Entropy 2013, 15, 3449-3457; do1:10.3390/e15093449

entropy

ISSN 1099-4300
www.mdpi.com/journal/entropy

Article
Implication of Negative Entropy Flow for Local Rainfall

Ying Liu "*, Chongjian Liu ' and Zhaohui Li >

! State Key Laboratory of Severe Weather, Chinese Academy of Meteorological Sciences,

Beijing 100081, China; E-Mail: cliu@cams.cma.gov.cn
Sanshui Meteorological Bureau, Foshan 528300, Guangdong, China;
E-Mail: lizhaohui345@gmail.com

* Author to whom correspondence should be addressed; E-Mail: y119@cams.cma.gov.cn;
Tel.: +86-10-68406084; Fax: +86-10-68406084.

Received: 24 May 2013, in revised form: 15 August 2013 / Accepted: 19 August 2013 /
Published: 30 August 2013

Abstract: The relation between the atmospheric entropy flow field and local rainfall is
examined in terms of the theory of dissipative structures. In this paper, the entropy balance
equation in a form suitable for describing the entropy budget of the Earth’s atmosphere is
derived starting from the Gibbs relation, and, as examples, the entropy flows of the two
severe weather events associated with the development of an extratropical cyclone and a
tropical storm are calculated, respectively. The results show that negative entropy flow (NEF)
has a significant effect on the precipitation intensity and scope with an apparent matching
of the NEF’s pattern with the rainfall distribution revealed and, that the diagnosis of NEF
is able to provide a good indicator for precipitation forecasting.
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1. Introduction

Entropy is a core concept in classical thermodynamics and statistical physics. According to the second
law of thermodynamics, an isolated system will evolve spontaneously to the equilibrium with maximum
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entropy in which the order of the system is a minimum [1-3]. Therefore negative entropy flow (NEF)
for an open system through its boundaries is very important for the system to remain far from equilibrium.

As shown in classical thermodynamics, changes in entropy for an open system consist of two
contributory parts: one is entropy flow caused by positive or negative entropy exchange with its
surroundings; and, the other is positive definite entropy production owing to irreversible processes
within the system. This can be described by the entropy balance equation (EBE) for entropy per unit
volume, S, which, using the local equilibrium assumption, is of the form:

% iy J,+o 0
ot :
where ¢ denotes entropy production, and the “div’-term is entropy flow with 0 denoting partial
differentiation [3—4]. The “div’-term in Equation (1) describes just the entropy flow entering into a
system through the boundaries from its surroundings.

Entropy is relevant for the order in a system and so the evolution of an atmospheric system, as a
thermodynamic many-body system, should be related to entropy flow from the environment. For
example, a thin layer of fluid originally at rest, with a free surface at a lower temperature T, heated
from its bottom at a higher temperature T, (Figure 1) was investigated by Bénard in 1900.
He found that a rather regular cellular pattern of hexagonal convective cells was abruptly organised
when the temperature difference (T, — T;) reaching the value of the threshold of primary instability [2,3,5,6].
This suggests that every system that obtains heat at a higher temperature but loses heat at a lower
temperature will undergo a net negative entropy flow process.

Figure 1. Schematic diagram for Bénard convection as the prototype of self-organization.
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In Bénard’s case, the entropy exchange (Js, ) of the system with its environment or entropy flow entering

into the system through its boundaries can be expressed mathematically as the following Equation (2):

55, =2 & 1Ly 2)
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where Q; and (O, are the heat fluxes through the top and bottom of the layer of fluid, respectively,
and Q is the flux when the system becomes steady so that O = Q; = 0.. Later Schrodinger stated in his
monograph “What Is Life?” in 1940s that life’s existence depends on its continuous gain of
‘negentropy’ from its surroundings, implying that negative entropy flow (NEF) is something very
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significant for a system, whether it is living or nonliving [2,5,7-10]. That is, NEF will cause a system
initially at equilibrium or even at rest to be organized, or lead a system already at non-equilibrium to a
state further from equilibrium.

Although atmospheric processes such as condensation and evaporation are crucial to the entropy
budget [11,12] it only causes changes in entropy production and is independent of entropy flow. As a
result, only the entropy flow characteristic of a system is considered in this paper.

The atmosphere has been viewed as a giant thermodynamic engine in which disorganized heat
energy is transformed into the organized kinetic energy of the winds in terms of the second law of
thermodynamics. On the other hand, the general circulation of the atmosphere can be regarded as
simply being driven by temperature differences between the polar and equatorial regions [13].

In recent years, some previous studies reviewed atmospheric systems in the light of non-linear
non-equilibrium thermodynamics and reached a number of conclusions, such as: the numerical
simulation of the atmospheric circulation improved dramatically when the second law of thermodynamics
is incorporated into a global spectrum model [14]; and, the forecast accuracy of a meso-scale numerical
weather prediction model is enhanced by introducing a physics-based diffusion scheme [15,16].

