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Abstract

Entrainment and mixing processes occur during the entire life of a cloud. These processes change the droplet size distribution,
which determines rain formation and radiative properties. Since it is a microphysical process, it cannot be resolved in large scale
weather forecasting models. Small scale simulations such as Direct Numerical Simulations (DNS) are required to resolve the
smallest scale of these processes. However, it has been a challenge to visualize these processes in a 3D domain as it generates
petabytes of data. Visualization plays a vital role in analyzing and understanding these huge data outputs. Here, we present
different techniques for 3D visualization of data obtained from DNS carried out at Indian Institute of Tropical Meteorology (IITM)
to understand cloud microphysical properties more closely.

Multiple tools were used to conduct a visual analysis of this data. Two of these tools are well established and tested technologies:
ParaView and VAPOR. The others are emergent technologies created at the National Center for Atmospheric Research (NCAR)
and are in the development phase. This data simulation, in addition to exploring DNS as mentioned above, provided an opportunity
to test and improve development of several tools and methods.

1. Introduction

The numerical equations representing cloud turbulent flow
were solved to get flow fields and other variables at every
grid point of the computational domain. These variables were
named Eulerian variables in this study. The entrainment and
mixing process occurs when cloudy air (cold) and clear air
(warm) come closer. During mixing, cloud droplets undergo
condensation and evaporation, consequently changing their
sizes, which eventually varies the droplet size distribution. This
small-scale process is generally parameterized in large scale
models. These parameterization schemes can be improved with
the help of small-scale simulations, such as direct numerical
simulation (DNS), where numerical equations are solved di-
rectly, i.e., without any parameterizations.

The DNS output consists of Lagrangian and Eulerian data
generated separately [1]. Visualization helps in comprehending
the evolution of both these fields together, which further helps
in analyzing important aspects of the modeled cloud in different
domain sizes.

This paper is organized as follows. The next section has in-
formation about the data set used followed by details of visu-
alization methods utilized in section 3. Section 4 details the
application of this visualization in cloud physics. The conclu-
sion and outlook are provided in the last section.

2. Data Set and I/O

The data were prepared in the same way as in previous work
submitted to the 2018 Visualization Showcase at The Interna-
tional Conference for High Performance Computing, Network-

ing, Storage, and Analysis (SC18) [2]. The binary data gen-
erated from the simulation were converted to various formats
depending on the visualization tool used. NetCDF version 4.0
was used for Eulerian data, and Lagrangian scattered particles
were converted to VTK unstructured objects. The other tools
mentioned required various conversions of data as well, such
as the VAPOR Data Collection (VDC) format used by VAPOR
[3].

3. Visualization Techniques

The simulation stored the fields of radius, ID, and X, Y, Z
spatial position for the Lagrangian particles. The Eulerian data
consisted of mixing ratio, temperature, and U, V, and W veloc-
ity vector components, organized on a regularly spaced Carte-
sian grid.

Two additional fields were calculated for the Eulerian data,
in particular, from the U, V, and W values. First, the vorticity
was determined with equations 1 and 2 [4] and implemented
using NumPy’s gradient function [5].
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Second, the value of the dot product of vorticity magnitude
and itself was calculated and stored. These two additional fields
were not saved in the simulation in order to save disk space.
They were calculated later and used to locate vortex activity in
the fluid domain.

Figure 1: 3D Visualization of Eulerian mixing ratio (gray color) and Lagrangian
droplet radii (red to blue mapped to small to large radius, respectively). A)
(0.5 m)3 domain. B) (1.0 m)3 domain.

Much of the visual analysis was conducted using ParaView.
Mixing ratio Eulerian fields were shown using volumetric ren-
dering, while Lagrangian particles were shown as points ren-
dered as spheres. The mixing ratio was colored with a gray
scale transfer function to resemble a cloud, and the radius was
colored with smaller particles red and more transparent and
larger particles blue and opaque, as depicted in figure 1.

The NVIDIA IndeX for ParaView plug-in was utilized to lo-
cate areas of high vorticity. From the plug-in’s webpage: ”The
IndeX with ParaView plug-in enables scientists to analyze the
simulated data at full resolution in real-time by rendering the
large-scale data at high frame rates. With the entire data in
sight, scientists can quickly converge on the most interesting

data for further analysis, resulting in faster time to discovery.”
[6].

The plugin was run on NCAR’s GPU visualization cluster,
Casper [7] , on a single NVIDIA Quadro GP100 GPU. One
GPU was sufficient to handle even the larger (1024)3 domain.
However, IndeX does allow scaling across multiple GPUs as
well, giving the potential to accommodate larger domains [6].

Figure 2: Utilization of the IndeX plug-in in ParaView.

The benefit of using IndeX was that it allowed the real-time
rotation, translation, slicing, and subsetting of the domain (fig-
ure 2). This expedited the process of finding areas where large
amounts of vorticity occurred. The areas of focus were where
larger (blue) particles interacted with vortices, a process that is
difficult to visualize and has previously only been observed nu-
merically. In general, water droplets which are heavier than sur-
rounding air are ejected from vortices due to centrifugal forces.
This results in a lower concentration of droplets inside vortical
regions (also termed preferential concentration), as observed
near the arrows in figure 3.

