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Abstract: Rain clusters are mesoscale disaster weather systems, and some of rain clusters have
spiral structures. In this paper, a theoretical model of spiral rain cluster is established under
pseudo-adiabatic approximation, and its horizontal structure equation is obtained. The study shows
that the horizontal structure with spiral arm rain clusters has the following characteristics: at locations
close enough to the center of the rain clusters, its shape is round and symmetrical; at locations far
from the center, there may be spiral arms; the intensity of the vertical ascending motion of the rain
cluster decreases with increasing distance from the center; and the vertical ascending motion is larger
on the axis of the spiral arms of rain clusters. The conclusions obtained are consistent with not only
the numerical results but also the observational facts.
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1. Introduction

The concept of rain clusters are widely used in the research of Chinese rainstorms, so the study
on rain clusters in rainstorm is crucial. “Rain cluster” refers to the area surrounded by an isohyetal
line of 10 mm/h over a life cycle of more than two hours and on a spatial scale of 10-100 km [1].
It is a mesoscale convective system (MCS), which is caused by strong local convection, and it is a
weather system that directly generates rainstorms [2]. Rain clusters have a wide prevalence in periods
of floods and always occur with disaster weather with strong precipitation, causing serious damage to
people’s lives and property, as well as industrial and agricultural production. Therefore, the study on
rain clusters has become a hot issue in mesometeorology [3-10]. In the literature [11], Zeng Qingcun
pointed out that the improvement of weather forecasting techniques relied on further development
of numerical forecast models, technologies, and further knowledge of the regularity of the weather
evolution process, which all require the development of corresponding basic theoretical studies [11].
Therefore, it is important to perform theoretical studies on rain clusters.

The horizontal shape of rain clusters is usually close to circular. Many literatures also treat rain
clusters as circular symmetrical shapes to study [12]. However, the spiral structure is very common
in nature. In the atmosphere, the spiral structure occurs as planetary waves, as well as tropical
cyclones [13,14]. Thus, the existence of the spiral rain clusters becomes one of the most important
aspects in the theoretical study on rain clusters. Obviously, the theory of circular symmetry cannot
be used in this field. Is it possible to establish a theoretical model of spiral rain clusters? If so, what
is the performance of the spiral structure in this model? What are the distribution characteristics of
ascending motion and convective precipitation at the spiral arms? These are important questions that
must be answered in the theoretical study on rain clusters. In addition, whether or not there are rain
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clusters with a typical spiral structure, whether or not examples can be given, these must be answered,
too. All of the above questions have not been given ready-made answers by our predecessors.

Although there were many studies on rain clusters before this paper [3-10], there were no reports
and other studies about typical spiral arm rain clusters. However, we found that in the strong lightning
and local torrential rain on the morning of 25 August 2008 in Shanghai, the rain detection radar did
observe a rain cluster with a typical spiral structure, indicating that the spiral arms could also appear
in rain clusters.

At 7:00-8:00 that morning (Beijing time, similarly hereinafter), the seven automatic rainfall
stations in Shanghai measured precipitation that exceeded 100 mm, among which the precipitation
of Xujiahui station reached 117.5 mm/h, and the station had never met this since it started keeping
meteorological records in 1872 [15]. At 9:12, the typical spiral rain clusters were discovered on the
Shanghai OHP radar map (see Figure 1, the white line is the coastline, the white circle is the location
of the radar station, the distance from the orange circle to the radar station is about 30 nautical miles
(approximately 56 km), the color bar denotes precipitation/h). The figure shows that the rain cluster
has two obvious spiral arms, the convective precipitation in the cluster center is at a maximum,
decreasing outwardly. The convective precipitation is larger in the spiral arms, and the farther from
rain cluster center, the weaker of convective precipitation in the rain cluster and its spiral arms.
The horizontal scale of this rain cluster is 30 km.

Figure 1. Radar image for 1 h cumulative rainfall at 9:12 CST (25 August 2008) (the unit of the color
bar is mm).

Since there are no other people’s studies mentioned about typical spiral rain clusters before this
paper, it shows that this kind of rain cluster is relatively rare. For this reason, establishing a theoretical
model of this kind of rain cluster is more important and necessary. It can not only demonstrate from
the dynamics that the existence of the rain clusters is possible and reasonable, but also helps determine
the rain clusters’ structure and answers the above questions, further deepening the understanding
of this kind of rain cluster, which also has potential application in the prediction, detection, or early
warning of rain clusters. In addition, it can also eliminate people’s doubts regarding this isolated case.

