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Abstract

Cloud seeding is an innovative approach in meteorological modification
aimed at artificially augmenting precipitation to address water scarcity. This
study offers a comprehensive overview of the scientific, technological, and
policy dimensions of cloud seeding and its future outlook. We examine the
history of cloud seeding from its inception in the mid-20th century to its
contemporary application by numerous states to augment rainfall and
mitigate hail. Literature indicates conflicting, albeit predominantly favorable,
evidence that cloud seeding can augment precipitation under optimal
conditions, often by 5-25 percent in targeted regions; however, outcomes
vary significantly according on cloud type and seeding methodology. We
examine the basic principles and methodologies of cloud seeding, including
glaciogenic and hygroscopic techniques, and highlight current advancements
such as enhanced atmospheric modeling, drone-based delivery systems, and
novel seeding materials. This report examines the results of significant field
experiments and operational initiatives globally, highlighting both good
outcomes and ongoing challenges in effectiveness evaluation. The matter of
governance and ethics is addressed, necessitating robust scientific evaluation,

environmental safety monitoring, transparency among stakeholders, and
international cooperation in weather modification efforts. We conclude that

while cloud seeding is not a comprehensive solution for drought
management, it serves as a valuable additional strategy for water resource

management in a changing climate. Subsequent research and technological progress, together with judicious regulatory
frameworks that address ethical considerations and environmental consequences, will be pivotal in realizing the
complete potential of cloud seeding as a future weather manipulation technology.

Keywords: Cloud seeding, Weather modification, Precipitation augmentation, Water resource management, Drought
mitigation

Introduction

Cloud seeding is a method of induced weather modification that seeks to alter microphysical processes within clouds to
generate precipitation and other desired meteorological outcomes (Cotton & Pielke, 2007). Following the discovery in
the late 1940s that some compounds, particularly silver iodide and dry ice, might induce ice crystal formation in clouds,
scientists have explored cloud seeding as a method to augment rainfall, enhance snowfall, mitigate hail, and disperse
fog. The technology has garnered inconsistent, significant interest owing to water constraint and harsh weather
phenomena. Cloud seeding has lately garnered renewed interest as a method for climate adaptation and water resource
management in the context of modern climate change and escalating water demand (Yoo et al., 2022). Weather
modification initiatives have been implemented in arid and semi-arid countries, particularly to mitigate recurrent
droughts and enhance agricultural and water output (Al Hosari et al., 2021). Cloud seeding studies or operations have
been undertaken in over fifty nations globally, including the United States, China, India, Israel, Australia, South Africa,
and the United Arab Emirates (UAE) (Flossmann et al., 2019). Asian and Middle Eastern governments are aggressively
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advancing cloud seeding as a potentially effective technique to augment rainfall in water-scarce areas (Hatori et al.,
2025).

Cloud seeding is the introduction of artificial nuclei or hygroscopic particles into clouds to facilitate precipitation
formation. Two primary modes are utilized. In glaciogenic seeding, ice-nucleating aerosols, such as silver iodide (Agl),
are dispersed into cold clouds to initiate the formation of ice crystals, which can proliferate and then precipitate as snow
or rain. Hygroscopic seeding targets warm clouds by dispersing big salt particles (calcium or sodium chloride) to
accelerate droplet coalescence, facilitating raindrop formation (Rosenfeld et al., 2010). It seeks to enhance the
inefficiency of a cloud system, which typically deposits only a small fraction of its water as precipitation, by exploiting
natural microphysical processes to induce increased rainfall (Bruintjes, 1999). A substantial body of research on the
efficacy and limitations of cloud seeding has been amassed during decades of experimentation. Nonetheless, the
outcomes have been contentious or ambiguous in some instances, leading to skepticism within segments of the scientific
community (Ryan and King, 1997). This paper evaluates the current scientific advancements in cloud seeding and
examines how emerging technology and approaches are tackling previously encountered obstacles. It also considers the
broader context, including environmental safety and regulatory and ethical factors, which will influence the future
application of cloud seeding as a weather modification technology.

