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This paper provides a perspective based on the evaluation of scientific evidence of hail suppression activities in Mendoza, Argentina. The province of Mendoza was home to several cloud-seeding projects over the years intended to prevent hail damage to agriculture. Those projects were motivated by the paramount importance of wine production for the regional and national economy. We discuss the uncertainties and gaps in knowledge identified in the results from the hail suppression activities, framing the available research over the study area on a global context. The results of this study indicate that there is no unequivocal scientific evidence that proves a statistically significant reduction of hail frequency and size as a consequence of hail suppressing activities in Mendoza. Such lack of evidence questions the reliability of the projects after almost 60 years of cloud seeding. By analyzing the existing gaps in knowledge in terms of observations, modeling evaluations and understanding of severe convective systems, the study provides a description of future directions and alternatives for hail damage mitigation that need a better science-policy integration. This study can be replicated in other regions where hail suppressing activities are taking place.
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INTRODUCTION

Hail is one of the most damaging hazards in central-western Argentina, where Mendoza province (32°S, 68°W) is one of the most hail-prone areas in the world (Rosenfeld et al., 2006). The interaction between the summer atmospheric circulation and regional-to-local mechanisms associated with the complex terrain provides a unique scenario for the development of severe storms over the region, where one of the highest frequencies in flash rates and hail are observed in South America (Mezher et al., 2012; Rasmussen et al., 2014). These storms are also associated with the occurrence of extreme precipitation events that generate flash-floods in urban areas and landslides in mountain areas (Moreiras, 2006; Rasmussen et al., 2014; Vich et al., 2014). Moreover, the occurrence of severe convection strongly affects the cultivated areas –agricultural oases– causing damages and economic losses (Calori et al., 2016). Mendoza province is the main grape-growing region in Argentina, with 70% of the vineyard area of Argentina and 65% of the total national grape production (Agosta et al., 2012).

Given the economic relevance of wine production in the region, hail suppression activities have been conducted, with some interruptions, since 1959 (Dessens et al., 2016), resulting in one of the longest in the world. The main goal of hail suppression is to decrease the frequency of hail occurrences or to decrease the diameter of hailstones and thereby mitigate any potential damage to crops, cars and other material goods (Vujović and Protić, 2017). A variety of aerosols, like silver iodide (AgI), have been used at a local scale for cloud seeding by means of ground generators, aircrafts, and rockets. By seeding hail-bearing clouds with AgI ice-nucleating particles, the number of potential hail embryos might increase, thereby depleting the supercooled water earlier and reducing hailstone size (Gavrilov et al., 2010; Knight et al., 2015). This smaller hail may then melt during its fall before reaching the ground. While these techniques were used in several countries, its effects were very different, even when implementing identical sampling technique and amount of seeding material (Vukelić et al., 2018).

The objective of this study is to make a comprehensive assessment of the scientific evidence available on hail suppressing activities in Mendoza province, Argentina. We focused here only on published articles, book chapters and reviews that statistically quantify the efficiency of the several cloud seeding techniques in hail development over the region. We associated these results to the reported changes in hail frequency over the region during the last 60 years. By comparing these findings with the available information from other regions of the world, we identified several lines of investigation that can contribute to reduce the existing uncertainties and gaps in knowledge in terms of understanding the dynamics of the severe convective systems that generate hail. Thus, the outcomes of this study can provide new directions for the weather modification activities over central-western Argentina.



