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Abstract 
A simple experiment is described where the IR (infrared) radiation level is 
kept constant while the temperature of an IR absorbing and a non-absorbing 
solid object are changed. The two objects, made from black-painted and 
highly polished Al foil envelopes, respectively, are placed in a chamber where 
the temperature is controlled. When heated by the surrounding air the black 
object becomes about 40% colder than the non-IR absorbing object! Howev-
er, when the two objects are cooled by the surrounding air, the black becomes 
ca. 40% warmer than the non-IR absorbing object (and the surrounding air). 
This effect was surprising to us, and it gave us an opportunity to quantify the 
relationship between IR radiation flow and thermal energy flow. The unex-
pected large value of the (Fourier) thermal conductivity coefficient was found 
to be the reason for the reduced warming/cooling of the black object. The in-
teraction between radiative and thermal energy transfer, when an IR absorb-
ing object (like the surface of the Earth) is warmed, should be included in the 
climate models used by the Intergovernmental Panel on Climate Change 
(IPCC), since the global land temperature is measured in the air above Earth’s 
surface. This leads to ca. 15% of the temperature increase predicted by the 
climate models. 
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1. Introduction 

When the Sun shines on the Earth’s surface, it heats up. The hot ground then 
absorbs/emits energy in two ways: 
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1) Thermal energy: According to the second law of thermodynamics, thermal 
energy flow can only go from the hotter to the colder object. The thermal energy 
flow ΔET is given by Fourier’s law for heat conduction [1], which can be formu-
lated as follows: 

( )2 1TE k T T∆ = −                         (1) 

where T2 and T1 are the temperatures in Kelvin of two objects and the constant k 
indicates the conductivity of thermal energy transfer. 

2) Radiative energy: The relationship between the infrared (IR) radiation 
energy flow EIR in W/m2 from a black body and its temperature T is given by the 
Stefan-Boltzmann law [2]:  

4
IRE Tσ=                           (2) 

where T is the temperature in Kelvin and σ = 5.67 × 10−8 W/(m2K4) is the Ste-
fan-Boltzmann constant. Based on this law the IR radiation energy transfer ΔEIR 
between two black body objects, with temperatures TA and TB, can be expressed 
as: 

( )4 4Δ IR A BE T Tσ= −                      (3) 

or by derivation of Equation (2) with T equal average of TA and TB : 
3Δ 4IRE T Tσ= ∆                        (4) 

Both objects emit IR radiation and absorb it, but the net energy flow always 
goes from the hot to the cold object.  

Thermodynamics and electromagnetic radiation physics are two different dis-
ciplines, as illustrated by Equations (1) and (3). But when solid objects and gases 
are exposed to both IR radiation and thermal energy flow we get both energy 
flows simultaneously. This is a complex situation and difficult to study. In phys-
ical experiments, it is therefore sensible to vary one parameter, while the others 
are kept constant. We decided to keep the level of IR radiation level as constant 
as possible, while we varied the temperature of two objects with different prop-
erties. One object should absorb most of the incoming IR radiation but the other 
one should not absorb, but instead reflect, almost all IR radiation. These two ob-
jects should be placed in an environment where the air temperature could be 
raised or lowered. To optimize the influence of thermal heating of the objects 
their mass (and thus their heating capacity) should be low but their surfaces 
should be large. For the object that absorbs (and emits) IR radiation, this will 
maximize the interaction between radiative and thermal energy transfer. (Note 
that using a very thin body that absorbs all incident rays was introduced as a de-
finition of a black body by Gustav Kirchhoff in 1860 [3]). 

