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Abstract. 1.5 - D convective cloud model with the detailed description of 
microphysical processes (including 8 categories of cloud particles) is presented 
in the article. The model is developed for investigation of convective cloud evo-
lution and dangerous phenomena associated with it (thunderstorms, hails and 
rain storms). Special attention is paid for investigation of possibilities of real-
time forecast of the phenomena using parallelization technique on multi-core 
processors. Effectiveness of parallelization has been investigated in relation to 
thread number and calculation work amount. 

Keywords: multi-core processors, parallelization, thread, numerical model, 
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1   Introduction 

Investigation of dangerous convective phenomena such as thunderstorms, hail and 
rain storms) requires consideration of various processes having different nature and 
scale and presents an extremely complex problem for numerical modeling. Cloud 
model should reproduce both thermodynamical and microphysical processes. The first 
describe interaction of updraft and downdraft convective flows, turbulence vortexes 
and temperature variations. The second – transformations and interactions of small 
cloud particles – water drops, aerosols and various kinds if ice particles (ice crystals, 
snowflakes, graupel and frozen drops). Calculations of the whole set of the processes 
require a large number of computational resources and time, especially in case of 
using 2 - D and 3 - D models. Such models are usually applied for academic  
sresearches only. More simple 1 - D and 1.5 - D model could be used for real-time 
forecast especially in local weather centers, which are not able to obtain expensive 
supercomputers. 

We have elaborated 1.5 D cloud model, characterized by detailed description  
of interaction of updraft flow inside a cloud and downdraft flow in cloud free envi-
ronment. That allows reproducing more realistically the whole cycle of cloud  
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evolution including the stage of its dissipation. Besides we have realized well-
developed microphysical block with the full set of equations describing evolution of 
mass distribution functions of cloud condensation nuclei, water drops, and 6 types of 
ice particles. The model does not require supercomputer resources and it could be 
easily realized on ordinary desktops or workstations in local weather centers for pro-
ducing forecast of dangerous convective phenomena.  

We have investigated if it is possible to use the model for real-time forecast, when 
calculations should be obtained practically instantly. For this purpose we have -
parallelized the model for further realization on multi-core processor computers. The 
so called space parallelization in conjunction with the multi-thread technology has 
been used. Effectiveness of parallelization has been investigated in relation to thread 
number and calculation work amount. 

2   Model Description 

The detailed description of the dynamical part of the model is presented in [1 and 2]. 
Below we briefly consider its main features, paying special attention to the updates in 
microphysical block, which differ the present model from the variant described in [2]. 
Convective cloud is presented in the model as a system of two cylinders. The inner cyl-
inder (with constant radius a) corresponds to the updraft flow region (cloudy region) 
and the outer cylinder (with constant radius b) – to the surrounding downdraft flow 
region (cloudless). This structure was described firstly in [3] for description of cloud 
dynamics, but we used it for microphysical process simulation also. The model is 1.5-
dimensional, that means that though all cloud variables are represented with mean val-
ues averaged over the horizontal cross section of the cloud, fluxes in and out of the inner 
cylinder borders are taken into account.  

8 types of cloud particles were presented in the model: aerosol particles (cloud 
condensation nuclei, water drops, ice crystals in a form of columns, plates and den-
drites, snowflakes, graupel and frozen drops). 

In generalized form the equations for vertical velocity, temperature and mixing ratios 
of water vapour, water drops and ice particles inside the inner (equation 2) and outer 
(equation 3) cylinders can be written as follows: 
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Where the variables with subscripts 'in' and 'out' relate to the values, averaged over  
the inner and outer cylinders consequently. φ can take the values of vertical velocity w, 

temperature T, mixing ration of water vapor Qv  and mixing ratio of cloud droplets or ice 

particles in the i-th particle-size interval jiQ (j=1 is for water drops, j=2,3,4 – for colum-

nar crystals, plate crystals and dendrites, respectively, j=5,6,7 is for snowflakes, graupel 
and frozen drops respectively), t and z are independent variables (time and height conse-
quently), α  is the coefficient for lateral eddy mixing through the periphery of the cloud, 

aU  is determined by the equation of mass continuity under assumption of incompressi-

bility which is given as 0
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the microphysical processes into the change of temperature and mixing rations of water 
vapor and cloud droplets in the i-th particle-size interval consequently. 
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where diV - is the value of hydrometeor terminal velocity in the i-
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T Q QG G G  describe the input of the microphysical process 

into the change of temperature and mixing rations of water vapor and hydrometeors in 
the i-th particle-size interval consequently. 

