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Overview 
 
• The pseudo-science of weather modification 
 
• Acceptable but unproven: Rainfall enhancement via cloud seeding 
 
• Unacceptable and unscientific: Rainfall enhancement via ground-

based ionization 
 
• Testing ground-based ionization 

§ Australia 2007 - 2010 
§ Oman 2013 - 2018 

 
• Lessons learned? 
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Making It Rain Harder .... 
 
 
Weather modification is …. 
Persistent or recurring changes in local or regional weather patterns 
due to human intervention. 
 
 
 
Rainfall enhancement on the other hand is …. 
Increasing the amount of rainfall when it actually does rain. 
 
 
The World Meteorological Organisation (WMO) is not convinced … 
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WMO (2010) Statement on Weather Modification 
 
• The energy involved in weather systems is so large that it is 

impossible to create cloud systems that rain. 
• Technologies that claim to achieve such large scale ... effects do 

not have a sound scientific basis (e.g. ... ionization methods) and 
should be treated with suspicion. 

• Augmentation of precipitation ..... and other types of cloud and 
storm modifications by cloud seeding are developing technologies 
which are still striving to achieve a sound scientific foundation. 

• Economic analyses show that rainfall enhancement ... could have 
significant economic benefit, but uncertainties make investments 
in such efforts subject to considerable risks. 

• Continuing strategic research is required to investigate and 
explain the scientific hypotheses. 
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WMO (2010) Requirements for Proper Evaluation of a 
Weather Modification Activity 

 
1. A randomization process in the experimental design such that only some of the 

events suitable for seeding are in fact seeded. This requires objective criteria 
defining the start of an event so that bias is not introduced by subjective selection 
of seeded and unseeded events. 

 
2. A primary analysis (where) the impact of seeding is assessed through various 

objective statistical techniques that compare unseeded events to seeded events 
and provide an estimate of the precipitation increase along with the confidence 
intervals in which the true impact lies. 

 
3. Physically-based secondary analyses aimed at ensuring that the seeding 

hypothesis is validated. (These) secondary analyses provide physical support for 
the primary analysis, by explaining the scientific basis of the statistical result. 

 
4. Due to the large natural variability (of rainfall) it is important to emphasize that 

weather modification programmes should be viewed a long-term (multi-year) 
commitment to be able to scientifically evaluate these experiments. 
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Cloud Seeding 
 

 
Credit: Karl Tate (LiveScience.com) 

 
• Glaciogenic seeding 

§ Induces ice-phase precipitation in cold clouds. 
• Hygroscopic seeding 

§ Promotes coalescence of water droplets in warm clouds. 
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Cloud Seeding: The WMO (2010) Opinion 
 
• (There is) considerable evidence that cloud microstructure can be 

modified by seeding ... under appropriate conditions ... (but) 
evidence for significant and beneficial changes in precipitation on 
the ground as a result of seeding is controversial and in many 
cases cannot be established with confidence. 

 
• There is statistical evidence, supported by some observations, of 

precipitation enhancement from glaciogenic seeding.  
 
• Seeding of convective clouds with hygroscopic materials ... is not 

yet an established technology. 
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An Alternative to Cloud Seeding: Ground-Based 
Ionization 

 
 

 

Bernhard Vonnegut (GE Labs, 1950‘s/60‘s) 
• Cloud seeding pioneer (use of AgI). 
• Investigated effect of electric forces on 

droplet collision and growth. 
• Advocated artificial electrification of clouds. 
 

 
 

 

 
Valery Uybo (Russia, 1980’s/90’s) 
• Developer (?) of Atlant approach to ground-

based ionization using atmospheric uplift. 
 



	 9	

 
A Plausible 
Hypothesis for the 
Atlant "Process" 

 
 
• Aerosols (small atmospheric dust particles) become negatively charged 

(ionized) after exposure to a high-voltage corona discharge wire array. 
• Convection currents and turbulence in the atmosphere then convey 

these negatively charged aerosols into the cloud layer where they act 
as condensation nuclei for cloud droplets. 

