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Abstract. A hydrological cycle in the atmosphere plays an important role in the Earth system.
"' The hydrological cycle in the atmosphere is a source of fresh water for life on carth. Starting
from the density of heavy water, it is converted into a mild vapor density which allows an
increase in water vapor from the sea surface to the dew point where the process of changing
water vapor into liquid phase can take place. An atmospheric machine is represented by a
modified Carnot cycle below water dome containing mixed water vapor and liquid in an
atmospheric layer. This study aims to learn changes in thermodynamic parameters, such as heat
and work during the moist air experiencing thermodynamic processes and the correlation of
temperature and humidity to rainfall. Basic information recorded by radiosonde i1s used as
mixed water vapor and liquid parameters representing an initial atmospheric condition in
producing fresh water. The results will provide information required to figure out the process
of evaporation and condensation in the troposphere and the relationship between temperature
and humidity to rainfall.

1. Introduction

A hydrological cycle in the atmosphere plays an important role in the Earth system. "' The
hydrological cycle in the atmosphere is a source of fresh water for life on carth. Starting froffgthe
density of heavy water, it is converted into a mild vapor density which allows an increase in water
vapor from the sea surface to the dew point where the process of changing water vapor into liquid
phase can take place. Water in the atmosphere can be in three phases, liquid, vapor, and ice. A change
in a liquid phase into a vapor phase is called evaporation and its reverse is called condensation. While
a change in a liquid phase into a solid phase is called freezing and its reverse is called liquefaction. A
change in a solid phase into a vapor phase is called sublimation and its reverse is called a deposition.
When water vapor which is part of natural air turns into liquid or solid particles, these particles
become foreign matter in the atmosphere and cause clouds, fog, rain, snow, moisture or hailstone.

Formation of water in a vapor phase in the air is very important in determining weather conditions. ™

Atmospheric stability has to do with the weather conditions of an area, one of which can be seen by
understanding the characteristics of the atmospheric boundary layer. In a study stated, the comparison
between day and night tends to show the atmosphere during the day is not stable compared to the
night. ®! So it is quite important to conduct a study related to the hydrological cycle during the day. In
the atmospheric hydrological cycle, the evaporation process or the occurrence of condensation can be
described in the thermodynamic framework. *! Several other studies also discuss a thermodynamic
approach to the hydrological cycle in the atmosphere. "' The thermodynamic framework referred to
this study relates to a Carnot cycle in terms of each process to obtain efficiency values and the relation
of temperature and humidity to rainfall.

QOur study will be focused on the atmosphere above the Indonesian Maritime Continent (IMC). In a
study stated, one of the classifications of climate areas in Indonesia can be determined by looking at
rainfall patterns. "' In general, the presentation of rainfall depends on the evaporation process of sea
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levels but some global factors such as the presence of ENSO or 10D events, resulting in drought
despite evaporation. ™!

However, the focus of this study is to understand the hydrological cycle in the atmosphere locally in
terms of the thermodynamic framework. Consequently, it is interesting to study the hydrological cycle
above the sea surface of the equatorial region discussing thermodynamic parameters on the
evaporation and condensation processes. This study aims to learn changes in thermodynamic
parameters, such as heat and work during the moist air experiencing thermodynamic processes and the
correlation of temperature and humidity to rainfall.

2. Modified Carnot Cycle

Carnot cycle consists of taking a working substance in a system through the four processes that
together constitute a reversible and cyclic transformation. "' In a case of an ideal Carnot cycle, process
1 to 2 is isotherm, process 2 to 3 is an adiabatic expansion, process 3 to 4 is isotherm and process 4 to
| is adiabatic compression. In this study, the Carnot cycle is modified to slightly different processes
underwater dome, namely process 1 to 2 is isotherm and isobaric (evaporation), process 2 to 3 is
adiabatic expansion, process 3 to 4 is isotherm and isobaric (condensation) and process 4 to 1 is
adiabatic compression which is depicted in Figure 1. The equation of state of water vapor as an ideal
gas can be written using subscripts v as follows

PV =mR,T; R, = 461.5 Jkg~ 1K ™! on

m 1

P=TRT =pR,TPa =R, T; a =~ )
Where P,V,m, T, R,, p and « stand for respective pressure, volume, mass, temperature, gas constant
for water vapor, densit hand specific density. '

The relative humidity is the ratio of the actual amount of water vapor to the saturation amount at a

certain temperature, and expressed by the following equation: """ At the ocean surface where the
process of evaporation takes place, relative humidity will be: '
_ _&H
Hu = es(Ty) ©03)
At the top in the process of condensation is:
ec
He = 04
¢ es(T¢) 04)

Where Hy, He, ey, egry, s (Ty) and es(T;) stand for respective humidity at the ocean surface and at
the top, hot and cold vapor pressure and saturated vapor pressure at the given hot and cold
temperature.

