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Abstract: This study numerically investigates precipitation enhancement from cumuliform clouds in
three different climate regions: (1) Arid climate of the United Arab Emirates (UAE); (2) maritime climate
of Thailand; and (3) continental climate of Serbia. Recently developed core/shell sodium chloride
(NaCl)/titanium dioxide (TiO,) nanostructure (CSNT) aerosol was tested as a precipitation enhancer
in all three climate regions. Previous experimental studies in cloud chambers and idealized numerical
simulations demonstrated that CSNT is a significantly more effective precipitation enhancer than
the traditional NaCl. Here, CSNT and NaCl seeding agents are incorporated into the WRF (Weather
Research and Forecasting) model microphysics with explicate treatment of aerosol. Our results
show that CSNT is a profoundly more effective precipitation enhancer in the case of arid climate
characterized with low humidity. The accumulated surface precipitation in the arid test was 1.4 times
larger if CSNT seeding agent was used instead of NaCl. The smallest difference in the effectiveness
between CSNT and NaCl was observed in the maritime case due to their similar activation properties
at high values of relative humidity.

Keywords: weather modification; cloud seeding; WREF; precipitation enhancement; climate zones;
seeding material

1. Introduction

Water is at the base of sustainable development and is a quintessential ingredient for energy and
food production, health, and life itself. However, currently 2.1 billion people lack access to safely
managed drinking water [1], while water scarcity affects approximately 4 billion people around the
world [2]. Zhao and Dai (2015) [3] reported a projected increase of occurrence of agricultural draughts
by 50%-100% by the end of this century over most of the globe. Their numerical prediction under a
low-moderate greenhouse gas concentration scenario indicates a decrease in the mean precipitation
rates; particularly in subtropical areas. Moreover, on average, droughts cause US$ 6-8 billion damage
per year in the United States [4]. Cloud modification and precipitation enhancement might play
a central role in decreasing the frequency of draughts and positively contributing to sustainable
development by providing a significant source of fresh water.

Atmosphere 2019, 10, 294; d0i:10.3390/atmos10060294 www.mdpi.com/journal/atmosphere


http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
https://orcid.org/0000-0002-5935-807X
http://www.mdpi.com/2073-4433/10/6/294?type=check_update&version=1
http://dx.doi.org/10.3390/atmos10060294
http://www.mdpi.com/journal/atmosphere

Atmosphere 2019, 10, 294 2of 16

Precipitation modification is not a new subject in atmospheric sciences. Various weather
modification attempts employing different methods have been carried out since the dawn of
civilization [5]. However, the modern scientific era of precipitation enhancement began when
Vincent Schaefer in 1946 demonstrated the possibilities of cloud seeding with aerosols injected into
the cloud environment. After that time, several different methods for cloud seeding were proposed
by researchers. One methodology of cloud seeding is based on using aircrafts equipped with a rack
containing releasable pyrotechnics. This released material is ignited as it falls from the airplane into
the upper region of a convective cloud where it ultimately serves as an ice nuclei. Another method of
cloud seeding is carried out using aircrafts that fly underneath the cloud base and eject the seeding
agent into updrafts [6,7]. This methodology is employed in the presented work. Recently, some novel
and prospective technologies for weather modification activities have also been under development
such as the autonomous unmanned aircraft systems [8]. Regardless of the seeding methodology—from
above cloud top or below cloud base—any cloud seeding with the proper material is designed to give
an ample number of aerosols that can serve as cloud condensation nuclei or ice nuclei.

A large number of precipitation enhancement studies is based on numerical modelling of clouds
and cloud microphysics processes in the presence of an artificial seeding aerosol (e.g., [9-12]). Recently,
Lompar et al. (2018) [13] used a newly developed one-dimensional (1D) cloud model to compare
the precipitation enhancement after seeding using a novel seeding material made out of core/shell
sodium chloride (NaCl)/titanium dioxide (TiO;) nanostructure (hereafter CSNT) [14]. The authors
reported a 15% increase of precipitation if CSNT was used instead of pure NaCl—an artificial aerosol
which is a well-studied and traditional precipitation enhancer—and a 30% increase of precipitation
in comparison to the natural, unseeded case (hereafter UNSD). However, the results of a 1D cloud
model are largely idealized and in principle almost impossible to compare against field observations.
Xue et al. (2013) [15] altered the Thompson and Eidhammer (2014) microphysics scheme [16] in WRF
(weather research and forecasting) model with the objective to analyze several cases of cloud seeded
with silver iodide (Agl) in an idealized atmosphere [15], as well as in real environmental conditions [17].
Their research showed that different nucleation modes were prevailing depending on the location
of the released seeding material. They also reported that the resulting enhancement of precipitation
might vary from as little as 0.3% to as much as 429% depending on the seeding conditions. Two other
research approaches to investigate the effectiveness of different seeding materials on increasing surface
precipitation are laboratory experiments in cloud chambers (e.g., [14,18,19]) and field campaigns
(e.g., [20-22]). However, these methods are more financially expensive and potentially environmentally
harmful ([23,24]) when compared to numerical studies. Therefore, the present article focuses on
numerical investigation of effectiveness of CSNT in three different climate zones around the globe
using a three-dimensional (3D) WRF model.