2. Methods 
Experiment with Constant IR Radiation Level 

In principle, it should not be possible to heat objects without also increasing the 
IR radiation from the object. See the Stefan-Boltzmann law. But we managed 
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this by using materials that do not react according to this law, i.e. thin, polished 
aluminum (Al) foil! The two objects were made of Al foil, in the form of two 6 
cm × 7 cm envelopes where a thermocouple is placed inside each of them. (The 
envelopes were flat). One envelope was painted mat black on the outside. This 
envelope will then absorb (and emit) most of the incoming IR radiation. (Black 
paint, containing carbon, was used to ensure high absorption for IR radiation). 
The other envelope was not painted and its polished Al foil surface will then re-
flect nearly all of the incoming IR radiation.  

Thermocouples, type K, were used to measure the temperature of the enve-
lopes because the size of their temperature sensitive element is small, approx. 1 
mm. The thermocouples, placed inside the envelopes, are then quickly heated to 
the same temperature as the envelope.  

In order to create an environment for the objects where the air can be heated 
or cooled, a box with length, width and height of 30 cm × 20 cm × 20 cm was 
made. It had a framework of thin white plastic rails. The walls and the top of the 
box were made of thin LDPE (low-density polyethylene) plastic foil, which 
transmits nearly all of the IR radiation from the surrounding room [4]. (During 
heating of the air in the box, the hot air is prevented from flowing upwards, so 
that the experiment is not affected by heat convection). The box was placed on a 
table in the middle of the room, so that the (constant) IR radiation from the 
surrounding walls and roof was evenly distributed from all directions. The two 
envelopes were mounted inside the box. To measure the temperature of the air 
in the box (at the same height as the envelopes), an extra thermocouple was in-
stalled and placed between the envelopes. In order for this thermocouple to re-
spond more quickly to temperature changes, it was flattened to increase the 
contact surface with the surrounding air. The box, the envelopes, the thermo-
couple and the temperature reading instruments are shown in Figure 1. 

To heat the air in the box, a metal heating plate was made. The nominal heat-
ing power was 60 W, but the input voltage could be adjusted by a variac. The 
plate was placed under the box in a recess in a 5 cm thick styrofoam plate. The 
size of the plate was as large as the bottom of the box. The heating plate was 
covered with polished Al foil, as shown in the figure. This foil screens the direct 
IR radiation from the heating element below. This was tested by heating the 
plate from 16˚C to 60˚C (measured by placing a thermocouple on top of the 
plate under the Al-foil). This increased IR radiation from the Al foil at the bot-
tom of the box by only approx. 1.1%, demonstrating that the polished Al foil 
mainly reflects, not emit, IR radiation.  

The average temperature for the Earth is close to 16˚C, which determined the 
choice of room temperature in the experiment. For a room temperature of 16˚C 
or 289 K the IR radiation level is held constant at 396 W/m2, according to the 
Stefan-Boltzmann’s law. (To keep the IR level constant in the room, the lighting 
was also dimmed). 

The three thermocouples showed some slight difference in measured temper-
ature. They were therefore calibrated before the experiment began. 
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Figure 1. Photo of the experimental arrangement. The photo shows 
the box with walls and roof made from thin plastic foil, the black 
and the polished envelopes and an extra thermocouple placed be-
tween them. The measuring instruments for the three thermo-
couples are located to the right of the box. Under the box, we have 
placed the heating plate, wrapped in polished Al-foil.  

3. Results 
3.1. Heating with Halogen Lamp 

Before conducting a constant IR level experiment, we simulated what happens 
when the Sun warms the Earth’s surface. For this, we used a 500 W halogen 
lamp, placed 60 cm from the box. The black envelope is heated by the light from 
the lamp in the same way the ground is heated by the Sun. The polished Al 
envelope reflects most of the light and IR radiation from the lamp and we ex-
pected it to heat up significantly less than the black envelope. This is verified in 
Figure 2. The diagram shows the temperatures of the two envelopes during 5 
minutes of heating with the lamp. We see that the black envelope needed less 
than 3 minutes to reach a steady rise in temperature. The polished Al envelope 
reflects most of the IR radiation and is mainly heated by collisions with the 
air-molecules in the box. It therefore heats up more slowly and with an almost 
constant temperature gradient. The temperature of the black envelope continues 
to rise when the air in the box gets warmer, indicating that it is heated both by 
radiation and thermal conduction. 