Microphysical block of the model is based on solution of stochastic kinetic equations 
for mass distribution functions jf  describing 7 types of hydrometeors jiQ (j=1 is for 

water drops, j=2,3,4 – for columnar crystals, plate crystals and dendrites, respectively, 
j=5,6,7 is for snowflakes, graupel and frozen drops respectively)). 

For the numerical solution of the equations it is necessary to select discrete points mi  
(i = 0,..., N, m0 = 0) along the m axis to define particle size intervals or bins. Then one can 
replace the stochastic collection equation by the set of equations for jiM  - mass fraction 

in the mass interval defined by: 
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Distribution functions for drops and ice particles are described by the equation:  
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and melting of ice, and breakup processes, respectively., jV  is the terminal velocity of 

hydrometeors. 
The expressions for each term as well as the expressions for bulk densities, the di-

ameter-length and thickness-diameter relations for ice crystals are taken the same as 
in [4]. 

Vertical distributions of environmental temperature and relative humidity together 
with initial impulses of temperature and velocity have been taken as initial conditions. 
All variables with the exception of temperature and mixing ratio of water vapor are 
equal to zero at the top and at the bottom boundaries of the cylinders. 

Equations are numerically integrated using a finite difference method. Forward-
upstream scheme is used. Vertical velocity is averaged over two grid points (point 
below is taken if w≥0 or point above if w<0). Modified Kovetz-Olund method [5] has 
been used for microphysical block equation integration. 

Time-splitting method is used for sequential calculations of dynamical and micro-
physical process. Dynamical processes were calculated at the first stage, microphysi-
cal processes at the second one. 

The results of numerical simulation show that the model is capable to describe 
processes of water and ice hydrometeor formation and evolution in convective clouds 
under various vertical distributions of temperature and relative humidity of the outer  
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atmosphere. The model reproduces evolution of vertical velocity, mixing ratio  
of hydrometeors and hydrometeor spectrum in time and space. It can predict maxi-
mum and minimum values of the above mentioned dynamical and microphysical  
characteristics and besides the values of the height of a cloud base and upper bound-
ary, precipitation rate and total quantity of the rainfall, snowfall and hail. All that 
characteristics are of major value for prediction of dangerous convective cloud phe-
nomena such as thunderstorms, hails and rain storms.  

Real-time forecast providing in the airports and local weather centers need models 
which can simulate dangerous event evolution nearly instantly. So even our model, 
which is low dimensional but sufficiently complex in microphysical description 
should be modified to be used for this purpose. As we mentioned above small  
local weather centers and airports do not possess high-performance computational 
facilities and need effective software to provide quick calculations on ordinary desk-
tops. To use ordinary desktop means now to use multi-core desktop. That is why we 
tried to map our model on multi-core desktop using multi-thread technology for its 
parallelization. 

3   Parallelization Method 

The contribution of dynamical and microphysical blocks in overall computational 
time of the model is quite different. Dynamical block in 1.5-D model is rather simple 
and demands only about 20 seconds of computer time to obtain evolution character-
istics of velocity, temperature and hydrometeor mixing rations during a cloud life 
cycle.  

Computation of microphysical characteristics is essentially more time expensive. It 
depends upon a number of hydrometeor mass intervals or bins in each space mesh 
node and the number of hydrometeor types (number of distribution functions).  
If space mesh consists of the N nodes, the number of bins is equal to N1, and the 
number of distribution functions is equal to N2, then number of operations need to be 
performed for calculation of one dynamical time step is ( )1 2O N N N⋅ . The same 

value for microphysical time step is ( )2 2
1 2O N N N⋅ . So microphysical calculations 

will require in 1 2k N N⋅ more time than calculation of dynamics (k is some constant). 

Taking into account that the number of N1 is more or equal to hundred, N2  is equal  
to 7 we see that in case of microphysics the number of required calculations increases 
tremendously and the necessity of parallelization technique use becomes quite  
evident. 

Though dynamical and microphysical processes are calculated sequentially in each 
node, calculations in several nodes can be provided in parallel. 

Numerical scheme for the dynamical part of the model is an explicit one. So we 
can easily calculate all dynamical characteristics of the cloud at a time step “n+1” if 
we know them in each node of the mesh at a time step “n”. And though to calculate  
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dynamical characteristic in a mesh node “i” we should know corresponding character-
istic in a neighbor mesh node “i–1”, or “i+1” we can easily do this as all necessary 
values have been already calculated at the previous time step. To perform space paral-
lelization [6-9] we decompose computational domain of the model into several sub 
domains. Each sub domain represents a cylinder of the height Δh and includes parts of 
the inner and outer cylinders as well as a part of the environment at rest [1,10]. 

