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R E C E N T  A D VA N C E S  I N  T E C H N O L O G Y

In the early 1960s, mathematical models of the climate system 
showed that increases in CO2 would be expected to lead to 
gradual warming of the Earth’s surface and the troposphere and 
cooling of the stratosphere. Later, temperature measurements 
from satellites confirmed these early forecasts. Today, the 
observed pattern of tropospheric warming and stratospheric 
cooling is supported by global-scale computer model simula-
tions although there are some differences between models and 
observations. In the tropics, models show more warming in the 
troposphere than has been observed. In the Arctic, most models 
underpredict the observed warming of the troposphere. 

The educational grey radiation model cannot explain cool-
ing of the stratosphere. Therefore, it has to be extended to 
the window-grey model (see Figure 2).
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Figure 1: Polar mesospheric clouds (PMCs) appear as shining threads against the darkness of 
space – hence their other names of ‘noctilucent’ or ‘night-shining’ clouds. They form 76–85 km 
above Earth’s surface when there is sufficient water vapour to freeze into ice crystals. The clouds 
are illuminated by the Sun when it is just below the visible horizon, lending them their night-
shining properties. In addition to the PMCs seen across the centre of the image, the stratosphere 
is clearly visible by dim orange and red tones near the horizon.

Figure 2: Sketch of the window-grey radiation model introduced by 
Goessling and Bathiany (2016). The atmosphere is transparent to the 
Sun’s shortwave radiation in the solar band. The Earth heats and sends 
upwards longwave, infrared (IR) radiation. Part of the radiation goes 
upward in Earth’s atmospheric IR window, being transparent to 
radiation. The rest radiates in the grey atmosphere (see Part XIII, GEO 
ExPro Vol. 18, No. 6) where IR radiation is absorbed by thin layers in the 
atmosphere. The layers heat and re-radiate energy to space and back 
to the surface. F+ and F- denote upward and downward fluxes, 
respectively. Earth’s surface at level z=0 radiates as a blackbody with 
flux F+(0)+W=πB*. At the top of the grey atmosphere there is no 
downgoing IR radiation, F-(1)=0. The Earth is in energetic equilibrium 
between the radiation it receives from the Sun and the radiation it emits 
to outer space. The condition of radiative equilibrium requires that the 
net flux at any given depth, F+(h)- F-(h), remains constant. The grey 
radiation model is the special case of no transparent IR band (δ=0).
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Increased concentrations of greenhouse gases are 
warming Earth’s surface and troposphere while 
cooling the mid to upper atmosphere. We introduce 
you to the 1D window-grey radiation model of the 
atmosphere, which  illustrates the physical essence 
of the mechanism by which a CO2 increase cools 
the stratosphere and mesosphere. 

Nothing in life is to be feared,  
it is only to be understood.  
Now is the time to understand more, 
so that we may fear less.
– marie curie (1867–1934), 
 polish- born french physicist, 
 twice a winner of the nobel prize
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Figure 4: Left: The grey model predicts an increase in temperature everywhere in the 
atmosphere (except at TOA) for an increase in absorption factor from β=1.31 (the yellow line) 
to 1.5 (the red line). Right: The window-grey model predicts an increase in temperature in 
the lower atmosphere but cooling in the mid to top atmosphere for an increase in absorption 
factor from β0 =1.96 (the yellow line) to 2.32 (the red line). The parameter δ=0.2 describes 
the fraction of IR radiation from the surface which is directly emitted to space. The two cases 
have surface temperatures T*=289K (16°C) ( yellow dot) and T*=293K (20°C) (red dot). The 
vertical coordinate z is only approximate height, calculated from h with a constant scale 
height L=8 km such that h=1–exp(−z/L). The discontinuity in temperature at Earth’s surface, 
where the atmospheric temperature just above is always lower: T(h = 0)<T*, is a result of 
the negligence of all mechanisms of energy transfer other than radiation in the model; in 
the real atmosphere, diffusion of heat removes the discontinuity.

Figure 3: Surface temperature as 
function of absorption coefficient in 
the grey radiation model. Today’s 
surface temperature T*=289K (16°C) 
is obtained when β=1.31.LA
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Revisiting the Grey  
Radiation Model
In Part XIII of this series (GEO ExPro 
Vol. 18, No. 6) we derived the differential 
equations for upward and downward 
fluxes in the grey atmosphere model and 
derived temperature profiles for an Earth 
(atmosphere and surface) in thermal 
equilibrium. The single para meter of the 
grey model is the absorption coefficient β 
which describes the atmospheric opacity 
in the IR band. Earth’s surface tempera-
ture T* and the atmospheric temperature 
T(h) are functions of β. The atmosphere’s 
altitude was given in terms of the vertical 
coordinate h being the  relative pressure 
deficit. The key results of this model are 
collected in Table 1. 