3.2. Heating the Air in the Box with a Heating Plate 

Then the lamp was removed. After the air in the box was again equal to the 
room temperature of 16˚C, the heating plate under the box was switched on. 
However, when we heat the air in the box with the heating plate, we get an un-
expected result! See Figure 3, showing the heating of the two envelopes. Al-
though the black envelope absorbs thermal energy from warm air and the (con-
stant) IR radiation from the surroundings, the temperature increases considera-
bly more slowly than for the polished Al envelope! 
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After 35 minutes, the current to the heating plate was turned off and mea-
surement continued until the temperature stabilized after approx. 45 minutes. 

We also looked at the relationship between the temperature rise for the air in 
the box and the temperature for the polished Al envelope. In order to increase 
the temperature range, we increased the voltage to the heating plate and let the 
heating continue for one hour. Figure 4 shows that the polished Al envelope is 
heating as quickly as the air in the box. 

From Figure 3, we see that the temperature difference between the envelopes 
first increases but then it seems to stabilize. But will it remain stable, or will the 
difference gradually diminish with time? To check this, a new experiment was 
made where the heating was extended to two hours. But the temperature differ-
ence between the envelopes did not decrease but remained constant. 

After heating, the heating plate current was switched off and the temperature 
measured while the temperature in the air dropped back to room temperature. 
Only when the temperature in the box is back to room temperature does a new 
equilibrium arise. At equilibrium, the temperature is the same for the two enve-
lopes, and equal to the temperature in the room and in the box. 

 

 
Figure 2. Simulating sunlight heating of the two envelopes. Light 
from a 500 W halogen lamp, placed 60 cm from the box, heats the 
black envelope (black circles) significantly faster than the envelope 
of polished Al-foil envelope (open circles). 

 

 
Figure 3. Heating the air in the box with the metal plate placed un-
der the box. As the air in the box heats up, the temperature of the 
black envelope (black circles) increases significantly more slowly 
than that of the polished Al envelope (open circles). 
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Figure 4. Heating the air and Al foil envelope. Temperature for the air 
(blue circles) in the box and for the polished Al envelope (open circles) 
follow the same curve when heated with the heating plate under the box. 

 
From the data in Figure 3, we can show that the temperature drops for the 

black envelope (relative to the air) in an almost linear way when the air temper-
ature changes. This is shown in Figure 5 for the heating of the air in the box. 
When the heating plate was turned off the air temperature in the box and that of 
the black envelope drops and follows the same trend line as shown in Figure 5. 

3.3. Control of the Heating Experiment  

To check for possible sources of error, the following was done: 
1) Differences in envelope temperatures during heating may be due to warmer 

air where polished Al envelope is placed. The envelopes were therefore in-
ter-changed, but the result was the same as shown in Figure 3 and Figure 4. 

2) The thermocouples in the envelopes could measure the temperature inac-
curately and give different results. But switching thermocouples for the two en-
velopes produced the same result. 

3) When one envelope is painted black, the mass of the envelope increases, 
which may cause slower heating. This was checked by making a new polished Al 
envelope, using two layers of Al foil. Then the mass of the envelope increased 
significantly more than that of the black-painted envelope. This too gave almost 
the same result as shown in Figure 3 and Figure 4. 

4) Can heating be affected by the size of the envelopes? This was tested by re-
placing the polished Al envelope with a 14 cm × 12 cm black-painted envelope. 
But the black envelope, with eight times larger surface area, was heated in the 
same way as the small black envelope. 

5) To measure IR radiation a detector containing a thermopile was con-
structed [5]. IR radiation from the black envelope was measured during heating 
and cooling of the envelope. The temperature of the envelope (measured by the 
thermocouple inside it) was found to be equal to the temperature computed by 
Equation (2), i.e. as expected from the Stefan-Boltzmann law. 