Pressure P 4

Volume ¥

Figure 1. A modified Carnot cycle (Zemansky and Dittman, 1997).
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3. Heterogeneous system

Heterogeneous systems are systems of two phases, the liqguid phase and the vapor phase.
Heterogeneous systems have temperatures and pressures that vary with height. Gibbs G free energy,
expressed in equations involving U, T, S, V,p which stands for internal energy, temperature, entropy,
volume and pressure. '* Gibbs free energy function:

G=U+pV TS (05)
dG = dU + pdV + Vdp — SdT — TdS (06)
dG = —SdT + Vdp + (dU + pdV — TdS); (07)
Because of TdS = dU + pdV, hence:
dG = —SdT + Vdp (08)

The system is containing liquid water mass (m,) and water vapor mass (mg). Gibbs free energy
function has additional terms of two phases of water.

dG = —5dT + Vdp + p,dm; + ,ugdmg
dU + pdV —TdS = y,dm; + ;,tgdlfngf
du +pdV — p,dm; — Jugdmg =TdS
dU + dW — d(my + myp, ) = TdS (09)
Expression in specific terms:
du +dw —du =dqg (10)
The transition from state-1 to state-2 occurs at sea surface with temperature Ty as the process of
isotherm-isobaric evaporation. A parcel of liquid water mass 1, is transformed into water vapor mass
by keeping that m;, = m. This water vapor will joint with m; as a residual water vapor mass come
down from the upper layer. The quality of mixing is expressed as x = mé/mt. Where m; is a total of
liquid water and water vapor masses which is expressed by m, = m; +my.
Accordingly, m;/m; = mg/m; = 1— x. Thermodynamic potential (specific Gibbs free cnergy)
during the evaporation is zero implied that g = p;. This is supported by the fact that during a change
of phase the Gibbs free energy remains the same value, nevertheless the first differential of Gibbs free
energy to the temperature having different values.
For the change of volume and specific volume due to the isotherm isobaric process (evaporation):
AV, = (ng - th) + (Vg:rz - Vg;l) =AMy, = (1 —x)(vg —vp) + x(véz - v;,:l)
Because of: Vj; < Vyz and vy, < vg2, the change of volume:
AVyp = Vgp + (Vg2 = Vy1) = Avig = (1= x)vgp + x(vz —v1) (11
This transition is isotherm-isobaric; consequently, the second term in the right-hand side will be
isochoric which is having a zero value. Simply the change of specific volume is Av,; = (1 — x)vg;.
During an isotherm process, there will be no change in internal energy, AU, = 0. Heat and specific

heat required to evaporate are:
Agqp = (1= x)R(Ty) (12)
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Since the change of phase form liquid to vapor involves expansive volume, the system will exert the

work to the environment, an important note ;::H >
H)
RT,
AWz = myp(Ty) (5 = i) = (1= 2)R(Ty) (13)

The transition from state-2 to state-3 is in the process of adiabatic expansion. A parcel of water vapor
mass M, is rising and joining with a residual vapor m;i come downing from the upper layer at the sea
surface just after evaporation. Total water vapor mass is m; = m, + my to the level where a process
of condensation will be possible. During this transition, there will be a change in thermodynamic
potential at the sea surface to its value at the possible level of condensation,
Amep = mepe — mepy
Ap = R(T;InH, — Ty InHy) (14)
Because there will be a change in thermodynamic potential at the sea surface, this process called
pseudo-adiabatic. So, Ag,3 # 0. Heat specific for the process:
AQZ3 :R(TH ]nHH_TC ]n.?{c) (15)
The work is exerted by the system to the environment:
ca
AW,z = m, > (RTy — RT¢) = m,C)(Ty —Tc) > 0 (16)
Due to the work exerted to the environment, the internal energy decreases:
A
AU23 = 7AW23 = thf (TC — TH) - Waa = AW23 = 705 (TC — TH) (17)