THE HISTORY OF HAIL SUPPRESSING ACTIVITIES IN MENDOZA

The first hail suppression project started in 1959, led by the University of Buenos Aires, the National Weather Service of Argentina and the Institute of Agricultural Insurance of Mendoza (Grandoso and Iribarne, 1963). The project was based on randomized seeding with ground generators and the results after 5 years of experiment (1959–1964) indicate that the effects of seeding were non-significant (Dessens et al., 2016). A second phase started in 1974 with the creation of the observation systems and the evaluation of hail impacts, following by the construction of national rocket systems in 1979 and the implementation of AgI as seeding material in 1982 (Sánchez et al., 1998). There is no scientific evidence for the evaluation of hail suppression during this period, although considering that the program was terminated in 1983 due to the lack of confidence in the efficiency of the national rockets, we can infer that results were inconclusive. Soviet rockets were used during the period 1985–1991, guided by two Weather Modification Inc. (WMI) C-band and two MRL-5 S-band meteorological radars installed in the three agricultural oases of Mendoza to support the hail suppression activities (de la Torre et al., 2004). After 1998, aircraft were incorporated to the project, using two types of explosives (cartridges and flares) for cloud seeding (Mulena et al., 2019). Economic difficulties led to changes in the control of the hail suppressing projects, alternating from governmental to private sectors from 1993 to 2004 with some interruptions. Although the meteorological radars were installed for operative purposes, the collected data was occasionally used for scientific research (de la Torre et al., 2004, 2011; Makitov, 2007; Makitov et al., 2017). Similarly, cloud microphysics data was obtained only during short-term experiments with an instrumented aircraft (Rosenfeld et al., 2006). New ground seeding networks have been installed in Mendoza during 2008 to complement aircraft seeding at the foothills of the Andes (Dessens et al., 2016).



CURRENT TRENDS AND LIMITATIONS

How have hail suppressing activities evolved around the world? To answer that, we used the Scopus search engine using terms such as “hail suppression” “weather modification” and “cloud seeding” as part of the title, abstract and keywords. We selected only the literature published as articles, book chapters or reviews, obtaining a final set of 194 published studies between 1958 and 2019 (see Supplementary Material). The search using similar terms in Spanish did not provided any additional results. Figure 1A shows the distribution of countries involved in the research of hail suppression activities based on the number of papers from their institutions. This graph does not include the studies from institutions with undefined country (79 results). Most of the research was developed by institutions based in countries from North America, Europe, and Asia. Just two published papers were found from Argentinean institutions (de la Torre et al., 2004; Mulena et al., 2019), presenting results non-related to the hail suppressing activities in Mendoza province. Nevertheless, we must consider that some papers analyzing data from Mendoza were published under Russian and Spanish institutions, as well as private international organizations like WMI. Research based on hail suppressing activities around the world was prolific particularly during the second half of the 1970s and the beginning of 1980s (Figure 1B), as part of two major experiments in Western Europe and in the United States that showed statistically non-significant differences in the occurrence of hail between seeded and non-seeded hail bearing clouds (Gavrilov et al., 2013). Many of these activities were purely operational, often without a sound scientific basis (World Meteorological Organization, 2017), and many developed countries have given up on this activity (Gavrilov et al., 2013), factors that are confirmed by the declining trend in the number of published papers per year, with an average of three published papers in the topic during the last 20 years (Figure 1B).
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FIGURE 1. (A) Distribution of the country of origin of the institutions that published research based on hail suppression activities between 1958 and 2019. (B) Temporal evolution of the number of articles published between 1958 and 2019. The criterion for the selection of these studies is described in section “Current Trends and Limitations”.


Dessens et al. (2016) indicated that the main difficulty in a hail suppression project is the assessment of the results, which is confirmed in the present study due to the lack of scientific evidence arising from cloud seeding in Mendoza province. Moreover, it is not feasible to separate the natural evolution of deep convection from their possible transformation as a result of seeding, neither to perform randomized seeding experiments (Makitov, 1999), factors that complicate the assessment of hail suppression activities in the region. Makitov (1999) compared 11 years with hail suppression activities in the northern area of Mendoza with 13 years without hail protection, finding that hail damages were reduced by 8% due to cloud seeding. However, this and other publications like Sánchez et al. (1998); Krauss et al. (2000) or Krauss and Mir (2002) have to be questioned due to the potential vested interest by the authors, given that several of them were involved in the activities of private cloud-seeding companies as WMI or Antigrad Latinoamericana. Moreover, we need to point out the existence of scientifically ungrounded annual reports published by both private companies and the Government of Mendoza, which merely describe flight and storm statistics and are overly optimistic about hail reduction in the region.

The results described in the annual reports and in the scientific literature are likely to be affected not only by hail suppressing activities but to climate variability on inter-annual to inter-decadal time scales. For example, trends in hail frequency in Mendoza are dependent on the period considered, with historical studies confirming positive trends during the 20th century (Prieto et al., 2001) and non-significant positive trends since the 1960s (Mezher et al., 2012), although modulated by periodicities of 4, 8, and 22 years. Thus, the reported increases in hail frequency over Mendoza province – even when non-significant – are contrary to what is expected from hail suppression activities, while there is no evidence for long-term changes in hail size.