3.4. Cooling the Air in the Box 

To cool the air in the box, a metal pan was placed on top of the box (See Figure 6). 
The vessel was filled with cold water and ice cubes. The pan was covered with Al 
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foil on the outside (and inside) to keep the IR-level constant. This provided an ef-
fective method for cooling the air in the box. The result is shown in Figure 7. The 
cooling is so effective that it only takes approx. 4 minutes before the temperature 
stabilizes. But what is surprising is that the temperature of the black envelope is 
then approx. 3.5 degrees higher than the temperature of the polished Al envelope! 

(When the mass of the polished Al envelope was doubled, the temperature 
drop was similar to that in Figure 7, but the temperature drop at the start of the 
fast cooling was slightly delayed, due to the higher mass of the envelope). 

Finally, we have gathered the result of heating and cooling in one figure. Here 
we have plotted the temperature of the black envelope as a function of the tem-
perature of the air in the box. Cooling, shown in Figure 7, proceeded so rapidly 
that it resulted in temperature gradients in the air in the box. However, after 
cooling, the pan with ice and water was removed so that the temperature could 
slowly increase to room temperature, thus reducing the uneven temperature dis-
tribution in the box. These cooling data were used in Figure 8. Data from the 
heating (red dots) and the cooling (blue dots) are also shown in Figure 8 and we 
see that both heating and cooling follow approximately the same linear function. 
(Note that by removing the pan the experimental setup is identical for both 
cooling and heating of the air temperature in the box). 

 

 
Figure 5. Temperature difference between the black envelope and air (black 
circles), as function of air temperature. The red line shows what we expected, 
i.e. that the black envelope should have the same temperature as the ambient 
air. The formula for the trend line (thin black line) is also included. 

 

 
Figure 6. Cooling the air. The photo shows the setup used to cool the air in 
the box with ice and cold water in a metal pan, placed on top of the box. 

https://doi.org/10.4236/acs.2020.104033


T. O. Seim, B. T. Olsen 
 

 

DOI: 10.4236/acs.2020.104033 646 Atmospheric and Climate Sciences 
 

 
Figure 7. Cooling the envelopes. Black circles: black envelope. 
Open circles: polished Al envelope. 

 

 
Figure 8. Summary of the results. Black envelope temperature as a func-
tion of air temperature. Red circles show temperature for black envelope 
when the ambient air in the box is warmer than for the surroundings (at 
16˚C), while blue circles show temperature for the black envelope when 
the ambient air in the box is colder than the room temperature. The 
dashed line shows the temperature of the air in the box. 

4. Calculations and Discussion 
4.1. Heating the Air in the Box 

When the heating plate is turned on the air temperature TAIR in the box starts to 
rise. This increases the thermal energy transfer and rises the temperature TB of 
the black envelope. A higher TB increases the emitted IR energy (proportional to 

4
BT ). From Figure 3, we see that the heating stabilizes after ca. 60 minutes. Then 

the absorbed thermal energy and emitted radiation energy for the black envelope 
are equal. From data presented in Figure 5, we can now quantify the radiative 
and thermal energy flow for the black envelope. According to Stefan-Boltzmann 
law the emitted IR energy is controlled by the temperature of the black envelope. 
When its temperature increases from its initial temperature of T1 = 16 to T2 = 
21˚C, then the increase in emitted IR-radiation flow is found from Equation (4) 
to be ΔEIR = 28.1 W/m2. 

The thermal energy flow ΔET is driven by the temperature difference between 
the black envelope and the air in the chamber, where TAIR = 24˚C and the black 
envelope TB = 21˚C. From Equation (1) we get 
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( )T Air BE k T T∆ = −                       (5) 

or ΔET = k * 3 W/m2. In the steady-state situation, where the energy flow re-
ceived and emitted by the black envelope is equal, we get ΔEIR = ΔET. This gives 
us the value of k = 9.4 W/(m2K).  

