
as the soil has a much higher thermal capacity 
than the atmosphere, the cooling rate is higher 
through surface radiation even while the rate is 
limited, as described above, because of delays in 
the transfer of heat from deeper layers. On the 
other hand, as discussed earlier, the rate of trans-
fer of heat downwards from the warmer air to the 
soil’s skin is inhibited by the cooler layer of low 
conductivity gas between the two components of 
gas and soil as illustrated broadly in Figure 6.

A study of the diagrams of the Appendix, 
Figures Aa – Ah, shows that they are closely rep-
resentative of the measurements (e.g. Mass 2011, 
Marblemount, Washington – Fig. 6) giving the 
relationship between skin temperatures and 1.2 
m-high meteorological measurements of air tem-
peratures. Calculations involving the heating pro-
cess involving the transfer of heat across the air – 
soil boundary necessarily require some arbitrary 
assumptions of the temperature gradient but with 
well-known values of the thermal capacities and 
conductivities of the soil and the air. Included in 
this warming process must be an estimate of the 
rates of energy transfer through small and larg-
er scale convection in which it is clear that even 
quite slow upwards movements of the air involve 
the transportation of relatively high powered 
intensities. For instance, in the case of a 1°C rise 
in the temperature of a cubic metre parcel of air, 

Fig. 6. Model of inert atmosphere above a planetary 
surface under conditions of slow warming of 
the solid material from the previously heated 

atmospheric gases above. Note the thin, stable layer 
of cooled air shown in white in the right-hand model.
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the increase in energy of the air is of the order of 
1.0 × 103 J. Thus air rising hypothetically at this 
temperature at a speed of, say, only 0.3 ms−2 or 
1.1 kmh−1 provides an effective energy intensity of 
300 Wm−2, equivalent to that from total surface ra-
diation, demonstrating that the heating of surface 
air is usually effective and rapid.

On the other hand and as remarked earlier, 
cooling of air by a colder skin at the air – soil in-
terface can provide no significant circulation or 
movement of the air and the change in tempera-
ture through this contact is relatively slow, being 
dependent on the very low conductivity of an 
increasingly deep layer of nearly stationary air. 
Thus reasonable estimates of the transfer of heat 
by these two opposing processes lead to the con-
clusion that the temperature of the air remains 
much closer to the maximum temperature of the 
land as occurs at midday than to the minimum 
temperature achieved in the early morning by 
the cooling of the skin, even though the lowest 
temperature here is restricted by the continuing 
supply of energy from the warmer, deeper lay-
ers below the surface, such as those lying at a 
maximum depth of about 30 cm. As suggested 
in Figure 7, the air’s temperature at some dis-
tance above the ground’s surface decays relative-
ly slowly from its maximum while increasing in 
temperature more rapidly when that of the sur-
face skin has returned to rising.

Discussion

The physics of heat transfer presented here in-
volves very straightforward and basic thermody-
namic principles which are very well established 

in many textbooks (Look, Alexander 1988). The 
effect of the deeper levels of the ground in pro-
viding a modifying influence on the temperature 
of its surface skin is remote from the main mate-
rial sustaining the global temperature, the inert 
atmosphere, but as shown in Eqs (3) through (8), 
its characteristics have a significant effect on the 
temperature of the skin through the effects of its 
limited thermal conductivity and heat capacity 
on the allowed rate of internal temperature trans-
fer and hence radiation from the surface of the 
skin, which is critical to the arguments presented 
here. Nevertheless, the surface temperature is of-
ten comparatively insensitive to the actual mag-
nitude of these soil characteristics. As shown in 
Figure 4, at temperatures in the vicinity of those 
found on Earth, 280 K, the doubling of the con-
ductivity leads to a change of only about 4.5% in 
that of the skin and much less at higher values of 
conductivity.

It was also shown that the loss of energy from 
a 0.3 m deep soil with an initial temperature of 
300 K throughout and assumed to radiate from 
its surface to space as a black body is found from 
very straightforward calculations to cool its sur-
face to a temperature as low as 232 K in a period 
of 12 h. At this point, the temperature in the soil 
at 0.3 m remains at 297 K, which demonstrates 
how quickly the surface skin temperature may 
fall while the total energy in the system remains 
high, in this case approximately 95% of the orig-
inal energy at a uniform 300 K. This is reiterat-
ed here as an important concept with regard to 
the thermodynamics of a solid planet for which 
the temperature of the surface, and hence the 
mean skin temperature of the whole surface, de-
pends critically on the heat retained by the upper 

Fig. 7. Time series of temperatures: during a clear sky period near Summit, Greenland. IR skin 2 m in air (acc. 
Adolph et al. 2018).
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mantle of soil, the thermal capacitance of that soil 
and by its conductivity.