If scientists aim to discern about the effectiveness of hail suppression activities in the region, it would be desirable to separate the natural and anthropogenic signals from the temporal variation of hail frequency or size. This is particularly relevant for central-western Argentina, where long-term significant increasing trends in precipitation and temperature were detected (Barros et al., 2015) and inter-annual variability in precipitation was largely attributed to El Niño-Southern Oscillation (Penalba and Rivera, 2016). Prieto et al. (1999, 2001) linked the trend in global temperature to the trends in hail occurrences in Mendoza. This was also suggested at a regional scale by Dejanovic et al. (2019) for Bosnia and Herzegovina. Mezher et al. (2012) related hail occurrences with low-level warm anomalies, which are expected to be more frequent in the future over the region (Zazulie et al., 2018).



A CALL FOR AN IMPROVED SCIENCE-POLICY INTERFACE

The scientific community recognizes the lack in understanding the mechanisms of some of the most intense convective systems of the world, which find the central-western region of Argentina the perfect conditions for its development. International efforts as the RELAMPAGO (Remote sensing of Electrification, Lightning, And Mesoscale/microscale Processes with Adaptive Ground Observations) and CACTI (Clouds, Aerosols, and Complex Terrain Interactions) projects are key for understanding the physical mechanisms causing the initiation and growth of these convective systems. Most of the recent research was focused in convective systems originating in Córdoba province (Repinaldo et al., 2017; Mulholland et al., 2018, 2019; Arias et al., 2019), located 500 km east of Mendoza. Nevertheless, the RELAMPAGO field campaign also sampled severe storms over Mendoza during late 2018. A recent study from Soderholm et al. (2020) used aerial photogrammetry to measure hail size distribution in central Mendoza, improving the observations based on hail pads. New insights can be expected in the near future from the RELAMPAGO project in terms of the physical basis for understanding hailstorms dynamics over Mendoza.

Currently, the hail suppression program is primarily funded by the Ministry of Economy of Mendoza province. Independent evaluation of the operational cloud seeding activities is required under the provincial law no. 7334, a task that needs to be performed by the National University of Cuyo every 30 days. To our best knowledge, these evaluations are not publicly available, a factor affecting the credibility of the program. The atmospheric science research community, who has the responsibility for basic research and development, is currently not involved in the creation of the annual reports neither in the independent assessment of the hail suppression program. Considering the potential social and environmental impacts of cloud seeding activities, particularly on downwind areas, we question if the Secretariat of Environment should not be occupying a more relevant role as control authority. These examples highlight the need for an improved science-policy interface, a topic that was extensively explored over 40 years ago in the United States (Haas, 1973; Borland, 1977; Changnon et al., 1977) and showed promising results more recently in countries as Serbia (Gavrilov et al., 2013). Various interest groups and stakeholders involved in hail suppression activities, as its scientific committee, commercial weather modification firms, and agribusiness organizations, can play a pivotal role in the political decisions regarding the continuity of the hail suppression program.

We identified several lines of investigation that deserve consideration for an improvement in the knowledge of severe convection over the region. Water vapor is crucial for the development of severe convection and hailstorms (Li et al., 2019). Nevertheless, the variable is poorly sampled over the study area, with one radiosonde measurement per day. The Global Navigation Satellite System (GNSS) data has been used to retrieve water vapor at both global and regional scales and can be useful for both extreme precipitation and hail forecasting (Calori et al., 2016; Camisay et al., 2020). Modeling studies are by far the most determinant for supporting the activities of hail suppression. Recent studies took advantage of the current computational capabilities to provide a theoretical framework for weather modification, with sensitivity studies evaluating the solubility of natural aerosols (Kovačević, 2019); the influence of cloud droplet concentration on hail suppression effectiveness (Kovačević and Ćurić, 2014) or the effect of different cloud seeding agents (Najafi et al., 2015). The main limitations of these studies are the large computational cost of modeling hail events considering different bulk cloud physics parameterizations and the lack of observations for model validation. The knowledge of the natural evolution of the ice contents within hailstorms is still rudimentary, while the timing and location of seeding materials remain under discussion (Knight et al., 2015). Considering the temporal extension of the hail suppression activities over Mendoza, a large amount of seeding agents can be expected at the ground level during precipitation. This factor can cause negative effects on the human environment if the cloud seeding continues in the future (Ćurić and Janc, 2014) and needs to be properly evaluated.