According to Tai et al. (2017) [14], CSNT is a substance that produces approximately 6-10 times
larger droplets than the pure NaCl at the values of relative humidity between 62% and 66%. In the
same paper, they also demonstrated that NaCl tends to remain in its crystal form at those values of low
relative humidity. Their study concluded that the high hygroscope of CSNT is a resulting combination
of the hydrophilic shell of TiO; placed around the hygroscopic NaCl core nanostructure. As such,
this new substance (CSNT) adsorbs water vapor molecules at the boundary between the TiO, shell
and air. Deliquescence of NaCl crystals occurs afterwards at the core/shell boundary. In the case of
pure NaCl, however, the processes of adsorption, condensation and deliquescence all simultaneously
occur between the air-NaCl interface, which consequently reduces the activation properties of NaCl in
comparison to CSNT.

Recently, Lompar and his colleagues [25] discussed how cloud properties and their microphysics
highly depend on geographical region around the world and thereby emphasized the importance of
case studies that cover different climates. Along the same lines, it is logical to expect that the success
rate of cloud seeding experiments/projects is highly dependent on the geographical region where the
seeding activity takes place. That is, different cloud depths, cloud base heights, temperature (warm or
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cold clouds), water content, number concentration of natural aerosols in the atmosphere, orography,
etc., will all influence the efficiency and performances of a seeding project. Therefore, this study
considers three profoundly different climate regions around the world for numerical cloud seeding
experiments: (1) Arid; (2) maritime, and (3) continental climate types with the corresponding locations
being (1) the United Arab Emirates (UAE); (2) Thailand, and (3) Serbia, respectively. The goal of this
work is to learn how cloud seeding with the same seeding materials manifests in rainfall enhancement
in these three different climate regions.

Several airborne field studies have been conducted in the UAE in order to assess the potential
for precipitation enhancement through hygroscopic cloud seeding in that region. A comprehensive
dataset from the 2001-2002 filed measurements, randomized seeding experiments, and numerical
studies is presented at [26]: http://www.rap.ucar.edu/projects/UAE/. The seeding was usually carried
out near the UAE-Oman border were the deep orographic-induced cumulus clouds are sometimes
observed [27] A very recent study on cloud cover climatology of the UAE is carried out by Yousef et al.
(2019) [28]. The overall conclusion of the completed cloud seeding campaigns in that region is that the
majority of hydrologically significant rainfall events over the UAE occur in the summer season and
that the summer clouds are more suitable for seeding than the clouds that develop over the rest of the
year. However, different regions around the globe favor different cloud development in terms of cloud
vertical structure, convection intensity, cloud water content, etc. For example, the surface precipitation
climate of Thailand is under the dominant influence of seasonal monsoon winds with the abundance
of rain during the southwest monsoon which regularly starts in May [29].

In our numerical experiments, we opt for airborne seeding approach over the ground-based
release of seeding material. Xue et al. (2017) [30] recently demonstrated that airborne cloud seeding
techniques are more efficient for precipitation enhancement than ground seeding methods. When it
comes to airborne seeding, this study employs the below-cloud seeding approach motivated by the
results from the recent laboratory experiments using CSNT [14] that showed the higher activation of
CSNT over the pure NaCl in sub-saturated environments. Moreover, the CSNT is a seeding agent
developed for warm rain processes and to serve as cloud condensation nuclei instead of ice nuclei,
which additionally favors the below-cloud seeding instead of the above-cloud seeding locations. In all
investigated cases in this study, the clouds are seeded with the novel aerosol (CSNT) and afterwards
the numerical experiments are repeated using pure NaCl. These two cases are then compared against
each other as well as against the control case when seeding was not conducted. While numerous
studies focused on verifying WRF forecasts in terms of accumulated surface precipitation and cloud
cover by investigating different physical packages and/or geographical regions around the world
(e.g., [16,25,31,32]), this article is the first study that introduces the CSNT aerosol into the WRF model
and tests its performances under real weather conditions. The CSNT substance has not yet been tested
in real atmosphere and therefore a comparison against seeding field projects is not possible at this
point. The earlier numerical study using a 1D model [13], the present study, as well as the previous
experimental research [14] in cloud chamber, are much needed research prior to eventual CSNT testing
in the real atmosphere.