We have established a theoretical model of spiral rain clusters and obtained the analytical solution
of the horizontal structure equation a few years ago [16]. However, due to the assumption and
approximation during the solutions, there are still two deficiencies in the model of rain clusters. One is
that the intensity of the model of the rain cluster is invariable with the changing of r. The other is that
it is not symmetrically round near the center of the model of the rain cluster. In order to correct these
deficiencies, this paper introduced a new phase function to the mathematical model and obtained a
new horizontal structure equation. The analytical solution of the new equation can, indeed, describe
the spiral rain clusters. The results of the model were compared with the actual rain clusters, which
answered the above questions.
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2. Theoretical Model and Horizontal Structure Equation

In order to facilitate the analysis, the linear Boussinesq equations expressed in cylindrical
coordinates under the pseudo-adiabatic assumption was used to describe the system of rain clusters
with spiral arms. The equations are as follows:

ou o [p
dov 9 [p
ow 9 [p ,
00/
=+ NZw=0 (1.4)
Joru  0v  oJw

var o6 ez =0 (15)

where u,v,w,®',p’ are the two components of the horizontal wind speed, vertical movement,
pseudo-equivalent potential temperature, and barometric disturbance, respectively. In addition, pg
is the typical value of air density; f is the Coriolis parameter, which can be considered constant for a
rain cluster; and N2 is the wet stratification parameter, which is assumed to be a function of z, namely,
N2, = N2(z). Here the pseudo-adiabatic process can simplify the thermal effect of the steam latent heat of
condensation. The linear approximation is used because there is no strong gradient wind in rain clusters
as tropical cyclones, and can be conveniently used to obtain the horizontal and vertical structure equations.
The adoption of Boussinesq approximation is due to our focus on the level of structure of the system;
in general, it is feasible to do these approximations on issues of concern in this paper.

The phase function ¢ = kr + m6 was then introduced, where m is the number of spiral arms in the
system (m is an integer greater than or equal to zero). It is assumed that k > 0, and k/m is correlated
to the included angle between the equiphase line (the spiral line where ¢ is constant, with m > 0,
the curve is the trailing helix, which is also the criterion for the identification of the spiral arms) and
the equal-r line (circular line). With m = 0, the rain cluster has a circularly symmetric structure without
spiral arms. Thus, assuming:

u U(p,z)

v Vg, z)

w = | W(pz) | )
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where the growth rate ¢ is taken as a positive real number, indicating an unstable situation in the
system that is discussed below. Under certain conditions, the unstable system could be considered a
developing rain cluster. Since aa—(f =k, and 3—(5 = m, we have:

opP
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where W satisfies the vertical boundary condition
W(g,0) =0, W(g,H) =0 )

The topography is not taken into account, and H is the top attitude of the tropopause or
inversion layer.
© is the eliminated combining Equations (3.3) and (3.4), deriving:

oP N2(z)

= o w e ®)
In the above equation, y(z) = —0 — (Z)

Equations (3.1) and (3.2) are then derived based on z. Considering Equation (5), it can be obtained that:

, which is the function of z. The partial derivative of

ou v oW
ou oV m oW
- =_=C - 2
15+ )5 6.2)
from which, au and aV > may be solved. The partial derivative of Equation (3.5) is then derived on z,
deriving:
ko ([ oUu mad [V *W
an(5) * Fol5) H o 0 v
The expressions %u and aV are substituted into Equation (7). Since g; %, the partial differential

equation of W could be denved as:

W oW h W

in which, 2 = a(z) = Zi}z,b—b( r) = iy, and h = h(r) = — ophs.

W = A(z)I1(¢), which is substituted into Equation (8) to conduct variable separation. The
variable separation constant is assumed to be A > 0, and the vertical and horizontal structure equations
of vertical movement could be derived as follows:

a1 dIT
2
%\ +AaA =0 9.2)

which could then reveal the horizontal and vertical structure of developing rain clusters.

The expressions of b and & are substituted in the horizontal structure Equation (9.1), and the
expression of a is substituted in the vertical structure Equation (9.2). Then the expression of y(z) is
introduced. Since A > 0 is constant, and ¢ is positive constant, A/¢ is further recorded as A, and A > 0.

The horizontal structure equation (Equation (9.1)) and vertical structure equation (Equation (9.2))

can then be expressed as:
m* \d Il | 1 m*\ dIl A
— =+ (11— | =+ =11 = 10.1
<1+ k2r2> d Tk <1 k2r2) dp TR!=0 (10.)
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The horizontal structure of rain clusters is discussed in the following section, based on Equation (10.1).