mg
For the change of Volume and specific volume due to the adiabatic expansion process:
AVyy = Vg = Vip = Avgy = (1 —x) (%3 - ng) + x(vés - ;;4) (18)
The transition from state-3 to state-4 occurs at the possible level of condensation with temperature T
as the process of isotherm-isobaric condensation. A parcel of water vapor mass m; is partly
transformed into liquid water mass m;, and parts remained as a residual water vapor mass myg, by
keeping that the total water vapor remains as m; = m; + m;,.

Thermodynamic potential (specific Gibbs free energy) during the condensation is partly zero implied
that mgyu, = mgu,. The other part is also zero due to the isotherm-isobaric will be also isochoric, and
its thermodynamic potential is also zero.

During an isotherm process, there will be no change in internal energy, AU;, = 0. Heat is released out
of the system:

Agsy = —(1 = x)R(T,) (19)
The work performed on the system is given by:
28 = pwrsy = —(1— 2R, 20)
t

Change of volume and specific volume due to condensation:
AVay = (Vi = Vgz) + (Vga = Vga) = Avzy = (1= ) (v1a — vga) + x(vja — vja)
Because of: V), « Vg5 and vy, < vy3, the changes of volume are :

AViy = —Vyz + (Vs = Viz) = Avgy = —(1 — x)vy3 + x(vjps — v)3) 2D
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By the same reasoning the change in specific volume will be Avgy = —(1 — x)vg;

The transition from state-4 to state-1 is in the process of adiabatic compression. Through this
transition, some of the remain‘@ vapor and precipitation in liquid form is brought to the surface and
reheated to Ty. The specific work performed to the system and related to the change of internal
energy:
bwyy = —CJ(Ty — T¢) (22)
There are two parcels water masses come down to the sea surface. The first is liquid water mass m, as
precipitation, and the second is water vapor mass m;, experiencing adiabatic compression. During this
transition there will be a change in thermodynamic potential from the level of condensation to the sea
surface:
Amg.u = Mgle — Mglly

xﬁ.u :xR(Tclnj{C 7TH ]n:]{y) (23)
For the change of volume and specific volume due to adiabatic compression will be:
AVyy = (Vgy = Vyy) = Avgy = x (v, — v}y) (24)
Table 1. Recapitulation of all process in reversible Carnot cycle
Processes Au Awr Ap Ag
152 0 (1 - x)RTy 0 (1—x)RTy
23 —CJ(Ty=Tg) €Ty —T¢) —R(T¢InH¢ R(TyInHy — TelnHe)
— Ty InHy)
354 0 —(1—x)RT, 0 —(1 — x)RT¢
451 XCI(Ty —Tg) —CH(Ty—T¢) “xR(TyInH,  —xR(T,InH, — T, InH,)
+(1 —x)CH(Ty —T¢) —Teln3)
=Cy(Ty—Tc
Totad = faw fau=a  faq=0a-0rau-T0
~(1-x)C) Ty —Te) =1=9RTy=T) —NR(TyInHy  +(1-x)RAK
+(A-0)C(Ty —Tg)  +(A—=xC)(Tu—Te)  —Telnde) = (1 =x)R(Ty — T¢)
:(1_3;)((‘5_{:;7). :(1_3‘);:‘;7(']"”_?‘6) = (1—-x)RAH + (1 —x)RAH
Ty —Te) =0 Where: Cf + R = ¢ =~ (1 =x){R(Ty — Tc)
Where: Cf ~ CF is +RAK }
used.
Based on Table. 1, we can find out the total heat g of each process, namely:
$dg = fdw—fdu+Fdu=~ (1—x){R(Ty —Tc) + RAKH} (25)

Where to find the value of A, that is AH = Ty InHy — T In H
So, we can calculate efficiency as fgllows

_ $dq _ Q-0)/ROu-TEPRAH }  (1-x)[R(Ty~T)+RAH] _ (1-%) (T =Tc)+A%H]