The rest of the paper is organized as follows. A brief description of selected test cases in terms of
their location and weather conditions is presented in Section 2.1. Section 2.2 describes the model setup
and the main characteristics of the CSNT seeding agent. Section 3 presents the results of this study
with an emphasis on the relative comparison of CSNT performances against the control case and pure
NaCl seeding across three different climate regions. The main conclusions of this numerical research
are summarized in Section 4.
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2. Data and Model Setup

2.1. Description of Test Cases

By choosing the UAE, Thailand and Serbia for three geographical regions of interest, this study
attempts to investigate the CSNT performances in three different climate zones: (1) Arid; (2) maritime;
and (3) temperate continental, respectively. According to recent climate classification by Beck et al.
(2018) [33] and Peel et al. (2007) [34], the arid climate (BWh—warm desert climate) of the UAE
(Figure 1a) is characterized with an annual excess of evaporation over precipitation. Maritime climate
(Af—tropical rainforest climate with precipitation in all months and Am—same as Af, but thereis a
short dry season) of the southern Thailand region (Figure 1b) is characterized with at least 25 mm of
rainfall every month (Figure 2). The third climate type considered in this research is continental climate
of Serbia (Dfa and Dfb—temperate continental climate with hot and warm summers, respectively)
(Figure 1c). This climate zone is described by the large temperature differences between seasons,
and with a warm to hot and often humid summers and cold winters. The average monthly rainfall
for these three regions is portrayed in Figure 2. As an illustration of pronounced difference between
rainfalls in the analyzed regions, notice that the rainfall in Thailand for the month of July is more than
two orders of magnitude larger than in the UAE in the same month.
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Figure 1. Three climate types considered for the cloud seeding experiments (grey rectangles): (a) Arid
climate of UAE; (b) maritime climate of Thailand; and (c) temperate continental climate of Serbia.
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Figure 2. Average monthly rainfall for three investigated regions in the period 1991-2016. The y-axis
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is logarithmic in order to depict the small values of precipitation in the arid region of the UAE.
Data source: [35] (obtained at: http://sdwebx.worldbank.org/climateportal/).
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The selected geographical regions also differ in the concentration number of aerosols naturally
present in the atmosphere. In the Thomson and Eidhammer microphysics [16], aerosols are classified
into two main categories: (1) Water-friendly; and (2) ice-friendly aerosols. The water-friendly aerosols
serve as cloud condensation nuclei (CCN) and few typical representatives of this category are sulfates,
sea salts, organic carbon and black carbon. The ice-friendly aerosols serve as ice nuclei (IN) particles
and the most common IN is dust. The concentration, size, as well as chemical characteristics of natural
aerosols may rapidly vary in space and throughout the year. These variabilities are represented in
the Thompson and Eidhammer microphysics [16] using the global model simulations by Colarco et al.
(2010) [36] in which the aerosol particles are explicitly modelled with several size bins using the
Goddard Chemistry Aerosol Radiation and Transport (GOCART) model [37]. Similar to the work
carried out by Lompar and his collaborators [25], the natural aerosols in this study were modelled
using their climatological means for the given month. The chemical properties of natural aerosols,
such as their activation in wet environment, were calculated based on the kappa (k) hygroscopicity
approach using a parcel model ([38,39]).