Literature Review

Early cloud-seeding research from the 1950s to 1970s yielded intriguing yet unclear results, which would later serve as
a forerunner to decades of discussion surrounding the subject. Statistical analyses conducted during initial trials in
locations such as New York, Israel, and Australia revealed minor positive alterations in precipitation on seeding days;
however, the limited data and significant natural variability in precipitation hindered the assessment of the effects
attributable to seeding versus those resulting from chance. The renowned seeding studies conducted in Israel during the
1960s indicated a rainfall increase of approximately 10—15 percent; however, further analysis discredited these findings
(Rangno & Hobbs, 1995). On the same note, a round of cloud seeding experiments in the western US (e.g., the Colorado
River Basin and Sierra Nevada pilot projects) also demonstrated mixed results: at least some seasons demonstrated an
increase in precipitation by about 5-10 percent, but there were also cases that did not exhibit such an effect (Bruintjes,
1999). By the 1990s, comprehensive evaluations began highlighting the inconsistency in the efficacy of cloud seeding.
A comprehensive evaluation in Australia, where several trials had been conducted over nearly 50 years, concluded that
the results were insufficient to demonstrate cost-effective success (Ryan and King, 1997). The assessments, along with
issues in trial design, led to a decrease in funding for weather modification research during the 1980s and 1990s
(Bruintjes, 1999). A degree of scientific skepticism emerged, partly because early research lacked sufficient controls
(comparing randomized seeding to non-seeding of similar clouds) and because to the inherent fluctuation in natural
rainfall, complicating the detection of a seeding effect. Despite controversies, there remained positive developments that
sustained interest in cloud seeding. It is important to note that during the 1990s, investigations in warm convective
clouds, often found in tropical or subtropical regions, were progressively yielding dependable positive results. A
statistical experiment with hygroscopic flares (which release salt particles into developing thunderstorms) in South
Africa shown statistically significant increases in rainfall of 20-30 percent in seeded clouds compared to control groups
(Mather et al., 1997). The autonomous evaluation of Thailand's warm-cloud seeding initiative indicated a rainfall
increase of roughly 10-20% perhaps linked to salt-based particle seeding (Silverman and Sukarnjanaset, 2000). The
accomplishments of hygroscopic seeding demonstrated the feasibility of warm cloud seeding under suitable conditions,
but glaciogenic seeding of cold clouds remained ambiguous. The contradictory findings led scientists to scrutinize the
physics governing the phenomenon: the active seeding of warm clouds directly facilitates the condensation and
coalescence process (by introducing large cloud condensation nuclei that accelerate raindrop growth), and in specific
cloud regimes, a statistically significant impact on rainfall can be detected. Cold-cloud seeding involves a complex chain
reaction, specifically the freezing of supercooled droplets and the proliferation of ice crystals, which is highly dependent
on atmospheric cloud physics. It is improbable to induce additional precipitation when the formation of natural ice is
not the primary determinant (Rosenfeld et al., 2010). This awareness prompted the pursuit of efficient hygroscopic cloud
seeding to refine the techniques for warm clouds, as elucidated by Rosenfeld et al. (2010), and fostered interest in more
selective targeting of cloud types where glaciogenic seeding would be most beneficial, such as orographic winter clouds

© 2026 The Author(s). Published by IJCOPE Journal. Website: https://ijcope.org/ 2


https://ijcope.org/

o

International Journal of Creative and Open Research in Engineering and Management  § it ’
ISSN: 3108-1754 (Online) *

Volume 02 Issue 08 Augustl-2026 | Impact Factor: 3.5  {Quymd

rich in supercooled liquid water. The field of weather modification reached a critical juncture by the first half of the 21st
century. The Expert Team on Weather Modification Research of the World Meteorological Organization conducted a
thorough evaluation, summarizing global study results. It reported that while there is a belief in the efficacy of
precipitation enhancement in specific initiatives, the scientific community remains divided regarding its overall
effectiveness due to methodological limitations (Flossmann et al., 2019). The significant advancements of the 2000s
clarified specific historical ambiguities. Enhanced observational instruments, particularly Doppler weather radar and
satellite remote sensing, allowed researchers to analyze cloud and precipitation phenomena with increased precision
during and after seeding activities. Numerical weather modeling has progressed, enabling seedability forecasts and the
simulation of cloud seeding effects using cloud microphysics models. This equipment facilitated the execution of
advanced studies, such as observing the composition of seeded clouds in real-time via radar and comparing them with
adjacent clouds where no seeds were introduced. This development enabled the direct identification of cloud seeding's
effects in a field experiment for the first time. In a prominent initiative during the late 2010s, known as the SNOWIE
project in Idaho, USA, scientists successfully observed snowfall resulting from orographic cloud seeding with silver
iodide, utilizing specialized radar and snow gauges, a phenomenon that had eluded confirmation for decades (Friedrich
et al., 2020). Despite the relatively low amounts of precipitation generated in these instances (measured in tenths of
millimeters of snow water equivalent as the seeding apparatus traversed the gauges), this was heralded as a notable
success in illustrating the efficacy of cloud seeding (Friedrich et al., 2020). In the meantime, long-term statistics were
re-evaluated employing contemporary methodologies. A 2018 re-analysis of historical cloud seeding data using refined
statistical methods has yielded evidence that seeding contributed to significant increases in precipitation during certain
past programs, thereby supporting previously discredited claims (Wu et al., 2018). The evolution of the agreement has
gradually shifted: numerous individuals who previously regarded cloud seeding as scientifically unsubstantiated now
acknowledge that, under appropriate conditions, seeding can induce a quantifiable increase in precipitation (Flossmann
et al., 2019). The remaining inquiries concentrate on quantifying the effect's magnitude, understanding the limits of its
applicability, and ensuring that all procedures are performed properly and ethically.