= s (1-x)RTy+RAK (1-x)RTy+RAH  (1-x)TH+AH (26)
Forx=1-1n=0
_ _[R(Ty=TE)+RAH] _ (Ty=T)+(Ty InHy-TeInHe) _ (Ty+Ty In Hy)—(Te+Te In He)
Forx=0-n= RTy+RAM — Ty+TylnHy-TelnMHe  Tpy+(Ty InHy=Te InHe) 27)
Efficiency Carnot: ne=1 —% (28)
H

For the Ty value is 300, T¢ is 273, R is 461.5, Hy is 0.82, H is 0.78 and x is from O to | with interval
0.1.
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4. Application

The data to be applied in this study is obtained from Sultan Hasanuddin Airport of Makassar. Software
used in this study for processing data in Microsoft Excel 2007. The data collected is in the form of
upper air data for 1 year in 2010, such as temperature, relative humidity and rainfall. The focus of this
study does not involve phase changes, it does not involve latent heat but discusses about the cycle of
humidity, illustrated in Figure 2.

Figure 2. Focus of the area study

5. Result
Based on the calculated data, we have the curves g value versus x as depicted in Figure 3, and
efficiency with x as depicted in Figure 4,

200000 @ 0.15
150000 §— =
s 100000 ) 012 > 01 % .
E 5:“1:; W, Ly .o .E 005 * . —
= -S0000 0102 0304 05 06 08 0809 1 Q34 ﬁ 0 ¢ * * ’n
=
~100000 * Q41 0010203040506070809 1
-150000
x x
Figure 3. Graph g in each process against x Figure 4. The graph of the efficiency value
with x

The result provides information concerning the process of evaporation and condensation in the
troposphere. From each process it can be explained that when evaporation, between specific heat and
mixing quantity (x) is inversely proportional to the greater the mixing quantity, the smaller the specific
heat. In this process, heat is needed which means heat enters the system. Conversely, when the
opposite condensation of the evaporation process with the high value of x, the specific heat is also
high. In this process, the heat is released which means the heat is released out of the system.

Based on existing data, to see the relationship rainfall to temperature and humidity can be illustrated in
Figure 5, by displaying a 1-year graph of data collected every 3 months.
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Figure 5. Graph of the relationship of rainfall to temperature and humidity in 1 year for 3 month
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The results from the graph above explain the correlation between temperature and humidity to rainfall.
In theory, December, January and February (DJF) the real motion of the sun is in the southern
hemisphere so that the wind blowing from North to South is called the West Monsoon, during the third
month, the rainy season generally occurs. Six months later, in June, July and August (JJA) precisely,
the movement of air masses from south to north is called the East Monsoon, the dry season occurs.

In this study, one-month representative data was presented from DJF, MAM, JJA and SON. In order to
be able to compare the differences between the two seasons for one year, the rainy season is represent-
ed in January and the dry season is represented in August. January is the month that has high rainfall
and almost every day there is rain. As for August, is the month with the lowest rainfall and relatively
little amount of rain. It can be seen in the graph above, the higher the humidity, the higher the amount
of rainfall applies to each month. Likewise with the temperature affects the quantity of rainfall, it's just
different for JJA because at 3 months the rainfall is very minimal.

6. Conclusion

In the troposphere, it is wm‘tlnhi]e to construct a thermodynamic point of view to the hydrologic
cycle comprising of a mixture water vapor mass and liquid water mass under the curve of water dome.
The simplest cycle is modified Camot cycle that is enough to figure out the process of evaporation and
condensation. From this cycle comes out the efficiency that depends on the difference of temperature
and relative humidity between the levels of evaporation and condensation. This result is a preliminary
study on the application of thermodynamics in the hydrological cycle. The correlation between tem-
perature and humidity to rainfall is the higher the temperature and humidity, the greater the quantity of
rainfall. Needless to say that larger and deeper development is of importance to be conducted further.

7. Acknowledgements

We would like to express our appreciation to all parties who have helped the completion of this study,
especially to the Center of Environmental Research and Development, Institute for Research and Ser-
vices, Hasanuddin University for supporting facilities during the study.

Reference

[1] Chahine, Moustata T. "The Hydrological Cycle and its Influence on Climate." Nature 359
(Oktober 1992): 373-379.

[2] HK, Bayong Tjasyono. Meteorologi Indonesia Volume [I. Bandung: Badan Meteorologi
Klimatologi dan Geofisika, 2006.

