RESEARCH ARTICLE | MARCH 11 2009
Net-exchange analysis of the Earth greenhouse effect
increase ©

Nicolas Meilhac; Jean-Louis Dufresne; Vincent Eymet; Richard Fournier

AIP Conf. Proc. 1100, 69-72 (2009)
https://doi.org/10.1063/1.3117075

@ B

View Export
Online Citation

Q
(&
o
()
-
()
Y
o
@)
o
-
<L

Proceedings

Articles You May Be Interested In

Classification of debtor credit status and determination amount of credit risk by using linier discriminant
function

AIP Conference Proceedings (May 2012)

The effect of grain size on the compressive strength of canary shell bio-briquette
AIP Conf. Proc. (May 2023)

Back Matter for Volume 1100

AIP Conference Proceedings (March 2009)

AIP
é/_‘. Publishing

S¥11€:ZL G20z Atenuer oL


https://pubs.aip.org/aip/acp/article/1100/1/69/851664/Net-exchange-analysis-of-the-Earth-greenhouse
https://pubs.aip.org/aip/acp/article/1100/1/69/851664/Net-exchange-analysis-of-the-Earth-greenhouse?pdfCoverIconEvent=cite
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1063/1.3117075
https://pubs.aip.org/aip/acp/article/1450/1/280/831664/Classification-of-debtor-credit-status-and
https://pubs.aip.org/aip/acp/article/2595/1/050011/2890694/The-effect-of-grain-size-on-the-compressive
https://pubs.aip.org/aip/acp/article/1100/1/backmatter/851497/Back-Matter-for-Volume-1100

Net-exchange analysis of the Earth greenhouse effect increase
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Abstract. In this paper, we propose an analysis of the greenhouse eftect on the basis of a net-exchange formulation for clear
sky atmospheres. This formulation allows access to exchanges beetwen the diftferents elements of the atmosphere (gas layers,
the ground and space). When the greenhouse gas concentration increases, we first use a simple configuration to analyse the
variations of analytic monochromatic net exchange rates. The same type of analysis is then applied to the Earth atmosphere
for a clear-sky middle latitude summer configuration with an increase in water vapour of 20% at all altitudes.
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DESCRIPTION OF THE NET-EXCHANGE FORMULATION

The net-exchange formulation is based on the Net Exchange Rates (NER) Y¥; ; between all pairs of elements (either
surfaces or volume elements) i and j, which is defined as the difference between the energy rate emitted from the
element { and absorbed by the element ;, and the energy rate emitted from the element j and absorbed by the element
i. This formulation was first proposed by Green [1], and then to optimize Monte Carlo algorithm [3, 5, 6, 7, 8, 10], to
analyse the radiative exchanges on Earth [11] and to develop parametrisations for Mars [4] and Venus [9].

With this formulation, the Net Radiative Budget W; of a gas layer i is the sum of the Net Exchange Rates (NER)
between layer i and all the other elements j : ¥; = 3;'¥; ;. These net exchanges may be show as a matrix (Fig. 1).
The intersection between the line 7 and the column j shows the NER between the two elements i and j. The sign of
this NER depends of the temperature gradient between i and j. Generally speaking, a gas layer in the troposphere is
cooled by the atmosphere above, which is colder, and warmed by the atmosphere below, which is warmer. Thanks to
this formulation, the net exchange between any pair of element i, j may be analyzed independently from all the other
elements. The formulation was presented in some details in previous papers [4, 11]. Although the results presented here
was computed with a full 3D geometry, we present the expressions of monochromatic NERs in a simple case, where
only one direction of photon propagation is considered, without scattering and we assume that the layer thickness are
elemental (Az; = 8z;). B, (T (z)) is the Planck function at the frequency v and temperature 7'(z).