4.2. Cooling the Air in the Box  

When the air in the box is cooled below 16˚C the energy flow can be computed 
from the data shown in Figure 8. When the air temperature TAIR is 10˚C the 
temperature TB of the black envelope is 12.3˚C. The increased IR energy ab-
sorbed by the envelope, when the temperature is reduced from 16˚C to 12.3˚C, is 
ΔEIR = 19.86 W/m2.  

Thermal energy for the warmer (12.3˚C) envelope is lost to the colder (10˚C) 
surrounding air in the box. This energy loss can be computed from Equation (1). 
Again we assume that absorbed energy must be equal to lost energy. With a 
temperature difference of 2.3 degrees the constant k is calculated to be 8.6 
W/(m2K). From heating of the air in the box, we got k = 9.4 W/(m2K). The av-
erage value of k is then 9.0 W/(m2K).  

4.3. Interaction between Radiative and Thermal Energy Transfer 

From the close to linear responses shown in Figure 8, we see that we obtain the 
thermal conductivity coefficient k ~ 9 W/(m2K) for all measured temperatures. 
The slow heating (and cooling) of the air temperature during the experiment 
keep the energy transfer process close to steady state for all measurements and 
the received energy is equal to lost energy for the black envelope. The computed 
energy flows are also independent of the surface area of the envelope. The same 
value of k was obtained by an eight times larger area of the black envelope. 

The equilibrium condition, when ΔEIR = ΔET, highlights the difference be-
tween heating a black object by thermal and radiative energy transfer. The ener-
gy flow needed to heat or cool the black envelope one degree is about 5.5 
W/(m2K) for the radiation energy transfer and about 9 W/(m2K) for the thermal 
energy transfer. The change in IR energy flow per degree temperature change is 
then only 5.6/9 = 0.62 of the value of the change in thermal energy flow per de-
gree. 

In Equation (1) there is a linear relationship between energy transfer ΔET and 
temperature. For Equation (4) the energy transfer ΔEIR is almost linear in the li-
mited experimental temperature range of 10˚C to 24˚C. So, shifting equilibrium 
from 16˚C, within the temperature range of 10˚C to 24˚C, we believe will still 
result in k close to 9 W/(m2K). So we believe that this value closely describes the 
relationship between the IR energy transfer and the thermal energy transfer for a 
blackbody surface. 

5. Consequences for Climate Models 

The climate models, used by IPCC, assume that it is mainly the increase of IR 
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radiation from CO2 that is the cause of Global Warming [6]. Increased 
IR-radiation from CO2 in the atmosphere, absorbed by the ground, will raise the 
temperature of the air above the ground [7] [8], which in turn leads to anthro-
pogenic global warming [9]. However, some scientists questions this theory [10]. 

The thermometers, used to measure global temperature, are positioned 1.25 - 
2 meters above the ground [11]. Since it is not the temperature of the ground 
that is measured but the air above it, the interaction between radiative heating 
and thermal heating should be included in the models. This is attempted in the 
analysis presented below: 

In the climate models, the relationship between the concentration c of CO2 in 
the air and the increased IR energy flow ΔF in W/m2 (called radiative Forcing) 
radiated back to the ground, is given by the equation developed by Arrhenius 
[12]:  

0

Ln cF
c

α
 

∆ =  
 

                       (6) 

where c0 is the concentration of CO2 in pre-industrial times, usually set at 278 
ppm (parts per million) of the atmosphere. The constant α is set at 5.35 W/m2 by 
the climate scientists [13]. With the present value of CO2 concentration of c 
close to 410 ppm, we get the value of ΔF = 2.1 W/m2.  