Another key issue in the literature is the evaluation of environmental and downwind impacts. Due to the prevalent
application of silver iodide as a seeding agent, extensive research has been undertaken to ascertain any adverse
environmental impacts associated with its utilization. The quantity of Agl (silver iodide) released during seeding is little
and often dispersed extensively. Decades of ecological observation have found no evidence of substantial soil, water, or
ecological harm caused by silver iodide at the concentrations employed in weather modification methods (Terblanche
et al., 2005). However, scientists warn that continued surveillance can be reasonable, in case cloud seeding activities are
increased (Flossmann et al., 2019). Equally, concerns that cloud seeding in one location may deprive downwind areas
of precipitation, the predominant ethical issue raised that are not scientifically substantiated: the water in seeded clouds
typically does not return to the local area and constitutes a negligible fraction of regional moisture transport. In several
instances, downwind advantages of seeding, even in designated regions, have been documented, suggesting that seeding
may yield more substantial benefits than detriments (Solak et al., 2003, as cited in Al Hosari et al., 2021). Nevertheless,
consideration and research on societal issues are also significant elements of cloud seeding research projects. It has also
resulted in suggestions of increased openness and information exchange in weather modification operations, and the
creation of transparent regulatory frameworks to regulate operations that transcend political borders. The only
international treaty on weather modification is the Environmental Modification Convention of 1977 that outlaws the
hostile employment of weather modification in warfare - implicitly reminding us of the reason why benign applications
must be handled with great care in the interests of the common good. To conclude, the current literature can be
characterized as depicting a field having come of age: starting as a picture of speculation, it has gone through phases of
doubt and development and now enjoys a growing body of empirical data and a better perception of its possibilities and
its constraints. It is on this foundation that perfection of cloud seeding practice has been done, and this has been
incorporated in the current water management and policy - which are discussed in the following sections.
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Methodology

The operations and experiments of cloud seeding are based on the application of the principles of atmospheric sciences
and methods of engineering. The comprehensive methodology consists of three phases: the selection of appropriate
clouds, the introduction of seeding agents into the clouds, and the assessment of the outcomes. This method entails
intricate planning and advanced technologies. Modern cloud-seeding initiatives commence with meteorological analysis
and forecasting to target appropriate cloud forms. Not all clouds are amenable to seeding; it necessitates adequate
moisture and instability to ensure that the cloud's precipitation potential is not wholly realized through natural processes.
Operational meteorologists utilize weather radar, satellite photography, and numerical models to identify favorable
clouds or storm systems (Al Hosari et al., 2021). In orographic winter cloud seeding, commonly employed in
mountainous regions to enhance snowpack, the ideal meteorological condition involves a moist airflow generating
supercooled cloud droplets above the terrain; ground-based silver iodide generators or aircraft can be deployed to seed
the clouds as they form over the mountains. Meteorologists detect cumulus clouds with vigorous updrafts and ample
liquid water during convective warm-cloud seeding, typical of tropical regions during summer, rendering them suitable
candidates for hygroscopic seeding (Yoo et al., 2022). The timing and location are crucial; the seeding agent may only
prove advantageous when deployed at the optimal moment and site, otherwise it may be entirely worthless if released
prematurely, belatedly, or in an unsuitable position. The advancement of nowcasting and real-time cloud observations
has significantly improved the targeting phase, enabling seeding teams to swiftly adjust to fluctuating weather
conditions.

Delivery of seeding material occurs via many platforms, contingent upon the type of sowing and geographical area.
Aircraft and terrestrial generators are the predominant methods of supply. Aircraft are highly versatile and facilitate both
glaciogenic and hygroscopic seeding applications. In glaciogenic seeding, tiny airplanes or occasionally artillery rockets
deploy flares or pyrotechnic cartridges containing silver iodide into the lower regions of clouds, often at temperatures
below -5 to -10 degrees Celsius, where the agent can facilitate the formation of ice crystals. In warm-cloud seeding,
hygroscopic flare chemicals, such as potassium chloride or other salts, are typically disseminated at the base of a cloud
or within the cores of rising air, releasing substantial salt nuclei into the humid atmosphere (Al Hosari et al., 2021).
Ground generators are surface units that are either stationary or combust solutions of silver iodide and acetone to emit a
plume of microscopic Agl, which is subsequently captured by passing clouds by wind currents. The latter is mostly
utilized in mountainous regions for winter seeding; arrays of ground generators are strategically positioned along
ridgelines to influence passing clouds. Both methods possess advantages; airplanes can manipulate clouds and cover a
broader region, whilst ground generators are more cost-effective and can consistently seed a designated volume if wind
conditions are appropriate (Flossmann et al., 2019). In recent years, researchers have started investigating novel delivery
systems. Uncrewed aerial vehicles (drones) have been utilized to distribute and disperse seeding material into clouds,
presenting a more cost-effective and safer alternative to manned aircraft for specific operations. The United Arab
Emirates and China have engaged in drone-assisted cloud seeding; specifically, in the United Arab Emirates, the
initiative entailed drones emitting electric charges to promote droplet formation (Hatori et al., 2025). Despite being an
experimental method, drone seeding represents a technological advancement that may enhance weather modification
capabilities in the future.