Multi-thread technology was used to realize parallelization methodology. Threads 
are created, and the data calculated on the previous time step is passed to the threads. 
It is essential that multi-core processors are in fact of SMP architecture type. So all 
threads can apply to shared memory where all the parameters calculated at the previ-
ous step are stored.  

Each thread implements calculation within definite mesh nodes. The transfer to the 
next time step is implemented when all threads fulfill their calculations. 

As at each time step processor should wait for completion of implementation of all 
threads, the problem of load balancing appears to be challenging. It is not easy to find 
the solution because calculation of cloud characteristics in different subsections de-
mands quite different time due to the fact that it is not necessary to obtain micro-
physical characteristics in the mesh subsections where cloud hydrometeors are absent 
and relative humidity is less than 100%. 

Special procedure of mesh subsection redistribution was used to obtain equal time 
of thread implementation. If “n” threads are launched and the certain thread has num-
ber “k”, the latter will be responsible for calculation of microphysical and dynamical 
processes in the mesh nodes with the numbers (k – 1) + i · n, (i = 0, 1, …). The proce-
dure results in calculation of neighboring sub domains in different threads and pro-
vides acceptable level of load balancing. 

As each launch of the thread demands definite time, the number of threads should 
be diminished in order to decrease computational overheads. It should be noted that 
some parts of the model program, such as creation and launch of the thread, calcula-
tion of boundary characteristics are calculated in single-thread regime. 

6   Test Results 

The aim of the test simulation was to define effectiveness of parallelization in relation 
to core and thread number and calculation work amount. We also try to define how 
the present results will differ from the ones obtained with the help of the model with 
the same dynamical but simpler microphysical block [1, 10], describing only “warm” 
cloud evolution without ice phase taking into account. Addition of 6 kinetic equations 
for distribution functions of ice particles should essentially increase amount of com-
putational work and consequently parallelization effectiveness. 
We provide calculations with the help of two core processor computer (Core 2 Duo 
CPU E8200, 2.66 GHz). Variable parameters are: number of threads for paralleliza-
tion of microphysics and dynamics, space step, number of bin intervals for calculation 
of hydrometeor distribution functions. The results are presented in the tables 1-5.  
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Table 1. Calculation time (seconds) of 1 hr model cloud evolution obtained at different values 
of space step Δh (m) values; time step Δt = 10sec, the number of bins N1 = 101; t1 – total time 
(sec), t2 – time of dynamical processes calculation (sec), t3 – time of microphysical processes 
calculation (sec). Results were obtained without any parallelization (only 1 thread is launched) 

Δh t1 t2 t3 
200 138 22 116 
100 222 42 180 
50 397 88 309 

The results presented in the table 1 show that the most part of calculation time is 
spent for microphysical process calculation for all space steps. t3 exceeds t2 in 5 times 
at Δh = 200 m. and in 3.5 times at Δh = 200 m.  

Relationship between t3 and t2 depends also upon the stage of cloud evolution. The 
hydrometeor particle spectra is rather narrow at initial and final stages of cloud devel-
opment and thus do not need large time for their calculation. Time for microphysical 
process calculation starts growing at mature stage of cloud development when large 
precipitation particles are forming and spectra become wider. Numerical experiments 
conducted for Δh = 200 m, Δt = 10sec and the number of bins N1 = 101 show that 
ratio of t3 to t2 varies from 2.55 at the first 5 min. of cloud development to 11.05 at 
time period from 20 to 25 min of cloud evolution at the expense of time for micro-
physical part calculation (6 and 27 sec respectively). Time for dynamical part calcula-
tion remains constant and equal to about 2,5 sec. Later on hydrometeor spectra  
become once more narrow due to precipitation on the ground and time for micro-
physical processes calculation reduces. 

Table 2. Calculation time (seconds) of 1hr model cloud evolution obtained with the help of 
different number of bins (N1), used for calculation of hydrometeor distributon functions. Δt = 
10sec, Δh = 200m (only 1 thread is launched). 

N1 t1 t2 t3 
101 138 22 116 
151 230 32 198 
201 370 42 328 
251 481 52 429 

Data presented in table 2 shows that number of bins is a crucial parameter which 
effects greatly calculation time value. Increasing of number of bins in 2.5 times in-
creases calculation time value in 3.5 times. So we can state that microphysical part 
needs to be parallelized first of all. The results presented in tables 3 and 4 justify that 
conclusion. 