The relationship between radiative Forcing ΔF by increased CO2 and the re-
sulting global warming ΔT of the air temperature is given in the models pre-
sented by IPCC [14] as:  

T Fλ∆ = ∆                          (7) 

where the constant λ is the climate sensitivity. The climate sensitivity is very dif-
ficult to quantify, due to the complex global interplay between ground and ocean 
temperatures, air movements, clouds etc. The result is a wide spread of values 
for λ in the different climate models. Some models use a value of λ = 0.5˚C 
/(W/m2) [14], while other studies operate with larger values [15]. Using the low-
est value of λ = 0.5˚C /(W/m2), Equation (7) gives ΔT = 1.04˚C for todays con-
centration of CO2. 

However, if we only consider how much IR radiation from increased CO2 
alone warms the ground, it seems that λ has a too large value. If we assume that 
the temperature of the ground will increase as indicated by the Ste-
fan-Boltzmann law, then we can use Equation (4) to calculate ΔT: 

( )34T F Tσ∆ = ∆                       (8) 

where 4σT3 W/(m2K) = 5.47 W/(m2K) when T = 289 K, which give λ a value of 
0.18˚C/(W/m2). ΔT then becomes 0.18˚C × 2.1˚C = 0.38˚C. 

NOTE: Since the ground is not a “perfect” black body, some of the IR radia-
tion from CO2 that hits it will be reflected, thus reducing ΔT further.  

Strictly speaking Equation (8) is valid only for a black object placed in a va-
cuum. With air above a black object ΔT will be less.  
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Let us assume we increase the IR radiation by ΔF = 2.1 W/m2 and study the 
resulting rise of the ground temperature. When the temperature of the ground 
starts to rise, then the IR radiation output from the ground will also increase. 
This increased radiation will not heat the air since it is transparent to IR radia-
tion. So less of the input ΔF energy flow is left to rise the air temperature. The 
temperature rise will be larger than zero, but smaller than 0.38˚C. 

When the ground temperature has risen 0.2 degrees (i.e. about half of 0.38˚C), 
the IR output from the ground has increased by 1.2 W/m2, according to Equa-
tion (2). Energy flux left to increase the thermal heat transfer to the air is then 
ΔET = 0.9 W/m2. 

This result can be further studied in an example. From temperature measure-
ments we found that, when the Sun heated the ground to about 25˚C, the tem-
perature of the air 1.5 meters above the ground was about 20˚C. Let us assume 
that the air above the ground is kept in place by a box with thin plastic walls, like 
the one used in the experiment (resulting in no energy loss due to convection). 
Emitted IR energy flow from the ground is then found by Equation (2) to be 
447.15 W/m2. Emitted thermal energy transfer from the ground is found from 
Equation (1) to be ET = 45 W/m2. The energy received from the Sun must be 
equal to the emitted energy from the ground and be equal to 492.15 W/m2.  

Then we add IR radiation from CO2, equal to 2.1 W/m2. As the ground tem-
perature rises, increased thermal energy flow will start to warm the air. But the 
available thermal energy flow will decrease. We have computed the temperature 
increase that will maximize the available energy for heating the air and found 
that, when the ground temperature is 25.14˚C, the available energy flow for 
thermal heating is at a maximum of 1.26 W/m2. Since 9 W/m2 heats the air 1.0˚C 
then 1.26 W/m2 heats it 0.14˚C, i.e. exactly as expected from the increased 
ground temperature! However, this is significantly lower than the value found 
from the climate models. 

NOTE: If the box is removed the warm air inside will move upward, due to 
convection, and further reduce the heating of the air above the ground. 

6. Conclusion 

We have presented an experiment that is very easy to perform and can easily be 
repeated, even by physics students in high school. The result was very surprising 
and reveals the relationship between radiative and thermal energy transfer. The 
result may also have a significant impact on the climate models, used by the 
IPCC, since the experiment shows that the heating an IR absorbing object (like 
the Earth’s surface, warmed by the Sun) might warm the air significantly less 
than predicted by the climate models. 
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