The monochromatic NERs between the ground and space ¥, between the ground and an elemental gas layer i
centered on z; Wy", between two elemental gas layers i, j centered on z; and z; W} may be written as:

Heating from ground Cooling to space
Exchanges with layer

12345 10

S m|

|t

IIIJ

wia|

Atmospheric Layer
La

130 220 Exchange Matrix (K/day) -0 -2 -10 o
Termperatwre Profile (K) Cooling Rate (K/day)

FIGURE 1. Vertical temperature profile (K, left), Net Exchange matrix(K/day, center) and heating rate (K/day, right) for a typical
atmospheric profil on Mars [4].
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where Ty (z1,2,) = e (#122) is the monochromatic transmittivity and 7, (z;,z;) the monochromatic optical thickness.
In Eq. 1,2 and 3, the different NERs between two elements are the product of the Planck luminance difference
between these two elements and an optical exchange factor, which is equal to the transmittivity or its derivatives :
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0z =z

821 822
SENSITIVITY OF THE OPTICAL EXCHANGE FACTORS TO GAS
CONCENTRATION IN AN IDEALIZED CASE

To interpret how the optical exchange factors change with the concentration of greenhouse gas, we first consider a
simple case where the absorption coefficient per unit of mass %, is constant in all the atmosphere. In that case, when
the mass of absorbing gas in the atmosphere is multiplied by a factor f, the optical thickness between z; and zp
becomes 1y (z1,22) = fkv M(z1,22), where M(z1,22) = [;? p(z)dz is the mass of gas between z; and z; and p(z), the
gas density. Around f = 1, the sensitivity of the monochromatic optical exchange factor to a change of f reads:

For the ground to space exchange

Zi7Zj

AN (z,z Ty(2s1,2
s @
For the gas i to space or the ground exchange
amv(ZS7Zi)
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For the gas i to the gas j exchange
80“};‘}(21'72]') 6
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As it is well known the intensity of the monochromatic NER W5 (Eq. 1) between the ground and space always
80‘3/7&(28723)

decreases when the optical thickness increases as the derivate —or is always negative (Eq. 4). For the intensity of

the monochromatic NER W between a black body (space or ground) and a gas layer, the intensity may increase or
decrease when the optical thickness increases, depending of the optical thickness between the two extremities. If the
optical thickness 7, is less than 1, an increase in greenhouse gas concentration will increase the optical exchange factor
(Eq. 5) and thus the absolute value of the NER (Eq. 2). When the optical thickness 7, is greater than 1, an increase in
greenhouse gas concentration will decrease the optical exchange factor and so, the absolute value of the NER (Eq. 2)
too. For the intensity of the monochromatic NER between two gas layers ¥, (Eq. 3), the optical exchange factor O}
increases if the optical thickness 7, is less than 2 or decreases if the optical exchange factor is higher than 2 (Eq. 6).

APPLICATION TO AN INCREASE OF WATER VAPOUR

In this section, we analyse how net exchanges are affected when the concentration of water vapour changes. We use
the same narrow band model as (Eymet & a/ [11]), the same number and the same numbering of narrow bands.
The infrared spectrum is divided into 121 narrow bands. The atmosphere we use, is a typical MLS (Middle Latitude
Summer Fig 4) with 41 layers as used by Collins & al [2].

Global net-exchange rate variations

For an increase in water vapour of 20%, the ground radiative cooling decreases by 12.1 W /m? and the atmosphere
radiative cooling increases by 8.1 W /m?, space gets less energy (—4 W /m?) (Fig. 2-a). So "ground + atmosphere" loses
less energy toward space. These results are consistent with those of Collins & al [2]. The variations of the exchange
beetwen the ground and the rest of the atmosphere are essentially located in the transparency window (8 — 13 um,
#65 to 85 index narrow bands) (Fig. 2-a). Except in the ozone absorption band (close to 9.7 um), the variation of
the ground-space NER is more important than the ground-atmosphere NER. For the atmosphere, the warming by
the ground decreases and its cooling by space increases (Fig. 2-b). Finally, the space-ground NER decreases and the
space-atmosphere NER increases (Fig. 2-¢). With this two effects, the net exchange between "ground + atmosphere"
and space increases slightly.
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Analysis of the variations of net-exchange rate