Cloud seeding research is dominated by rigorous evaluation methodology. Owing to extensive natural variability in
precipitation, much effort is required to distinguish the effects of seeding from specific weather patterns, necessitating
careful experimental design. The gold standard is a randomized controlled trial in which randomly selected clouds or
days are either seeded or not seeded, with results statistically assessed across a substantial number of cases. This
resembles a clinical trial in medicine and is employed to ensure that any reported changes in precipitation may be
attributed to the seeding rather than underlying biases (Gabriel, 2000, Al Hosari et al., 2021). A randomized cloud
seeding trial has been conducted in many areas, including Israel, South Africa, and Australia, and its findings constitute
a crucial element of the aforementioned literature review. However, these tests are both expensive and logistically
challenging, leading most operational programs to rely on historical comparisons—seeding clouds in a designated area
while using a nearby unseeded area as a control, or comparing seeding periods to long-term data from similar unseeded
periods (Bruintjes, 1999). Seeding impacts are deduced by statistical techniques, including sample analyses of seeds
across two masses, regression modeling across control and target areas, and contingency table analyses of rainfall
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occurrences (Al Hosari et al., 2021). Recently, physical measurements that trace directly the chain of events that seeding
causes have been included in evaluation methodology. As an example, scientists have been able to identify the presence
of seeding matter in cloud cover and precipitation using tracers or distinctive marks of seeding matter (Jung et al., 2015).
The chemical analysis of rain water in one of the experiments was capable of proving the input of the Agl nuclei in the
precipitation, which reinforced the claim of increased rainfall linked to the seeding effect (Friedrich et al., 2020). High-
resolution radar is used also to monitor cloud structure following seeding - e.g., the appearance of new radar reflectivity
cores or a higher cloud top height than unseeded clouds. When used together with a statistical rainfall data, these physical
evaluation methods will give a more comprehensive information about seeding effects. A panel convened by the World
Meteorological Organization has underscored that statistical and physical analysis ought to be combined in future cloud
seeding endeavors in order to provide conclusive causality (Flossmann et al., 2019).

In cloud seeding methodology, it is clear that there is continued innovation. Cloud microphysics models integrated into
weather forecasting systems are currently employed to evaluate and enhance seeding hypotheses before field application.
For instance, by simulating a cloud, a researcher can replicate the impact of introducing a precise concentration of
artificial ice nuclei on the development of precipitation particles to optimize seeding strategies. A recent advancement
in this field is the identification of novel seeding agents, which may surpass traditional resources in efficacy. An
exemplary demonstration is the utilization of nano-structured particles as hygroscopic and ice-nucleating agents. Recent
experiments on a core-shell aerosol of salt encapsulated with titanium dioxide (TiO2) shown superior performance;
modeling studies suggested that these composite nanomaterials could yield approximately 15-30% greater precipitation
compared to conventional salt seeding. The rationale is that these particles exhibit superior resilience in clouds and
demonstrate enhanced performance across a broader range of humidity conditions compared to pure salt or silver iodide
(Lompar et al., 2018). Figure 1 illustrates a standard cloud seeding procedure and the associated microphysical processes.

Figure 1: Theoretical schematic of a glaciogenic cloud seeding activity of an orographic cloud.
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Silver iodide (Agl) particles are emitted by a plane (or surface generator) into a supercooled cloud cloud that is created
by the rising of a warm, moist air over a mountain. The Agl particles are used as artificial ice seeds and cause ice crystals
to be formed of super cooled drops. These ice crystals accumulate vapor (and may also merge together) and fall off the
cloud in form of snowflakes a few of which turn into rain at lower levels. Seeding of this kind in controlled experiments
has resulted in the quantifiable localized snowfall otherwise absent in nature, which proves the connection between
seeding agent and precipitation (Friedrich et al., 2020). This method differs from hygroscopic seeding of warm clouds,

© 2026 The Author(s). Published by IJCOPE Journal. Website: https://ijcope.org/ 5


https://ijcope.org/

o

International Journal of Creative and Open Research in Engineering and Management  § it ’
ISSN: 3108-1754 (Online) *

Volume 02 Issue 08 Augustl-2026 | Impact Factor: 3.5  {Quymd

when tiny particles, such salt, directly induce the growth of larger droplets within clouds. The two methodologies seek
to utilize and enhance the natural precipitation processes within the cloud system.

Results

Global assessments of cloud seeding initiatives have produced varied results, ranging from significant effectiveness in
enhancing precipitation to instances of no impact. Results generally indicate that, under optimal conditions, cloud
seeding can significantly augment precipitation; nevertheless, the extent of augmentation is highly varied and frequently
subject to statistical uncertainty. Table 1 encapsulates many notable outcomes from cloud seeding studies and
operational initiatives across diverse locations. These examples demonstrate the extent of reported precipitation
variations and the methodologies employed:

Table 1: Examples of reported precipitation enhancements from cloud seeding in various programs

Region and | Seeding Methods Approx. Precipitation | References

Period Increase

South Africa | Warm convective clouds | ~20-30%  increase  in | (Mather et al., 1997)

(1990s) seeded with hygroscopic | rainfall in seeded storms
flares (salt particles) (statistically significant)

Thailand (1990s) | Warm-cloud seeding | ~15% increase in rainfall | (Silverman &
with hygroscopic | (seasonal average) in target | Sukarnjanaset, 2000)
particles  (ground & | areas
aircraft)

UAE Warm convective cloud | ~23% increase in annual | (Al Hosari et al.,

(2013-19) seeding via aircraft | rainfall over target region | 2021)

(natural salt flares) (long-term program
average)

Cold-Cloud Winter orographic cloud | Typically, 0-15% increase | (Bruintjes, 1999;

Programme seeding  with  Agl | in  precipitation (often | Flossmann et al.,

(Multiple regions) | (aircraft &  ground | within statistical margins) 2019)
generators)

