Computation of moist-air surface entropy at Mauna Loa.
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1) Motivations - Introduction.

Different assumptions exist for the calculation of the
entropy of the atmosphere. A common practice in me-
teorology is to assume that the entropies of dry air and
liquid water are zero at a pressure of pg = 1000 hPa
and a temperature of Ty = 273.15 K (0°C), leading to
the “equivalent” version of the entropy defined with
the reference values sz = s = 0 (see for instance
Pauluis et al., 2010, Feistel. et al., 2010).

In contrast, the usual practice in thermodynamics is
to assume that “the entropies of all solids are zero for
the most stable crystalline phase at 0 K” (the third
law). Accordingly, the entropy for dry air at py and
Ty is set to sqo ~ 6775 J K~ kg~! in Hauf and Holler
(1987) and Marquet (2011), sqo ~ 6776.1 J K=! kg~!
in Lemmon et al. (2000) and sg9 ~ 6783 J K~! kg~!
in Stevens and Siebesma (2020). The more accurate
value sq9 ~ 6776.4 J K—! kg™! is computed from the
NIST-JANAF values at po and Tp (Chase, 1998).

The purpose of this note is to test some consequences
of these hypotheses using CO2 and surface atmospheric
observations at the Mauna Loa observatory.

2) Dry-air values

Dry air is assumed to be composed of the four gases
Ng, Og2, Ar and COy. The mole fractions (x) are
taken from Table A2 in Feistel. et al. (2010) with
400 ppm (0.000400) for CO2, 0.780848 for N2, 0.209390
for Og and 0.009332 for Ar. The NIST-JANAF abso-
lute (third-law) entropies at 1000 hPa and 273.15 K
are (Chase, 1998): 6748.9 £ 0.7 J K~ kg~! for No,
6330.841.1 J K~ kg~! for O9, 3830.6+0.1 JK~! kg~ !
for Ar and 4784.8 +2.7 J K~ kg~! for CO,.

Fig. [1] (top) shows the change in CO2 mole fraction
at Mauna Loa over the period 1958 to 2020. The mo-
lar mass of dry air (M) increases over the period by
0.0015 g kg~!, while the gas constant for dry air (Ry)
decreases by 0.015 J K=! kg~!. These “constants” are
thus variable, and one tenth of these changes may pro-
vide an idea of the accuracy of these My and Ry values
for a given decade. The blue dashed lines represent the
values for 400 ppm retained in Feistel. et al. (2010).

The bottom panel in Fig. [1| shows the changes in
absolute (red+black) and “equivalent” (blue+violet)
dry-air entropies computed according to the formula:

Sdo = Z Tk Sko — Z Tk ln(xk) Rk7 (1)
k k

where x; are the molar concentrations, sio the refer-
ence entropies, and Ry = R/Mj, the gas constants for
each gases k, with R ~ 8.314472 J K~! kg=!'. The
“equivalent” value is computed here with zero refer-
ence entropies spg = 0 but with a non-zero contribu-
tion from the second sum in , which depends on
the partial pressures xx pg. A stricter definition that
imposes a zero value of sgy (Pauluis et al., 2010, Feis-
tel. et al., 2010) corresponds to the constant green
line. The absolute value is computed with the third-
law reference values indicated above. The 2015 value
~ 6776.38 J K~ kg—! for 400 ppm is close to the one
computed with the standard NIST-JANAF values.

The absolute and equivalent formulations evolve dif-
ferently over the period, one increasing while the other
decreases, with a difference reaching +0.3 J K—1 kg™!
in 2020 (+0.08 J K=! kg™! for the stricter definition).
Since time variations of opposite sign have no physi-
cal meaning, only the absolute value of the entropies
should be considered, as this alone corresponds to the
definition given in thermodynamics.

3) Moist-air values

The entropy of moist air was calculated from hourly
averages of temperature, pressure and humidity at 2m
at Mauna Loa. The absolute water-vapour entropy at
po and Ty if the NIST-JANAF third-law value sgg ~
10318 2 J K= kg=!. Figure [2| shows that if the
temperature increases by more than 1 K on average
over this period between 1977 and 2019, the pressure
decreases by about 1 hPa and the water vapour content
increases by about 0.4 g kg~!. The larger monthly and

annual variations can reach 2 K, 2 hPa and 2 g kg~!.

The impact on the moist-air entropy (for the aver-
age trend over the period as well as for the monthly
variations) is, again, of a different nature if one consid-
ers the absolute (red) or “equivalent” (blue) definitions
of the moist-air entropy. The impact of water-vapour
variations is clearly overestimated with the “equiva-
lent” version, which is therefore not equivalent to the
thermodynamic absolute definition of entropy.

4) Conclusions.

The data observed at Mauna Loa show: 1) that the
quantities My and R4 should not be constants in
weather forecasting and climate models; 2) that the
entropy of both dry and moist air varies differently
from what thermodynamics predicts if the “equiva-
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Figure 1: Change in several dry-air physical properties at

Mauna Loa between 1958 and 2020 (monthly means).

lent” value is considered; 3) and therefore with the
need to take into account the absolute definition of
the moist-air entropy, which can be easily calculated
from the third law and the NIST-JANAF dataset.
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