This paper is aimed at deriving the EBE for calculating instantaneous entropy flow fields related to
two severe weather events, one associated with the development of an extratropical cyclone and
another to a tropical storm, to discuss the relationship between NEF and the precipitation intensity and
distribution associated with these two atmospheric systems and to investigate the possibility whether
the evolution of NEF fields is able to provide some useful information for precipitation forecasting.
The extratropical cyclone occurred in early November in northern China and had severe weather due to
mixed rain-snow processes and was characterized by strong precipitation intensity, broad range, early
first snowfall occurrence, multiple precipitating hydrometeors coexistence with dramatic temperature
drops and gales. The tropical storm selected is a severe tropical storm named Bilis which made landfall
on Fujian, China in 2006, and was the worst such disaster in East China in the last ten years as it
caused the most deaths.

2. Entropy Balance Equation

The general EBE can easily be found in the literature [3] and here the specific EBE in a form suitable
for describing the entropy budget of the atmosphere is derived starting from the Gibbs relation.

The Gibbs relation under the assumption of local equilibrium (e.g., [2]) can be written in terms of
the change of entropy per unit mass, s, as follows:
ds _1du pda_p dN,

dt Tdt T dt “T dt (3)
where T is the temperature; p the pressure; u the inner energy per unit mass; a = p~' the specific
volume with p being the total density; N, and y, the fractional mass and the chemical potential for
the k4 component, respectively, in which N, = p, / p with p, the density of component £ such that
p= z p, and ZN , = 1. The three individual derivatives in the right-hand side of Equation (3) can

k k . . . .
be found through the first law of thermodynamics, the continuity equation and the component balance



Entropy 2013, 15 3452

equation. Substituting for the three derivatives in the right-hand side of Equation (3) and turning the

derivation of entropy into the local derivative, we have:

oS = 1 = u, -

—=div(SV+=] - £ ] )+o

ot 7o Zk: 7 (4)
where o is called entropy production while the “div” term is entropy flow, with S = ps being the
entropy per unit volume and ¥ the velocity. The heat flow J , can be approximately written, according

to the Onsager relation [17], as

J, =—P/1871 (5)

where 1 is the thermal conductivity; and the diffusive flow ./, for component k is defined as:
j v = Py (V; N V) (6)
where ' is the velocity for the mass center and V. the velocity of component k related to V by

V= ZﬂkV;/ p . In this paper the component of liquid water has been omitted owing to the liquid
water content (about 5 g'm  on the average over the tropics) being much less than the density of either
vapor or dry air [18,19] and only two components are taken into account, which are vapor and dry air

with the corresponding density being p and p,, and fractional mass N, (= ¢ the specific humidity)
and N, (=1 — g), respectively. Usually the velocity ¥, for vapor is assumed to be the same as /, for

dry air so that /, = 0 in our case. Therefore, the entropy s per unit mass consists accordingly of s, for

vapor and s, for dry air with the result that:

s=s5,+5,=q(C,,InT-R Ine)+(1-¢)[C,,InT =R, In(p—e)] (7)

where C,, and C,, are the specific heat at constant pressure for vapor and dry air, respectively; e the
vapour pressure; while, R, and R; are the gas constant for vapor and dry air, respectively.

It should be noted that the formulas above are derived in the Cartesian coordinates. On the other
hand, the NCEP/NCAR reanalysis data used in this paper are on constant pressure layers, and thus it is
necessary to transform the expression of entropy flow into that in the p-coordinates. As a consequence:

~div], = (8)
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where J denotes the entropy flow vector; u and v are the velocities in the x- and y-direction at

constant pressure layers, respectively; @ the vertical velocity in the p-coordinates; and, g the
gravitational acceleration. Equation (8) is the basic formula for calculating entropy flow employed in
this paper. Also, in this paper only the entropy flows on the layer of 950 hPa are taken into account
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since this lower layer is more representative for describing the evolution of a vortex system as shown
in previous studies [19-22].

3. Results

These entropy flows associated with the two vortex systems are evaluated in this paper using
Equation (8) above with emphases on the layer of 950 hPa and based on the National Centers for
Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) 1 x 1 (latitude-longitude)
resolution reanalysis data [23]. The precipitation data are from the conventional meteorological observations.

3.1. Extratropical Cyclone

The first mixed rainfall-snowfall event is related to an extratropical cyclone that occurred from 3 to
5 November 2012 in North China, which is relatively earlier compared with the first snow in other
years. The particular distributions of precipitating hydrometeors were caused largely by the
development of the cyclone interacting with a strong frontal cold air burst, leading to very complicated
weather changes during the period from 06:00 UTC 3 November to 06:00 UTC 4 November.

Figure 2 shows the negative entropy flow field at 950 hPa with the corresponding thenceforth
rainfall distribution for the region around North China centered near Beijing City from 06:00 UTC 3
November to 06:00 UTC 4 November at 6 h intervals.