The results presented in the table 3 show that parallelization of dynamical proc-
esses decrease calculation time insignificantly only at about 6,5 percents (129 sec 
versus 138) at relatively large (Δh = 200m) step of space mesh. The best results are 
obtained when the number of threads is equal to the number of cores (NTh1 = 2). 



640 N.O. Raba and E.N. Stankova 

Increasing of thread number is practically insignificant. Effectiveness of paralleliza-
tion at smaller values of Δh slightly increases and at Δh = 50m calculation time de-
creases at 8,5% in case of NTh1 = 2. 

Table 3. Calculation time (seconds) of 1 hr model cloud evolution obtained with the help of 
different number of threads (NTh1) used for dynamical process parallelization. NTh2 – number 
of threads for microphysics is equal to 1, Δt = 10sec, Δh = 200m, N1 = 101  

NTh1 t1 t2 t3 
1 138 22 116 
2 129 13 116 
4 129 13 116 
8 132 14 118 

16 133 17 116 

Table 4. Calculation time (seconds) of 1hr model cloud evolution obtained with the help of 
different number of threads (NTh2) used for microphysical process parallelization. NTh1 – 
number of threads for dynamics is equal to 1, Δt = 10sec, Δh = 200m, N1 = 101  

NTh2 t1 t2 t3 
1 138 22 116 
2 91 22 69 
4 92 21 70 
8 94 23 71 

16 99 22 77 

The results presented in the table 4 show that parallelization of microphysical 
process is much more effective than parallelization of dynamical ones. Calculation 
time in case of 2 threads decreases approximately at 33% in comparison with 1 thread 
calculation. The best results are obtained when the number of threads is equal to the 
number of processor cores (NTh2 = 2). Similar to parallelization of dynamical proc-
esses, number of threads influences slightly upon parallelization effectiveness.  

It is evident that the best results will be achieved when calculation of both dynami-
cal and microphysical processes will be parallelized. It is justified by the data  
presented in table 5.  

Table 5. Calculation time (seconds) of 1hr model cloud evolution obtained with the help of 
different number of threads used both for dynamical and microphysical processes paralleliza-
tion. (NTh1 = NTh2= NTh), Δt = 10sec, Δh = 200m, N1 = 101  

NTh t1 t2 t3 
2 81 11 70 
4 83 13 70 
8 86 15 71 

16 94 17 77 
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Results presented in table 5 show that we can archive speed up of 1.7 (40% de-
crease of calculation time) if we parallelized both computation of microphysical and 
dynamical processes with the equal number of threads and that number should be 
equal to the number of processor cores. 

Our investigations show that we can decrease time of calculation up to 45% 
(264sec. versus 481sec) if we use 2 threads for parallelization of both dynamical and 
microphysical processes for the maximum bin number (N1 = 251). In this case we 
have to fulfill maximum amount of calculation work and respectively, effect of paral-
lelization is more evident. 

We have also compare present results with the ones obtained with the help of the 
previous model version [2,8], which does not contain block for calculation of ice 
particle evolution and considers only water drop distribution function (“warm” mi-
crophysics). Parallelization is more effective in the latter case. Calculation time in 
case of 1 thread is equal to 37 sec. and 18 sec in case of 2 threads using for both 
microphysical and dynamical processes calculation (N1 = 251, Δt = 10sec, Δh = 
200m). Speedup is equal almost to 2 (50% decrease of calculation time) respectively. 
We think that addition of ice phase increases the amount of sequential work which 
resulted in decrease of parallelization effectiveness. 

7   Conclusions 

Convective cloud model characterized by detailed description of interaction of updraft 
flow inside a cloud and downdraft flow in cloud free environment and well developed 
microphysical block is presented in the paper. The model is capable to simulate evo-
lution of cloud condensation nuclei, water drops and 6 types of ice particles. We  
investigate the possibilities to use the model for real-time forecast of dangerous con-
vective phenomena by means of its parallelization with the help of multi-core com-
puters. Investigation results show that calculation of microphysical processes is much 
more computationally expensive than calculation of dynamical processes. So paral-
lelization of microphysical part of the model is much more effective than dynamical 
one. Maximum decrease of computation time for dynamics parallelization is 8.5% 
versus 33% for microphysics parallelization. The best results have been achieved 
when calculation of both dynamics and microphysics are parallelized (45% of compu-
tation time or speedup equals to 1.8). Number of threads influence slightly on paral-
lelization effectiveness. Maximum speedup has been achieved when the number of 
threads are equal to the number of processor cores. Comparison of the present results 
with the ones obtained with the help of the previous model version (without ice 
phase) show that addition of ice phase increases amount of sequential work that is 
resulted in decrease of parallelization effectiveness. 
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