Numerical simulations for the arid climate of UAE were carried out for 17 July 2009 (Figure 3a).
The dominant circulation at 500 hPa was westward and driven by the cyclone situated above the
north part of the Arabian Sea. Convective clouds in this region developed as a result of moist easterly
winds (coming from the Arabian Sea) crossing over the mountainous region near the UAE-Oman
border. This weather situation usually results in the intense convection in this area [27]. Despite this
phenomenon being well known to the local meteorologists, it is not described adequately in literature
due to the limited number of studies that focused on this region of Arabian Peninsula. The detail
description of this event is presented in Lompar et al. (2018) [31]. The verification of WRF simulation
against satellite measurements showed in [31] showed that the model produced less convection than
the observed amount. In addition, Lompar and his co-authors [31] also verified the model simulations
against the available Doppler radar measurements and noticed a significant discrepancy between the
simulated and observed values of the composite radar reflectivity.
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Figure 3. Synoptic charts for: (a) The UAE on 17 July 2009 (00:00 UTC); (b) Thailand on of 25 July
2007 (00:00 UTC); and (c) Serbia on 21 July 2014 (12:00 UTC). Purple and blue lines are the mean sea
level pressure (MSLP; in hPa) and the height of 500-hPa pressure surface (in geopotential decameters),
respectively. Wind velocity (green arrows) are plotted at 500 hPa. The reference length of wind velocity
vector provided below plots. Data are based on GFS (Global Forecasting System) reanalysis at the
horizontal resolution of 0.25° x 0.25°.

This study represents the maritime case of Thailand using the weather situation of 25 July
2007 (Figure 3b). At 500 hPa, the dominant circulation was from the east with a weak pressure
gradients (Figure 3b) across the map when compared to the other two weather scenarios analyzed
here. The heights of 500-hPa level was similar to the UAE event (~570 geopotential decameters).
Also, in contrast to the UAE and western Serbia model forecasts, which were compared against filed
measurements in [25,31], respectively, this WRF simulation was not evaluated against any in-situ
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or remote measurements. Therefore, the value of this study lies in the relative rather than absolute
numbers of simulated surface precipitation between three different seeding cases.

Lastly, the continental climate of west Serbia is represented using the weather conditions that
occurred on 21 July 2014 (Figure 3c). This event was characterized with a strong convection and it was
analyzed in detail in [25]. However, the onus of the Lompar et al. study [25] was not on precipitation
modification, but rather on verification of Thomson and Eidhammer microphysics [16]; simulating
the cloud properties and surface precipitation from a severe weather event. The deep cumulonimbus
(Cb) clouds that arose on 21 July 2014 over western Serbia were associated with the eastward passage
of cold front that was situated over the central Mediterranean. The most intensive precipitation
occurred over the cities of Cacak and Gornji Milanovac (around 50 mm over 24 h). This weather
scenario was characterized with the strongest pressure gradients and the most severe weather (intense
precipitation and hail) out of the three investigated test cases. Similar to the UAE forecasts in [31],
the WRF model once again under-estimated the values of composite radar reflectivity for this event (not
shown, see [25]). In addition, the WRF results compared against surface precipitation measurements
from 147 weather stations in this region showed an overestimation of light and strong precipitation.
The model’s production of hail was also diminished in this case.

2.2. Model and Experiments Setup

This study used the non-hydrostatic WRF (version 3) numerical model to investigate the
precipitation enhancement after the cloud seeding with the CSNT aerosol. All simulations were
run using four subdomains with the one-way nesting employed between consecutive domains.
The horizontal grid resolutions from the outer coarse domain to the finest inner domain were 27, 9,
3 and 1 km (i.e., 3:1 nesting ratio). The model domains are portrayed in Figure 4. The total number
of vertical levels in every simulation was 64. The selected physics packages and model dynamics
were the same in all simulations and they are listed in Table 1. The unchanged configuration of the
WRF model between different runs enabled correct relative comparisons between different seeding
cases. Cumulus parameterization was only used in the outer two coarse domains (27 and 9 km).
The Runge—Kutta 3rd order time discretization was employed with the time step of 100 s in the 27-km
domain. In space domain, the model used the 5th and the 3rd order horizontal and vertical advections,
respectively, and the 2nd order diffusion on coordinate surfaces. All simulations started at 00:00 UTC
on the investigated date of the events and the integration time was 18 h. The first 8 h of simulation
were used as a short spin-up time. Hereafter, the dates of investigated events will be omitted in text for
the sake of shortness.
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Figure 4. Weather research and forecasting (WRF) model domains with the focus on: (a) UAE; (b) Thailand;
and (c) Serbia.
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Table 1. WRF physics packages used in this study.