Figure 2. Negative entropy flow field (shading in 10°J/(Ks)), wind field (vector) at 950
hPa for the times of (a) 0600, (b) 1200, (¢) 1800 UTC 3, and (d) 0000 UTC4 November
2012 and the corresponding thenceforth 6 h accumulative rainfall distributions (solid line
in mm, rainfalls larger than 10 mm are numbered) for the region around North China
centered near Beijing City.
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It is seen from Figure 2 that the patterns of NEF at 950 hPa are well matched with the thenceforth 6
h accumulated rainfall (6 hAR) fields. Both the NEF and 6 hAR at 0600 UTC 3 November have a
north-south distribution while as NEF becomes more intense, so too does 6 hAR. Note that the 6 hAR
fields have no observations over the oceans. Compared the patterns of NEF field at 950 hPa with the
ones of the corresponding thenceforth 6 h accumulative rainfall (6 hAR) (Figure 2), it is found from
Figure 2 that these two patterns are well-matched with each other. As an example, at 0600 UTC 3
November, the NEF field as is seen in Figure 2a is of near north-south distribution, which is quite
similar to the pattern of the thenceforth 6hAR for the period from 0600 to 1200 UTC 3 November seen
in Figure 2a that is of near north-south distribution as well.

Figure 3. Negative entropy flow field (shading in 1 x 107> J/(Ks)), wind field (vector) at 950
hPa for the period from 1800 UTC 14 to 0000 UTC 16 July 2006 at 6 h intervals and the
corresponding thenceforth 6 h accumulative rainfall distributions (solid line in mm,
rainfalls larger than 50 mm are numbered) for the region in southern China. The areas in

the rectangle are the areas defined in Figure 4.
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On the other hand, the stronger the intensity of NEF is, the more the rainfall is, which can be
distinctly seen via comparing respectively between (a) and (b). Also, through carefully examining (c)
and (d) similar conclusions can be reached for the other occasions (notice that the rainfall patterns are
incomplete owing to a shortage of records over the ocean).

3.2. Tropical Storm

Tropical Storm Bilis, called TS Bilis hereafter, was the worst such disaster in eastern China in the
last ten years as it caused the most deaths. TS Bilis struck land on Fujian, China on 14 July 2006, and
caused direct economic losses of RMB ¥34.83 billion, 654 deaths and 208 missing persons.

Since more data can be acquired after its landing, the analysis in this paper will be focused on the
period from 1800 UTC 14 July to 0000 UTC 16 July 2006. It is seen from Figure 3 that the patterns of
NEF are also similar to the corresponding thenceforth 6 hAR fields (Figure 3a—f). Thus at 1800 UTC
14 July 2006 (Figure 3a) there is an arc-shaped band of NEF contained by isoline of
—800 x 107> J/(K-s) with large values near the TS Bilis center, and this corresponds well with the 25 mm
6 hAR field.

4. Discussion and Conclusions

It is seen based on the results above that the precipitation is significantly related to the NEF. On the
other hand, for a specific area (e.g., the area 23—-30 °N, 110-120 °E in the case of the TS Bilis), the
NEF within it is also well matched with the thenceforth 6 h accumulative precipitation as shown in the
Figure 4. in which the first and last periods are especially prominent in terms of the decreased NEF
corresponding to the decreased thenceforth 6 h accumulative precipitation.

Figure 4. Changes in the averaged negative entropy flow (solid line in 1 x 10°J/(K's)) at 950
hPa and the averaged thenceforth 6 h accumulative precipitation (dashed line in mm) over
the area (23-30 °N, 110-120 °E) from 1800 UTC 14 July to 0000 UTC 16 July 2006.
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In classical thermodynamics, entropy is regarded as a measure of the degree of disorder with regard
to a system and, NEF entering into an open system from its surroundings will cause a decrease in
entropy within the system and thus drive the system further away from equilibrium, leading the system
to becoming more ordered or stronger in intensity. As far as these two computational results in this
paper are concerned, it could be understood that larger NEF will drive a system further from equilibrium as
shown by the second law of thermodynamics, and thus more complicated structures with a higher
degree of order may form within it, resulting eventually in more severe weather events, including
severe rainfalls to occur in the corresponding zones to the larger NEF areas.

The nonlinear non-equilibrium thermodynamics points out that, for an open system, strong enough
NEF from its surroundings may drive the system to a state so far from equilibrium to form complex
dissipative structures, which is consistent with the principle of the second law of thermodynamics.
This study applies entropy flow analysis based on the entropy balance equation derived from the Gibbs
relation to two storm cases using the NCEP/NCAR reanalysis data. This analysis indicates a strong
match between NEF and the thenceforth 6h accumulated rainfall distribution and suggests that NEF
evolution may be a useful indicator for short-range severe precipitation forecasting. These results
coming from the two cases could be applied to other events. On the other hand, whether thenceforth
6 h or a longer leading time is reasonable for our application purposes is worthy of further research.
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