• Electric charge carried by these cloud droplets influences their collision 
and subsequent coalescence into rain drops. 

§ Controversial. But see Pengyu Wang et al. (2020). Synergistic effect of charges and 
electric field: water droplet condensation and coalescence in sub-saturated cloud 
chamber. Plasma Sources Sci. Technol. in press https://doi.org/10.1088/1361-
6595/ab7733. 

• Changed rate of coalescence has a significant effect on the amount of 
rainfall from clouds downwind of the Atlant. 



	 10	

2011: Bogus Science? 
 

 
Source: Meteo Systems Credit: Karl Tate (LiveScience.com) 

 
"It is very sad that rain enhancement by methods that have no scientific basis (or at least 
have never been exposed to a scientific evaluation) get the headlines" said Roelof Bruintjes, 
a meteorologist at the U.S. National Center for Atmospheric Research. 
 
Jeremy Hsu and Jeanna Bryner (January 4, 2011 10:09am ET) https://www.livescience.com/10398-rainmaking-middle-eastern-desert-
success-scam.html	  



	 11	

Methodology Development: Atlant in Australia 
 
• Trial 1: South-East Queensland (May–June 2007) – 1 Atlant. 

§ Strong pushback from atmospheric physicists and cloud seeding experts, who 
claim technology has no "physical science" to back it and cannot cause any 
significant change in rainfall formation process. 

§ “Rainmaker Ian Searle, the father of cloud seeding in Australia ... says all the 
literature he has seen on the technology shows it to be a bogus science” (Greg 
Hoy, ABC News, 20 Nov 2007 1:27pm). 

• Trial 2: Bundaberg (Jan–May 2008) – 1 Atlant. 
§ Dynamic target area investigated: 70km radius arc centred on the Atlant site and 

oriented in the downwind direction of the steering wind on the day. 
§ Atlant continuously operated. 

• Trial 3: Adelaide (Aug–Nov 2008) – 1 Atlant. 
§ Dynamic target area defined by 60º downwind arc, extending 100km. 
§ Atlant operated when there was significant cloud cover in the trial area. 
§ Log-scale linear model for positive gauge level daily rainfall (LogRain). 

• Trials 4,5: Adelaide (Aug–Dec 2009 & July-Dec 2010) – 2 Atlants 
§ Randomised cross-over design. 
§ Upwind rainfall used to predict downwind rainfall. 
§ Atlant attribution assessed via random effect block bootstrap.	  
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Dead End? 
 
• Consistent indications of approximately 10% enhancement, but no 

interest from government (Federal and State) in funding further 
Australian trials. 
§ Technology marketed overseas ... 
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Oman 
 
• Government of Oman agrees to fund further trials. 
 

§ Oman is one of most water-stressed countries in the world. 
 
§ Rainfall enhancement trials using the Atlant system developed by Australian Rain 

Technologies were carried out in the Hajar Mountains of northern Oman 2013 - 
2018, and in the southern Dhofar region in 2018. 

 
§ Trials were managed by Trading and Investment Establishment in Muscat, Oman. 
 
§ Meteorological data sourced from Oman Directorate General of Meteorology and 

Air Navigation (DGMAN).  
 
§ Assessment carried out by AnalytEcon and National Institute for Applied Statistics 

Research Australia at the University of Wollongong. 
 
§ What follows is a summary of the analysis of the 2013 - 2018 data set collected 

over the six years of the Hajar Mountains trial. The final trial report containing the 
full analysis is available on request. 
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• Aim: Enhancement of summer rainfall from convective clouds in 
the Hajar Mountains. 
§ During the summer season (June through September), convective rainfall occurs 

over the Hajar Mountains.  
§ This weather is generally of short duration and intense. 
§ Most suitable time for rainfall enhancement operations. 
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Cumulus clouds active on the Hajar Mountains 
… lead(ing) to isolated rains and thunderstorms. 