WRF Scheme Scheme Name
Microphysics Modified Thompson and Eidhammer (2014) [16]
Longwave radiation RRTM [40]
Shortwave radiation Dudhia (1989) [41]
Gust front head collapse Lompar et al. (2018) [31]
Land surface Noah [42]
Cumulus convection Kain-Fritsch [43]
Planetary boundary layer Yonsei University

As shown in Table 1, the Thompson and Eidhammer (2014) microphysics [16] was modified in [13]
for the purposes of conducting cloud seeding experiments using the CSNT agent, as well as pure
NaCl. The activation properties of CSNT in the modified microphysics of Thompson and Eidhammer
are represented through the diffusion growth equation proposed by Lompar et al. (2018) in [13] and
formulated therein based on the laboratory tests carried out by Tai et al. (2017) [14], i.e.,:

r_ C1V Y (RH-C,)®. 1)
dz

Here, r is the droplet radius, z is the height, V is the vertical wind speed, RH is the relative humidity,
and the empirical constants C;, C; and Cz are 5 X 1077 m 57!, 0.7 and 2.13, respectively. The values
of the constants are obtained from the experimental study of Tai et al. (2017) [10] and numerical
experiments in [13]. The implementation of Equation (1) into the 3D WRF model and Thompson and
Eidhammer (2014) microphysics [16] was the same as in the 1D model in [13]. The uncertainty of
incorporation of Equation (1) into WRF from a 1D model and the robustness of the changes to the
microphysics scheme have not been considered in this study.

The implementation of a seeding material (either CSNT or NaCl) into WRF was as follows. First,
a new 3D variable that represents the seeding aerosol number concentration was added to the model
registry based on already existing number concentration of water-friendly aerosols (NWFA) and
number concentration of ice-friendly aerosols (NIFA) variables [16] in the WRF model. This step
ensures that the model dynamics is capable of transporting and spreading seeding material as a passive
substance. Secondly, a new configuration file (i.e., WRF namelist) was created in order to setup the
seeding experiment such as the seeding location, initial time and duration of seeding, as well as the
type and amount of seeding material. The seeding agent was released in an ascending air current
in front of the cloud where conditions for droplet activation were satisfactory. Lastly, cloud droplet
growth was defined using Equation (1) for seeding particles (CSNT or pure NaCl) and was evaluated
in the cloud water condensation and evaporation section of the microphysical scheme. The particles
were ascending in the current and grow depending on available relative humidity and vertical velocity
in that column as described in the papers Tai et al. (2017) and Lompar et al. (2018); and depicted
by Equation (1). The particle’s terminal velocity was also considered. When the final cloud droplet
radius was estimated using Equation (1), the model computed the contribution of each activated cloud
droplet to cloud water assuming that droplets were spherical. Contribution to cloud water number
concentration was equal to the number of seeded particles reaching the cloud base and contribution to
cloud water mixing ratio was computed using spherical droplet assumption and depended on the
number of droplets reaching the cloud base.

The laboratory-produced CSNT particles all had a unimodal distribution with a mean diameter of
1.4 £ 0.3 um [14]. The high activation rate of CSNT in comparison to pure NaCl also required different
drag force parameterization of this artificial reagent. Even at the low values of relative humidity
(~60%), the CSNT started to adhere water vapor remaining a spherical particle with the reduced drag
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force in comparison to pure NaCl, which still remained in a crystal form at those values of relative
humidity. These characteristics of CSNT were empirically modelled as [13]:

V, = kD¢, )

where V; is the advection velocity of the particle, k is the shape parameter (150 for NaCl and 350 for
CSNT), D is the particle diameter, and ¢ = 0.31 is an empirical constant. The shape parameter is
determined from the classical fluid dynamics studies [44] which demonstrated that 3D cubes have
approximately 2.3 times higher drag coefficients that spheres. In other words, at the low values of
relative humidity pure NaCl will be advected into the cloud faster than CSNT due to the higher drag
of NaCL particles.