AA =0 (10.2)

3. Analysis of Horizontal Structure of Rain Clusters

3.1. Horizontal Structure at Locations Close to the Center

In Equation (10.1), while » — 0, it can be obtained that m = 0 because of % — oo, which has no
physical meaning. Further, it can be derived that ¢ = kr. Thus, Equation (10.1) could be expressed as:
dIT | dIl
2 2
—— +r— + Al = 11
ra +r I + Ar 0 (11)
which is a zero-order Bessel equation of the independent variable 7, whose solution can be expressed
by the 0-order Bessel function:

=1 fo(ﬁr) (12)

where Jj is zero-order Bessel function (see Figure 2), II representing the amplitude, which is an
arbitrary constant greater than zero. While IT is the horizontal structure of the vertical motion w
(because W = All), there is ascending motion when IT > 0 and descending motion when IT < 0. Thus,
it can be derived that m = 0 at locations close to the center. Since Equation (12) is independent of 6,
it has a circular symmetrical structure, indicating that the rain cluster is circular and symmetrical
without the presence of spiral arms in the range. The vertical ascending motion is strongest at 7 = 0,
and decreases with increasing r.
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Figure 2. Image of the Bessel function of the first kind.

3.2. Horizontal Structure at Locations Far from the Center
It can be derived from Equation (10.1) divided by 1 + % that:

AT 1 1—m?/(K*r?) dIl | A 1

i Tk TEeR /2R dg R e 0 (13)

Locations far from the rain cluster center have large r, i.e., rk ~ rk + mf = ¢. Since —t < 0 < 7,
it can also be written as k?r? > m?7? > m?. When A = k2, Equation (13) is approximately expressed as:

d2I1 1411 m?
a1, a4l _ "\ = 14
d<p2+qu¢+(1 <P2) 0 14

Equation (14) is an m order Bessel equation, and its solution is:
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[T =11 Ju(p) =I1- [ (kr +mb) (15)

In which, J,, is an m-order Bessel function (1 is zero or a positive integer), IT represents the
amplitude, and ¢ = kr + mf (the equiphase line is obtained when ¢ is constant). When m > 1, because
k > 0, 0 decreases with increasing r for the equiphase line and, thus, the line is rotating in a spiral.
The results suggest that there are spiral arms within rain clusters at locations far from the center
(the rain cluster is still circularly symmetric when m = 0). It is known that ], (¢) in the Bessel function
has decreasing amplitude as ¢ increases, thus, when ¢ — oo, J;;(¢) — 0 (Figure 2). Therefore, while r
increases, the amplitude of J,; decreases, indicating the reduced strength of spiral arms of rain clusters.

From the asymptotic expression of the Bessel function, it can be obtained when  is large:

2

Jin(kr 4 m0) =~ k1 m16)

sin(kr 4+ m6 + @) (16)

where gy = — % + %

rain cluster is:

, which is a constant phase angle. The corresponding vertical movement of the

w=W(¢p,2)e"t = Az) -T1- Ju()e”

~TI-Az)- ] sin(kr + m6 + ¢ )e’!

2 (17)
7t(kr+m6

which is the asymptotic expression of the horizontal distribution of vertical movement of rain cluster
at locations far from the rain cluster center.

The above analysis indicates that when m > 1, there are possible spiral structures at locations far
from the rain cluster center, and the strength of the spiral arms decreases with increasing r.