However, in the context of our discussion, it 
is the characteristics of the enveloping air that is 
of most interest, the complementary retention of 
heat by this material providing a readily meas-
ured temperature which is to be compared with 
that of the maximum acquired by the surface skin 
of the soil as briefly discussed by Kawashima 
et al. (2000), Prigent et al. (2003), Mass (2011), 
Osibanjo (2016) and Adolph et al. (2018).

The results of calculations of skin tempera-
tures and those of the air above shown in Figures 
Aa–Ah of the Appendix illustrate that the high-
est temperature achieved by the air in regions 
close to the ground is equivalent to the highest 
temperature reached by the soil surface over the 
daylight hour period – 24 h on Earth – consistent 
with measurements shown in Figure 7 at Summit, 
Greenland, during a clear sky period (Adolph 
et al. 2018) and Figure 8 at Marblemount (Mass 
2011). However, it is obvious that direct exper-
imental comparisons with these results are not 
generally possible.

The actual intensity of the sunlight at Summit 
(72° N) is not known but using the cosine of the 
angle of the sun at that time of year, about 48.5° 
(72–23.5°N), provides intensities leading to tem-
peratures near midday and during the 24 h of 
measurements similar to those shown in the dia-
gram with a maximum of about −0.5°C. From this, 
the form of the relationship between the temper-
atures of interest, that of the surface skin, in this 
case ice, and the temperature of the air at a height 

of 2 m above it, is very similar indeed to those 
shown in Figure 8 at Marblemount, Washington 
(Mass 2011), and in our own calculations. From 
these measurements it is useful to emphasise that 
at the point of maximum skin temperature, the 
air temperature at a height of about 2 m above is 
found to acquire a similar, high temperature and 
in particular is well represented by the temper-
atures shown in Figure Af of the Appendix. In 
both diagrams, the temperature of the air begins 
to rise earlier in the day relative to the time of the 
peak temperatures, becoming equal to that of the 
skin’s characteristics – the temperature of the ice 
at Summit.

Thus, the measurements very usefully con-
firm that the transfer of heat from the hot skin of 
the planet when the sun is overhead provides the 
most significant contribution to the temperature 
of the air, as discussed earlier, through a combi-
nation of heating by contact at the interface and 
convection as the heated air rises in mass or by 
way of smaller systems of turbulence. In a hypo-
thetical context, commencing with a body of air 
of temperature zero, a sequence of bursts of sig-
nificant heating at this point followed by periods 
of redistribution through the air mass, but with 
little allowable return of energy to the planetary 
surface, the temperature of the air rises asymp-
totically until it is in equilibrium with the higher 
surface temperatures, being little influenced by 
the cooler surface as also described above i.e. the 
air temperature rises consistently to be equal to 
the highest temperature of the solid surface be-
low it. When that surface cools, the air retains a 
significantly higher temperature. Unfortunately, 
no similar measurements appear to be available 
for tropical regions.

In Figure 9 (Kawashima et al. 2000), we show a 
similar relationship between the air and soil skin 
temperatures but with a different representation. 
In each case, the low temperature region towards 
the origin of the plots represents the cooling and 
cooled surfaces at a significantly lower tempera-
ture compared to that in Figure 8. At higher tem-
peratures – around 0°C – the air and soil surfaces 
share a similar value of this temperature.

In Figure 10, the final results of this analysis 
giving the mean temperatures across the plane-
tary surface for the skin of the solid surface and 
that for the air above it resulting from significant 
absorption of energy at periods of maximum 

Fig. 8. A comparison of the surface and air 
temperatures at Marblemount, Washington.
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Fig. 9. Relations between surface temperature and air temperature on a local scale during winter nights (acc. to 
Kawashima et al. 2000).

Fig. 10. Characteristic temperatures of a solid planet with an inert atmosphere.
1 – mean air temperature approximately 1.2 m above the surface skin, 2 – effective emission temperature of the sur-

face skin and 3 – mean temperature of the surface skin.
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surface temperature – midday at each location – 
are shown. The blue line shows the atmospheric 
temperature which is characteristic of a height 
of about a metre or more above the skin surface 
of the solar heated soil, the air’s temperature 
depending largely on the value of the skin tem-
perature’s maximum, with lesser dependence on 
its average over the period of a planetary day. 
Its continued increase relative to the skin tem-
peratures reflects that of the maximum surface 
temperature which follows increases in the so-
lar intensity, albeit non-linearly. The green line 
showing the effective emission temperature of 
the skin, depends totally on the energy received 
from the sun and its value for our model of the 
soil and atmosphere, is required to be exactly 
equal to that temperature which, when distrib-
uted uniformly over the planetary surface, will 
radiate the same total power as is received from 
the sun. On the other hand, the average skin 
temperature (red) shows the result of taking the 
mean of the surface temperature which varies as 
the distribution of the energy varies over the sur-
face and is invariably less than, or at most equal 
to in the hypothetical case of a totally uniform 
temperature distribution, the effective emission 
temperature.