The hygroscopic flare seeding technique in the experiments conducted in South Africa was accompanied by cautious
randomized controls giving credence to the finding that the rainfall in the seeded clouds was by far more than that in the
unseeded clouds (Mather et al., 1997). The warm-cloud program in Thailand was not completely randomized, however,
it was assessed through a massive precipitation compare and contrast of rain gauges and demonstrated significant rainfall
increment during seeding seasons (Silverman and Sukarnjanaset, 2000). A recent example is the long-term operational
seeding program of the UAE: when comparing decades of rain gauge data before and after the start of the program and
paralleled results of radar tracking of seeded and unseeded days with clouds, the researchers have found a significant
positive upward shift in precipitation in the target area and attributed it to the interventions of seeding (Al Hosari et al.,
2021). The average annual rainfall in the seeded area increased by 20% compared to predictions without seeding, a
conclusion corroborated by observable phenomena such as larger cloud volumes and prolonged life spans immediately
following the seeding flights (Al Hosari et al., 2021). These findings correspond to the higher range of betterment that
has been observed in the past and highlight the importance of the fact that in certain settings, properly developed cloud
seeding may make a significant difference in the amount of precipitation.
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It should be mentioned though that positive results are not universal. Numerous glaciogenic cloud seeding operations in
marginal conditions, in particular, have produced smaller pay-offs - in the single-digit percentage range - or outcomes
that are difficult to pick out of the natural variability. In the Western United States, which is mountainous, there have
been many winters cloud seeding projects to increase the amount of snowpack, which have reported 5-10% increases
however with a high degree of year-effect variability and lower statistical significance (Ryan & King, 1997; Bruintjes,
1999). Certain assessments have identified a virtually negligible cumulative effect despite the aggregation of numerous
episodes, highlighting the challenges associated with consistently benefiting from cold-cloud seeding. An illustrative
instance was the sequence of trials conducted over several years in the Snowy Mountains of Australia, which ultimately
failed to demonstrate a definitive increase in precipitation, a null conclusion that resulted in a temporary stop of the
Australian program (Ryan and King, 1997). Likewise, the subsequent major experiment conducted by Israel in the 1970s
and 1980s failed to replicate the rainfall increase estimates from the initial experiment, leading independent reviewers
to conclude that no statistically significant seeding advantage was present in the latter study (Rangno & Hobbs, 1995).
These conflicting results underscore that cloud seeding is very conditional: the method may only augment precipitation
when the natural clouds possess inherent potential, and even then, the efficacy of seeding may be minimal or inconsistent.
For instance, in a scenario with a diminished quantity of cloud condensation nuclei within a cloud system (where
hygroscopic seeding would typically take place), the introduction of particles will lead to a noticeable augmentation in
precipitation; conversely, in circumstances where the cloud is limited by moisture availability or other dynamic
processes, seeding may exert minimal influence (Rosenfeld et al., 2010). Identifying the limiting elements in real time
can be challenging, which is why certain seeding procedures fail to yield results and instead target clouds incapable of
generating substantial rainfall initially.

Recent physics-based research findings have affirmed the certainty of seeding effects under optimal conditions. The
SNOWIE experiment in Idaho (2017) provided empirical evidence of the enhancement in snowfall production resulting
from cloud seeding during a winter storm. In the experiment, radar data indicated plumes of heightened reflectivity
(icterus of snowfall) originating specifically from the flight paths of the seeding aircraft, while ground-based snow
gauges recorded minor yet discernible increases (approximately a few millimeters of snow) whenever bands of the
seeded snowfalls passed directly overhead (Friedrich et al., 2020). Despite the minimal precipitation produced in a single
event, approximately 100-200 acre-feet in the planted plots (Friedrich et al., 2020) the results nonetheless confirmed the
causal link between the seeding agent and precipitation. Enhancing such outcomes enables us to infer that, during a full
season of seeding, the volume of water introduced may be hydrologically substantial. An extrapolation of an entire
winter of seeded snowfall in that region indicated that cloud seeding may potentially enhance the snow water budget by
an average of 5-10 percent in a given year (Hatori et al., 2025). In a separate application, introducing gigantic cloud
condensation nuclei (giant CCN, such as coarse salt particles) into marine cloud systems enabled the measurement of
fluctuations within those cloud systems. Jung et al. (2015) asserts that the incorporation of big salt particles into a
stratocumulus deck resulted in an enhancement of drizzle formation, hence expediting the precipitation from clouds
predisposed to drizzles. It was observed to restrict cloud water and increase surface drizzle under seeded settings relative
to controls. The outcomes of cloud seeding exhibit greater variability compared to conventional precipitation
enhancement in convective clouds, suggesting that even very low-level clouds can have their precipitation dynamics
modified using seeding techniques.