3. Results and Discussion

Vertical structures of cumuliform clouds in three investigated regions were significantly different
from one case to another (Figure 5). The portrayed 3D structure of analyzed clouds in Figure 5 is
shown for the control case without seeding. The UAE case is characterized with an isolated Cb cloud
that developed over the mountainous region between the UAE and Oman. The cloud tops reached
approximately 16 km above ground level (AGL) (Figure 6a). The formation of an anvil-like top in
the downstream direction (see Figure 3a) is nicely depicted in Figures 5a and 6a. Also observed
is the development of new convective cells upstream from the parent cloud. The maritime case of
Thailand is characterized with a cluster of cumuliform clouds that develop in the zonal direction (i.e.,
the direction of the prevailing wind at 500 hPa; see Figure 3b). Similar to the UAE case, the anvil-like
feature of the cloud top is accurately represented in this configuration of WRF model. The clouds
reached the height of 16 km AGL in the arid and maritime cases (Figure 6a,b). The continental case of
western Serbia (Figure 5¢) depicts a frontal mesoscale convective system that developed over Bosnia
and Herzegovina and moved over to western Serbia. Due to the higher latitude of this geographic
region in comparisons to the UAE and Thailand, the cloud tops over western Serbia do not exceed
approximately 13 km AGL. The entire animation of cloud developments from the WRF model are
presented in the Supplementary Materials.

(a)

Figure 5. 3D cloud rendering from WRF model over (a) UAE; (b) Thailand; and (c) Serbia. The white color
is the sum of mixing ratios of cloud water, rain, snow, ice and graupel (isoline of 5 x 10~ kg kg~! shown)
while the cyan color is the mixing ratio of rain-water alone (isoline of 5.3 x 10~ kg kg~! shown).

The most distinguished advantage of CSNT over pure NaCl in terms of their activation is expected
in unsaturated atmospheric conditions. Following the experimental results of Tai et al. (2017) [14],
we expect that the novel aerosol and the pure NaCl have similar activation characteristics in the
regions far below or far away (side-wise) from the cloud base where the relative humidity is below
approximately 50%. Between 50% and 70% of relative humidity, the new substance (CSNT) should
grow faster, but not more than about 1.5 times faster than the pure NaCl. However, for the relative
humidity of around 75% and above, the CSNT ought to experience an eightfold difference in the growth
rate compared to NaCl. Figure 7a indicates that the relative humidity upstream from the cloud and at
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the height where the seeding took place (830-930 m AGL) was not sufficiently high for either CSNT or
NaCl activation. However, soon after their release into the updraft, both seeding materials reached
the levels with higher values of relative humidity (>55%) and CSNT started to grow faster than NaCl.
The activated CSNT droplets in the updraft (and below cloud) will enter the cloud environment as the
formed cloud droplets that can further grow through the processes of collision and coalescence [13].
These two methods are the dominant processes for precipitation formation in warm clouds.

16
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Figure 6. Side view (from the south) of the seeded cloud systems over (a) UAE; (b) Thailand; and (c)
Serbia. See Figure 5 for interpretation of colors.

On the other hand, in the maritime case the air is already saturated in the first approximately 2 km
AGL (Figure 7b), which implies that the activation of airborne released CSNT as well as pure NaCl
can take place in this environment even outside of the cloud. The continental case of western Serbia
somewhat fits in between the previous two cases. In this test, the relative humidity reached a maximum
of around 84% at around 2.1 km AGL. A deficit of water vapor in the arid event in the first 2 km AGL
was evident in comparison to the other two cases; in particular when matched against the maritime
example. However, it should be noted here that due to the fixed diameter of the released CSNT (1.4 um),
as well as the unchanged seeding height and other environmental conditions, the presented results
are deemed valid only for the investigated conditions in this study. Besides WRF result verifications
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of continental and arid simulations in Lompar et al. ([25,31]), the UNSD precipitation had not been
evaluated against observations for the Thailand case. Accordingly, any quantification between CSNT
(or NaCL) and UNSD is only theoretical at this point.
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Figure 7. Modelled skew-T-logP diagrams for (a) UAE (b) Thailand and (c) Serbia. Time and location
of profiles shown in each plot. The thick black and green lines are the vertical profiles of temperature
and dew point, respectively. Heights of significant pressure levels are given in the ordinate (in m).
The lifted condensation level (LCL) and the level of free convection (LFC) are shown with blue lines.
The values of model-estimated convective available potential energy (CAPE) are also included in the
plots. The seeding layers shown with horizontal pink lines (~100 m deep).