Conclusion

From the results of this analysis that takes 
account of the retention of heat by the soil of 
the planet and where present, an inert atmos-
phere, we see that the temperature which may 
be defined by that of the air at heights between 
1.2 and 2 m above the skin of the soil’s surface 
is controlled to a very large extent by the maxi-
mum temperature acquired by that surface skin 
through the conduction of heat across the air – 
soil interface. The essential feature of this work 
has been to demonstrate that the mean temperature 
of the planet, represented by the lowest parts of its 
atmosphere, at each latitude is closely related to 
that of the highest temperatures acquired at mid-
day by the surface skin of the hemisphere during 
the period when it is facing the sun. Thus, it is 
very dependent on the maximum value reached 
and being inert, by our definition here, does not 
cool by means of radiation. For this reason, the 
temperature of the whole of the inert atmosphere 

depends largely on the maximum temperature 
pulses from the soil surface, received by it during 
hours of daylight.

The temperatures of the skin and the air also 
vary significantly with latitude; from all of which 
one may determine their mean skin temperatures 
as well as the effective emission temperature of 
the planet’s surface as defined by the IPCC in its 
considerations of large-scale distributions of atmos-
pheric temperature.

From this we find that the mean temperature 
of the air at low levels of a few metres – generally 
1.2–2 m above the surface of the soil – is more 
stable than that of the surface skin and in general 
significantly higher than the surface temperature. 
Reports of inversions such as Turner et al. (2009) 
and Osibanjo (2016) demonstrate that these high-
er temperatures also extend to significant heights 
as is also demonstrated by the satellite measure-
ments of radiation from the upper atmosphere 
and shown in Figure 11 from measurements over 
vostock (Turner et al. 2009), for a height above 
the soil surface skin of approximately 5.5 km. The 
inert atmosphere discussed here is not subject to 
many of the effects arising from greenhouse gas-
es and in particular water vapour which can be 
observed in the atmosphere of earth leading to a 
complete lack of radiation of energy and to sig-
nificant changes in the potential for circulation, 
providing for a warm, stable cover over the soil.

In considering the role played by the deeper 
soil which also acts as a ballast retaining ener-
gy, sequentially absorbing and releasing energy 
from and to the active upper layer while virtually 
controlling the temperature of its surface through 
the limiting of the rate at which energy can flow 
though the soil, we find that the variation in tem-
perature of deeper layers can be represented in 

Fig. 11. The Vostok surface (solid line) and 500 hPa 
(dashed line ~5500 m) temperature records for July 

1983 (acc. to Turner et al. 2009).
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the form of a wave in time as shown in Figure 2 – 
consistent with experimental measurements, the 
results of which are demonstrated in Figure 3.

Finally, of most significance are the results 
shown in Figure 10, representing the three com-
ponents of the planetary temperatures deter-
mined by different values of the solar intensity.

Future work

The results presented here, while involving 
much careful analysis, consider only the behav-
iour of temperatures within and in close proxim-
ity to the surface of the soil. Major movements 
of the atmosphere involving circulation of air be-
tween the tropics and the cooler regions of the 
surface have not been considered, which provide 
for a rich tapestry for future interesting and com-
plex analysis. However, as a general observation, 
the convection of warmer air from the tropical 
regions via circulation cells such as the Hadley 
Cell of Earth’s atmosphere would be expected to 
transfer warmer air closer to the poles, where it 
will somewhat slowly transfer heat to the cool-
er surface of the soil. However, as illustrated 
in Figure 11, the air above that surface remains 
warmer and continues to contribute to the total 
heat content of the atmosphere. In the case of a 
totally inert system without the radiative cool-
ing from water vapour or greenhouse gases, the 
mean temperature would be expected to remain 
even higher through the transport of energy to 
higher latitudes on any planet. These calculations 
and others concerning aspects of the current anal-
ysis would usefully improve the analysis and the 
results.

Further critical measurements of the relative 
temperatures of the soil skin and the air above, 
such as those shown in Figures 7–9 and 11, should 
also be carried out in hot, dry tropical regions of 
Earth where the absence of water vapour renders 
the atmosphere to be very near to being an inert 
gas mixture.
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Figure A. The temperature of the surface skin of the earth (blue) and of the air at 1.2 m above the ground (red) 
over 24 h. The air is assumed to have a thermal conductivity of 0.03 W m−1 K−1 and a thermal capacitance of 

1.006 kJ Kg−1 K−1.
For a maximum solar intensity of: a – 200 Wm−2, b – 400 Wm−2, c – 600 Wm−2, d – 800 Wm−2, e – 1000 Wm−2, 

f – 1200 Wm−2, g – 1500 Wm−2 and h – 2000 Wm−2.
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