The variety of outcomes is emphasized by the observation that nearly all studies presenting favorable results also reveal
variations in those results. Cloud seeding does not induce precipitation from clear skies; it merely amplifies rainfall
when atmospheric conditions are conducive, characterized by specific cloud qualities such as moisture content and
temperature profile. A simulated study of cloud seeding in Korea concluded that seeding should be performed on days
with existing natural rainfall above 20 mm/day, since this would significantly enhance runoff. Seeding on days with
minimal or no natural rainfall would be largely ineffective (Yoo et al., 2022). This underscores that cloud seeding is a
tool better appropriate for augmenting precipitation in precipitation-bearing weather systems rather than generating rain
in a completely arid atmosphere. A comparable discovery across multiple projects is the importance of timing and
execution. Premature or delayed seeding may be ineffective or detrimental; early seeding can over saturate a cloud with
nuclei, resulting in numerous little droplets that compete with one another, hence delaying precipitation of rain or snow.
Successful outcomes have frequently been linked to enhanced seeding conditions developed over time, such as targeting
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only clouds that meet specific radar reflectivity or updraft requirements, or discontinuing seeding when the cloud begins
to deteriorate (Al Hosari et al., 2021). This adaptive strategy has been implemented in operational programs; the National
Center of Meteorology in the UAE utilizes real-time radar to direct aircraft towards optimal convective cells, while
pilots are being instructed to recognize visual cues indicative of strong updrafts to prevent the deployment of flares.
These procedures have likely enhanced operational efficiency compared to prior decades when seeding may occur at
arbitrary times.

The results have been predominantly favorable in terms of environmental and safety considerations. The detrimental
environmental effects have been minimal throughout decades of cloud-seeding activities. Trace chemical tests have
revealed only little concentrations of silver in soil and water, typically well below regulatory thresholds, in areas of
extensive seeding, including the western US highlands, where silver iodide has been utilized for over fifty years
(Terblanche et al., 2005). Long-term monitoring in China tracked silver concentrations in precipitation, surface water,
and soil over 16 years of cloud seeding, revealing slight increases in silver immediately post-seeding, although no
accumulation of dangerous levels in the environment occurred (Ren & Jin, 2024). Silver seed is more prone to deposition
and dispersion to such a degree that it becomes nearly imperceptible over time, and in a relatively non-toxic chemical
form (insoluble silver iodide), bioaccumulation undoubtedly occurs. The findings suggest that current cloud seeding
techniques exert minimal impact on environmental health, as corroborated by recent study reviews (Flossmann et al.,
2019). Nevertheless, experts caution that increased cloud seeding activity and the introduction of novel chemicals
necessitate ongoing monitoring. The scientific tests and operational programs collectively conclude that cloud seeding
can produce a beneficial, albeit modest, effect in augmenting precipitation under suitable cloud conditions and with
proper execution. Adverse conditions may diminish the effectiveness considerably. These nuanced conclusions
necessitate a discourse on the optimal and most responsible application of cloud seeding as we progress.

Discussion

The findings of the research on cloud seeding indicate both the potential benefits and the obstacles associated with the
implementation of technology for weather modification. The data accumulated over decades, bolstered by ongoing
rigorous research, indicates that cloud seeding is feasible. The installation of artificial ice nuclei or condensation nuclei,
under appropriate conditions, unequivocally leads to an increase in ground precipitation. Cloud seeding may serve as a
significant tool in regions experiencing water scarcity. A mere 10 percent increase in precipitation can significantly
augment the volume of water in a reservoir or snowpack, which will then melt in spring, providing additional water for
agriculture, hydropower, and wildlife. Recent analyses suggest that cloud seeding in the UAE could yield between 84
and 419 million cubic meters of water annually, a substantial volume for the arid nation, comparable to the production
of several large desalination facilities (Al Hosari et al., 2021; Hatori et al., 2025). Seed growth in the western United
States can augment spring runoff and mitigate drought effects by contributing several inches to the snowpack. Although
these advantages may not be transformative within their specific category, they are attractive components of a water
management approach. Cloud seeding is comparatively economical; the cost per acre-foot of water harvested through
seeding is generally less than that of alternative methods, such as desalination or the construction of new reservoirs,
especially when the seeding program is optimized (Bruintjes, 1999). The adaptability of cloud seeding, which may be
readily intensified or diminished according to conditions, renders it a useful tool for water managers. Amid the escalating
threat of drought and erratic precipitation patterns due to climate change, cloud seeding is regarded by numerous
policymakers as one element in the broader strategy to enhance climate resilience. Indeed, some nations, including China
and the UAE, have expressly incorporated weather modification into their national strategies for climate change
adaptation and water security (Hatori et al., 2025).