Let’s see what happens if the absorption 
factor increases, say, as a result of an 
increase in the CO2 level. The equilibrium 
temperature equations in Table 1 show 
that when the absorption coefficient β 
increases, then the atmospheric temper-
ature (except at top of atmosphere, TOA) 
and the surface temperature both will 
have increased, after a new equilibrium 
is achieved. The grey model thus is not 
able to explain why temperature is 
decreasing in the mid-atmosphere when 
the absorption level increases. In Figure 3 
we show the relation between the surface 
temperature and the absorption coeffi-
cient. Figure 4 (left) illustrates that the 
grey model predicts an increase in tem-
perature everywhere in the atmosphere 
(except at TOA) for an increase in absorp-
tion factor from β=1.31 (the yellow line) 
to 1.5 (the red line).

The Window-Grey  
Radiation Model
Goessling and Bathiany (2016) 
 suggest extending the grey model to 
the simple case of two IR bands, as 
shown in Figure 2. The first band is 
fully transparent and corresponds 
to the atmospheric IR window. The 
second band is the grey IR band which 
we have thoroughly discussed in 
Part XIII. It is straightforward to 
generalise the differential equations 
presented in Part XIII to take into 
account the atmospheric window 
part. The Earth acts as a blackbody 
in the IR region, radiating according 
to its surface temperature T* the 
flux πB* upwards. Part of this flux, 
W=δπB*, radiates in the atmospheric 
window. The rest F+(0)=(1-δ)πB*, 
radiates in the grey window. Assume 
that the absorption coefficient is β0. 
The source term in the differential 
equation for the upward flux in the 
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window-grey model is reduced by the 
factor 1-δ compared to the grey model 
case. The differential equations that 
govern the flux transport now become

(1a)

(1b)

These equations can be solved, given 
two boundary conditions: at the top of 
the atmosphere there is no downgoing 
flux, F-(1)=0, and the upward flux at 
Earth’s surface is F+(0).

The derivation is beyond the scope of this 
document, but the reader can learn more 
about the topic by visiting www.bivrost-
geo.no. The window-grey temperature 
equations which follow by solving equa-
tions 1a and 1b are listed in Table 1. The 
window-grey model reduces to the grey 
model by setting δ=0 whereby β0→ β.
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Caption: Figure 4: Left: The grey model predicts an increase in temperature everywhere in the 
atmosphere (except at TOA) for an increase in absorption factor from β=1.31 (the yellow line) to 
1.5 (the red line). Right: The window-grey model predicts an increase in temperature in the lower 
atmosphere but cooling in the mid to top atmosphere for an increase in absorption factor from 
β0 =1.96 (the yellow line) to 2.32 (the red line). The parameter δ=0.2 describes the fraction of IR 
radiation from the surface which is directly emitted to space. The two cases have surface 
temperatures T*=289K (16oC) (yellow dot) and T*=293K (20oC) (red dot).  The vertical coordinate 
z is only approximate height, calculated from h with a constant scale height L=8 km such that 
h=1–exp(−z/L). The discontinuity in temperature at Earth’s surface, where the atmospheric 
temperature just above is always lower: T(h = 0)<T*, is a result of the negligence of all 
mechanisms of energy transfer other than radiation in the model; in the real atmosphere, 
diffusion of heat removes the discontinuity.1. 
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The parameter δ describes the fraction 
of IR radiation from the surface which 
is directly emitted to space. Our interest 
is to get a feeling for how a CO2 increase 
– described by an increase in the absorp-
tion factor β0 – affects the temperatures. 
Since a CO2 increase introduces no effect 
in the atmospheric window, we can keep 
δ constant. Given δ, we can determine 
the absorption factor β0 that produces 
today’s surface temperature T*=289K 
(16°C). Figure 5 shows contours of (δ,β0) 
combinations that fix the surface tem-
perature. The solid white line has today’s 
surface temperature. The choice δ=0 
corresponds to the grey radiation model. 
For our temperature calculations we 
choose δ=0.2 and investigate the temper-
ature behaviour when β0 is increased 
from 1.96 to 2.32. 

The temperature profiles are shown in 
Figure 4 (right). We observe that the 
surface temperature rises from T*=289K 
(16°C) to T*=293K (20°C), in agreement 
with the surface temperature equation 
in Table 1 which shows that the 
 numerator increases more than the 
denominator with the β0 increase.

The atmospheric temperature at the 
surface, T(0), given in Table 1, also has 
to increase with increasing β0.

Now, look at the atmospheric tempera-
ture at outer space, T(1), given in Table 1. 
In the grey radiation model T(1) never 
changes. It is constant, independent of 

any change in absorption of radiation 
in the atmosphere. In contrast, in the 
window-grey radiation model T(1) 
decreases with increasing absorption 
in the opaque part of the model. 