In the arid case of UAE, the convection started around 10:00 UTC and lasted until 17:00 UTC [31].
The seeding was initiated at 11:00 UTC and the seeding process lasted for 20 min. A wide area below
and upstream from the Cb cloud was seeded with the reagent concentration of 5.9 mg m~>. The plain
view of the seeding zone is depicted in Figure 8 b—e (red rectangle), while the seeding height is shown
in Figure 7a. In this case, cloud seeding with pure NaCl did not result in any significant increase of the
accumulated surface precipitation (P) in respect to the control case (Figure 8c). The total increase of P
from the control case was practically negligible (~0.005 mm over the whole analyzed area). The low
values of relative humidity underneath the cloud were not sufficient for the rapid activation of pure
NaCl (Figure 7a) and the material entered the cloud environment as inactivated CCNs or very small
cloud droplets. Either of these two cases are not adequate for a noticeable enhancement of P. Xue et al.
(2013) ([15,16]) also reported a negligible precipitation increase (0.3%) in the unfavorable cases of cloud
seeding with Agl.
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Figure 8. Spatial distribution of accumulated precipitations for the arid case of the UAE for (a) the
unseeded case (UNSD), (b) core/shell sodium chloride (NaCl) and (d) sodium chloride (NaCl)/titanium
dioxide (TiO,) nanostructure (CSNT) cases. The red rectangle shows the seeding region. The differences
between the accumulated precipitation in the cases shown in panels (c) and (e). (f) Bar plot of areas
characterized with different intensities of accumulated precipitations. (g) Time histories of accumulated
precipitation in the UNSD (blue), NaCl (green) and CSNT (red) cases.

Cloud seeded with CSNT, on the other hand, produced a significant increase of P downstream
from the release zone (Figure 8e). In particular, we noticed that the area without precipitation decreased
twofold in respect to the control case (Figure 8f) and the largest increase of precipitation was observed
for the light precipitation (P < 5 mm). In addition to these results, Figure 8g also illustrated that
seeding with CSNT caused: (1) An increase of P for approximately 1.4 times over the whole duration
of this event; and (2) prolonged precipitation for around 80 min in comparison to the UNSD or
pure NaCl cases. When compared to pure NaCl, the activation of CSNT takes place in unsaturated
environment underneath the cloud (Figure 7a). The activated particles in the form of cloud droplets
are then transported in the updraft into the cloud. This progress of released CSNT particle from a
seeding substance to cloud droplet was demonstrated in a 1D model by Lompar and his colleagues [13].
In conclusion, the activated CSNT particles in the updraft entered the cloud environment as droplets
with significantly larger radii than in the case of NaCl seeding. This discrepancy between activation
properties of CSNT and pure NaCl and fast growth of CSNT particles are the main contributors for the
significant increase of P in the CSNT cloud seeding approach.

The seeding outcomes for the maritime case of Thailand are shown in Figure 9. We observed
that the results were profoundly different from the arid case (Figure 8). In this case, the seeding with
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pure NaCl also resulted in a quantifiable and significant increase of P. In fact, the increase of P in
the interval between 1 and 50 mm was larger using the NaCl seeding agent than utilizing the CSNT
substance. However, the overall increase of precipitation when considering all precipitation intervals
was still larger when the CSNT was used instead of pure NaCl (Figure 8f,g). The sum of P over the
whole investigated area in the CSNT case was approximately 1.21 times larger than in the control
case. This ratio was 1.12 if the seeding was performed using pure NaCl (a decrease of 7.44% from
CSNT case).
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Figure 9. Spatial distribution of accumulated precipitations for the arid case of the Thailand for (a) the
unseeded case (UNSD), (b) core/shell sodium chloride (NaCl) and (d) sodium chloride (NaCl)/titanium
dioxide (TiO,) nanostructure (CSNT) cases. The red rectangle shows the seeding region. The differences
between the accumulated precipitation in the cases shown in panels (c) and (e). (f) Bar plot of areas
characterized with different intensities of accumulated precipitations. (g) Time histories of accumulated
precipitation in the UNSD (blue), NaCl (green) and CSNT (red) cases.