 
Times of Oman July 30 2020 
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Oman Start Up 
 
• May - Oct 2013: Proof of concept trial using two Atlants (H1 & H2) 

and a randomised cross-over design. 
 

 

 

H1 

 

H2 

 
• Subsequently extended to a five-year trial (2014 - 2018).  
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Atlant Deployment 2013 – 2018 in Hajar Mountains 
 
• H1 and H2 deployed in 2013. Further 

two systems were deployed each 
subsequent year up to 2017. These 
were labelled sequentially H3 – H10. 

• Atlant sites chosen so that 	
§ Areas of influence did not significantly 

overlap. 
§ Covered the main north-west to south-

east range of peaks in the Hajar 
Mountains area. 

§ Effectively placed along a line running 
at 90∘ to the main NE wind direction.	

• Vertical sonic wind profilers (SODAR) 
installed at H1 and H2 in 2014. 
Additional SODAR installed at H5 in 
2015. 
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Deployment of Rain Gauges 
 
• Extensive array of 120 rain gauges installed prior to the start of the 2013 trial. 

§ On an approximate 10 km regular grid. 
• Further gauges added as more Atlants deployed. 

§ 201 gauges installed in Hajar Mountains trial area by 2017. 
 

Rain Gauge 2013 2017 

   
 

  

miles
km

200
400

	

miles
km

200
400

	

Year 2013 2014 2015 2016 2017 2018 
No. of 
gauges 

120 149 179 191 201 201  
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DGMAN Automatic Weather Stations (AWS) 
 
• Hourly observations from these stations were used to characterise prevailing weather 

conditions on the day. 
 

Number of DGMAN AWS contributing data, 2013 - 2018  

	
 
• The main measurements collected from 

each AWS were: 
§ Wind speed (m/s); 
§ Dry air temperature (℃); 
§ Dew point temperature (℃); 
§ Relative humidity (%); 
§ QFE air pressure (hPa); 
§ QNH air pressure (hPa). 

  
  

Year 2013 2014 2015 2016 2017 2018 
No. of 
AWS 

10 11 17 17 18 17 
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Radiosonde Data on Meteorological Conditions 
 
• DGMAN radiosonde at Muscat International Airport 

provides: 
§ Daily data on vertical wind profiles (direction and 

speed). 
§ Derived values of key meteorological indices. 

• Measurement of steering wind direction and speed is 
crucial for identifying where an operating Atlant has a 
rainfall enhancement effect. 
§ Essential for analysis of the trial data. 

 
 

Radiosonde times and number of days with radiosonde data 2013 - 2018. 

 	
 
 

Year 2013 2014 2015 2016 2017 2018 
Radiosonde 
times 

4am 4am 4am 
4pm 

4am 4am 
1pm 

4am 
1pm 

# days with 
data 

170 140 127 125 108 70 
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Randomised Atlant Operating Schedules 
 
• A randomised operating schedule was defined each year before commencement of 

operations for that year, and was strictly followed, irrespective of weather conditions. 
§ The only exceptions were due to mechanical or electrical failure or delayed deployment 

because of weather-related damage, as during 2016 installation. 
§ Missing radiosonde data caused trial days available for analysis to be reduced, however. 

 
Year 2013 2014 2015 2016 2017 2018 
Days 
used in 
analysis 

15 May – 
31 Oct 

1 June – 
18 Oct 

14 June 
– 18 Oct 

H1-H6: 1 June – 31 Oct 
H7: 6 Aug- 31 Oct 

H8: 29 July – 31 Oct 

16 July – 
31 Oct 

1 July – 23 Aug 
1 Oct – 16 Oct 
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Design of the Atlant Operating Schedules 
 
• 2013: H1 and H2 were operated on a randomised crossover schedule. 
• 2014: Randomised paired crossover scheme: (H3,H1) vs. (H2,H4). 
• 2015 onwards: Operating schedule randomly chosen subject to the spatio-temporal 

balance constraints: 
§ Equal number of operational and non-operational Atlants each day; 
§ Operation of more than two "adjacent" Atlants on the same day minimised;  
§ No Atlant operated more than two days in succession. 