3.3. Numerical Solution of the Horizontal Structure Equation

The approximate analytical solutions to the horizontal structure function of the vertical movement
of developing rain clusters (Equation (10.1)) was derived for locations close to, and far from, the rain
cluster center. As a result of the difficulties in the mathematical process, it is difficult to obtain a global
numerical solution. Therefore, MATLAB software (MathWorks, Natick, MA, USA) was adopted in
this study to seek a global numerical solution, thereby providing an overall understanding of rain
clusters with spiral arms. Figure 3 is a global numerical solution for taking different parameters.
In Figure 3a, the global numerical solution of the model of rain clusters is obtained assuming that m =
2,k=1km 1 and R = 20 km, which is similar to the characteristic parameters of the actual rain clusters
in this paper. Here R is the radius of the tangent circle to the square border (the same below), which
reflects the horizontal scale of rain clusters. As it can be seen from the diagram, there are two spiral
arms at locations far from the center of model of rain cluster when m = 2. The horizontal structure
of the vertical movement of the rain clusters are distributed in circular symmetry near to the center,
and the ascending motion intensity is the greatest in the center of the circle. The ascending motion
intensity on the axis of the spiral arm is also larger. With the increase of distance from the center
of the circle, the ascending motion intensity on the spiral arms is weakened. Figure 3b is the global
numerical solution of the model of rain clusters assuming that, m =2, k=1 km~! and R = 20 km.
Due to m = 1, there is only one spiral arm, and the distribution characteristics of its vertical ascending
motion intensity is also regular, as shown in Figure 3a. Figure 3c is the global numerical solution of
the model of rain clusters assuming that m =2, k=2 km~! and R = 20 km. As it can be seen from the
diagram, the angle between the spiral arm and tangent circle becomes smaller due to the increase of K,
but the distribution characteristics of its vertical ascending motion intensity also has the above regular
pattern. The results of the numerical calculation are consistent with the above theoretical analysis.
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Figure 3. Horizontal structure of theoretical rain clusters with spiral arms. Positive values indicate
ascending movement, negative values indicate descending movement. The unit of the coordinate X
axis and Y axis is 10 km. The unit of the color bar is m-s~1. (a) m =2, k=1 km~! and R = 20 km;
(bym=1,k=1km!and R=20km;and (¢) m =2, k=2km ™! and R = 20 km.

3.4. Comparison with the Observations

The results are compared with the actual spiral rain clusters described in the introduction.
According to the theoretical model of spiral rain clusters, the model consists of two
centrally-symmetrical spiral arms when m = 2, and is circularly symmetric close to its center, which is
exactly accordant with the actual rain cluster (see Figure 1). The ascending motion in the center of the
theoretical rain cluster is strongest, which implies that the convection is strongest in its center and,
thus, the precipitation should be heaviest, too. In addition, the ascending motion in the spiral arms of
the theoretical rain cluster is also strong. It implies that the convection is strong in its spiral arms and,
thus, the precipitation should be heavier, too. It is clear that convection is at a maximum in the center
and its intensity gradually decreases outward, which implies that the intensity of convection and
the precipitation decreases as the distance from the center increases. Figure 1 shows the observation
from the rain detection radar: the precipitation intensity of the actual rain cluster center is more
than 50 mm/h, while in the peripheral and spiral arms the precipitation intensity is weakened to
6 mm/h. The distribution of the precipitation intensity of rain clusters is also characterized by the



Atmosphere 2017, 8, 106 80f9

above analysis on cluster model. It indicates that the rain detection radar’s observation of an actual
rain cluster is consistent with the above theoretical analysis. Without introducing vapor into the
theoretical model, the model is based on the pseudo-adiabatic assumption, so it cannot directly present
precipitation, causing the difference between the theoretical rain cluster and the actual rain cluster.
In addition, since the level scale of rain cluster is only 20 km, it is limited by the observation conditions,
lacking the rainfall and other meteorological data of rain cluster observations. It can only analyze
the structure with radar data in Figure 1. We have also used three nested WRF mesoscale numerical
models (taking the thinnest grid of 3.3 km, the grid cannot be any thinner because of the limit of the
computer conditions) to simulate the rainstorm process in Shanghai, which simulated the rainstorm
process; however, the simulated data still cannot simulate the structure of the rain clusters. However,
it highlighted the necessity of theoretical research in this paper.

4. Conclusions

The linear Boussinesq equations in a cylindrical coordinate system were employed in the present
study based on the pseudo-adiabatic assumption to study rain clusters. In addition, the horizontal
structure equation of rain clusters with spiral arms was also obtained. The main conclusions of this
study are: (1) the theoretical rain cluster is circularly symmetric in locations close enough to its center;
(2) spiral arms may arise in locations far from the center; (3) the magnitude of ascending movement is
strongest in the center, and decreases gradually with increasing distance from the rain cluster center,
as do the spiral arms; and (4) the magnitude of ascending movement is also strong on the axis of the
spiral arms. The results are consistent not only with the numerical results but also the facts of the
observation of the actual rain cluster of the rain detection radar mentioned in this paper.

The theoretical model of spiral rain clusters is successful, the approximation used to establish the
model is feasible under certain conditions, and the analysis of the horizontal structure of the model of
the rain cluster is reasonable, which is consistent with the actual rain cluster. The theoretical model
can answer the questions raised in the introduction and can be used to study the dynamics of spiral
rain clusters. The last thing to point out is that due to the limitation of observation and numerical
simulation conditions, the theoretical analysis of this paper cannot be quantitatively analyzed and
compared with the examples of rain clusters and numerical simulation results, which is the inadequacy
of this paper that needs to be improved in the future.
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