In contrast, research limitations and uncertainties are equally significant factors to consider. Cloud seeding is not a
panacea for drought. The findings section explicitly states that no cloud may generate more precipitation than the
atmospheric circumstances permit, irrespective of whether seeding occurs. During extreme drought conditions with scant
moisture, such as on overcast days, cloud seeding proves largely ineffective; one cannot create clouds in the absence of
existing clouds (Ryan & King, 1997). It functions optimally as a long-term supplement and can use consistent weather
patterns throughout time. The assertion that cloud seeding serves as an emergency remedy for drought is misleading and
has been cautioned against by researchers (Bruintjes, 1999). A more accurate understanding is that cloud seeding may
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mitigate the impacts of drought by gradually altering precipitation when conditions permit, but it cannot unconditionally
prevent droughts. There exist plausible hazards of overestimation; the commonly cited figures of 10-30% increases
warrant cautious consideration. Recent physically based simulations, such as SNOWIE, suggest that percentage changes
can appear exaggerated when natural precipitation is minimal (e.g., converting a near-zero snow state to 0.3 mm results
in an infinite percentage change), despite the actual volume of water added being negligible (Friedrich et al., 2020;
Hatori et al., 2025). It is essential to consolidate outcomes across temporal and spatial dimensions to assess practical
impact. Additional research is required to more accurately assess these values and evaluate their efficacy under varying
climatic situations (e.g., tropical monsoons versus midlatitude winter storms). The literature indicates that early cloud
seeding initiatives were significantly hindered by inadequate understanding of cloud physics. Today, there exists an
opportunity to leverage enhanced information for more successful seeding. It is now evident that the paramount factor
is cloud selection; seeding must occur in clouds abundant in supercooled liquid water for glaciogenic seeding or in
congestus-stage cumulus clouds for hygroscopic seeding to enhance the probability of precipitation (Rosenfeld et al.,
2010). Utilizing advanced radar and satellite technologies for cloud screening, operators can avoid the inconvenience of
assessing unresponsive clouds. The timing and seeding level can be optimized. New operational protocols have been
established, typically formulated by trial and error in projects like those in Thailand and the UAE, necessitating a specific
number of flares to ignite and a particular stage of cloud growth for their utilization (Al Hosari et al., 2021). These
protocols are increasingly guided by high-resolution models that simulate the impacts of cloud formation and seeding,
so enabling a virtual trial before real execution (Lompar et al., 2018).

The future of cloud seeding is likely to be promising due to advancements in associated technologies. The
aforementioned uncrewed drones would incur lower costs and risks for seeding, as they may operate in hazardous
weather situations without endangering pilots. They may permit seeding in regions or under situations (e.g., nocturnal
convective storms or hazardous icing levels in winter clouds) that are not readily accessible to human pilots. Machine
learning algorithms and artificial intelligence are being developed to assist in decision-making; for instance, Al can
analyze real-time meteorological data to determine the optimal time and location for seeding or autonomously navigate
drones to the cloud parcel that would yield the highest return. Meanwhile, materials science can offer more effective
seeding agents; the TiO.-salt nanoparticle research (Lompar et al., 2018). It exemplifies this, and researchers are
investigating additional substances (such as inorganic salts that precipitate at lower thresholds than silver iodide or
biocompatible materials) that may precipitate more efficiently. In the future, a mixture of tailored particles may be
employed under diverse cloud conditions, perhaps incorporating ice nuclei, large cloud condensation nuclei, and
electrically charged droplets, to influence many precipitation paths. These modifications can significantly impact the
reliability and extent of seeding outcomes. Each novel technique must, nonetheless, undergo rigorous field testing. The
historical record has instructed the weather modification community that substantial evidence is necessary to substantiate
any asserted advancements. Consequently, extensive field trials, perhaps at the international level, are suggested to
evaluate next-generation seeding devices in a controlled environment. For instance, within a recent Moonshot R&D
initiative on weather manipulation, Japan is contemplating experiments that utilize innovative seeding techniques and
real-time sensors to assess their efficacy (Hatori et al., 2025). On the same note, the Rain Enhancement Science program
in the UAE is financing international research studies to explore nanomaterial seeding and electrostatic charge
technologies, whereby it is also required to prove its effectiveness with both modeling and field campaigns.

The other important aspect of the discussion on the future of cloud seeding is the policy and governance framework. In
the past, cloud seeding operations have been in a sense of a legal or regulatory gray area. There are no particular national
regulations in many countries which regulate weather modification, and it is left to the local authorities, or even just to
the whims of operators. In the United States, by example, they are mostly regulated at the state level: some of the western
states have licensing and reporting of cloud seeding projects, whereas others have little regulation, and some (mostly in
the eastern U.S.) even thought about bans because of the public disapproval (GAO, 2024). At the international level,
other than the narrow scope of the ENMOD treaty which focuses on the use of military weather, there is no binding
consensus on civilian weather modification. This lack of a clear outline is a problem when cloud seeding expands. As
an example, in one nation clouds were planted close to the border, other nations may fear that their rainfall may be
affected (scientifically or not). Such cases might create diplomatic tension without communication and agreements. In
the future, these issues could be controlled by establishing open reporting and possibly bilateral or regional treaties on
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weather modification. The World Meteorological Organization has long promoted the free sharing of information about
weather modification efforts, and periodically revised the best practice guidelines (Flossmann et al., 2019). In
accordance with these guidelines, governments may require that cloud seeding operations be publicly recorded
(including time, location, materials utilized, etc.) and that this information be accessible for independent data analysis.
This would not only foster public trust but also contribute to scientific knowledge. Recent measures give commendable
examples of transparency; notably, the UAE publishes annual reports on its seeding sorties and funds academic research
that disseminates its findings publicly. Involving the stakeholders is also crucial. The aims and outcomes of any weather
modification program for local communities should be communicated to them. Misconceptions among individuals,
particularly regarding cloud seeding and extensive geoengineering initiatives, can be rectified by public education.
Policymakers have observed that individuals often conflate cloud seeding, a localized and brief weather intervention,
with solar radiation control and other global climate geoengineering programs (Hatori et al., 2025). Clear communication
is necessary to differentiate this and to elucidate that cloud seeding pertains more to water resource management; it
cannot alter climatic patterns nor can it be utilized to weaponize weather with current capabilities.