• Atlants switched on/off at 7am (local Oman time) on their designated operating days. 
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Rainfall 2013 – 2018 
 

 
§ Gauge-day rainfall is 

rainfall recorded at a 
gauge on a day. 

§ 122,259 gauge-day 
rainfall measurements 
were recorded over 740 
days. 

§ Average gauge-day 
rainfall was 0.35mm. 

§ 92.5% of gauge-day 
rainfall values were zero. 

§ Average gauge-day 
positive rainfall was 
4.74mm. 

 

2013 (5.02mm) 2014 (4.30mm) 2015 (5.84mm) 

   
2016 (4.20mm) 2017 (3.89mm) 2018 (3.46mm) 

   
Bubble plots of gauge locations showing 2013 - 2018 spatial 
distributions of gauge-day values of positive rainfall. Annual 
average gauge-day positive rainfall is in parentheses. 
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Steering Winds 2013 – 2018 
 
• Daily steering wind direction defined as the speed-weighted average of the wind 

directions between 700hPa and 500hPa as measured by the 4am radiosonde.  
§ The most common principal wind directions were NNE and ENE, i.e. the prevailing steering 

winds were from the NE. 
§ Heaviest rainfall values were associated with the SSE direction and were most likely 

monsoonal. 
 

 
 

Distribution of gauge-days by principal steering 
wind directions 2013 – 2018. 

Boxplots showing distributions of gauge-day 
positive rainfall values by principal steering wind 
directions 2013 – 2018. 
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Target Area Definition (Atlant Footprint) 
 
• Distribution of Atlant "plume" determined by upper level wind 

directions in the free atmosphere (i.e. above the boundary layer). 
§ Data on wind directions from 4am radiosonde. 
§ Steering wind direction defined as speed weighted average direction of winds 

between 500-700 hPa. 
§ SODAR data at H1 and H2 indicates that the plume could drift laterally by 

approximately 5km in the average time it would take to reach the free atmosphere 
above these sites, and would extend downwind approx 50-70km. 

 
Footprint model 2013 - 2018 

§ 75km long by 30km wide downwind aligned corridor with 
origin centred on an active Atlant. 

§ Orientation of this corridor changes daily, depending on 
the direction of the steering wind, so there is some 
(limited) overlap of the footprints of different Atlants. 

§ Target gauge-day values are those downwind of at least 
one operating Atlant. 

§ Control gauge-day values are those downwind of non-
operating Atlants only. 

§ Upwind gauge-day values are located in upwind corridors 
and not in any downwind corridors. 
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Average Target and Control Rainfall 
 
• Annual averages of gauge-day values of positive rainfall classified 

by whether they were out of scope, upwind, control or target 
values on the day. 
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The Statistical Modelling Process  
 
• The focus is on rainfall enhancement, i.e. increased rain when rain 

occurs, so rainfall events and positive rainfall values are modelled 
separately. 
§ A hurdle-type model is used, based on a linear-logistic model for rainfall events 

(rain/no rain) and a log scale linear model with random day effects for positive 
values of gauge-level rainfall (LogRain). 

§ Two models are fitted. One for upwind rainfall, used to define expected downwind 
rainfall, and another for downwind rainfall which uses expected downwind rainfall 
as the main covariate. 

 
• The differences between the actual positive downwind gauge-day 

rainfalls and the natural rainfall predictions generated by the 
model for downwind rainfall are used to estimate the attribution, 
i.e. the change (+/-) in positive downwind rainfall caused by Atlant 
operation over the period of interest. 
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Estimating Attribution 
 

• Natural rainfall is the rainfall that would have been observed at 
gauge i on day t if the enhancement mechanism had not been 
operating when rain fell at that gauge on that day. That is 

 
 

• Linear model for LogRain (logarithm of observed rainfall) is
 where  is the estimated log 

scale enhancement effect. 
 