In a supersaturated environment, therefore, a greater amount
of condensation of water vapor onto droplets occurs outside
vortices. Consequently, vortices become colder and heavier due
to the release of latent heat, resulting in increased outside tem-
perature. Thus, activating buoyancy forces modify their dynam-
ics. The main goal was to visualize this process in a 3D domain,
which is one route through which inhomogeneities in droplet
distribution, coupled with phase change (water to vapor), can
feedback onto the turbulent flow (see [8] for more details).

VAPOR was another tool used to analyze the vorticity. VA-
POR is a software application developed at NCAR that al-
lows viewing data at different levels of fidelity in order to uti-
lize available hardware [3]. The Lagrangian data were further
processed for VAPOR using an NCAR method which uses a
Voronoi tessellation algorithm run on multiple CPU cores to
create a particle density field. This field and an isosurface of
vorticity magnitude were then rendered in VAPOR in figure 4.

Another NCAR application was used to further analyze the
particle data of the simulation. This was a custom-built applica-
tion which performs direct particle visualization using OpenGL
(figure 5). A representative subset of the particles was selected
so as to avoid too much noise. The particles are represented by
shapes, in this case cylinders, which elongate in the direction of
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Figure 3: Illustration of interaction of droplets with vortices.

Figure 4: Particle density field and isosurface of vorticity magnitude rendered
in VAPOR.

their motion. A transfer function mapped to particle radius size
set their transparency.

Figure 5: Direct particle visualization using a newly developed NCAR applica-
tion.

One final tool in development at NCAR was utilized. It has
the working name of Comparator, and allows A/B viewing of
two videos playing simultaneously in order to help see differ-
ences. The user has control of a divider, split either horizontally
or vertically, which can be moved to reveal either movie (figure
6). This tool was useful in seeing differences between movies
with and without the Lagrangian particle data present.

A clear understanding of mixing phenomena has always been
a point of interest for researchers from the cloud micro-physics
community. Micro-physical properties vary at different loca-
tions of clouds, and in a simulation, they depend on the size
of the computational domain considered. The main challenge
in computer simulations is to resolve as large sized eddies as
possible in the computational domain. However, in DNS, due
to restrictions on available computational resources, it becomes
difficult to go beyond a certain limit of domain size. In this
study, we simulated the mixing process up to a domain hav-
ing (1024)3 grid points and about 180 million cloud droplets.
Specifically, we have carried out simulations in two different
sizes of computational domain, namely, (0.5 m)3 and (1.0 m)3,
having (512)3 and (1024)3 grid points, respectively. Bigger do-
mains resolve bigger eddies, and so the simulation approaches
the nature of a real cloud. 3D visualization of entrainment and
mixing processes and the evolution of cloud droplets provides a
better understanding of the physics involved. Moreover, it pro-
vides the opportunity to observe and view physical processes
at different areas of a cloud and carry out further and deeper
analysis, if required, in those areas.
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Figure 6: A/B comparison of two movies playing simultaneously.

4. Application

The main aim of this work was to create 3D representations
of these processes in different sizes of computational domains
and compare the results by visualization itself. We have com-
pared cloud turbulent flow structure, droplet evolution in dif-
ferent areas of a cloud, and vorticities generated by Eulerian
flow fields. These visualizations have provided a clear idea of
the complete evaporation process in warm clouds, with less hu-
midity, when droplets undergo more evaporation than conden-
sation. In fact, it has showed how clouds disappear in the sky
when the humidity is less and the temperature is high.

In both domains ((0.5 m)3 and (1.0 m)3), complete evapora-
tion of droplets was depicted by their sizes, i.e., radii. Also,
entrainment and subsequent mixing process were animated. By
comparing both animations, we were able to study the differ-
ence in turbulent structures in two different sized domains. In
particular, the effects of eddy size on droplet dynamics were
resolved. In the bigger domain, one could see droplet evolu-
tion at different areas of the domain. Rotation of the domain
allowed the viewer to peep inside a cloud and observe physical
processes at those areas.

Furthermore, one important feature in cloud turbulent flow
is the evolution of vortices and their effect on droplet dynam-
ics. Specifically, the process of droplet movement from the in-
terior of vortices to the outside, due to centrifugal forces, and
affecting condensation in the vicinity, is a very important topic
of study. Using visualization tools, we were able to observe
droplet-vortex interaction as depicted in figures 3 and 4.

5. Conclusion and Future Work

A thorough 3D visualization of DNS data was carried out
using multiple tools, including ParaView, VAPOR, and newly

developed software at NCAR. These platforms are either al-
ready open-source and publicly available, or will likely be made
available in the near future. Using multiple means of interact-
ing with data facilitates the observation of the hidden details of
direct particle simulation, a task that has been difficult in the
past.

Animations generated in this work provided an opportunity
to have a 3D view of tubular vortices, which are usually sur-
rounded by strong straining regions. These straining regions
are important because they can further increase the chance of
droplet-droplet collision just outside strong vortices, as dis-
cussed in Ravichandra et al. (2017) [8]. The vortices seen in
the animation can be approximated by a Burger’s vortex model
as shown by the authors in Agasthya et al. (2019) [9].

The tools discussed can be applied in future visualization
studies. Some areas of interest are: the particle collision pro-
cess and subsequent coalescence, aerosol activation, formation
of CCN (cloud condensation nuclei) from aerosols and the con-
cept of super-droplet evolution [10].
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