The principal ethical considerations are equity, consent, and environmental stewardship. Concerns with fairness pertain
to ensuring that cloud seeding does not create inequitable outcomes, whereby the upland community gains an undue
advantage over the downwind group. While there is no evidence of significant harm to others, the perception of
appropriating rain may be potent. Consequently, it may be judicious to incorporate the perspectives of adjacent regions
in the design and distribution of benefits, such as collaborative water projects funded by the beneficiaries of seeding. An
further ethically advantageous practice, notwithstanding the absence of expected concrete harm, is obtaining prior
informed consent or, at the very least, consulting with populations in the targeted area. In some U.S. jurisdictions,
including Colorado, it is mandated that before renewing cloud-seeding permits, the project undergoes a public hearing
to allow local stakeholders to voice their opinions. Environmental stewardship involves minimizing the ecological
footprint by utilizing minimal chemicals, identifying more environmentally compatible seeding agents, and monitoring
environmental indicators. Should new technologies, such as drone swarms or novel aerosols, be introduced in the future,
they will necessitate environmental impact studies to ensure they do not create new problems. Overall, the discourse
indicates a shift towards responsible innovation, aiming to leverage advancements in science and technology to optimize
cloud seeding while simultaneously improving the governance framework to manage associated risks and foster citizen
confidence. As droughts intensify due to climate change and water scarcity increases, the impetus to establish cloud
seeding as a legitimate practice has reached unprecedented levels. International collaboration can play a substantial
impact. The intersection of research and operations can facilitate cross-border processes, as meteorological systems
disregard national boundaries. Researchers across multiple countries have been collaborating within the WMO and other
organizations to assess findings and standardize methods. The establishment of such cooperation may lead to
transnational experiments, when multiple nations contribute planes and instrumentation to analyze and study the same
extensive weather system. This coordinated effort would yield scientific advancements while fostering comprehension
and agreement over the use of weather modification and its appropriate timing.

In conclusion, cloud seeding stands at a juncture between being experimental and becoming a more conventional
component of water management across many geographies. The research has advanced to provide evidence of efficiency
in many settings; however, it also prudently moderates expectations concerning the scale and consistency of effects.
Technology is rapidly evolving, and it is expected to enhance effectiveness and efficiency in seeding in the future. The
policy sector is similarly adapting, progressively establishing regulations that oversee the ethical and equitable
application of weather manipulation. The future of cloud seeding will depend on the equilibrium of scientific,
technological, and governance elements. Once that equilibrium is attained, cloud seeding may become a routinely
employed technology, not a miraculous solution, but rather a means to augment precipitation, when necessary, while
ensuring transparency, cooperation, and environmental consciousness.
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Conclusion

Cloud seeding has evolved out of the conjectural experiments of the middle of the century into a realistic and yet limited
means of precipitation enhancement and control of weather hazards. This research study has examined the current
advancements in cloud seeding science and technology, as well as the broader context for future applications of cloud
seeding. Experience acquired in various countries and climates indicates that cloud seeding can enhance additional
precipitation or snowfall under suitable conditions, typically by few percent to several tens of percent. These increments,
while not groundbreaking, are substantial enough to contribute to water resource objectives, especially in dry regions
experiencing heightened water insecurity. Advancements in meteorological understanding, observational technologies,
and seeding techniques have alleviated initial skepticism and provided scientific legitimacy to weather modification that
was previously absent. Simultaneously, the unavoidable limitations of cloud seeding have become apparent. It is not a
policy for mitigating climate change that is devoid of drought considerations. It is a sporadic occurrence contingent upon
the presence of suitable meteorological conditions. These constraints underscore that cloud seeding should be regarded
as an element of a multifaceted approach to water management and climate adaptation, an augmentation rather than a
standalone solution.

Future advancements in cloud seeding as a weather modification method are likely to shape its trajectory due to
continuous innovations and effective management. Innovative technologies, such as drone-assisted seeding,
sophisticated nanomaterials, and Al-driven targeting that will improve the precision, efficacy, and success of seeding
initiatives. The utilization of real-time data and prediction models will facilitate the integration of more adaptable and
efficient operations, hence enhancing the reliability of precipitation gains. Effective governance necessitates robust
frameworks to guarantee that cloud seeding operations are transparent, scientifically validated, and environmentally
sustainable. The cultivation of public trust can be accomplished through comprehensive disclosure of seeding strategies
and outcomes, alongside international collaboration to set norms and address transboundary concerns. The fundamental
moral imperative is to prevent harm; hence, ongoing research must be employed to monitor environmental indicators
and enhance practices to mitigate adverse impacts. In conclusion, cloud seeding exemplifies humanity's ability to
manipulate natural processes. It offers a tangible, albeit limited, method for alleviating water scarcity and minimizing
specific weather-related dangers. Cloud seeding can significantly enhance the repertoire of strategies for addressing the
uncertainties of a changing climate and the increasing demand for water resources, if it is utilized and executed with
rigorous scientific and policy foundations. The future of weather modification technology will be characterized by
convergence, an integration of atmospheric science, engineering innovation, and governmental responsibility to ensure
the benefits of cloud seeding while maintaining accountability to the environment and to each other.
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