In Figure 10, we finally describe the precipitation enhancing performances of two seeding materials
in the case of continental climate of Serbia. This event was characterized with the largest amount of P
when compared to the other two studied case. This severe thunderstorm also produced large hail [25].
Both precipitation enhancers analyzed in this study increased P (Figure 10c,e,g), but, similarly to the
previous two events, the CSNT outperformed the pure NaCl. In particular, the largest increase of
P was when CSNT is used for cloud seeding was observed for the moderate (25 mm < P < 50 mm)
and strong (P > 50 mm) precipitation intensities (Figure 10b,d,f). The ratios of the sum of P over the
whole domain at 18:00 UTC between the seeded cases, on one side, and the control case, on the other
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side, were similar (but slightly larger) to the corresponding values from the maritime case. Namely,
the overall P after the seeding with CSNT was 1.25 larger than in the control (UNSD) case. On the
other hand, the ratio was 1.13 if pure NaCl is used for cloud seeding experiment.
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Figure 10. Spatial distribution of accumulated precipitations for the arid case of the Serbia for (a) the
unseeded case (UNSD), (b) core/shell sodium chloride (NaCl) and (d) sodium chloride (NaCl)/titanium
dioxide (TiO,) nanostructure (CSNT) cases. The red rectangle shows the seeding region. The differences
between the accumulated precipitation in the cases shown in panels (c) and (e). (f) Bar plot of areas
characterized with different intensities of accumulated precipitations. (g) Time histories of accumulated
precipitation in the UNSD (blue), NaCl (green) and CSNT (red) cases.

Finally, we want to point out that while the present work demonstrated the higher precipitation
enhancing potential of CSNT over pure NaCl in the three investigated case studies, more experimental
and numerical research is needed in order to generalize this conclusion. A parametric study that
would analyze the sensitivity of surface precipitation enhancement using CSNT under different model
configurations including different planetary boundary layer and surface layer schemes, finer grid
resolutions and different initial conditions would help to better understand the performances of this
new seeding agent. In particular, the very fine grid resolution in the large eddy simulation mode of
WREF coupled with the explicit treatment of aerosol in [16] might be required to accurately quantify
the seeding material trajectories (advection and convection) and its activation inside the cloud. Also,
the process of release of seeding particles upon drop evaporation, as well as the scavenging processes
were not considered at this point but need to be included in the future work.
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4. Conclusions

This article numerically investigated the performances of a new seeding material for
precipitation enhancement—core/shell sodium chloride (NaCl)/titanium dioxide (TiO,) nanostructure
(CSNT) [14]—in three different climate regions using the WRF (Weather Research and Forecasting)
model. The considered climates were: (1) The arid climate of the United Arab Emirates (UAE) (17
July 2009); (2) the maritime climate of Thailand (25 July 2007); and (3) the continental climate of Serbia
(21 July 2014). In all three cases, the precipitation enhancing performances of CSNT were compared
against the test when seeding was conducted using pure NaCl, as well as against the control case when
no seeding was carried out.

The results of this work demonstrated that CSNT outperformed the traditional pure NaCl in all
three climate regions. However, the largest benefits of using the novel aerosol were found to be in
the arid case of UAE. The scarcity of water vapor and small relative humidity in this desert region
favors the growth of CSNT particles over pure NaCl. In the considered case of UAE, the increase of
accumulated surface precipitation (P) from cloud seeded with pure NaCl was negligible. However,
this result was limited to the conditions investigated in this study and we acknowledge that different
weather scenarios, seeding conditions, and cloud properties (e.g., different seeding spatiotemporal
windows, different sizes of aerosols and their concentration, altered updraft velocities, etc.) may lead
to significantly different findings. In the same case of UAE, the CSNT resulted in approximately 1.4
times more P than in the control and NaCl cases.

The smallest differences between the seeded and the control cases were found in the case of
maritime climate of Thailand. Due to the high relative humidity (~100%) on 25 July 2007 over Thailand,
the activation characteristics of both seeding materials were similar and therefore the overall increase of
P was also similar; namely, 1.2Pontro] and 1.1P¢ontro1 using the CSNT and pure NaCl seeding substances,
respectively. Lastly, the continental climate of Serbia fitted in between investigated maritime and arid
cases in terms of the resulting precipitation enhancements after seeding with CSNT. In this experiment,
both seeding agents lead to an intensification of P, but the increase was not as profound as in the arid
case. More precisely, the increase of P using the CSNT substance was 1.25 times larger than in the
control case.

By numerically investigating the activation properties of CSNT in several modelled atmospheric
conditions, this article attempted to provide much needed data on the CSNT performances as a
precipitation enhancer prior to its eventual field tests in the real atmosphere. By doing this, the paper
demonstrates that CSNT could be particularly efficient seeding material in arid climates characterized
with a scarcity of water vapor. However, more numerical and laboratory research work is needed
before a definite conclusion can be drawn on the precipitation enhancing performances of CSNT.

Supplementary Materials: Supplementary data associated with the article can be found in http://www.mdpi.
com/2073-4433/10/6/294/s1. These data include the animations of development of cumuliform clouds above the
three investigated regions.
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