• We can exponentiate and bias correct  to get estimated value 
 for . Predicted natural rainfall at it is then 

 
 

• Attribution is the difference between total observed rainfall and 
total predicted natural rainfall over the trial period. 

Observed Rainfallit = Natural Rainfallit × Atlant Effectit

LogRainit = Xit
T β̂ + Ait

Tγ̂ + ûi + êit Ait
Tγ̂

Ait
Tγ̂

Êit Atlant Effectit
Êit

−1Observed Rainfallit
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• Model Covariates: 
§ Include gauge elevation, daily steering wind speed, daily meteorological indices 

and first and second principal components of daily DGMAN AWS measurements. 
§ Used in the specification of the upwind model in order to control for the variation 

in natural rainfall. 
§ Fitted values generated by the upwind model fit are used as expected rainfall (i.e. 

non-Atlant related rainfall) in the downwind model. 
 
• Confidence Levels: 

§ Unexplained temporal and spatial variability can lead to overstated confidence 
levels. 

§ A random day effect is added to both the downwind and upwind models in order 
to allow for imperfect model specification. 

§ A two-stage block bootstrap resampling strategy that accounts for zero as well as 
positive rainfall observations that are spatially correlated in space and time is used 
to assess the significance of the estimated attribution given the actual operating 
schedule. 

§ A non-parametric permutation test in which the actual operating schedule is 
compared to a large number of random permutations of that schedule is used to 
further assess the significance of the estimated attribution in the context of the 
observed rainfall.  
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• Stage 1: Construction of an instrumental variable that correlates 
with the expected natural rainfall given positive rainfall at a gauge. 

 
§ Defined by fitted values for LogRain generated by positive daily rainfall data from 

gauges that are in the upwind corridors of the Atlant sites on the day. 
§ Covariates used in this model include gauge elevation, steering wind speed, 1st 

and 2nd PCs for key meteorological variables measured at DGMAN AWS sites 
and indexes of daily rainfall propensity derived from radiosonde data. 

 
LogRain: Upwind model fit 2013 – 2018 (red is highly significant) 

 

Covariate Estimate t-value 
(Intercept) -1.447 -3.593 
gauge.elev 0.446 6.011 
wind.sp -0.092 -4.487 
total.totals 0.032 3.814 
temp.dry.2 0.144 2.722 
relh.1 0.179 7.966 
pres.1 -0.053 -2.614 
No. gauge-days 1545 
No. days 292 
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• Stage 2: Modelling gauge-day values of downwind LogRain. 
 

§ Model includes downwind values for the instrumental variable (expected rain), 
gauge elevation and binary indicators for Atlant specific target status. 

 
Covariate Estimate t-value 
(Intercept) 0.280 4.368 
gauge.elev -0.140 -2.120 
expected rain 0.883 15.035 
H1 target indicator 0.298 2.189 
H2 target indicator 0.254 2.074 
H3 target indicator 0.236 2.551 
H4 target indicator -0.153 -1.721 
H5 target indicator 0.437 3.318 
H6 target indicator -0.197 -1.320 
H7 target indicator 0.228 1.216 
H8 target indicator 0.063 0.494 
H9 target indicator 0.499 1.633 
H10 target indicator 0.039 0.234 
elev*H1 target -0.096 -0.669 
elev*H2 target -0.211 -1.772 
No. gauge-days 4168 
No. days 488 
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• Stage 3: Estimation and inference for Atlant attribution over the 
period of interest. 

 
• Hurdle-type model for downwind gauge-level data is bootstrapped in two 

steps. 
§ First step is a parametric bootstrap simulation of rainfall events based on the 

linear-logistic model fitted to the binary variable indicating whether or not rainfall 
occurs at a target/control gauge on a day. 

§ Second step is a two-level semiparametric block bootstrap simulation of LogRain 
for all downwind gauges that were simulated in step one as recording rain on the 
day. 