As identified in section “Current Trends and Limitations,” the frequency of hail occurrences over the region is modulated by inter-annual and inter-decadal periodicities linked to factors as El Niño-Southern Oscillation and long-term global warming. It is required to properly isolate the effect of hail suppressing activities from these natural and anthropogenic components to guarantee a feasible evaluation of changes in hail frequency and size as a result of cloud seeding. Since 2004, the Government of Mendoza has adopted a passive protection system based on anti-hail nets and hail insurance. There is no evidence of the role of these passive systems in the hail damage reduction, neither if its effects are considered while evaluating the effectiveness of the active hail suppressing systems. This factor can potentially contribute to the existence of biases in the annual reports that the Ministry of Economy use to justify to local farmers their success in hail reduction. The study of Gandorfer et al. (2016) can be used as a starting point, which provided evidence for the evaluation of anti-hail nets and hail insurance based on an empirical risk model for Germany. In terms of radar information, an opportunity to update the existing technology is possible due to the development of the First Argentinean Meteorological Radar (Radar Meteorológico Argentino – RMA1). The RMA1 is a dual-polarization C-band Doppler radar that can use open code as the Python ARM Radar Toolkit (Py-ART, Helmus and Collis, 2016) to provide information about size, shape and material density of cloud and precipitation particles (Paulitsch et al., 2009). To determine when and where these radars could be installed is more related to political will than to scientific consensus, another factor to claim for an improved science-policy interface.



FINAL REMARKS

The central-western Argentina is a region where the interplay between the complex topography and the atmospheric circulation provides unique mechanisms for initiation, intensification and large-scale growth of severe storms. Deep convection is characterized by the occurrence of damaging hail, with yearly losses of about 10% of the agricultural production (Rosenfeld et al., 2006), a factor that favored the implementation of operational hail suppression programs. In this sense, Mendoza province is the region where the longest hail suppression activities in South America are currently taking place, after almost 60 years of cloud seeding employing ground generators, rockets, and aircrafts. Nevertheless, there is limited scientific evidence to support the hypothesis that cloud seeding can lead to a significant reduction in size and frequency of hail over the region. Documented trends indicate that hail suppression activities in Mendoza do not influence the frequency of hail events, while there is no scientific evidence that supports a decrease of hail size. The findings of this perspective study are in line with the statements of the World Meteorological Organization (2017): there is still uncertainty in the quantitative effects of cloud seeding to enhance precipitation and even more to suppress hail. Moreover, scientific evidence to date is inconclusive and evaluation of the results has proved difficult and the effectiveness remains controversial (Knight et al., 2015).

More than 20 years ago, Matthewman (1998) described the South African scenario in terms of weather modification, where social action was shaped by a set of economic issues, political configurations, and power relations. The very same description can apply to Mendoza province, where livestock farmers and other agricultural stakeholders are becoming increasingly concerned about hail suppression activities over the region. As stated in the evaluation of Hitchsfeld (1973) there should be an agreement between scientists, politicians, civil servants and local farmers to stop routine seeding. Improved knowledge of cloud microphysics and the mechanisms that favor the development of severe convective systems will enable the prediction of these phenomena. This can be achieved by both an increase in observations (based on radiosonde measurements, radars, aircraft, hailpads, disdrometers, and raingauges) and the use of cloud-resolving models, with several sets of bulk microphysics parameterization schemes, seeding agents and precipitation processes. If the identified gaps in knowledge will remain or not mainly depends on the consensus of both scientific and politic sectors, given that part of the funding for hail suppressing activities would need to be restructured to support some of the proposed lines of investigation. We finally want to point out that this regional evaluation can be replicated in other regions of the world to have a more comprehensive picture of the state-of-the-art of cloud seeding and its effects on hail characteristics.
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