This result is not only a mathematical 
result. It has a physical explanation 
when we allow the atmosphere in the 
infrared to have two bands. The impor-
tant observation to make is that the 
transparent band is the atmospheric 
window, outside the wavenumber 
range where CO2 absorbs radiation. 
Therefore, the window part is not 
affected by any increase in CO2 
 concentration. However, as we know 
and have seen, Earth’s surface 
 temperature increases when the 
Earth-atmosphere system attains 
 equilibrium after a CO2 increase. 

We have the result that the atmos-
pheric surface temperature increases 
whereas the TOA temperature decreases. 
Then, the atmospheric temperature 
profile T(h) in the window-grey radiation 
model must have a crossover at some 
height hc where the absorption increase 
leads to heating below and cooling above. 
This crossover altitude one may inter-
pret as the altitude from the troposphere 
to the stratosphere based on the dis-
cussion in Part XV (GEO ExPro Vol. 19, 
No. 2): increased concentrations of CO2 
are warming Earth’s surface and 
 troposphere while cooling the mid to 
upper atmosphere. 

In Figure 4 (right) we display the 
 window-grey temperature profiles for 
the selected parameters given above. 
The crossover point is hc =1-δ/2 
 (Goessling and Bathiany, 2016). 

In summary, we see that the window- 
grey model accounts for temperature 
cooling in the mid to upper atmosphere 
when the absorption factor is increased. 
The lower atmosphere experiences 
warming as in the grey model. 
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Table 1: Temperatures. Here, ℎ is zero at sea-level and one where pressure is zero, in outer space. 
Further, T0=255K (-18oC) is Earth’s temperature in the reference case of no atmosphere. See main body of 
text for definitions. At the top of atmosphere, h=1, the temperature in the grey model is independent of 
the absorption. 

The parameter δ describes the fraction of IR radiation from the surface which is directly emitted to 
space. Our interest is to get a feeling for how a CO2 increase – described by an increase in the absorption 
factor β0 - affects the temperatures. Since a CO2 increase introduces no effect in the atmospheric 
window, we can keep 𝛿𝛿 constant. Given δ, we can determine the absorption factor β0 that produces 
today’s surface temperature T*=289K (16oC). Figure 4 shows contours of (δ,β0) combinations that fix the 
surface temperature. The solid white line has today’s surface temperature. The choice δ =0 corresponds 
to the grey radiation model. For our temperature calculations we choose	δ=0.2	and investigate the 
temperature behaviour when β0 is increased from 1.96 to 2.32.  

The temperature profiles are shown in Figure 4 (right). We observe that the surface temperature rises 
from T*=289K (16oC) to T*=293K (20oC), in agreement with the surface temperature equation in Table 1 
which tells that the numerator increases more than the denominator with the β0 increase. 

The atmospheric temperature at the surface is T(0), given in Table 1, also has to increase with increasing 
β0. 

Now, look at the atmospheric temperature at outer space, T(1), given in Table 1. In the grey radiation 
model T(1) never changes. It is constant, independent of any change in absorption of radiation in the 
atmosphere. In contrast, in the window-grey radiation model T(1) decreases with increasing absorption 
in the opague part of the model.  

This result is not only a mathematical result. It has a physical explanation when we allow the 
atmosphere in the infrared to have two bands. The important observation to make is that the 
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Figure 5: The dependence of the equilibrium 
surface temperature on the parameters β0 and δ 
in the window-grey model. δ=0 corresponds to 
the grey case. The temperature which is constant 
on contour lines is T*=289K (16°C) on the white 
line and T*=293K (20°C) on the grey line.
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The parameter δ describes the fraction of IR radiation from the surface which is directly emitted to 
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factor β0 - affects the temperatures. Since a CO2 increase introduces no effect in the atmospheric 
window, we can keep 𝛿𝛿 constant. Given δ, we can determine the absorption factor β0 that produces 
today’s surface temperature T*=289K (16oC). Figure 4 shows contours of (δ,β0) combinations that fix the 
surface temperature. The solid white line has today’s surface temperature. The choice δ =0 corresponds 
to the grey radiation model. For our temperature calculations we choose	δ=0.2	and investigate the 
temperature behaviour when β0 is increased from 1.96 to 2.32.  

The temperature profiles are shown in Figure 4 (right). We observe that the surface temperature rises 
from T*=289K (16oC) to T*=293K (20oC), in agreement with the surface temperature equation in Table 1 
which tells that the numerator increases more than the denominator with the β0 increase. 

The atmospheric temperature at the surface is T(0), given in Table 1, also has to increase with increasing 
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Now, look at the atmospheric temperature at outer space, T(1), given in Table 1. In the grey radiation 
model T(1) never changes. It is constant, independent of any change in absorption of radiation in the 
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in the opague part of the model.  

This result is not only a mathematical result. It has a physical explanation when we allow the 
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