§ 10,000 bootstrap simulations. 
 

• Bootstrap distribution for estimated Atlant attribution shows uncertainty 
in attribution due to likely alternative rainfall patterns, given actual 
operating schedule. 
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Bootstrap Distributions for Attribution: 2013-2018 
 

Average Gauge-Day Attribution (mm) 
Bootstrap 50% = 0.65 

Bootstrap 95% CI: 0.45 – 0.92 

Relative Gauge-Day Attribution (%) 
Bootstrap 50% = 16.1 

Bootstrap 95% CI: 10.9 – 22.2 

  
Red dashed vertical line shows actual estimate 
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• Stage 4: Non-parametric permutation test for presence of a causal 
relationship between Atlant operation and enhanced rainfall. 

 
• Based on the null premise that if Atlant operation does nothing to 

enhance rainfall, then the Atlant operating sequence should have no 
impact on attribution. 
§ Null implies that the observed attribution is unlikely to be very different from the 

attribution obtained if one reanalysed the 2013-2018 trial data after replacing the 
actual operating sequence by a different, permuted, version. 

§ Permuted daily operating sequences are constructed by randomly permuting 
operating states within each day (but maintaining half operating and half non-
operating), then randomly permuting these sequences between days. 

§ This permuted operating sequence defines new target and control statuses for 
downwind gauge-day rainfall, and enables a permuted attribution to be calculated. 

§ A large number (10,000) of such permutations are carried out, and the resulting 
distribution of permuted attribution estimates is compared with the actual 
attribution estimate. If there is no effect, one would then expect the actual 
attribution estimate to lie somewhere in the “body” of this permutation distribution. 
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Permutation Distribution for 2013 – 2018 Attribution 

 
Actual attribution is red dashed vertical line. 

Permutation p-value is effectively zero. 
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What Have We Learned So Far? 
 

• Huge variability in rainfall data means that large data sets and 
complex analysis are required. 
§ But this means deep pockets (and long planning horizons) are necessary to obtain 

the data. 
§ Oman trial provides an example of what is possible in this regard. 

 

• Correlation, however strong it appears in our analysis, is not 
causation. But it is an extremely good indicator that something is 
going on. Replication is an even better indicator. 
§ Oman Government has now incorporated Atlant technology into its water 

infrastructure and is carrying out further experimentation. 
 

• Trial data are freely available and should be a strong incentive for 
further research. But it is very difficult, even with good statistical 
results, to change entrenched scientific opinion. 
§ Not helped by the reputational damage inflicted when unsupported rainfall 

enhancement claims are made by pseudo-scientific profiteers.  
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Has the Oman Trial Been a "Proper Evaluation" of the 
Atlant Technology? 

 
• WMO requirements that have clearly been met. 

§ Randomized experimental design. 
§ Objective criteria for treatment application. 
§ Objective statistical techniques used to compare treated and untreated. 
§ An estimate of the treatment impact along with the confidence intervals in which 

the true impact lies. 
§ A long-term (multi-year) commitment to scientific evaluation. 

 
• The only WMO criterion that has not been met. 

§ Secondary analyses that validate the treatment hypothesis by explaining the 
scientific basis of the statistical result. 
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Nudging Against a Closed Door? 
 
• As far as "traditional science" is concerned, statistical analysis is 

never enough. The causal mechanism for the treatment impact 
should be empirically verified. 
§ Direct measurement of the role of ionized aerosols in encouraging raindrop 

coalescence in nature is impossible (or at least economically unfeasible) given 
current technology. 

§ But this may be changing … 
§ Zheng et al. (2020). Charged particle (negative ion)-based cloud seeding and rain 

enhancement trial design and implementation. Water, 12, 1644; 
doi:10.3390/w12061644. 

 
• In any case, much of "real science" fails this requirement … 

§ Carolyn Johnson, Washington Post, July 23, 2015: "One Big Myth About 
Medicine: We Know How Drugs Work". 
§ We don't know how. But they do work. 

 