The net exchange between space and the atmosphere is negative because the temperature of the atmosphere is higher
than space. In the transparency window, the optical thickness between space to the ground is less than 1, so an increase
in HyO concentration rises the energy exchange between the gas layers and space (Fig. 3-b), therefore the atmosphere
get colder. For the other narrow bands : in the upper part of the atmosphere, the optical thicknesses beetwen gas layers
and space are less than 1. Consequently the intensity of NER increases when the water vapour concentration increases,
and so the radiative cooling too. In the rest of the atmosphere, it’s the opposite effect, the optical thicknesses beetwen
gas layers and space are greater than 1, so the radiative cooling decreases. Close to the ground, the optical thicknesses
are so important that NERs beetwen space and gas layers are weak.

For the ground-atmosphere NER (Fig. 3-¢), we use the same argument, the temperature of the ground is higher than
the atmosphere. In HyO bands, the optical thicknesses between the ground and gas layers increase strongly with the
altitude and are greater than 1. Therefore, the increase in HyO concentration decreases the NER between the ground
and the atmosphere. In the transparency window, the optical thicknesses between the ground and gas layers in the
lower part of the atmosphere are less than 1, so the intensity of the NER between the ground and the lower part of the
atmosphere increases. In the upper part of the atmosphere, the optical thicknesses between the ground and gas layers
become important, the sign of the derivate of optical factor (Eq. 5) change when the H,O concentration increases. The
global net budget rate variation (Fig. 3- right) of gas layer is dominated by the NER between space and gas layers.
However, exchanges in the atmosphere are not negligible.

Analysis of the variations of net exchange rate in the atmosphere

In the atmosphere, the reference NER matrix (Fig. 4-a) shows the NER between gas layers. The change of NER
signs follows the temperature gradient, as explain in the first paragraphe. The sign changes two times, at the tropopause
(close to the layer #15) and at the stratopause (close to the layer #32) (Fig. 4).

We separate the transparency window and strong absorption bands. When the water vapour increases, in the
transparency window, the sign of the NER (Fig. 4-c¢) changes as the same as the sign of the reference NER matrix
(Fig. 4-a). Optical thickness between gas layers are less than 2. So an increase in H2O concentration rises exchange
between gas layers. In the lower part of the atmosphere, the warming by gas layers above rises and, symmetrically, the
cooling by gas layers below rises too. In the upper part of the atmosphere, optical thickness between gas layers are so
weak, NER variations are closed to 0.

In the HyO band, above the layer #12, NER sign (Fig. 4-d) changes like the reference NER matrix. In this section,
optical thickness between gas layers are less than 1 and so an increase in HyO concentration augments the intensity of
NER. Below the #12 gas layer, NER signs (Fig. 4-d) are opposite to the reference NER matrix (Fig. 4-a). An increase
in H,O concentration induces a decrease in the intensity of NER between gas layers.

Over infrared spectrum, NER signs which are in the lower part of the atmosphere, are governed by the exchange in
the transparency window. In the lower part of the atmosphere, NER signs are governed by the exchange in the strong

optical thickness band.

CONCLUSION
Thanks to the net exchange formulation, we can analyse the effect of an increase in H,O concentration between the
different elements in the atmosphere. The gas-gas net exchange rates in the lower part of the atmosphere are governed
by the net exchange in the transparency window, whereas gas-gas net exchange rates in the upper of the atmosphere
are governed by the net exchange in H,O absorption bands.
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FIGURE 2. Variation of the different monochromatic radiative budget (W /m?.pum 1) (a- Ground, b- atmosphere, c- space) after
an increase in water vapour gas of 20% .
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FIGURE 4. Left: Reference NER matrix (a), variation of this matrix after an increase in HyO concentration (20%) over infrared
spectrum (b), in the transparency window (c¢) and in the HyO absorption band (d, 105 to 115 index narrow band). Right : profils of
temperature and level according to altitude. On the right, profils of humidity and pressure, corresponding to the MLS profil.
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