[3] Assegaf, Alimudin Hamzah, Wasir Samad, and Sakka. "Some Characteristics of Atmospher-
ic Boundary Layer Over Makassar." Spermonde, 2018: 1-6.

[4] Konings, Alexandra G., Xue Feng, Annalisa Molini, Stefano Manzoni, Giulia Vico, and Amilcare
Porporato. "Thermodynamics of an idealized hydrologic cycle." WATER RESOURCES
RESEARCH, 48 (Mei 2012): 1-13.

[5] Vehkamaki, Hanna, and Ilona Riipinenb. "Thermodynamics and kinetics of atmospheric aerosol
particle formation and growth." Chem Soc Rev,2012: 5160-5173.

[6] Kleidon, A., and M. Renner. "Thermodynamic limits of hydrologic cycling within the Earth sys-
tem: concepts, estimates and implications." Hydrology and Earth System Sciences (Copernicus
Publications on behalf of the European Geosciences Union), July 2013: 2873-2892.

[7] Liong, The Houw, Bannu Bannu, and P M Siregar. "Peranan Pengelompokan Samar dalam Predik-
si Kekeringan di Indonesia Berkaitan dengan ENSO dan 10D." Jurnal Matematika dan Sains,
2009: 57-61.




The International Conference on Geoscience IOP Publishing
IOP Conf. Series: Earth and Environmental Science 279 (2019) 012049  doi: 10.1088/1755-1315/279/1/012049

[8] Bannu, Bannu, Dadang A Suriamiharja, N Takeuchi, and H Kuze. "Impacts of the ENSO and I0D
phenomena: Long-term analysis in Indonesia region." 36th COSPAR Scientific Assembly.
Beijing: The ADS, 2006, 2888.

[9] Lynch, Peter. Physical Meteorology. Belfield: Mathematical Computation Laboratory Dept. of
Maths. Physics, UCD, Belfield., 2015.

[10] Bechtold, Peter. Atmospheric Thermodynamics. England: ECMWEF, 2015.

[11] Stull, Roland. Meteorology for Scientists and Engineers. Canada: Warren Faidley, 2015.

[12] Ambaum, Maarten H.P. Thermal Physics of the Atmosphere. United Kingdom: WILEY-
BLACKWELL, 2010.

[13] Pauluis, Olivier. "Water Vapor and Mechanical Work: A Comparison of Carnot and Steam
Cycles." Journal of The Atmospheric Sciences 68 (Agustus 2010): 91-102.

[14] Mark W .Zemansky, Richard H.Dittman. Heat and Thermodynamics. New York: McGraw-Hill,
1997.




Hydrologic cycle of moist air in the lower atmosphere

ORIGINALITY REPORT

2% % 2% %

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

Olivier M. Pauluis, Fuging Zhang. 1 y
"Reconstruction of Thermodynamic Cycles in ’
a High-Resolution Simulation of a Hurricane",
Journal of the Atmospheric Sciences, 2017

Publication

Jannis Limperg. "A novice-friendly induction <1 o
tactic for lean", Proceedings of the 10th ACM °
SIGPLAN International Conference on
Certified Programs and Proofs, 2021

Publication

A. Zuiderweg, |. Kaiser, J. C. Laube, T. <1 o
Rockmann, R. Holzinger. "Stable carbon ’
isotope fractionation in the UV photolysis of
CFC-11 and CFC-12", Copernicus GmbH, 2011
Publication

Olivier Pauluis. "Water Vapor and Mechanical <'I o

Work: A Comparison of Carnot and Steam
Cycles", Journal of the Atmospheric Sciences,
2011

Publication




Pauluis, Olivier, and Isaac M. Held. "Entropy
Budget of an Atmosphere in Radiative-
Convective Equilibrium. Part I: Maximum
Work and Frictional Dissipation", Journal of
the Atmospheric Sciences, 2002.

Publication

<1%

Pauluis, Olivier, and Isaac M. Held. "Entropy
Budget of an Atmosphere in Radiative-
Convective Equilibrium. Part Il: Latent Heat
Transport and Moist Processes", Journal of
the Atmospheric Sciences, 2002.

Publication

<1%

New Ecoinformatics Tools in Environmental
Science, 2015.

Publication

<1%

Exclude quotes On Exclude matches <5 words

Exclude bibliography On



